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Abstract 

This thesis aims on establishing more accurate and detailed predictions of convective heat and mass 
transfer at exterior building surfaces. A first part of this work focuses on fluid-side convective heat 
transfer at surfaces of buildings for forced-convective high-Reynolds number flow in the 
atmospheric boundary layer. The convective heat transfer coefficient (CHTC) is analysed with 
computational fluid dynamics (CFD), by using validated steady Reynolds-averaged Navier-Stokes 
simulations, combined with low-Reynolds number modelling (LRNM) to resolve the boundary-
layer region. The heat transport in the boundary layer, the spatial distribution of the CHTC over the 
building surfaces, its correlation with the wind speed and the influence of wind direction and 
buoyancy on the CHTC are investigated. Furthermore, several approaches to enhance numerical 
modelling of CHTCs with CFD are developed, such as an improved temperature wall function and 
the use of low wind speeds to determine CHTC-wind speed correlations for LRNM purposes, based 
on Reynolds number independence of the flow field. In addition, a methodology is proposed to 
determine the temporally-averaged CHTC for a building surface over a long time span, with which 
a significant dependency of this CHTC on the building surface orientation and the local wind 
climate is identified. In order to account simultaneously for heat and mass transport in the air flow 
and in porous materials, a conjugate heat and mass transfer model is developed in a second part of 
this work, which does not require a-priori knowledge of convective transfer coefficients (CTCs), 
where they can be determined a-posteriori. Conjugate modelling of convective drying of a porous 
material identifies a distinct spatial and temporal variability of these CTCs, where also the validity 
of the heat and mass transfer analogy is verified. Conjugate modelling thereby shows significant 
advantages regarding convective transfer assessment, compared to the use of CTCs. Furthermore, a 
conjugate convective drying experiment is performed and compared with numerical simulations, 
indicating the need for detailed conjugate experiments for validation of conjugate models as well as 
porous-material models. Moreover, the propagation of uncertainties in material properties on the 
porous-material modelling results for convective drying is investigated by stochastic analysis, 
which identifies a distinct sensitivity of the drying behaviour to these material transport properties. 
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Beknopte samenvatting 

Dit proefschrift richt zich op de bepaling van meer nauwkeurige en gedetailleerde voorspellingen 
van convectief warmte- en massatransport aan de buitenkant van gebouwoppervlakken. Een eerste 
deel van dit werk is gericht op convectieve warmte-overdracht aan gebouwoppervlakken in de 
atmosferische grenslaag voor gedwongen convectieve stroming bij hoge Reynoldsgetallen. De 
convectieve warmte-overdrachtscoëfficiënt (CHTC) wordt geanalyseerd met computational fluid 
dynamics (CFD), met behulp van gevalideerde Reynoldsgemiddelde Navier-Stokes simulaties, 
gecombineerd met lage-Reynolds modellering (LRNM) om grenslaag op te lossen. Het 
warmtetransport in de grenslaag, de ruimtelijke verdeling van de CHTC over de 
gebouwoppervlakken, de correlatie van de CHTC met de windsnelheid en de invloed van de 
windrichting en natuurlijke convectie op de CHTC worden onderzocht. Bovendien worden 
verschillende benaderingen ontwikkeld om de numerieke modellering van CHTCs met CFD te 
verbeteren, zoals een verbeterde wandfunctie voor warmtetransport en het gebruik van lage 
windsnelheden om de correlaties van de CHTC met de windsnelheid te bepalen voor LRNM 
doeleinden, op basis van Reynoldsonafhankelijkheid van de stroming. Daarenboven wordt een 
methodologie voorgesteld om de tijdsgemiddelde CHTC voor een gebouwoppervlak te bepalen 
over een lange tijdspanne, waarbij een grote afhankelijkheid van deze CHTC met de oriëntatie van 
het gebouwoppervlak en met het lokale windklimaat wordt aangetoond. Om tegelijkertijd het 
warmte- en massatransport in de luchtstroom en in poreuze materialen te kunnen beschouwen, is 
een gekoppeld warmte- en massatransport model ontwikkeld in een tweede deel van dit werk. Met 
dit gekoppeld model is geen a-priori kennis van convectieve overdrachtscoëfficiënten (CTCs) 
nodig, waarbij deze a-posteriori kunnen bepaald worden. Met deze gekoppelde modellering wordt 
een duidelijke ruimtelijke variabiliteit en variabiliteit in de tijd van deze CTCs aangetoond voor 
convectieve droging van poreuze materialen. Ook de geldigheid van de analogie tussen warmte- en 
massatransport wordt geverifieerd. De gekoppelde modellering heeft daarmee aanzienlijke 
voordelen inzake beoordeling van convectieve overdracht, in vergelijking met het gebruik van 
CTCs. Er wordt ook een convectief drogingsexperiment uitgevoerd en dit wordt vergeleken met 
numerieke simulaties. Deze vergelijking geeft duidelijk de behoefte aan voor meer gedetailleerde 
experimenten voor de validatie van gekoppelde modellen en ook van modellen voor transport in 
poreuze materialen. Daarenboven wordt de voortplanting van onzekerheden in de 
materiaaleigenschappen op de resultaten van numerieke modellen voor transport in poreuze 
materialen onderzocht door middel van stochastische analyse voor convectieve droging van 
materialen. Een duidelijke gevoeligheid van het droogproces ten opzichte van deze 
materiaaleigenschappen wordt aangetoond. 
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Nomenclature 

The list of symbols is not exhaustive. Symbols that appear only locally in the text, and that are not 
important to understand the other parts of the work, are not included here. Following remarks have 
to be taken into account: 

• Vectors are indicated with bold characters (e.g. q). Note that often the magnitude of a vector 
quantity is specified (i.e. not bold) instead of the vector quantity itself.  

• Tensors are indicated in bold with two double lines above the symbol (e.g. τ ).  
• Temperatures are reported in Kelvin unless explicitly specified otherwise (in °C, as used 

mainly in figures). 
• The capillary pressure (pc), i.e. the pressure difference between the liquid and gaseous 

phase, is taken negative in this thesis, unless explicitly mentioned otherwise. In figures 
however, it is reported positive. 

• Individual components of vectors are indicated by using indices (e.g. qi) 

ROMAN SYMBOLS 
a parameter (-)
ac parameter in confidence level (1-ac) (%)
A coefficient in the power-law CHTC-U correlation (-)
Aε coefficient used in the Wolfshtein LRNM model (-)
Aμ coefficient used in the Wolfshtein LRNM model (-)
B exponent in the power-law CHTC-U correlation (-)
Bh intercept in logarithmic law for heat (-)
Bm intercept in logarithmic law for momentum (-)
c parameter (-)
cp,a specific heat capacity (at constant pressure) of dry air (1006.43) (J/kgaK)
cp,g specific heat capacity (at constant pressure) of gaseous phase (J/kggK)
cp,l specific heat capacity (at constant pressure) of liquid water (4182) (J/kglK)
cp,s specific heat capacity (at constant pressure) of solid material matrix (J/kgsK)
cp,v specific heat capacity (at constant pressure) of water vapour (1880) (J/kgvK)
C coefficient in the linear CHTC-U correlation (-)
Cb Stefan-Boltzmann constant (5.67x10-8) (kg/s³K4)
Cl liquid water capacity (s²/m²)
Cl* coefficient, κ/Cμ

3/4 (-)
Clp liquid water capacity due to pressure gradient (s²/m²)
ClT liquid water capacity due to thermal gradient (s²/m²)
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Cvp water vapour capacity due to pressure gradient (s²/m²)
CvT water vapour capacity due to thermal gradient (s²/m²)
d pore diameter (m)
dc characteristic dimension of computational cell (m)
D coefficient in the linear CHTC-U correlation (-)
DH hydraulic diameter (m)
Di,m diffusion coefficient of species i in the mixture (m²/s)
DPM thickness of porous material (m)
DT thermal diffusion coefficient (kg/ms)
Dva binary diffusion coefficient between dry air and water vapour (m²/s)
Dva,eff effective diffusion coefficient between dry air and water vapour (m²/s)

Dva,mat 
binary apparent diffusion coefficient between dry air and water vapour in 
a porous material 

(m²/s)

Dva,t turbulent diffusion coefficient between dry air and water vapour (m²/s)
ex unit vector in streamwise (x) direction (-)
ey unit vector in lateral (y) direction (-)
ez unit vector in vertical (z) direction (-)
E constant in wall-function expression (9.793) (-)
Eg total internal energy per unit mass of gaseous mixture (m²/s²)
f frequency (1/s)
fv(r) apparent pore volume distribution (-)
g gravitational acceleration (m/s²)
g diffusive or convective mass flux (kg/m²s)
ga mass flux of dry air, ρava or wava (kg/m²s)
gacc gravitational acceleration vector (m/s²)
gc,a convective mass flux of dry air, ρavg or wavg (kg/m²s)
gc,v convective mass flux of water vapour, ρvvg or wvvg (kg/m²s)
gc,w convective mass flux at the wall (kg/m²s)
gc,w,a convective mass flux at the wall of dry air (kg/m²s)
gc,w,v convective mass flux at the wall of water vapour (kg/m²s)
gd,a diffusive mass flux of dry air (kg/m²s)
gd,l diffusive mass flux of liquid water (kg/m²s)
gd,v diffusive mass flux of water vapour (kg/m²s)
gg mass flux of gaseous phase (mixture), ρgvg or wgvg (kg/m²s)
gl mass flux of liquid water, wlvl  (kg/m²s)
gLRO liquid run-off mass flux at the wall (kg/m²s)
gR rain mass flux at the wall (kg/m²s)
gs mass flux of solid material matrix, ρsvs or wsvs (kg/m²s)
gv mass flux of water vapour, ρvvv or wvvv (kg/m²s)
gv,w mass flux of water vapour at the wall (kg/m²s)
Gr Grashof number, βg(Tw-Tref)L/ν² (-)



 Nomenclature 
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ha enthalpy of dry air, ( )p,a ref ,0c T T−  (J/kga)

hg enthalpy of gaseous phase (mixture), a a v vx h x h+  (J/kgg)

hl enthalpy of liquid water, ( )p,l ref ,0c T T−  (J/kgl)

hPM enthalpy of porous material (J/kgPM)

hs enthalpy of solid material matrix, ( )p,s ref ,0c T T−  (J/kgs)

hv enthalpy of water vapour, ( ) ref
p,v ref ,0 vc T T L− +  (J/kgv)

H building/bluff body/channel height (m)
Hmeteo height of meteorological station (m)
Hsite height at the building site (m)
i index (-)
I turbulence intensity, σS/Uref (%)
Iu turbulence intensity in streamwise (x) direction, σu/Uref (%)
Iv turbulence intensity in lateral (y) direction, σv/Uref (%)
Iw turbulence intensity in vertical (z) direction, σv/Uref (%)
j index (-)
jH j-factor for heat transfer (-)
jM j-factor for mass transfer (-)
J Jensen number, z0/H (-)
k turbulent kinetic energy (m²/s²)
kP turbulent kinetic energy in cell centre point P of wall-adjacent cell (m²/s²)
k+ dimensionless turbulent kinetic energy, k/(uτ)² (-)
Kg gaseous permeability of porous material for gaseous phase  (s)
Kl liquid permeability of porous material for liquid phase (s)
Klp liquid water permeability due to pressure gradient (s)
KlT liquid water permeability due to thermal gradient (s)
Kt moisture permeability of the porous material (s)
KvT water vapour permeability due to thermal gradient (s)
Kvp water vapour permeability due to pressure gradient (s)
Kv water vapour permeability (s)
lMAC macroscopic length scale (m)
lMESO mesoscopic length scale (m)
lREV size of representative elementary volume (m)
lI integral length scale (m)
lε length scale used in the Wolfshtein LRNM model (m)
lμ length scale used in the Wolfshtein LRNM model (m)
L characteristic length scale (m)
Le Lewis number, Sc/Pr (-)
LD length of computational domain (m)
LI integral length scale (m)
Lm Monin-Obukhov length (m)
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LPM length of porous material (m)
Lref characteristic/reference length (m)

vL  heat of vaporisation or latent heat at T = 0 K (J/kg)
ref
vL  heat of vaporisation or latent heat at Tref,0 (2.5 x106 at Tref,0 = 273.15 K) (J/kg)

ma mass dry air (kg)
mv mass water vapour (kg)
Ma molecular mass dry air (28.966) (g/mol)
Mg molecular mass gaseous phase (mixture) (g/mol)
Mv molecular mass water vapour (18.01534) (g/mol)
n unit vector normal to a surface (-)
NS number of samples (-)
Nu Nusselt number, CHTC.L/λ (-)
Nux Nusselt number based on the distance x, CHTC.x/λ (-)
pa partial pressure of dry air (Pa)
pc capillary pressure (Pa)
pg pressure of gaseous phase (mixture) (Pa)
pl pressure of liquid water (Pa)
pv pressure of water vapour (Pa)
pv,ref pressure of water vapour for reference conditions (Pa)
pv,sat saturation water vapour pressure (Pa)
pv,w pressure of water vapour at the wall (Pa)
pv,w,sat saturation pressure of water vapour at the wall (Pa)
P cell centre point of wall-adjacent cell (-)
Pr molecular Prandtl number, ν/α (-)
Prt turbulent Prandtl number (-)
Prt,CWF turbulent Prandtl number used by CWF (-)
Patm atmospheric pressure (101325) (Pa)
PJ empirically determined coefficient (function of Prt) (-)
q heat flux (J/sm²)
qcond conductive heat flux from an interior surface (J/sm²)
qc,w convective heat flux at the wall (J/sm²) 
qg total heat flux in mixture (heat conduction and mass diffusion) (J/sm²)
qlat latent heat flux (J/sm²) 
qlw,env net long-wave radiative heat flux to the environment (J/sm²) 
qlw,sky net long-wave radiative heat flux to the sky (J/sm²) 
qsw short-wave radiative heat flux (J/sm²) 
r pore radius (m)
R universal gas constant (8.31451) (J/molK)
Recr critical Reynolds number (-)
Rex Reynolds number based on the distance x, U∞x/ν (-)
Re Reynolds number, UrefLref/ν (-)
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Re* turbulent Reynolds number, k1/2y/ν (-)
Ri Richardson number, Gr/Re² (-)
Ra specific gas constant of dry air (287.044) (J/kgK)
Rt total thermal resistance of a wall (m²K/W)
Rv specific gas constant of water vapour (461.524) (J/kgK)
Sc molecular Schmidt number, ν/Dva (-)
Sct turbulent Schmidt number (-)
Sh Sherwood number, CMTCMF.L/Dva (-)
SR sampling rate (Hz)
St Strouhal number, f.H/U∞ (-)
Sth Stanton number for heat transfer, Nu/(Re.Pr)  (-)
Stm Stanton number for mass transfer, Sh/(Re.Sc)  (-)
Sh,i source term for heat of component i (J/m³s)
Sl degree of liquid saturation, ϕ0,l/ϕ0 (%)
Slv source term for evaporation/condensation (kg/m³s)
Sm,i source term for mass of component i (kg/m³s)
Smm source term for momentum (kg/m²s²)
Sstl factor (110.56) used in Sutherland’s law (K)
t time (s)
tFT flow-through-time (s)
ttot total time (s)
T temperature (K)
TI integral time scale (s)
TP temperature in cell centre point P of wall-adjacent cell (K)
TP* dimensionless temperature in cell centre point P of wall-adjacent cell (-)
Tref reference temperature (K)
Tref,0 reference temperature for the definition of enthalpy (273.15) (K)
Tt time interval or period (s)
Tw wall temperature (K)
Twb wet bulb temperature (K)
T0,stl temperature factor (273.11) used in Sutherland’s law (K)
T+ dimensionless temperature, ρcpuτ(Tw-T)/qc,w (-)
T* dimensionless temperature, ρCμ

1/4k1/2cp(Tw-T)/qc,w (-)
Tτ friction temperature, qc,w/ρcpuτ (K)
Tτ,ABL ABL friction temperature (K)
u streamwise (x) component of velocity vector, U u '+  (m/s)
uc uncertainty on the mean wind speed (%)
u '  fluctuating part of streamwise (x) component of velocity vector (m/s)
uτ boundary-layer friction velocity, (τw/ρ)1/2 (m/s)

,ABLuτ  ABL friction velocity (m/s)
û  internal energy per unit mass (m²/s²)
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U mean wind speed in streamwise (x) direction (m/s)
UAVG,j average wind speed for a certain wind direction j (m/s)
UB bulk wind speed (m/s)
Ub bulk wind speed (m/s)
Uc absolute uncertainty on mean wind speed (m/s)
Ucl centreline wind speed (m/s)
UH wind speed at (building) height H (m/s)
Umeteo wind speed at a meteorological station (m/s)
Upot hourly mean potential wind speed (m/s)
UR wind speed above the roof (m/s)
Uref reference wind speed (m/s)
US wind speed near the building surface (m/s)
Usite wind speed at the building site (m/s)
Ut thermal transmittance of a wall, 1/Rt (W/m²K)
U10 wind speed in the undisturbed flow at 10 m above the ground (m/s)
U∞ free-stream wind speed (m/s)
U+ dimensionless mean air speed, u/uτ (-)
U* dimensionless mean air speed, ρCμ

1/4k1/2U/τw (-)
v lateral (y) component of velocity vector, V v '+  (m/s)
v velocity vector, (u v w) or also (vx vy vz) (m/s)
va velocity of dry air (m/s)
vg velocity of gaseous phase (mixture) (m/s)
vl velocity of liquid water (m/s)
vph velocity of a specific phase in the porous material (m/s)
vPM velocity of liquid water (m/s)
vv velocity of water vapour (m/s)
vs velocity of solid material matrix (m/s)

vS wind speed, 2 2 2u v w+ +  (m/s)

v '  fluctuating part of lateral (y) component of velocity vector (m/s)
V mean wind speed in lateral (y) direction (m/s)
Vg volume of gaseous phase (mixture) (m³)
VPM volume of porous material (m³)
Vpore volume of open pores (m³)

VS mean wind speed, 2 2 2U V W+ +  (m/s)

w vertical (z) component of velocity vector, W w '+  (m/s)
wa dry air content (kg/m³PM)
wcap capillary moisture content (kg/m³PM)
wg moist air content (kg/m³PM)
wl liquid water content (kg/m³PM)
wPM moisture content of porous material (kg/m³PM)
wv water vapour content (kg/m³PM)
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ws solid material matrix content (kg/m³PM)
wsat fully-saturated moisture content (kg/m³PM)
w '  fluctuating part of vertical (z) component of velocity vector (m/s)
W mean wind speed in vertical (z) direction (m/s)
x coordinate in streamwise (x) direction (m)
xa mass fraction of dry air in the gaseous phase (kga/kgg)
xa,PM mass fraction of dry air in porous material (kga/kgPM)
xi mass fraction of mixture component (kgi/kgg)
xij percentage of occurrence of a wind speed (i) for a wind direction (j) (%)
xl,PM mass fraction of liquid water in porous material (kgl/kgPM)
xs,PM mass fraction of solid material matrix in porous material (kgs/kgPM)
xtot,j percentage of occurrence of a certain wind direction (j) (%)
xv mass fraction of water vapour in the gaseous phase (kgv/kgg)
xv,PM mass fraction of water vapour in porous material (kgv/kgPM)
y coordinate in lateral (y) direction (m)
yP distance (normal) of cell centre point P of wall-adjacent cell to the wall (m)

yP
+ 

dimensionless wall (normal) distance of cell centre point P of wall-
adjacent cell 

(-)

yP* 
dimensionless wall (normal) distance of cell centre point P of wall-
adjacent cell 

(-)

yT* lower limit for temperature wall function (-)
y+ dimensionless wall (normal) distance, uτy/ν (-)
y* dimensionless wall (normal) distance, Cμ

1/4k1/2y/ν (-)
z coordinate in vertical (z) direction (m)
za/2 parameter related to the confidence level (1-ac) (-)
z0 aerodynamic roughness height (m)
z0,meteo aerodynamic roughness height at the meteorological station (m)
z0,site aerodynamic roughness height at the building site (m)
Zmat vapour transfer resistance of the porous material (m/s)
Zv mole fraction of water vapour (-)

GREEK SYMBOLS 
α thermal diffusivity, λ/(ρcp)  (m²/s)
β thermal volumetric expansion coefficient (1/K)
β orientation of building surface (°)
γ normalised derivative of the surface tension to the temperature (-)
γ(j) scaling factor (a function of the specific wind direction j), Usite/Umeteo (-)
δ momentum boundary-layer thickness (m)
δT thermal boundary-layer thickness (m)
δVSL boundary-layer thickness of the viscous sublayer (m)

δ  unit tensor (-)

δa water vapour diffusion coefficient in air (s)
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δij component of unit tensor (-)
δv water vapour diffusion coefficient in porous material (s)
ε turbulence dissipation rate (m²/s³)
ε+ dimensionless turbulence dissipation rate, εν/(uτ)4 (-)
εe emissivity of a material surface (-)
θc contact angle at the wall/liquid interface (°)
κ von Karman constant (0.4187) (-)
λeff effective thermal conductivity, λg+λt (W/mK)
λf thermal conductivity of a fluid (W/mK)
λg thermal conductivity of gaseous phase (W/mK)
λPM thermal conductivity of porous material (W/mK)
λt turbulent thermal conductivity (W/mK)
μ vapour resistance factor, δa/δv (-)
μdry vapour resistance factor of the dry porous material (-)
μg absolute or dynamic viscosity of gaseous phase (kg/ms)
μt turbulent viscosity (kg/ms)
μ0,stl viscosity factor used in Sutherland’s law (1.716x10-5) (kg/ms)
ν kinematic viscosity (m²/s)
ρ density (kg/m³)
ρa density dry air (kga/mg³)
ρg density gaseous phase (mixture) (kgg/mg³)
ρl density liquid water (1000) (kgg/ml³)
ρPM density porous material (kgPM/mPM³)
ρs density solid material matrix (kgs/ms³)
ρv density water vapour (kgv/mg³)

lgσ  surface tension of the liquid (N/m)

Sσ  standard deviation of the velocity fluctuations, 2 2 2
u v wσ +σ +σ  (m/s)

uσ  

standard deviation of the velocity fluctuations in the streamwise (x) 

direction, 
T

2

t 0

1 u ' (t)dt
T ∫  

(m/s)

vσ  

standard deviation of the velocity fluctuations in the lateral (y) direction, 
T

2

t 0

1 v ' (t)dt
T ∫  

(m/s)

wσ  

standard deviation of the velocity fluctuations in the vertical (z) direction, 
T

2

t 0

1 w ' (t)dt
T ∫  

(m/s)

τ tortuosity (-)

τ  viscous stress tensor (Pa)

τij component of shear stress tensor (Pa)
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τw wall shear stress (Pa)
τw,ABL wall shear stress in an ABL (Pa)
φ incidence angle (°)
χφ multiplication factor (-)
ω specific dissipation rate (1/s)
ω wind direction (-)
ϕ relative humidity (%)
ϕ0 open porosity, Vpore/VPM (%)
ϕ0,l open porosity occupied by liquid water (%)
ϕm non-dimensional wind shear (-)
ϕε non-dimensional dissipation (-)

gϑ  volumetric gaseous phase content, ( )0 l1 Sφ −  (-)

lϑ  volumetric liquid water content, 0 lSφ  (-)

SUBSCRIPTS 
a dry air 
ABL atmospheric boundary layer 
af approach flow 
AF approach flow 
AVG average 
cc cell centre 
CDRP constant drying rate period 
EXP experimental 
f fluid 
FS full scale 
g gaseous phase (mixture)  
i index 
ini initial 
inl inlet 
l liquid water  
LRNM low-Reynolds number modelling 
meteo at meteorological station 
MS model scale 
P cell centre point P of wall-adjacent cell 
PM porous material 
ref reference value 
s solid material matrix 
sat saturation 
SC scaled 
SIM numerical simulation 
site at the building site 



Nomenclature 

xxii   

t turbulent 
tot total 
v water vapour 
VSL viscous sublayer 
w wall/air-porous material interface 
WF wall function 
∞ free-stream 

SUPERSCRIPTS 
fl fluid 
pm porous material 
T transpose 

ABBREVIATIONS 
ABL atmospheric boundary layer 
AFCC analogy factor based on the Chilton-Colburn analogy 
AFCDRP analogy factor based on CDRP drying 
AVG surface-averaged 
BES building energy simulation 
CDRP constant drying rate period 
CFD computational fluid dynamics 
CFL Courant-Friedrichs-Lewy 
CHTC convective heat transfer coefficient 
CHTCAVG,j average CHTC for a certain wind direction j 
CHTCint convective heat transfer coefficient at an interior surface 
CHTCSM statistical mean convective heat transfer coefficient 
CHTCSM,S simplified statistical mean convective heat transfer coefficient 
CHTCSM,χ statistical mean convective heat transfer coefficient using multiplication factors 
CMTC convective mass transfer coefficient 
CMTCMF convective mass transfer coefficient, based on mass fraction 
CTC convective transfer coefficient 
CTE constant 
CV control volume 
CWF customised wall function 
DDRP decreasing drying rate period 
DNS direct numerical simulation 
EPDM effective penetration depth model 
EVM eddy-viscosity model 
EXP experiments 
FFRP first falling rate period 
FVM finite volume method 
HAM heat-air-moisture 
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IA interrogation area 
LDA laser Doppler anemometer 
LES large-eddy simulation 
LHS left hand side 
LW leeward 
MCS Monte Carlo simulation 
PMMA polymethyl methacrylate 
RANS Reynolds-averaged Navier-Stokes 
REV representative elementary volume 
RH relative humidity 
RHS right hand side 
RSM Reynolds stress model 
rk-ε realizable k-ε model 
UCM urban canopy model 
SFRP second falling rate period 
SIM simulations 
sk-ε standard k-ε model 
SST k-ω shear-stress transport k-ω model 
SWF standard wall function 
TP transition period 
URANS unsteady RANS 
VOC volatile organic compounds 
WF wall function 
WW windward 
XPS extruded polystyrene 
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1. Introduction 

1.1. Background 
Exterior surfaces of building envelopes are exposed to various environmental loads, such as solar 
radiation, wind-driven rain, snow, hail, particles suspended in the air (e.g. pollutants or dust) and 
wind. Predicting the impact of these loads on building envelope performance is important for the 
conservation of existing buildings and for the design and evaluation of future durable building 
envelope systems. For various related building and urban engineering applications, quantifying the 
convective heat and mass (moisture) flows at exterior surfaces is particularly of importance. 

Convective heat transfer predictions are relevant for building energy performance analysis, 
especially for glazed buildings, double-skin facades, greenhouses, textile buildings and membrane-
cushion buildings or for building components like solar collectors, solar chimneys and ventilated 
photovoltaic arrays. Furthermore, in urban areas, the outdoor thermal climate and building cooling 
load are dependent on the turbulent convective heat flows from building surfaces and streets, which 
are also of interest for urban heat island analysis. In addition to convective heat transfer, convective 
moisture transfer affects the hygrothermal behaviour within the building envelope, where both 
determine the drying of facades wetted by wind-driven rain, the risk of surface condensation by 
undercooling during clear cold nights and several physical, chemical and biological weathering 
processes, such as microbiological vegetation (algae) and mould growth, wet and dry deposition 
and reaction of pollutants on surfaces, freeze-thaw degradation, corrosion, moisture-induced salt 
transport, crystallisation and related deterioration, interstitial condensation, etc. Furthermore, 
knowledge on the turbulent convective moisture flows in urban areas is also of interest to quantify 
the amount of water evaporation from surfaces such as ponds, roof ponds, green roofs, green walls 
and building facades which are wetted by wind-driven rain. The decrease of air temperatures related 
to this evaporation of water improves outdoor thermal comfort and reduces the building cooling 
load by air-conditioning systems. 

These phenomena related to building and urban engineering are often investigated by means of 
numerical modelling, such as with building energy simulation programs, heat-air-moisture transfer 
models or urban canopy models. In these models, convective heat and mass transfer is usually 
quantified by means of convective heat and mass (moisture) transfer coefficients (CHTCs and 
CMTCs, respectively), which relate the convective flow to the temperature or vapour pressure 
difference between the surface and specific reference conditions. These convective transfer 
coefficients (CTCs) are usually estimated from correlations with the wind speed which have been 
obtained from wind-tunnel experiments on flat plates or wall-mounted bluff bodies, from numerical 
modelling with computational fluid dynamics (CFD) but mainly from field measurements in the 
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atmospheric boundary layer, where mostly only convective heat transfer (CHTC) was considered. 
These CTCs however account for the convective exchange in a quite simplified way: (1) CTCs are 
estimated by means of correlations with the wind speed which have been determined in an 
empirical way. These correlations were mostly derived for simplified configurations, such as flat 
plates, or for specific buildings with specific surroundings (e.g. urban or rural areas) which 
introduces a case-specific nature into these correlations; (2) The spatial variation of CTCs along the 
surface and especially their temporal variation are often not accounted for, where particularly field 
measurements have a limited spatial resolution; (3) CMTCs are often estimated out of CHTCs by 
using the heat and mass transfer analogy, which only applies under strict conditions (a.o. no 
radiation, no coupling between heat and mass transfer, analogous boundary conditions, …); (4) 
CTCs are strongly dependent on the used reference conditions (temperature and vapour pressure), 
where the location where these are evaluated is generally chosen rather arbitrary for complex flow 
problems. 

Due to these simplifications and limitations, the use of CTCs can compromise the accuracy of fluid-
side convective heat and mass transfer predictions, which will also affect the (porous) material-side 
transfer (i.e. within the building envelope). An increased accuracy regarding convective transfer 
predictions could therefore improve both building envelope performance analysis as well as the 
analysis of the heat and mass transport in the environment by using the aforementioned numerical 
models, which can lead to an improved design of durable building envelope systems and building 
components, to better conservation approaches for buildings and also to a better insight in the 
thermal climate and heat balance of urban areas. 

1.2. Scope and methodology 
This thesis aims on establishing more accurate and detailed predictions of convective heat and 
moisture transfer at exterior building surfaces, which involves CTC predictions, by alleviating some 
of the aforementioned CTC limitations. 

CFD seems to be the most appropriate technique to alleviate the limitations related to the fluid-side 
convective transfer since with CFD: (1) information on fluid-side convective transfer (CTCs) at a 
high spatial resolution can be obtained; (2) building-specific CTC information can be obtained; (3) 
the influence of several atmospheric boundary-layer flow characteristics (buoyancy, wind direction, 
…) can be investigated; (4) detailed information on the flow field as well as the scalar (heat and 
mass) field is available, even very close to the surface, i.e. in the boundary-layer region. However, it 
has to be acknowledged that little relevant building-related research has been performed yet with 
CFD, that the computational cost of these simulations is often quite high and that the applied 
turbulence and boundary-layer modelling approaches (e.g. wall functions) are not always 
sufficiently accurate for convective transfer modelling. Although this convective transfer coefficient 
concept (e.g. CTCs obtained from CFD) is often used to account for the fluid-side convective heat 
and mass transfer, CTCs still represent a complex convective transfer problem in a rather simplified 
way for reasons mentioned above, where these CTCs are determined under very specific conditions 
(e.g. for a specific building geometry), by which their validity and applicability for other cases is 
often questionable. Thereby, instead of using CTCs, explicitly accounting for the heat and mass 
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transport in the air flow as well as for that in the porous material, thus solving the conjugate transfer 
problem, could provide more accurate predictions of these transfer processes. The methodologies 
applied in this thesis to enhance convective transfer predictions by means of aforementioned 
concepts are described in the following paragraphs. 

In a first approach, obtaining high spatial-resolution CTCs specifically for building surfaces is 
envisaged, where detailed flow-field predictions and thus also CTCs are generated by means of 
CFD. The focus will be mainly on forced convective heat transfer from buildings in the atmospheric 
boundary layer, i.e. wall-mounted bluff bodies immersed in a turbulent boundary layer at high 
Reynolds numbers (Re = 105-107), where only the fluid-side heat transfer is accounted for. The 
spatial distribution of the CHTC over the building surfaces, its correlation with the wind speed, its 
dependency on the wind direction, building orientation and local wind climate is investigated. 
Furthermore, numerical modelling issues regarding CFD validation, enhancing accuracy of CFD 
simulations and optimising simulation cost efficiency are addressed. Note that mainly isolated 
buildings are considered. Since only fluid-side heat transfer is considered in this approach, its 
interaction with moisture transport in the air and with heat and moisture transport in porous 
(building envelope) materials is not accounted for, which is however important in some cases, for 
example when considering drying processes, e.g. of building facades wetted by wind-driven rain.   

Therefore, in a second approach, the conjugate heat and moisture transfer for convective drying of 
porous materials is addressed, i.e. where heat and moisture transport in the air flow and the porous 
material are simultaneously accounted for. Here, CFD is used to provide information on the fluid-
side convective boundary conditions, where the transport in the porous material is modelled by 
heat-air-moisture (HAM) transport modelling. Conjugate modelling does not require knowledge of 
CTCs for HAM modelling since the air flow field is solved explicitly, which allows determining the 
CTCs a-posteriori, hence identifying their spatial and temporal variability. Thereby, also the 
validity of the heat and mass transfer analogy can be verified.  

Complementary to this numerical analysis, a conjugate drying experiment was performed to 
identify and explain the specific causes of discrepancies with numerical simulations more clearly. 
Apart from convective transfer, HAM modelling is strongly sensitive to the heat and moisture 
transport properties of the porous material. Therefore, stochastic analysis on the propagation of 
uncertainties in these material properties is performed for convective drying applications. 

Apart from building engineering, quantifying convective heat and mass transfer at porous-material 
surfaces and its modelling by means of CTCs or by conjugate modelling is also of interest for many 
other engineering applications, such as for food processing, for soil hydrological processes or for 
various industrial drying applications. Therefore, the applied approaches are analysed and reported 
for rather generic cases in this thesis to make the conclusions and findings more generally 
applicable than only in a building engineering context. 
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1.3. Outline 
This thesis consists of 8 chapters. In chapter 2, a background on convective heat and mass transfer 
modelling by means of CTCs is given as well as a detailed overview of the relevant state of the art, 
based on which the framework of the research presented in this thesis is specified. In chapter 3, 
basic concepts on building aerodynamics, fluid flow and heat and mass transfer in porous materials 
are discussed. In chapter 4, convective heat transfer at surfaces of bluff bodies immersed in a 
turbulent boundary layer, representing buildings in an atmospheric boundary layer, is analysed by 
means of CFD. In chapter 5, a conjugate heat and moisture transport model is developed, verified 
and used to analyse convective drying of porous materials, where the focus is on the spatial and 
temporal behaviour of the CTCs. In chapter 6, a conjugate experiment on convective drying is 
described and is compared with numerical simulations. In chapter 7, the influence of uncertainties 
in the heat and moisture transport properties on convective drying modelling of porous materials 
with HAM is investigated by Monte Carlo analysis. Finally, in chapter 8, the main conclusions of 
this thesis are summarised and recommendations for further research are proposed. 
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2. Convective heat and mass transfer at air-material 
interfaces: Background and state of the art 

In this chapter, the convective heat and mass transfer at air-(porous) material interfaces is discussed, 
where the focus is on building and urban engineering applications, together with its impact on heat 
and moisture transport in porous (building envelope) materials, specifically for applications in 
drying of such materials. The focus is on the forced convective flow regime, which is typically 
found at exterior building surfaces under windy conditions. First, a general background is given on 
the convective heat and mass transfer processes and on drying phenomena in porous materials. 
Afterwards, an overview of the relevant research on convective heat and mass transfer coefficients 
(CHTCs and CMTCs) and convective drying processes is given, clearly indicating the underlying 
assumptions and limitations of the experimental and numerical approaches. Based on this overview, 
the relevance of the research presented in this thesis is indicated and the research goals are defined. 

2.1. General background 

2.1.1. Convective heat transfer at air-material interfaces 

2.1.1.1. Heat flows at exterior building surfaces 

At exterior building surfaces, several heat fluxes are found (Figure 2.1): (1) net long-wave radiation 
exchange with the outside environment (qlw,env), i.e. with terrain and obstacles, resulting from 
differences between incident and emitted radiative fluxes, caused by temperature differences 
between these surfaces; (2) net long-wave radiation exchange with the sky (qlw,sky); (3) short-wave 
solar radiation (qsw,sky), including direct, reflected and diffuse radiation; (4) convective heat flux 
due to air movement along the exterior surface (qc,w); (5) conductive heat flux from the interior 
(qcond) of the building envelope. Note that if evaporation/condensation of water or diffusion of 
water vapour occurs at the surface, additional moisture-related heat fluxes are present (not shown in 
Figure 2.1), which will be addressed in section 2.1.3.2. In this section (2.1.1), moisture is however 
not considered. Furthermore, convective air transport inside the porous material, and thus advective 
heat transport, is not taken into account in this thesis. All these heat fluxes, making up the heat 
balance at the surface, determine the resulting surface (wall) temperature (Tw) and heat loss from 
the envelope. Note that the focus of this thesis is on convective heat transfer.  
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Figure 2.1: Heat fluxes at an exterior building surface (advective and moisture-related heat fluxes are not 
included).  

2.1.1.2. Convective heat transfer (coefficient) 

The amount of heat transported away from a surface by convection (qc,w) can be written with 
Fourier’s first law if exactly at the wall there is no net fluid motion perpendicular to the surface, i.e. 
in the direction of qc,w, as for an impermeable (air-tight) surface. Consequently, at the wall, heat is 
transferred to the fluid by conduction (Lienhard and Lienhard 2006): 

f T= −λ ∇c,wq  (2.1)

where λf is the thermal conductivity of the fluid and T is the temperature (in Kelvin). A schematic 
representation of this convective exchange is shown in Figure 2.2a for a heated flat plate along 
which air flows. This convective heat flux is dependent on the temperature gradient at the wall, 
which is determined by the flow field. This gradient decreases with the distance from the wall, 
showing large gradients in the lower part of the boundary layer, which is in contrast to conduction 
in homogeneous (porous) materials (with a constant λf), where a constant gradient and a linear 
temperature distribution are found under steady-state conditions. Nevertheless, the convective heat 
flux is often represented in a similar way as a conductive flux, namely as a function of a 
temperature difference and a thermal resistance (Figure 2.2b). The interpretation of such a 
resistance is however quite ambiguous since it actually varies across the boundary layer and is 
dependent on the local flow field. Usually the inverse of this “virtual” thermal resistance of the 
boundary layer is reported by means of a convective heat transfer coefficient (CHTC). A CHTC 
thus relates the convective heat flux normal to the wall (qc,w) to the difference between the 
temperature at the wall (Tw) and a reference temperature (Tref), which is generally taken as an 
outside reference air temperature, or the free-stream temperature (T∞) in case of flat plate flow 
(Figure 2.2a): 

( )c,w w refq CHTC T T= −  (2.2)

The convective heat flux is assumed positive away from the wall.  

High CHTCs, thus low thermal resistances of the boundary layer, are related to high wind speeds 
near the surface, but also to other factors such as surface roughness and the turbulence level. Note 
that Eq.(2.2) defines the CHTC instead of specifying it as known information on the wall boundary 
(Lienhard and Lienhard 2006). Thereby, its definition is inherently related to the choice of the 
reference temperature. Consequently, the CHTC is actually a simplified way to represent a complex 
heat transfer problem in the boundary layer and the surrounding flow field. Although the CHTC is 
merely a definition, it will be used frequently in this thesis since it is a useful parameter to quantify 

Tw 

qcond 
qlw,env qc,w 

qsw qlw,sky 
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and compare the rate with which heat is transferred from a surface to the environment. Note that the 
CHTC does not necessarily have to be constant in space or time. 

 
Figure 2.2: (a) Convective heat transfer for flow along a flat plate which is heated at a constant temperature 
Tw. Note that the origin (x = 0) is located at the leading edge of the plate and that the heated part of the plate, 
and thus the thermal boundary layer (grey area), starts further downstream of the leading edge (the subscript 
∞ indicates free-stream conditions); (b) Simplified way of representing convective heat transfer, i.e. by means 
of a resistance and a temperature difference. 

2.1.1.3. Convective heat transfer for building applications 

The influence of convection on the heat loss from the surface (qcond) and the surface temperatures at 
exterior building surfaces will be particularly large for high values of the convective heat flux, 
which are found, according to Eq.(2.2), for large temperature differences between the outside 
environment (Tref) and the surface, e.g. when a large amount of solar radiation is absorbed at the 
surface, and/or for high values of the CHTC, e.g. for high wind speeds. Note that this wind-induced 
(forced) convective heat transfer is usually 2 to 7 times larger than the long-wave radiation 
exchange with the outside environment and with the sky (Loveday and Taki 1998, Davies 2004). 
The focus in this thesis will therefore be mainly on forced convective heat transfer, where the 
inertial forces, related to wind speeds, are significantly higher than buoyancy forces, caused by 
density variations resulting from temperature differences. The Richardson number (Ri) is used to 
quantify the importance of inertial to buoyancy forces: 

2

GrRi
Re

=  (2.3)

with ( )w ref ref
2

g T T L
Gr

β −
=

ν
 (2.4)

with ref refU LRe =
ν

 (2.5)

where Gr is the Grashof number, Re is the Reynolds number, β is the thermal volumetric expansion 
coefficient, ν is the kinematic viscosity, g is the gravitational acceleration, Uref is a reference wind 
speed, Lref is a characteristic length, for example the building height. The coefficient β can be taken 
equal to 1/T for ideal gasses (Cebeci and Bradshaw 1984). Note that for all dimensionless numbers 
reported in this thesis, ν = 1.461x10-5 m²/s is used (i.e. at about 10°C). For Richardson numbers 
considerably smaller than one, the influence of buoyancy on the flow field can be neglected, and 
forced convective flow is found. In this case, heat is considered to act as a passive scalar in the flow 
field, indicating that it does not influence the flow field significantly. 
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For natural or mixed convection, typically found under windless, sunny conditions or for indoor air 
flow, heat acts as an active scalar and thereby the flow field and thus also the CHTCs become 
strongly dependent on the thermal boundary conditions. Since these CHTCs are therefore much 
more case specific compared to those of forced convective flow, and also much lower CHTCs are 
found, research on forced convective heat transfer seems to be more relevant for exterior building 
surfaces, also from the viewpoint of applicability in other fields of research, such as internal cooling 
of turbine blades or cooling of electronic components. In the next paragraphs, building and urban 
engineering applications, where knowledge on convective heat transfer at exterior surfaces is of 
interest, are discussed. 

Convective heat transfer predictions are required for the energy performance analysis of building 
envelopes or building components, especially if they are composed of materials which have a 
relatively low thermal resistance (Arens and Williams 1981, Sharples 1984), such as glass. In this 
case, the sensitivity of the overall thermal resistance of the envelope (Rt) to the CHTC at the 
exterior surface is relatively high, which can be noticed from Figure 2.3, where the thermal 
transmittance Ut (= 1/Rt) for different types of building envelopes is presented as a function of the 
CHTC, for a CHTC range typically found for exterior building surfaces (from natural to forced 
convective flow). Well-insulated constructions are clearly less sensitive to the CHTC due to the 
large resistance of the building envelope itself, by which a relatively small heat loss (qcond) as well 
as a small convective heat loss (qc,w) is found, since the temperature at the surface (Tw) 
approximately equals that of the outside environment (Tref). Thereby, accurate predictions of the 
CHTC are less critical here. For surfaces which are at high temperatures however, e.g. due to 
absorption of solar radiation, qc,w can still be large, irrespective of Rt. Thereby, CHTC predictions 
are especially relevant for energy performance analysis of glazed buildings (Sharples 1984), 
double-skin facades, greenhouses (Roy et al. 2002), textile buildings (He and Hoyano 2009) and 
membrane-cushion buildings but also for building components like solar collectors (Sharples and 
Charlesworth 1998), solar chimneys and ventilated photovoltaic arrays (Palyvos 2008). Note that 
apart from the relatively high convective heat losses from these building surfaces, their low thermal 
capacity results in a fast response to convective cooling. For interior surfaces, larger convective 
resistances are found since air speeds are lower as air flow is mainly buoyancy-driven. The 
influence of the CHTC at interior surfaces (CHTCint) on the thermal transmittance is however still 
rather limited for well-insulated constructions (Hens 2007, Steskens et al. 2009). 

In urban areas, the outdoor thermal climate and building cooling load are determined by the 
turbulent convective heat fluxes from building surfaces and streets (Barlow et al. 2004, Hagishima 
et al. 2005), which are particularly of interest for the analysis of urban heat islands (Sailor and 
Dietsch 2007). Here, the focus is rather on the fluid-side convective heat transfer than on the heat 
loss through the building envelope.  

Information on convective heat transfer is also often used to quantify convective moisture transfer 
at building surfaces, by using the heat and mass transfer analogy (Chilton and Colburn 1934), which 
will be discussed in section 2.2.2.2. Both transfer phenomena affect the hygrothermal behaviour 
within the building envelope since they determine: (1) the drying rate of facades wetted by wind-
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driven rain (Blocken et al. 2007a, Janssen et al. 2007b); (2) the risk of surface condensation by 
undercooling during clear cold nights (Camuffo and Giorio 2003, Aelenei and Henriques 2008); (3) 
several physical, chemical and biological weathering processes such as microbiological vegetation 
(algae) and mould growth (Abuku et al. 2009), wet and dry deposition and reaction of pollutants on 
surfaces (Dolske 1995, Jonsson et al. 2008), freeze-thaw degradation (Franke et al. 1998), moisture-
induced salt transport, crystallisation and related deterioration (Poupeleer et al. 2006a, Poupeleer et 
al. 2006b, Franke et al. 2008), interstitial condensation, etc. This hygrothermal behaviour and the 
related surface phenomena are important factors for the assessment of durability of constructions 
and for the preservation of cultural heritage (Monforti et al. 2004, Carmeliet et al. 2009, Hussein 
and El-Shishiny 2009, Steeman et al. 2009d). 

 
Figure 2.3: Thermal transmittance (Ut) as a function of the CHTC at the exterior surface for different types 
of building envelopes for a CHTC range typically found for buildings. 

Convective heat transfer is mostly quantified by means of CHTCs in (building) design guides and 
standards and also for numerical modelling, such as in building energy simulation (BES) programs 
(ESP-r, Energyplus), heat-air-moisture transfer (HAM) models (Janssen et al. 2007a, Delphin, 
WUFI) and urban canopy models (UCMs) (Masson 2000, Kusaka et al. 2001, Kondo et al. 2005). 
Usually a single value of the CHTC is used for an entire building surface, which is taken as a 
constant or which is estimated by using an empirical correlation (linear or power law) of the CHTC 
with the wind speed at a reference location Uref, for example the mean wind speed at a height of 10 
m above the ground (U10): 

B
refCHTC AU=  (2.6)

refCHTC CU D= +  (2.7)
where A, C and D are coefficients and B is an exponent. Sometimes, the wind direction dependency 
is taken into account but mostly in a quite simplified way, i.e. by only using a different CHTC value 
(or correlation) for windward and leeward conditions. In some UCMs (e.g. Kusaka et al. 2001), a 
spatial variation of the CHTC over the building facade is accounted for (Figure 2.4). 
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Figure 2.4: Convective heat transfer assessment in a single-layer (left) and multi-layer (right) UCM by 
means of a resistance network. Figure adapted from Kusaka et al. (2001). 

Buildings in an atmospheric boundary layer (ABL) can actually be considered as wall-mounted, 
often sharp-edged, bluff bodies immersed in a turbulent boundary layer at moderate to high 
Reynolds numbers. Thereby, research on CHTCs in a building engineering context can also be 
relevant for other fields of research. Examples of similar flow problems can be found for cooling of 
electronic equipment, such as on printed circuit boards (Meinders et al. 1999), or internal cooling of 
turbine blades by means of roughness elements, such as ribs or other wall-mounted elements (Han 
and Dutta 2001). 

2.1.2. Convective mass transfer at air-material interfaces 

2.1.2.1. Mass flows at exterior building surfaces 

In this thesis, mass transfer at exterior building surfaces indicates the transfer of liquid water or of 
one of the two components (also called species) of moist air (subscript g, i.e. for gaseous phase), 
namely water vapour (subscript v) or dry air (subscript a). Note that the same principles apply for 
other species (e.g. volatile organic compounds, i.e. VOCs). Several mass fluxes are found at the air-
material interface (Figure 2.5): (1) diffusive flux of water vapour (gd,v) or dry air (gd,a) from the 
inside of the building material, if the material is porous; (2) liquid water flux from the inside of the 
material to its surface, if the material is porous and wet (100% relative humidity) at its surface (gd,l); 
(3) convective mass flux from the surface to the environment or vice versa (gc,w) as a result from air 
movement along the exterior surface, which can be a flux for water vapour (gc,w,v) or for dry air 
(gc,w,a). Water vapour can be convected away from the surface, i.e. from vapour diffusion out of the 
porous material or from liquid water evaporation at the surface if the material is wet or if a water 
film is present on the surface, but vapour can also be convected towards the surface by 
condensation onto the surface; (4) liquid water flux due to impingement of (wind-driven) raindrops 
on the surface (gR); (5) liquid water flux due to run-off of a water film (e.g. due to rain) on the 
surface (gLRO). Note that for non-vertical surfaces, raindrop impingement can also occur in the 
absence of wind. These mass fluxes determine the resulting surface vapour pressure pv,w (or mass 
fraction) and the mass flux (e.g. drying rate) from the surface. In this thesis, liquid run-off is not 
taken into account, by which a water film or the amount of droplets on the surface, due to rain or 
surface condensation, are assumed to be rather limited. Furthermore, convective air transport inside 
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the porous material, and thus advective mass transport, is not taken into account. The focus of this 
thesis is on convective mass transfer at exterior building surfaces. 

 
Figure 2.5: Mass fluxes at an exterior building surface (advective mass fluxes are not included). 

2.1.2.2. Convective mass transfer (coefficient) 

For mass transfer from a surface, three types of surfaces have to be considered: (1) permeable 
porous surfaces, where the water vapour flow out of/towards the porous material is compensated by 
an opposite dry air flow, by which the total net mass flow over the surface is zero; (2) semi-
permeable porous surfaces, where only a water vapour flow, thus no dry air flow, from/to the 
surface is possible, i.e. in case of liquid water evaporation from a wet surface or water film or in 
case of condensation onto the surface. Thereby, there is a net fluid motion, and thus convection, 
perpendicular to the wall, i.e. in the direction of gc,w; (3) impermeable surfaces, which are similar to 
semi-permeable surfaces, but where no fluid motion into the material is possible, i.e. for non-porous 
materials. 

For permeable surfaces, the net convective flow perpendicular to the surface is zero. Thereby the 
amount of water vapour transported away from the surface by convection (gc,w,v) can be written 
with Fick’s first law since, at the wall, mass is transferred to the fluid by diffusion: 

v
g va v g va

g

D x D ρ
= −ρ ∇ = −ρ ∇

ρc,w,vg  (2.8)

where Dva is the binary diffusion coefficient between dry air water and water vapour, ρg is the moist 
air density, ρv is the water vapour density and xv is the mass fraction of water vapour. This diffusive 
vapour flux is equal, but opposite to, the dry air flux (gc,w,a). Note that, apart from mass fractions, 
Fick’s law can also be expressed as a function of vapour density (ρv), vapour pressure (pv) or mole 
fraction (Zv). Some restrictions apply here however (Bird et al. 2007): (1) expressing Fick’s law in 
terms of vapour densities is only valid under isothermal and isobaric conditions, i.e. for a constant 
density; (2) expressing Fick’s law in terms of vapour pressures is only valid under isobaric 
conditions. 

For semi-permeable and impermeable surfaces, there is a net convective (water vapour) flow 
to/from the air in case of evaporation/condensation due to the absence of a dry air flow from/into 
the material. Thereby, the convective water vapour flux is given by (see Appendix A):  

g va
v

v

D
x

1 x
ρ

= − ∇
−c,w,vg  (2.9)
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A schematic representation of the convective mass exchange is shown in Figure 2.6 for a flat plate 
along which air flows. This convective mass flux is dependent on the concentration gradient at the 
wall, which is determined by the flow field. Analogous to section 2.1.1.2, the convective mass flux 
is also often represented as a function of a concentration difference and the inverse of a mass 
transfer resistance, namely the convective mass transfer coefficient (CMTC). The value of the 
CMTC however depends on the driving force which is used to define the CMTC. As mentioned 
above, four driving forces are commonly used, namely mass fraction, vapour density, vapour 
pressure and mole fraction. Since the CMTC is often defined as a function of the vapour pressure in 
building engineering, this definition will be mainly used in this thesis. Steeman et al. (2009c) 
investigated the different definitions of the CMTC and they showed that, since the CMTCs based 
on vapour pressure are only applicable to isobaric systems, these CMTCs should be corrected when 
they are used at a different ambient pressure. If the CMTC is defined based on vapour pressures (in 
s/m), it relates the convective water vapour flux normal to the wall (gc,w,v) to the difference between 
the vapour pressure at the wall (pv,w) and a reference vapour pressure (pv,ref), which is generally 
taken as an outside reference vapour pressure: 

( )va
c,w,v v v,w v,ref

v

Dg p CMTC p p
R T

= − ∇ = −  (2.10)

The convective mass flux is assumed positive away from the wall. Note that sometimes, the mass 
transfer coefficient, based on mass fractions, CMTCMF (kg/m²s) will also be used: 

( )c,w,v MF v,w v,refg CMTC x x= −  (2.11)

High CMTCs, thus low mass transfer resistances of the boundary layer, are related to high wind 
speeds and turbulence levels near the surface. Analogous to heat transfer (Eq.(2.2)), Eq.(2.10) 
actually defines the CMTC instead of specifying it as known information on the wall boundary. 
Thereby, its definition is inherently related to the choice of the reference vapour pressure. Although 
the CMTC is merely a definition, it will be used frequently in this thesis since it is a useful 
parameter to quantify and compare the rate with which mass, i.e. mostly water vapour, is transferred 
from a surface to the environment. Note that the CMTC does not necessarily have to be constant in 
space or time. 

 
Figure 2.6: Convective mass transfer for flow along a flat plate which is kept at a constant vapour pressure 
(pv,w). Note that the origin (x = 0) is located at the leading edge of the plate and that the part of the plate with 
a vapour pressure pv,w, and thus the concentration boundary layer (grey area), starts further downstream of 
the leading edge. 
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2.1.2.3. Convective mass transfer for building applications 

The influence of convection on the vapour pressures and the overall mass flow rate at exterior 
building surfaces will be particularly large for high values of the convective mass flux, which are 
found, according to Eq.(2.10), for high vapour pressure differences between the outside 
environment (pv,ref) and the surface (pv,w), e.g. when the surface is wet and the outside environment 
is at low relative humidity or vice versa, and/or for high values of the CMTC, e.g. for high wind 
speeds. As mentioned in section 2.1.1.3, the focus will be mainly on forced convective transfer in 
this thesis. Thereby heat is considered to act as a passive scalar in the flow field. It is also assumed 
that mass acts as a passive scalar in the flow field, which implies for example that mass transfer 
rates from a wet surface are sufficiently low not to influence the flow field significantly. In the next 
paragraphs, building and urban engineering applications, where knowledge on the convective mass 
(i.e. water vapour) transfer at exterior building surfaces is of interest, are discussed. 

As already mentioned in section 2.1.1.3, convective mass (and heat) transfer predictions are 
required for the analysis of the hygrothermal behaviour of the building envelope since they 
determine the drying rate of facades, the risk of surface condensation and several physical, chemical 
and biological weathering processes at the building surface or within the envelope. In urban areas, 
the turbulent convective mass fluxes are especially of interest to quantify the amount of water 
evaporation from surfaces, such as ponds, roof ponds, building facades which are wetted by wind-
driven rain (Blocken and Carmeliet 2004), green roofs, green walls, etc. Since heat is required for 
evaporation (see section 2.1.3.1 for details), it results in a decrease of air temperatures, which 
improves thermal comfort and reduces the building cooling load by air-conditioning systems 
(Pearlmutter et al. 2007, Takebayashi and Moriyama 2007, Alexandri and Jones 2008, Krüger and 
Pearlmutter 2008, Pearlmutter and Rosenfeld 2008). Apart from reducing the outdoor air 
temperature, (convective) evaporation can also be used directly for passive cooling of buildings, for 
example by means of roof ponds (Tiwari et al. 1982, Runsheng et al. 2003). Note that for vegetative 
ground covers (e.g. green roofs or green walls) transpiration also result in moisture loss, in addition 
to evaporation, which is often indicated by the term evapotranspiration. In contrast to the 
aforementioned advantageous effects of (convective) water evaporation, it however leads to an 
increased energy demand for swimming pools (Sartori 2000) and solar ponds (Mansour et al. 2006, 
Velmurugan and Srithar 2008). 

Apart from exterior surfaces, estimates of CMTCs are also of interest for interior building surfaces 
for prediction of indoor climate, for assessment of the mould growth risk (Abuku et al. 2009), for 
analysis of moisture buffering (Osanyintola and Simonson 2006, Steeman et al. 2009a, Carmeliet et 
al. 2011), for preservation of valuable historical objects such as paintings (Steeman et al. 2009d), 
for energy consumption related to (de)humidification of the air, etc. Note however that the air 
speeds are generally much lower than in the outside environment, resulting in relatively low values 
of the CMTC. 

Apart from buildings, many industrial drying processes involve estimating the convective mass 
transfer at air-porous material interfaces, for example for drying of different types of food (Ratti 
2001) or drying of gypsum (board) plates (Szentgyörgyi et al. 2000). Many other drying 
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applications can be found in Mujumdar (2006). In agriculture, estimations of convective 
evaporation of water are required to determine the water demand by means of irrigation for the 
crops (Martinez-Alvarez et al. 2006). In hydrology and climatology, the mass loss from water 
surfaces, e.g. lakes, is a determining factor for the hydrological budget of these water bodies 
(Parlange et al. 1995, Assouline et al. 2008).  

Convective mass transfer is mostly quantified by means of CMTCs in (building) design guides and 
standards and also for numerical modelling, such as in heat-air-moisture (HAM) transfer models, 
urban canopy models (UCM) and building energy simulation (BES) programs. Usually a single 
value of the CMTC is used for an entire building surface, which is taken as a constant or which is 
estimated by using an empirical CMTC-U (wind speed) correlation (analogous to Eqs.(2.6)-(2.7)) or 
from the CHTC by using the heat and mass transfer analogy (section 2.2.2.2). 

In some cases, the sensitivity of the mass flux from a (building) surface to the CMTC can be 
limited, analogous to convective heat transfer, where the influence of convection on the heat loss of 
well-insulated constructions was found to be small (section 2.1.1.3). If only water vapour transfer in 
a porous material is present, i.e. when the material is not wet (no liquid water), the vapour flux from 
the porous material is determined by the convective mass transfer in the boundary layer as well as 
by the diffusive water vapour transfer inside the material. For many porous building materials, the 
water vapour diffusion resistance (Zmat) is much larger than the boundary-layer resistance, i.e. the 
inverse of the CMTC, once the material thickness exceeds a few millimetres, which is illustrated in 
Figure 2.7 for several building materials. In this case, the diffusion rate inside the material is the 
limiting factor for mass transfer and not the convective transfer in the boundary layer, by which the 
water vapour pressure at the surface (pv,w) approximately equals that of the outside environment 
(pv,ref). Even for interior surfaces, where mainly vapour diffusion is present in the material but 
where larger convective resistances are found, Hens (2007) and Steskens et al. (2009) showed that 
the influence of the CMTC for interior surfaces is very limited. 

 
Figure 2.7: Typical ratio of the exterior mass (water vapour) transfer resistance of the boundary layer 
(1/CMTC) to the water vapour diffusion resistance of the material (Zmat) as a function of the thickness of the 
material.  
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If the surface is completely wet however, for example after a wind-driven rain shower, the external 
convective conditions mainly determine the vapour transfer from the surface since the only 
resistance to mass transfer is located in the boundary layer (Mujumdar 2006). Due to the relevance 
of the CMTC under these conditions particularly, i.e. during convective drying of an impermeable 
surface or a porous material, the drying processes are briefly discussed in the next section. Note 
that, apart from convective drying, which is the most commonly used drying technique, other types 
of drying are also frequently applied in industrial processes (see Mujumdar 2006). 

2.1.3. Convective drying of wet surfaces and porous materials 

2.1.3.1. Wet surface/water film 

A wet surface, i.e. a water film or a water bed, has a relative humidity (RH) of approximately 100% 
at the surface and acts as a semi-permeable surface (see section 2.1.2.2). Convective drying of such 
a wet surface (e.g. a water film) is defined as the convective water vapour transfer from that surface 
by inducing a phase change from the liquid state to the gaseous state, namely evaporation, 
eventually resulting in a dry surface. Since heat is required for this phase change, as shown below, 
heat transfer also has to be accounted for in drying processes. For steady-state conditions, i.e. 
constant approach flow, with no conductive heat flux from the inside of the surface (qcond), e.g. no 
temperature gradient inside the water film, and without radiation, following heat balance can be 
written for a wet surface (Figure 2.8): 

v lh h+ =c,w c,w,v c,w,lq g g  (2.12)

with ( ) ref
v p,v w ref ,0 vh c T T L= − + ; ( )l p,l w ref ,0h c T T= −  (2.13)

where hv and hl are the enthalpies of water vapour and liquid water, respectively. Furthermore, cp,l 
and cp,v are the specific heat capacities of liquid water and water vapour, respectively, determined 
under constant gaseous pressure conditions. Tref,0 is a reference temperature which is taken equal to 
273.15 K (0°C) in this thesis. The water vapour enthalpy also includes the heat of vaporisation, also 
called latent heat (Lv

ref), which is the energy needed for the phase change from liquid to vapour. 
Note that this latent heat is defined with respect to Tref,0 and is equal to 2.50x106 J/kg at 0°C. This 
latent heat actually varies to some extent with temperature, namely decreasing (approximately) 
linearly to a value of 2.257x106 at 100°C (Marsh 1987). Since this variation is small over the 
considered temperature range, the latent heat can assumed to be constant (Mujumdar 2006) and is 
taken equal to 2.50x106 J/kg in this thesis. 

 
Figure 2.8: Heat fluxes at a wet surface for the evaporation of liquid water. Note that Tref is the reference 
temperature of the environment and Tref,0 is the reference temperature (273.15 K) in the definition of the 
enthalpy. 
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Note that the latent heat term is one to two orders of magnitude larger than the capacity-related 
terms for the temperature range considered for building applications (0-50°C). Mostly, these 
capacity-related terms are therefore not taken into account, by which Eq.(2.12) can be simplified to 
(Mujumdar 2006): 

ref
vL≈ −c,w c,w,vq g  (2.14)

Thereby, the latent heat flux equals the convective heat flux, which indicates that the heat needed 
for the evaporation of water is solely extracted from the air flow, resulting in cooling of the air. 
Eq.(2.14) can be rewritten using Eq.(2.2) and Eq.(2.10): 

( ) ( )ref
w ref v v,w v,refCHTC T T L CMTC p p− ≈ − −  (2.15)

This equation clearly indicates that heat and mass transfer are coupled here since the vapour 
pressure at the surface (pv,w) equals the saturation vapour pressure (RH = 100%), which is a 
function of the temperature Tw. 

For convective evaporation of a small amount of liquid from a surface into unsaturated moist air 
under steady-state conditions, implying perfect convective conditions for the evaporation rate not to 
be influenced by the evaporated moisture, the surface temperature of Eq.(2.15) (steady-state 
conditions and no radiation) is called the wet bulb temperature. The wet bulb temperature is a 
quantity which is often used to characterise evaporative cooling from a wet surface. Since the 
CMTC/CHTC ratio can be estimated from empirical relations (Mujumdar 2006), e.g. with the 
Lewis relation (see section 2.2.2.2), the wet bulb temperature can be calculated from Eq.(2.15) for 
given ambient conditions (Tref and pv,ref). This wet bulb temperature is quasi independent of the 
velocity (Lu et al. 2005) if the CMTC/CHTC ratio is Reynolds number independent. The wet-bulb 
temperature is thus only dependent on the ambient (approach flow) conditions, and is often included 
in psychometric charts. Note that for moderate temperature and humidity ranges and a dry air-water 
vapour mixture, the wet bulb temperature approximately equals the adiabatic saturation temperature 
(Mujumdar 2006, Lienhard and Lienhard 2006), which can be determined by an adiabatic saturation 
experiment. 

2.1.3.2. Porous materials 

Convective drying of porous materials is more complex than that of a wet surface since, apart from 
the external convective conditions, the heat and moisture (liquid and vapour) transport inside the 
porous material also influences the drying process. For a detailed analysis of convective drying, the 
reader is referred to Whitaker (1977), Krischer and Kast (1978), Whitaker (1998) and Mujumdar 
(2006).  

Assuming steady convective approach flow conditions, the typical (dimensionless) drying process 
of a porous material is presented in Figure 2.9 as a function of (dimensionless) time together with 
the (dimensionless) surface temperature (determined in °C) and a typical relative humidity at the 
surface. Different drying periods can be distinguished. Initially, a transition period (TP) is found, 
characterised by a distinct temperature and mass flow rate variation, which depends on the initial 
conditions of the porous material and the approach flow. Note that during this period the wet 
surface area (also surface saturation) rapidly decreases (Belhamri and Fohr 1996) since the parts of 
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the porous material surface which are not occupied by pores, i.e. the wetted parts of the solid 
material matrix, dry out rapidly. 

 
Figure 2.9: Typical dimensionless drying rate, dimensionless surface temperature and relative humidity at 
the surface of a porous material (in this case ceramic brick) during drying as a function of (dimensionless) 
time, obtained from numerical simulation with a HAM model. The different drying periods are indicated.  

After the transition period, the constant drying rate period sets in (CDRP). The CDRP is 
characterised by a constant drying rate (gc,w,v,CDRP), a constant surface temperature (Tw,CDRP) and a 
relative humidity at the surface of 100%. The surface thereby actually behaves analogous to a wet 
surface from which water evaporates (section 2.1.3.1), where the heat supplied for evaporation is 
coming entirely from the air flow (Eq.(2.14)), given there is no significant contribution of radiation) 
and where no significant temperature gradients are present inside the material (qcond = 0). For these 
steady-state conditions, the material temperature is equal to the wet bulb temperature (Ben 
Nasrallah and Perre 1988, Murugesan et al. 2001, Suresh et al. 2001). The convective mass flux 
from the surface (drying rate) is thus entirely determined by the flow field, i.e. by the CMTC and 
CHTC, and not by the porous material transport properties and the pore surface area, by which 
quasi-similar drying rates are found as for a free water surface (Hall et al. 1984). In some cases, the 
drying rate can however be significantly different from that of a water surface (Jacobsen and 
Aarseth 1999, Worch 2004), due to enhanced mass transfer and turbulence levels which are 
introduced by the surface roughness. Surface roughness can also introduce a distinct increase of the 
effective surface area from which water evaporates. The reason that the wet bulb temperature is also 
attained in such cases with enhanced transfer is that the convective heat transfer rate also increases, 
by which the CHTC/CMTC ratio (see Eq.(2.15)) remains approximately constant. Note that the 
surface saturation can however still decrease during the CDRP (i.e. parts of the material surface, 
e.g. some pores, dry out locally) as will be explained in the next paragraph. 

The CDRP can be maintained over a wide range of material moisture contents, due to the fact that 
the surface is kept “sufficiently wet” by capillary transport from the inside of the material 
(Schlünder 2004). The condition “sufficiently wet” indicates that the surface is only partially 
wetted, which is usually the case for a porous material since not the entire surface area is covered 
with pores. Such a partially wetted surface is shown schematically in Figure 2.10a, by representing 
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the porous material as a bundle of cylindrical capillary tubes, which is a rather simplified but 
commonly used way in drying modelling (Metzger et al. 2007). Given that the characteristic pore 
diameter (d) of the material (or the size of the wetted/dry areas on the surface) is small compared to 
the thickness of the viscous sublayer δVSL (i.e. the lower part of the boundary layer, see section 
3.2.4.1) and that the wet pores (or wetted areas) are homogeneously distributed along the surface 
(Figure 2.10a), the saturation vapour pressure is present along the entire surface, and not only 
directly above the wet pores (Schlünder 2004). Thereby, the surface appears to be completely wet 
for the flow (Figure 2.10b), resulting in a constant drying rate, even for a decreasing amount of wet 
surface area (pores), i.e. decreasing surface saturation (Suzuki and Maeda 1968, Schlünder 1988, 
Belhamri and Fohr 1996). Depending on the size of the pore diameter to the viscous sublayer 
thickness, a constant drying rate (period) can be found even down to wet surface areas of 10% of 
the total surface area (Schlünder 1988, Schlünder 2004). Although the drying rate is only dependent 
on the external convective conditions during the CDRP, the length of the CDRP is however 
strongly dependent on the specific characteristics of the material related to moisture transfer (pore 
volume distribution, liquid permeability, etc.) and under some drying conditions the CDRP may not 
even occur. 

 
Figure 2.10: Simplified representation of a wet porous material as a bundle of cylindrical capillary tubes 
(a,c) and as wetted areas (b,d) during the CDRP and the DDRP. 

When the amount of wet surface area becomes too small, i.e. at the point of critical surface 
saturation, large dry zones appear locally (Figure 2.10c,d). Since these dry areas have a size almost 
equal to the viscous sublayer thickness, the surface does not appear to be completely wet anymore 
for the flow and thereby the overall drying rate decreases. This period is called the decreasing 
drying rate period (DDRP), which can be divided in two stages (Chen and Pei 1989, Belhamri 
2003; not shown in Figure 2.9): the first falling rate period (FFRP) and the second falling rate 
period (SFRP). The FFRP is characterised by a linear decreasing drying rate and strong moisture 
heterogeneity at the surface. Here, evaporation still mainly occurs at the surface (Schlünder 2004), 

dδVSL 

CDRP DDRP 

(a) (c) 
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i.e. at the wet areas, thus the dying rate is still determined by the external convective conditions but 
is lower due to the reduced wet surface area. Since less water is evaporated, less heat is extracted 
from the air flow and the temperature increases to a pseudo wet-bulb temperature. When the wet 
areas at the surface have dried out completely, the SFRP sets in and a receding drying front in the 
porous material can be noticed. Here, the phase change (evaporation) takes place inside the material 
itself and the resulting water vapour diffuses out of the material. Thereby, the drying rate is now 
determined by both the convective mass transfer at the surface and the diffusive water vapour 
transfer inside the porous building material (Figure 2.10c), where the latter is the dominant factor 
here due to the relatively small resistance to mass transfer of the convective boundary layer (see 
Figure 2.7). The influence of the convective conditions on the drying rate is therefore limited during 
this period, but nevertheless, they are important since these conditions enhance heat transfer 
(Mujumdar 2006), which is necessary for evaporation. The temperature increases strongly during 
this period.  

The mass flow rate from the surface, and therefore also the duration of the different drying periods 
is mainly determined by: (1) the convective heat and mass transfer at the surface, which is 
especially important during the CDRP; (2) the liquid transfer rate inside the porous material, i.e. by 
capillary transport, which determines the duration of the CDRP; (3) the water vapour diffusion rate 
inside the material, which is especially relevant during the DDRP. Note that the aforementioned 
periods can or cannot be noticed, depending on the specific porous material and the drying 
conditions. With respect to optimisation of drying, which aims at extracting as much moisture as 
possible in a short time, it is important that optimal drying conditions are determined for a certain 
material: if a material dries out to quickly at the surface, i.e. with a short CDRP, the moisture gets 
“trapped” inside the material and has to be removed by relatively “slow” vapour diffusion, instead 
of being transported to the surface by capillary action. 

It is clear that drying prediction and modelling requires accurate knowledge on convective mass 
transfer, but also on convective heat transfer since energy is required for the phase change. Both are 
especially relevant during the CDRP, and therefore the research on fluid-side convective heat and 
mass transfer is discussed in section 2.2.1 and 2.2.2. For the DDRP, an accurate estimate of the 
convective transfer is less important (Belhamri and Fohr 1996). In order to predict the length of the 
CDRP and the moisture transport in the DDRP however, the heat and moisture transport in porous 
materials has also to be considered, which is why this topic is discussed in section 2.2.3. 

2.2. State of the art in convective heat and mass transfer (modelling) 
and convective drying (modelling) of porous materials 

Having indicated the importance of convective heat and mass transfer predictions for building 
applications, this section deals with the various ways in which these transfer processes are taken 
into account in modelling, for example in UCMs, HAM models or BES programs. Mostly this is 
done by means of the convective transfer coefficient concept: the transfer coefficients are obtained 
separately by means of experiments or numerical modelling (e.g. computational fluid dynamics), 
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after which these “empirical1” transfer coefficients are used in these models. The state-of-the-art 
research on these convective heat and mass transfer coefficients is discussed in section 2.2.1 and 
2.2.2, respectively. The use of convective transfer coefficients is actually a non-conjugate 
(uncoupled) approach of dealing with convective transport at air-(porous) material interfaces since 
the heat and mass transfer in the air flow is not explicitly solved simultaneously with that in the 
porous material. Due to the strong coupling between heat and mass transfer in the air flow and the 
porous material in some cases, e.g. for drying processes, it is however useful to consider the 
conjugate problem, hence accounting for transport in both the air flow and the porous material 
simultaneously. The state-of-the-art research on this conjugate approach is presented in section 
2.2.3, in particular for applications in drying. To minimise the overlap of the research reported in 
section 2.2.3 with that of section 2.2.2, where the porous material is often also taken into account 
while determining the CMTCs, only those studies which focussed specifically on the fluid-side 
mass transfer and which aimed explicitly at determining the CMTC will be discussed in section 
2.2.2. Recall that the focus is mainly on building and urban applications and on forced convective 
flow. This section (2.2) does not aim at discussing the results of previous research in detail, but 
rather aims at providing an overview, indicating the need for further research. 

2.2.1. Convective heat transfer coefficients 

2.2.1.1. Heat and momentum transfer analogy 

CHTCs for exterior building surfaces have often been estimated by means of CHTC-U∞ (free-
stream wind speed) correlations for flat plates, which are based on the heat and momentum transfer 
analogy. These flat-plate correlations only use empirical information of the flow field, namely of 
the momentum boundary layer, and rely on the similarity between the structure and development 
rate of the thermal and momentum boundary layers (see section 3.2.4). An exact similarity can be 
obtained under certain criteria (Cebeci and Bradshaw 1984), namely: 

• Heat is considered to be a passive scalar by which it does not have a significant influence on 
the flow field, hence implying forced convective air flow.  

• Only convective heat exchange with the environment is present and no other heat source 
terms are found at the surface, such as long-wave or short-wave radiation. 

• The velocity and temperature boundary conditions have to be analogous, for example a flat 
plate that is heated uniformly from the leading edge at a constant temperature. 

• There is only skin-friction drag, so no form drag (drag which arises because of the shape of 
the object). 

• Constant-pressure flow is required since the pressure field influences the velocity field but 
not the temperature field. Therefore only for laminar flows, exact similarity can be obtained 
since pressure always is a function of time in turbulent flows. Nevertheless turbulent heat 
and momentum transfer, under the condition of analogous boundary conditions, behave 
roughly similar. 

                                                 
1 Empirical data is obtained, and can be verified, by means of experience, observation or experiment, opposed to 
theoretical methods. In this thesis, the word empirical is also used for data obtained by means of numerical experiments, 
such as CFD simulations. 
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• The molecular Prandtl number (Pr) has to be unity. 

This Prandtl number (of the gaseous phase) is defined as the ratio of the momentum diffusivity, 
represented by the kinematic viscosity (νg), to the thermal diffusivity (αg): 

g g g p,g

g g

c
Pr

ν ν ρ
= =
α λ

 (2.16)

where cp,g is the specific heat capacity of the gaseous phase (i.e. air) and λg is the thermal 
conductivity. In air (Pr ≈ 0.74), the laminar thermal boundary layer along a plate will grow faster 
than the laminar momentum boundary layer, since the thermal diffusivity is larger than the 
momentum diffusivity, by which no exact similarity is found. 

The similarity of both boundary layers led to the definition of the so-called heat and momentum 
transfer analogy, also called Reynolds-Colburn analogy, which can be expressed as (Lienhard and 
Lienhard 2006): 
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where Sth is the Stanton number for heat transfer, Nu is the Nusselt number, Cf is the skin-friction 
coefficient and τw is the shear stress at the wall. The left hand side of Eq.(2.17) is often called the j-
factor for heat transfer, namely jH. Also other forms of the analogy are reported for turbulent flow, 
relating the Stanton number to the skin-friction coefficient (see Cebeci and Bradshaw 1984, 
Lienhard and Lienhard 2006). Note that the aforementioned similarity criteria (except that Pr = 1) 
have to be satisfied for the analogy to be valid, which is not the case in most heat transfer problems, 
for example for flow-field configurations which differ from that of flat-plate flow or when heat sink 
or source terms are present. 

This analogy allows that information on velocity gradients, related to shear stresses, can be used to 
predict thermal gradients, related to heat fluxes, and therefore also CHTCs. This is done by 
eliminating Cf from the analogy (Eq.(2.17)) by using empirical information of the flow field, which 
results for forced-convective flat-plate flow in (Cebeci and Bradshaw 1984, Lienhard and Lienhard 
2006): 

b c
x xNu a Re Pr=  (2.21)

where a, b and c are empirical parameters, Nux is the Nusselt number, based on the distance along 
the plate (x) and Rex is the Reynolds number, based on x and U∞. The exponent b is about 0.8 for 
turbulent flow. In some cases, e.g. laminar flat-plate flow, analytical expressions for Cf can also be 
derived to eliminate it from Eq.(2.17), instead of using empirical flow field data. When replacing 
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Nux and Rex in Eq.(2.21), a CHTC-U∞ correlation is obtained with which the CHTC can be 
estimated: 

c b 1
b

b

a Pr xCHTC U
−

∞

⋅λ ⋅
=

ν
 (2.22)

2.2.1.2. Flat-plate experiments 

Other flat-plate correlations were based on convective heat transfer experiments on flat plates in 
wind tunnels which allowed a direct determination of empirical CHTC-U∞ correlations (e.g. Nusselt 
and Jürges 1922, Jürges 1924). Especially the correlations derived by Jürges (1924) have been used 
extensively for building applications: 
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Jürges found a linear correlation at low speeds, which accounts for buoyancy effects, and a power-
law correlation for forced convection, with an exponent approximately equal to 0.8, as in Eq.(2.21). 
Many other CHTC predictions by wind-tunnel experiments on flat plates are mentioned in a recent 
and extensive review by Palyvos (2008), from the viewpoint of applications towards solar 
collectors. The effect of surface texture on the CHTC was investigated by Rowley et al. (1930a, 
1930b) for several building materials, where they found that the CHTC of relatively rough surfaces 
(stucco) could be almost twice as large as that of a smooth surface (glass). Note that the influence of 
surface roughness on flat-plate heat transfer was also investigated in many other fields of research, 
due to the general relevance of the problem. Also the influence of free-stream turbulence was 
thoroughly investigated, of which a review can be found in Kondjoyan et al. (2002). A review on 
CHTCs for natural convection along vertical and horizontal plates can be found in Khalifa (2001). 

These experiments however mostly reported average transfer coefficients, where these CHTCs are 
in fact dependent on the length of the plate since higher heat transfer rates are found near the 
leading edge. Moreover, for building applications, all these empirical correlations based on flat 
plates somehow lack physical similarity regarding the flow pattern, as flow along a building surface 
and its turbulence content can be considerably different from that along a flat plate in a low-
turbulence wind tunnel. Thereby it is also difficult to obtain a reliable estimate of U∞ for buildings, 
being “some” undefined wind speed near the building surface, and usually the exact location where 
U∞ is evaluated, is chosen in a rather arbitrary way. Nevertheless, a lot of valuable information 
about CHTCs was obtained from flat-plate experiments, for example the influence of surface 
roughness or of free-stream turbulence levels, and the obtained correlations were for a long time 
considered to be sufficient for practical purposes. 

2.2.1.3. Full-scale experiments 

The need for more accurate and truthful estimates of CHTCs for buildings led to an extensive 
amount of field measurements for building facades (Gerhart 1967, Sturrock 1971, Ito et al. 1972, 
ASHRAE 1975, Nicol 1977, Sharples 1984, Yazdanian and Klems 1994, Jayamaha et al. 1996, 
Loveday and Taki 1996, Hagishima and Tanimoto 2003, Zhang et al. 2004, Kanda et al. 2005, Liu 
and Harris 2007), for roofs (Hagishima and Tanimoto 2003, Clear et al. 2003, Shao et al. 2009) and 
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to study the effect of glazing framework on the CHTC (Loveday et al. 1994, Taki and Loveday 
1996a, Taki and Loveday 1996b). A clear overview of the different experimental techniques to 
determine these CHTCs and their limitations was given by Hagishima et al. (2005). Reference also 
has to be made to the work of Cole and Sturrock (1977), which presented a review of CHTCs for 
buildings, including field experiments. CHTCs were also determined for greenhouses of which a 
concise review can be found in Roy et al. (2002). For solar collectors, the CHTC has been 
investigated by Shakerin (1987) and Sharples and Charlesworth (1998), to mention a few. An 
extensive review, specifically for this application, can be found in Palyvos (2008). 

Based on these experimental data, the CHTC was correlated with the wind speed at a reference 
location. The most commonly used reference wind speeds are: (1) the wind speed in the undisturbed 
flow at a height of 10 m above the ground (U10), which is the standard arrangement for weather 
station anemometers; (2) the wind speed at some distance above the roof (UR); (3) the wind speed 
near the building surface (US). Both linear and power-law correlations were reported. Linear 
correlations account for buoyancy effects at low wind speeds, by using an intercept, while power-
law correlations are generally used for forced convective heat transfer. A summary of the obtained 
correlations, for building facades, and of the experimental conditions is given in Table 2.1. These 
correlations are presented in Figure 2.11 for windward surfaces as a function of U10, UR and US, 
respectively. For some studies, only the most relevant correlations were included but the remainder 
of them can be found in the original papers. Significant differences are found between different 
empirical correlations which are to some extent related to the limitations of the experiments: 

• The CHTC was only measured at one or a limited number of locations on a building surface. 
Thereby a detailed distribution of the CHTC over the surface was not taken into account in 
the correlations, although measurements (Ito et al. 1972, Sharples 1984, Hagishima and 
Tanimoto 2003) did show that the CHTC is strongly dependent on the measuring location. 
Although an actual surface-averaged CHTC was not obtained, these point-wise CHTC data 
are often used as if they are valid for an entire surface. Such limited spatial resolution, 
however, is characteristic for full-scale experiments.  

• The CHTC at a certain location on the surface, and also US or UR, are in reality related to the 
specific flow field near the building surface. The measurements of these parameters are 
therefore case-specific: their values are influenced by the specific building geometry, 
building surroundings and location of the measurement positions (as shown in detail below). 
These influences are embedded in the CHTC-U correlations, which are therefore also case-
specific. 

• Apart from the work of Hagishima and Tanimoto (2003), the influence of turbulent 
fluctuations on the CHTC has not been taken into account in the correlations.  

• The influence of the wind direction was generally taken into account by classifying a surface 
as windward or leeward, where windward covers the whole range of wind directions with 
incidence angles from -90° to 90°. The incidence angle (φ) is defined as the angle between 
the approach flow wind direction and the normal to the windward surface. Lui and Harris 
(2007) however showed that a more detailed dependency on the wind direction is required. 
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• Mostly smooth surfaces were considered in the analyses and the influence of different 
surface roughness on the CHTC was not addressed. 

• Due to the difference in thermal stratification of the atmospheric boundary layer during 
daytime or nighttime, the flow field around the building and thus the obtained correlations 
depended to some extent on the measuring period, especially at low wind speeds. 

 
Figure 2.11: CHTC-U correlations for building facades from previous research: (a) CHTC-U10; (b) CHTC-
UR; (c) CHTC-US. 

Although full-scale experiments can provide realistic CHTC data for exterior building surfaces, the 
large variety in building configurations, boundary conditions and experimental setups usually 
resulted in quite case-specific correlations which are not always applicable for other types of 
buildings and other boundary conditions. In addition, these experiments typically have a limited 
spatial resolution. 
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Table 2.1: CHTC-U correlations derived from full-scale measurements on building facades. 
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2.2.1.4. Wind-tunnel experiments 

A significant amount of research has been performed by wind-tunnel experiments of convective 
heat transfer of isolated bluff bodies, mostly cubes, placed in a turbulent boundary layer (Sturrock 
1971, Kelnhofer and Thomas 1976, Chapman 1979, Chyu and Natarajan 1991, Natarajan and Chyu 
1994, Chyu and Natarajan 1996, Quintela and Viegas 1995, Meinders 1998, Meinders et al. 1999, 
Nakamura et al. 2001, Nakamura et al. 2003, Wang and Chiou 2006). In contrast to full-scale 
experiments, detailed information on the distribution of the CHTC over each surface, its relation 
with the flow field and the dependency on flow direction was provided. Surface-averaged values of 
the CHTC and their correlation with the air speed were mostly reported, providing a better estimate 
of the overall heat loss from a surface than the single-point measurements in full-scale experiments. 
The obtained correlations and the experimental conditions are presented in Table 2.2. Note that 
some correlations (obtained with the naphthalene sublimation technique, see Goldstein and Cho 
1995) rely on the analogy between heat and mass transfer to estimate the CHTC (Chyu and 
Natarajan 1991, Natarajan and Chyu 1994, Wang and Chiou 2006). A remarkable correspondence is 
found for the exponent b (Eq.(2.21)) for windward (b ≈ 0.53) and leeward (b ≈ 0.66) surfaces. Apart 
from experiments on isolated bodies, other experiments (not mentioned in Table 2.2) considered 
convective heat transfer: (1) for arrays of cubes (Meinders and Hanjalic 1999, Meinders and 
Hanjalic 2002, Meinders et al. 1998, Meinders 1998, Morris and Garimella 1997); (2) for two-
dimensional ribs (e.g. Aliaga et al. 1994); (3) within an urban context, for two-dimensional street 
canyons (e.g. Barlow and Belcher 2002, Barlow et al. 2004, Narita 2007) for which corresponding 
references can be found in Hagishima et al. (2005). Note that for complex configurations, some 
measurement techniques, e.g. infrared thermography (Meinders 1998), can impose restrictions 
regarding accessibility of certain surfaces. 

Since most of these experiments were not performed in the context of building engineering/building 
aerodynamics, they were often carried out for rather thin turbulent approach-flow boundary layers, 
with respect to the body height, and at relatively low Reynolds numbers, compared to those 
typically encountered for buildings. These boundary conditions limit the applicability of these 
CHTC correlations for exterior building surfaces to some extent, although this type of (wind-tunnel) 
experiments itself is very valuable to determine CHTCs. 
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Table 2.2: CHTC-U correlations derived from wind-tunnel experiments on isolated bluff bodies placed in a 
turbulent boundary layer. 
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2.2.1.5. Numerical modelling 

Recently, computational fluid dynamics (CFD) was used to predict convective heat transfer at 
exterior building surfaces (Emmel et al. 2007, Albanakis and Bouris 2008, Barmpas et al. 2009, 
Blocken et al. 2009, Defraeye et al. 2010, Defraeye et al. 2011a). The main advantages of CFD for 
this application are that: (1) a specific and complex building or building configuration can be 
analysed; (2) very high spatial resolution data are obtained; (3) high Reynolds number flows (105-
107) for atmospheric conditions can be considered; (4) detailed information on the flow field as well 
as the thermal field is available, even very close to the surface, i.e. in the boundary layer region. In 
these previous studies, this allowed for a detailed analysis of: the CHTC distribution over building 
surfaces, the influence of turbulence and wind direction, the correlation with different reference 
wind speeds (U10, US), the thermal boundary layer, etc. However, some important limitations of the 
applied numerical modelling approaches have to be emphasised.  

The previous studies all used steady Reynolds-averaged Navier-Stokes (RANS) to model the flow 
and the temperature field, combined with wall functions (Emmel et al. 2007, Albanakis and Bouris 
2008, Barmpas et al. 2009) or low-Reynolds number modelling (LRNM) (Blocken et al. 2009, 
Defraeye et al. 2010, Defraeye et al. 2011a) to model the boundary layer. Steady RANS however 
generally leads to less accurate flow predictions around bluff bodies, in zones of separation and 
recirculation (Murakami et al. 1990, Murakami 1993, Murakami et al. 1996, Iaccarino et al. 2003, 
Tominaga et al. 2008a), compared to unsteady RANS (URANS) or large-eddy simulations (LES), 
due to steady-flow and turbulence modelling, which is discussed more in detail in section 3.2.3. 
Furthermore, wall functions model the lower part of the boundary layer, instead of resolving it 
explicitly, which is done by LRNM. The standard wall functions (Launder and Spalding 1974) are 
derived for equilibrium boundary layers. Therefore they are expected to produce less accurate 
results for complex flow problems and should be avoided when considering convective heat transfer 
at the wall (Launder 1988, Murakami 1993), which will be discussed more in detail in section 3.2.4. 
LRNM, as a more accurate alternative to wall functions (Defraeye et al. 2010), requires grids with a 
much higher cell density in the near-wall region, and it is not always feasible to generate such grids 
for complex building geometries in high-Reynolds-number atmospheric boundary-layer flow. 
Moreover, LRNM models generally do not account for surface roughness. 

The CHTC-U10 correlations from previous CFD studies are presented in Table 2.3. Note that the 
studies of Albanakis and Bouris (2008) and Barmpas et al. (2009) did not report the CHTCs 
explicitly. All correlations agree quite well (within 10%) in the U10 range of 1-15 m/s, mainly due 
to the similarity in building configuration and boundary conditions. Although standard wall 
functions were found to provide significant overestimations of the CHTC (Blocken et al. 2009, 
Defraeye et al. 2010), the correlation of Emmel et al. (2007) shows a good agreement with the 
LRNM results. This is attributed to the fact that the overestimation of the CHTC by the wall 
functions is almost completely balanced by the underestimation of the CHTC due to an 
unrealistically low inlet turbulence level imposed by Emmel et al. (2007), as explained and 
demonstrated by Blocken et al. (2009). Note also that the imposed inlet turbulence level and its 
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distribution over the height of Blocken et al. (2009) differed slightly with that of Defraeye et al. 
(2010) and Defraeye et al. (2011a). 

Apart from building-related applications, other studies also used CFD to predict convective heat 
transfer at surfaces of wall-mounted bluff bodies, such as a cube (Saha 2006, Seeta Ratnam and 
Vengadesan 2008) or arrays of cubes (Niceno et al. 2002), however for much lower Reynolds 
numbers (Re = 103). 

Table 2.3: Surface-averaged CHTC-U10 correlations from CFD simulations ((a): More correlations are 
provided in the original paper but are not given here for the sake of brevity). 

Author Building geometry 
length x width x height 
(m) 

U10 
range 
(m/s) 

Correlation of surface-
averaged CHTC for windward 
surface (W/m²K) 

Emmel et al. (2007) (a) Rectangular building, 
6x8x2.7m 

1-15 CHTC=5.15U10
0.81 (short wall) 

CHTC=4.84U10
0.82 (long wall) 

Blocken et al. (2009) (a) Cubic building, H = 10m 1-4 CHTC=4.6U10
0.89 

Defraeye et al. (2010) Cubic building, H = 10m 0.05-5 CHTC=5.15U10
0.82 

Defraeye et al. (2011a) Cubic building, H = 10m 0.15-7.5 CHTC=5.01U10
0.85 

2.2.2. Convective mass transfer coefficients 

2.2.2.1. Mass and momentum transfer analogy 

Analogous to heat transfer (section 2.2.1.1), CMTCs for exterior building surfaces have often been 
estimated by means of CMTC-U∞ correlations for flat plates, which are based on the mass and 
momentum transfer analogy. Similar criteria are required to obtain an exact similarity between the 
mass and momentum boundary layers: 

• Mass is considered to be a passive scalar, by which it does not have a significant influence 
on the flow field, indicating very low (theoretically vanishing) mass transfer rates for semi-
permeable surfaces since otherwise convection perpendicular to the surface is present. 

• Only convective mass exchange with the environment is present and no other source terms 
are found at the surface, such as (wind-driven) rain loads. 

• The velocity and concentration boundary conditions have to be analogous, for example a flat 
plate with a uniform mass fraction from its leading edge onwards. 

• There is only skin-friction drag, so no form drag. 
• Constant-pressure flow is required since the pressure field influences the velocity field but 

not the concentration field. Therefore only for laminar flows, exact similarity can be 
obtained since pressure always is a function of time in turbulent flows. Nevertheless 
turbulent mass and momentum transfer, under the condition of analogous boundary 
conditions, behave roughly similar. 

• The molecular Schmidt number (Sc) has to be unity. 

Analogous to the Prandtl number, the Schmidt number (Sc) defines the ratio of the momentum to 
mass diffusivities: 
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For air, no exact similarity is found since Sc ≈ 0.60.  

This similarity led to the definition of the so-called mass and momentum transfer analogy, which 
can be expressed as (Bird et al. 2007): 
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where Stm is the Stanton number for mass transfer and Sh is the Sherwood number. The left hand 
side of Eq.(2.25) is often called the j-factor for mass transfer, namely jM. Note that the 
aforementioned similarity criteria (except that Sc = 1) have to be satisfied for the analogy to be 
valid, which is not the case in most mass transfer problems. 

This analogy allows that information on velocity gradients, related to shear stresses, can be used to 
predict concentration gradients, related to mass fluxes, and therefore also CMTCs. This is done by 
eliminating Cf from the analogy (Eq.(2.25)), which leads to an analogous expression as Eq.(2.21) 
for forced-convective flat-plate flow. When replacing Sh and Re in this expression, a CMTC-U∞ 
correlation is obtained with which the CMTC can be estimated. 

2.2.2.2. Heat and mass transfer analogy 

The analogies between momentum and heat or mass transfer can be combined to the analogy 
between heat and mass transfer. This analogy allows estimating the CMTC directly out of the 
CHTC or vice versa, instead of based on flow field data, by relying on the similarity between the 
thermal and concentration boundary layers. An exact similarity however only applies under certain 
criteria, similar to those already mentioned in section 2.2.1.1 and 2.2.2.1: 

• Heat and mass are considered to be passive scalars, hence not influencing the flow field 
significantly. In addition, heat and mass transfer are also considered to be uncoupled from 
each other, indicating that heat transfer does not influence mass transfer and vice versa. Both 
phenomena can however be strongly coupled, e.g. for drying (section 2.1.3). Also note that 
most fluid properties are not constant but are temperature and concentration dependent. 

• Only convective heat and mass exchange with the environment is present and no other heat 
or mass source terms are found at the surface. 

• The temperature and concentration boundary conditions have to be analogous. 
• Opposed to the analogy between momentum and heat or mass transfer, there can be form 

drag in addition to skin-friction drag. Constant-pressure flow is also not a prerequisite since 
it is only required if an analogy with momentum transfer is pursued.  

• The Lewis number (Le) has to be unity. 
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The Lewis number is defined as the ratio of the thermal (αg) to the mass diffusivities (Dva): 

g

va

ScLe
D Pr
α

= =  (2.28)

Note that a Lewis number of one does not necessarily imply that both the Pr and Sc numbers have 
to be unity. No exact similarity between both boundary layers is found for air since Pr ≈ 0.74 and Sc 
≈ 0.60, resulting in Le ≈ 0.81.  

This similarity led to the definition of the heat and mass transfer analogy, also called the Chilton-
Colburn analogy (Chilton and Colburn 1934), by combining Eq.(2.17) and Eq.(2.25): 

2/3h

m

St Le
St

=  (2.29)

This is also called the Lewis relation and can be written as: 

1/3 1/3Nu Pr( ) Le
Sh Sc

−= =  (2.30)

Note that some authors have reported an exponent (see Eqs.(2.17),(2.25)) other than 2/3 (see 
Kondjoyan and Daudin (1993) for an overview), namely ranging from 0.4 to 1, by which Eq.(2.30) 
will change to some extent. Also note that the aforementioned similarity criteria (except that Le = 1) 
have to be satisfied for the analogy to be valid. By eliminating the CHTC from the analogy 
(Eq.(2.30)), by introducing an empirical CHTC-U∞ correlation, a CMTC-U∞ correlation can be 
obtained, which is actually based on CHTC data. Of course, the same procedure can be followed to 
estimate the CHTC out of CMTC data. 

2.2.2.3. Full-scale experiments 

The reasons that the analogy between heat and mass transfer (see section 2.2.2.2) is actually used 
very often to estimate the CMTC for building applications are that: (1) experiments to measure 
CHTCs are often argued to be more straightforward and to have a higher accuracy than mass 
transfer measurements (Ben Nasrallah and Perre 1988, Belhamri and Fohr 1996, Iskra et al. 2009), 
which is however dependent on the measurement method; (2) for most building applications, the 
CMTC is of lesser interest than the CHTC. Therefore, very few field experiments were performed 
to determine CMTCs for building surfaces, namely only for a window surface (Narita et al. 1997) 
and for a horizontal roof (Shao et al. 2009) to the knowledge of the author. Note that the aim of 
these experiments was actually to estimate the CHTC for buildings, by relying on the heat and mass 
transfer analogy. The limitations of these field experiments on CMTCs are mostly similar to those 
mentioned for CHTCs (section 2.2.1.3) although Shao et al. (2009) found that their naphthalene 
sublimation experiments, which measured CMTCs, had a higher sensitivity to rapidly varying wind 
speeds compared to the heat balance method, which is often used to measure CHTCs. 

Other full-scale experimental studies on convective mass transfer, namely on quantifying the mass 
loss by evaporation from surfaces (e.g. ponds, roof ponds, solar ponds, building facades which are 
wetted by wind-driven rain, vegetative ground covers, green roofs, green walls, swimming pools), 
did not specifically focus on determining the CMTC, but rather aimed at analysing the effects of 
convective evaporation, such as: 
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• The decrease of air temperatures in the outside environment, for example in urban street 
canyons, which leads to an improvement of the thermal comfort for pedestrians and a 
reduction of the required building cooling load, which lowers the energy consumption of air-
conditioning systems (Pearlmutter et al. 2007, Takebayashi and Moriyama 2007, Alexandri 
and Jones 2008, Krüger and Pearlmutter 2008, Pearlmutter and Rosenfeld 2008). 

• The amount of passive cooling, for example from roof surfaces (roof ponds) (Tiwari et al. 
1982, Runsheng et al. 2003, Runsheng and Etzion 2004a, Runsheng and Etzion 2004b). 

• The impact on the increased energy demand for swimming pools (Sartori 2000) and solar 
ponds (Mansour et al. 2006, Velmurugan and Srithar 2008). 

Different experimental techniques are used in these field experiments for measuring the convective 
mass transfer from surfaces: (1) the evaporation pan, which is only applicable for horizontal 
surfaces (see Brutsaert 1982); (2) the lysimeter (see Rana and Katerji 2000), which is also only 
applicable for horizontal surfaces and which is actually used to measure the evapotranspiration from 
soil with vegetation; (3) the naphthalene sublimation technique (Shao et al. 2009); (4) the water 
evaporation method involving filter paper (Narita et al. 1997, Narita 2007). 

2.2.2.4. Wind-tunnel experiments 

As mentioned in section 2.2.1.4, some wind-tunnel experiments measured CMTCs for isolated 
wall-mounted bluff bodies (Chyu and Natarajan 1991, Natarajan and Chyu 1994, Wang and Chiou 
2006) and street canyons (Barlow et al. 2002, Barlow et al. 2004, Narita et al. 2007). Note however 
that the focus was rather on determining CHTCs, by means of the heat and mass transfer analogy, 
than on mass transfer. The used experimental techniques were the naphthalene sublimation 
technique (Chyu and Natarajan 1991, Natarajan and Chyu 1994, Wang and Chiou 2006, Barlow et 
al. 2002, Barlow et al. 2004) and the water evaporation method involving filter paper (Narita et al. 
2007). Other wind-tunnel studies determined CMTCs on channel walls (Langrish et al. 1992), by 
means of the naphthalene sublimation technique, over water bed surfaces (Chuck and Sparrow 
1987, Prata and Sparrow 1986, Pauken 1999, Iskra and Simonson 2007), by monitoring the 
evaporation rate, or over building materials (Worch 2004, Iskra et al. 2009), by monitoring the 
weight change of the material. For some techniques however, obtaining a spatial distribution of the 
CMTC over the surface is rather difficult. As mentioned previously, other experiments which 
involved a determination of the CMTC but which also specifically focussed on the transport in the 
porous material will be discussed in section 2.2.3. 

2.2.2.5. Numerical modelling 

In this section, only numerical modelling studies which focus on the fluid-side mass transfer, i.e. on 
determining CMTCs, will be discussed, whereas studies which also account for transport in the 
porous material are discussed in section 2.2.3. In building engineering however, not many 
numerical studies explicitly focus on determining CMTCs. 

Apart from the applied numerical modelling approaches (i.e. turbulence and boundary-layer 
modelling), as discussed in section 2.2.1.5, for mass transfer the boundary conditions imposed at the 
surface also have an impact on the determination of the CMTC, in particular when looking at 
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evaporation. In this case, the boundary conditions for heat and mass transfer have to be coupled to 
some extent (section 2.1.3.1), for which different approaches can be used. Talukdar et al. (2008) 
and Steeman et al. (2009c) performed CFD simulations of the evaporation from a water surface 
placed flush with the wall of a horizontal rectangular channel, in which hydrodynamically fully-
developed flow was found. While Steeman et al. (2009c) assumed that the water temperature was 
equal to the adiabatic saturation temperature in their simulations, thus explicitly imposing this 
temperature at the surface, Talukdar et al. (2008) determined the temperature and mass fraction 
boundary conditions for the water surface by assuming that the latent heat flux, required for the 
phase change, equals the convective heat flux (as in Eq.(2.14)), thus coupling heat and mass 
transfer. Similar boundary conditions to those of Talukdar et al. (2008) were used by Trujillo et al. 
(2003) to simulate the evaporation from a wetted gypsum cylinder.  

In several other numerical mass transfer studies, i.e. not on evaporation from surfaces, usually a 
specific concentration (e.g. mass fraction) distribution is imposed at the surface to determine the 
CMTC, for example in the CFD simulations of Cai et al. (2008) which presented a LES study on 
scalar (mass) transfer from street canyon walls. 

2.2.3. Conjugate convective heat and mass transfer (modelling) and applications 
towards drying of porous media 

In the previous two sections (2.2.1 and 2.2.2) an overview of the experimental and numerical 
research on CHTCs and CMTCs was given. In numerical modelling (e.g. HAM models, BES 
programs and UCM), this convective transfer coefficient concept is often used to account for the 
fluid-side convective heat and mass transfer. Convective transfer coefficients (CTCs) are however a 
simplified representation of a complex convective transfer problem for following reasons: (1) The 
spatial variation of CTCs is often not taken into account in building engineering applications; (2) 
The temporal variation of the CTCs is not taken into account, which inherently assumes a constant 
relation in time between the flux (qc,w or gc,w,v) and the temperature or vapour pressure difference 
(Tw-Tref or pv,w-pv,ref); (3) The fluid-side convective transfer of both heat and mass are considered to 
be uncoupled although for some phenomena, e.g. drying of porous materials, they are strongly 
coupled (see section 2.1.3.2); (4) If the heat and mass transfer analogy is used to determine the 
CMTC out of CHTC data or vice versa, additional restrictions apply (see section 2.2.2.2). In 
addition to these simplifications, the CTCs are determined under very specific conditions (e.g. for a 
specific building geometry), by which their validity and applicability for other cases could be 
questionable. Thereby, instead of using CTCs, explicitly accounting for the heat and mass transport 
in the air flow as well as for that in the porous material, thus solving the conjugate transfer problem, 
could provide more accurate predictions of these transfer processes.  

The relevant research on this conjugate approach, both for experimental (section 2.2.3.1) and 
numerical studies (section 2.2.3.2), will be discussed below. Although most of this research is not 
focussed on building applications but rather on general drying processes, many of the materials 
investigated are also readily used in building envelopes. Note that the aim of these studies is rather 
on understanding the convective transfer processes than on determining CTCs, which can be 
actually calculated a-posteriori to represent the convective transfer in a straightforward way. 



Chapter 2 

58   

Nevertheless, the conjugate approach allows to investigate the spatial and temporal variation of 
CTCs, their interdependency and the validity of the heat and mass transfer analogy. Note that the 
focus in this section will be mainly on numerical modelling, but the experimental research and 
techniques will also be briefly discussed. 

2.2.3.1. Experiments 

A non-exhaustive overview on experiments involving conjugate convective heat and mass transfer 
for porous materials, which thus also account for the fluid-side transfer processes to some extent, is 
given in Table 2.4. Only experiments on porous materials which are typically used in building 
applications (e.g. ceramic brick, wood, …) are reported here, but note that a vast amount of 
conjugate drying experiments were performed for other materials as well, such as for different types 
of food (e.g. Velic et al. 2004). From Table 2.4, it is clear that usually the overall weight change of 
the porous material is monitored, but less often the temperature and humidity at the surface or 
within the material. Flow field characterisation is often only done by measuring the general 
approach flow conditions, instead of detailed measurements of the boundary layer. An important 
remark regarding this experimental research is that accurate measurements of convective mass 
transfer (coefficients) are still quite difficult (Belhamri and Fohr 1996, Iskra et al. 2009), by which 
the use of the heat and mass transfer analogy still often seems the most suitable way to estimate 
CMTCs. Nevertheless, experiments have reported differences with this analogy up to 300% 
(Derome et al. 2003). During the DDRP, a lower accuracy of the CTCs however does not 
necessarily disturb a reliable simulation (Belhamri and Fohr 1996) since the water vapour transfer 
inside the porous material is determining the drying kinetics. Furthermore, few experiments report a 
spatial variation of the CMTC over the surface. 



 Convective heat and mass transfer at air-material interfaces: Background and state of the art 

  59 

Table 2.4: Characteristics of conjugate convective heat and mass transfer experiments for porous materials. 
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2.2.3.2. Numerical modelling 

Solving the conjugate heat and mass transfer problem numerically implies that both the transport in 
the air and in the porous material are modelled, which can be done at several levels of complexity. 
For fluid flow modelling, following approaches are commonly used: 

• The use of CTCs from literature, which have been determined analytically or empirically, 
i.e. by experimental or numerical studies (section 2.2.1 and 2.2.2). Although these CTCs 
account for the influence of the air flow to some extent, for example by including a spatial 
variation over the surface or by correlation with the wind speed, there will always exist flow 
field dissimilarities (geometry, boundary conditions, …) with the specific flow problem of 
interest, by which this is actually a non-conjugate approach. Some studies however include a 
temporal variation of the CTCs, namely a dependency on the moisture content at the surface 
(Chen and Pei 1989). Although the specific flow, thermal and concentration fields are not 
solved explicitly in this case, they are to some extent related to the transient heat and mass 
transport in the porous material, by which this approach is considered to be semi-conjugate. 

• Solving the fluid flow analytically with boundary-layer equations. 
• Solving the fluid flow numerically, by solving the Navier-Stokes equations (i.e. by CFD). 

Three approaches are mainly used here: (1) determining spatially-varying and thus case-
specific CTCs a-priori by a separate flow field calculation (e.g. Kaya et al. 2006). Since the 
specific flow, thermal and concentration fields are not solved explicitly in a transient 
manner, this approach is considered to be semi-conjugate; (2) solving fluid flow assuming a 
quasi steady-state flow field, based on the fact that time scales for convection in the air are 
much smaller than those for heat and mass transfer in the porous material. Thereby, only 
heat and mass transfer are solved in a transient way in the air. This approach is however 
only valid for non-buoyant flows; (3) solving fluid, heat and mass transfer in the air 
simultaneously in a transient way. 

For porous-material modelling, following approaches are commonly used: 
• The effective penetration depth model (EPDM) (Cunningham 1992). This approach applies 

a lumped model to account for water vapour transport in the porous material by assuming 
that hygric activity only occurs in a surface layer (one computational node) with a thickness 
equal to the penetration depth. The main limitations of this model are that it assumes 
constant moisture transport properties, i.e. independent of the moisture content inside the 
material (Steeman et al. 2009a), and that no moisture gradients inside the porous material, 
normal to the wall, can be distinguished. 

• Shrinking core models, also called receding front models (e.g. Luikov 1975, Hashimoto et 
al. 2003). These models, which are mainly developed to analyse drying processes during the 
DDRP, consider two zones inside the porous material: a wet zone, where only liquid 
transport due to capillary action is present, and a dry zone, where only water vapour 
transport (by diffusion) is present. Both zones are separated by a drying front, where the 
liquid water evaporates. This model however does not capture some aspects of the physics 
of multiphase mass transfer, as discussed in Schlünder (2004), by which its accuracy is 
sometimes questionable. 
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• Macroscopic models for coupled multiphase heat and mass transport in porous materials. A 
historical overview on these models can be found in de Boer (2000). Three main approaches 
exist: (1) the phenomenological approach, based on the driving forces for transport, which 
considers the porous material at a macroscopic level. Examples can be found in Philip and 
De Vries (1957), which considered temperature and moisture gradients as driving forces, 
whereas Luikov (1966) additionally considered pressures, using a model based on 
irreversible thermodynamics; (2) the approach relying on mixture theory (a.o. Bowen 1980); 
(3) the averaging approach where the macroscopic transport equations are derived based on 
volume-averaging of the microscopic conservation equations of each phase (see Whitaker 
1977, 1998). It has been shown that the macroscopic transport equations derived using each 
of these three approaches are essentially the same (de Boer 1991, Coussy et al. 1998). The 
porous material is thus considered to be a continuum, where the transport processes are 
taken into account by using effective transport coefficients (in the transport equations), 
which are usually determined experimentally or by means of pore-network models. The 
accuracy of these transport coefficients is thus essential for reliable simulations, but there 
can be a distinct uncertainty on and sensitivity to these coefficients (Iskra 2009). The 
coupled transport equations are usually solved numerically, although also simplified 
analytical solutions have been reported (Kulasiri and Woodhead 2004, Qin and Belarbi 
2005). 

• Pore-network models (e.g. Prat 1993, Carmeliet et al. 1999, Yiotis et al. 2001) of which an 
overview can be found in Blunt (2001) or Prat (2002). These models take the microstructure 
of the porous material into account by using a discrete approach, namely by representing the 
material as a network of pores interconnected by so-called throats. They are mainly 
developed to determine the effective macroscopic transport parameters at the scale of a 
representative elementary volume (REV, see section 3.3.1.1) and to analyse drying at a 
macroscopic scale without the a-priori assumption of the existence of a REV (Prat 2002). 
These models can capture phenomena which cannot be accounted for by macroscopic 
models, such as the occurrence of dry and wet areas (also called patches). The limitations of 
the present models are discussed in Prat (2002). The most important one is that often 
isothermal conditions are applied, hence inherently assuming very low drying rates, 
although some authors already took the influence of thermal gradients into account (Huinink 
et al. 2002, Plourde and Prat 2003, Surasani et al. 2008).  

By combining one of the aforementioned porous-material modelling approaches with a flow field 
modelling approach, the influence of convection on heat and mass transfer from porous materials 
can be accounted for with a certain level of complexity. Most numerical research on transport in 
porous materials was devoted to non-conjugate modelling, i.e. by using CTCs, where the focus was 
thus on porous-material modelling: EPDM (Steeman et al. 2009a); shrinking core models 
(Hashimoto et al. 2003); macroscopic models (Ben Nasrallah and Perre 1988, Ilic and Turner 1989, 
Turner and Ilic 1990, Prat 1991, Kallel et al. 1993, Boukadida and Ben Nasrallah 1995, Zhang et al. 
1999, Boukadida et al. 2000, Haghi 2001, Lu et al. 2005, Kocaefe et al. 2006, Younsi et al. 2006, 
Janssen et al. 2007a, Alexandri and Jones 2007, Lu and Shen 2007, Murugesan et al. 2008); pore-
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network models (Laurindo and Prat 1996, Laurindo and Prat 1998, Le Bray and Prat 1999, Yiotis et 
al. 2001, Plourde and Prat 2003, Yiotis et al. 2005, Yiotis et al. 2006, Prat 2007, Surasani et al. 
2008). 

Numerical models which apply a conjugate or semi-conjugate approach are much scarcer. An 
overview of these models is given in Table 2.5. These models are mainly developed for drying 
applications but this does not necessarily imply that the material is fully saturated. An important 
remark is that radiation is not accounted for in these models, except by Steeman et al. (2009d).  

Furthermore, a few numerical modelling studies on conjugate mass transfer in porous building 
materials were dedicated to VOC transfer for indoor environments (a.o. Yang et al. 2001, Lee et al. 
2006). Apart from studies on heat and mass transfer in porous materials (e.g. by HAM models), this 
conjugate approach has also been applied in BES programs, where CFD is used to provide more 
accurate thermal boundary conditions for the interior and exterior of the building envelope (Chen 
and Srebric 2000, Zhai et al. 2002, Mora et al. 2003, Zhai and Chen 2004, Amissah 2005, Zhai 
2006). 
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Table 2.5: Characteristics of numerical modelling on conjugate convective heat and mass transfer for porous 
materials. 
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2.3. Summary 
In this chapter, the relevant state of the art on convective heat and mass transfer at air-(porous) 
material interfaces was discussed, for building and urban engineering applications, together with its 
relation with heat and moisture transport in porous materials, in particular for applications in drying. 

In sections 2.2.1 and 2.2.2, the fluid-side convective transfer, characterised by means of CHTCs and 
CMTCs, was reviewed. Not much research on convective mass transfer was performed since the 
heat and mass transfer analogy is still considered to be a very convenient way of estimating CMTCs 
out of CHTC data, despite its restrictions (a.o. no radiation, no coupling between heat and mass 
transfer, analogous boundary conditions). Most research was thereby performed on convective heat 
transfer, mainly by means of field experiments, which however showed some limitations, a.o. a 
distinct case-specific nature of the results and a limited spatial resolution. An attractive alternative 
is CFD, but little relevant building-related research has been performed yet and the applied 
modelling approaches, e.g. wall functions, are not always sufficiently accurate for convective 
transfer modelling. The current limitations related to convective heat transfer predictions will 
therefore be addressed and obviated to some extent in chapter 4, i.e. by applying CFD to predict 
high-Reynolds number convective heat transfer at surfaces of wall-mounted bluff bodies immersed 
in a turbulent boundary layer, such as buildings in the atmospheric boundary layer. The focus is on 
numerical modelling issues, e.g. turbulence and boundary-layer modelling, and also on the use of 
CFD to determine CHTCs for engineering applications, such as for obtaining the spatial distribution 
of the CHTC over the surfaces, for determining its correlation with the wind speed, for investigating 
the influence of building orientation, etc. Note that mainly isolated buildings are considered.  

It was also shown in this chapter that the use of CTCs and of the analogy is actually a simplification 
of the convective transfer problem, where a conjugate approach could provide more detailed and 
accurate information, as discussed in section 2.2.3. Several numerical models have been developed 
to solve this conjugate problem, which were used to evaluate and optimise drying processes by 
analysing the influence of the flow parameters, buoyancy, bound water transport, etc. on the drying 
time and rate, but also spatial inhomogeneities in drying fronts were considered. In chapter 5, such a 
conjugate model will be developed to study convective drying, where the focus specifically will be 
on the spatial and temporal variability of the convective boundary conditions, i.e. the CTCs, which 
can be obtained a-posteriori from the conjugate model results. Related to that, the validity of the 
heat and mass transfer analogy is also verified and discussed. 

Furthermore, very few experiments exist which study the conjugate transfer problem by considering 
the flow field in detail, i.e. the boundary-layer profiles, and by providing detailed information on 
the transport in the porous material, e.g. temperatures or moisture profiles, in addition to the 
material weight change. In chapter 6, such a conjugate convective drying experiment will be 
presented.  

Finally, knowledge on the material transport properties is required for porous-material modelling, 
which are usually determined experimentally and on which a distinct uncertainty can be found. The 
propagation of this uncertainty on these properties on the porous-material modelling results will 
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therefore be investigated stochastically in chapter 7. Remind that the focus of this thesis is on forced 
convective transfer, in particular for applications in drying, where air transport in the porous 
material is not accounted for and where the porous materials are typical building envelope 
materials. In the next chapter, basic concepts on building aerodynamics, fluid flow and heat and 
mass transfer in porous materials are discussed. 
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3. Building aerodynamics, fluid flow and heat and mass 
transfer in porous materials 

In this chapter some fundamentals of building aerodynamics, fluid flow (modelling) and heat and 
mass transfer (modelling) in porous materials are briefly outlined since these principles will be used 
throughout this thesis. For more detailed information on these topics, reference is made to other 
works. 

3.1. Building aerodynamics 

3.1.1. Wind and turbulence 

3.1.1.1. Wind 

Wind is the movement of air in the Earth’s atmosphere as a result from the interaction of large-scale 
pressure systems. The wind velocity v is a vector quantity which varies in time and space. It can be 
decomposed in its components u, v and w along the x, y and z axis, respectively: 

( ) ( ) ( ) ( )x, y, z, t u x, y, z, t v x, y, z, t w x, y, z, t= + +x y zv e e e  (3.1)

Here u and v are the horizontal (streamwise and lateral) components, w is the vertical component 
and ex, ey and ez are the unit vectors in the different directions. The wind velocity is characterised 
by a magnitude, namely the wind speed (vS), and a wind direction, which is often considered to be 
oriented horizontally in building aerodynamics at a specific reference wind speed. In this thesis, the 
streamwise component of the mean horizontal wind speed (U) will often be used to refer to the 
wind speed, usually for reference conditions, in atmospheric boundary-layer flow, since the lateral 
and vertical components are mostly taken zero.  

3.1.1.2. Turbulence 

Air flow can be laminar or turbulent. Laminar flow is characterised by low Reynolds numbers 
which indicates that air speeds are relatively low and viscous effects are dominant. Hence the fluid 
is considered to flow in parallel layers without pronounced mixing of the layers. The exchange 
processes of mass, momentum and heat for this flow regime are governed by diffusion rather than 
by convection. Under steady-state flow conditions, i.e. constant in time, the air speed, direction and 
pressure at a certain location remain constant. 

Most air flows, such as wind in the atmosphere, are however turbulent due to the relatively high 
wind speeds, i.e. high-Reynolds number flows. The exchange processes of mass, momentum and 
heat are mainly governed by convection, resulting in intense mixing. Turbulent flow is 
characterised by apparently random and chaotically fluctuating air flow and is a result of the motion 
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of an ensemble of eddies1 with different length and time scales. These eddies obtain their energy 
from the mean flow where it is extracted by means of shear, for example in boundary layers. This 
extracted mean-flow energy is transferred predominantly to large-scale turbulent eddies. Apart from 
a large length scale, these eddies also have a large time scale and hence they “live” quite long. This 
makes them rather dependent on the local flow-field characteristics (for example in stagnation or 
recirculation zones) and thereby they have an anisotropic character. Moreover, most of the turbulent 
kinetic energy (k) is contained in these large-scale eddies. The large-scale eddies transfer their 
energy by breaking up into smaller eddies, which is called the turbulence energy cascade. This 
breakup process continues until the turbulent kinetic energy is eventually dissipated into heat at the 
smallest scales. These small-scale eddies do not contain a lot of turbulent kinetic energy but have a 
high vorticity and a small time scale. The latter gives them a rather isotropic character.  

A very comprehensible explanation of the phenomenon of turbulence is given by Tennekes and 
Lumley (1972). Since it is certainly far from evident to give a conclusive description of turbulence, 
these authors found it more appropriate to list its most important characteristics, which are briefly 
resumed below: 

• Irregularity: Its randomness implies the use of statistical methods. 
• Diffusivity: Turbulence causes rapid mixing and increased rates of momentum, heat and 

mass transfer which can also be noticed in its flow pattern. 
• Large Reynolds numbers: Due to the increased inertia, laminar flows become instable and 

turn to turbulent. 
• Three-dimensional vorticity fluctuation: Turbulence is rotational and three dimensional.  
• Dissipation: Turbulence extracts its kinetic energy out of the mean flow. This turbulent 

kinetic energy, in its turn, is dissipated through viscous stresses and results in an increase of 
the internal energy (heat) of the fluid. Hence a continuous supply of energy is necessary to 
make up for the viscous losses, otherwise turbulence decays.  

• Continuum: Even the smallest turbulent motions are larger than any molecular length scale. 
• Turbulent flows are flows: In contrast to viscosity, turbulence is a property of the flow and 

not of the fluid. This implies that every turbulent flow will be different, depending on its 
history.  

3.1.1.3. Mean flow and turbulence 

For steady-state flow conditions in turbulent flow (i.e. statistically steady), the instantaneous wind 
velocity component u (streamwise component) at a certain location in space and time can be 
described by a mean horizontal wind speed (U) on which an apparently random fluctuation (u') is 
superimposed (Figure 3.1a): 

                                                 
1 Definition according to Encyclopedia Britannica: Fluid current whose flow direction differs from that of the general 
flow; the motion of the whole fluid is the net result of the movements of the eddies that compose it. Eddies can transfer 
much more energy and dissolved matter within the fluid than can molecular diffusion in non-turbulent flow because 
eddies actually mix together large masses of fluid. Flow composed largely of eddies is called turbulent; eddies generally 
become more numerous as the fluid flow velocity increases. Energy is constantly transferred from large to small eddies 
until it is dissipated. 
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( ) ( ) ( )u x, y, z, t U x, y, z, t u' x,y,z,t= +  (3.2)

The magnitude of the turbulent wind speed fluctuations at a certain location, relative to a reference 
wind speed (Uref), is described by the turbulence intensity: 

u
u

ref

I
U
σ

=  (3.3)

where σu is the standard deviation of u'. The reference wind speed can be for example the 
streamwise wind speed at that location (U) or the free-stream wind speed. The lateral (Iv) and 
vertical (Iw) turbulence intensities are defined in the same way and all are usually expressed in 
percentages. A parameter that quantifies the total amount of turbulent energy in the flow is the 
turbulent kinetic energy: 

( )2 2 2
u v w

1k
2

= σ +σ +σ  (3.4)

 
Figure 3.1: Instantaneous streamwise velocity component at a certain location in the flow field as a function 
of time, subdivided in mean and fluctuating components: (a) steady-state flow, (b) non-steady-state flow, 
where Δt represents the averaging period for the mean wind (streamwise) speed U.  

It is obvious that air flow in the Earth’s atmosphere is not steady-state (for both wind speed and 
wind direction) and hence the “so-called” mean wind speed is not that straightforward to determine 
since it will also fluctuate in time (Figure 3.1b). This requires a clear definition of mean wind speed 
and turbulence (which is often described by “gusts” in building aerodynamics) in order to be able to 
distinguish the fluctuations in the mean wind speed from the actual turbulence or “gustiness”. This 
means that a frequency range has to be assigned to both. 

A well-known publication of Van der Hoven (1957) provides valuable information on the frequency 
content in atmospheric boundary-layer flow. Measurements are presented of the horizontal wind 
speed power spectrum at a height of 91 m to 125 m (Figure 3.2). Three major peaks can be noticed. 
At the low frequency end, a peak appears at a period of about 4 days, due to the passage of large-
scale pressure systems, and a smaller one at a period of 12h. No daily peak, due to the day-night 
cycle, is present which is attributed to the large measuring height. The third peak appears in the 
high frequency end of the spectrum at a period of about 1 minute. Note that this peak (13-900 
cycles/hour) was obtained out of one hour measurement data during a hurricane. Under normal 
wind conditions, the spectral amplitude of this peak will usually not exceed 1 m²/s². In addition to 
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Van der Hoven, a very large wind speed dataset was obtained by Eggleston and Clark (2000) at a 
height which is probably more representative for building aerodynamics, namely 10 m, since this is 
the standard measuring height for meteorological stations. A result of a part of the dataset is 
included in Figure 3.2 (13 years of hourly average data, one year of 5 minute average data and two 
gusty days of 1s average data). In the low frequency spectrum, a large peak is found at a period of 
24h, representing the diurnal variation of the wind speed. For the high frequency spectrum, no 
distinct peaks arise at specific frequencies, in contrast to Van der Hoven’s findings, but there still is 
a significant amount of energy located in this frequency band. Due to the magnitude of the dataset 
and the specific measuring location (10 m height), the data of Eggleston and Clark (2000) seem to 
yield a more realistic representation of the frequency content in the lower part of the atmospheric 
boundary layer than that of Van der Hoven. Harris (2008) recently presented the analysis of a large 
data set (30 years) at a height of 17 m where they focussed on the low frequency end of the 
spectrum. They also found a strong diurnal component. In a discussion on Harris’ work, Baker 
(2010) compares the measurements of Van der Hoven (1957) and Harris (2008) with other 
measurement data. 

 
Figure 3.2: Wind speed power spectrum measured by Van der Hoven (1957) and Eggleston and Clark 
(2000).  

However, the most important feature that can be found in both graphs is the spectral gap at a period 
of about 1h, i.e. between the high energy peaks at high and low frequencies. Since not much energy 
is found in between both time scales (≈ 1min and ≈ 24h), a clear distinction can be made between 
mean wind speed, with periods significantly larger than one hour, and turbulence, at lower periods 
(higher frequencies). In building aerodynamics, this spectral gap is an important requirement for the 
use of results from wind-tunnel testing and numerical simulations, since here usually a constant 
mean wind speed is applied or imposed for most wind engineering applications and thereby only the 
influence of the actual gustiness, induced by the buildings and the environment, can be analysed. 
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3.1.2. Atmospheric boundary-layer flow 
Only a brief description of atmospheric boundary-layer flow is given below. For more detailed 
information, the reader is referred to Panofsky and Dutton (1984) and Bottema (1993). 

Close to the Earth’s surface, the air flow is influenced by the presence of the terrain and by its 
roughness. Due to the no-slip condition at ground level, analogous to air flow over a flat plate, the 
air is retarded near the surface, resulting in a gradual increase of the wind speed with the height. 
Thereby, a boundary layer develops near the Earth’s surface, which is called the atmospheric 
boundary layer (ABL). High velocity gradients and turbulence levels are found in the ABL, which 
cause strong mixing of momentum, heat, moisture and pollutants. The thickness of the ABL 
indicates up to which height the influence of the Earth’s surface and buoyancy effects (for 
thermally-stratified ABLs) is manifested into the atmosphere. This thickness is dependent on the 
surface roughness of the terrain and the thermal conditions in the atmosphere. For a neutral ABL, 
i.e. where turbulence in the lowest 10-20% of the ABL (i.e. the surface layer) originates mainly 
from mechanical production (surface friction) instead of from thermal stratification, the thickness is 
about 1000 m and ABL flow is predominantly determined by the terrain roughness. Note that most 
buildings are located in this surface layer. These thermally neutral conditions are found under 
cloudy conditions and strong winds (Bottema 1993), i.e. for forced convective flow conditions, 
which is mainly the focus in this thesis. 

For such a neutral ABL, the vertical profile of the mean horizontal wind speed (U) over a terrain 
with a uniform surface roughness can be described as a function of the height (z) by a logarithmic 
law (Richards and Hoxey 1993): 

( ) ,ABL 0

0

u z zU y ln
z

τ ⎛ ⎞+
= ⎜ ⎟κ ⎝ ⎠

 (3.5)

where uτ,ABL is the ABL friction velocity, z0 is the aerodynamic roughness length and κ is the von 
Karman constant for which a value of 0.4187 will be used in this thesis. The ABL friction velocity 
is defined as: 

w,ABL
,ABL

g

uτ

τ
=

ρ
 (3.6)

where τw,ABL is the wall shear stress in the ABL and ρg is the density of the air. The roughness of the 
Earth’s surface is taken into account by the parameter z0. It does not represent the physical height of 
the roughness elements but it reflects the roughness that is felt by the flow, taking into account the 
size of the roughness elements, their spacing and shape. The aerodynamic roughness length can be 
estimated by means of the roughness classification by Davenport, updated by Wieringa (1992), 
given that an upstream fetch with that specified uniform roughness of at least 5 km is provided. This 
roughness classification is listed in Appendix B. The ABL friction velocity can be determined from 
Eq.(3.5) for a certain reference velocity and height. Wind speed profiles of the horizontal wind 
speed for different terrain roughness’ are presented in Figure 3.3 for a reference velocity of 10 m/s 
at a height of 10 m. Note that sometimes also power-law ABL velocity profiles are reported.  
 



Chapter 3 

72   

 
Figure 3.3: Mean horizontal wind speed (U) as a function of height (z) for different terrain roughness’ (z0).  

Due to the large velocity gradients in the ABL, turbulence is generated with eddies of different 
length scales (from 500 m to less than 1 mm) and time scales, which impose a fluctuation upon the 
mean quantities. In the surface layer, the shear stresses and fluctuations can be considered to be 
approximately constant. Typical values of the distribution of the velocity fluctuations over a wide 
range of z0 are (Panofsky and Dutton 1984): 
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Note that for non-neutral ABLs, i.e. where turbulence production/dissipation is also related to 
thermal stratification, the velocity and turbulence intensity profiles can differ significantly. Such 
ABLs with thermal stratification are described in Appendix C. 

3.1.3. Air flow around buildings 
Forced convective (neutral ABL) air flow around sharp-edged buildings can typically be considered 
as high-Reynolds number flow (Re = 105-107) around wall-mounted, sharp-edged bluff bodies 
which are located on a rough surface and which are deeply immersed in a turbulent boundary layer. 
Note that air-flow patterns around more aerodynamically-shaped bluff bodies, such as silo’s or 
stacks can be considerably different since the separation points are not predefined whereas for 
sharp-edged bluff bodies they are found at the edges of the body. Such buildings are however not 
considered in this thesis. The specific flow pattern around a building is mainly determined by the 
building geometry and the ABL approach flow, which is characteristic for the surrounding 
environment. A dimensionless parameter which relates the approach flow to the building geometry 
to some extent is the Jensen number: 
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where H is the building height. The general flow features for most sharp-edged bluff-body buildings 
are however quite similar and are described below. Note that air flow around buildings actually 
differs from most typical engineering flows around wall-mounted bluff bodies, e.g. for applications 
in cooling of electronic equipment. Such flows often consider uniform approach flow, i.e. δ/H <<< 
1, at relatively low Reynolds numbers and low turbulence levels, where δ is the boundary-layer 
thickness of the approach flow. Buildings on the other hand are deeply immersed in the 
(atmospheric) boundary layer, i.e. δ/H >>> 1, at high Reynolds numbers and for high, ABL-
generated turbulence levels. Although both types of flow result in similar flow patterns, some 
differences are outlined below. 

The features of the flow field around an isolated cubic building are briefly discussed, since this 
building configuration is used throughout in this thesis. The reader is referred to works of Bottema 
(1993), Beranek and van Koten (1979) and Peterka et al. (1985) for a more in-depth description on 
flow patterns around buildings. Detailed wind-tunnel analysis on the flow around wall-mounted, 
bluff objects (such as cubes) placed in uniform or deep turbulent boundary layers can be found in 
Castro and Robins (1977), Martinuzzi and Tropea (1993) and Hussein and Martinuzzi (1996). The 
general flow pattern around an isolated cube is presented in Figure 3.4, Figure 3.5 and Figure 3.6 
for an incidence angle (φ) of 0°, where the incidence angle is defined as the angle between the 
approach flow wind direction and the normal to the windward surface. The numbered zones in these 
figures are mentioned in the description of the flow field below.  

At some distance upstream of the building, the flow is deviated over or around the cube. The flow 
that impinges on the cube is directed over the cube (1), along the sides of the cube (2) or downward 
(3) which feeds the frontal vortex (4). This results in a zone with low wind speeds on the windward 
surface which is called the stagnation point (5). This point is usually located at a height of about 
0.7H. The frontal vortex meets with the approach flow along line A, resulting in low wind speeds 
along this line and especially in the saddle point (6). This is responsible for the horseshoe-like flow 
pattern near ground level (Figure 3.6). 

 
Figure 3.4: Airflow pattern around a wall-mounted, isolated cube for flow perpendicular to the windward 
surface: (a) isometric view from front side (taken from Meinders et al. 1999); (b) side view (taken from 
Martinuzzi and Tropea 1993).  
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Figure 3.5: Airflow pattern around a wall-mounted, isolated cube for flow perpendicular to the windward 
surface. Isometric view from back side (taken from Martinuzzi and Tropea 1993).  

 
Figure 3.6: Airflow pattern around a wall-mounted, isolated cube for flow perpendicular to the windward 
surface. Oil-film visualisation on the ground surface (taken from Martinuzzi and Tropea 1993).  

The frontal vortex persists downstream of the cube and its extensions are clearly visible (7). Both at 
the top and the side-wall corners of the cube, the flow separates, resulting in local high wind speeds, 
and forms recirculation vortices (8 and 9) after which flow reattaches to the top (10), especially at 
its rear corners, and at the side walls (11), both near the upper and lower corner. Flow reattachment 
is however strongly dependent on the approach flow profile, as mentioned by Castro and Robins 
(1977). Only if the cube is sufficiently immersed in the boundary layer, the turbulence level in this 
shear layer will be high enough to promote reattachment of the separated flow. For a uniform 
approach flow profile, the flow will not likely reattach to the top surface of the cube. 

At the leeward wall, a recirculation zone (12) is found where two vortex cores (13) can be noticed 
on the two lateral sides of the cube. These are the two ends of a large arch vortex (14) in the 
recirculation zone. As fluid is drawn (15) into the recirculation zone, the extensions of the frontal 
vortex move to the vertical plane of symmetry, up to the reattachment point (16). At this point, the 
shear layer (17), which is comprised between the corner stream at the top and side walls and the 
recirculation zones, hits the ground. This layer is characterised by high velocity gradients and 
consequently high turbulence levels. The latter originate partially from turbulence advection from 
the frontal vortex and local production.  
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After reattachment, the flow gradually recovers the characteristics of the approach flow. This far 
wake region is characterised by a lower mean velocity (gradients), higher turbulence intensities and 
smaller turbulence length scales (Peterka et al. 1985).  

A totally different flow pattern can be observed for the flow field around a cube at an incidence 
angle of 45°. Some specific features are briefly discussed but a more detailed analysis can be found 
in Kawai and Nishimura (1996), Marwood and Wood (1997), Banks et al. (2000), Banks and 
Merony (2001), Kawai (2002) and Nakamura et al. (2003). As can be seen from Figure 3.7a, a 
horseshoe vortex is also formed. The flow separates at the edges of the frontal surfaces. At the 
leeward side, an arch vortex is found. The most specific flow feature is the two conical vortices that 
appear along the top leading edges of the cube (Figure 3.7c) which is characteristic for the flow 
pattern of a delta wing (Figure 3.7b). These vortices grow and decay alternatively on each side and 
thus have a highly unsteady character. 

 
Figure 3.7: Airflow pattern around a wall-mounted, isolated cube for flow at an incidence angle of 45° 
(taken from Nakamura et al. 2003): (a) oil-film visualisation on the ground surface; (b) delta-wing type 
vortices; (c) oil-film visualisation on the cube surfaces.  

This indicates that the flow around a wall-mounted body has a rather dynamic nature, whereas the 
above description of the flow pattern around a cube was only related to the mean flow field. This 
highly unsteady behaviour has a significant influence on the transport processes around the cube 
and is especially present in the recirculation bubbles on the side and top surfaces and in the wake of 
the body. Such an unsteady behaviour can be distinguished very clearly for flow around a two-
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dimensional (square) cylinder, and is characterised by a periodic vortex shedding phenomenon. 
Hereby, vortices are shed alternatively from both sides of the cylinder with a certain frequency. 
This vortex shedding occurs at a distinct frequency and can be characterised by a dimensionless 
number, namely the Strouhal number, which is defined as: 

f LSt
U∞

⋅
=  (3.10)

where f is the vortex shedding frequency, L is the characteristic length scale of the cylinder (i.e. 
diameter) and U∞ is the free-stream wind speed. For wall-mounted objects, such as cubes, vortex 
shedding can also be observed, although the phenomenon is less pronounced, mainly due to the 
presence of the lower wall. Predictions of the Strouhal number, based on the cube height and the 
bulk wind speed, of a cube placed in turbulent channel flow have been made by Martinuzzi (1992) 
and Meinders et al. (1999). Martinuzzi suggested a value of 0.145 for the Strouhal number at a 
Reynolds number of 40000, based on the cube height and the bulk wind speed, whereas Meinders et 
al. suggested a constant value of 0.095 over the Reynolds number range of 2750 to 4970. The lower 
Strouhal number of Meinders et al. (1999) could be attributed to the lower Reynolds numbers of the 
experiment. In this case, reattachment at the top and side surfaces is more likely to occur by which 
the size of the recirculation zone is usually smaller and furthermore the location of the stagnation 
point on the windward surface is mostly lower (Meinders et al. 1999). Since the unsteady nature of 
the flow will obviously affect the momentum, heat and mass transfer around the building by 
increasing mixing in the wake by vortex shedding, it will actually dictate the resulting mean flow 
field, which is an important issue when considering numerical modelling of fluid flow. 

3.1.4. Flow similarity 

3.1.4.1. ABL flow similarity criteria 

Flow similarity between two flow systems, for example the (full-scale) flow around a building and a 
model-scale experiment of it (e.g. in a wind tunnel), is required to ensure that experiments (or 
numerical simulations) in one system are representative for the other system. For two ABL flow 
systems to be similar, some general similarity criteria have to be satisfied (Cermak 1971): 
geometric similarity, kinematic similarity, dynamic similarity, thermal similarity and similarity of 
boundary conditions. 

Geometric similarity implies the scaling of the geometry which is a rather evident requirement. 
Kinematic similarity is related to the other similarity criteria: as these are fulfilled, so is the 
kinematic similarity criterion (Cermak 1971). Dynamic similarity is expressed in the momentum 
conservation equations and can be formulated by means of dimensionless numbers: it requires the 
same Reynolds, Richardson and Rossby numbers in both flow systems. Thermal similarity is related 
to the energy conservation equation and requires similitude of Prandtl and Eckert numbers (see 
Cermak 1971). Finally, similarity of boundary conditions reflects on the approach flow, surface 
temperature or heat flux, surface roughness, etc. For mass transfer, similarity of mass-related 
boundary conditions and of the Schmidt number is additionally required. 
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For the specific case of neutral ABL flow (cloudy conditions and strong winds) in the surface layer 
(lowest 10-20% of the ABL), the effect of thermal stratification and the Coriolis force are 
negligible, by which the Richardson and Rossby number may be omitted from the similarity 
criteria. The same holds for the Eckert number since it only becomes relevant at flow speeds near 
the speed of sound. If the same fluid is used in both flow systems, i.e. mostly likely air, Prandtl 
number similarity is satisfied. If the same material is considered regarding mass transfer (e.g. water 
vapour), Schmidt number similarity is also satisfied. Thereby, for neutral ABL flow where the same 
fluid is used in both flow systems, the similarity criteria reduce to geometric similarity, similarity of 
Reynolds numbers and similarity of boundary conditions. These last two criteria are discussed in 
the next sections.  

3.1.4.2. Reynolds number similarity 

Reynolds number similarity (when using the same fluid in both flow systems) between full-scale 
(subscript FS) and model-scale (subscript MS) experiments (or numerical simulations) results in: 

FS MSRe Re=    or   FS FS MS MSU L U L=  (3.11)
It is obvious that for a (reduced) scale model, typically 1:50 - 1:500 in an ABL wind-tunnel 
experiment, obtaining Reynolds number similarity in a conventional wind tunnel would require 
very high wind speeds, which is not practically feasible. Jensen (1954) however stated that for bluff 
bodies with fixed boundary-layer separation points, which are thus prescribed by their geometry 
(e.g. at the edges of a cube) and which are thereby independent of the Reynolds number, “all 
essential relations in the flow must also be rather independent of the Reynolds number”. For such 
sharp-edged bluff bodies, it is actually generally accepted in wind-tunnel testing that the flow field 
becomes quasi-independent of the Reynolds number once a certain Reynolds number is exceeded. 
This threshold value is called the critical Reynolds number (Recr). Reynolds number independence 
above a certain Recr value was confirmed by wind-tunnel experiments (Hoydysh et al. 1974, Castro 
and Robins 1977, Cherry et al. 1984, Ohba 1989, Djilali and Gartshore 1991, Snyder 1994, 
Mochida et al. 1994, Uehera et al. 2003). The corresponding Recr values, based on the bluff-body 
height (H) and the upstream wind speed at that height (UH), are reported in Table 3.1. 

Table 3.1: Critical Reynolds numbers of previous wind-tunnel experiments. 

Author Recr 
Hoydysh et al. (1974) 3400 
Castro and Robins (1977) 4000 
Cherry et al. (1984) 30000 
Ohba (1989) 2100 
Djilali and Gartshore (1991) 25000 
Snyder (1994) 4000 
Mochida et al. (1994) 7500 
Uehera et al. (2003) 3500-8000 

The differences in Table 3.1 may originate from: (1) differences in approach flow conditions, which 
do not always resemble ABL flow (i.e. where bluff bodies are deeply immersed in a turbulent 
boundary layer). Leutheusser and Baines (1967) and Castro and Robins (1977) found that for 
uniform approach flow, i.e. where the boundary-layer thickness is much smaller than the bluff-body 
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height, the Reynolds number dependency was more pronounced, i.e. higher Recr values are found: 
for example Recr = 2x105 for a cube at 45° (Leutheusser and Baines 1967); (2) differences in the 
location where Recr was evaluated. Uehera et al. (2003) found lower Recr values in the recirculation 
zone at the leeward surface compared to the separation bubble at the top surface, where the viscous 
stresses were more dominant; (3) differences in flow features around the body, where for example 
the flow field at the top surface of a cube at incidence angles of 0° and 45° was completely different 
(see section 3.1.3); (4) differences in bluff-body geometry. The assumption of Reynolds number 
independence has been mostly investigated for sharp-edged bluff bodies. With more 
aerodynamically-shaped bodies, e.g. cylindrical silo’s or stacks, the boundary-layer separation 
points are strongly dependent on the Reynolds number, resulting in much larger critical Reynolds 
numbers. 

The critical Reynolds numbers reported in Table 3.1 are generally much lower than the Reynolds 
numbers found in most wind tunnels. Thereby, wind-tunnel tests can successfully be used to 
represent full-scale flow around buildings (Re ≈ 105-107). This apparent Reynolds number 
independence for Re > Recr from previous experiments (Table 3.1) has to be considered with some 
caution however: (1) Most of these experiments were not always extensive studies on Reynolds 
number dependency or were performed at a restricted Reynolds number range and mostly for only 
one wind direction, namely flow at an incidence angle of 0°; (2) In general, only the mean velocity 
profiles or mean pressure coefficients were considered and limited record was made of the 
fluctuating components. Since the characteristics of turbulence (e.g. the size of the eddies) are also 
dependent on the Reynolds number (Tennekes and Lumley 1972), there will always inherently be a 
certain Reynolds number sensitivity regarding turbulence. Meinders et al. (1999) found a distinct 
Reynolds number sensitivity of the vortex shedding frequency in the wake of the cube; (3) 
Comparisons of full-scale experiments with model-scale experiments did indicate a distinct 
Reynolds number sensitivity (Surry and Johnson 1986, Richardson and Surry 1994, Hoxey et al. 
1998). Although these findings could be partially attributed to a mismatch in turbulence length 
scales of the model-scale and full-scale situation (as described in section 3.1.4.3), some Reynolds 
number effects still seem to be present, indicating much higher Recr values than those mentioned in 
Table 3.1. 

In order to clarify the validity of the Reynolds number dependency more in detail, Lim et al. (2007) 
recently performed a detailed wind-tunnel study. Experiments were performed on a wall-mounted 
cube immersed in an ABL where a Reynolds number range of 1.9x104 to 4.1x105 was considered 
(Re based on H and UH). Two incidence angles were investigated, namely 0° and 45°, where both 
pressure coefficients on the cube surfaces and velocities in the vicinity of the cube were measured. 
For an incidence angle of 0°, quasi no Reynolds number effects were found for Reynolds numbers 
exceeding 3x104, both for mean surface pressures and the mean velocity field. The fluctuating 
surface pressures however showed a significant Reynolds number effect whereas such a definite 
trend could not be found for the fluctuating velocity field. A more fundamental study of Song and 
Eaton (2004) also indicated that the Reynolds number effects in separated turbulent boundary layers 
are weak for mean flow quantities but are more pronounced for fluctuating quantities. For an 
incidence angle of 45° however, a clear Reynolds number dependency of the mean surface 
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pressures was found beneath the conical vortices on the top surface (see section 3.1.3), which is 
attributed by Lim et al. (2007) to the influence of the Reynolds number on the size and behaviour of 
the vortex cores. In this region, a distinct Reynolds number dependency was also found for 
fluctuating surface pressures. On other locations, such as along the diagonal on the top surface 
which connects leading and trailing edges, no clear Reynolds number dependency could be found. 

It is obvious that the assumption of Reynolds number independence is not completely clarified yet 
and that it has to be assessed with caution. There are however significant indications that Reynolds 
number independence is not always valid at such low critical Reynolds numbers as reported in 
Table 3.1 and that the Recr value is dependent on: (1) the location of interest, i.e. on the bluff-body 
surface or in the flow field; (2) on the specific flow pattern, which is related to the incidence angle; 
(3) the flow parameter that is evaluated (velocity, surface pressure, etc.), where generally mean flow 
components seem to be relatively Reynolds number independent but fluctuating components are 
not. The assumption of Reynolds number independence is however the basic assumption for a very 
long time in many wind-tunnels tests on building models. 

Note that, apart from increasing the velocity for a reduced-scale test setup, obtaining Reynolds 
number similarity can also be achieved by using another fluid with a lower kinematic viscosity 
(water) or by operating at a higher air pressure. 

3.1.4.3. Similarity of ABL boundary conditions 

In addition to Reynolds number similarity, providing similarity of the boundary conditions is also 
required in wind-tunnel experiments. In particular, similarity of ABL approach flow conditions is 
quite difficult to obtain. Apart from matching the mean velocity (ABL) profile, similarity of the 
upstream turbulence intensity and turbulence length scale and of the spectral energy content is also 
required. It is practically not feasible to match these turbulence characteristics exactly, since for 
example the large turbulence length scales at model scale will still be much smaller than those at 
full scale. This will not be discussed in detail but the reader is referred to Saathoff and Melbourne 
(1997), Tieleman et al. (1998) and Tieleman (2003) for an in-depth discussion. 

3.2. Fluid flow modelling 
In this section, the basics of numerical modelling of fluid flow by means of CFD are discussed, 
such as transport and conservation equations, turbulence modelling, boundary-layer modelling and 
spatial and temporal discretisation. 

3.2.1. Numerical modelling of fluid flow 
Computational fluid dynamics is using numerical methods to solve the governing equations that 
represent fluid flow, i.e. the Navier-Stokes equations. Since these equations cannot be solved 
analytically, a spatial discretisation method is used, for which often the finite volume method 
(FVM) is chosen. Thereby the equations can be solved numerically in discrete points in space, 
namely in the control volumes (CV), which are also called computational cells. For transient 
phenomena, a discretisation in the time domain is also required. For turbulent flow, often a part of 
the turbulence is not solved but is modelled for reasons of computational economy. More 
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information on the numerical methods used to solve the transport equations in CFD can be found in 
Ferziger and Peric (2002). The CFD code which is used in this thesis is Fluent 6.3. Since during the 
progress of this thesis, Fluent 6.3 was replaced with a newer release of this code, namely Fluent 12, 
some CFD simulations were also performed with this new release. Since in these simulations only 
numerical modelling approaches were used which were already available in Fluent 6.3, their results 
(of Fluent 12) can be compared with those of Fluent 6.3. Note that in the remainder of this thesis, 
the CFD code will however always be referred to as Fluent 6.3. 

The accuracy of CFD calculations is related to the types of errors that are introduced, namely: (1) 
physical modelling errors; (2) discretisation errors; (3) iterative convergence errors; (4) computer 
round-off errors; (5) computer programming errors. A detailed description of these errors can be 
found in NPARC (2010). Users of commercial CFD software rely on the software developer to 
minimise the last two types of errors (4 and 5) and they have a good control of the third type (3), i.e. 
when the calculation is stopped. The first two types of errors are however more complex to assess 
but are most relevant for the CFD calculations presented in this thesis and therefore they are 
discussed below. The errors introduced by physical modelling are related to simplifications in the 
computational model (e.g. to the geometry or by not considering radiation, buoyancy, etc.) 
compared to the reality, but also to the approach used for turbulence modelling (section 3.2.3) and 
boundary-layer modelling (section 3.2.4). Closely related to the turbulence modelling approach are 
the errors related to the spatial discretisation (computational grid) (section 3.2.5) and temporal 
discretisation (section 3.2.6). Before tackling the aforementioned modelling issues, the transport 
and conservation equations for fluid flow are presented in the next section. 

3.2.2. Basic concepts of fluid flow 

3.2.2.1. Definitions and constitutive equations 

Moist air as a mixture of two ideal gasses 
The fluid (i.e. gaseous phase) that is modelled with CFD in this thesis is moist air. Moist air 
(subscript g, i.e. gaseous phase) is considered to be a perfect mixture of two ideal gasses, namely 
dry air (subscript a) and water vapour (subscript v). The ideal gas law can be defined for each of 
these mixture components:  

a
a a a a a g a

g

mp R T R T x R T
V

= ρ = = ρ  (3.12)

v
v v v v v g v

g

mp R T R T x R T
V

= ρ = = ρ  (3.13)

where pa and pv are partial pressures, i.e. the dry air and water vapour pressure, Ra and Rv are 
specific gas constants, ρa and ρv are densities, ma and mv are masses and xa and xv are mass fractions 
of dry air and water vapour, respectively. Vg is the volume of the mixture (moist air), ρg is the 
mixture density and T is the temperature of the mixture (in Kelvin), since thermal equilibrium 
between all mixture components is assumed, by which Ta = Tv = Tg = T. The mass fractions are 
related by: 

a vx x 1+ =  (3.14)
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For building-related applications, moist air is a dilute mixture of water vapour in dry air, resulting in 
a relatively small xv. The mixture density ρg is related to ρa and ρv by:  

a a gxρ = ρ  (3.15)

v v gxρ = ρ  (3.16)

Note that ρg is given in (kgg/m³g) and that ρa and ρv are given in (kga/m³g) and (kgv/m³g), 
respectively, since xa and xv are given in (kga/kgg) and (kgv/kgg). 
Using Eqs.(3.14)-(3.16), the density of the mixture is given by: 

g a vρ = ρ +ρ  (3.17)

The specific gas constants Ra (287.044 J/kgK) and Rv (461.524 J/kgK) are determined from the 
universal gas constant R (8.31451 J/molK) and the molecular masses Ma and Mv of dry air (28.966 
g/mol) and water vapour (18.01534 g/mol) by: 

a
a

RR
M

=    ;   v
v

RR
M

=  (3.18)

Dalton’s law states that the total pressure of a mixture (pg), in this case moist air, is the sum of the 
partial pressures of the components: 

g a vp p p= +  (3.19)

Combining Eqs.(3.12), (3.13), (3.18) and (3.19), the total pressure can also be written as: 

a v
g a v g g

a v g

x x 1p p p RT RT
M M M

⎛ ⎞
= + = ρ + = ρ⎜ ⎟

⎝ ⎠
 (3.20)

where Mg is the molecular mass of the mixture.  

At low wind speeds (< ± 110 m/s), i.e. at Mach numbers below 0.3, air is usually assumed to be 
incompressible (a.o. Barlow et al. 1999). This means that the total derivative of density (Eq.(3.20)) 
to time is zero, which indicates that pressure variations are sufficiently small to have no significant 
effect on the density. If the effect of pressure variations on the density is not taken into account, the 
mixture density is only dependent on the operating pressure, which is the atmospheric pressure 
(Patm) in this thesis and is taken equal to 101325 Pa. The influence of (small) variations in 
temperature and vapour concentration on the (moist) air density is however still taken into account 
by means of the ideal gas law. Thereby, the mixture is considered to be an “incompressible ideal 
gas”: 

atm
g

a v

a v

P
x xRT
M M

ρ =
⎛ ⎞

+⎜ ⎟
⎝ ⎠

 
(3.21)

The mass flux of the mixture (gg) is defined as the mass flow per unit surface and per unit time and 
is the sum of the mass fluxes of the individual mixture components (ga and gv).   

= +g a vg g g  (3.22)

This can also be written in terms of velocities: 

g a v= ρ = ρ +ρg g a vg v v v  (3.23)

with a vx x= +g a vv v v  (3.24)
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Relative humidity 
Apart from by means of mass fractions, the amount of moisture in the air is often expressed by 
means of the relative humidity (ϕ): 

v v,satp p= φ  (3.25)

where pv,sat is the saturation water vapour pressure, which is a function of temperature. A typical 
expression (Hens 2007) that is often used in the temperature range -10°C to 50°C, i.e. a range that is 
relevant for building applications, is given by: 

7066.2765.8094 5.976ln T
T

v,satp e
− −

=  (3.26)

Enthalpy 
The enthalpies of both mixture components (ha and hv) and the total enthalpy of the mixture (hg) are 
given by: 

( )a p,a ref ,0h c T T= −  (3.27)

( ) ref
v p,v ref ,0 vh c T T L= − +  (3.28)

g a a v vh x h x h= +  (3.29)

where cp,a is the specific heat capacity of dry air, determined under constant gaseous pressure 
conditions. The other parameters were already defined in section 2.1.3.1. 

3.2.2.2. Transport equations 

Heat conduction: Fourier’s law 
The conductive (i.e. diffusive) heat flux (q) is described by Fourier’s first law, indicating the 
temperature gradient as the driving force: 

g T= −λ ∇q  (3.30)

where λg is the thermal conductivity of the gaseous phase, i.e. moist air. This conductivity is 
dependent on the moisture content but the variability of the conductivity will be relatively small for 
dilute mixtures. Note that all relevant material properties are specified in Appendix D. 

In mixtures, such as moist air (binary mixture), an additional contribution to the heat flux is 
accounted for, which quantifies the enthalpy transported by interdiffusion of the different mixture 
components, indicated by the index i (Bird et al. 2007):  

i g ii i
h T h= + = −λ ∇ +∑ ∑g d,i d,iq q g g  (3.31)

where qg is the total heat flux in the mixture, gd,i is the diffusive mass flux of a component, which is 
defined below, and hi is the enthalpy of a component. In addition, concentration gradients can also 
produce heat transfer by the diffusion-thermo effect, which is also called the Dufour effect. Since 
this effect is usually quite small (Bird et al. 2007), it will be neglected in this thesis. 

In turbulent flows, for example when using RANS together with isotropic (eddy-viscosity) 
turbulence models (see section 3.2.3), usually an effective thermal conductivity (λeff) is used, which 
is the sum of the molecular and turbulent (λt) thermal conductivities: 
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eff T= −λ ∇q  (3.32)

with p,g t
eff g t g

t

c
Pr
μ

λ = λ + λ = λ +  (3.33)

where Prt is the turbulent Prandtl number (taken 0.85 in this thesis) and μt is the turbulent viscosity.  

Gaseous diffusion: Fick’s law 
The diffusive mass flux is described by Fick’s law, indicating the concentration gradient as the 
driving force. For a binary mixture, i.e. moist air, and free diffusion between dry air and water 
vapour these fluxes become: 

a
g va g va a

g

D D xρ
= −ρ ∇ = −ρ ∇

ρd,ag  (3.34)

v
g va g va v

g

D D xρ
= −ρ ∇ = −ρ ∇

ρd,vg  (3.35)

where Dva is the binary diffusion coefficient between the two components. Strictly speaking, this 
equation is only valid when the mixture composition is not changing or when Dva is independent of 
the composition (Fluent 2006) which is an acceptable assumption for dilute mixtures. For the binary 
diffusion coefficient, Schirmer (1938) suggested following empirical relation, which will be used in 
this thesis:  

1.81
5 atm

va
g

P TD 2.31.10
p 273.16

− ⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (3.36)

where Patm is the atmospheric pressure (101325 Pa). This diffusion coefficient is to some extent 
dependent on the composition of the mixture (by pg) but this dependency is relatively small since a 
dilute mixture is considered, hence pg does not vary significantly with varying moisture contents.  

In addition to concentration gradients, temperature gradients can also induce mass transfer by the 
thermo-diffusion effect, also called the Soret effect. This effect is usually neglected in most 
engineering applications involving mass transfer. However when very large temperature gradients 
are found, e.g. for surfaces exposed to solar radiation, the Soret effect has to be taken into account 
(Eckert and Drake 1959): 

g va i T,i g va i T,i
TD x D ln T D x D

T
∇

= −ρ ∇ − ∇ = −ρ ∇ −d,ig  (3.37)

where DT,i is the thermal diffusion coefficient of a mixture component. In this thesis, flow problems 
involving such large thermal gradients are not considered, since the focus is on forced convective 
flow, by which the Soret effect will be neglected but note that it can be relevant for some building 
applications, e.g. involving solar radiation.  

In turbulent flows, for example using RANS together with isotropic (eddy-viscosity) turbulence 
models (section 3.2.3), usually an effective diffusion coefficient is used, which is the sum of the 
molecular and turbulent (Dva,t) diffusion coefficients: 

i
g va,eff

g

D ρ
= −ρ ∇

ρd,ig  (3.38)
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with t
va,eff va va,t va

g t

D D D D
Sc
μ

= + = +
ρ

 (3.39)

where Sct is the turbulent Schmidt number, which is taken 0.7 in this thesis, although it is known to 
vary in the flow field (Tominaga and Stathopoulos 2007, Blocken et al. 2008). The diffusive fluxes 
can also be written as: 

( )a= − = ρ −d,a a c,a a gg g g v v  (3.40)

( )v= − = ρ −d,v v c,v v gg g g v v  (3.41)

where gc,a and gc,v are the convective fluxes for dry air and water vapour, respectively.  

3.2.2.3. Conservation equations 

The conservation equations for mass, momentum and heat transfer in a binary mixture, namely 
moist air, are derived in Appendix E. The resulting equations are summarised below, together with 
the assumptions that are taken into account to obtain these conservation equations. 

Assumptions: 
1. (Moist) air is a perfect mixture of two ideal gases, namely dry air and water vapour, and is a 

Newtonian fluid. 
2. Properties (and thus the fluid) are assumed isotropic. The relevant material properties are 

specified in Appendix D.  
3. (Moist) air is assumed incompressible, i.e. pressure variations are sufficiently small to not 

affect the density. Note however that the air density is calculated with the ideal gas law, so it 
is temperature dependent and varies with humidity. 

4. It is assumed that water is only found in one phase in the air, namely the gaseous phase 
(water vapour). Thereby, there is no liquid phase (droplets) or solid phase (snowflakes or 
hail). Hence phenomena like droplet formation by condensation of water vapour or droplet 
evaporation and also sublimation from solids, like ice, are excluded.  

5. Mass source terms due to condensation, evaporation or sublimation and source terms due to 
chemical reactions are not taken into account. 

6. Momentum source terms are not taken into account. 
7. Heat source terms due to radiation, chemical reactions and other volumetric heat sources 

(e.g. evaporation, droplet formation by condensation or sublimation from solids such as ice) 
are not taken into account. 

8. Thermal equilibrium between all mixture components is assumed. 
9. Pressure variations are small so they do not affect thermodynamic properties, namely 

internal energy, enthalpy and density. 
10. Potential energy changes (gravity) are assumed to be small compared to thermal energy 

changes and are neglected. 
11. Kinetic energy changes are assumed to be small compared to thermal energy changes and 

are neglected. 
12. Pressure work is neglected.  
13. Viscous heating/dissipation is neglected. 
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Conservation of MASS 
Dry air 

( )a
a 0

t
∂ρ

+∇⋅ ρ =
∂ av  (3.42)

Water vapour 

( )v
v v 0

t
∂ρ

+∇ ⋅ ρ =
∂

v  (3.43)

Moist air, which is assumed incompressible:  
0∇⋅ =gv  (3.44)

Conservation of MOMENTUM 

( )g g g( ) p
t
∂

ρ +∇ ⋅ ρ = −∇ −∇⋅ +ρ
∂ g g g accv v v τ g  (3.45)

Conservation of ENERGY 

( ) ( )( ) ( )a a v v a a v v a vh h h h h h
t
∂

ρ +ρ +∇⋅ ρ +ρ = −∇⋅ + +
∂ g d,a d,vv q g g  (3.46)

or 

( ) ( ) ( )a a v v a a v vh h h h
t
∂

ρ +ρ +∇⋅ ρ +ρ = −∇⋅
∂ a vv v q  (3.47)

Note that the reference temperature Tref,0 and the latent heat Lv
ref do not have an impact on the 

resulting energy equation since they are assumed constant and due to the fact that there is no 
condensation or evaporation in the air (see Appendix E). Note that, although no source terms for 
heat and mass are taken into account, phenomena as evaporation and radiation absorption can still 
take place at the boundaries (e.g. building surfaces) without compromising the validity of these 
equations. If incompressible flow is assumed with a constant viscosity, Eqs.(3.44)-(3.45) can be 
combined to (Bird et al. 2007): 

( ) 2
g g g gp

t
∂

ρ +ρ ⋅∇ = −∇ +μ ∇ +ρ
∂ g g g g accv v v v g  (3.48)

The ensemble of Eqs.(3.47)-(3.48) (conservation equations of mass, momentum and heat) are called 
the Navier-Stokes equations for incompressible flow, which describe the transport in the air. 

3.2.3. Turbulence modelling  
In the previous section, the Navier-Stokes equations were introduced, which can be solved using 
numerical methods, i.e. by CFD. A particular difficulty is solving turbulence. Three-dimensional, 
transient, high-Reynolds number turbulent flows for complex geometries will require modelling of 
turbulence to some extent since it is not yet computationally feasible to resolve all turbulence scales 
with the Navier-Stokes equations for these types of flows. Several turbulence modelling approaches 
have been developed in the past, which aim at predicting turbulence behaviour, where the most 
commonly known approaches are described below, namely Reynolds-averaged Navier-Stokes 
(RANS), large-eddy simulation (LES) and hybrid RANS-LES. Note that in most wind engineering 
applications, the term RANS indicates steady flow simulations, i.e. steady RANS. Also time-
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dependent simulations of transient or periodic flows are possible with RANS, which is called 
unsteady RANS (URANS). In this thesis, RANS will be used to refer to steady RANS. Note that for 
simple flows at low Reynolds numbers, even the smallest turbulence scales can be resolved 
numerically, which is done in DNS (direct numerical simulation) and the Lattice-Boltzmann 
method, which are not discussed since they are not within the scope of this thesis. 

3.2.3.1. RANS 

3.2.3.1.1. RANS equations 

With RANS, the instantaneous scalar and vector flow variables in the Navier-Stokes equations are 
decomposed into mean and fluctuating components, for example for the horizontal wind speed: 

u u u '= +  (3.49)
where the overbar denotes the time-averaged wind speed and u' is the fluctuating wind speed. These 
variables are substituted into the Navier-Stokes equations (Eq.(3.48)), of which the time-average is 
taken, which results in the Reynolds-averaged Navier-Stokes equations (see Fluent 2006): 

( ) ( ) ( )
2

i ' '
i i j i ji2

j i j j

p uu u u g u u
t x x x x
∂ ∂ ∂ ∂ ∂

ρ + ρ = − +μ +ρ + −ρ
∂ ∂ ∂ ∂ ∂

 (3.50)

Although these equations have the same form as the Navier-Stokes equations, additional terms 

appear which account for turbulence, namely the Reynolds stresses ( ' '
i ju u−ρ ). The Reynolds 

stresses can be considered as virtual stresses since they actually originate from the momentum 
transport term (ρ ⋅∇v v ) due to fluctuating velocities, i.e. turbulence. The RANS equations thus 
represent the mean (time-averaged) flow field where the influence of turbulence on the mean flow 
quantities is lumped into the Reynolds stresses. With RANS, these unknown stresses are modelled 
with turbulence models, by solving additional transport equations (e.g. for turbulent kinetic energy), 
in order to close the set of RANS equations. Thereby only the mean flow is explicitly resolved with 
RANS and all scales of turbulence are modelled. 

3.2.3.1.2. Turbulence models 

Various RANS turbulence models have been developed over the years, which are used to model the 
Reynolds stresses in Eq.(3.50). The three main categories are the linear and non-linear eddy-
viscosity models and the Reynolds-stress transport models. Eddy-viscosity models (EVMs) rely on 
the eddy-viscosity hypothesis, where the turbulent Reynolds stresses are related to the mean flow 
field (mostly to the strain rate) by means of the eddy viscosity (μt), also called turbulent viscosity. 
For linear eddy-viscosity models, a linear relation is assumed, which gives for incompressible flows 
(Pope 2009): 

i j' '
i j t ij

j i

u u 2u u k
x x 3

⎛ ⎞∂ ∂
−ρ = μ + − ρ δ⎜ ⎟⎜ ⎟∂ ∂⎝ ⎠

 (3.51)

This relation is also called the Boussinesq hypothesis. This turbulent viscosity can be determined 
out of the transported turbulent variables, such as the turbulent kinetic energy (k) and the turbulence 
dissipation rate (ε), which are calculated by solving the transport equations of the turbulence model. 
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In contrast to the molecular viscosity, this turbulent viscosity is not a property of the fluid but of the 
(turbulent) flow. 

The level of complexity of the eddy-viscosity models depends on the number of transport equations 
that are solved for turbulence: (1) zero-equation models, which are also called algebraic turbulence 
models; (2) one-equation models, e.g. the Spalart-Allmaras model (Spalart and Allmaras 1992); (3) 
two-equation turbulence models, like the k-ε model or the k-ω model. The two-equation models are 
mostly used in engineering applications and therefore many variants to these models exist. Note that 
also non-linear eddy-viscosity models exist, like the v²-f model of Durbin (1995).  

These EVMs however have some limitations: (1) The turbulent viscosity, used to determine the 
Reynolds stresses, is calculated by assuming a specific relation between the transported variables, 
such as the turbulent kinetic energy (k) and the turbulence dissipation rate (ε), which is determined 
(empirically or theoretically) for specific flow conditions. There is however no universally valid 
turbulence model which performs well for all classes of flows (Casey and Wintergerste 2000). 
Thereby some models will perform better in specific flows than others; (2) Most turbulence models 
are developed to predict turbulence in the high-Reynolds number turbulent core of the flow, and not 
in the near-wall region, i.e. the low-Reynolds number region. Thereby, most turbulence models 
require adjustments to account for near-wall effects (see section 3.2.4.2); (3) The turbulent viscosity 
is assumed to be an isotropic scalar quantity, implying that turbulence is isotropic, which is usually 
not the case, e.g. in (atmospheric) boundary-layer flow. 

More advanced RANS turbulence models, namely the Reynolds-Stress transport models (RSM), 
can account for turbulence anisotropy, i.e. directional effects in the Reynolds stress field. They do 
not use the eddy-viscosity concept but solve the transport equations for all Reynolds stresses and for 
the turbulence dissipation rate, which results in seven transport equations for three-dimensional 
flow problems. Thereby, an increased accuracy could be obtained for complex flows but the 
numerical stability, i.e. convergence behaviour, is however more critical and the computational cost 
increases. In this thesis, only linear two-equation EVMs are used. The performance of these specific 
turbulence models (included in the CFD code that was used, i.e. Fluent 6.3) are briefly discussed 
below, for applications for flow around wall-mounted, bluff bodies, such as buildings. For this 
bluff-body flow problem, the reader is referred to following numerical studies for more detailed 
information on the numerical predictive accuracy of different RANS turbulence models: Patterson 
and Apelt (1986), Murakami and Mochida (1988), Baetke et al. (1990), Murakami et al. (1990), 
Patterson and Apelt (1990), Murakami et al. (1992), Murakami (1993), Murakami et al. (1996), 
Lakehal and Rodi (1997), Rodi (1997), Murakami (1998), Schmidt and Thiele (2002) and Gao and 
Chow (2005). 

The standard k-ε model (Jones and Launder 1972, Launder and Spalding 1972) is the most well-
known RANS turbulence model. It solves two turbulence transport equations, namely for the 
turbulent kinetic energy (k) and for the turbulence dissipation rate (ε), by which both the turbulent 
energy and turbulent length scale are solved for separately. This is a typical high-Reynolds number 
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turbulence model, which is only valid in fully turbulent flows, thus not in the near-wall boundary-
layer region. The turbulent viscosity is calculated from k and ε by: 

2

t
kCμμ = ρ
ε

 (3.52)

where Cμ is an empirical constant, often taken 0.09. The Cμ value and other model constants have 
been determined from experiments of simple turbulent shear flows. The main deficiencies of this 
turbulence model originate from isotropic turbulence modelling and Reynolds averaging: (1) The 
production term of turbulent kinetic energy in its transport equation always generates positive 
values, due to the eddy-viscosity concept. In reality, this production term can however become 
negative in some flow regions, namely for impinging flow, which is for example found at the 
windward surface of a bluff body, by which the k-ε model will actually overpredict the turbulent 
kinetic energy here. Thereby, for a bluff body at an incidence angle of 0°, this overprediction of 
turbulent mixing can reduce or even eliminate the recirculation zones on the top and side surfaces; 
(2) The lateral turbulent Reynolds stresses are underestimated in the recirculation zone since the 
periodic vortex shedding is not reproduced, which results in too weak lateral mixing at the leeward 
wall and thus a larger recirculation zone. These deficiencies are actually characteristic for all k-ε 
models but some researchers proposed modified models to relax some of these limitations. One of 
these modified models is the realizable k-ε model (Shih et al. 1995), which is characterised by a 
new formulation of the turbulent viscosity, i.e. Eq.(3.52) where a variable parameter Cμ is used, and 
a new transport equation for ε. Note that all k-ε models require adjustments to account for the near-
wall effects, which is discussed in section 3.2.4.2.1. 

Another family of two-equation eddy-viscosity turbulence models is that of the k-ω models, where 
the specific dissipation rate (ω) represents the frequency of the large eddies and can also be 
considered as the turbulence dissipation rate per unit turbulent kinetic energy. Wilcox (1988, 1998) 
proposed the standard k-ω model. This k-ω model can account for low-Reynolds number effects 
(see Appendix F) by which it can perform well close to walls in boundary-layer flows, in contrast to 
the k-ε models. It is however very sensitive to the imposed free-stream value of ω (Casey and 
Wintergerste 2000). A modified k-ω model has been proposed by Menter (1994), namely the shear-
stress transport k-ω model (SST k-ω). This model uses a two-equation k-ω model formulation to 
solve the near-wall region, for which the k-ω models were originally developed, while a k-ε model 
formulation, developed for high-Reynolds number flows, is used to solve the turbulent core region 
of the flow. Thereby the SST k-ω model usually performs better than the standard k-ω model 
(Casey and Wintergerste 2000). 

3.2.3.1.3. Heat transfer modelling 

Heat transfer modelling for EVMs is briefly discussed. In the energy conservation equation 
(Eq.(3.47)), an effective thermal conductivity (λeff) is used to determine the conductive heat flux 
(Eq.(3.32)), which is modelled as a function of the thermal conductivity (λ) and the turbulent 
thermal conductivity (λt):  

p t
eff t

t

c
Pr
μ

λ = λ + λ = λ +  (3.53)
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The turbulent thermal conductivity is thus proportional to the turbulent viscosity (μt). In the 
evaluated EVMs, μt is a function of k1/2l, both in the turbulent core region of the flow as in the 
boundary-layer region (see Appendix F), where l is a turbulence length scale. This length scale can 
for example be the integral length scale, which represents the size of the large, energy-containing 
eddies in the flow. In the boundary-layer region, this length scale can be assumed to increase 
linearly with the distance from the wall (y) (Launder 1988), by which μt becomes a function of k1/2y 
(see Appendix F). Note that standard wall functions are also derived under the assumption that μt is 
proportional to k1/2y (Launder 1988). Thereby the turbulent thermal conductivity is linked to k and 
not to the velocity gradient which can give a significant improvement in predictions of wall heat 
transfer (Casey and Wintergerste 2000). In accordance with experiments, CFD simulations can thus 
predict large heat transfer rates at stagnation points, where generally low velocities are found 
together with a relatively high turbulent kinetic energy. 

3.2.3.1.4. Modelling ABL flow with k-ε models 

Modelling ABL flow with k-ε models is discussed briefly in this section. Richards and Hoxey 
(1993) determined ABL boundary conditions (for horizontally homogeneous ABLs) for the 
standard k-ε model which are consistent with this turbulence model: 

 ,ABL 0

0

u z zU(z) ln
z

τ ⎛ ⎞+
= ⎜ ⎟κ ⎝ ⎠

 (3.54)

2
,ABLu

k
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=  (3.55)

( )
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0

u
z z
τε =

κ +
 (3.56)

where uτ,ABL is the friction velocity in the ABL, κ is the von Karman constant (0.4187), z is the 
height above the ground and z0 is the aerodynamic roughness length. The standard k-ε model uses a 
value of 0.09 for the constant Cμ resulting in k = 3.33uτ,ABL, which is however in contrast to 
Eq.(3.8), i.e. k = 5.5uτ,ABL (i.e. Cμ = 0.033), which was obtained empirically from ABL 
measurements. Therefore some researchers proposed another constant Cμ value in order to have a 
better agreement with empirical ABL data: Richards and Hoxey (1993) for example proposed a 
value of 0.013. Apart from the Cμ parameter, also other model constants of the standard k-ε model 
are sometimes adjusted to obtain better predictions of ABL flow (e.g. Alinot and Masson 2005, 
Bechmann 2006), especially when thermal stratification is considered. In this thesis, the focus is not 
specifically on aspects regarding modelling of the atmospheric boundary layer and also thermal 
stratification is not considered. Therefore the standard coefficients of the standard k-ε model are 
used. 

3.2.3.2. URANS 

A part of the deficiencies of steady RANS are attributed to its inability of accurately predicting the 
mean flow and turbulence behaviour for highly unsteady flows, such as vortex shedding in the wake 
of a cylinder or a wall-mounted cube. The use of unsteady RANS could improve results here. With 
URANS, the overall transient motion is calculated, i.e. by calculating the mean flow field at certain 
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time steps, and the residual turbulence is modelled by a RANS turbulence model. Hence URANS 
inherently assumes that there is a spectral gap between the time scales of the transient mean flow 
(e.g. vortex shedding phenomenon) and the modelled fluctuating components. Such a spectral gap 
cannot always be found for bluff-body flow, e.g. turbulence in the wake region can have a larger 
time scale than the unsteadiness in the mean flow (Lübcke et al. 2001). 

The performance of URANS for vortex shedding for square cylinders has been investigated by Rodi 
(1993), Murakami and Mochida (1995), Rodi (1997), Bosh and Rodi (1998), Lübcke et al. (2001), 
Iaccarino et al. (2003), Senocak et al. (2005), Ramesh et al. (2006), to mention a few. The accuracy 
of the flow predictions was found to depend significantly on the turbulence model used and on the 
near-wall treatment. The standard k-ε model typically predicted a too low shedding frequency due 
to excessive damping of the periodic motion resulting from the excessive overproduction of 
turbulence at the stagnation zone. The latter is somewhat improved by modified k-ε models. 
However some of these models sometimes exhibited a significant grid dependency (Senocak et al. 
2005).  

URANS and steady RANS simulations of flow over a wall-mounted cube with the v²-f model have 
been performed by Iaccarino and Durbin (2000) and Iacarrino et al. (2003). While RANS exhibits 
the same deficiencies as mentioned above, URANS showed a large improvement, capturing the 
vortex shedding phenomenon, which resulted in a smaller recirculation zone. 

3.2.3.3. LES 

As mentioned in section 3.1.1.2, turbulent flow is the result of the motion of an ensemble of eddies 
with different length and time scales. The large eddies are determined by the type of flow (geometry 
and boundary conditions) and thereby they have a strong anisotropic character. Since these eddies 
contain most of the turbulent energy, resolving these large turbulent structures could therefore 
improve flow predictions significantly, compared to RANS. This principle is applied with LES: the 
large eddies are resolved and the small eddies are modelled with a subgrid-scale model. Since the 
small eddies behave more isotropic and universal, they are not so much dependent on the specific 
flow field by which their modelling is less critical. The distinction between large and small scales is 
made by using a filter, where eddies with a scale smaller than the filter size are filtered out, i.e. not 
explicitly resolved but modelled. Usually, the grid size, e.g. the largest cell dimension, is taken as 
the filter size. Thereby, the amount of turbulent energy that is actually resolved is strongly grid 
dependent. For wall-bounded flows, the required grid size to resolve the energy-containing eddies 
in the boundary layer can thereby become very small since these eddies have small length scales. 
For more detailed information about LES, the reader is referred to Pope (2009). 

In general, LES performs well in predicting flow around a wall-mounted bluff body (Murakami et 
al. 1987, Murakami 1993, Murakami et al. 1996, Rodi 1997, Murakami 1997, Schmidt and Thiele 
2002), which is however strongly dependent on the subgrid-scale model that is used. Compared to 
steady RANS, LES is accompanied with a larger computational cost due to the required higher grid 
resolution and the transient calculations. 
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3.2.3.4. Hybrid RANS-LES 

LES usually requires a very small grid size in the near-wall region to resolve the energy-containing 
eddies, which increases the size of the computational grid and thus the calculation time 
significantly. An alternative is using a hybrid RANS-LES turbulence modelling technique, such as 
the detached-eddy simulation (DES) model (Spalart et al. 1997). Here, RANS is used to take care of 
the near-wall region and LES is used in the core region of the flow. For more detailed information 
on hybrid RANS-LES, the reader is referred to Spalart (2001).  

3.2.4. Near-wall treatment 
In this section, different near-wall treatments used in CFD (RANS) are discussed. The focus will be 
mainly on the specific models as implemented in the CFD code used in this thesis (Fluent 6.3). 

3.2.4.1. Turbulent boundary layer 

Before addressing boundary-layer modelling in CFD, the structure of the velocity and thermal 
turbulent boundary layer is briefly explained. A more in-depth discussion can be found in Cebeci 
and Bradshaw (1984) or Schlichting and Gersten (2000). This section only deals with momentum 
and heat transport but the generalisation to mass transport is straightforward since it also involves 
scalar transport, thus similar to heat transport. 

The focus in this section is on turbulent boundary layers under equilibrium conditions, i.e. small 
(ideally zero) pressure gradients, local equilibrium between generation and dissipation of turbulent 
energy and a constant (uniform) shear stress and heat flux in the near-wall region (Casey and 
Wintergerste 2000). These conditions are usually found for developed flat-plate or channel flow and 
result in a characteristic shape of the velocity and thermal boundary-layer profiles (see Figure 3.8), 
where these profiles are often represented in dimensionless wall units (y+, u+ and T+): 

u yy+ τ=
ν

 (3.57)

uu
u

+

τ

=  (3.58)

( )p w

c,w

c u T T
T

q
τ+ ρ −

=  (3.59)

where y is the distance (normal) from the wall, T is the temperature at a distance y from the wall 
and uτ is the friction velocity at the wall: 

wuτ

τ
=

ρ
 (3.60)

T+ thus actually represents the ratio of the square of the shear stress and (Tw-T) with the heat flux at 
the wall. 
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Figure 3.8: Dimensionless velocity (U+) and temperature (T+) boundary-layer profiles as a function of y+ 
(logarithmic scale) and comparison with experimental velocity data of Hussain and Reynolds (1975). 

From the experimental data of the velocity boundary layer in Figure 3.8 (Hussain and Reynolds 
1975), two principal layers can be observed, namely the inner layer and the outer layer. The region 
closest to the wall, i.e. the inner layer, can be subdivided in three regions. At the wall there is a 
viscous sublayer, also called laminar sublayer. In this very thin layer, momentum and heat transport 
occur mainly by diffusion (viscosity and thermal diffusivity). The velocity and the change in 
temperature are proportional to the distance from the wall, which can be represented by a linear 
law: 

( )u y                          y 5+ + += <  (3.61)

( )T y Pr                     y 5+ + += <  (3.62)

Near to the outer region, the logarithmic-law region can be found. Here, inertial effects are 
dominant and turbulence mainly determines the transport of momentum and heat. The boundary-
layer profiles have a logarithmic-like behaviour, similar to that of the atmospheric boundary layer. 
For smooth walls this results in: 

( )2 3
m

1u ln y B                        30  y 10 -10+ + += + ± < <
κ

 (3.63)

( )2 3
h

h

1T ln y B                      30  y 10 -10+ + += + ± < <
κ

 (3.64)

These profiles are represented in Figure 3.8 (logarithmic y+ scale) by a straight line with a slope (κ-1 
and κh

-1) and an intercept (Bm and Bh). Typical values for these constants are κ ≈ 0.42, κh ≈ 0.49, Bm 
≈ 5.5 and Bh ≈ 3.7, where Bm is determined from empirical data and Bh is a function of the Prandtl 
number. The region in between the viscous sublayer and the logarithmic-law region is called the 
buffer layer, where both velocity profiles blend. In this region, large turbulence intensities are 
observed (a.o. Laufer 1951).  
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Further away from the wall, the outer region exists, which does not directly feel the influence of the 
wall and the viscous effects induced by the wall. Note that the lower limit of the outer region (y+ ≈ 
102-103) is Reynolds number dependent to some extent. In this region the velocity-defect law is 
valid, where the velocity and temperature are expressed as a function of the boundary-layer 
thickness and the free-stream conditions: 
U U yf

u
∞

τ

− ⎛ ⎞= ⎜ ⎟δ⎝ ⎠
 (3.65)

T

T T yf
T
∞

τ

⎛ ⎞−
= ⎜ ⎟δ⎝ ⎠

 (3.66)

where δ and δT are the momentum and thermal boundary-layer thickness, respectively, which are 
defined as the distances from the wall where the velocity and temperature are equal to 99% of the 
free-stream value, respectively. Tτ is the friction temperature, which is defined as: 

c,w

p

q
T

u cτ
τ

=
ρ

 (3.67)

Note that the boundary-layer profiles for non-equilibrium flows, such as separated boundary layers, 
and for rough walls will be different from those presented in Figure 3.8.  

3.2.4.2. Near-wall modelling 

Most RANS turbulence models (e.g. k-ε model) were developed to solve turbulence in the fully-
turbulent core region of the flow but they usually cannot account for the influence of walls on 
turbulence in boundary-layer flows. Therefore these turbulence models require additional low-
Reynolds number corrections to account for the near-wall region, which can be done by low-
Reynolds number modelling (LRNM) or wall functions (WFs). With LRNM, the boundary layer is 
resolved entirely all the way down to the wall and the influence of the wall on turbulence is 
modelled with a LRNM model, which accounts for damping of turbulence in this near-wall region. 
In order to resolve the boundary layer appropriately, LRNM grids require a high cell density in the 
wall-normal direction and a small y+ value of the wall-adjacent cells, namely yP

+ ≈ 1, where P is the 
cell centre point P of the wall-adjacent cell (Figure 3.9). Since τw increases with increasing wind 
speed, the evaluation of high-Reynolds number flows with LRNM will require locally a high grid 
resolution in the boundary-layer region, hence a low cell wall distance of the wall-adjacent cells 
(yP), in order to obtain a yP

+ of about 1 (Eq.(3.57)). The required yP for LRNM can therefore 
become very small at high Reynolds numbers (± 0.05 mm for U10 = 7.5 m/s, see section 4.3), which 
significantly increases the computational expense, but which can also entail considerable problems 
for grid generation and convergence rates. For these reasons, the wall-function approach is often 
preferred over LRNM in many high-Reynolds-number engineering CFD studies. Wall functions 
model the flow quantities in the lower part of the inner region of the boundary layer (i.e. viscous 
sublayer, buffer layer and a part of the logarithmic layer) by means of semi-empirical functions, 
instead of resolving this region explicitly. Here, the cell centre point P of the wall-adjacent cell is 
located outside of the viscosity-affected region (viscous sublayer and buffer layer), i.e. yP

+ > 30, but 
it is still located close enough to the wall for it to be in the logarithmic layer, i.e. yP

+ < 500 (a.o. 
Franke et al. 2007), and to ensure a sufficiently high grid resolution in the boundary layer. Wall 
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functions allow for a much lower grid resolution in the near-wall region but on the other hand, their 
accuracy for non-equilibrium boundary layers is often limited. Note that this lower resolution also 
mainly results from the fact that the second and successive wall-normal cells are also (taken) much 
larger compared to those of LRNM grids. Both modelling approaches are discussed more in detail 
in the following sections. Note that both modelling approaches can also be used with LES. 

 
Figure 3.9: Typical CFD grid in the near-wall region for wall functions (a) and LRNM (b). Note that yP for 
LRNM grids differs (i.e. smaller) from that of wall functions. The viscosity-affected region (viscous sublayer 
and buffer layer) is indicated in grey. 

3.2.4.2.1. Low-Reynolds number modelling 

In the CFD code used in this thesis, two specific LRNM models can be applied: the two-equation k-
ω model (Wilcox 1988), which is also used as a turbulence model for high-Reynolds number flows 
(see section 3.2.3.1.2), and the one-equation Wolfshtein model (Wolfshtein 1969), which is used 
together with the k-ε models. With the k-ω model, the transport equations for k and ω are used to 
calculate turbulence in the near-wall region where low-Reynolds number effects are accounted for 
by introducing damping of the turbulent viscosity (see Appendix F). In contrast to the k-ω model, 
the k-ε model was primarily developed for high-Reynolds number flows and thereby it requires 
low-Reynolds number modifications in the near-wall region. This can be done with a two-layer 
approach where the turbulent core region of the flow is resolved with the k-ε model and where a 
low-Reynolds number model is used to resolve turbulence in the viscosity-affected region. In the 
CFD code Fluent 6.3, the one-equation Wolfshtein model is used to take care of the viscosity-
affected region, which is defined here as the region where the turbulent Reynolds number Re* is 
smaller than 200, where: 

1/2
* k yRe =

ν
 (3.68)

This Reynolds number is thus a function of the turbulent kinetic energy. In this perspective, the 
dimensionless wall unit y* should be mentioned (see also section 3.2.4.2.2): 

1/4 1/2
* C k y

y μ=
ν

 (3.69)

The y* value is equal to the y+ value for equilibrium boundary layers. Since y* is also a function of 
the turbulent kinetic energy, it can be related to Re*: 

Viscous sublayer 
and buffer layer

yP

(b)(a)

Viscous sublayer 
and buffer layer

yP

(b)(a)



 Building aerodynamics, fluid flow and heat and mass transfer in porous materials 

  95 

1/4 1/2
* 1/4 *C k y

y C Reμ
μ= =

ν
 (3.70)

Thereby, for Cμ = 0.09, the viscosity-affected region where the Wolfshtein model is used (Re* < 
200) is confined to y* < 110. In this thesis, Cμ is always taken equal to 0.09 to report dimensionless 
data such as y* values, but note that the realizable k-ε model uses a variable Cμ formulation to 
calculate the turbulent viscosity in the turbulent region (y* > 110). The one-equation Wolfshtein 
model only solves one transport equation for turbulence, namely for the turbulent kinetic energy, 
which is the same transport equation as defined within the specific k-ε model used. The influence of 
the wall on turbulence is accounted for by introducing damping of the turbulent viscosity (see 
Appendix F). Instead of solving a transport equation for turbulence dissipation, a turbulence length 
scale is used to calculate ε. A blending function is used to allow a smooth transfer of the turbulence 
dissipation and turbulent viscosity calculated by the Wolfshtein model and the k-ε model. 

3.2.4.2.2. Wall functions 

The standard wall functions (Launder and Spalding 1974) were originally derived in a k-ε model 
framework. These wall functions are usually expressed in dimensionless wall units, namely y+, U+ 
and T+. In complex flows however, these parameters are not appropriate since the shear stress at the 
wall (τw) can become zero, for example in stagnation and reattachment points, by which y+ also 
becomes zero, irrespective of the value of y. In order to avoid this singularity, the following 
dimensionless parameters can be used: 

1/4 1/2
* C k y

y μρ
=

μ
 (3.71)

1/4 1/2
*

w

C k U
U μρ

=
τ

 (3.72)

( )1/4 1/2
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C k T T c
T

q
μρ −

=  (3.73)

Note that Cμ is equal to 0.09 in the wall-adjacent cell when wall functions are used. The 
dimensionless parameters in Eqs.(3.71)-(3.73) are related to k instead of the velocity gradient, 
which is related to the wall shear stress. They reduce to the generally used dimensionless 
parameters (y+, U+ and T+) for equilibrium boundary layers, which assume a uniform shear stress 
and heat flux in the near-wall region up to the logarithmic layer. Equilibrium boundary layers also 
imply that generation and dissipation of turbulent energy are in balance here. In this case following 
relation is obtained (Launder 1988): 

1/4 1/2w C kμ

τ
=

ρ
 (3.74)

For such equilibrium boundary layers (see Figure 3.8), semi-empirical functions can be derived for 
the velocity and temperature profiles in the boundary-layer region, based on specific assumptions 
regarding the flow and the distribution of k and ε in the boundary layer (e.g. Launder 1988). Such 
wall functions can be used to determine the flow parameters in the cell centre point P of the wall-
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adjacent cell. The standard wall functions are based on the boundary-layer profiles for equilibrium 
flow (Figure 3.8), which can be described in the logarithmic region by a logarithmic law:  

( )* * * *
P P P v

1U ln Ey                      y y 11.225= > =
κ

 (3.75)

( )* * * *
P t P J P T

1T Pr ln Ey P       y y 11.639⎛ ⎞= + > =⎜ ⎟κ⎝ ⎠
 (3.76)

where Pr and Prt are respectively the molecular (0.74 for air) and turbulent (0.85) Prandtl number, E 
is a constant (9.793) and PJ is an empirical function of Pr and Prt and is equal to -1.12 in this case 
(air). All the previously mentioned numerical values are those used in Fluent 6.3. The lower limits 
of y* for the logarithmic law are also specified, namely yv* and yT*. Below these y* values, 
standard wall functions use a linear law for velocity and temperature: 

* * * *
vU y               y y 11.225= < =  (3.77)

* * * *
TT Pr y           y y 11.639= < =  (3.78)

Note however that when using wall functions, the first cell is actually meant to be located in the 
logarithmic region (yP* > 30). The combination of the linear and logarithmic laws is called the law-
of-the-wall and both curves intersect at yv* and yT*. For equilibrium turbulent boundary layers, 
these equations reduce to the generally used universal law-of-the-wall, which is defined as a 
function of y+, U+ and T+, which was presented in section 3.2.4.1. When comparing Eqs.(3.63)-
(3.64) with Eqs.(3.75)-(3.76), the slope (κh

-1) and intercepts (Bm and Bh) of the logarithmic law can 
be described as: 
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κ κ
 (3.79)
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( )t
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κ
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which results in κh = 0.493, Bm = 5.45 and Bh = 3.680. 

In most cases however, the boundary layers at the wall will not be in equilibrium conditions and it 
will be shown that y* and y+ can differ significantly for wall-function grids (section 4.3.5). Since 
the y* value is used by the wall functions (Eqs.(3.75)-(3.76)) and not the y+ value, it is the y* value 
of the wall-adjacent cell that should have a value of about 30-500 in order to be located in the 
logarithmic layer. In this thesis, dimensionless parameters based on the turbulent kinetic energy (y*, 
U*, T*) will be mainly used, rather than those based on the shear stress (y+, U+, T+). Furthermore, 
the y* (and y+) values will always be used to indicate the dimensionless wall distance 
(perpendicular to the wall), and not x* and z* values, irrespective of the local coordinate system. 

3.2.5. Spatial discretisation 
The conservation equations are solved numerically in discrete points in space, e.g. in control 
volumes. Therefore, spatial discretisation of the computational domain is required. The 
discretisation in the boundary-layer region is dependent on the near-wall treatment (LRNM or wall 
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functions), which was discussed in section 3.2.4.2, and the discretisation of the remainder of the 
computational domain is dependent on the turbulence modelling approach, e.g. RANS or LES. 

For RANS, usually the grid is built up by: (1) providing sufficient cells in critical regions where 
large gradients are expected; (2) ensuring that the transition between cells with different magnitude 
is smooth by providing a sufficiently small aspect ratio; (3) avoiding highly skewed or stretched 
cells; (4) using preferably structured grids to speed up convergence and to reduce the amount of 
numerical dissipation. Detailed grid design guidelines for RANS can be found in Casey and 
Wintergerste (2000). The spatial discretisation error is usually evaluated by means of a grid 
sensitivity analysis together with generalised Richardson extrapolation (e.g. Roache 1994, Franke et 
al. 2007), where the flow fields of different grids are compared. With such grid sensitivity analysis, 
the grid is refined until no remarkable differences between two successive grids are found anymore, 
indicating that the discretisation error is sufficiently small. 

For LES, the grid has to be built up in another way, due to the way turbulence is accounted for. 
Since the filter size is related to the grid size, usually cubic-shaped cells are preferred since here the 
grid (filter) size is the same in all directions. Furthermore, grid refinement is quite ambiguous for 
LES since with each finer grid, more (smaller) eddies are explicitly resolved and thereby also more 
turbulent energy. Nevertheless, from a certain refinement level on, the range of scales that is 
resolved contains the majority of the turbulent energy in the flow, which should also be verified by 
means of a grid sensitivity analysis.  

3.2.6. Temporal discretisation 
For unsteady/transient simulations, the temporal discretisation is dependent on the spatial 
discretisation. Both are related by the CFL (Courant-Friedrichs-Lewy) number: 

c

u tCFL
d
Δ

=  (3.82)

where u is the characteristic velocity in the cell, Δt is the time step and dc is the characteristic cell 
dimension. Time steps resulting in CFL numbers of one are suggested in the wake region (Spalart 
2001). Furthermore, the total simulation time for unsteady simulations is often expressed in flow-
through-times (tFT), namely: 

ref t
FT

D

U Tt
L

=  (3.83)

where Uref is a reference wind speed, representative for the overall wind speed in the computational 
domain, Tt is the simulation time and LD is the length of the computational domain. 
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3.3. Heat and mass transport (modelling) in porous materials 
In this section, the basics of heat and mass transport in porous materials and its numerical modelling 
are discussed, such as constitutive, transport and conservation equations and HAM modelling. 

3.3.1. Basic concepts of heat and mass transport in porous materials 

3.3.1.1. Definitions 

Porous materials and continuum modelling 
Porous materials are considered to consist of three different phases: (1) the solid phase (subscript s), 
namely the solid material matrix; (2) the liquid phase (subscript l), namely liquid water; (3) the 
gaseous phase (subscript g), namely moist air. Note that the gaseous phase is again considered to be 
incompressible and consists of a perfect mixture of two ideal gasses, namely dry air (subscript a) 
and water vapour (subscript v), analogous to section 3.2. The liquid water is assumed to be free 
water in this thesis, although in some studies bound water is also accounted for. This bound water 
does not represent the chemically bound water (e.g. as for gypsum: CaSO4.2H2O) but it refers to 
physically bound “quasi-irreducible” water: for granular material, it is the water in the dead ends or 
in the very fine capillaries; for cellular material, it is the water between the cellular membranes 
(Chen and Pei 1989). This bound water mainly contributes to moisture transport in the zones where 
vapour transfer occurs and is much less important in capillary zones. Note that the term bound 
water is also sometimes used to indicate adsorbed water at the pore walls (see section 3.3.1.2). Due 
to its lower energy state, this adsorbed water requires energy (heat of desorption) to return to the 
free-water state. None of these types of bound water are taken into account in the present study, so 
liquid water only indicates free water. 

A porous material can be analysed at different scales: (1) microscopic scale, which considers the 
micro-pores and grains within the different material components, e.g. cement and aggregates in 
concrete; (2) mesoscopic scale, where each of the different material components appears 
homogeneous but can be distinguished clearly, as well as macro-pores, inclusions and component 
interfaces; (3) macroscopic scale, where the different components cannot be distinguished anymore 
by which the porous material appears to be homogeneous. The heterogeneities that are found at this 
scale are for example mortar-brick joints or macro cracks. 

There are different approaches to model transport in porous materials (see section 2.2.3.2). In this 
thesis, the continuum approach is applied, with which the material is modelled at a macroscopic 
level. With this approach, the different phases are not distinguished separately at a certain point in 
the material. Instead, each of these macroscopic points is assumed to be the centre of a 
representative elementary volume (REV) where all these phases are superimposed to one another 
(Figure 3.10a), i.e. on a mesoscopic level. The porous material, such as mortar or brick, is thus 
modelled as a homogeneous (continuum) material, in which mesoscopic heterogeneities are 
averaged over the REV. Heterogeneities in this continuum modelling approach appear for example 
in the form of a mortar-brick joint (Figure 3.10b). The size of the REV (lREV) is therefore important 
since this REV should be sufficiently larger than the mesoscopic heterogeneities (lMESO, e.g. the size 
of a pore) to allow accurate averaging within the REV in a way that the quantity of interest, e.g. the 
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density, is representative for that of the material. On the other hand, the REV should also be 
sufficiently smaller than the distance over which macroscopic variations in material properties 
(lMAC, e.g. size of brick, mortar-brick joint or macro crack) are found to allow for example that heat 
or moisture gradients can be distinguished over these heterogeneities. The latter is called the 
principle of separation of scales, namely lMESO << lREV << lMAC. 

 
Figure 3.10: (a) Representative elementary volume with indication of the different phases; (b) Brick 
masonry, where the brick and mortar joints are modelled as a continuum. 

Liquid, water vapour and dry air content  
For porous materials, the dry air (wa), water vapour (wv) and liquid water (wl) contents (kg/m³PM) 
are used instead of densities (ρ, in kg/m³a,v or l), where the former are defined with respect to the 
entire porous material volume (VPM). For notation purposes, also a solid material matrix content 
(ws) will be used, defined in (kg/m³PM), which thus includes the open pore volume, whereas the 
solid material matrix density (ρs) is defined in (kg/m³s) and only includes the volume of the closed 
pores. The open porosity (ϕ0) is defined as the volume of open pores (Vpore) to the total volume of 
the porous material (VPM):  

pore
0

PM

V
V

φ =  (3.84)

The saturation of the open pores is quantified by the degree of liquid saturation (Sl): 

0,l
l

0

S
φ

=
φ

 (3.85)

where ϕ0,l is the open porosity occupied by liquid water. This results in following expressions for 
the different porous material components: 

( )s 0 sw 1= −φ ρ  (3.86)

l 0 l lw S= φ ρ  (3.87)

( )a 0 l aw 1 S= φ − ρ  (3.88)

( )v 0 l vw 1 S= φ − ρ  (3.89)

where ρl is the liquid water density, which is equal to 1000 kg/m³. Also the moisture content of the 
porous material (wPM), the moist air content (wg) and the density of the porous material can be 
defined: 

PM l vw w w= +  (3.90)
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lREV lMAC

solid 
liquid gas 
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( )g a v 0 l gw w w 1 S= + = φ − ρ  (3.91)

PM s l a vw w w wρ = + + +  (3.92)
By dividing Eq.(3.92) by the porous material density, the corresponding mass fractions of the 
different material components are obtained, which are given in (kg/kgPM):  

s,PM l,PM a,PM v,PM1 x x x x= + + +  (3.93)

Note that for the gaseous phase, Eq.(3.14) is still valid, namely xa + xv = 1, which are both defined 
in (kg/kgg). 

Mass fluxes 
The mass fluxes of the different components in the porous material are defined as the mass flow per 
unit surface (of the porous material) and per unit time, where it is assumed that the solid material 
matrix does not move (vs = 0), by which phenomena such as shrinking and swelling, during drying 
and moisture uptake respectively, are not taken into account: 

sw 0= =s sg v  (3.94)

l 0 l lw S= = φ ρl l lg v v  (3.95)

( )a 0 l aw 1 S= = φ − ρa a ag v v  (3.96)

( )v 0 l vw 1 S= = φ − ρv v vg v v  (3.97)

( )g 0 l gw 1 S= = φ − ρg g gg v v  (3.98)

Enthalpy 
The enthalpies of the porous material components are given by:  

( )s p,s ref ,0h c T T= −  (3.99)

( )l p,l ref ,0h c T T= −  (3.100)

( )a p,a ref ,0h c T T= −  (3.101)

( ) ref
v p,v ref ,0 vh c T T L= − +  (3.102)

where cp,s, cp,l, cp,a and cp,v are the specific heat capacities of the solid material matrix, liquid water, 
dry air and water vapour, respectively, determined under constant gaseous pressure conditions. Tref,0 
is a reference temperature, taken equal to 273.15 K (0°C). The water vapour enthalpy also includes 
the heat of vaporisation, also called latent heat (Lv

ref). Note that this latent heat is defined with 
respect to Tref,0 and is equal to 2.50x106 J/kg at 0°C. The enthalpies for moist air and the porous 
material are given by: 

g a a v vh x h x h= +  (3.103)

PM s,PM s l,PM l a,PM a v,PM vh x h x h x h x h= + + +  (3.104)

3.3.1.2. Constitutive equations 

Capillary pressure 
Porous materials which are exposed to moist air can adsorb moisture at the pore surfaces, resulting 
in an increase of the moisture content. Such moisture storage will occur first with mono-layer 
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adsorption on the pore walls after which multi-layer adsorption will take place (Figure 3.11a). At 
higher relative humidity, the energy state of a meniscus between the adsorbed layers on opposing 
pore walls becomes more favourable than that of the two adsorbed liquid films themselves, by 
which a meniscus is formed, which is called capillary condensation. As a result, a pressure 
difference is manifested between the liquid (pl) and gaseous phase, called the capillary pressure (pc), 
where it is assumed that water in tension (hollow meniscus, hydrophilic behaviour) is negative 
(Figure 3.11b), as in soil science: 

c l gp p p= −  (3.105)

 
Figure 3.11: (a) Mono- and multi-layer adsorption and capillary condensation in a pore; (b) Cylindrical 
capillary (for nomenclature, see Eq.(3.107)). 

Materials which contain a significant amount of moisture at relatively low relative humidity are 
called hygroscopic and materials which show capillary transport are called capillary active. The 
hygroscopic and capillary behaviour is dependent on the material. Hygroscopic behaviour can be 
distinguished from the hygroscopic curve wPM(ϕ) (also sorption isotherm), where wPM is expressed 
as a function of the relative humidity (Figure 3.12). This hygroscopic curve can be determined 
experimentally by means of sorption isotherm measurements. Note that this curve assumes that at 
every point an equilibrium is attained. 

 
Figure 3.12: Typical sorption isotherm for a hygroscopic and non-hygroscopic material. 

Kelvin’s law 
The capillary pressure at the meniscus is related to the relative humidity above the capillary by 
Kelvin’s law: 

c l vp R T ln= ρ φ  (3.106)
This expression indicates that for a hollow meniscus, i.e. a negative pc or water in tension, the 
relative humidity in the air above the meniscus is lower than 100%. 
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Young-Laplace law 
If a pore is considered to be a cylindrical capillary tube, the capillary pressure in the pore can be 
expressed as a function of the pore radius (Figure 3.11b): 

( )lg
c c

2
p cos

r
σ

= − θ  (3.107)

where σlg is the surface tension of the liquid, θc is the contact angle at the wall/liquid interface and r 
is the pore radius. Note that this relation for the capillary pressure is quite simplified since the pores 
in a porous material are not cylindrical, the pore walls are rough surfaces which are covered by 
adsorbed water and other particles may be present which influence the capillary behaviour, such as 
salts. Nevertheless, an apparent pore volume distribution (fv(r)) can be determined out of 
information of the moisture content as a function of pc and Eq.(3.107), assuming that the pore 
system is a bundle of capillary tubes (e.g. Carmeliet and Roels 2002): 

( ) ( )( )
( )( )

PM c
v

10 c

w p r
f r

log p r
∂

= −
∂

 (3.108)

The wPM(pc) curve is called the capillary pressure curve, which can be determined experimentally. 
Different measuring techniques usually have to be combined to obtain the entire capillary pressure 
curve, such as sorption isotherm measurements, pressure membrane tests, mercury intrusion 
porosimetry and scanning electron microscopy.  

3.3.1.3. Transport equations 

Heat conduction: Fourier’s law 
The conductive (i.e. diffusive) heat flux is described by Fourier’s first law, indicating the 
temperature gradient as the driving force: 

PM T= −λ ∇q  (3.109)
where λPM is the thermal conductivity of the porous material. Note that all relevant material 
properties for the materials used in this thesis are specified in Appendix D. Although the thermal 
conductivities of the different material components are assumed to be constant (Whitaker 1977), the 
apparent thermal conductivity (λPM) is dependent on the moisture content. Effects of local radiation 
and convection are assumed to be included in this apparent thermal conductivity. 

As mentioned in section 3.2.2.2, an additional contribution to the heat flux is accounted for in 
mixtures, such as moist air (binary mixture), which quantifies the enthalpy transported by 
interdiffusion of the mixture components (Bird et al. 2007): 

i PM ii i
h T h= + = −λ ∇ +∑ ∑g d,i d,iq q g g  (3.110)

Heat transfer caused by the diffusion-thermo effect, i.e. the Dufour effect, is neglected in this thesis. 

Fluid flow: Darcy’s law 
The convective fluid flux of the liquid and the gaseous phase is described by Darcy’s law, 
indicating the pressure gradient as the driving force for convective fluid transport: 

g gK p= − ∇gg  (3.111)

l lK p= − ∇lg  (3.112)
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where Kg and Kl are the gaseous and liquid permeability (see Appendix D), which are assumed to 
be isotropic. These equations can be derived by assuming Stokes flow in porous materials (e.g. 
Whitaker 1986). Note that gravitational effects are neglected in these equations. Thereby, liquid 
water transport is assumed to be mainly determined by capillary forces. Since most building 
materials have fine pores, very high capillary pressures are found by which the gravitational effects 
can indeed be neglected with respect to capillary forces, if no cracks or macro pores are present. 
Also the influence of air-pressure differences (with the atmospheric pressure) on liquid water 
transport can be neglected. 

Fluid flow in porous materials can be simplified by assuming that the pressure of the gaseous phase 
is constant and equal to the atmospheric pressure since the permeability of the gaseous phase is 
much higher than that of the liquid phase, by which every gaseous pressure difference is quickly 
equalised: 

g atmp P constant= =  (3.113)

This assumption was shown to be valid if the moisture content is below the critical moisture content 
for air transport (Descamps 1997), i.e. the moisture content above which the air permeability is 
quasi zero. This critical value was found to be slightly higher (roughly 10%, Figure 3.13) than the 
capillary moisture content (wcap) of the material, which can be obtained from a free water uptake 
test (Roels et al. 2004). If combined with Eq.(3.105), this results in: 

0= =g gg v  (3.114)

( )l l l l g c l cK p K p p K p= − ∇ = − ∇ + = − ∇g  (3.115)

 
Figure 3.13: Air permeability of porous material, scaled with the maximal value, as a function of the 
moisture content, scaled with the capillary moisture content (from the experimental data of Descamps 1997). 
The line is provided to show the trend and approximately goes through the mean values of the data points. 

This assumption indicates one-phase convective transfer, namely that of liquid water, since only 
diffusive dry air and water vapour transfer occurs: 

aw= + = + =a c,a d,a g d,a d,ag g g v g g  (3.116)

vw= + = + =v c,v d,v g d,v d,vg g g v g g  (3.117)
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Thereby, the diffusive dry air flow is equal but opposite to the water vapour flow (gd,a = -gd,v) since 
gg = ga + gv = 0.  

Gaseous diffusion: Fick’s law 
The diffusive mass flux is described by Fick’s law, indicating the concentration gradient as the 
driving force. For a binary mixture, i.e. moist air, and free diffusion between dry air and water 
vapour, this flux is given by Eqs.(3.34)-(3.35). For diffusion in a porous material, an apparent 
diffusion coefficient (Dva,mat) has to be used: 

a
g va,mat g va,mat a

g

D D xρ
= −ρ ∇ = −ρ ∇

ρd,ag  (3.118)

v
g va,mat g va,mat v

g

D D xρ
= −ρ ∇ = −ρ ∇

ρd,vg  (3.119)

where gd,a = -gd,v, under the assumption that Eq.(3.113) is valid. This apparent diffusion coefficient 
takes into account several phenomena which have an influence on the diffusion rate in the porous 
material: (1) tortuosity (τ) of the pores; (2) liquid water saturation; (3) the open porosity of the 
material: 

( )va
va,mat 0 l

DD 1 S= φ −
τ

 (3.120)

If the pore radii are sufficiently smaller that the mean free path length of the gas molecules, the 
interaction of the molecules with the pore walls becomes more important than the diffusion process 
within the gaseous phase itself, which is called Knudsen diffusion. 

The expressions for the diffusive flux are often simplified by assuming that, for atmospheric 
pressure and temperatures below 50°C, ρg is quasi constant. If combined with the ideal gas law, 
Eqs.(3.118)-(3.119) result in: 

va,matv a
g va,mat v v v v

g v

D
D p p p

R T
ρ δ

= = −ρ ∇ = − ∇ = −δ ∇ = − ∇
ρ μd,v d,ag -g  (3.121)

where δv is the water vapour diffusion coefficient within the porous material, δa is the water vapour 
diffusion coefficient of water vapour (free diffusion) in dry air (≈ 1.94x10-10 at 20°C) and μ is the 
vapour resistance factor of the porous material. 

3.3.1.4. Conservation equations 

The conservation equations for heat and mass transport in a porous material are derived in 
Appendix G. The resulting equations are summarised below, together with the assumptions that are 
taken into account to obtain these conservation equations. Note that some of these assumptions 
were already mentioned above. Also note that the conservation equations of momentum for the 
liquid and gaseous phase are not derived explicitly since they reduce to Darcy’s transport equations 
(Eqs.(3.111)-(3.112)). 

Assumptions: 
1. There are 3 different phases, namely solid, liquid and gaseous (dry air and vapour), where 

the solid phase only consists of the solid material matrix (no ice) and the liquid phase 
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consists only of free water, so no physically bound water or chemically bound water is taken 
into account. Thereby it is intrinsically assumed that temperatures are above 0°C and below 
a certain material-dependent limit for materials which contain chemically bound water, 
where above this limit, the chemically bound water is evaporated. Furthermore, the kinetics 
of adsorption/desorption of liquid water are not taken into account and thereby the 
volumetric heat of wetting is also not accounted for. 

2. (Moist) air is a perfect mixture of two ideal gases: dry air and water vapour. 
3. (Moist) air, liquid water and the solid material matrix are assumed incompressible. 
4. The solid material matrix does not move (vs = 0). 
5. Mass and heat source terms other than evaporation or condensation of liquid water, e.g. due 

to chemical reactions, such as the release of chemically bound water, or due to melting or 
formation of ice, are not taken into account. 

6. Thermal equilibrium between all phases (and components) is assumed, by which Ts = Tl = 
Ta = Tv = T. 

7. Pressure variations are small so they do not affect thermodynamic properties, namely 
internal energy, enthalpy and density.  

8. Potential energy changes are assumed to be small compared to thermal energy changes and 
are neglected in the gaseous phase.  

9. Kinetic energy changes are assumed to be small compared to thermal energy changes and 
are neglected in the gaseous phase. 

10. Pressure work and viscous heating/dissipation are neglected. 

Conservation of MASS 
Solid material matrix 

sw 0
t

∂
=

∂
 (3.122)

Dry air 

( )a
a

w w 0
t

∂
+∇ ⋅ =

∂ av    ;    ( )aw 0
t

∂
+∇ ⋅ =

∂ ag  (3.123)

Moisture 
( ) ( )l v

l v

w w
w w 0

t
∂ +

+∇ + =
∂ l vv v    ;    ( )PMw 0

t
∂

+∇ + =
∂ l vg g  (3.124)

Conservation of ENERGY 

( ) ( )s s l l a a v v l l l a a v vw h w h w h w h w h w h w h
t
∂

+ + + +∇⋅ + + = −∇⋅
∂ a vv v v q  (3.125)

Note that the mass diffusion terms of the heat flux (see Eq.(3.110)) are included in the left hand side 
(LHS) of this equation.  

In order to obtain the equations which are solved in the HAM model that is used in this thesis (i.e. 
HAMFEM, see Janssen et al. 2007a), these conservation equations are expanded towards two 
variables, namely the temperature (T) and the capillary pressure (pc) and are simplified further, by 
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taking into account some additional assumptions. These simplified equations are derived in 
Appendix H. Following assumptions were required:  

1. Gravitational and air-pressure effects are neglected compared to capillary forces, which is a 
good assumption if no macro pores or cracks are present. 

2. Liquid transport due to thermal gradients is neglected. 
3. The liquid permeability is independent of temperature, implying no effect of temperature on 

the density and viscosity of the liquid. 
4. The pressure of the gaseous phase is constant and equal to the atmospheric pressure 

(Eq.(3.113)), by which there is no convective gaseous (moist air) transport (gg = vg = 0). 
Thereby only material moisture contents below the critical moisture content for air transport 
are allowed, thus fully saturated materials are not considered.  

5. Temperatures are below 50°C and the air pressure is equal to the atmospheric pressure, by 
which the (moist) air density is constant.  

6. Kelvin’s law and Young-Laplace law (cylindrical pore) are valid. 
7. The Clausius-Clapeyron relation is valid (see Appendix H). 
8. The contact angle at the wall/liquid interface (θc) and the pore radius (r) are independent of 

the temperature. 
9. The specific gas constant of water vapour (Rv), the latent heat (Lv

ref) and the density of 
liquid water (ρl) are constant. 

10. The water vapour component does not contribute to heat or mass storage. 
11. The dry air component does not contribute to heat or mass storage, by which no dry air 

transport occurs: ga = va = 0. 
12. Moisture storage is independent of temperature. 
13. Radiative transfer inside the porous material is not explicitly accounted for but is assumed to 

be included in the thermal conductivity. 

This results in following conservation equations: 

Conservation of MASS 
Solid material matrix 

sw 0
t

∂
=

∂
 or 0=sg  (3.126)

Dry air 

aw 0
t

∂
=

∂
 or 0=ag  (3.127)

Moisture 

( )cPM

c

pw 0
p t

∂∂
+∇ ⋅ + =

∂ ∂ l vg g  (3.128)

with l cK p= − ∇lg  (3.129)

with ( )( )v v
v c v l v c2

l v l v

p pp L p T 1 T
R T R T

= −δ ∇ −δ ρ + γ − ∇
ρ ρvg  (3.130)
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Conservation of ENERGY 

( ) ( )

( ) ( )( )( )

cPM
p,l ref ,0 p,s s p,l PM

c

ref
p,l ref ,0 p,v ref ,0 v

pw Tc T T c w c w
p t t

c T T c T T L

⎛ ⎞ ∂∂ ∂
− + +⎜ ⎟∂ ∂ ∂⎝ ⎠

+∇⋅ − + − + = −∇⋅l vg g q
 (3.131)

Note that no dry air transport, i.e. both convective and diffusive, is taken into account (ga = gc,a = 
gd,a = 0). Thereby, mass is not entirely conserved in the HAM model since the vapour flow out of 
the material is not compensated by an opposite dry air flow in the material for a permeable surface. 
As a result of this virtual loss of mass, energy is also not conserved. The impact on the overall heat 
balance of the material is however very small since the sensible enthalpy of dry air (cp,a(T-Tref,0)) is 
about two orders of magnitude smaller than the latent heat of evaporation (Eq.(3.131)). This will be 
discussed more in detail in chapter 5. 

3.3.2. HAM modelling for building applications 
In the previous section, the conservation equations for heat and mass transfer in porous materials 
have been given by considering the porous material as a continuum. These macroscopic 
conservation equations have been further simplified and expanded to two variables (pc and T). 
These equations can be solved numerically which is often done by a finite element or finite volume 
approach (see Table 2.5). In this section, some relevant HAM modelling issues will be briefly 
discussed, from the perspective of building applications, where the focus is on the HAM model 
used in this thesis (see Janssen et al. 2007a). 

The derived transport equations for the HAM model used in this thesis (Eqs.(3.126)-(3.131)) require 
estimates of the transport properties for heat and moisture transfer. These coefficients are mostly 
determined experimentally, although pore network models are also sometimes used to determine 
these macroscopic transport parameters at the scale of a REV (Carmeliet et al. 1999, Prat 2002). 
The transport properties typically required for HAM models are (e.g. Janssen et al. 2007a): 

• Bulk density 
• Thermal conductivity 
• Specific heat capacity 
• Vapour diffusion coefficient 
• Liquid permeability 
• Liquid water capacity Cl (∂wPM/∂pc), which requires the moisture retention (wPM(pc)) curve. 

These properties are specified in Appendix D for the materials that are used in this thesis. 
Information on how the moisture transport properties (δv, Kl and wPM(pc) curve) can be determined 
experimentally can be found in Roels et al. (2004a, 2004b), Carmeliet et al. (2004) and Hagentoft et 
al. (2004). Note that the moisture retention curve can be determined in two ways, i.e. for a fully-
saturated material (wPM = wsat), assuming all open pores are filled, or for a capillary-saturated 
material (wPM = wcap), which results in different moisture retention curves (Figure 3.14). Apart from 
during the production process of a material (e.g. concrete, gypsum), a fully-saturated material can 
be obtained by: (1) submerging the material for a sufficiently long time so the remaining air in the 
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open pores is removed by diffusion through the liquid-filled pores; (2) saturating the material in 
vacuum. In building applications, the fully-saturated state is rare, and thereby only materials with 
moisture contents equal to or below the capillary moisture content will be considered in this thesis. 
Note that the conservation equations of the proposed HAM model ((Eqs.(3.126)-(3.131)) are not 
valid for materials above capillary saturation (i.e. between capillary-saturated and fully-saturated 
conditions) since then the moisture content is above the critical moisture content for air transport, 
by which the gaseous pressure cannot be assumed to be equal to the atmospheric pressure anymore. 

 
Figure 3.14: Typical moisture retention curves for a material which is fully saturated and capillary saturated. 

When using a HAM model, it has to be acknowledged that its accuracy is strongly dependent on 
these experimentally-determined transport properties, similar as the accuracy of CFD is linked to 
the performance of the used turbulence modelling approach. A significant spread and thus 
uncertainty on these coefficients however has been reported when comparing different samples of 
specific materials (SBI 1998, Carmeliet and Roels 2002, Roels et al. 2003, Roels et al. 2004b), 
related to heterogeneities in the material, or when comparing the results from different laboratories 
from round-robin testing (Roels et al. 2003, Roels et al. 2004b, Roels 2008, Roels et al. 2009). 

3.4. Summary 
In this chapter, the basic concepts on building aerodynamics, fluid flow and heat and mass transfer 
in porous materials are discussed, mainly for building and urban engineering applications.  

Regarding building aerodynamics, the focus was mainly on isolated buildings in a neutral 
atmospheric boundary layer, where the airflow pattern around a building (sharp-edged bluff body) 
was discussed and flow similarity criteria were specified, with specific attention for Reynolds 
number similarity. For fluid flow, the relevant transport and conservation equations, i.e. Navier-
Stokes equations, were given. Furthermore, several turbulence and boundary-layer modelling 
approaches were discussed, where the focus was on Reynolds-averaged Navier-Stokes turbulence 
modelling. Also for heat and mass transport in porous materials, the relevant transport and 
conservation equations were specified, where numerical modelling with heat-air-moisture transfer 
models was discussed. 
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4. Convective heat transfer at surfaces of bluff bodies 
immersed in turbulent boundary layers 

4.1. Introduction 
This chapter deals with the convective heat transfer at surfaces of wall-mounted bluff bodies, such 
as buildings, which are immersed in turbulent boundary layers, such as the ABL, at moderate to 
high Reynolds numbers. The aim is to extend the existing knowledge on CHTCs for buildings and 
to elaborate on the practical determination of these CHTCs by means of numerical simulation 
(CFD). Although this chapter is written from the viewpoint of building aerodynamics, the bluff-
body configurations (e.g. a cube) as well as the imposed boundary conditions are kept very generic, 
by which this analysis is certainly of use for other applications involving this type of flow problem. 
Since the focus will be mainly on forced convective heat transfer, thus on passive scalar transport, 
this analysis can easily be related to the transport of other scalars (e.g. water vapour, pollutants). As 
water vapour transfer is not accounted for in this chapter, air is considered to be dry air, where the 
corresponding air properties are specified in Appendix D. A brief outline of the chapter is given 
below. 

Since the accuracy of CFD simulations depends to a large extent on the turbulence modelling and 
boundary-layer modelling approaches that are used, their accuracy is quantified by means of a 
validation study in section 4.2, prior to the actual numerical analysis of convective heat transfer at 
building surfaces. In section 4.3, convective heat transfer is studied in detail for the case of a cube, 
where attention is given to the heat transport in the boundary layer, the distribution of the CHTC 
over the building surfaces, its correlation with the wind speed, the imposed thermal boundary 
conditions and the influence of wind direction and buoyancy. In section 4.4, a numerical approach 
is proposed to enhance the accuracy of CHTC predictions when using wall functions. In section 4.5, 
another numerical approach is proposed to facilitate the determination of CHTCs with LRNM, 
which is based on Reynolds number independence of the flow field. Related to this analysis, an 
experimental study on the Reynolds number dependency is presented in section 4.6. In section 4.7, 
the CHTCs obtained by means of CFD are applied to study the influence of local wind climate and 
building orientation on the temporally-averaged CHTC over a long time span. Finally, section 4.8 
discusses the applicability of the results of this chapter, summarises the main conclusions and 
identifies the need for further research.  
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4.2. Validation study 

4.2.1. Experimental setup 
The experiment of Meinders et al. (1999) (see also Meinders 1998) is used for validation purposes. 
In this experiment, the convective heat transfer at the surfaces of a cube placed in turbulent channel 
flow was evaluated (Figure 4.1). The channel had a height of 50 mm and a depth (out of plane 
direction in Figure 4.1) of 600 mm. The cube had a height (H) of 15 mm. Experiments were 
performed at several Reynolds numbers, ranging from 2.8x10³ to 5.1x10³, based on the cube height 
and the bulk wind speed. For the validation study, a Reynolds number of 4.6x10³ was considered 
since flow field data were also available at this Reynolds number. The corresponding bulk wind 
speed in the channel was 4.47 m/s. The laminar boundary layer on the lower channel wall was 
tripped into turbulence by a boundary-layer trip 750 mm upstream of the cube, which resulted in a 
turbulent developing boundary layer on the lower wall. Due to the low Reynolds numbers, an 
almost laminar boundary layer was found on the upper wall of the channel in the experiment. The 
cube itself had a copper core (12x12x12 mm³) around which an epoxy layer of 1.5 mm was applied 
on all surfaces. The copper core was heated at a constant temperature of 75°C by a dissipating 
source (resistance wire) that was placed inside the core. Due to the high thermal conductivity of the 
copper, a uniformly distributed temperature at the interior of the epoxy layer was obtained. The 
temperature of the approach flow was 21°C. The CHTC was determined by measuring the exterior 
surface temperature of the epoxy layer by infrared thermography. Afterwards, the temperature 
distribution in the epoxy layer and the resulting heat flux at the exterior surface were calculated by 
Meinders et al. (1999) with a finite volume method (FVM), using the temperature boundary 
conditions on the interior and exterior surfaces of the cube as input parameters. More information 
on the experimental setup and the procedure to obtain the temperature and CHTC data can be found 
in Meinders (1998). Here, the author reported an overall experimental uncertainty of the surface 
temperatures, obtained by infrared thermography, of 0.4°C in the mid plane of the cube and 0.6°C 
at the edge zones. The mid plane is a region of 12x12 mm² in the centre of each surface and the 
edge zones are defined as the remainder of the surface (see Figure 4.1). For the CHTC, 
experimental uncertainties of 5% and 10% were reported for the mid plane and edge zones, 
respectively. Flow-field measurements were carried out using an LDA system (laser Doppler 
anemometer). The overall experimental uncertainty was estimated to be 5% for mean velocities and 
10% for Reynolds stresses.  
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Figure 4.1: Experimental setup of Meinders et al. (1999) of a heated cube in turbulent channel flow: (a) 
general setup, (b) detail of cube. 

4.2.2. Numerical model 
The size of the three-dimensional computational domain (Figure 4.2) is determined according to the 
guidelines by Franke et al. (2007), except the height of the domain, which is already prescribed by 
the channel height.  

 
Figure 4.2: Computational domain and grid (H = 15 mm). 

Experimental data of the approach flow can be used to provide realistic inlet conditions for the 
numerical simulations. For this validation study, another approach is followed for several reasons: 
(1) The inlet profiles for mean air speed and streamwise turbulence intensity are only specified for 
the lower part of the channel flow and no information is available on the lateral and vertical 
turbulence intensities; (2) No information on the turbulence dissipation rate (ε) is provided. 
Therefore, in the present study, appropriate inlet conditions for the simulations are determined by a 
two-dimensional simulation (RANS, realizable k-ε model, see section 4.2.3 for other simulation 
details) of an empty, perfectly smooth channel (height = 50 mm) in which a low-turbulent, uniform 
velocity profile of 4.47 m/s is imposed at the inlet (k = 3.00x10-5 m²/s², ε = 3.85x10-6 m²/s³). This 
boundary condition results in a developing turbulent boundary layer at both channel walls. In the 
experiment, the cube is located at 750 mm (50H) downstream of the boundary-layer trip. In the two-
dimensional simulation, the velocity profile and turbulence parameters are extracted at 675 mm 
(45H) downstream of the inlet. These profiles are used as inlet conditions for the three-dimensional 
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simulation with the cube (Figure 4.2) since the inlet for the three-dimensional simulation is located 
at 5H (75 mm) upstream of the cube. The performance of this approach to determine the inlet 
conditions is evaluated by comparing experimental and numerical flow field data along a vertical 
line for the lower part (25 mm) of the channel at the location of the windward surface of the cube, 
in absence of the cube (Figure 4.3). The resulting mean wind speed profile agrees quite well with 
the experimental data and is within the experimental uncertainty (5%). For the predicted turbulence 
intensity, larger discrepancies (up to 40% in the lower part of the boundary layer) are noticed if 
compared with the streamwise intensity of the experiment. These discrepancies are attributed to the 
isotropic turbulence prediction by the RANS turbulence model, whereas the streamwise turbulence 
intensity for developed channel flow is usually much larger than the lateral and vertical 
components. For the upper part of the channel flow, the simplification of the inlet boundary 
conditions will have some effect on the predicted flow field since in reality, a laminar boundary 
layer was found at the upper wall (Meinders et al. 1999). Nevertheless, preliminary simulations 
showed that the resulting CHTCs on the surfaces of the cube are quite insensitive to the boundary-
layer profile on the upper wall, except to some extent for the top surface of the cube. The 
temperature of the approach flow is set at 21°C. This temperature is taken as the reference 
temperature to calculate the CHTC (Eq.(2.2)). 

 
Figure 4.3: Comparison of experimental data (Meinders et al. 1999) and numerical simulations (steady 
RANS, LRNM rk-ε model, see section 4.2.3 for other simulation details) of the flow field at the location of 
the windward surface of the cube (in absence of the cube) along a vertical line, made dimensionless with the 
friction velocity (uτ), as a function of the y+ value: (a) Mean (streamwise) wind speed profile; (b) Streamwise 
turbulence intensity, defined with respect to the friction velocity. 

For the lateral boundaries specified in Figure 4.2, periodic boundary conditions are used. These 
boundary conditions can account for a periodically repeating nature of the expected flow pattern by 
treating the boundaries as if the two opposing planes are direct neighbours of one another (see 
Fluent 2006). Since these lateral boundaries are located far from the region of interest, i.e. the cube, 
and since the blockage ratio is relatively low (3%) also symmetry boundary conditions could be 
used in this case (e.g. Franke et al. 2007), which assume that the normal velocity component and the 
normal gradients at the boundary are zero. Zero static pressure is imposed at the outlet of the 
domain. The top and ground boundaries are modelled as no-slip boundaries. These boundaries are 
assumed to be perfectly smooth since surface roughness values cannot be specified if LRNM is 
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used (Fluent 2006). The upper wall of the channel is assumed to be adiabatic. As can be noticed in 
Figure 4.1b, it is difficult to specify appropriate thermal boundary conditions for the lower wall of 
the channel in the vicinity of the cube. Therefore, this region is simplified by assuming that the 
lower channel wall is adiabatic and the copper core extends all the way to the lower wall (Figure 
4.4). Meinders et al. (1999) also had difficulties in modelling this thermal bridge region in order to 
calculate the temperature distribution inside the epoxy layer with FVM. Therefore, Meinders et al. 
(1999) did not report experimental results for the lower part of the cube, namely the first 1.5 mm 
near the lower channel wall. A detailed description of the applied modelling technique can be found 
in Meinders (1998). 

 
Figure 4.4: Model for numerical analysis with thermal boundary conditions. 

For the cube, only the epoxy layer is modelled and at its interior surface, a constant temperature of 
75°C is imposed, according to the experiment. The properties that are used for the epoxy are 
(Meinders 1998): ρs = 1191 kg/m³, λs = 0.237 W/mK, cp,s = 1650 J/kgK. The surfaces of the cube 
are modelled as perfectly smooth, no-slip boundaries. 

An appropriate LRNM grid (Figure 4.2) is built according to general RANS practice, based on a 
grid sensitivity analysis. For the estimation of the discretisation error, the grid convergence index, 
which is based on Richardson extrapolation, is used, as proposed by Roache (1994) and extended 
by Eça and Hoekstra (2004). A grid refinement factor of approximately 21/2 is employed. Thereby, 
the average discretisation error over the cube is about 0.5°C for temperature, which is comparable 
to the experimental uncertainty. The cell density in the near-wall region is determined by the 
boundary-layer modelling approach that is used. The grid is a hybrid grid (hexahedral and prismatic 
cells) consisting of about 8x105 cells for LRNM. The highest yP* values are attained at the edges of 
the cube, which are smaller than 2. Wall-function modelling cannot be used since the required cell 
size of the wall-adjacent cells in the wall-normal direction would be about one tenth of the cube 
height, due to the low Reynolds numbers. Such a large cell size would result in a significant loss in 
resolution of the flow field in the near-wall region.  
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4.2.3. Numerical simulation 
The simulations are performed with the CFD code Fluent 6.3, which uses the control volume 
method. Steady RANS is used in combination with a turbulence model. Different two-equation 
turbulence models are evaluated together with LRNM: the standard k-ε model (sk-ε) (Launder and 
Spalding 1972), the realizable k-ε model (rk-ε) (Shih et al. 1995) and the shear-stress transport k-ω 
model (SST k-ω) (Menter 1994). More information on these turbulence models and their boundary-
layer modelling approach can be found in section 3.2. 

To have an appreciation of the performance of LES compared to steady RANS, LES is also 
evaluated in this validation study. LES will however not be used in the remainder of this thesis, 
mainly for reasons of computational economy. Note that the same grid is used as for the RANS 
simulations, whereas ideally a grid specifically designed for LES would be more appropriate (see 
section 3.2.5). For the LES simulations, the dynamic Smagorinsky-Lilly subgrid-scale model is 
used with LRNM. In this subgrid-scale model, the Smagorinsky constant is dynamically computed 
based on the information provided by the resolved scales of motion (Fluent 2006). Thereby, this 
constant does not need to be specified in advance. More details on this subgrid-scale model can be 
found in Kim (2004). In the CFD code that is used, LRNM for LES implies that the shear stress and 
heat flux at the wall (in the wall-adjacent cell centre) are computed using a linear law (Eqs.(3.61)-
(3.62)). The choice of the time step and averaging period was based on a temporal sensitivity 
analysis. A time step of 2.1x10-4s is chosen, resulting in CFL numbers below about 5 in the 
majority of the domain, with maximal values that do not exceed about 50 (which is due to the very 
fine cells that are present in some regions of the flow field due to LRNM grid requirements), and 
values of about 0.3 in the wake. A dimensionless simulation time of about 10 flow-through-times 
(tFT) was found to be sufficient to obtain stationary, i.e. stable averaged, values for mean CHTCs. 
Note that the inflow conditions for LES were based on the mean inflow wind speed and turbulence 
profiles used for RANS, but taking into account fluctuations (vortex method, using 999 vortices; 
Mathey et al. 2006, see also Fluent 2006). Note that this LES study is rather indicative, i.e. to 
illustrate the performance of the method, where in a more detailed study, a grid specifically 
designed for LES should be used and more appropriate subgrid-scale models for this flow type 
could be evaluated. 

The Richardson number (≈ 10-3) is considerably smaller than one and therefore buoyancy effects 
can be neglected. Radiation effects are also not considered in the simulations since the radiative 
heat flux is about one order of magnitude smaller than the convective flux (Meinders 1998), which 
limits its influence on the CHTC distribution. Note that constant air properties are used (see 
Appendix D). Second-order (upwind) discretisation schemes are used throughout, except for 
momentum in LES, for which a central differencing scheme is used. The SIMPLE algorithm is used 
for pressure-velocity coupling. Pressure interpolation is second order. For LES simulations, second-
order implicit time stepping is used. Convergence was assessed by monitoring the velocity, 
turbulent kinetic energy and temperature on specific locations in the flow field and the heat fluxes 
on the surfaces of the cube. For the LES simulations, 50 iterations per time step (2.1x10-4s) were 
found to be sufficient to obtain convergence within a certain time step. 
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4.2.4. Results and discussion 

4.2.4.1. Flow field 

The flow fields predicted by CFD are compared with experimental data by means of the mean 
streamwise wind speed (Figure 4.5) and the streamwise (Figure 4.6) and lateral (Figure 4.7) 
turbulence intensities. In each figure, different turbulence modelling approaches are evaluated along 
several horizontal lines in a vertical centreplane of the cube, both upstream and downstream of the 
cube. 

First, the upstream part of the flow field is discussed, where the focus (see Meinders et al. 1999) is 
mainly on the lower part, i.e. the frontal vortex region. Both k-ε models and LES do not capture the 
steep decrease in mean wind speed near the ground surface, i.e. at the location of the frontal vortex, 
whereas the SST k-ω model provides a somewhat better prediction here. The streamwise turbulence 
intensity peak in the frontal vortex is severely underpredicted by all RANS models, which is 
attributed to the strong anisotropic turbulence found here, which can be noticed when comparing 
the streamwise to the lateral turbulence intensity of the experiments. This lateral intensity is 
however predicted much better by all RANS models, but especially by the SST k-ω model. LES 
however seems to predict this anisotropic behaviour quite well for the streamwise and lateral 
turbulence intensities. 

For the downstream flow field, both k-ε models predict a somewhat larger recirculation zone (mean 
streamwise wind speed), which is a known deficiency (section 3.2.3.1), but the SST k-ω model 
overestimates this region significantly. LES on the other hand gives a very good flow field 
prediction of the wake zone. The reattachment points (at the ground surface) are found at x/H = 2.4-
2.5 (Meinders et al. 1999), 3.1 (sk-ε), 3.3 (rk-ε), 4.4 (SST k-ω) and 2.6 (LES). The streamwise 
turbulence intensity is predicted quite well for both k-ε models, where the realizable k-ε model 
gives slightly better results. The SST k-ω model provides less accurate results, which is related to 
the overprediction of the recirculation zone. All RANS models underpredict the lateral turbulence 
intensity, i.e. the mixing due to vortex shedding, which is also a known deficiency (section 3.2.3.1). 
LES on the other hand overpredicts both the streamwise and lateral turbulence intensity.  

In this section, the overall flow field was evaluated, identifying the generally-known deficiencies of 
RANS turbulence models (e.g. in the wake zone) and showing a more accurate prediction by LES, 
especially in the wake. Note however that an accurate flow field prediction does not necessarily 
imply an accurate prediction of surface quantities, such as surface pressures or CHTCs, since these 
are also strongly dependent on the transport in the boundary layer. Therefore, the CHTCs on the 
cube surfaces are evaluated in the next section.  
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Figure 4.5: Streamwise wind speed (x-direction, non-dimensionalised with the bulk wind speed) along 
several lines in a vertical centreplane, upstream and downstream of the cube, for different turbulence 
modelling approaches. Note that the experimental uncertainty on the mean wind speed is 5%.  
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Figure 4.6: Streamwise turbulence intensity (squared) (x-direction, based on the bulk wind speed) along 
several lines in a vertical centreplane, upstream and downstream of the cube, for different turbulence 
modelling approaches. Note that the experimental uncertainty on the Reynolds stresses is 10%. 
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Figure 4.7: Lateral turbulence intensity (squared) (y-direction, based on the bulk wind speed) along several 
lines in a vertical centreplane, upstream and downstream of the cube, for different turbulence modelling 
approaches. Note that the experimental uncertainty on the Reynolds stresses is 10%. 
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4.2.4.2. CHTC 

In Figure 4.8, the temperature distribution in a vertical and horizontal centreplane on the cube 
surfaces is reported, both for experiments and numerical simulations. In Figure 4.9, the CHTCs at 
the same locations are reported and the relative differences between simulations and experiments of 
the surface-averaged CHTCs are presented in Table 4.1. Note that these surface-averaged values do 
not include the lowest part of the cube surface, namely the first 1.5 mm near the lower channel wall, 
since no experimental data was reported here by Meinders et al. (1999) and since the thermal 
boundary conditions in the numerical simulations were simplified in this region, i.e. by extending 
the copper core all the way to the lower wall. The edge zones (see Figure 4.1) are marked by the 
dotted vertical black lines in Figure 4.8 and Figure 4.9. The results show significant discrepancies 
between experiments and numerical simulations at some locations on the surfaces of the cube. As 
mentioned earlier, the differences with the experiments near the lower channel wall can be partially 
attributed to the simplified boundary conditions that are used in the numerical model. However, it is 
remarkable that on almost all surfaces, considerable differences with the experimental data are 
found for the CHTC at the edges whereas the predicted temperature profiles agree much better in 
these zones. 

This discrepancy for the CHTC could be attributed to the resolution of the infrared thermography 
measurements, which is limited to about 30x30 points, uniformly distributed on each surface (i.e. 
spaced at 0.5 mm, Meinders 1998). This resolution results in not more than 3 points over an edge 
region and is rather low in contrast to the numerical simulations. Since these surface temperatures 
were used to determine the temperature distribution within the epoxy layer (Meinders 1998), which 
is used to calculate the CHTC, the discrepancy for the CHTC at the edge zones in Figure 4.9 could 
be explained by the low spatial resolution of the experimental surface temperatures in these zones: 
the low spatial resolution leads to high uncertainties in CHTCs in zones where high temperature 
gradients occur, i.e. at the edge zones. 

At the windward surface, a good quantitative agreement of the surface temperatures is found 
between experiments and numerical simulations, despite the simplifications made to the numerical 
model, with respect to the inlet and thermal boundary conditions. All RANS turbulence models 
produce nearly identical results for the windward surface, which indicates that both LRNM 
approaches, namely the two-equation SST k-ω model and the two-equation k-ε models combined 
with the one-equation Wolfshtein model, perform well in this region. For the CHTC, a good 
agreement is also found for the mid plane but, as explained before, not for the edge zones. Again, 
the differences between the RANS turbulence models are small. LES performs comparable to 
RANS. The relatively low CHTCs in the frontal-vortex region, where however relatively high 
turbulence levels are found, were attributed by Meinders et al. (1999) to the relatively long 
residence time of the air in this vortex, leading to relatively high local air temperatures and thus low 
convective heat transfer rates. On the other hand, the relatively high transfer rates near the 
stagnation point, where moderate turbulence levels were found, were attributed by Meinders et al. 
(1999) to the low-enthalpy air which impinges onto the surface. 
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Figure 4.8: Temperature distribution on the surfaces of the cube in a vertical (a) and horizontal (b) 
centreplane: comparison of different turbulence modelling approaches (LRNM) with experimental data (with 
standard deviation) of Meinders et al. (1999). 

For the leeward surface, the distribution of the predicted surface temperatures agrees quite well with 
the experimental results, although the temperature is overestimated by the standard and realizable k-
ε models and LES. Only the SST k-ω model predicts the surface temperatures within the 
experimental uncertainty for the central part of the surface, although the flow field prediction of the 
recirculation zone (Figure 4.5-Figure 4.7) showed large discrepancies. The distribution of the 
predicted CHTC over the leeward surface also agrees quite well with the experimental results for all 
RANS turbulence models (within 10% for the central part of the surface) but the standard k-ε model 
and LES show the best agreement with the experiments here. 
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Figure 4.9: CHTC distribution on the surfaces of the cube in a vertical (a) and horizontal (b) centreplane: 
comparison of different turbulence modelling approaches (LRNM) with experimental data (with standard 
deviation) of Meinders et al. (1999). 

For the top and side surfaces, the experiments show a local minimum of the CHTC (Figure 4.9) 
near the core of the separation vortex and a local maximum at the location where flow reattachment 
occurs. Meinders et al. (1999) attribute the local minimum in the core of the separation vortex to the 
relatively high air temperature in that zone, which limits heat removal from the surface. The local 
maximum of the CHTC in the flow reattachment zone is attributed by Meinders et al. (1999) to the 
low-enthalpy air that impinges onto the surface, which results a relatively high heat transfer rate. 
Analysis of the flow field however shows that both k-ε models predict a maximum of the CHTC on 
both surfaces in the region where the core of the separation vortex is predicted in the experiments 
and simulations. Flow reattachment is found for the k-ε models on the top surface in the vertical 
centreplane but not on the side surfaces in the horizontal centreplane. In contrast to the experimental 
data, an increased CHTC in the reattachment zone is not noticed in the k-ε model simulations. For 
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the SST k-ω model, the predicted CHTCs are much lower than the experimental values and no flow 
reattachment is predicted in the centreplanes of both top and side surfaces. The experimental 
temperature distribution (Figure 4.8) on these surfaces can be explained accordingly, showing a 
maximum near the core of the separation vortex, as a result of the low heat transfer rate. Again, the 
predicted surface temperature distribution differs significantly from the experimental data, showing 
relatively low values in the region where the core of the separation vortex is predicted for both k-ε 
models. The predicted surface temperatures for the SST k-ω model are much higher than the 
experimental data. LES however predicts local CHTC minima in the core of the separation vortex 
and local CHTC maxima at the reattachment points, in agreement with the experimental data, but 
the magnitude of the CHTC is underestimated. The temperature distribution is however very similar 
to the RANS models. Thereby, the overestimation of the surface temperatures in the reattachment 
zones for LES will result in an underestimation of the CHTC here. Although the CHTC distribution 
over the side and top surfaces is predicted more accurately by LES, the surface-averaged CHTCs 
can be equally accurate or even less accurate than RANS (Table 4.1), indicating that these surface-
averaged values should be considered prudently. 

Table 4.1: Relative difference of the surface-averaged CHTC of CFD (CHTCSIM) and the wind-tunnel 
experiment of Meinders et al. (1999) (CHTCEXP) for different turbulence modelling approaches. Note that the 
lower part of the cube surface (1.5 mm) is not taken into account in CHTCSIM. 

 (CHTCSIM-CHTCEXP)/CHTCEXP 
Surface RANS, rk-ε RANS, sk-ε RANS, SST k-ω LES 
Windward 16% 18% 12% 0% 
Leeward -22% -20% 6% 14% 
Side -12% -5% -50% -29% 
Top 34% 39% -40% -36% 

From the above analysis, the discrepancies on the top and side surfaces for RANS cannot be fully 
explained by considering the mean flow field since for example in the core of the separation vortex, 
a CHTC maximum/minimum is predicted for the k-ε models/experiments, respectively. LES on the 
other hand seems to be able to predict this CHTC minimum in the vortex core. An explanation for 
the different performances of RANS and LES should be sought in the fluctuating velocity 
(turbulence) fields: it was shown (section 3.2.2.2) that heat transfer (effective thermal conductivity) 
is related to the turbulent viscosity, which in its turn is related to k1/2, and not to the mean velocity 
field (shear stress). In Figure 4.10, wind speed (non-dimensionalised by the bulk wind speed), 
turbulence (i.e. turbulent kinetic energy, non-dimensionalised by the square of the wind speed) and 
temperature are shown for the realizable k-ε model and LES. RANS predicts high turbulence levels 
in the vortex core on the top surface, which accordingly leads to high heat transfer rates whereas 
LES predicts much lower turbulence levels here. The better flow field prediction of LES is related 
to the fact that LES can capture the unsteadiness in the recirculation zones, namely the periodic 
“washing/pumping effect” of the separation vortex. In addition to the relatively high air temperature 
in the vortex core, which was attributed by Meinders et al. (1999) as the cause of the low CHTC 
here, the numerical simulations show that turbulence also has an important impact on the CHTC 
distribution and magnitude. Note that the air temperature in the vortex core was somewhat higher 
for LES than for RANS. 
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Figure 4.10: Mean wind speed (a,d) (non-dimensionalised with the bulk wind speed), turbulent kinetic 
energy (b,e) (non-dimensionalised with the square of the bulk wind speed) and temperature (c,f) in a vertical 
centreplane for steady RANS (rk-ε model) (a-c) and LES (d-f). Note that for LES, the time-averaged values 
are used. The white areas represent the zones where the values exceed those of the represented scaling.  

The discrepancies on the top and side walls for RANS thereby seem to be related to the fact that 
flow unsteadiness is not taken into account. In a study of Seeta Ratnam and Vengadesan (2008), 
URANS is used to evaluate the performance of different two-equation turbulence models for the 
experiment of Meinders et al. (1999). For the standard k-ε model, no significant improvement of the 
temperature distribution is noticed compared to the steady RANS results reported in this study. 
However by using URANS combined with modified two-equation turbulence models, better 
agreement with the experimental data is found for the top but especially the side surface. This 
URANS study shows that appropriate turbulence modelling is also required, in addition to including 
flow unsteadiness, to have good (turbulent) flow field predictions and thus CHTC predictions on the 
side and top surfaces when using URANS. Finally, it has to be noted that the surface-averaged 
CHTC values for all vertical surfaces show an acceptable agreement with the experimental data 
(differences < ± 20%, except for the SST k-ω model, Table 4.1), especially given the fact that the 
experimental averaging of the CHTC was quite coarse, particularly at the edge zones. For the top 
surface, a significantly larger discrepancy with the experimental data is found. 

The use of air properties, such as density, viscosity and thermal conductivity that are temperature 
dependent (data from Cebeci and Bradshaw (1984)) did not improve the results significantly. The 
predicted CHTCs, calculated with temperature-dependent air properties and calculated with 
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constant air properties (specified in Appendix D), generally differed less than 5%, which is similar 
to the differences that are found between the predictions of the RANS turbulence models 
themselves for the windward surface. 

Note that the previous simulations are performed at a relatively low Reynolds number (103). As a 
result, the viscosity-affected region (Figure 3.8), which is the region where the low-Reynolds 
number models (Wolfshtein and SST k-ω) are used (see sections 3.2.4.1 and 3.2.4.2), is quite large. 
Usually, this region is restricted to the vicinity of the wall but in this case, the simulations showed 
that it stretches out into a significant part of the flow field around the cube, typically to a distance of 
10% - 30% of the cube height. Thereby, the low-Reynolds number models also resolve a significant 
part of the turbulence in the flow field close to the cube. In the next sections, flow at higher 
Reynolds numbers is considered by which the viscosity-affected region will be much smaller. Since 
it will be shown there that the CHTC is mainly determined by the heat transfer in the lower part of 
the boundary-layer region (see section 4.3.6) and also that similar CHTC distributions over the 
surfaces and similar differences between the LRNM approaches are found (see section 4.3.5), it is 
assumed that the conclusions of this validation study also apply to flow at higher Reynolds 
numbers. Based on this validation study, it is therefore assumed that the CHTC is predicted with 
sufficient accuracy on the windward surface of a cube with RANS with LRNM and with the used 
computational parameters, also for higher Reynolds numbers (105-107), by which RANS with 
LRNM will be used in the remainder of this thesis. This assumption of validating CFD at relatively 
low Reynolds numbers and consequently using it to simulate high-Reynolds number flow is 
discussed further in the next paragraph. 

Validation of the performance of CFD modelling approaches for flow around sharp-edged, wall-
mounted bluff bodies is often performed by wind-tunnel tests at relatively low Reynolds numbers 
(103-104; Murakami et al. 1990, Murakami et al. 1996, Lakehal and Rodi 1997, Rodi 1997, Seeta 
Ratnam and Vengadesan 2008). The reason is that at these low Reynolds numbers, which are within 
the range of most wind tunnels, detailed wind-tunnel validation data sets can be obtained, which is 
less straightforward at high Reynolds numbers, i.e. by full-scale measurements. These validated 
CFD models are however consequently used to predict flow and heat transfer at higher Reynolds 
numbers (105-107) for building and urban engineering applications. Also in experimental wind-
tunnel research, experiments at low Reynolds numbers are performed to formulate predictions for 
high-Reynolds number atmospheric boundary-layer flow. Here, the assumption of Reynolds number 
independence is used (see section 3.1.4.2). Although some turbulent flow characteristics still vary 
with increasing Reynolds number (e.g. vortex shedding frequency), the mean flow field and to a 
lesser extent the fluctuating quantities remain quasi similar once a critical Reynolds number (~ 103-
104) is exceeded. Thereby, also for CFD, if a RANS turbulence model performs well at relatively 
low Reynolds numbers (103-104), it should be able to capture the overall flow physics at higher 
Reynolds numbers (105-107), based on Reynolds number independence of the flow field (see also 
section 4.5), which justifies validation of CFD at lower Reynolds numbers to some extent.  

Note that the accuracy of the CHTC predictions on the other surfaces of the cube, especially the top 
and side surfaces, can be increased by using other turbulence modelling techniques, like URANS or 
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LES, and by using turbulence model modifications, which was however out of the scope of this 
thesis. Note that the LES study performed in this section is rather indicative, i.e. to illustrate the 
performance of the method, where improvements regarding the computational grid and the used 
subgrid-scale model can be made. 

4.3. Case study: convective heat transfer at the surfaces of a cube 
immersed a turbulent boundary layer 

4.3.1. Introduction 
In the previous section, different CFD turbulence modelling approaches were evaluated by means of 
a validation study, where it was shown that steady RANS together with LRNM could accurately 
predict convective heat transfer at the windward surface, and to a lesser extent at the leeward 
surface. In this section (section 4.3), these modelling techniques are applied to investigate 
convective heat transfer at the surfaces of a cube immersed in a turbulent boundary layer at 
moderate to high Reynolds numbers (105-107), where attention is given to the heat transport in the 
boundary layer, the distribution of the CHTC over the surfaces, its correlation with the wind speed, 
the imposed thermal boundary conditions and the influence of wind direction and buoyancy. 

4.3.2. Numerical model 
In this section, the computational model and the imposed boundary conditions are discussed. Note 
that only the basic configuration is presented here, where some of the parameters (e.g. inlet profile, 
wind direction, …) will be varied in the next sections.  

A cube with a height (H) of 10 m is considered, representing a building in the ABL. The size of the 
computational domain (Figure 4.11) is determined according to the guidelines of Franke et al. 
(2007) and Tominaga et al. (2008b). The blockage ratio is 1.5%. At the inlet of the domain, the 
vertical profiles of the mean (horizontal) wind speed U (logarithmic law), turbulent kinetic energy 
(k) and turbulence dissipation rate (ε) are imposed, according to Richards and Hoxey (1993), 
representing a neutral ABL, i.e. where turbulence originates only from friction and shear and not 
from thermal stratification: 
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where uτ,ABL is the friction velocity in the ABL, z is the height above the ground, z0 is the 
aerodynamic roughness length and Cμ is a coefficient (0.09 for the k-ε model). Note that sometimes 
other values of the turbulence model coefficients (e.g. Cμ) are used, based on empirical ABL data, 
for improved ABL flow modelling (see section 3.2.3.1.4), particularly for the prediction of thermal 
stratification in the ABL. In this thesis, the standard model coefficients are used since the focus was 
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not on thermally-stratified atmospheric boundary layers. The friction velocity is linked to a 
reference wind speed, namely U10 in this study, which is the mean wind speed at a height of 10 m 
above the ground, and is taken equal to 0.5 m/s. The reason for this rather low value is explained 
below. Note that other wind speeds (U10 = 0.05-7.5 m/s) are also evaluated in section 4.3.7. The 
parameter z0 is 0.03 m, which corresponds to a land surface with low vegetation (e.g. grass) and 
isolated obstacles (Wieringa 1992). The temperature of the approach flow is 10°C, which is taken as 
the reference temperature to calculate the CHTC. From the ABL temperature profiles over a flat 
terrain (Panofsky and Dutton 1984, see Appendix C), it can be shown that assuming a constant 
temperature over the height of the ABL is a relatively good approximation for a neutral ABL with a 
zero heat flux at the ground, if a limited height is considered (6H = 60 m in this case). Wind is 
blowing perpendicular to the windward surface, but note that other incidence angles are evaluated 
in section 4.3.10, 4.4 and 4.7, where the incidence angle (φ) is defined as the angle between the 
approach flow wind direction and the normal to the windward surface. 

The ground boundary is modelled as a no-slip boundary with zero roughness since surface 
roughness values cannot be specified if LRNM is used (Fluent 2006). This restriction will 
inevitably introduce streamwise gradients in the vertical profiles of mean horizontal wind speed and 
turbulence (Blocken et al. 2007b) but this could not be avoided. This change in the vertical profiles 
was assessed by performing a CFD simulation in an empty computational domain. This simulation 
is reported in section 4.3.4 and showed a change in the profiles in the first meters near the ground 
surface, which alters the flow field around the building to some extent. This effect is however 
limited since a short upstream fetch is considered. Although wall functions, in contrast to LRNM, 
can account for surface roughness of the ground surface in order to avoid these streamwise 
gradients, no roughness is specified for the wall-function simulations either since a comparison 
between both simulations methods will be made. The ground boundary is taken adiabatic. 

 
Figure 4.11: Computational domain and grid (H = 10 m). 

The exterior surfaces of the cube are modelled as no-slip boundaries with zero roughness and have 
an imposed constant temperature of 20°C. Note that, since the focus is on forced convection, the 
flow field is independent of the thermal boundary conditions. The influence of buoyancy effects is 
discussed in section 4.3.9. For the top boundary of the computational domain, a symmetry boundary 
condition (slip wall) is used, which assumes that the normal velocity component and the normal 
gradients at the boundary are zero. Note that other ways to model the top boundary in a more 
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optimised way have been reported by Blocken et al. (2007b). This modelling technique however is 
considered less important in the present case, since a relatively short upstream fetch is considered. 
Zero static pressure is imposed at the outlet. Symmetry boundary conditions are used for the lateral 
boundaries. 

An appropriate grid is built, based on a grid sensitivity analysis. For the estimation of the 
discretisation error, the grid convergence index is used, as proposed by Roache (1994) and extended 
by Eça and Hoekstra (2004). The average discretisation error over the windward surface is about 
5% for the CHTC. The grid is a hybrid grid (hexahedral and prismatic cells) consisting of about 
2.0x106 cells for LRNM (Figure 4.11). In order to resolve the boundary layer appropriately, LRNM 
grids require a high cell density in the wall-normal direction and a small y* value of the wall-
adjacent cell (yP* ≈ 1), compared to wall functions (30 < yP* < 500). For the LRNM grid, the 
highest yP* values are attained at the edges of the windward surface (for φ = 0°) but are smaller than 
3 for all wind speeds evaluated in this study. Note that for high wind speeds, the grid had to be 
adapted in the near-wall region to satisfy the yP* criteria. 

Since the shear stress at the wall (τw) increases with increasing wind speed (U10), the evaluation of 
higher wind speeds with LRNM thus requires locally a higher grid resolution in the boundary-layer 
region, hence a lower yP, in order to obtain a yP* of about 1. The required yP can therefore become 
very small for LRNM at high Reynolds numbers (± 0.05 mm for U10 = 7.5 m/s, see section 4.3.7) 
which significantly increases the computational expense, but which can also entail considerable 
problems for grid generation and convergence rates. These are actually the main reasons to employ 
wall functions at high Reynolds numbers. However, Defraeye et al. (2010) (see also section 4.5) 
showed that relatively low wind speeds could be used, for ABL flow, to evaluate the forced 
convective CHTC, since the flow field becomes quasi independent of the Reynolds number at 
Reynolds numbers above approximately 105. Here the Reynolds number was based on the cube 
height (H) and U10. Therefore relatively low wind speeds (U10) will be used in this study, for 
example to determine the CHTC-U10 correlations (in section 4.3.7), to limit yP for LRNM grids to 
some extent. 

The wall-function grid has the same cell density as the LRNM grid outside the near-wall region, but 
in the near-wall region the grid is adapted in order to provide a higher yP* value for the wall-
adjacent cells as well as a smooth transition with the second and successive wall-normal cells, with 
respect to grid stretching. This resulted in a grid of about 1.1x106 cells with yP* values between 
about 0 and 260 on the cube surfaces (at 0.5 m/s). 

4.3.3. Numerical simulation 
The simulations are performed with the CFD code Fluent 6.3, which uses the control volume 
method. Steady Reynolds-averaged Navier-Stokes (RANS) is used in combination with a 
turbulence model. Since the accuracy of CFD simulations depends to a large extent on the 
turbulence modelling and boundary-layer modelling approach that is used, it is imperative that this 
accuracy is quantified by means of validation experiments. This was done in section 4.2. Although 
more advanced turbulence modelling approaches, for example LES, could result in more accurate 
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CHTC results on these surfaces, steady RANS is used for several reasons: (1) The previously 
mentioned validation study (section 4.2) showed that an acceptable agreement could be obtained for 
the surface-averaged CHTC for the vertical surfaces (differences < 20%), especially when taking 
into account that with other techniques, i.e. full-scale or wind-tunnel measurements, this CHTC 
cannot necessarily be determined more accurately, due to the surface averaging. Apart from the 
magnitude of the CHTC, its distribution over the windward and leeward surfaces was predicted 
quite well, where for the side and top surfaces larger differences were found. Therefore, the focus 
will be mainly on the windward and leeward surfaces in section 4.3; (2) Steady RANS is much less 
computationally expensive than more advanced modelling techniques (e.g. LES) and is therefore 
frequently used in large-scale building aerodynamics studies (Neofytou et al. 2006, Hussein and El-
Shishiny 2009, Solazzo et al. 2009, van Hooff and Blocken 2010) and other environmental studies 
(Wakes et al. 2010). Also note that wall functions, which are still often used in building 
aerodynamics, can lead to significant errors in the predicted CHTC compared to LRNM 
(differences of ± 50%, Defraeye et al. 2010, see also section 4.3.5), which can be larger than the 
errors introduced by using steady RANS, when looking at surface-averaged CHTCs (see Table 4.1) 
or to the CHTC distribution over the surfaces (Figure 4.9). 

The turbulence models used in the remainder of this chapter are: the standard k-ε model (Launder 
and Spalding 1972), the realizable k-ε model (Shih et al. 1995) and the SST k-ω model (Menter 
1994). All these models are evaluated together with LRNM to take care of the viscosity-affected 
region where the realizable k-ε model is also evaluated with standard wall functions (Launder and 
Spalding 1974). More information on these turbulence models and their boundary-layer modelling 
approach can be found in sections 3.2.3-3.2.4. 

Note that the focus is only on forced convection (except in section 4.3.9). The reason for this is that 
if buoyancy effects are taken into account in the simulations, the flow field and consequently the 
CHTC would be strongly dependent on the imposed thermal boundary conditions, which would for 
example make the obtained CHTC-U correlations less generally applicable. For forced convection, 
the CHTC (Eq.(2.2)) is actually not dependent on the magnitude of the imposed surface 
temperatures (Tw) and reference temperatures (Tref). Apart from buoyancy, radiation is also not 
considered in the simulations since fixed temperature boundary conditions are used for the cube 
surfaces. Although the ground boundary was taken adiabatic, the CHTCs on the cube surface did 
not differ significantly with the case where the ground temperature was taken constant (with T = 
Tinl). Second-order discretisation schemes are used throughout. The SIMPLE algorithm is used for 
pressure-velocity coupling. Pressure interpolation is second order. Convergence was assessed by 
monitoring the velocity, turbulent kinetic energy and temperature on specific locations in the flow 
field and heat fluxes on the surface of the cube. 

4.3.4. Deformation of inlet profile 
A simulation in an empty two-dimensional computational domain is performed to assess the 
magnitude of the change of the inlet profiles of wind speed and turbulence due to the inconsistency 
of these profiles with the roughness of the ground boundary (Blocken et al. 2007b). The vertical 
inlet and incident profiles of the dimensionless mean horizontal wind speed (normalised by U10) and 
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dimensionless turbulent kinetic energy, obtained with LRNM (rk-ε model), are shown in Figure 
4.12. The incident profile is taken at the location of the windward surface, which is at 5H 
downstream of the inlet (see Figure 4.11). It is clear that there is a significant difference between 
the two profiles in the first meters near the ground. The same can be noticed for the profiles of the 
dimensionless turbulent kinetic energy, normalised by the turbulent kinetic energy imposed at the 
inlet (see Eq.(4.2)). The differences for the turbulent kinetic energy at the top of the domain are 
attributed to the use of symmetry boundary conditions but are limited, due to the relative short 
upstream fetch that is considered. This change of the inlet profile will alter the flow field around the 
cube to some extent and will have an impact on the predicted CHTC distribution, especially close to 
the ground surface. Thereby, the CHTC distribution will inherently differ to some extent from 
reality here, which could not be avoided. Nevertheless mutual comparison between simulations is 
possible since the impact of the deformation of the inlet profiles on the CHTC distribution will be 
systematically present in all simulations.  

 
Figure 4.12: Change of the inlet profile from a two-dimensional simulation in an empty domain (steady 
RANS, rk-ε model, LRNM): difference between inlet profile and incident profile for dimensionless mean 
horizontal wind speed and dimensionless turbulent kinetic energy (kinlet is the turbulent kinetic energy at the 
inlet). 

4.3.5. CHTC distribution over surfaces 
As mentioned in section 4.3.3, the focus will be mainly on the windward and leeward surfaces, 
since steady RANS is used. In this section, the distribution of the CHTC over these surfaces is 
discussed together with its relation with the flow field. In Figure 4.13, the dimensionless wind 
speed, dimensionless turbulent kinetic energy and the temperature are shown in a vertical and 
horizontal centreplane for the LRNM rk-ε model. The typical overprediction of the size of the 
recirculation zone in the wake of the cube (Figure 4.13a,d) and of the turbulent kinetic energy at the 
windward surface (Figure 4.13b) by the k-ε models (see section 3.2.3.1) can be noticed. The 
distribution of the dimensionless CHTC and the dimensionless wall shear stress over the windward 
and leeward surfaces is shown in Figure 4.14.  
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Figure 4.13: Flow field around the cube in a vertical (a-c) and horizontal (d-f) centreplane: (a,d) Mean wind 
speed (non-dimensionalised with U10); (b,e) Turbulent kinetic energy (non-dimensionalised with the value at 
the inlet of the domain); (c,f) Temperature difference with the temperature at the inlet of the domain (steady 
RANS, rk-ε model, LRNM). 
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At the stagnation point at the windward surface, relatively high transfer rates are found (Figure 
4.14a, Figure 4.15), which indicates that heat transfer in the simulations is not determined by the 
mean velocity field since the velocity is very low here (and thus also the shear stress at the wall, 
Figure 4.14b). This is not surprising since the heat transfer in the used RANS turbulence models is 
a-priori related to the turbulent kinetic energy and not to shear stresses, as discussed in sections 
3.2.3.1.3 and 4.2.4.2. Thereby, the heat and momentum analogy does not hold, indicating that 
strong shear does not necessarily correspond to high surface heat transfer. Apart from the turbulent 
kinetic energy, the high heat transfer rate is also partially related to the low-enthalpy air which 
impinges on the surface (e.g. Meinders et al. 1999), and thus to the scalar (temperature) field. In 
contrast to the stagnation point, relatively low CHTCs are found near the ground surface at the 
windward surface, i.e. at the frontal-vortex region. Apart from the lower turbulence level found here 
(Figure 4.13b), the low CHTCs can also be attributed to the fact that the air is heated when moving 
downwards from the stagnation point together with the relatively long residence time of the air in 
this vortex, leading to relatively high local air temperatures and thus low convective heat transfer 
rates (Meinders et al. 1999), which can be noticed from Figure 4.13c and Figure 4.15. Analogously, 
for the leeward surface very low transfer rates are found near the top of the surface, which are 
related to the low-turbulence, high-temperature zone, limiting heat transfer here (Figure 4.13b,c and 
Figure 4.15a). 

The relative difference of the CHTC on the windward and leeward surfaces with the surface-
averaged CHTC (CHTCAVG) for each surface is reported in Figure 4.16. Differences with the 
surface-averaged CHTC of about 25% are found. For both surfaces, the surface-averaged value is 
found at 0.7H in the vertical centreplane, which is very close to the stagnation point for the 
windward surface. The wind-tunnel experiment of Meinders et al. (1999) on a wall-mounted cube 
showed comparable locations for the surface-averaged CHTC for both windward and leeward 
surfaces, respectively at 0.62H and 0.55H. Note that the exact location is however dependent on the 
approach flow conditions. 

In Figure 4.17, the CHTC distribution over the different surfaces is reported in a vertical and 
horizontal centreplane for both LRNM approaches (LRNM rk-ε model and SST k-ω model) and for 
standard wall functions (rk-ε model). Here, both LRNM approaches again produce similar results 
for the windward surface (differences < ± 10%) although the viscosity-affected region is much 
smaller than in the validation study (section 4.2) since high-Reynolds number flow is considered for 
this configuration. For the leeward surface, the SST k-ω model predicts higher CHTCs, analogous 
to what was found in the validation study. Again a large difference is found on the top and side 
surfaces.  

Furthermore, the predictions of the CHTC by LRNM and standard wall functions (with rk-ε model) 
are compared. Wall functions and LRNM (rk-ε model) produce quantitative large differences, 
although a clear similarity in the distribution over all surfaces can be found. Although the use of 
wall functions can lead to inaccurate predictions of the flow parameters in the boundary-layer 
region (e.g. CHTCs), its influence on the prediction of the overall flow field around the cube is 
found to be quite limited for the present study, which explains the qualitative similarity in the 
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CHTC distribution. The reason is that wall functions do not necessarily result in worse overall flow 
predictions compared to LRNM, for example for bluff bodies with sharp edges or a backward-
facing step, at high Reynolds numbers (Popovac and Hanjalic 2007, Murakami 1993, Kim et al. 
2005). In this case, the boundary-layer separation points are prescribed by the geometry and 
relatively thin boundary layers are found (due to the high Reynolds numbers). Thereby, the near-
wall interventions (i.e. the use of wall functions) do not have a significant influence on the overall 
flow field in such cases. The quantitative difference between wall functions and LRNM however 
stresses that for heat transfer simulations accurate modelling in the wall-adjacent cells is critical, 
which will be discussed more in detail in section 4.3.6. 

 
Figure 4.14: CHTC (a,c) and wall shear stress (b,d) for the windward (a,b) and leeward surface (c,d), non-
dimensionalised with the surface-averaged values of the windward surface (steady RANS, rk-ε model, 
LRNM). 
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Figure 4.15: Velocity vectors in a vertical centreplane (a) and 3D view of cube with streamlines (b), both 
coloured by the temperature difference with the temperature at the inlet of the domain (steady RANS, rk-ε 
model, LRNM). 

 
Figure 4.16: CHTC distribution over windward (a) and leeward (b) surfaces, where the CHTC is made 
dimensionless with the surface-averaged CHTC of the specific surface (steady RANS, rk-ε model, LRNM). 

In Figure 4.17, the y+ and y* values for wall functions are also reported in a vertical and horizontal 
centreplane along lines through the wall-adjacent cell centres. The distance of the wall-adjacent cell 
to the wall (yP) is constant for a specific surface by which the variation of the y+ and y* values 
along the surface is only a result of varying wall shear stress (τw) and turbulent kinetic energy (k), 
respectively. The y+ value differs significantly from the y* value in distribution and magnitude 
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which is a result of the different definitions of y+ and y*. The magnitude of the y+ and y* values is 
found to differ more than 100% at most locations at the windward surface. It is therefore required 
that a wall-function grid is evaluated based on the y* value and not on the y+ value since it is the y* 
value that is used by wall functions (see section 3.2.4.2.2). In this case, an evaluation based on the 
y+ value would result in a grid size of the wall-adjacent cells (yP) which is larger than the grid size 
that is currently used. The use of y+ to evaluate yP does however not necessarily have to lead to less 
accurate results but can sometimes be in conflict with the wall functions, based on y*, which require 
the y* value to lie within the interval of 30-500. 

 
Figure 4.17: CHTC distribution on the surfaces of the cube (for standard wall functions and LRNM) and 
distribution of y+-y* in the wall-adjacent cells (for wall functions) in a vertical (a) and horizontal (b) 
centreplane, for U10 = 0.5 m/s. 

The distribution of the CHTC over the different surfaces is quite similar to that of y*, but not 
always to that of y+, which is a result from the fact that, in the turbulence models, heat transfer is 
not related to velocity gradients but to turbulent fluctuations. This is most clear in the stagnation 
point on the windward surface, where the shear stress at the wall falls to zero, and therefore also the 
y+ value. Despite the very low velocities that are found in this region, the heat transfer is still 
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significant due to turbulence: the stagnation point can not be distinguished in the CHTC 
distribution, which is similar to the y* distribution, since both are related to k1/2. The analogy 
between momentum and heat transfer, which can be found for flat plates, is clearly not valid for this 
case. 

4.3.6. Transport in the thermal boundary layer 

4.3.6.1. Comparison with equilibrium boundary layers 

In this section, the heat transfer in the thermal boundary layer on the cube surfaces is briefly 
discussed, where the results of two LRNM approaches (LRNM rk-ε model and SST k-ω model) are 
compared. Based on the validation study performed earlier (section 4.2), the focus will be mainly on 
the windward surface of the cube in the discussion below. In addition, comparison is made with the 
transport in a boundary layer under equilibrium conditions, namely of developed turbulent channel 
flow, which is also obtained from CFD simulations using the same turbulence models. For these 
channel-flow simulations, a low-turbulent, uniform approach flow velocity of 10 m/s at 10°C is 
imposed at the inlet of a long two-dimensional channel (height H = 2 m), where the channel walls 
are heated with a temperature of 20°C. The boundary-layer profiles will be evaluated at a distance 
of 170H downstream of the channel inlet, i.e. for developed flow conditions. Further details of this 
channel flow simulation are given in Appendix I. 

In Figure 4.18, the U+, U*, T+ and T* profiles are compared as a function of the y+ and y* value for 
the cube, for different positions at the windward surface along lines normal to the surface, and also 
for the channel (vertical line at 170H). Note that the wind speed is used here to determine U+ and 
U* (instead of the component parallel to the surface), which is justified since the wall-normal 
component of the velocity is very small (ideally zero) in the wall-adjacent cells. The law-of-the-
wall for velocity and temperature (Eqs.(3.75)-(3.78)), which is used by standard wall functions, is 
also shown. Comparison with this law is actually only justified for equilibrium conditions, as 
defined in section 3.2.4.2.2, which are not satisfied for flow at the cube surfaces.  

For all parameters (U+, U*, T+, T*), the channel flow simulations agree well with the law-of-the-
wall, as expected, since equilibrium conditions are satisfied here. For the cube however, an 
agreement with the law-of-the-wall is not found and, for a certain parameter, a large variation is 
found along the different lines on the surface, except for the T*-y* profiles. This variation is due to 
the non-equilibrium boundary layers found at the cube surfaces, where different flow conditions 
(e.g. separation points, reattachment zones, …) are found at every location. The good agreement for 
the T*-y* profiles is explained more in detail below, where the focus will be on this thermal 
boundary layer from now on. Remember that Cμ is always taken equal to 0.09 to report 
dimensionless data such as y*, U* and T* values, for comparison purposes, but note that the 
realizable k-ε model uses a variable Cμ formulation to calculate the turbulent viscosity in the 
turbulent region (y* > 110). 
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Figure 4.18: Dimensionless profiles (U+, U*, T+ and T*), as a function of the y+ and y* value (logarithmic 
scale), for the cube at different positions on the windward surface along lines normal to the surface, and for 
the channel (vertical line at 170H) for LRNM (rk-ε model). 

In Figure 4.19, the ratio of the temperature difference T-Tref to the temperature difference Tw-Tref is 
presented as a function of the y* value for the cube, for different positions at the windward surface 
along lines normal to the surface, and for the channel flow (vertical line at 170H). Here, T is the air 
temperature along a certain line and Tw is the wall temperature (20°C). For the cube, Tref is the 
temperature of the approach flow (10°C) but for the channel flow (where the approach-flow 
temperature is also 10°C), Tref is taken as the temperature at the centre of the channel along the line 
(i.e. at 170H) (Tref ≈ 13.5°C) in order to have a value for the dimensionless temperature difference 
(in Figure 4.19) equal to zero at the centre of the channel. Note that for an infinitely long channel, 
the temperature in the channel will become equal to the wall temperature and the heat flux at the 
wall will become zero. For Tref = 10°C for channel flow, the dimensionless temperature curves in 
Figure 4.19 would lie somewhat higher. In addition to this dimensionless temperature difference, 
the ratio of the turbulent thermal conductivity (λt) to the effective thermal conductivity (λeff) is also 
reported in Figure 4.19. Note that this ratio is 50% if λt is equal to λ. Also note that y* values below 
1 are not reported. 
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Figure 4.19: Dimensionless temperature profiles (100% for y* = 0) and dimensionless turbulent thermal 
conductivity profiles, as a function of the y* value (logarithmic scale), for LRNM (rk-ε model and SST k-ω 
model). For the cube, these profiles are taken at different positions on the windward surface along lines 
normal to the surface, whereas for the channel these profiles are taken along a vertical line at 170H.  

A particularity about Figure 4.19 is that, for a specific LRNM approach, the temperature and 
conductivity profiles for the cube, as a function of the y* value, coincide for all positions on the 
wall. Such similarity was also noticed for the T*-y* profiles in Figure 4.18d. This agreement along 
different positions is due to the fact that the turbulent viscosity (μt), which determines the turbulent 
thermal conductivity (λt), is mainly a function of k1/2y in the lower part of the boundary-layer region 
(see section 3.2.3.1.3 and Appendix F), and thus of y* (Eq.(3.69)), for the turbulence models that 
are considered. Therefore, the y* value is more appropriate to report heat transfer data in the 
boundary-layer region than the y+ value, for which such unique profiles are not found (see Figure 
4.18c). This remark also applies for the following figures.  

If the temperature profiles of both LRNM approaches in Figure 4.19 are compared for a specific 
flow problem (cube or channel), a good agreement is found (differences < 5%). Regarding the 
thermal conductivity, the SST k-ω model shows a slightly larger gradient in the lower part of the 
buffer layer. This difference between the dimensionless turbulent conductivities is smaller than 10% 
(of λt/λeff) and originates from the different ways of solving for μt. Note that λt can differ 
significantly for both LRNM approaches at high y* values, which can however not be noticed from 
Figure 4.19 since λt/λeff is reported. Therefore, the ratio λt/λg (where λg is the molecular thermal 
conductivity of the air) is reported in Figure 4.20, indicating a distinct difference between the λt 
values of the turbulence models for the cube. Furthermore, the λt values for the channel are found to 
be much lower than for the cube, which thus also indicates lower μt values and consequently lower 
turbulence mixing rates.  

In Figure 4.19, a significant part of the temperature decrease (± 80% for the cube, ± 40% for the 
channel) is found to occur within the viscous sublayer (y* < 5) and the buffer layer (5 < y* < 30). 
Both layers are marked in Figure 4.19 by vertical dotted lines. In these regions, viscous effects are 
important, resulting in a region with a low effective conductivity and thus large temperature 
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gradients. As generally known, the major part of the boundary layer’s thermal resistance (i.e. 80% 
and 40% for cube and channel, respectively) is found in this region, which is confirmed by Figure 
4.19. Here, the boundary layer’s resistance is defined as the inverse of the CHTC (Eq.(2.2)). 
Nevertheless, the channel flow clearly shows a much smaller resistance of the lower part of the 
boundary layer, although the dimensionless turbulent conductivity exhibits the same behaviour as 
the cube in this region, i.e. with relatively low values in the viscosity-affected region. This is due to 
the fact that the channel flow is more thermally developed, resulting in smaller temperature 
gradients in the lower part of the boundary layer. 

 
Figure 4.20: Dimensionless turbulent thermal conductivity profiles, as a function of the y* value 
(logarithmic scale), for LRNM (rk-ε model and SST k-ω model). For the cube, these profiles are taken at 
different positions on the windward surface along lines normal to the surface, whereas for the channel, these 
profiles are taken along a vertical line at 170H.  

The T*-y* profiles are shown in Figure 4.21a for the cube, for different positions at the windward 
surface along lines normal to the surface, and also for the channel (vertical line at 170H) for both 
turbulence models. Note that the parameters which vary along a certain line are only k, T and y. For 
the channel, both LRNM approaches agree well with the law-of-the-wall, as expected. For the cube, 
both LRNM approaches predict a linear law up to y* values of about 5. For the realizable k-ε 
model, a large buffer region is found for the cube, which extends to y* values of about 100 after 
which a logarithmic-like law is predicted. This change takes place in the zone where the low-
Reynolds number Wolfshtein model and the high-Reynolds number k-ε model are blended, namely 
at y* values of about 110. For the SST k-ω model, the buffer region for the cube extends to y* 
values of about 20. This good agreement along the lines for the different positions on the cube 
surface, even up to high y* values, shows that, based on Eq.(3.73) and the agreement of the 
temperature profiles (Figure 4.19), qc,w is closely related to k1/2 in the boundary-layer region along 
these lines. The k1/2/qc,w profiles, as a function of y*, are shown in Figure 4.21b for the cube and 
also for the channel. As expected, these profiles for the cube agree well for a specific LRNM 
approach over the whole boundary-layer region.  
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Figure 4.21: Dimensionless T* profiles (a) and turbulent kinetic energy profiles (k1/2), scaled with the heat 
flux at the wall (b), as a function of the y* value (logarithmic scale), for LRNM (rk-ε model and SST k-ω 
model). For the cube, these profiles are taken at different positions on the windward surface along lines 
normal to the surface, whereas for the channel, these profiles are taken along a vertical line at 170H.  

For the cube, it is also clear from Figure 4.21b that the significant differences between both LRNM 
approaches in Figure 4.21a, particularly in the logarithmic region, are actually related to a different 
prediction of k since they both predicted a similar qc,w at the windward surface (Figure 4.17). 
Consequently, μt and λt also differ in this region (Figure 4.20). This difference (LRNM rk-ε model 
and SST k-ω model) however does not affect the prediction of the heat flux at the wall significantly 
(differences < 10%), which again confirms that convective heat transfer is mainly dependent on the 
flow and heat transfer (modelling) in the viscous sublayer and the buffer layer, due to the low 
thermal conductivity of these layers. The higher values of the k1/2/qc,w profiles for the channel, 
compared to the cube, indicate that much lower heat transfer rates are found at a specific turbulent 
kinetic energy, due to the fact that the channel flow is more thermally developed. The k1/2/qc,w 
profiles of the channel have a very different distribution, indicating an almost constant turbulent 
kinetic energy in the logarithmic region, which is typically found for equilibrium boundary layers. 
To illustrate this, the dimensionless turbulent kinetic energy (k+) and turbulence dissipation rate (ε+) 
are shown in Figure 4.22 as a function of y+ for: (1) an empirically-determined range for 
equilibrium boundary layers from Patel et al. (1985); (2) the CFD simulations of channel flow in 
this study; (3) the assumptions which are implemented in the wall-function approach (see Launder 
1988). 

In the previous section, the focus was on the windward surface of the cube, for an incidence angle 
of 0° at a wind speed U10 = 0.5 m/s. The universality of the T*-y* profiles is also found at other 
wind speeds, wind directions and other surfaces of the cube, which will be discussed in detail in 
section 4.4. 
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Figure 4.22: Dimensionless k+ and ε+ profiles as a function of y+ for: the empirically-determined range from 
Patel et al. (1985), the CFD simulations of channel flow (LRNM, rk-ε model), the wall-function (WF) 
approach assumptions. For the channel, these profiles are taken along a vertical line at 170H. 

4.3.6.2. LRNM vs. wall functions 

In Figure 4.23, the dimensionless temperature profiles of standard wall functions (rk-ε model) and 
LRNM (rk-ε model) are compared for different positions at the windward surface along lines 
normal to the surface, as a function of y*. For wall functions, the dimensionless temperature (T*) of 
the wall-adjacent cell is forced by the logarithmic law for temperature (Eq.(3.76)) to a value that is 
systematically too low. This T* value is used to calculate the heat flux at the wall (Eq.(3.73)). In the 
wall-adjacent cells, the turbulent kinetic energy and the temperature however are found to agree 
quite well (differences < ± 15% and ± 5% respectively) with those predicted by LRNM (rk-ε 
model) at the same location (see Figure 4.24). According to Eq.(3.73), the much lower T* value, 
predicted by wall functions, will thereby mainly result in a heat flux which differs (i.e. higher) 
significantly from the LRNM results (differences of about 50%). This difference in heat fluxes 
results in the significant overestimation of the CHTC in Figure 4.17 by wall functions. Note that 
these standard wall functions are however still frequently used in high-Reynolds number flow 
problems, such as in building aerodynamics.  
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Figure 4.23: Dimensionless T* profiles, as a function of the y* value (logarithmic scale), for the cube at 
different positions on the windward surface along lines normal to the surface for LRNM (rk-ε model) and 
standard wall functions (rk-ε model). 

 
Figure 4.24: Dimensionless turbulent kinetic energy distribution (k/U10

2) (a) and temperature distribution 
(|T-Tref|/(Tw-Tref)) (b) in a vertical and horizontal centreplane for the windward surface of the cube at a 
distance from the wall. For wall functions, the profiles are given in the centre of the wall-adjacent cell, and 
for LRNM, the profiles are given at a distance from the wall which is equal to that of the wall-adjacent cells 
for wall functions. 

4.3.7. CHTC-U10 correlation 
Simulations at different wind speeds are performed to obtain correlations of the CHTC with a 
reference wind speed for forced convection, namely the wind speed in the undisturbed flow at 10 m 
above the ground (U10), for the windward (WW) and leeward (LW) surfaces. Correlations with the 
wind speed near the building surface (US) or with the wind speed above the roof (UR) are not 
reported since: (1) these wind speeds are strongly related to the specific flow field around the 
building, which makes the obtained correlations less generally applicable towards other 
configurations; (2) it was shown in section 4.3.5 that the CHTC was rather related to the turbulent 
kinetic energy than to the velocity gradients (wall shear stress). Although a good CHTC-US 
correlation can be obtained at a certain location at the building surface, this CHTC-US correlation 
will therefore probably not be generally valid at other locations on the building surface, as shown 
by Blocken et al. (2009). The wind speed U10 on the other hand is taken outside of the wind-flow 
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pattern that is disturbed by the presence of the building, where U10 is generally available from 
measurements at a meteorological station. The evaluated wind speeds in this section are U10 = 0.05, 
0.15, 0.5, 1, 2.5, 5 and 7.5 m/s. Note that, based on the findings of section 4.5, only correlations 
with wind speeds higher than 0.15 m/s are quasi free of Reynolds number effects. 

A major advantage of the use of CFD in the evaluation of CHTCs is that high spatial resolution data 
are provided, which allow determining the CHTC-U10 correlation at every location on a surface. 
Since the simulations focus on forced convection, a power-law correlation between the CHTC and 
U10 is more appropriate and also provides a better approximation of the data, compared to a linear 
one: 

B
10CHTC AU=  (4.4)

where A and B are respectively a coefficient and exponent, where the exponent determines the 
shape of the curve. The values of this coefficient and exponent (for U10 from 0.15 m/s to 7.5 m/s) 
are represented in Figure 4.25 over the windward and leeward surfaces. Note that the z-axis in 
Figure 4.25a,d is reversed compared to that in Figure 4.25b,c. For the windward surface, the 
exponent B does not vary a lot except for the zone near the ground surface. The coefficient A 
increases from the bottom to the top of the windward surface. For the leeward surface, the exponent 
B increases from bottom to top and the coefficient A shows a maximum at z/H = 0.3 (at x/H = 0.5) 
after which it decreases towards the bottom and top of the surface. 

Often, a single, and preferably surface-averaged, value of the CHTC is used in practical 
applications. The correlation of the surface-averaged CHTC with U10 (from 0.15 m/s to 7.5 m/s) for 
both surfaces is given by: 

0.85
AVG,WW 10CHTC 5.01U=  (4.5)

0.83
AVG,LW 10CHTC 2.27U=  (4.6)

where a correlation coefficient of 1.00 is obtained for both surfaces. Note that the exponent is 
comparable to the value which has been found for turbulent flow over flat plates, namely 0.8 
(sections 2.2.1.1 and 2.2.1.2). An agreement can also be found with previous full-scale experiments 
(Yazdanian and Klems 1994) and numerical simulations (Blocken et al. 2009), for which in both 
cases an exponent of 0.89 is found. Note however that, in general, a large variability exists within 
exponents obtained in the past (see Table 2.1, Table 2.2 and Table 2.3). For example for wind-
tunnel experiments on bluff bodies in thin boundary layers (Table 2.2) lower exponents have been 
found, varying from about 0.5 to 0.65. If a specific correlation, such as Eq.(4.6), is used, it is 
important that the specific conditions under which it is derived are acknowledged since the CHTC 
is dependent on factors such as the building surroundings, building geometry, position on the 
surface, surface roughness and wind direction, by which the resulting correlation is mostly quite 
case specific. Therefore, a comparison with other correlations (Table 2.1, Table 2.2 and Table 2.3) 
and the use of these correlations is not always justified. The correlations derived here are only valid 
for the windward and leeward surfaces (no roughness) of an isolated cubic body in a neutral ABL 
for an incidence angle of 0° at high Reynolds and low Richardson numbers, or for comparable 
configurations. If no representative correlations can be found in literature for the specific flow 
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problem of interest, the CHTC-U correlations could also be determined by means of full-scale 
experiments, wind-tunnel experiments or CFD simulations for the building surface of interest.  

 
Figure 4.25: CHTC-U10 correlation (steady RANS, rk-ε model, LRNM): Distribution of coefficient A and 
exponent B (Eq.(4.4)) over windward (a,b) and leeward (c,d) surfaces. Note that the z-axis in (a,d) is 
reversed compared to that of (b,c). 

When obtaining such correlations for other building configurations with CFD, it would be 
convenient if the CHTCs only have to be evaluated at a few wind speeds, to reduce the number of 
simulations, and for relatively low wind speeds to have an acceptable yP for LRNM purposes, but 
free of Reynolds number effects (see section 4.5 for details on Reynolds number dependency). 
Therefore the influence of the number of simulations, used to determine the CHTC-U10 correlations, 
and of the required magnitude of the wind speed (U10) in the simulations on the accuracy of the 
obtained correlations is investigated. For this, surface-averaged CHTC data from CFD (CHTCAVG) 
for the windward surface are used to compose several CHTC-U10 correlations (cases) by 
approximation, by only using CHTC data at a limited number of wind speeds U10 (predominantly 
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low wind speeds and a low number of wind speeds for computational reasons). The accuracy of 
such a specific CHTC-U10 correlation is evaluated by comparing the surface-averaged CHTC, 
predicted by the correlation (CHTCAVG,corr), to the original CHTC data (CHTCAVG) at several wind 
speeds. The difference │CHTCAVG,corr-CHTCAVG│/CHTCAVG is presented in Table 4.2 for these 
different cases. Note that accurate CHTC-U10 correlations by using CFD data at low wind speeds 
should also provide accurate predictions at higher wind speeds (Reynolds numbers). 

Table 4.2: Percentage difference (│CHTCAVG,corr-CHTCAVG│/CHTCAVG) of different CHTC-U10 
correlations with CHTC data (CHTCAVG is the surface-averaged CHTC from the numerical simulation, 
CHTCAVG,corr is the surface-averaged CHTC using a specific CHTC-U10 correlation of one of the different 
cases). For a specific case, the wind speeds (U10) that are used for the correlation are indicated by the grey 
cell areas. Small differences (≤ 5%) are indicated in bold. The coefficient A and exponent B for each case 
(see Eq.(4.5)) are also indicated. 

  Correlations using different sets of velocities (U10) 
U10 (m/s) Re (-) Case A  Case B Case C Case D Case E Case F 
0.05 3.4x104 16% 2% 8% 10% 17% 19% 
0.15 1.0x105 3% 3% 0% 0% 5% 6% 
0.5 3.4x105 2% 1% 0% 1% 0% 0% 
1 6.8x105 3% 7% 3% 1% 0% 1% 
2.5 1.7x106 1% 15% 8% 5% 2% 0% 
5 3.4x106 1% 21% 13% 9% 4% 1% 
7.5 5.1x106 2% 25% 15% 11% 5% 2% 
Coefficient A  5.01 4.56 4.75 4.85 4.89 4.93 
Exponent B  0.85 0.77 0.81 0.82 0.85 0.86 

Case A, in Table 4.2, is composed using all evaluated wind speeds which are quasi free of Reynolds 
number effects and therefore obviously gives a good approximation over the whole range of wind 
speeds. At U10 = 0.05 m/s, a large difference is found, which is attributed to Reynolds number 
effects. If this wind speed is used in a correlation (case B), large errors are therefore found when 
extrapolating to high U10. For case C and D, still observable extrapolation errors are found at high 
wind speeds. Since case E (0.5 - 1 m/s) provides a much more accurate extrapolation, the errors for 
case C and case D could be attributed to a remaining, but small, Reynolds dependency for U10 = 
0.15 m/s. It is shown that correlations with two wind speeds (case E and case F) and with relatively 
low wind speeds can provide accurate estimates of the CHTC and do not necessarily have to cover a 
large Reynolds number range. Note that these wind speeds are about a factor 10 lower that those 
found for a typical forced convective ABL. This implies that the grid resolution in the boundary 
layer (for LRNM) can roughly be taken a factor 10 coarser. Based on this study, it is advised that, if 
CHTC-U10 correlations for sharp-edged buildings in turbulent boundary layers are obtained with 
CFD (LRNM), simulations are made with at least two wind speeds corresponding to a minimum 
Reynolds number of about 3x105 and where the lowest and highest wind speed differ with at least a 
factor 2. 

In this section, the CHTC was correlated with the wind speed (U10). Instead of such CHTC-U 
correlations, correlations of the Nusselt number with the Reynolds number are often reported for 
flat plates (Eq.(2.21)) or wind-tunnel experiments (Table 2.2). The advantage of such correlations is 
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that a length scale is included, which allows scaling with this parameter (e.g. the height of the bluff 
body). Note that most of these Nu-Re correlations scale with the free-stream wind speed (U∞) since 
the approach flow profiles are usually quasi uniform, i.e. with rather thin approach flow boundary 
layers, with respect to the body height. For atmospheric boundary-layer flow however, the wind 
speed profile is not uniform but follows a logarithmic law by which the wind speed at building 
height is strongly dependent on the actual height of the building and on the aerodynamic roughness 
of the surrounding terrain. The resulting logarithmic-law dependency of the Reynolds number 
makes scaling with a length scale (e.g. building height) rather difficult. Thereby, the use of Nu-Re 
correlations seems less useful in a building engineering context. 

4.3.8. Thermal boundary conditions 
As mentioned before, the CHTC is a parameter which is often used in complex heat transfer 
problems: (1) to describe, quantify and compare the rate with which heat is transferred from a 
surface to the environment in a simplified way, a-posteriori, e.g. from a CFD simulation; (2) to 
estimate the transfer from surfaces by using for example an empirically-determined CHTC-U 
correlation. Therefore, it is imperative that the CHTC is clearly defined. Two important parameters, 
which are required to determine the CHTC (Eq.(2.2)), are discussed in this section, namely the 
thermal boundary conditions imposed at the wall (Tw or qc,w) and the reference temperature (Tref), 
since it is important to have an appreciation of their influence on the CHTC, with respect to 
applications for buildings. 

4.3.8.1. Wall boundary condition 

The dependency of the CHTC on the thermal boundary conditions imposed at the wall (i.e. Tw or 
qc,w) was already investigated for experiments on flat plates. Most flat-plate CHTC-U correlations 
(e.g. Eq.(2.23)), some of them relying on the heat and momentum transfer analogy, are determined 
for plates heated at a constant temperature. As Lienhard and Lienhard (2006) state, for turbulent 
flow, these correlations can also be used for flat plates heated with a constant heat flux since the 
major part of the thermal resistance is located in the thin laminar sublayer and the latter is quite 
independent of the upstream history of the flow. Siegel and Sparrow (1960) confirmed that both 
boundary conditions yielded similar results. However, near the leading edge and particularly at low 
Reynolds numbers, Nusselt numbers could differ to up to 10%. Cebeci and Bradshaw (1984) and 
Kays and Crawford (1993) confirm that the correlations derived for a constant heat flux boundary 
condition are nearly identical (differences of a few percent) to those for a constant temperature 
boundary condition for turbulent flow. For laminar flow however, they report differences up to 
36%. Taylor et al. (1989) reported differences in Stanton numbers of about 5-15% between both 
boundary conditions, which are especially large at the leading edge. Kays and Crawford (1993) 
proposed a superposition method to determine the CHTCs along flat plates with an arbitrary heat 
flux or temperature distribution along the plate. 

Based on this research on flat plates, it is expected that the influence of the thermal boundary 
conditions imposed at the wall on the CHTC will be rather small for the cube in ABL flow, since 
high-Reynolds number turbulent flow is considered. Apart from a uniform temperature distribution 
(Tw = 20°C) on the exterior surface of the cube (Case A), which was applied in the previous 



Chapter 4 

146   

simulations in this chapter, several other thermal boundary conditions are evaluated to quantify their 
impact on the CHTC: 

• A constant heat flux boundary condition (10 W/m²) imposed at the exterior surface (Case 
B). 

• A linear wall temperature increase (Case C1) along the vertical walls (with respect to the 
vertical axis), ranging from Tw = 11°C at the bottom to Tw = 20°C at the top of the vertical 
surface and a linear wall temperature decrease (Case C2), ranging from Tw = 20°C at the 
bottom to Tw = 11°C at the top of the vertical surface. For both cases, the temperature of the 
top surface is taken uniform and equal to 20°C and 11°C, respectively. 

• A constant temperature boundary condition (20°C) imposed at the interior wall surface of 
the building. In this case, the building wall (including the top wall) is included in the 
simulation and consists of a 0.29 m thick wall. Three materials are evaluated, namely 
extruded polystyrene (XPS, Case D1), brick (Case D2) and aluminium (Case D3). The 
thermal properties of these materials are specified in Appendix D. 

Note that these temperature and heat flux values are chosen arbitrarily, which is justified since heat 
is considered as a passive scalar, as only forced convection is accounted for. The CHTC 
distributions for the cases where the boundary conditions are imposed at the exterior surface (Case 
A, B, C1-2) are shown in Figure 4.26 for the windward surface in a vertical and horizontal 
centreplane. The results for an imposed constant temperature at the exterior surface (Case A) and an 
imposed heat flux (Case B) do not differ significantly. Also the cases with a linear wall temperature 
increase (Case C1) or decrease (Case C2) have a similar CHTC magnitude and distribution over the 
surface. As expected, these results indicate that the influence of the thermal boundary conditions 
imposed at the (exterior) surface is limited for forced convective heat transfer.  

 
Figure 4.26: CHTC distribution on the windward surface of the cube (steady RANS, rk-ε model, LRNM) in 
a vertical (a) and horizontal (b) centreplane for U10 = 0.5 m/s for different thermal boundary conditions 
imposed at the exterior surface (Case A, B, C1-2). 

The CHTC distributions for the cases where the boundary conditions are imposed at the interior 
surface (Case D1-3) are shown in Figure 4.27 for the windward surface in a vertical and horizontal 
centreplane, and are compared with Case A. If the building wall is included, significant differences 
for the CHTC are found at the edges of the building, particularly for materials with a relatively low 
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thermal conductivity. The reason is that when the wall composition is taken into account, the 
convective heat flux at the exterior surface will also become dependent on the heat transfer inside 
the wall and thus on the material and its thickness, since this convective heat flux equals the 
conductive heat flux from the inside of the wall (if no radiation or other source terms are taken into 
account at the exterior surface). For materials with a low thermal conductivity, relatively large 
gradients are found inside the material and a distinct 2D/3D temperature distribution can be found, 
especially at discontinuities, e.g. at the corners (see Figure 4.28). This effect even resulted in 
negative CHTCs (i.e. a heat flux oriented towards the interior) at the top surface in the corner region 
at the windward surface (zone A in Figure 4.28) due to the high cooling rate at the windward 
surface (zone B in Figure 4.28). This effect is however not noticed in most CHTC experiments 
since mostly highly conductive materials (e.g. copper) are used in such experiments, which 
corresponds almost to a constant temperature or heat flux boundary condition (see Case D3 in 
Figure 4.27). For typical building materials however, there can be a local effect of the imposed 
thermal boundary conditions on the CHTC, for example when the wall is taken into account.  

 
Figure 4.27: CHTC distribution on the windward surface of the cube (steady RANS, rk-ε model, LRNM) in 
a vertical (a,c) and horizontal (b,d) centreplane for U10 = 0.5 m/s for different thermal boundary conditions 
imposed at the interior surface (Case D1-3), where (c) and (d) focus on the edge zones.  
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Figure 4.28: Temperature contours at the top corner of the windward surface (including the building wall) in 
a vertical centreplane for different materials (steady RANS, rk-ε model, LRNM): (a) XPS; (b) brick; (c) 
aluminium. 

4.3.8.2. Reference temperature 

Apart from the boundary conditions imposed at the wall, the CHTC is also dependent on the choice 
of the reference temperature. This choice can be quite straightforward, e.g. the approach-flow 
temperature for flat plate or channel flow, but in some cases this reference temperature is less 
obvious, e.g. for natural or mixed convective flow in indoor environments (e.g. Steeman et al. 
2009a). This reference temperature can thus have a large influence on the reported CHTCs and it 
should be taken into account when using CHTCs (e.g. in CHTC-U correlations). In this section, the 
influence of the reference temperature will be discussed for atmospheric boundary-layer flow. 

In the previous simulations, a constant approach-flow temperature over the height of the ABL was 
assumed, which is a good approximation for a neutral ABL with a zero heat flux at the ground, if a 
limited height is considered. If thermal stratification is present in the ABL, distinct vertical 
temperature gradients can be found (see Appendix C). Thereby, the choice of the location (height) 
where the reference temperature in Eq.(2.2) is taken in the upstream flow field will become relevant 
and will influence the resulting CHTC. In field experiments, this location would usually be taken at 
a height of 10 m, i.e. measured at the meteorological station, but for CFD simulations, this location 
can be chosen more arbitrarily. Its influence is investigated by determining the CHTC distribution 
on the surfaces of the cube for various thermal stratifications: (1) a neutral ABL, where the thermal 
gradients are relatively limited; (2) a thermally stable ABL, where the temperature at the ground 
surface is lower than that of the ambient air, resulting in damping of the shear-generated turbulence 
by buoyancy effects; (3) an unstable ABL, where the temperature at the ground surface is higher 
than that of the ambient air, resulting in an increase of turbulence levels by buoyancy. Typical 
vertical temperature distributions for these three types of ABLs are derived in Appendix C and are 
shown in Figure 4.29a. To obtain these profiles, following parameters were assumed at a height H = 
10 m, i.e. the cube height: U(H) = 5 m/s, T(H) = 10°C, Iu(H) = Iv(H) = Iw(H) = I(H) = 10.7%, where 
I represents the turbulence intensity. 

These temperature profiles are imposed at the inlet of the computational domain instead of a 
constant approach-flow temperature of 10°C (section 4.3.2). Note that for the simulations, the 
vertical profiles of the horizontal wind speed and of k and ε for a neutral ABL are imposed at the 
inlet and thus only the imposed temperature profiles differ, although these U, k and ε profiles for a 
stable and unstable ABL will actually differ to some extent (see Appendix C) from those of a 
neutral ABL (Eqs.(3.54)-(3.56)). This is done for following reasons: (1) The aim was to study the 
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influence of the choice of the location of the reference temperature on the CHTC. If other U, k and ε 
profiles are imposed, the flow field will also change, where this altered flow field will thereby affect 
the CHTC distribution, by which the influence of the reference temperature on the CHTC will be 
less clear; (2) For the cases considered, the difference between the different U, k and ε profiles in 
the lower part of the boundary layer (i.e. for z/H ≤ 2) is limited (see Appendix C); (3) The k-ε 
models generally require modification of the turbulence model constants (e.g. Cμ) to simulate 
unstable but especially stable ABLs accurately (Alinot and Masson 2005), which is not done in this 
thesis since it was out of its scope. Furthermore buoyancy effects should be included in the 
simulations in this case. 

The CHTC distributions on the windward surface are given in a vertical centreplane in Figure 
4.29b-d for a neutral, stable and unstable ABL. For each type of ABL, the CHTC is defined using 
different reference temperatures, which are taken at the inlet of the computational domain: (1) the 
temperature at building height (H = 10 m), which is 10°C in all cases; (2) the temperature at two 
other heights, namely 2 m (0.2H) and 40 m (4H); (3) the average temperature from Figure 4.29a in 
the range 0 < z/H < 1. Note that the original CHTC distribution (as in Figure 4.17), i.e. with a 
constant approach-flow temperature, is also presented. 

 
Figure 4.29: (a) Vertical temperature distribution, as a function of the height above the ground, for a neutral, 
stable and unstable ABL, imposed at the inlet of the computational domain; (b-d) CHTC distribution on the 
windward surface of the cube (steady RANS, rk-ε model, LRNM) in a vertical centreplane for U10 = 5 m/s 
for a neutral, stable and unstable ABL for different reference temperatures. 
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Before evaluating the influence of the reference temperature, the simulations also allow identifying 
the influence of thermal stratification in the approach flow ABL on the vertical CHTC distribution 
over the windward surface. This can be done by comparing the constant approach-flow temperature 
(10°C) case with that where Tref = T(H) since T(H) = 10°C for all simulations, by which both cases 
have the same reference temperatures. The CHTC differences between both cases are however very 
limited for all types of ABL. Together with the findings of section 4.3.8.1, it can be concluded that 
the thermal boundary conditions imposed at the (exterior) wall surface or the approach-flow 
temperature distribution do not seem to have a large influence on the CHTC distribution and 
magnitude, when looking at forced convection, which is beneficial since it increases the general 
applicability of the obtained CHTCs (and their correlations with the wind speed) for other cases.  

As expected, the influence of the reference temperature is negligible for the neutral ABL, when 
compared to the constant approach-flow temperature case, due to the relative small vertical 
temperature gradient. For the unstable but especially for the stable ABL, choice of the location of 
the reference temperature can have a distinct impact on the magnitude of the CHTC. This indicates 
that an accurate knowledge on the location of the reference temperature is required when using 
CHTCs (and correlations) from literature. This becomes more difficult in an urban context, for 
example when reference temperatures are obtained from measurements with mobile meteorological 
stations which are placed on the rooftops of buildings, and should be acknowledged by the user. 

4.3.9. Buoyancy 
Buoyancy effects were neglected in the CFD simulations in this thesis since the focus was on forced 
convection. Buoyancy is considered to have a negligible influence on the flow field, and thus on the 
CHTC distribution, for Richardson numbers considerably smaller than one. In order to have some 
appreciation of the influence of buoyancy on the CHTC distribution and to more clearly identify the 
specific Richardson number below which buoyancy effects are indeed negligible (for a specific 
reference wind speed and length scale, relevant for building applications), CFD simulations at 
different Richardson numbers are performed, including buoyancy in the simulations, by varying the 
temperature on the cube surfaces (Tw). The performed simulations and the respective Richardson 
numbers (according to Eq.(2.3)), where a length scale equal to 10 m (= H) is taken, are specified in 
Table 4.3. The density is modelled with the Boussinesq approximation: the density is treated as a 
constant in all conservation equations, except for the buoyancy source term in the momentum 
equation. This approach can be justified if relatively small temperature differences are considered. 
Note that the validity of this approximation could thereby be compromised for the case where ΔT = 
40K. 

In Figure 4.30, the relative difference of the surface-averaged CHTCs from the simulations 
including buoyancy effects with the forced convection case is presented for all surfaces of the cube. 
In Figure 4.31, the CHTC distribution over the different surfaces is reported in a vertical and 
horizontal centreplane for the different cases. It is clear that the CHTC increases for all surfaces 
with increasing Richardson number, especially for the leeward and side surfaces. The CHTC 
distribution mainly differs from the forced convective case at the bottom of the windward surface, 
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i.e. at the frontal vortex, and at the top of the leeward surface. For Richardson numbers below 0.1, 
buoyancy effects can be considered negligible. 

Table 4.3: Different CFD simulations including buoyancy and the respective Reynolds, Grashof and 
Richardson numbers (U10 = 0.5 m/s). 

Simulation ΔT (Tw-Tref) Re Gr Ri 
Forced Convection (no buoyancy) 10 3.4x105 0 0 
Nat.Conv – ΔT = 0.1K 0.1 3.4x105 1.6x1010 0.1 
Nat.Conv – ΔT = 1K 1 3.4x105 1.6x1011 1.4 
Nat.Conv – ΔT = 5K 5 3.4x105 8.1x1011 6.9 
Nat.Conv – ΔT = 10K 10 3.4x105 1.6x1012 14 
Nat.Conv – ΔT = 40K 40 3.4x105 6.1x1012 52 

Since the magnitude of the CHTC and its distribution over the building surfaces are strongly 
dependent on the thermal boundary conditions if buoyancy effects are important, it is actually also 
required to model the heat transfer in the building envelope when considering buoyant flows, 
instead of imposing a constant temperature at the exterior surface for example. Thereby, a conjugate 
approach should actually be applied, but only including heat transfer. 
 

 
Figure 4.30: Relative difference of the surface-averaged CHTC of simulations including buoyancy effects 
(CHTCAVG,NC) with the forced convective case (CHTCAVG) for different surfaces of the cube (steady RANS, 
LRNM, rk-ε model). 
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Figure 4.31: CHTC distribution on the surfaces of the cube in a vertical (a) and horizontal (b) centreplane 
for U10 = 0.5 m/s (steady RANS, LRNM, rk-ε model) for simulations including buoyancy effects (Nat.Conv.) 
and for the forced convective case. 

4.3.10. Wind direction and approach flow conditions 
To indicate the dependency of the CHTC on the wind direction, simulations at different wind 
directions are performed. Instead of using absolute wind directions (e.g. north, west, …), the 
incidence angle is used (see Figure 4.32). This incidence angle is equal to 0° for flow perpendicular 
to the windward surface and increases in a clockwise manner. In order to evaluate different 
incidence angles, the computational model was adjusted (Figure 4.32, see also section 4.4.2). This 
computational model allows an evaluation of different incidence angles, namely for φ = 0°-90°. 
Wind is only evaluated at incidence angles of 0°, 15°, 30° and 45° since, due to the symmetry of the 
cube, evaluation of larger incidence angles (60°, 75°, 90°, …) is not necessary since these cases can 
be related to one of the previously mentioned simulations (φ = 0°-45°) by considering a different 
surface. Note that symmetry boundary conditions are used for the lateral boundaries for an 
incidence angle of 0° and inlet or outlet boundary conditions are used for other incidence angles 
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(Figure 4.32) but the remainder of the boundary conditions are kept the same as in the previous 
simulations (see section 4.3.2). 

 
Figure 4.32: Top view of the computational domain and grid (H = cube height) with specification of the 
boundary conditions. The height of the domain is 6H. 

Many previous research on CHTCs of bluff bodies (e.g. wind-tunnel experiments, see section 
2.2.1.4) was performed for low-turbulent, quasi-uniform approach flow, i.e. with a thin boundary 
layer, which is relevant for many engineering applications. To have some appreciation of the 
influence of the approach flow conditions, additional CFD simulations are performed with a 
uniform (UB = 0.5 m/s), low-turbulent inlet profile, imposed at the inlet of the computational 
domain, for different incidence angles. Here, the turbulent kinetic energy and turbulence dissipation 
rate at the inlet are determined from an estimate of the turbulence intensity and the turbulence 
length scale at the inlet of the computational domain (from Fluent 2006): 

( )2
AVG

3k U I
2

=  (4.7)

3/2
3/4

I

kC
lμε =  (4.8)

with I Hl 0.07L 0.07D= =  (4.9)
where UAVG is the average wind speed at the inlet, lI is an estimate of the turbulence length scale of 
the large eddies in the flow (i.e. the integral length scale), L is a characteristic length scale of the 
computational domain, which is taken equal to the hydraulic diameter of the domain DH (77.7 m) in 
this case. A low turbulence intensity (I) is imposed at the inlet, namely 0.1%. 

The surface-averaged CHTC of the windward surface, normalised with the surface-averaged CHTC 
at an incidence angle of 0°, is given for incidence angles from 0-180° in Figure 4.33 both for ABL 
and uniform approach flow conditions. Note that for φ = 180°, this surface actually becomes a 
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leeward surface. For comparison purposes, the data of Natarajan and Chyu (1994), i.e. a wind-
tunnel experiment for low-turbulent approach flow (Re = 105) with a thin (δ/H ≈ 0.25) boundary 
layer (see Table 2.2), is also presented here. 

 
Figure 4.33: Surface-averaged CHTC (CHTCAVG) of the windward surface as a function of the incidence 
angle (normalised with CHTCAVG at φ = 0°) for CFD simulations with ABL and uniform approach flow 
conditions and for the experimental data of Natarajan and Chyu (1994). 

The distribution of the CHTC for different incidence angles and its magnitude, predicted by CFD, 
seems to agree quite well with the data of Natarajan and Chyu (1994) for the uniform approach flow 
conditions, except for low incidence angles (φ < 60°), although the CFD curve seems to be shifted 
(to the left) with about 20°, compared to the experimental data. There seems to be a large difference 
in the CHTC distribution with the incidence angle between the ABL and uniform approach flow 
conditions for incidence angles below 90°, where the ABL results predict a gradual decrease of the 
CHTC with increasing incidence angle. For incidence angles between 90° and 180° however, the 
CHTC distributions of ABL and uniform approach flow conditions are quite similar to that of 
Natarajan and Chyu (1994), especially for uniform approach flow conditions, where the magnitude 
of the ABL approach flow conditions however differs significantly. This similarity in distribution 
indicates that the influence of the approach flow conditions is somewhat more relevant for more 
windward surfaces. Note that the lower magnitude of the CHTCs for a uniform approach flow is 
probably due to the lower turbulence level, which was also shown by Blocken et al. (2009). In this 
section it was shown that the approach flow conditions and turbulence level will not only have a 
significant influence on the magnitude of the (surface-averaged) CHTC but also on its variability 
with the wind direction. 

4.4. Numerical optimisation: Customised thermal wall function 

4.4.1. Introduction 
Forced convective heat transfer at surfaces of wall-mounted bluff bodies (e.g. a cube) in turbulent 
boundary layers at moderate to high Reynolds numbers (Re = 104-107) is of interest in many 
engineering applications, such as internal cooling of turbine blades, cooling of electronic 
components (e.g. on printed circuit boards) and wind-induced convective heat losses from building 
surfaces or building components. At high Reynolds numbers (Re ≈ 106-107), CFD computations for 
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this type of flow are often performed with (steady) Reynolds-averaged Navier-Stokes (RANS) 
combined with wall functions (WFs) (Hanjalic and Kenjeres 2008), especially for complex 
configurations, for example in large-scale environmental studies (Neofytou et al. 2006, Briggen et 
al. 2009, Hussein and El-Shishiny 2009, van Hooff and Blocken 2010, Gousseau et al. 2011, van 
Hooff et al. 2011). WFs are used here to take care of the boundary-layer region, instead of low-
Reynolds number modelling (LRNM), mainly for reasons of computational economy: at high 
Reynolds numbers, the use of WFs, which model the flow quantities in the boundary-layer region 
by calculating them by means of semi-empirical functions (see section 3.2.4.2.2), avoids an 
extremely high grid resolution here, which would be required for LRNM (see section 3.2.4.2.1), 
where the boundary layer is resolved explicitly. 

The standard formulation for WFs (Launder and Spalding 1974), referred to as standard wall 
functions (SWFs), however has two main limitations:  

• SWFs impose strict requirements to the computational grid: the cell centre point P of the 
wall-adjacent cell has to be located outside of the viscosity-affected region (viscous sublayer 
and buffer layer), i.e. yP

+ > 30. On the other hand, the point P has to be located close enough 
to the wall for it to be in the logarithmic layer, i.e. yP

+ < 500 (Franke et al. 2007), and to 
ensure a sufficiently high grid resolution in the boundary layer. The dimensionless wall 
distance of point P (yP

+) is defined as ((τw/ρ)0.5yP)/ν, where yP is the distance (normal) from 
the cell centre point P of the wall-adjacent cell to the wall, τw is the shear stress at the wall, ρ 
is the air density and ν is the kinematic viscosity of air. For complex flows, these yP

+ criteria 
are difficult to achieve throughout the entire computational domain, especially if automated 
grid generation is used, by which WFs are sometimes used outside of their specified validity 
range. 

• The wall-function concept of SWFs is based on a universal behaviour of the boundary layer, 
in terms of velocity, turbulence and temperature profiles. These SWFs are derived for wall-
attached boundary layers under so-called equilibrium conditions, i.e. small pressure 
gradients, local equilibrium between generation and dissipation of turbulent energy and a 
constant (uniform) shear stress and heat flux in the near-wall region (Casey and 
Wintergerste 2000). This wall-function concept breaks down for more complex flows, such 
as flow around bluff bodies where the boundary layer does not remain attached to the 
surface, and can therefore lead to inaccurate predictions, especially for wall friction and 
convective heat transfer (Launder 1988, Casey and Wintergerste 2000).  

In order to obviate these two limitations of SWFs to some extent, more advanced approaches have 
been developed in the past, which were mainly focused on WFs for velocity rather than for 
temperature.  

A first group of researchers aimed at developing a more generalised treatment for WFs, by allowing 
the cell centre point P to be located in the viscosity-affected region, i.e. yP

+ < 30. Some authors 
therefore proposed a single wall-function expression which is valid throughout the entire lower part 
of the boundary layer (yP

+ < 500) (Spalding 1961, Musker 1979, Liakopoulos 1984, Shih et al. 
2003). Most of these expressions were however derived for equilibrium boundary layers and usually 
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only for velocity and temperature, thus not considering the variation of turbulence parameters. 
Others (Popovac and Hanjalic 2007) adopted an approach which uses a LRNM or wall-function 
formulation, depending on the yP

+ value, to determine the flow quantities in the wall-adjacent cell. 
A smooth transfer between both formulations was achieved by blending. Although these 
generalised approaches allow for very low yP

+ values (i.e. of the wall-adjacent cell), the remainder 
of the viscous sublayer and the buffer layer, located in the second and successive wall-normal cells, 
is then often resolved by the high-Reynolds number turbulence model. Since these models are 
actually not designed for this purpose, the accuracy of the boundary-layer predictions can be 
compromised (Albets-Chico et al. 2008). 

A second group aimed at improving the accuracy of WFs for complex, non-equilibrium flows, 
within the typical application range of WFs (yP

+ > 30). Some of these adjusted WFs are still 
essentially based on the logarithmic law (Chieng and Launder 1980, Johnson and Launder 1982, 
Amano 1984, Ciofalo and Collins 1989, Kim and Choudhury 1995, Shih et al. 2003, Balaji et al. 
2008). Others proposed more advanced strategies (Craft et al. 2002, Craft et al. 2004, Knopp et al. 
2006, Suga et al. 2006, Popovac and Hanjalic 2007). Some of these adjusted WFs were used in 
combination with a generalised wall treatment, as discussed in the previous paragraph. Note that 
consistency between these adjusted WFs and the applied turbulence model should be ensured 
(Kalitzin et al. 2005, Knopp et al. 2006). 

The accuracy of these adjusted WFs however does not always improve significantly compared to 
SWFs. One of the reasons is that SWFs do not necessarily result in worse overall flow predictions 
compared to LRNM or adjusted wall-function approaches, for example for bluff bodies with sharp 
edges or a backward-facing step at high Reynolds numbers (Murakami 1993, Kim et al. 2005, 
Popovac and Hanjalic 2007). In this case, the boundary-layer separation points are prescribed by the 
geometry and relatively thin boundary layers are found (due to the high Reynolds numbers). 
Although the near-wall interventions do not have a significant influence on the overall flow field in 
such cases, for convective heat transfer however, which is strongly determined by the heat transport 
in the boundary layer, a standard (temperature) WF is found to be inappropriate (Launder 1988, 
Murakami 1993, Blocken et al. 2009, Defraeye et al. 2010) and more accurate alternatives are 
required. Also for applications in which wall friction is of interest, e.g. for drag predictions, 
increased accuracy is required. Furthermore, the implementation of these adjusted WFs in 
commercial CFD codes is not always that straightforward due to the limited access to the code 
itself. 

From the viewpoint of improved wall-function accuracy for convective heat transfer for complex, 
non-equilibrium flows and ease of implementation in existing CFD codes, a modification to the 
standard temperature WF is proposed in this study (section 4.4), which classifies within the second 
group of advanced WF approaches mentioned above. This customised temperature WF (CWF) 
focuses on applications for forced convective heat transfer at the surfaces of wall-mounted (sharp-
edged) bluff bodies in turbulent boundary layers at moderate to high Reynolds numbers, where a 
typical example is a building in the atmospheric boundary layer (ABL). The methodology to 
determine this CWF from validated numerical CFD (LRNM) simulation data is explained. This 
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CWF is essentially based on a logarithmic law and is determined for flow over a cubic building 
model. Afterwards, this CWF is implemented in a commercial CFD code in a straightforward way. 
The performance of this CWF, compared to LRNM and the SWF, is evaluated for several bluff-
body configurations and its limitations are discussed. In the next section, the numerical model of the 
cubic building is described. Note that the numerical model is very similar to that presented in 
section 4.3, but is described here, briefly, for the sake of completeness of section 4.4. 

4.4.2. Numerical model 
A cube with a height (H) of 10 m is considered, representing a building in the ABL. The 
computational domain is shown in Figure 4.34 (blockage ratio = 0.8%) and allows an evaluation of 
different incidence angles (φ), namely for φ = 0°-90°. At the inlet of the domain, the vertical 
profiles of the mean (horizontal) wind speed (logarithmic law), turbulent kinetic energy and 
turbulence dissipation rate are imposed, according to Richards and Hoxey (1993), representing a 
neutral ABL (Eqs.(4.1)-(4.3)). Here, the ABL friction velocity is linked to a reference wind speed, 
namely U10 in this study, which is the mean wind speed at a height of 10 m above the ground, and is 
taken equal to 0.5 m/s. The reason for this rather low value is explained later. Other wind speeds 
(U10 = 0.05-2.5 m/s) are also evaluated in section 4.4.4.2. The roughness length (z0) is 0.03 m, 
which corresponds to a land surface with low vegetation (e.g. grass) and isolated obstacles 
(Wieringa 1992). The temperature of the approach flow is 10°C. Wind at different incidence angles 
is evaluated, namely at incidence angles of 0°, 15°, 30° and 45°. Due to the symmetry of the cube, 
evaluation of larger incidence angles (60°, 75°, 90°, …) is not necessary since these cases can be 
related to one of the previously mentioned simulations (φ = 0°-45°) by considering a different 
surface. 

 
Figure 4.34: Top view of the computational domain and grid (H = cube height) with specification of the 
boundary conditions. The height of the domain is 6H. 
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The ground boundary is modelled as a no-slip boundary with zero roughness since surface 
roughness values cannot be specified if LRNM is used (Fluent 2006). This restriction will 
inevitably introduce streamwise gradients in the vertical profiles of mean horizontal wind speed and 
turbulence (Blocken et al. 2007b) but this effect is rather limited since a short upstream fetch is 
considered (see section 4.3.4). Although WFs, in contrast to LRNM, can account for surface 
roughness of the ground surface in order to avoid these streamwise gradients, no roughness is 
specified for the wall-function simulations either since a comparison between both simulations 
methods will be made. The ground boundary is taken adiabatic.  

The exterior surfaces of the cube are modelled as no-slip boundaries with zero roughness and have 
an imposed constant temperature of 20°C. Note that, since the focus is on forced convection, the 
flow field is independent of the thermal boundary conditions (see section 4.4.3). For the top 
boundary of the computational domain, a symmetry boundary condition (slip wall) is used, which 
assumes that the normal velocity component and the normal gradients at the boundary are zero. 
Zero static pressure is imposed at the outlet. Note that symmetry boundary conditions are used for 
the lateral boundaries for an incidence angle of 0° and inlet or outlet boundary conditions are used 
for other incidence angles (Figure 4.34). 

Two types of grid are used in this study: a LRNM grid and a wall-function grid. Both grids are built 
based on a grid sensitivity analysis. Both grids are hybrid grids (hexahedral and prismatic cells). 
The LRNM grid consists of about 2.7x106 cells (Figure 4.34). In order to resolve the boundary layer 
appropriately, LRNM grids require a high cell density in the wall-normal direction and a small y+ 
value of the wall-adjacent cell (yP

+ ≈ 1), compared to WFs (30 < yP
+ < 500). For the LRNM grid, 

the highest yP
+ values are attained at the edges of the windward surface (for φ = 0°) but are smaller 

than 3 for all wind speeds evaluated in this study. 

Since τw increases with increasing wind speed (U10), the evaluation of higher wind speeds with 
LRNM requires locally a higher grid resolution in the boundary-layer region, hence a lower yP, in 
order to obtain a yP

+ of about 1. The required yP can therefore become very small for LRNM at high 
Reynolds numbers (± 0.05 mm for U10 = 7.5 m/s, see section 4.3 or Defraeye et al. 2011a) which 
significantly increases the computational expense, but which can also entail considerable problems 
for grid generation and convergence rates. These are actually the main reasons to employ WFs at 
high Reynolds numbers. Relatively low wind speeds (U10) are therefore used in this study to limit 
yP for LRNM grids to some extent (see Defraeye et al. 2011a). 

The wall-function grid has the same cell density as the LRNM grid outside the near-wall region, but 
in the near-wall region the grid is adapted in order to provide a higher yP

+ value for the wall-
adjacent cell as well as a smooth transition with the second and successive wall-normal cells, with 
respect to grid stretching. This resulted in a grid of about 1.6x106 cells with yP

+ values between 
about 20 and 400 on the cube surface (at 0.5 m/s). Note that this grid has a slightly larger yP value 
than the previously presented WF grid (section 4.3). 
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4.4.3. Numerical simulation 
The simulations are performed with the CFD code Fluent 6.3, which uses the control volume 
method. Steady RANS is used in combination with a turbulence model. The realizable k-ε model 
(Shih et al. 1995) is used together with LRNM and WFs, which take care of the viscosity-affected 
region.  

For the k-ε model, together with LRNM, a two-layer approach is adopted, where the turbulent core 
region of the flow is resolved by the k-ε model, for which these models were primarily developed, 
and where LRNM is used to resolve the viscosity-affected region, for which the one-equation 
LRNM Wolfshtein model (1969) is used. The accuracy of CFD simulations depends to a large 
extent on the turbulence modelling and boundary-layer modelling approaches that are used and 
therefore this has to be quantified by means of validation experiments/simulations. The realizable k-
ε turbulence model with LRNM was recently evaluated in a CFD validation study (Defraeye et al. 
2010, see section 4.2) using wind-tunnel measurements (Meinders et al. 1999) of convective heat 
transfer on the surfaces of a cube placed in turbulent channel flow at a Reynolds number of 4.6x103, 
based on the cube height and the bulk wind speed. The CFD validation study produced accurate 
CHTC predictions, both in magnitude and distribution over the surface, for the windward surface 
(within the experimental uncertainty of 5%), and to a lesser extent for the leeward surface 
(differences with experimental data < 10%), except at the edge zones which was attributed to the 
limited resolution of the experiments in these zones. For the side and top surfaces, CHTC 
predictions were less accurate, both in distribution and in magnitude. These discrepancies were 
rather attributed to inaccurate flow predictions, due to steady-flow and turbulence modelling, than 
to inaccurate heat transfer modelling in the boundary layer. Although more advanced turbulence 
modelling approaches, for example large-eddy simulation (LES) or direct numerical simulation 
(DNS), were found to result in more accurate CHTC results on these surfaces (see section 4.2), 
steady RANS is still often preferred for complex configurations at high Reynolds numbers 
(Neofytou et al. 2006, Briggen et al. 2009, Hussein and El-Shishiny 2009, van Hooff and Blocken 
2010, Gousseau et al. 2011, van Hooff et al. 2011), for reasons of computational economy, and will 
also be used in this study.  

If WFs are used for boundary-layer modelling, the flow quantities in the cell centre point P of the 
wall-adjacent cell are calculated by means of semi-empirical functions, instead of resolving the 
boundary layer explicitly. WFs are usually expressed in terms of dimensionless parameters, namely 
y+, U+ and T+, which are functions of the shear stress at the wall (τw). In complex flows however, τw 
can become zero, for example in stagnation and reattachment points. Therefore, other dimensionless 
parameters (see section 3.2.4.2.2) are used to express WFs in most existing CFD codes, namely y*, 
U* and T*, which are related to the turbulent kinetic energy (k): 

1/4 1/2
* C k y

y μρ
=

μ
 (4.10)

1/4 1/2
*

w

C k U
U μρ

=
τ

 (4.11)
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( )1/4 1/2
w p*

c,w

C k T T c
T

q
μρ −

=  (4.12)

where y is the distance (normal) from the wall, μ is the dynamic viscosity of air, U is the air speed, 
T is the air temperature and cp is the specific heat capacity of air. Furthermore, y*, U* and T* are 
the dimensionless wall distance, air speed and temperature, respectively. Note that these parameters 
are equal to y+, U+ and T+, respectively, for boundary layers under equilibrium conditions, but they 
can differ significantly for more complex flows. Therefore, the parameters y*, U* and T* will be 
used throughout this study. The SWF for temperature (in Fluent 6.3) is given as a logarithmic law: 

( )* *
P t P J

1T Pr ln Ey P⎛ ⎞= +⎜ ⎟κ⎝ ⎠
           * *

P Ty y 11.639> =  (4.13)

where Prt is the turbulent Prandtl number for air (0.85), E is a constant (9.793) and PJ is an 
empirically-determined coefficient, which is a function of Prt and is equal to -1.12 (default value) in 
this case. All the previously mentioned numerical values in Eq.(4.13) are the default values in 
Fluent 6.3. The lower limit for this SWF (in Fluent 6.3) is also given, namely yT*. For cells which 
have a yP* below this value, TP* is determined by means of a linear law, which intersects with the 
logarithmic law at yT*: 

* *
P PT y Pr=                                 * *

P Ty y 11.639< =  (4.14)

where Pr is the molecular Prandtl number. 

When using wall functions, the first cell should however be located in the logarithmic region (yP* > 
30). The combination of the linear and logarithmic law (Eqs.(4.13)-(4.14)) is called the law-of-the-
wall for temperature. Note that, since the yP* value is used by WFs, wall-function grids, to be used 
for non-equilibrium flows, have to be built to have a yP* value of about 30-500, instead of a yP

+ 
value within this range. These yP* values for the wall-function grid of the cube are presented in 
detail in section 4.4.5.1. 

Furthermore, second-order discretisation schemes are used throughout. The SIMPLE algorithm is 
used for pressure-velocity coupling. Pressure interpolation is second order. Since the focus of this 
study is on forced convection, buoyancy effects are not taken into account in the simulations, by 
which the flow field is independent of the imposed thermal boundary conditions. Thereby, rather 
low wind speeds could be used in the simulations in order to limit the required yP for LRNM (see 
section 4.3.7 and Defraeye et al. 2011a). Radiation is also not considered in the simulations since 
fixed temperature boundary conditions are used for the surfaces of the cube. Convergence was 
assessed by monitoring the velocity, turbulent kinetic energy and temperature on specific locations 
in the flow field and heat fluxes on the surfaces of the cube. 

4.4.4. Customised temperature wall function 

4.4.4.1. Background 

In this section, the background regarding the proposed modification to the standard temperature WF 
is given. From the previously mentioned CFD study (Defraeye et al. 2010 and section 4.3), which 
considered the same configuration, i.e. a cube immersed a turbulent boundary layer, it was shown 
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that SWFs significantly overestimated the CHTC (± 50% for φ = 0°), compared to LRNM, where 
LRNM was found to provide accurate CHTC predictions by means of a CFD validation study (see 
section 4.2). Note that a comparison of SWF and LRNM is discussed further in section 4.4.5.1 
(Figure 4.38). Although LRNM and SWF near-wall modelling approaches showed significant 
differences in magnitude, the distribution of the CHTC over the surfaces was very similar. This 
similarity in distribution resulted from the fact that the flow fields were quite similar, since WFs did 
not have a significant effect on the flow field, due to the sharp-edged bluff-body geometry and the 
high Reynolds numbers that were considered (see section 4.4.1). The overestimation by SWFs 
could be explained (see section 4.3.6.2 and Defraeye et al. 2010) by comparing the dimensionless 
temperature (T*) profiles for LRNM and SWFs for different positions at the windward surface 
along lines normal to the surface, as a function of the y* value. Such T*-y* profiles are shown in 
Figure 4.35 for the simulations presented in this study. For SWFs, T* of the wall-adjacent cells 
(TP*) is clearly forced, by means of Eq.(4.13), to a value that is systematically lower (point 1 in 
Figure 4.35) than the one found for LRNM at the same y* (point 2 in Figure 4.35). Since Tw is 
imposed at the cube surface in this study (Tw = 20°C), this TP* value, calculated by SWFs 
(Eq.(4.13)), is used to calculate qc,w by means of Eq.(4.12). Since k and T in the wall-adjacent cell 
(kP and TP) for SWFs are found to agree quite well with those predicted by LRNM at the same y* 
value (see section 4.3.6.2), the underprediction of TP* by SWFs (by ± 50% of TP* of LRNM, see 
Figure 4.35) will therefore mainly result, according to Eq.(4.12), in an overprediction of qc,w. Based 
on Eq.(2.2), this overprediction leads to much higher CHTCs for SWFs (± 50% of CHTCLRNM for φ 
= 0°). Note that the good agreement between kP and TP of SWFs and LRNM (see Defraeye et al. 
2010) mainly results from the similarity of both flow fields. 

However, a remarkable feature in Figure 4.35 is that the LRNM T*-y* profiles correspond quite 
well for all positions on the windward surface, indicating a logarithmic-law behaviour, analogous to 
Eq.(4.13), at y* values from about 100-4000 (line A) but also at y* values between about 20-100 
(line B), however with a steeper slope. The T*-y* profiles on other surfaces of the cube show a 
similar distribution with approximately the same profile (see section 4.4.4.2). This good agreement 
for all lines on different surfaces of the cube results from the fact that the parameters y* and T* are 
related to the turbulent kinetic energy, which in turn is strongly related to the turbulent heat transfer 
in the boundary layer (see section 4.3.6 and Defraeye et al. 2010). Note that such an agreement is 
not found for the T+-y+ profiles since these parameters are related to the shear stress. Since many 
different types of flow regimes are found on the cube surfaces (flow impingement, separation, 
reattachment), this seems to suggest that the universality in T*-y* profiles is quasi independent of 
the flow regime (see section 4.3.6 for details). 

The idea of a modification to the standard temperature wall function for such complex flow 
problems is based on the quasi-universality of these T*-y* profiles for LRNM. Since for this 
specific flow problem, WFs have a rather limited impact on the overall flow field (see section 
4.4.1), the SWF approach will still be applied to determine the other (non-thermal) flow quantities 
in the wall-adjacent cells. This customised temperature wall function (CWF) is based on fitting a 
logarithmic law, similar to Eq.(4.13), with validated numerical (LRNM) data for convective heat 
transfer in the turbulent region of the boundary layer (see Figure 4.35), i.e. for yP* > 30. Such 



Chapter 4 

162   

logarithmic approximations are shown by line A (for 100 < yP* < 4000) and line B (for 20 < yP* < 
100) in Figure 4.35, which have an adjusted slope and intercept, compared to Eq.(4.13), to provide a 
good fit to the LRNM data. Instead of the temperature SWF, which calculates TP* at point 1 in 
Figure 4.35, the CWF would calculate the TP* value at point 2 (according to line A), which is much 
closer to the LRNM data. Thereby, the CWF should result in more accurate qc,w and CHTC 
predictions. The only condition is that kP and TP, i.e. in the wall-adjacent cell, for the CWF 
simulation are approximately equal to those of LRNM since these values are used by the CWF to 
calculate qc,w from TP* by means of Eq.(4.12). This is the case since: (1) the kP values of LRNM 
and SWFs were found to agree quite well (at y* values of the wall-adjacent cells for SWF, i.e. in the 
logarithmic region), due to the similarity of both flow fields, and the velocity and turbulence fields 
of CWFs and SWFs are the same since only a temperature CWF is imposed and no buoyancy 
effects are taken into account, resulting in the same kP values in the wall-adjacent cells for CWFs 
and SWFs; and (2) the largest part of the temperature drop occurs in the lower part (y* < 30) of the 
boundary layer (see section 4.3.6 and Defraeye et al. 2010), by which in this case TP will be almost 
equal to the approach-flow temperature (10°C), for LRNM, SWFs and CWFs. 

 
Figure 4.35: Dimensionless temperature profiles at different positions on the windward surface (φ = 0°) of 
the cube along lines normal to the surface, as a function of the y* value (logarithmic scale), for LRNM and 
SWFs. 

Although a more complex function could approximate the LRNM data throughout the entire y* 
range, i.e. a customised law-of-the-wall, the focus will only be on the turbulent part of the boundary 
layer in this study (i.e. yP* > 30) for reasons explained in section 4.4.4.4, for which a logarithmic-
law approximation will be used. Thereby, the proposed CWF will thus only be applicable for 
typical wall-function grids, i.e. grids with relatively high yP* values. For these grids, the difference 
between the standard law-of-the-wall and LRNM is however the largest (Figure 4.35), resulting in a 
higher effectiveness of the CWF, and the computational benefits are the highest. 
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4.4.4.2. Applicability 

Before determining such a CWF from LRNM data, it is important to verify if the T*-y* profiles, 
from which the CWF will be determined, are to some extent universally valid. This is required since 
the CWF needs to be more generally applicable than only for the case of the windward surface of a 
cube at incidence angles of 0° at a specific wind speed. Therefore the influence of wind speed and 
incidence angle (wind direction) on the T*-y* profiles will be investigated for the different surfaces 
of the cube. In section 4.4.5.2, the CWF will also be evaluated for other bluff-body geometries. 

In Figure 4.36, the T*-y* profiles are given for LRNM for three wind speeds, namely U10 = 0.05, 
0.5 and 2.5 m/s. Note that the yP* values are below 3 for all wind speeds. For low wind speeds, the 
influence of the overall flow field on the T*-y* profiles is already manifested at low y* values, by 
which the logarithmic-like behaviour is not clearly found. At such low wind speeds, buoyancy 
effects will become dominant in reality, but they were not accounted for in the simulations in this 
study, since the focus was on forced convective flow. For high wind speeds, Figure 4.36 shows that 
the logarithmic behaviour simply extends to higher y* values, while following the same profile. 

 
Figure 4.36: Dimensionless temperature profiles at different positions on the windward surface (φ = 0°) of 
the cube along lines normal to the surface, as a function of the y* value (logarithmic scale), for LRNM for 
0.05, 0.5 and 2.5 m/s. 

In Figure 4.37, the T*-y* profiles are given along a line normal to the surface, where this line is 
positioned at the centre of a vertical surface, for incidence angles of 0° to 180° in steps of 15°. Note 
that for all these surfaces, the profile along this centreline for a specific wind direction is 
representative for those along the other lines on that surface for that wind direction, as in Figure 
4.35. Also note that, due to symmetry, only simulations for incidence angles of 0°-45° had to be 
performed. There is some variation of the profiles with the incidence angle, where the angles 45°, 
60° and 135° differ from the rest. Nevertheless, significantly higher T* values are found for LRNM 
for all incidence angles, compared to those of SWFs. Although not reported here, the T*-y* profiles 
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for the centreline on the top surface for all incidence angles all lie within the range of those of the 
vertical surfaces depicted in Figure 4.37. 

 
Figure 4.37: Dimensionless temperature profiles along a line normal to the surface at the centre of a vertical 
surface of the cube, as a function of the y* value (logarithmic scale), for LRNM for different incidence 
angles (dotted lines), namely for φ = 0°-180° in steps of 15°. The incidence angles which show distinct 
differences with the rest are marked. The CWF approximation (line C) of the LRNM data for the different 
incidence angles, within the range 50 < y* < 500, is also shown (bold black line) as well as the extrapolation 
of this CWF approximation towards y* values up to 1000 and down to 11.639 (bold light grey lines). 

Based on the results presented in this section, it can be concluded that there is a sufficient degree of 
universality in the T*-y* profiles, with respect to the wind speed and wind direction, by which 
determining a CWF seems to make sense. The dependency of the T*-y* profiles with the incidence 
angle (wind direction) will however affect the accuracy of the CWF. Nevertheless, it is believed 
that the accuracy of convective heat transfer predictions can be significantly improved by 
introducing a CWF, compared to the SWF for temperature, which can be of interest for many 
applications involving high-Reynolds number convective heat transfer for bluff bodies.  

4.4.4.3. Determining the CWF 

From the T*-y* profiles of LRNM, a temperature CWF can be determined by approximating these 
data by means of a logarithmic law, i.e. by quantifying its slope A and intercept B: 

* *
P PT A ln y B= +  (4.15)

The parameters A and B of this logarithmic-law approximation are dependent on the yP* value 
since two different logarithmic laws can be distinguished in the turbulent region of the boundary 
layer (see Figure 4.35, line A and B), i.e. for 30 < yP* < 100 and for 100 < yP* < 4000. By 
comparing the standard wall-function formulation (Eq.(4.13)) and Eq.(4.15), the parameters A and 
B can be written as: 
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t

t J

1A Pr

1B Pr ln E P

=
κ
⎛ ⎞= +⎜ ⎟κ⎝ ⎠

 (4.16)

This logarithmic-law approximation (Eq.(4.15)), based on the fitted parameters A and B, can be 
implemented in existing CFD codes in a straightforward way, compared to other approaches 
(mentioned in section 4.4.1), since only the temperature wall function has to be modified. The 
implementation of this CWF in a commercial CFD code will be discussed in the next section. Note 
however that the proposed methodology to determine the modification to the standard temperature 
WF (section 4.4.4.1-4.4.4.3) is actually generally applicable for any turbulence (and LRNM) model 
or CFD code. 

4.4.4.4. Implementation in a commercial CFD code 

In the commercial CFD code that is used in this study (Fluent 6.3), it is only possible to adjust one 
parameter in Eq.(4.16), namely Prt. Thereby, it is not possible to implement the logarithmic-law 
approximation (Eq.(4.15)) exactly (see line A and B in Figure 4.35), i.e. by adjusting both the slope 
and intercept independently. Thereby, the resulting CWF, obtained from approximation of LRNM 
data and implemented in the commercial code (Fluent 6.3), is written as: 

( ) ( )* *
P t,CWF P J t,CWF

1T Pr ln Ey P Pr⎛ ⎞= +⎜ ⎟κ⎝ ⎠
           * *

P Ty y 11.639> =  (4.17)

where Prt,CWF is the turbulent Prandtl number used by the CWF. Note that PJ also changes as it is a 
function of Prt,CWF. 

The LRNM data used to determine the parameter Prt,CWF in this study are the T*-y* profiles along 
the centrelines, normal to the vertical surfaces, for different incidence angles (φ = 0°-180°), which 
are represented in Figure 4.37. These data are approximated (based on the least-squares method) by 
a single logarithmic-law CWF (Eq.(4.17)), i.e. with a constant value of Prt,CWF, in the range of 50 < 
y* < 500. Thereby, the proposed CWF is actually a compromise between accuracy of the 
approximation of the LRNM data and the applicability of this approximation throughout the y* 
range typically found for wall-function grids. The best approximation with these LRNM data is 
found for Prt,CWF = 1.95. The resulting logarithmic law is shown in Figure 4.37 (line C), which is 
applied for yP* > 11.639, analogous to Eq.(4.13), whereas a linear law will still be applied for yP* < 
11.639. Large discrepancies of the CWF with the T*-y* profiles of LRNM are found for 11.639 < 
yP* < 50, since a proper approximation of LRNM data was not envisaged in this region. Therefore, 
the CWF grids should have relatively high yP* values (> 50) for the CWF to be sufficiently 
accurate, and also to avoid the discontinuity between the linear law (Eq.(4.14)) and the CWF 
(Eq.(4.17), line C) at yP* = 11.639. Note that also another set of T*-y* profiles than those of Figure 
4.37 could be used for determining Prt,CWF.  

In the CFD code that was used, Prt is a specific parameter (called Wall Prandtl Number in Fluent 
6.3) which is only used in the expression for the temperature WF (Eq.(4.13) or Eq.(4.17)), thus it is 
different from the turbulent Prandtl number used in the energy equation. This parameter Prt could 
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be easily adjusted (to Prt,CWF) since it was directly accessible in the software, where it could be 
given a constant value (0.85 by default, 1.95 for the CWF approach). Note that the proposed CWF 
and its implementation are also valid for the more recent release of the software, i.e. Fluent 12, 
since the same models are available here. 

4.4.5. Results 

4.4.5.1. Cube 

In Figure 4.38, the CHTC distribution on the surfaces of the cube, both in a vertical and horizontal 
centreplane, is given for LRNM, SWFs and CWFs for incidence angles of 0° and 45°. The 
aforementioned overprediction of SWFs (± 50% of CHTCLRNM for φ = 0°, see section 4.4.4.1), 
compared to LRNM, can clearly be noticed, as well as the similarity in distribution of the CHTC by 
SWFs and LRNM. The CWF results show a much better agreement with LRNM, although some 
discrepancies still exist for the top surface (at φ = 45°) and for the front (windward) surface (at φ = 
45°), which is due to the fact that the T*-y* profiles in Figure 4.37 did not agree completely for 
some incidence angles. 

 
Figure 4.38: CHTC distribution on the surfaces of the cube (for LRNM, SWF and CWF) in a vertical (a,c) 
and horizontal (b,d) centreplane for incidence angles of 0° and 45°. 
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Furthermore, the relative differences between the surface-averaged CHTC, calculated by LRNM 
(CHTCLRNM) and SWFs or CWFs (CHTCWF), are compared for a vertical surface and the top 
surface of the cube as a function of the incidence angle in Figure 4.39. The accuracy of the CWF is 
dependent on the incidence angle, both for the vertical surface and the top surface, but is higher 
than that of SWFs (except for φ = 60°). The average error of the CWF over all incidence angles 
(vertical surface: 9%, top surface: 9%), with respect to LRNM, is much smaller than that of SWFs 
(vertical surface: 36%, top surface: 40%). The somewhat better accuracy of SWFs for the incidence 
angles 45°, 60° and 135°, compared to the other incidence angles, can be explained by the fact that 
the T*-y* profiles at these angles were somewhat closer to the standard law-of-the-wall (see Figure 
4.37). 

 
Figure 4.39: Relative difference between the surface-averaged CHTC, calculated by LRNM (CHTCLRNM) 
and SWF or CWF (CHTCWF), for a vertical surface and the top surface of the cube as a function of the 
incidence angle. Due to symmetry, only data for incidence angles up to 45° are given for the top surface. 

Since the approximation of the LRNM data by the CWF (Eq.(4.17)) does not have the same 
accuracy over the entire y* range for which it was determined (50-500), there will be some 
dependency of the CHTC predictions on the yP* value of the wall-function grid. Therefore 
simulations with two other grids, namely with an overall lower yP* value (Grid 1) and higher yP* 
value (Grid 3), are performed with CWFs and are compared with the original wall-function grid 
(Grid 2). Note that only the wall distance of the wall-adjacent cells (yP) differed for these grids, 
namely yP = 0.03 m (Grid 1), 0.06 m (Grid 2) and 0.12 m (Grid 3). The wall distance of the wall-
adjacent cells of Grid 1 corresponds to that of the computational model presented in section 4.3. 
The resulting CHTC and yP* distribution on the surfaces of the cube for a vertical centreplane at an 
incidence angle of 0° are given in Figure 4.40 for these three grids. The differences between the 
three grids are quite small and the largest differences are found for the grid which has relatively low 
yP* values (Grid 1). This behaviour is not surprising since the accuracy of the CWF approximation 
decreases significantly for yP* values below 50 (Figure 4.37). Thereby, wall-function grids with yP* 
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values higher than 50 are recommended when using the proposed CWF since then its performance 
is quasi independent of the yP* value of the grid. 

 
Figure 4.40: CHTC distribution on the surfaces of the cube in a vertical centreplane for an incidence angle 
of 0° for CWF for three different grids (Grid 2 is the one that is used for all the other wall-function 
simulations in section 4.4) together with the distribution of yP* (i.e. in the wall-adjacent cell) for these grids. 

4.4.5.2. Other bluff-body configurations 

Although the proposed CWF significantly improves the accuracy of convective heat transfer 
predictions on the cube surfaces, where already many different flow regimes (flow impingement, 
separation, reattachment) are present, the performance of the CWF is evaluated in this section for 
three other sharp-edged bluff-body configurations (see Figure 4.41) in order to indicate if the CWF 
is also more generally applicable. The computational domains are built up in a similar way as 
described in section 4.4.2 and also the same boundary conditions are applied. 

 
Figure 4.41: Three bluff-body configurations (body A, B and C) with their dimensions. The wind direction 
for an incidence angle of 0° is indicated. 
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The relative differences between the surface-averaged CHTC, calculated by LRNM (CHTCLRNM) 
and SWFs or CWFs (CHTCWF) are compared for all surfaces of these bluff bodies, including the 
cube, for an incidence angle of 0° in Figure 4.42. Also for these bluff bodies, using the CWF 
improves the convective heat transfer predictions significantly, compared to SWFs. The satisfactory 
performance of the CWF for various types of sharp-edged bluff bodies and for the many different 
flow regimes found along their surfaces indicates that it might also perform well for dense bluff-
body configurations, such as in urban areas (e.g. street canyons). This however needs to be 
confirmed by future work. 

 
Figure 4.42: Relative difference between the surface-averaged CHTC, calculated by LRNM (CHTCLRNM) 
and SWF or CWF (CHTCWF), for the different surfaces (Front = windward surface, Back = leeward surface) 
of the three bluff-body configurations presented in Figure 4.41 and for the cube for an incidence angle of 0°. 

4.4.6. Discussion 
A modification to the standard temperature WF has been determined from validated LRNM data for 
moderate- to high-Reynolds number convective heat transfer for wall-mounted bluff bodies 
(buildings) in the atmospheric boundary layer. It is however important to acknowledge the 
limitations of the proposed CWF: 

• This study is performed for bluff bodies with sharp edges. Thereby, the boundary-layer 
separation points are prescribed by the geometry. In combination with flow at relatively high 
Reynolds numbers, the overall flow and turbulence fields predicted by WFs and LRNM are 
quasi similar (see section 4.4.1), and thereby also the CHTC distribution over the surfaces. 
The use of a CWF, only for temperature, is found to significantly improve the convective 
heat transfer predictions, compared to SWFs, where SWFs can still be used to predict the 
velocity and turbulence in the wall-adjacent cell. For bodies without sharp edges however, 
e.g. cylinders, there can be a distinct difference between the flow fields of both near-wall 
modelling approaches (LRNM and SWFs) since the predicted boundary-layer separation 
locations can be significantly different. Thereby, the turbulent kinetic energy in the wall-
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adjacent cells (kP), predicted by SWFs, will probably not be similar anymore to that found 
for LRNM at a specific location, which is one of the prerequisites to determine the CWF 
(section 4.4.4.1), which makes that this type of body is not suited to determine a CWF (as in 
section 4.4.4). Although this difference in flow field prediction will not allow comparing 
CHTC results of the CWF and LRNM, the use of the CWF (determined for a sharp-edged 
body) for bodies without sharp edges will however not inherently lead to less accurate 
convective heat transfer predictions, compared to SWFs, since the flow fields for SWFs and 
CWFs are the same. 

• Since only a temperature CWF is proposed, the same limitations as for SWFs apply for the 
flow field prediction, namely a less accurate prediction of wall friction and the lack of a 
generalised treatment over the entire y* range. 

• The CWF is determined for forced convective flow and thereby its validity for natural or 
mixed convection cases should be verified. Note however that the SWFs, including the one 
for temperature, were also derived for forced convection. 

• The CWF is not derived analytically but is actually based on validated numerical data, 
namely the T*-y* profiles of LRNM. The dependency of these profiles on the incidence 
angle affects the accuracy of the CWF to some extent. 

• In the CFD code that is used, only one parameter can be adjusted in the logarithmic law 
(Eq.(4.13)), namely Prt. Thereby, a detailed approximation of the LRNM data by means of a 
customised law-of-the-wall, which is valid throughout the entire y* range, is not possible. 
The proposed CWF, i.e. a logarithmic law, is only applicable for yP* values above about 50. 
Note that other CFD codes might not exhibit this limitation, which will improve the 
accuracy of the CWF.  

• The proposed CWF (with Prt,CWF = 1.95) is based on LRNM data (T*-y* profiles) obtained 
with the realizable k-ε model. Since the LRNM T*-y* profiles are inherently linked to the k 
and T distributions in the boundary layer (see section 4.4.4.1), which are turbulence-model 
dependent, the CWF should in principle be used in combination with this specific turbulence 
model. The proposed CWF (Prt,CWF = 1.95) is however also expected to perform well for 
turbulence models which are similar to the one used here. Therefore it is evaluated with the 
standard k-ε model (Launder and Spalding 1972), on which the realizable k-ε model is 
actually based and which is also available in most CFD codes, in Figure 4.43. Although its 
CHTC distribution differs to some extent, which is related to slightly different flow field 
predictions on top and side surfaces, its overall magnitude agrees well with the realizable k-ε 
model results, indicating that the standard k-ε model with CWFs can successfully be used 
with Prt,CWF = 1.95. If a fundamentally different turbulence model is used with CWFs, a 
similar methodology as explained in section 4.4.4 can be used to estimate Prt,CWF. Future 
studies will therefore evaluate this CWF approach for other turbulence-model families. 

Apart from these limitations, the use of the proposed CWF could be justified and the improvement 
over SWFs was indicated. The main reasons for its good performance are that the overall flow 
fields for LRNM and WFs are approximately similar, resulting in a similar CHTC distribution, and 
that a quasi universal, logarithmic-like, behaviour is found for the T*-y* profiles of LRNM. 
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Thereby, the CWF approach combines an increased wall-function accuracy for thermal calculations 
with the advantages of WFs, namely easier grid generation, since very fine cells in the near-wall 
region are avoided, and grids with less computational cells, reducing the computational time. The 
number of cells for the four bluff-body configurations that are evaluated in this study are compared 
in Table 4.4, for LRNM and WFs. The wall-function grids have on average about 30% less cells 
than the LRNM grids, which is a significant reduction. Furthermore, the implementation of the 
CWF in the CFD code was straightforward and simple, namely by adjusting one parameter (but 
preferably two parameters, see Eq.(4.15)) in the expression for the temperature WF (Eq.(4.13)), 
which could be done directly in the software in this study. This ease of implementation is an 
advantage since most commercial CFD codes offer limited access to the code itself. Thereby, the 
CWF approach should be applied from the viewpoint of using WFs which have an increased 
accuracy regarding convective heat transfer and which are easily implementable in CFD codes. 

 
Figure 4.43: CHTC distribution on the surfaces of the cube in a vertical (a) and horizontal (b) centreplane 
for an incidence angle of 0° for LRNM and CWF (with the realizable k-ε model (RKE) and the standard k-ε 
model (SKE)). 

Table 4.4: Number of cells for the four bluff-body configurations evaluated in this study (see Figure 4.34 
and Figure 4.41) for LRNM and wall-function grids, together with the relative difference between both 
(normalised with the number of cells of LRNM). 

Bluff body Number of cells Relative difference (%) 
 LRNM WF  

Cube 2.67 x 106 1.57 x 106 41 
Body A 4.55 x 106 3.07 x 106 33 
Body B 5.36 x 106 3.93 x 106 27 
Body C 4.20 x 106 2.72 x 106 35 

It has to be mentioned that an improvement over SWFs, regarding CHTC predictions, can also be 
obtained by using other modified WFs (see Blocken et al. 2009), such as those of Kim and 
Choudhury (1995). Also note that an analogous approach can be applied to determine a CWF for 
mass transfer in the boundary layer. 
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4.4.7. Conclusions 
In section 4.4, a modification to the standard temperature wall function was proposed for 
applications for forced convective heat transfer at the surfaces of typical wall-mounted (sharp-
edged) bluff bodies in turbulent boundary layers at moderate to high Reynolds numbers, such as 
buildings in the atmospheric boundary layer. The aim was to combine the advantage of the use of 
WFs over LRNM, namely a lower grid resolution in the near-wall region, together with an 
increased accuracy for convective heat transfer predictions, compared to standard wall functions 
(SWFs). The methodology to determine this customised temperature wall function (CWF) from 
validated (LRNM) numerical data was explained, where this CWF was based on a logarithmic law. 
This CWF could be implemented with only simple adjustments to the CFD code (Fluent in this 
study), which is advantageous when using commercial CFD codes, where usually only limited 
access to the code is possible. Its performance was evaluated for several bluff-body configurations, 
including a cube. SWFs yielded deviations of about 40% for the CHTC, compared to LRNM. With 
the CWF however, these deviations were generally reduced to about 10% or lower. This CWF 
approach showed that a significant improvement in accuracy can be obtained, compared to SWFs. 
Although one of the major limitations of SWFs was partly alleviated in this way, namely its reduced 
accuracy for convective heat transfer, another limitation, i.e. the applicability of WFs only within 
the logarithmic region, was not addressed. The proposed CWF approach is useful for 
computationally expensive large-scale building engineering or environmental studies at high 
Reynolds numbers involving heat transfer, which are bound to rely on WFs to resolve the boundary 
layer, but where accurate convective heat transfer predictions are required. 

4.5. Numerical optimisation: LRNM at low wind speeds 
As explained in section 4.3.7, it would be useful, when using LRNM for high-Reynolds-number 
building aerodynamics applications, if the CHTC-U10 correlations for forced convection could be 
determined at relatively low Reynolds numbers (e.g. low U10) with CFD, where the accuracy of 
these correlations is still satisfactory at higher Reynolds numbers. The motivation for using low 
Reynolds numbers when using LRNM is computational economy: LRNM requires a higher grid 
resolution in the near-wall region with increasing wind speed to satisfy yP

+ requirements, i.e. yP
+ ≈ 

1, which can significantly increase the computational expense but which can also entail problems 
for grid generation and convergence rates.  

To ensure that these correlations, obtained from CFD (LRNM) at low Reynolds numbers (i.e. for 
forced convective ABL flow), are still accurate at higher Reynolds numbers, Reynolds number 
independence should be achieved (see section 3.1.4.2). This implies that the overall flow field 
around the building at low Reynolds numbers (e.g. U10 = 0.5 m/s) is similar to that found at higher 
Reynolds numbers (U10 = 5 - 15 m/s) since otherwise the CHTC distribution on a specific surface 
will also be Reynolds number dependent. Note that Reynolds number dependency from previous 
experimental research was already discussed in section 3.1.4.2 and reported in Table 3.1 for sharp-
edged bluff bodies for uniform flow as well as deep turbulent boundary layers, such as the ABL. 
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In order to determine the CHTC at low Reynolds numbers, for LRNM purposes, this Reynolds 
number dependency in the numerical simulations for the cube configuration in the ABL of section 
4.3 is investigated. This is done by analysing the flow field for an incidence angle of 0° at different 
wind speeds, namely for U10 = 0.005, 0.05, 0.15, 0.5 and 5 m/s, resulting in Reynolds numbers of 
3.5x103 to 3.5x106, based on the building height H and U10. Note that the focus is on the overall 
flow field, not on the flow in the boundary layer near the building surface. Since the simulations are 
performed with steady RANS, any Reynolds number dependency by unsteady behaviour (e.g. 
vortex shedding) is not captured. Note that the same computational model settings are used as 
specified in sections 4.3.2-4.3.3. 

The dimensionless mean horizontal wind speed and turbulent kinetic energy along the horizontal 
centreline through the building are reported in Figure 4.44. Apart from the flow field, pressure 
coefficients are frequently used to evaluate the Reynolds number dependency. Therefore, the mean 
pressure coefficients (CP) are also reported in Figure 4.45 in a vertical centreplane on the windward 
and leeward surfaces, where CP is defined as: 

0
P

2
10

p pC 1 U
2

−
=

ρ
 

(4.18)

where p is the mean pressure at the surface and p0 is the atmospheric pressure. A dependency on the 
flow field can be noticed at low Reynolds numbers (i.e. U10 = 0.005 m/s and also at 0.05 m/s), 
particularly for the turbulent kinetic energy and the pressure coefficients, but this Reynolds number 
dependency for U10 = 0.05 m/s is already quite limited. Thereby, surface quantities and fluctuating 
flow quantities are apparently more sensitive to Reynolds effect compared to the mean flow field. 
The small differences between the results for U10 = 5 m/s and the results for U10 = 0.15 m/s and 0.5 
m/s are attributed to the slightly different grid (in the boundary-layer region) that is used in the 
simulations for high wind speeds (5 m/s). Note that the Reynolds number dependency was also 
evaluated at many more locations in the flow field, but this is not reported here since similar results 
were obtained. It can be concluded that, for this type of numerical simulations (steady RANS with 
LRNM), the overall flow field is quasi independent of the Reynolds number, for Reynolds numbers 
exceeding about 105 (U10 = 0.15 m/s), which is comparable to the highest Recr values found in Table 
3.1. This lower limit was taken into account when establishing the correlations in section 4.3.7. 
Also note that more aerodynamically-shaped bodies (e.g. cylindrical buildings) will show a 
Reynolds number dependency up to higher Reynolds numbers because for such bodies the positions 
of the separation points are Reynolds-number dependent. 

In this section, Reynolds number dependency was assessed specifically for numerical simulations, 
namely for steady RANS, from the perspective of determining the CHTC-U10 correlations at low 
Reynolds numbers for LRNM purposes. The influence of unsteadiness on separation vortices on the 
side and top surfaces, on the vortex shedding in the wake zone or on the growth and decay of the 
conical delta-wing type vortices on the top surface at incidence angles of 45° (see section 3.1.3) on 
the Reynolds number dependency of the mean flow field is thereby not captured. Indications of 
Reynolds number dependency of this unsteadiness was however noticed in previous experiments, 
e.g. for the Strouhal number (Meinders et al. 1999) or for the conical vortices on the top surface at 
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incidence angles of 45° (Lim et al. 2007). To have an appreciation of the Reynolds effects of the 
flow unsteadiness on the mean flow field, an experimental wind-tunnel study for bluff bodies 
immersed in a turbulent boundary layer is performed in the next section. 

 
Figure 4.44: Profiles of dimensionless horizontal wind speed (a) and turbulent kinetic energy (b) along a 
centreline ((x,z) = (5,5)) through the building (grey area = windward surface) for different wind speeds (U10). 

 
Figure 4.45: Pressure coefficient distribution in a vertical centreplane on the windward (a) and leeward (b) 
surfaces for different wind speeds (U10). 

4.6. Experimental study on Reynolds number dependency 

4.6.1. Experimental setup 
The experiments were performed in the boundary-layer wind tunnel of the Laboratory of Building 
Physics (Figure 4.46), which is an open-circuit blow-down wind tunnel, driven by a centrifugal fan 
and which was designed and constructed by the author. In the settling chamber, a honeycomb and 
four screens are present. The contraction has a contraction ratio of 4. After a 5 m long boundary-
layer development section (with adjustable roof), the 1.3 m long test section is located. The cross-
sectional area of the test section is 0.5x0.5 m² but with the adjustable roof, the height of the test 
section can be increased up to 0.7 m. Velocity measurements in the test section are performed with 
a particle image velocimetry (PIV) system and therefore the circuit of the wind tunnel was closed to 
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obtain homogeneous seeding for the tracer particles (not shown in Figure 4.46). For this closed-
circuit configuration, the maximal free-stream wind speed in the test section is about 10 m/s. 

 
Figure 4.46: Wind tunnel at the Laboratory of Building Physics (Belgium). Note that for the PIV 
experiments, the wind-tunnel circuit was closed for seeding purposes. 

For the wind-tunnel tests on Reynolds effects, two configurations were evaluated: a cube with a 
height (H) of 20 mm and a cube with a height of 54 mm. Both cubes were placed in the centre of 
the wind-tunnel (Figure 4.47) at an incidence angle of both 0° and 45°, resulting in a blockage ratio 
of 0.2% and 1.2%, respectively. The boundary-layer thickness (δ) of the incident flow profile (i.e. at 
the windward surface) was 85 mm. This boundary layer resulted from natural development along 
the smooth walls of boundary-layer development section where no additional surface roughness 
elements were provided to enhance development, which is often done in ABL wind tunnels. The 
reason for the use of a relatively small boundary-layer thickness of the approach flow is that 
Reynolds number effects are more pronounced for rather thin boundary layers (e.g. Castro and 
Robins 1977). 

  
Figure 4.47: Experimental wind-tunnel setup (test section) for flow around a wall-mounted cube in a 
turbulent boundary layer: (a) front view where the PIV lasersheet (dotted grey line) and CCD camera are 
shown; (b) side view (i.e. view of the camera). 

4.6.2. Particle image velocimetry 

4.6.2.1. Measurement principle 

PIV is a non-intrusive flow measuring technique, where the displacement of small (ideally 
massless) tracer particles, which are seeded in the (air) flow, is measured (Figure 4.48). Therefore, a 
pulsed laser combined with appropriate optics creates two successive thin light sheets (sheet 
thickness ± 1 mm) in a specific plane in the flow field, with a short time interval, where the tracer 
particles located within the light sheet scatter the laser light. An image of each of the two 
illuminated planes is taken with a CCD (Charge Coupled Device) camera. The tracer particles can 
be distinguished in both images, where the particles in the second image moved slightly compared 
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to the first one. The particle displacement is determined by dividing the image into many small 
interrogation areas. In each interrogation area (IA), containing multiple particles, the most probable 
displacement is calculated by cross-correlating both images within an IA, and is indicated by a 
typical IA correlation peak (Figure 4.49). Thereby, a velocity vector can be obtained for each IA by 
dividing the obtained displacement by the known time interval between the two laser pulses. 
Combining the vectors of each IA, a vector field is obtained from one double-image pair. Note that 
the obtained vector field is two dimensional whereas in reality, there can be an out-of-plane 
component. A three-dimensional vector field in the measurement plane can be obtained by using 
two cameras, which is called stereoscopic PIV. For a comprehensive and more detailed explanation 
of the PIV technique, the reader is referred to Prasad (2000). 

 
Figure 4.48: PIV measurement principle. 

 
Figure 4.49: Cross-correlations of different quality for an IA, indicated by the correlation peaks: (a) good 
correlation with one distinct peak; (b) satisfactory correlation but distinct secondary peak; (c) bad correlation 
with low signal-to-noise ratio. 
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4.6.2.2. System 

The 2D PIV system (Lavision) that is used consists of a Nd:Yag (532 nm) double-cavity laser (2 x 
200 mJ, repetition rate < 10Hz), which is used to illuminate the field of view, and one CCD camera 
(1376x1040 pixel resolution, 10 frames/s), for image acquisition. Both laser and camera are 
mounted on a translation stage. The flow is seeded with particles from a standard fog generator 
(vaporisation of glycol-water mixture). No information on the out-of-plane vector component is 
available since only a single camera was used. The image acquisition and post processing is done 
with the software package Davis 7.1 (Lavision). 

4.6.2.3. Error estimate 

Different sources of errors can arise during a PIV experiment (Prasad 2000, see also Keane and 
Adrian 1990, Bolinder 1990, Huang et al. 1997): 

• Random errors. Noise is introduced in the recorded images (in pixels on the CCD camera) 
due to the mismatch in the recorded and effective particle size (Figure 4.50a), by which an 
error on the location of the centroid of the particle is introduced. These errors scale usually 
with the particle size and can thus be limited by using small particles. Furthermore, random 
errors can be introduced in the cross-correlations by matching of particles which are not 
image pairs, since some particles move in and out of the IA (Figure 4.50b), also in the 
direction perpendicular to the image plane (out-of-plane). Limiting the out-of-IA (and out-
of-plane) motion is thereby advised.  

• Tracking errors. Since the particles are not ideally massless, they will not follow the 
streamlines exactly due to their inertia (Figure 4.50c). This effect can be minimised by an 
appropriate choice of particles.  

• Gradient errors. Due to deformation and rotation of the flow within an IA, a loss in 
correlation is obtained (Figure 4.50d). This type of error can be limited by an appropriate 
choice of the field of view and IA size so the gradients within an IA are small. 

• Acceleration errors. These errors are due to the approximation of a local Eulerian velocity 
vector from a Lagrangian particle displacement. If streamlines are curved, the particle 
displacement is not representing the velocity vector (Figure 4.50e). This error can be limited 
by reducing the time interval between both images. 

• Bias errors. These errors originate when determining the displacement of the particles, by 
means of correlating two IA images, with sub-pixel accuracy by a curve-fit method. 
Especially for small particles (< 1 pixel), this displacement can be biased to integer pixel 
values, resulting in clustering near these values, which is called pixel locking, thus leading 
to large bias errors. 

• Systematic errors 
o Calibration errors. These errors can be estimated in a straightforward way and 

propagate linearly in the velocity. 
o 2D approximation of the vector field. Due to the use of only one camera, only a two-

dimensional vector field is obtained, where the out-of-plane velocity component is 
not accounted for (Figure 4.50f). 
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o Sub-pixel accuracy. The correlation peak and thus the particle displacement can only 
be determined with a certain sub-pixel accuracy, leading to bias errors of about 0.1 
pixel (Huang et al. 1997, Forliti et al. 2000). This will introduce an error in the 
predicted velocity, which is dependent on the pixel shift of the particles (e.g. 5 
pixels). Note that although the absolute error on the velocity is constant, i.e. 
determined by the sub-pixel accuracy, the relative error will increase with decreasing 
pixel shift, i.e. due to smaller time intervals or in low velocity zones. 

Given the complexity of these different sources of errors, where reducing one type of error often 
leads to amplification of another type, it is difficult to provide a quantitative error estimate of their 
combined effect on the velocity. Therefore, these errors are usually minimised by taken into account 
best practice guidelines, which are mentioned in next section. 

 
Figure 4.50: PIV measurement errors: (a) recorded (grey squares) and effective particle image, where the 
squares represent the camera pixels; (b) particles in first (black dots) and second (white dots) image, where 
some particles move in and out of the IA (grey square); (c) difference between particle path and streamline 
due to the mass of a particle; (d) IA where the resulting IA vector and the individual particle displacements 
are indicated; (e) difference between flow velocity vector and the vector obtained with PIV; (f) vector 
obtained with PIV (2D, in the measurement plane) and real vector (3D). 

4.6.2.4. Image acquisition and post processing 

The field of view of the CCD camera in the centreplane of the tunnel is 77x102 mm², which is 
initially divided into interrogation areas of 32x32 pixels, where these interrogation areas are split up 
in a second step in areas of 16x16 pixels, i.e. of 1.2x1.2 mm². In order to increase the spatial 
resolution within the vector field, additional IAs (16x16 pixels) are created in between the original 
IAs which have a 50% overlap with the original IAs. The calibration error for the displacement, and 
thus for the velocity, was estimated to be 0.2%. Following best practice guidelines for PIV 
(Bolinder 1990, Keane and Adrian 1990, Prasad 2000) were taken into account to minimise the 
aforementioned errors in PIV: (1) The particle size on the camera images was about 2 pixels where 
a particle density larger than 10-15 particles per IA was provided. Note that the smoke particles 
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used in this study are smaller than 1 micron and are much smaller than the commonly used particles 
for PIV in air flows, e.g. oil droplets (± 1 micron); (2) The time interval between two laser pulses is 
determined based on a displacement of about 25% of the size of the IA, i.e. about 4-5 pixels; (3) If 
the ratio between the first and second tallest correlation peak within an IA (P1/P2 in Figure 4.49) 
was below 1.3, the vector is rejected. Thereby, the correlation peak has to satisfy a certain signal-to-
noise ratio; (4) To minimise the loss of image pairs due to out-of-plane movement, the displacement 
of particles perpendicular to the light sheet (out-of-plane motion) should be smaller than 25% of the 
light sheet thickness (± 1 mm). This is however difficult to estimate since the out-of-plane vector 
component is not known. If it is assumed that the out-of-plane motion is of the same magnitude as 
that of the in-plane displacement, i.e. ± 5 pixels or ± 0.37 mm in the FOV, the out-of-plane 
movement will be approximately 25% of the light sheet thickness, i.e. ± 0.25 mm. Note that using 
these guidelines, the obtained correlations from the double-image pairs were found to be of good 
quality.  

In order to allow analysis of time-averaged flow quantities (e.g. mean wind speed), sufficient 
statistically-independent double-image pairs (samples) have to be taken. To have statistically-
independent (i.e. uncorrelated) samples, the time between two samples has to be sufficiently long, 
typically larger than twice the integral time scale of the flow, which can be considered as the 
lifetime of the large-scale energy-containing eddies. This time scale can be roughly estimated by 
dividing the (integral) length scale of these eddies by a characteristic wind speed. The lower limit of 
the sampling rate is thus found at the lowest wind speed and the largest length scale: 

I I

1 USR
2T 2L

< =  (4.19)

For a length scale equal to 0.25 m (i.e. half of the largest dimension of the tunnel) and for the lowest 
wind speed (free-stream value) used in the experiments (≈ 1 m/s), a sampling rate of 2Hz or lower 
results in statistically-independent samples, which is the sampling rate used in all experiments in 
this study. The required number of samples can be estimated from the allowed uncertainty on the 
mean wind speed (uc), the confidence level (1-ac) and the turbulence intensity I: 

2

a

c

z1NS I
u 2

⎛ ⎞
= ⎜ ⎟
⎝ ⎠

 (4.20)

where za/2 is dependent on the confidence level, namely 1.65, 1.96 and 2.33 for (1-ac) = 90%, 95% 
and 98%, respectively, for Gaussian distributions. Based on uc = 5% and (1-ac) = 95%, and an 
estimated I ≈ 30% (e.g. in the wake of the cube), 120 samples were chosen. Due to the strong 
dependency on I, a more precise determination of the uncertainty uc is given in section 4.6.3.2. 

4.6.3. Results 

4.6.3.1. Approach flow profile 

When assessing Reynolds effects for flow around a bluff body, a prerequisite is that the approach 
flow is quasi free of Reynolds effects. Therefore, the approach flows for the two configurations (H 
= 20 mm and H = 54 mm) are shown in Figure 4.51 at different Reynolds numbers, namely the 
wind speed (VS), non-dimensionalised by UH (i.e. taken from the approach flow at height H), and 
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the turbulence intensity (I = σS/VS), defined with respect to VS (which is evaluated at each location). 
Note that this wind speed and turbulence intensity do not contain information on the out-of-plane 
component. The Reynolds numbers are based on the cube height, UH and a kinematic viscosity of 
1.56x10-5 m²/s (determined from the air temperature in the room, i.e. 19°C). Note that these 
Reynolds numbers are rounded to the two last digits. These approach flow profiles are taken in the 
undisturbed upstream flow, i.e. at x/H = -4.5 (H = 20 mm) and -3.9 (H = 54 mm). Note that the 
scale of the vertical axes in Figure 4.51 differs since this distance is made dimensionless using a 
different cube height. The absolute height is however the same (≈ 100 mm). Also note that the same 
free-stream wind-tunnel wind speeds were evaluated for both configurations, which however results 
in different Reynolds numbers for each configuration, due to the difference in cube height. These 
free-stream conditions can be noticed at the top of these charts (z/H ≈ 5 for H = 20 mm and z/H ≈ 2 
for H = 54 mm), where a free-stream turbulence intensity of 2-3% is found.  

 
Figure 4.51: Approach flow wind speed, made dimensionless with UH, and turbulence intensity, with respect 
to the local wind speed, for the two cube configurations. These profiles are evaluated at x/H = -4.5 (H = 20 
mm) and -3.9 (H = 54 mm). 
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Apart from the lowest free-stream wind speed (Re = 800 for H = 20 mm and Re = 2300 for H = 54 
mm) and to a lesser extent the second lowest wind speed, the approach flow profiles seem to be 
quasi independent of the Reynolds number. Thereby, the observed Reynolds number effects in the 
flow field around the cubes are not related to the approach flow, except at the lowest free-stream 
wind speed. 

4.6.3.2. Uncertainty  

Before evaluating Reynolds effects, the uncertainty on the mean wind speed is evaluated more in 
detail. Based on the number of double-image pairs taken (i.e. 120), the confidence level (1-ac) and 
the turbulence intensity I at a specific point in the flow, the uncertainty on the mean wind speed can 
be estimated by rewriting Eq.(4.20): 

a
c

z1u I
2NS

=  (4.21)

If multiplied with a factor VS/UH, i.e. the wind speed at a specific point in the flow divided by the 
wind speed at cube height (of the approach flow), the absolute uncertainty (Uc, m/s) is obtained, 
scaled with the wind speed UH: 

c S a S a S S a S
c

H H H S H H

U V z V z V z1 1 1u I
U U 2 U 2 V U 2 UNS NS NS

σ σ
= = = =  (4.22)

Alternatively, this absolute uncertainty can also be scaled with another approach flow wind speed 
(UAF), i.e. not at z/H = 1. The dimensionless wind speed (with UAF at z/H = 0.5) for the cube with H 
= 20 mm at an incidence angle of 0° in a vertical centreplane along a horizontal centreline is given 
in Figure 4.52 together with the error band Uc/UAF. This absolute uncertainty was found to be quite 
constant over the evaluated Reynolds number range with an average of 3% of UAF for all wind 
speeds. Also at other locations in the flow field, an uncertainty (Uc/UH or Uc/UAF) of a few percent 
was found. Note that this uncertainty can be reduced by increasing the number of samples (i.e. 
double-image pairs), which will however require many samples, mainly due to the power-law 
dependency of Uc on NS1/2. 

 
Figure 4.52: Wind speed, made dimensionless with UAF at z/H = 0.5, along a horizontal centreline (z/H = 
0.5) for the cube with H = 20 mm at an incidence angle of 0° with the error band Uc/UAF. 
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4.6.3.3. Incidence angle of 0° 

The wind speed and turbulence intensity for both cube configurations are evaluated for an incidence 
angle of 0° in a vertical centreplane along a horizontal centreline in Figure 4.53. The wind speed is 
made dimensionless with the approach flow wind speed at z/H = 0.5. Note that the discrepancies at 
low wind speeds (Re = 800 for H = 20 mm and Re = 2300 for H = 54 mm) are at least partially 
related to differences in the approach flow profiles (Figure 4.51) and are thus not only related to the 
flow around the cube itself. Note that critical Reynolds numbers, i.e. above which the flow field 
becomes quasi-independent of the Reynolds number, from previous experimental research were 
already discussed in section 3.1.4.2 and reported in Table 3.1 for sharp-edged bluff bodies, i.e. with 
fixed separation points, for uniform flow as well as deep turbulent boundary layers, such as the 
ABL.  

For the mean wind speed, a distinct Reynolds dependency can be noticed at the lowest Reynolds 
numbers (i.e. for H = 20 mm), even when taking into account the uncertainty on the wind speed 
(section 4.6.3.2). The wind speed becomes quasi independent of the Reynolds number at higher 
Reynolds numbers, i.e. for Re > 104, although a critical Reynolds number cannot be clearly 
distinguished, mainly due to the uncertainty on the results. This Reynolds number independence can 
also be noticed, somewhat more clearly, in the turbulence intensity profiles. Since Reynolds number 
dependency was found to be especially pronounced in the recirculation zone at the top surface 
(Uehera et al. 2003), the wind speed and turbulence intensity for both cube configurations are 
evaluated in a vertical centreplane along a vertical centreline in Figure 4.54. 

The wind speed and turbulence profiles for both configurations clearly differ from one another, 
which is due to a difference in shape and size of the separation bubble on the top surface (Figure 
4.55). This difference originates from the fact that the approach flow profile for both cubes is the 
same, by which their immersion in the boundary layer (δ/H) is different, resulting in a slightly 
different flow field. A good agreement at different Reynolds numbers is found for the mean wind 
speed in Figure 4.54, in particular at high Reynolds numbers (Re > 104). The turbulence intensity at 
the top surface is however clearly more sensitive to Reynolds number effects, in accordance to 
previous research (section 3.1.4.2), but seems to become quasi constant at the highest Reynolds 
numbers. Since the Reynolds number dependency was found to be also pronounced at an incidence 
angle of 45° (see section 3.1.4.2), namely at the conical vortices at the top surface, this 
configuration is also investigated for both cubes. 
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Figure 4.53: Wind speed, made dimensionless with UAF at z/H = 0.5, and turbulence intensity, with respect 
to the local wind speed, along a horizontal centreline (z/H = 0.5) for the two cube configurations. 
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Figure 4.54: Dimensionless wind speed and turbulence intensity, with respect to the local wind speed, along 
a vertical centreline on the top surface for the two cube configurations. 

 
Figure 4.55: Comparison of the recirculation zones at the top surface in a vertical centreplane for the two 
cube configurations (reattachment points are indicated by black arrows). 
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dependency in the flow in the conical vortices at the top surface, the wind speed and turbulence 
intensity for the cube of 20 mm are evaluated in several vertical planes (oriented in the streamwise 
direction) along a vertical line in the centre of the cube in Figure 4.57. The Reynolds number 
dependency of the mean flow field is limited at the centre of the cube (y/H = 0) and at the edge (y/H 
= 0.6), which is in agreement with the previous findings, i.e. for an incidence angle of 0° (Figure 
4.54). For the vertical lines at y/H = 0.2 and y/H = 0.4, which are located where the conical vortices 
appear, the mean wind speed profiles however show a significant Reynolds number dependency, 
which even persists up to high Reynolds numbers. As expected, the Reynolds number dependency 
for the turbulence intensity is more pronounced, where no clear independency of the Reynolds 
number is found for y/H = 0.2 and y/H = 0.4. Note that the turbulence intensity at a Reynolds 
number of 2800 for y/H = 0.6 differs significantly from that at other wind speeds, and could be 
considered erroneous. 

4.6.3.5. Discussion  

The wind-tunnel experiments in this section clearly confirmed that Reynolds number dependency is 
very ambiguous to define, since it is dependent on: (1) the approach flow conditions, e.g. the 
incidence angle; (2) the flow quantity which is evaluated, namely mean or fluctuating quantities; (3) 
the location where the flow quantity is evaluated, i.e. at the surface (e.g. surface pressures) or in the 
flow field, where the specific location in the flow field is also of influence. For mean flow 
quantities, Reynolds number effects generally became small at Re > 104, except in the conical 
vortices on the top surface for a cube at 45°. The fluctuating quantities were more sensitive but also 
showed limited Reynolds number dependency at Re > 104, except in the conical vortices. Note that 
determining the critical Reynolds number more clearly, as was done for the CFD simulations in 
section 4.5, was difficult due to a certain experimental uncertainty in the PIV measurements. 
Nevertheless, the critical Reynolds number of 104, obtained from the experiments reported in this 
section, agrees well with that of previous research (see Table 3.1) and of the CFD simulations 
reported in this thesis (section 4.5). 
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Figure 4.56: Wind speed, made dimensionless with UAF at z/H = 0.5, and turbulence intensity, with respect 
to the local wind speed, along a horizontal centreline (z/H = 0.5) for the two cube configurations. 
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Figure 4.57: Dimensionless wind speed and turbulence intensity, with respect to the local wind speed, along 
a vertical lines on the top surface for the cube configuration with H = 20 mm. 
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4.7. Methodology to assess the influence of local wind conditions and 
building orientation on the convective heat transfer at building 
surfaces 

4.7.1. Introduction 
Knowledge on the convective heat transfer at exterior building surfaces is of interest for several 
building and urban engineering purposes, as discussed in section 2.1.1.3, namely for energy 
performance analysis, analysis of urban heat islands and analysis of hygrothermal behaviour within 
the building envelope, which is relevant for the assessment of durability of constructions and for the 
preservation of cultural heritage. Numerical models which are used to investigate these phenomena 
(e.g. HAM models) mostly account for convective heat transfer by means of CHTCs. These CHTCs 
are usually estimated by means of empirical correlations with a reference wind speed (Uref). 

Information on these CHTC-Uref correlations however does not yet provide the representative 
statistical mean CHTC (CHTCSM) for a certain surface or point on the building, where the CHTCSM 
represents the temporally-averaged CHTC over a long time span, e.g. the building or building 
component lifetime. This CHTCSM is determined by the local wind climate at the building site 
(wind climate: wind conditions, i.e. wind speed and wind direction, over a long period of time 
which can for example be monitored at a meteorological station). The CHTCSM is characterised by 
a specific occurrence of wind speed, wind direction and terrain-related approach flow conditions, 
and by the orientation of the building surface with respect to these local wind conditions. 
Information of such CHTCSM values could be useful in the analysis of aforementioned building-
related phenomena with numerical models which rely on CHTCs (e.g. HAM models), since the 
CHTCSM could provide more reliable long-term thermal convective boundary conditions. The 
CHTCSM could for example be applied to determine the optimal location of a solar collector or a 
ventilated photovoltaic array on a building, in terms of convective heat losses, in order to optimise 
their long-term (i.e. lifetime) performance. Another example is related to the preservation of 
cultural heritage sites, where the use of both the CHTCSM and the statistical mean convective 
moisture transfer coefficient (CMTCSM) in numerical models could lead to a better prediction of the 
long-term hygrothermal behaviour in the future and of the related damage processes. Such statistical 
mean CHTC values can thus be very useful for many of these applications. For other applications, 
which are more focussed on dynamic effects, the use of “instantaneous” CHTC values, i.e. on an 
hourly or daily basis, could be more appropriate. Such instantaneous values could be derived by 
means of CHTC-U10 correlations, for example by using hourly wind climate data. This approach is 
sometimes used in BES and HAM programs, which however often consider a relatively short time 
period, e.g. a single year. 

In this section (4.7), a methodology is proposed to determine the CHTCSM for a building surface, by 
taking into account the specific local wind conditions. This is done by determining the surface-
averaged CHTC-U10 correlations for a building surface for several wind directions, for which CFD 
simulations (validated against wind-tunnel experiments) are used in this study, and by relating them 
subsequently to the local wind climate, by means of statistical meteorological data. The main aims 
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of this study are: (1) to determine a surface-averaged CHTC which reflects in a realistic way the 
actual surface-averaged CHTC experienced by a building surface over a long period of time, 
namely CHTCSM, by using local wind climate information; (2) to show that, for specific local wind 
conditions, the building orientation can have a significant impact on the resulting CHTCSM value of 
a building surface; (3) to show that the magnitude of the CHTCSM of a specific building surface can 
also vary significantly for different wind climates; (4) to indicate the influence of different levels of 
complexity for taking the local climate into account while determining the CHTCSM value. This 
methodology will be applied to the facades of a cubic building, which is a rather generic case study, 
but the application for more complex building configurations, e.g. in the urban environment, is 
straightforward. Although the focus will be on the surface-averaged CHTC, i.e. of an entire building 
facade, the methodology is also applicable for a part of a building surface, representing for example 
the surface of a solar collector, or for a specific point on the surface but also for the building as a 
whole. Therefore, CHTC denotes the surface-averaged CHTC in the remainder of section 4.7, 
unless specified otherwise. Finally, the use of the methodology for other applications, involving 
pressure coefficients, wind-driven ventilation rates or CMTCs, is discussed.  

4.7.2. Methodology 

4.7.2.1. Statistical meteorological data 

In section 4.7.2, the applied methodology to obtain the CHTCSM for a building surface with a 
specific orientation is explained, taking into account the local wind conditions. First of all, 
information on the local wind climate is required. In this study, the statistical meteorological data 
(hourly mean potential wind speed Upot and wind direction), obtained in the meteorological station 
of Eindhoven (The Netherlands) for the period 1971-2000 (made available by the Royal Dutch 
Meteorological Institute), are used for the analysis, which thus provide a statistically reliable data 
set, representative for the wind climate at the meteorological station. Upot is the wind speed at a 
height of 10 m for a terrain with an aerodynamic roughness length (z0) of 0.03 m, and is classified 
into 12 wind direction categories and 19 wind speed categories, in this case. These categories 
respectively represent intervals of 30° from which the wind blows (for wind direction) and intervals 
of 1 m/s (for wind speed). The northern wind direction (0°) contains for example all winds coming 
from -15° to 15° and the wind speed category 3.5 m/s contains all wind speeds within the range 3-4 
m/s. These local wind conditions are represented in Figure 4.58 and in Table 4.5. In Table 4.5, the 
horizontal rows (wind speeds) are denoted by index i and the vertical columns (wind directions) by 
index j. The table specifies the percentage of occurrence xij (%) of a certain wind speed (i) for a 
certain wind direction (j). It is clear that the wind directions between west and south are the most 
dominant ones. The indication Var/Calm in Table 4.5 indicates the percentage of occurrence of 
wind conditions where the wind direction could not clearly be determined due to strong fluctuations 
or where there is no or a very low wind speed. For the wind climate of Eindhoven, such conditions 
are found for 4.1% of the time (see Table 4.5). Note that often meteorological stations do not report 
wind speed data as potential wind speeds, i.e. for z0 = 0.03 m and at 10 m height. This is not 
required since the wind speed data of the meteorological station (Umeteo) have to be transformed 
anyway to be representative for the wind speeds at the building site (Usite), which is explained in the 
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next section. If requested, Upot data can be determined by transformation of the original wind speed 
data at the meteorological station (Umeteo), using the same methodology as explained in section 
4.7.2.2.  

Table 4.5: Percentages of occurrence (xij) of Upot (= U10 in this study) for several wind speeds categories (i) 
and for 12 wind direction categories (j), for the meteorological station of Eindhoven for the period 1971-
2000. U10,i indicates the average wind speed of a certain wind speed category. Var/Calm indicates the 
percentage of occurrence of wind conditions where the wind direction could not clearly be determined due to 
strong fluctuations or where there is no or a very low wind speed. 
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Figure 4.58: Wind conditions measured at the meteorological station in Eindhoven for the period 1971-
2000. Percentage of occurrence (indicated in bold) of hourly wind speeds for different wind speed intervals 
at specific wind directions (north = 0°, east = 90°). The data are obtained from the Royal Dutch 
Meteorological Institute. 

4.7.2.2. Transformation to building site  

If the terrain roughness length at the meteorological station (z0,meteo) differs from that at the building 
site (z0,site) or if the height of the meteorological station (Hmeteo), i.e. the height at which the wind 
speed is measured, is not equal to the reference height at the building site (Hsite), which is 10 m in 
this study, the wind speed data of this meteorological station (Umeteo at height Hmeteo) have to be 
transformed to be representative for the wind speeds at the building site (Usite at height Hsite) for a 
specific wind direction. Information on this transformation of the meteorological data to the wind 
conditions near the building site can be found in Blocken et al. (2004). The wind speed data at the 
building site are obtained by scaling the data of the meteorological station with a factor Usite/Umeteo: 
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This scaling factor γ(j), which is a function of the specific wind direction (j), can be determined by 
assuming a logarithmic law for the vertical profile of the mean horizontal wind speed: 
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where uτ,ABL is the friction velocity in the atmospheric boundary layer (ABL) for a specific wind 
direction. The ratio of the friction velocities can be approximated by (Simiu and Scanlan 1986): 
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Note that this transformation has to be performed for each wind direction category since for every 
category, both at the meteorological station and at the building site, a different terrain roughness can 
be found. For the sake of simplicity, it is assumed in this case that the cubic building is located in a 
uniform terrain, i.e. with similar terrain roughness for each wind direction, with z0,site = 0.03 m. 
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Thereby, the available Upot data of the meteorological station of Eindhoven are representative for 
U10 at the building site in this case, i.e. without the use of any transformation. 

Note that if the building of interest is located well within the urban environment, the ABL wind 
speed profile near the building site will differ to some extent from a classical logarithmic law (e.g. 
Reynolds and Castro 2008), especially in the lower region of the urban canopy, i.e. the region in 
between the ground and the characteristic building height. Transformation of the wind speed 
profiles at the meteorological station to the building site is thereby less straightforward as in the 
case of an isolated building since Eq.(4.25) cannot be used anymore. A transformation can however 
still be achieved in several ways: (1) If a (larger) computational domain is provided where the 
buildings in the proximity of the building of interest are modelled explicitly, the flow features 
characteristic for the lower canopy region are explicitly resolved. This technique is frequently 
applied in many large environmental studies (e.g. Hussein and El-Shishiny 2009, van Hooff and 
Blocken 2010). In this case, a logarithmic ABL profile can be imposed at the inlet of the 
computational domain (with z0,site and Usite at height Hsite), by which Eq.(4.25) can be used for the 
transformation of the wind speed profiles of the meteorological station; (2) Instead of using 
Eq.(4.24) combined with Eq.(4.25), a specific scaling factor γ(j) can be determined which accounts 
for the non-logarithmic ABL profile at the building site. 

4.7.2.3. CHTC-U10 correlations 

Apart from these statistical meteorological data, the surface-averaged CHTC-U10 correlations have 
to be determined for the building surface of interest for each of the 12 wind directions in order to 
estimate the CHTC for all wind speeds of each wind direction category (see Table 4.5). The use of 
available correlations (see Defraeye et al. 2011a) is not always justified since these correlations are 
derived for a specific building geometry and building surroundings and they are therefore not 
always representative for the building under consideration. For full-scale measurements, the use of 
only one or a few particular measuring locations provides an additional source of arbitrariness on 
the correlations. Moreover, the influence of the wind direction has been generally taken into 
account by classifying a surface only as windward or leeward in these measurements, which is a 
rather coarse classification.  

If no representative correlations can be found in literature, with sufficiently detailed wind direction 
dependency, the CHTC-U10 correlations can also be determined directly by means of full-scale 
experiments, wind-tunnel experiments or CFD simulations for the building surface of interest. 
Some remarks have to be kept in mind if CHTCs are determined with these techniques: (1) Full-
scale experiments have a limited spatial resolution since the CHTCs are only measured at one or a 
limited number of locations on the building surface so an actual surface-averaged value cannot be 
obtained. This technique is also only suitable for existing buildings, for example for studies on the 
preservation of historical buildings, but it cannot be used during the design of buildings. Note that 
the measurement period for the full-scale experiments can be quite limited since only the 
correlations have to be obtained (for different wind directions) and statistical information on the 
occurrence of the wind speed and wind direction is not required. Given a sufficiently long 
measurement period however, it is also possible to measure the CHTCSM directly; (2) Wind-tunnel 
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tests usually have a higher spatial resolution, which allows to estimate surface-averaged CHTC 
values to some extent. The thermal measurements however introduce additional difficulties (e.g. 
Meinders 1998) with respect to model design, wind-tunnel air conditioning, accessibility of surfaces 
(e.g. for infrared thermography) and measurement equipment, in comparison with for example 
pressure measurements, which make these thermal measurements less attractive for practical 
applications for more complex building configurations; (3) With CFD, the applied turbulence 
modelling approach determines to a large extent the accuracy of the calculated flow field and thus 
of the CHTCs, which can be quantified by means of validation experiments. On the other hand, 
CFD provides a very high spatial resolution and imposes few restrictions to building geometry and 
surface details by which surface-averaged CHTC values can be obtained for all surfaces of interest 
at once.  

Since CFD exhibits advantages with respect to determining (surface-averaged) CHTCs for complex 
building configurations, compared to other techniques, and since it is used frequently to evaluate 
flow fields in environmental studies (Neofytou et al. 2006, Hussein and El-Shishiny 2009, Solazzo 
et al. 2009, van Hooff and Blocken 2010, Wakes et al. 2010), the surface-averaged CHTC-U10 
correlations in this study will be determined by means of CFD (see section 4.7.3). These 
correlations will be represented by following power-law correlation: 

jB
j 10CHTC A U=  (4.26)

where Aj and Bj are respectively a coefficient and exponent, which are determined for every wind 
direction j. Note that, due to the symmetry of the cubic building, only two wind directions have to 
be evaluated with CFD to obtain the CHTC-U10 correlations for all 12 wind directions, namely 0° 
and 30°.  

4.7.2.4. Calculation of CHTCSM 

These CHTC-U10 correlations allow to determine the CHTC for a given wind direction j, with 
corresponding factors Aj and Bj, for every wind speed (U10,i) that is found for this direction (see 
Table 4.5), namely CHTCij: 

jB
ij j 10,iCHTC A U=  (4.27)

Note that for every wind speed category, for example 3-4 m/s, the mean wind speed of that category 
(3.5 m/s) is used to determine CHTCij with the correlation. The CHTCSM for the building surface of 
interest is obtained by averaging these CHTCij values by taking into account the occurrence of each 
wind speed i for a certain wind direction j, i.e. xij: 

SM ij ijj i
CHTC x CHTC=∑ ∑  (4.28)

Note that the average CHTC for a certain wind direction j (CHTCAVG,j) for the building surface of 
interest can also be obtained, based on the occurrence of each wind speed i: 

ij
AVG, j iji

tot , j

x
CHTC CHTC

x
=∑  (4.29)

Here xtot,j is the percentage of occurrence of a certain wind direction j: 

tot , j iji
x x=∑  (4.30)
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These values are related to the CHTCSM by: 

SM tot, j AVG, jj
CHTC x CHTC=∑  (4.31)

Although the proposed methodology relies on CFD in this study, the CHTC-U10 correlations for 
different wind directions can be obtained as well by wind-tunnel tests or full-scale experiments. 
Furthermore, the methodology could also be applied to evaluate the CHTCSM of an entire building, 
instead of a single building surface, by using the building-averaged CHTC-U10 correlation. 

4.7.3. Calculation of CHTC-U10 correlations by means of CFD 

4.7.3.1. Numerical model 

Note that the numerical model is very similar to that presented in section 4.3, but is described here, 
briefly, for the sake of completeness of section 4.7. A cubic building with a height (H) of 10 m is 
considered. The computational domain is presented in Figure 4.59, which allows to evaluate 
different wind directions. The height of the domain is 6H. At the inlet of the domain, the vertical 
profiles of the mean horizontal wind speed U (logarithmic law), turbulent kinetic energy and 
turbulence dissipation rate are imposed, according to Richards and Hoxey (1993), representing a 
neutral ABL: 

,ABL 0

0

u z zU(z) ln
z

τ ⎛ ⎞+
= ⎜ ⎟κ ⎝ ⎠

 (4.32)
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where κ is the von Karman constant (0.4187), z is the height above the ground. The friction velocity 
(uτ,ABL) is linked to a reference wind speed, namely U10 in this study, which is taken equal to 0.5 
m/s. Note that other wind speeds (U10 = 1 and 2.5 m/s) are also evaluated (section 4.7.3.3), resulting 
in Reynolds numbers from 3.4x105 to 1.7x106. The parameter z0 is 0.03 m, which corresponds to a 
land surface with low vegetation (e.g. grass) and isolated obstacles (Wieringa 1992). The 
temperature of the approach flow is 10°C, which is taken as the reference temperature in Eq.(2.2). 
Wind at two different incidence angles is evaluated in the simulations, namely at incidence angles 
of 0° and 30° (Figure 4.59). The incidence angle (φ) is the angle between the approach flow wind 
direction and the normal to the surface of interest. It is 0° for flow perpendicular to the surface and 
increases in a clockwise manner.  

The ground boundary is modelled as a no-slip boundary with zero roughness since surface 
roughness values cannot be specified if low-Reynolds number modelling (LRNM) is used to model 
the boundary layer (Fluent 2006). The ground boundary is taken adiabatic. The exterior surfaces of 
the building are modelled as no-slip boundaries with zero roughness and have an imposed constant 
temperature of 20°C. 
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For the top boundary of the computational domain, a symmetry boundary condition (slip wall) is 
used, which assumes that the normal velocity component and the normal gradients at the boundary 
are zero. Zero static pressure is imposed at the outlet. Note that symmetry boundary conditions are 
used for the lateral boundaries for an incidence angle of 0° and inlet or outlet boundary conditions 
are used for an incidence angle of 30° (Figure 4.59).  

 
Figure 4.59: Top view of the computational domain and grid (H = cube height) with specification of the 
boundary conditions. The height of the domain is 6H. 

An appropriate grid is built, based on a grid sensitivity analysis. The grid is a hybrid grid 
(hexahedral and prismatic cells) consisting of about 3.3x106 cells (Figure 4.59). In order to resolve 
the boundary layer appropriately, LRNM grids require a high cell density in the wall-normal 
direction and a small y+ value (dimensionless wall distance) of the wall-adjacent cell (y+ ≈ 1), 
compared to wall functions (30 < y+ < 500). The highest y+ values are attained at the edges of the 
windward surface but are smaller than 3 at the highest wind speed that is evaluated in this study.  

Since τw increases with increasing velocity (U10), the evaluation of higher wind speeds requires that 
the grid is also sufficiently fine in the boundary-layer region at these wind speeds to have a y+ value 
of about 1. Thereby, the required yP can become very small at high Reynolds numbers (≈ 0.05 mm 
for U10 = 7.5 m/s, Defraeye et al. 2011a or see section 4.3.7) which can entail considerable 
problems for grid generation and convergence rates. However, Defraeye et al. (2011a) (see section 
4.3.7) showed that relatively low wind speeds could be used, for ABL flow, to evaluate the forced 
convective CHTC-U10 correlations, since the flow field becomes quasi independent of the Reynolds 
number at Reynolds numbers above approximately 105. Here the Reynolds number was based on 
the cube height (H) and U10. Therefore low wind speeds, and hence a relatively large yP, will be 
used in this study, for LRNM purposes, to determine the CHTC-U10 correlations (in section 
4.7.3.3). 
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4.7.3.2. Numerical simulation 

The simulations are performed with the CFD code Fluent 6.3, which uses the control volume 
method. Steady Reynolds-averaged Navier-Stokes (RANS) is used in combination with a 
turbulence model. The realizable k-ε model (Shih et al. 1995) is used together with LRNM to take 
care of the viscosity-affected region, for which the one-equation Wolfshtein model (Wolfshtein 
1969) is used.  

The accuracy of the realizable k-ε turbulence model with LRNM was evaluated by means of a CFD 
validation study (Defraeye et al. 2010, see also section 4.2) using wind-tunnel measurements of 
convective heat transfer on the surfaces of a cube placed in turbulent channel flow at a Reynolds 
number of 4.6x103, based on the cube height and the bulk velocity, of Meinders et al. (1999). The 
simulations produced accurate CHTC predictions, both in magnitude and distribution over the 
surface, for the windward surface and to a lesser extent for the leeward surface. For the side and top 
surfaces, the distribution of the CHTC over these surfaces was less accurate. This discrepancy is 
due to the less accurate flow predictions around bluff bodies, in zones of separation and 
recirculation (Iaccarino et al. 2003, Murakami et al. 1996), which is a generally known deficiency 
of the steady RANS approach combined with two-equation turbulence models and is attributed to 
steady-flow and turbulence modelling of the unsteady flow features. The surface-averaged CHTC 
values for all vertical surfaces however show an acceptable agreement with the experimental data 
(see Table 4.6), especially given the fact that the experimental averaging of the CHTC was quite 
coarse, particularly at the edge zones. The top surface, which shows a significantly larger 
discrepancy with the experimental data, is not considered in this study.  

Table 4.6: Relative difference of the surface-averaged CHTC on the surfaces of a cube in channel flow 
between the CFD validation study of Defraeye et al. (2010) (CHTCSIM) and the wind-tunnel experiment of 
Meinders et al. (1999) (CHTCEXP). 

Surface |CHTCSIM-CHTCEXP|/CHTCEXP 
Windward 7% 
Leeward 21% 
Side 12% 
Top 33% 

Although more advanced turbulence modelling approaches, for example large-eddy simulation 
(LES), could result in more accurate CHTC results on these surfaces, steady RANS is used to 
predict the surface-averaged CHTCs in this study for several reasons: (1) The previously mentioned 
validation study showed that an acceptable agreement could be obtained for the surface-averaged 
CHTC for the vertical surfaces, especially when taking into account that with other techniques, i.e. 
full-scale or wind-tunnel measurements, this CHTC cannot necessarily be determined more 
accurately, due to the surface averaging. Note however that the discrepancies of CFD with 
experimental data can be significantly larger if point values would be compared (see Defraeye et al. 
2010); (2) Steady RANS is much less computationally expensive than more advanced modelling 
techniques (e.g. LES) and is therefore frequently used in large-scale building aerodynamics studies 
(Neofytou et al. 2006, Hussein and El-Shishiny 2009, Solazzo et al. 2009, van Hooff and Blocken 
2010) and other environmental studies (Wakes et al. 2010), which is within the area of interest of 
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the proposed methodology. Also note that wall functions, which are still often used in building 
aerodynamics, can lead to significant errors in the predicted CHTC compared to LRNM 
(differences of ± 50%, Defraeye et al. 2010), which are larger than the errors introduced by using 
steady RANS, when looking at surface-averaged CHTCs (see Table 4.6). 

Note that focus of the CFD study is only on forced convection. The reason for this is that if 
buoyancy effects are taken into account in the simulations, the flow field and consequently the 
CHTC would be strongly dependent on the imposed thermal boundary conditions, which would 
make the obtained correlations less generally applicable. For forced convection, the CHTC 
(Eq.(2.2)) is actually not dependent on the magnitude of the imposed surface temperatures (Tw) and 
reference temperatures (Tref). Note that for the “Var/Calm” conditions in Table 4.5, which represent 
wind conditions at very low wind speeds or of fluctuating wind direction, the CHTC is taken into 
account by assuming a constant (low) CHTC value, namely 3.5 W/m²K, which is a representative 
value for low wind speeds. Apart from buoyancy, radiation is also not considered in the simulations 
since fixed temperature boundary conditions are used for the building surfaces. 

Second-order discretisation schemes are used throughout. The SIMPLE algorithm is used for 
pressure-velocity coupling. Pressure interpolation is second order. Convergence was assessed by 
monitoring the velocity, turbulent kinetic energy and temperature on specific locations in the flow 
field and heat fluxes on the surface of the cube. 

4.7.3.3. Results 

In order to obtain a surface-averaged CHTC-U10 correlation for a specific incidence angle, 
simulations at different wind speeds have to be performed for this incidence angle. As already 
mentioned before, these simulations can be performed at relatively low wind speeds (Defraeye et al. 
2011a and section 4.3.7) for building aerodynamics. Moreover, Defraeye et al. (2011a) also showed 
that only two or three wind speeds were sufficient to obtain the required correlations with sufficient 
accuracy. Therefore, simulations were performed for U10 = 0.5, 1 and 2.5 m/s. Due to the symmetry 
of the building, the evaluation of only two incidence angles was sufficient to provide information on 
the other incidence angles since they can all be related to one of the surfaces in the two simulated 
cases. The obtained CHTC-U10 correlations are shown in Figure 4.60 for all incidence angles, 
namely for φ from 0° to 330° in steps of 30° and the factors Aφ and Bφ, namely the coefficient and 
exponent (Eq.(4.26)) for a certain incidence angle φ, are given in Table 4.7. Note that the 
coefficient Aφ only has an influence on the magnitude of the CHTC whereas the exponent Bφ also 
determines the slope and curvature of the CHTC-U10 function. It is clear that the magnitude of the 
coefficient Aφ differs significantly with the incidence angle but the exponent Bφ is relatively 
constant, with an average of 0.86. The highest values of the CHTC for a given wind speed are 
obtained for windward surfaces (φ = 0°). Note that these CHTC-U10 correlations are only valid for 
isolated cubic bodies in a neutral ABL at high Reynolds and low Richardson numbers, or for 
comparable configurations. Nevertheless, such correlations can be determined with CFD in a 
similar way for more complex configurations, for example buildings in an urban environment. 
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Figure 4.60: Surface-averaged CHTCs, from CFD simulations, at different wind speeds (U10) for different 
incidence angles. The power-law approximation curves are represented by the solid lines, indicating a good 
correlation. 

Table 4.7: Coefficient Aφ, exponent Bφ and correlation coefficient Rφ of the CHTC-U10 power-law 
correlations for a building surface, for different incidence angles (φ), obtained by CFD simulations. 

Incidence angle φ Aφ Bφ Rφ 
0° 4.90 0.86 1.000 
30°, 330° 4.63 0.87 1.000 
60°, 300° 4.25 0.88 1.000 
90°, 270° 2.78 0.87 1.000 
120°, 240° 1.44 0.83 1.000 
150°, 210° 1.85 0.84 1.000 
180° 2.25 0.84 0.999 

4.7.4. Results 

4.7.4.1. CHTCSM 

Using the methodology described in section 4.7.2, the CHTCSM is determined for a vertical surface 
of the cubic building, i.e. a building facade, for the local wind conditions of Eindhoven. The 
orientation of the building surface (β) is required to determine the CHTCSM (Eq.(4.28)), since the 
factors Aφ and Bφ have been determined (section 4.7.3) for different incidence angles (φ) (see Table 
4.7), with respect to the building surface of interest, where the incidence angles are however not the 
same as the wind directions (ω) (see Table 4.5), except for a building surface oriented to the north 
(β = 0°). Note that a wind direction (e.g. north or 0°) always is defined as the direction from which 
the wind is coming and that a surface orientation (e.g. to the east or 90°) is defined as that wind 
direction to which the surface is perpendicular to (i.e. east or 90°), as specified in Figure 4.61, so for 
windward conditions. Thereby, the surface orientation (β) and the wind direction (ω) are related to 
the incidence angle (φ) by φ = ω-β, where φ increases in a clockwise manner. For a specific surface 
orientation β, the factors Aφ and Bφ (Table 4.7), which are known for different incidence angles φ, 
can thereby be linked to the appropriate wind direction ω (= φ+β), after which the CHTCij values 
can be determined for each wind direction j by means of Eq.(4.27). For wind coming from the 
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direction of the surface orientation, i.e. a windward surface, the factors Aj and Bj are the ones at an 
incidence angle of 0°.  

 
Figure 4.61: Definition of the building surface orientation (β), wind direction (ω) and incidence angle (φ). 

In order to indicate the variability of the CHTCSM with the building surface orientation, the 
CHTCSM is determined for different surface orientations, namely for surfaces oriented to each of the 
12 different wind directions specified in Table 4.5. No additional CFD simulations are required to 
determine these CHTCSM’s since the CHTC-U10 correlations, and thereby the factors Aφ and Bφ, 
were already determined for the relevant incidence angles.  

The resulting CHTCSM values are specified in Figure 4.62 for the 12 surface orientations, together 
with the occurrence of each specific wind direction (xtot,j) for the wind climate of Eindhoven. First 
of all, the variation of the CHTCSM with the surface orientation is discussed. The CHTCSM varies 
between about 10 and 13 W/m²K, which indicates that, for an “anisotropic” wind climate, i.e. a 
wind climate with specific dominant wind directions, the building orientation has a noticeable 
influence on the magnitude of the CHTCSM of that building surface. The relative difference between 
the maximal (CHTCSM,max) and minimal (CHTCSM,min) values, namely (CHTCSM,max-
CHTCSM,min)/CHTCSM,min, is 39%. For a more isotropic wind climate, i.e. with a uniform wind rose, 
this variability with building orientation will be less. It is also clear that the highest CHTCSM values 
are found for surfaces oriented to the most dominant wind directions, due to the fact that the highest 
CHTCs were found for windward surfaces (φ ≈ 0°) (see Figure 4.60). As a result, the large peak of 
CHTCSM in Figure 4.62 is found at the same angles (at 210°-240°) as that of xtot,j. The smearing out 
of this CHTCSM peak to nearby surface orientations is due to the fact that the influence of the 
dominant wind directions is still present at these orientations since the surface is still considered to 
be quite “windward”, resulting in high CHTCs (Figure 4.60). Furthermore, it should be mentioned 
that, apart from the variation of the CHTCSM value with the surface orientation, its overall 
magnitude, i.e. the height of the curve in Figure 4.62, is determined by the magnitude of the overall 
mean wind speed at that building site, which can be significantly higher for coastal sites for 
example. This is investigated more in detail in section 4.7.5. 

φ
ω

β

N

S

EW
φ

ω

β

N

S

EW



Chapter 4 

200   

 
Figure 4.62: CHTCSM, CHTCSM,S (see section 4.7.4.2) and CHTCSM,χ (see section 4.7.4.3) as a function of 
building surface orientation; and percentage of occurrence of a specific wind direction (xtot,j) as a function of 
wind direction. 

4.7.4.2. CHTCSM using average wind speeds 

In the previous section, the CHTCSM was calculated by determining the CHTCij at each wind speed 
i. It is however possible that only measurement data of the average wind speed for a certain wind 
direction j (UAVG,j) are available, e.g. from a wind rose. In this case, a simplified CHTCSM, called 
CHTCSM,S, could be determined by calculating the average CHTC for each wind direction 
(CHTCAVG,S,j), only using the average wind speed: 

( )
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B
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AVG,S, j j AVG, j j 10,ii
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CHTC A U A U

x
⎛ ⎞
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⎝ ⎠
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Thereby, the following CHTCSM,S value is obtained: 
jB

ij
SM,S tot , j AVG,S, j tot , j j 10,ij j i
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x
CHTC x CHTC x A U

x
⎛ ⎞
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⎝ ⎠

∑ ∑ ∑  (4.36)

This simplified approach could however lead to discrepancies with the previously specified method 
to calculate CHTCAVG,j (Eq.(4.29)) and could therefore be less correct in predicting the CHTCSM, 
since by combining Eq.(4.27) and Eq.(4.29): 

j jB Bij ij
AVG, j j 10,i j 10,ii i

tot , j tot, j

x x
CHTC A U A U

x x
⎛ ⎞

= = ⎜ ⎟⎜ ⎟
⎝ ⎠

∑ ∑  (4.37)

Thereby, CHTCSM can be written as: 

j jB Bij
SM tot, j AVG, j tot , j j 10,i ij j 10,ij j i j i

tot , j

x
CHTC x CHTC x A U x A U

x
⎛ ⎞

= = =⎜ ⎟⎜ ⎟
⎝ ⎠
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It is clear that Eq.(4.36) and Eq.(4.38) do not give the same result unless the exponents Bj are equal 
to one, since: 

j

j

B

Bij ij
10,i 10,ii i

tot , j tot , j

x x
U U

x x
⎛ ⎞

≠ ⎜ ⎟⎜ ⎟
⎝ ⎠

∑ ∑  (4.39)

To quantify the accuracy of the simplified approach, the CHTCSM,S values are compared with the 
original CHTCSM values for a building surface in Figure 4.62. The difference is however very small 
which is due to the fact that both factors specified in Eq.(4.39) are found to differ only about 1.5% 
for all surface orientations. The difference is to some extent dependent on the value of the exponent 
Bj and is maximal if Bj should be taken equal to about 0.5 but is still below 5%. This indicates that 
for a certain wind direction, average wind speeds could be used as well, which simplifies the 
analysis of CHTCSM to some extent and requires less detailed wind climate data. 

4.7.4.3. CHTCSM using multiplication factors 

The proposed methodology requires that the CHTC-U10 correlations are determined for each of the 
12 wind directions, by performing simulations at different wind speeds, which required 6 
simulations in this case. Due to the computational expense of CFD simulations and the increase of 
the required number of simulations with increasing complexity of the building (less symmetry), 
often simplified methods are explored in building aerodynamics to reduce the number of 
simulations. A typical example from wind-driven rain research is the cosine projection method, 
which calculates the wind-driven rainfall intensity on a building surface for oblique wind directions 
as a (cosine) function of the incidence angle and the wind-driven rainfall intensity at an incidence 
angle of 0°. Thereby only one simulation at φ = 0° is required. Note that the accuracy of this 
simplified method is however not always satisfactory, as discussed by Blocken and Carmeliet 
(2006).  

A similar approach could be applied for calculating the CHTCSM by determining the CHTC-U10 
correlation only for φ = 0°, and thus A0° and B0°, and by determining the factor χφ = 
CHTCi,φ/CHTCi,0° for each incidence angle (φ) at a certain wind speed U10,i, where CHTCi,φ and 
CHTCi,0° are the surface-averaged CHTCs at a certain wind speed i for an incidence angle of φ and 
of 0° respectively. Assuming that this multiplication factor χφ is quasi independent of the wind 
speed, which is required since χφ is only determined using CHTC data at a single wind speed, the 
CHTCi,φ value for a certain incidence angle φ and wind speed U10,i could be calculated out of 
CHTCi,0°: 

0B
i, i,0 0 10,iCHTC CHTC A U °
ϕ ϕ ° ϕ °= χ = χ  (4.40)

This avoids determining the correlations for all wind directions, which can reduce the number of 
CFD simulations significantly. For the cubic building of this study, the number of simulations 
would reduce from 6 (2 wind directions, each at 3 wind speeds) to 4 (1 wind direction at 3 wind 
speeds and 1 wind direction at 1 wind speed). The reduction is even more significant for more 
complex buildings with less symmetrical shapes. For a rectangular-shaped building for example, the 
number of simulations reduces from 12 (4 wind directions, each at 3 wind speeds) to 6 (1 wind 
direction at 3 wind speeds and 3 wind directions at 1 wind speed).  
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To check the accuracy of this simplified approach, the CHTCSM is determined, called the 
CHTCSM,χ, for all 12 surface orientations and is shown in Figure 4.62. Note that in this case the 
correct χφ factors have to be linked (see Figure 4.61) to the appropriate wind direction (ω = φ+β) for 
a specific building orientation (β), instead of the Aφ and Bφ factors, as in section 4.7.4.1. For all 
surface orientations, these χφ factors are equal to 1 for incidence angles of 0° and are specified for 
all incidence angles in Table 4.8 for U10 = 0.5 m/s. The differences with the previously determined 
CHTCSM values are very small. The reason for this good agreement is that the factors χφ are quasi 
independent of the magnitude of the wind speed at which they have been determined (0.5 m/s in this 
case) for all incidence angles. This is a result from the fact that the exponent B of the correlations 
(Eq.(4.26)) has almost the same value for all incidence angles, namely about 0.86, by which the 
CHTCi,φ value increases proportionally to the CHTCi,0° value (Eq.(4.40)) at higher wind speeds for 
all incidence angles, resulting in approximately the same values of χφ for different wind speeds. 
This can also be noticed from Figure 4.63, where the variation of these χφ factors with the wind 
speed is presented for all incidence angles, where the CHTCs are determined by using the CHTC-
U10 correlations (Eq.(4.26) and Table 4.7). 

Table 4.8: Multiplication factors (χφ) for different incidence angles φ (determined for U10 = 0.5 m/s).  

Incidence angle φ χφ 
0° 1.00 
30°, 330° 0.94 
60°, 300° 0.86 
90°, 270° 0.56 
120°, 240° 0.30 
150°, 210° 0.38 
180° 0.47 

 
Figure 4.63: Multiplication factors (χφ) for different incidence angles, determined for different wind speeds 
U10, using the CHTC-U10 correlation (Eq.(4.26) and Table 4.7). 

Defraeye et al. (2011a) (see also section 4.3.7) however showed that for the leeward surface, the 
exponent B varies significantly over this surface (between about 0.74 and 0.89 with an average of 
0.83) where it was about constant (0.85) for the windward surface. Thereby, this simplified 
approach is not necessarily valid if the CHTC at a single point is considered, which could not be 
noticed from the present approach since surface-averaged CHTCs are used, apparently leading to a 
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biasing of this phenomenon. Also note that a more distinct variation of the exponent B with the 
incidence angle could be found for buildings with a more complex and asymmetrical shape.  

4.7.5. Application to other wind climates 
In this section, the proposed methodology will be applied to analyse the variability of the CHTCSM 
with the building orientation for the cubic building for other wind climates than that of Eindhoven. 
Note that the building is still assumed to be located in the same terrain as in section 4.7.4, namely a 
uniform terrain with z0,site = 0.03 m. Meteorological data, similar to those of Table 4.5, of the 
stations of Ferrel (Portugal), Granada (Spain) and Cairngorm (United Kingdom) are taken from the 
European Wind Atlas (Troen and Petersen 1989). The local wind conditions are presented in Figure 
4.64, where it has to be noted that the scale of Ferrel differs from that of Granada and Cairngorm. 
Note that all these stations are located in a uniform terrain and that wind speeds (Umeteo) are 
measured at a height of 10 m. For stations Ferrel and Cairngorm, z0,meteo = 0.03 m = z0,site by which 
Umeteo = Upot = Usite = U10. For Granada, z0,meteo = 0.01 m, by which the wind speed data of this 
station (Umeteo) have to be corrected in order to be representative for Usite, where a different terrain 
roughness is found (z0,site = 0.03 m). This can be done by using the transformation explained in 
section 4.7.2.2. Thereby a scaling factor γ(j) equal to 0.91 is obtained for all wind directions for the 
station of Granada. This scaling factor indicates that the wind speeds at the building site will be 
lower than those recorded at the meteorological station of Granada (see Eq.(4.23)), which is a result 
from the larger terrain roughness at the building site. This scaling factor is used to scale the wind 
speed categories U10,i (see Table 4.5), by which the overall mean wind speed decreases.  

 
Figure 4.64: Wind conditions measured at the meteorological stations in: (a) Ferrel (Portugal); (b) Granada 
(Spain); (c) Cairngorm (United Kingdom). Percentage of occurrence (indicated in bold) of wind speeds for 
different wind speed intervals at specific wind directions (north = 0°, east = 90°). The data are obtained from 
the European Wind Atlas (Troen and Petersen 1989). Note that the scale of Ferrel differs from that of 
Granada and Cairngorm. 

Using the same methodology as in section 4.7.4.1, the CHTCSM values are determined and are 
specified in Figure 4.65a for the 12 surface orientations for all wind climates. In Figure 4.65b, the 
average wind speed for each wind direction (UAVG,j) is given for all wind climates. As in section 
4.7.4, the influence of building surface orientation on the CHTCSM can clearly be distinguished, 
especially for highly anisotropic wind climates, such as that of Ferrel: a distinct CHTCSM peak at 
building orientations to the north originates from the high occurrence of wind speeds for this 
direction (see Figure 4.64a). The relative differences between the maximal and minimal values 
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((CHTCSM,max-CHTCSM,min)/CHTCSM,min) are: 39% for Eindhoven, 59% for Ferrel, 54% for 
Granada and 86% for Cairngorm. Apart from that, also a distinct variation in the magnitude of the 
CHTCSM, i.e. the height of the CHTCSM curve, can be noticed for the different wind climates, which 
is related to the magnitude of the overall mean wind speed (Umean) at that building site. This overall 
mean wind speed (Umean) is given by: 

mean ij 10,ij i
U x U=∑ ∑  (4.41)

In Table 4.9, the overall mean wind speeds at the building sites of the different wind climates are 
given together with the mean value of the CHTCSM, which is obtained by averaging the CHTCSM 
for all building orientations. Significant differences, i.e. by a factor 4, are found for the mean 
CHTCSM between building sites with a low mean wind speed (Granada) and those with a high mean 
wind speed (Cairngorm). If this mean value of the CHTCSM at the different building sites is 
correlated with the respective mean wind speed, a very good correlation is obtained: CHTCSM = 
2.85Umean

0.90 with a correlation coefficient of 0.999. Thereby, the overall mean wind speed seems to 
be a good indicator of the mean value of the CHTCSM that could be expected at a building site, 
whereas this correlation seems to be rather independent of the characteristic percentage of 
occurrence of each wind direction (i.e. xtot,j), which are actually quite different for the wind climates 
that are considered (Figure 4.64). 

 
Figure 4.65: Comparison of different wind climates: (a) CHTCSM as a function of building surface 
orientation; (b) average wind speed (UAVG,j) as a function of wind direction. 

Table 4.9: Mean wind speed Umean and mean CHTCSM for different building sites. 

Location Umean (m/s) Mean CHTCSM (W/m²K) 
90°, 270° 4.5 11.3 
120°, 240° 5.1 12.3 
150°, 210° 2.1 5.5 
180° 9.7 21.5 
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4.7.6. Future perspectives 
In this study, the proposed methodology focussed on convective heat transfer, namely on 
determining the CHTCSM value for a building surface. The methodology can also be applied for 
other building-related applications to account for the influence of local wind conditions and 
building orientation. A typical example can be found for wind pressures at building surfaces. 
Information on these wind pressures is important for building ventilation and air infiltration through 
the building envelope (Costola et al. 2009), for air flow through wind towers (Karakatsanis et al. 
1986) and for many other ventilation applications (see Khan et al. 2008). Statistical mean values for 
pressure coefficients or wind-driven ventilation rates, similar to the CHTCSM, could be useful for 
the choice of the location of ventilation openings in buildings for passive cooling by night 
ventilation, for the orientation of wind towers, etc. Note that, compared to CHTCs, it could be more 
straightforward and also more accurate to obtain information on wind pressures, e.g. pressure 
coefficients, by means of wind-tunnel tests. Another example is the analysis of the statistical mean 
ventilation rate or pollutant exchange rate of courtyards or street canyons in urban areas (Liu et al. 
2005, Gromke et al. 2008, Moonen et al. 2011). Furthermore, the spatial distribution of the 
deposition velocity of particles on building surfaces (e.g. Jonsson et al. 2008) can be analysed with 
the proposed methodology in order to identify the most critical deposition locations, for example for 
long-term predictions of pollutant-related damage processes on exterior surfaces of cultural heritage 
sites. Actually, statistical mean values of all flow quantities on surfaces, e.g. CMTCs, or in the flow 
field, e.g. wind speeds, can be determined with the proposed methodology, giving a representative 
value of the “average” quantity which is experienced for a specific building under specific climatic 
conditions. 

4.7.7. Conclusions 
A simple methodology was proposed to obtain an estimate of the statistical mean CHTC (CHTCSM) 
for a building surface by combining local wind climate information and information on the surface-
averaged CHTC, namely forced convective CHTC-U10 correlations, for different wind directions, 
where U10 is the mean wind speed at a height of 10 m above the ground. An entire building facade 
was considered in this study but the application of the methodology for a smaller surface, e.g. a 
solar collector, or a specific point on the facade is straightforward. The CHTC-U10 correlations were 
obtained by means of validated CFD simulations (RANS) in this study, although they can also be 
determined from wind-tunnel tests or full-scale experiments. Note that more advanced turbulence 
modelling approaches, such as LES, can improve the accuracy of the CHTC predictions. 
Nevertheless, LES is more computationally expensive and thus less practical for large-scale 
environmental studies. Also note that buoyancy and radiation effects were not taken into account in 
the CFD simulations, by which the focus was only on forced convection, since otherwise the 
obtained CHTC-U10 correlations would be strongly dependent on the imposed thermal boundary 
conditions, thus less generally applicable. 

In this study, a facade of a cubic building was considered, which was located in a wind climate with 
a few dominant wind directions. It was shown that the CHTCSM varied significantly with the 
orientation of the building surface for these “anisotropic” wind conditions and that high values were 
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found for surfaces oriented towards the prevailing wind directions, thus for windward conditions. 
Moreover, different wind climates were evaluated which clearly showed that the local wind 
conditions can have a significant impact on the overall magnitude of the CHTCSM, which is related 
to the overall mean wind speed found at the building site. Although a very generic building 
configuration was considered, namely an isolated cubic building, the application of the 
methodology for more complex building configurations is straightforward, and only requires that 
the CHTC-U10 correlations are determined for the building surface of interest. 

Two approaches were proposed to simplify the determination of the CHTCSM: (1) using average 
wind speed data for a given wind direction instead of considering the distribution of occurrence of 
each wind speed for that wind direction; (2) determining the CHTC-U10 correlation only for an 
incidence angle of 0° and determining a multiplication factor χφ for all other incidence angles, 
which is calculated at one specific wind speed. Both simplified approaches gave a good agreement 
with the original CHTCSM results. The main advantage of the second approach is that less CFD 
simulations are required since the CHTC-U10 correlations do not have to be determined for every 
incidence angle.  

Note that once the CHTC-U10 correlations are known (i.e. the factors A and B) for a specific 
building type at different incidence angles, the proposed methodology allows to determine the 
CHTCSM for any local wind climate of interest, given that the surrounding terrain roughness is 
approximately similar, which can be beneficial for design purposes. Therefore future work could 
focus on determining such CHTC-U10 correlations for common building types and terrain 
roughness classes. 

Apart from CHTCs, the methodology is also applicable for the assessment of other building-related 
quantities, such as pressure coefficients, wind-driven ventilation rates or CMTCs. 

4.8. Discussion and conclusions 
In this chapter, forced convective heat transfer was investigated at the surfaces of sharp-edged, 
wall-mounted bluff bodies, such as buildings, which are immersed in turbulent boundary layers, 
such as the atmospheric boundary layer (ABL), at moderate to high Reynolds numbers, mainly by 
means of numerical (CFD) simulation. Before summarising the main conclusions of this chapter, it 
is important to acknowledge the main modelling assumptions and their impact on the obtained 
results: 

• The properties of air were assumed constant, i.e. not temperature dependent, which can be 
justified for small temperature variations.  

• Steady Reynolds-averaged Navier-Stokes (RANS) was used to calculate the flow field for 
reasons of computational economy for high Reynolds number flows, compared to other 
modelling approaches such as large-eddy simulation (LES). This turbulence modelling 
technique can result in inaccurate flow predictions in some regions of the flow field, e.g. in 
regions of separation and recirculation, and thus also in inaccurate CHTC predictions. These 
errors for steady RANS were however quantified by means of a detailed validation study. 
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• All surfaces were considered to be perfectly smooth, since surface roughness cannot be 
accounted for if LRNM is used. This restriction inevitably introduces streamwise gradients 
in the vertical profiles of mean horizontal wind speed and turbulence. Moreover, heat 
transfer from rough surfaces, which can be considerably different from that of smooth 
surfaces, cannot be accounted for, where many exterior building surfaces however have a 
distinct surface roughness. 

• Buoyancy was not accounted for, except in section 4.3.9, since for forced convection the 
flow field and thus the CHTCs are not strongly dependent on the thermal boundary 
conditions, i.e. passive scalar transfer, by which the obtained CHTC information (e.g. 
correlations with the wind speed) is more generally applicable. The focus was thus on forced 
convective, i.e. low Richardson number, flow. 

• Radiation was not taken into account, since the focus was on convective transfer and also 
since buoyancy was not accounted for. 

• The transport of only a single scalar, i.e. heat, was considered. If mass transfer would also 
be involved additionally, the coupling between both (e.g. due to latent heat effects) should 
also be taken into account. This is discussed in the next chapter.  

Keeping these assumptions in mind, following main conclusions can be formulated: 
• From the validation study, steady RANS combined with low-Reynolds number modelling 

(LRNM) showed a good agreement with the experimental data, for the magnitude and 
distribution of the CHTC, for the windward surface and to a lesser extent for the leeward 
surface. For the top and side surfaces, considerable discrepancies in CHTC distributions 
were found, which were attributed to steady RANS and turbulence model limitations. The 
agreement of the surface-averaged CHTC values was however satisfactory for these 
surfaces. Based on these results, the focus was mainly on the windward and leeward 
surfaces in this chapter. Although it is more computationally expensive, LES was shown to 
provide more reliable flow-field predictions in these regions. Thereby, LES can also be very 
valuable for analysis of more complex flow fields, for example in urban-scale studies. Note  
however that the LES study performed in this section was rather indicative, i.e. to illustrate 
the performance of the method, where improvements regarding the computational grid and 
the used subgrid-scale model can be made. 

• A precise quantification of the boundary layer’s thermal resistance was possible with CFD. 
In this case about 80% of the thermal resistance was located in the zone with y* < 30 on the 
surfaces of a cube in the ABL, as a result of the low thermal conductivity in this region. 

• The y* value was a more appropriate parameter, as opposed to the y+ value, to report heat 
transfer characteristics, such as temperature and dimensionless temperature (T*), in the 
boundary-layer region. The reason for this was that, in the turbulence models that were used, 
the turbulent thermal conductivity (λt) and the heat flux (qc,w) but also y* were related to the 
turbulent fluctuations (k1/2).  

• Compared to LRNM, standard wall functions, which are frequently used to model the 
boundary-layer region for high-Reynolds number flows, predicted a qualitatively similar 
CHTC distribution but a systematically higher CHTC (± 50% for an incidence angle of 0°). 
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Note however that LRNM required a very fine grid in the boundary-layer region at these 
Reynolds numbers which increases the computational expense, but which can also entail 
considerable problems for grid generation and convergence rates for complex geometries. 

• The CHTC was found to vary significantly across windward and leeward surfaces and the 
CHTC was found to become equal to the surface-averaged CHTC at a height of 
approximately 0.7H for both surfaces (for an incidence angle of 0°).  

• The local CHTC-U10 (power-law) correlation was characterised by an exponent (B) which 
was quasi-constant for the windward surface, but which varied significantly over the 
leeward surface (for an incidence angle of 0°). 

• The influence of the thermal boundary conditions imposed at the exterior surfaces was 
limited for forced convective heat transfer. When the building wall was included however, 
the CHTC became dependent of the imposed boundary conditions at the interior surface, 
especially for materials with a low thermal conductivity and at discontinuities (e.g. at the 
corners), due to relatively large gradients inside the material. The thermal approach-flow 
boundary conditions also did not seem to have a large influence on the CHTC distribution 
and magnitude. 

• The influence of the choice of the location of the reference temperature (i.e. at a specific 
height in the approach-flow ABL) was found to be negligible for a neutral ABL. For an 
unstable but especially a stable ABL, this choice however could have a distinct impact on 
the magnitude of the CHTC. 

• When taking buoyancy into account, the CHTC increased for all surfaces with increasing 
Richardson number, especially for the leeward and side surfaces, where a very different 
CHTC distribution was found over the different surfaces, compared to the forced convective 
case. For Richardson numbers below about 0.1, buoyancy effects were considered to be 
negligible. Note that the length scale, wind speed and temperature that are used to define this 
Richardson number are those typically found for buildings. 

• The influence of the incidence angle (wind direction) on the surface-averaged CHTC was 
found to be significantly different for ABL and uniform approach flow conditions for 
incidence angles below 90°. For incidence angles between 90° and 180° however, the CHTC 
distribution (with the incidence angle) was more similar, although the magnitude was lower 
for a uniform approach flow, which was attributed to the lower turbulence level. 

• A modification to the standard temperature wall function was proposed for forced 
convective heat transfer at surfaces of typical wall-mounted bluff bodies in turbulent 
boundary layers, such as the atmospheric boundary layer, at moderate to high Reynolds 
numbers. The methodology to determine this customised temperature wall function (CWF) 
from validated numerical data of CFD simulations using low-Reynolds number modelling 
(LRNM) was explained, where a logarithmic-law behaviour was found. The performance of 
this CWF was evaluated for several bluff-body configurations. Standard wall functions 
(SWFs) yielded deviations of about 40% for the convective heat transfer coefficient, 
compared to LRNM. With the CWF however, these deviations were reduced to about 10% 
or lower. The CWF therefore combines increased (wall-function) accuracy for convective 
heat transfer predictions with the typical advantage of wall functions compared to LRNM, 
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being a lower grid resolution in the near-wall region, which increases computational 
economy and facilitates grid generation. Furthermore, this CWF could be easily 
implemented in existing CFD codes, and was implemented in the commercial CFD code 
Fluent in this study. This approach is therefore relevant for computationally expensive large-
scale building engineering or environmental studies at high Reynolds numbers where 
accurate convective heat transfer predictions are required. 

• For steady RANS and for a sharp-edged building, the overall flow field was found to 
become quasi independent of the Reynolds number at Reynolds numbers of about 105, based 
on H and U10, where U10 is the wind speed in the undisturbed flow at a height of 10 m above 
the ground. Thereby the CHTC-U10 correlations could be determined by using relatively low 
wind speeds (U10 ≈ 1 m/s), which avoids the use of excessively fine grids for LRNM, and 
still provide a good approximation for higher wind speeds by extrapolation. Moreover, 
evaluating only two or three wind speeds was found to be sufficient to provide accurate 
correlations, which reduces the required number of CFD simulations. 

• An experimental study on Reynolds effects showed that Reynolds number dependency is 
very ambiguous to define, due to its dependency on the approach flow conditions, the 
evaluated flow quantities and the location where the flow quantity is evaluated. For mean 
flow quantities, Reynolds number effects generally became small at Re > 104, except in the 
conical delta-wing type vortices on the top surface for a cube at 45°. The fluctuating 
quantities were more sensitive but also showed limited Reynolds number dependency at Re 
> 104, except in the conical vortices. Determining the critical Reynolds number more 
clearly, as was done for the CFD simulations, was difficult due to a certain experimental 
uncertainty in the PIV measurements. 

Finally, such CHTCs determined by means of CFD were used to calculate the statistical mean 
convective heat transfer coefficient (CHTCSM) for a building surface, which represents the 
temporally-averaged CHTC over a long time span (e.g. the lifetime of the building). A methodology 
was proposed to estimate this CHTCSM for a building surface, by combining local wind climate 
information and CHTC-U10 correlations. This methodology was applied to a cubic building for a 
specific wind climate, where the CHTC-U10 correlations were obtained by means of CFD 
simulations. It was shown that the CHTCSM varied significantly with the orientation of the building 
surface due to the rather anisotropic wind conditions, where high values were found for surfaces 
oriented towards the prevailing wind directions, thus for windward conditions. Moreover, the 
evaluation of the CHTCSM for other wind climates clearly showed that the local wind conditions 
also could have a significant impact on the overall magnitude of the CHTCSM, where differences up 
to a factor 4 were found. Different levels of complexity for determining the CHTCSM value were 
also evaluated and it was found that the required number of CFD simulations could be reduced 
significantly by using more simplified methods to calculate the CHTCSM, without compromising its 
accuracy. The applicability of the proposed methodology for other building-related applications was 
also discussed, for example to assess statistical mean pressure coefficients, wind-driven ventilation 
rates or convective mass transfer coefficients. 



Chapter 4 

210   

In this chapter, many different aspects regarding the determination of CHTCs by means of CFD 
were investigated, which were related to numerical modelling and practical applications. Thereby, it 
was shown that CFD can be a successful alternative to determine CHTCs for buildings for many 
engineering applications, compared to full-scale and wind-tunnel experiments. Since heat was 
considered to be a passive scalar in this chapter (forced convection), the applied (numerical) 
approaches and conclusions can be extended to convective mass transfer in a straightforward way. 
Only fluid-side heat transfer was however considered in this chapter, by which the interaction with 
moisture transport in the air and with heat and moisture transport in porous (building envelope) 
materials was not accounted for, which can however be important in some cases, for example when 
considering drying processes (e.g. of facades wetted by wind-driven rain). Therefore, conjugate 
modelling, i.e. accounting simultaneously for heat and mass transport in the porous material and the 
air flow, is discussed in the next chapter. Such conjugate modelling avoids using CTCs since the air 
flow is explicitly solved to some extent, by which the temporal (and spatial) variation of the CTCs, 
obtained a-posteriori from the conjugate model results, can be investigated. 
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5. Development of conjugate heat and mass transport model 
and application for convective drying 

5.1. Introduction 
Apart from building and urban engineering applications (e.g. drying of building facades, wetted by 
wind-driven rain, or green roofs; see section 2.1.2.3), convective drying of porous materials is of 
interest for many industrial applications (Mujumdar 2006), such as production of building materials 
(concrete, brick, gypsum board, …), food processing or wood and paper production. Optimisation 
of the drying process is required here to enhance processing efficiency, in terms of energy usage 
and production time, without compromising the product quality, for example by excessive 
shrinkage or warping. Many numerical modelling approaches have been developed to model the 
coupled heat and moisture transport in porous materials, such as pore network models (e.g. Prat 
1993, Carmeliet et al. 1999, Yiotis et al. 2001) or macroscopic models (e.g. Ben Nasrallah and Perre 
1988, Janssen et al. 2007a). In these models, the convective heat and mass exchange with the 
external air flow is often modelled by means of convective heat and mass transfer coefficients, i.e. 
CHTCs and CMTCs, respectively. CTCs however account for the convective exchange in a quite 
simplified way: (1) CTCs are often estimated by means of empirical correlations with the air speed, 
where these correlations were mostly derived for simplified configurations, such as flat plates; (2) 
The spatial variation of CTCs along the surface and especially their temporal variation are often not 
accounted for; (3) CMTCs are often estimated from CHTCs by using the heat and mass transfer 
analogy, hence assuming its validity throughout the entire drying process; (4) CTCs are strongly 
dependent on the reference conditions (Tref and pv,ref), but the location where these are evaluated is 
generally chosen rather arbitrary for complex flow problems. 

Due to these simplifications, the use of CTCs can compromise the accuracy of fluid-side convective 
heat and mass transfer predictions for certain applications (e.g. Blocken et al. 2009, Defraeye et al. 
2010, Defraeye et al. 2011a), one of them being convective drying of (un)saturated porous 
materials. Here, evaporation occurs initially at the air-porous material interface, by which mainly 
the air flow conditions, and not the porous-material properties, characterise the drying rate 
(Mujumdar 2006). After an initial transition period, the material goes to an equilibrium condition, 
i.e. the constant drying rate period (CDRP), given that the interface remains wet (Figure 2.9). The 
CDRP is characterised by a relative humidity of 100% at the surface, a constant drying rate and a 
constant material temperature, which is equal to the wet bulb temperature (Twb) if no radiative heat 
flows at the surface and (conductive) heat flows from the interior of the porous material are present. 
In this case, the convective heat supply to the interface is thereby quasi entirely used for the 
evaporation of water (e.g. Chen et al. 2002): 
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ref
c,w v v,wq L g≈ −  (5.1)

where Lv
ref is the heat of vaporisation, also called latent heat, which is the energy needed for the 

phase change from liquid to vapour. Although the air flow (CTCs, Tref and pv,ref) characterises the 
CDRP, the porous-material transport properties however affect the length of the transition period, 
i.e. the time to attain a quasi uniform temperature distribution in the porous material, and also the 
length of the CDRP, which is dependent on the liquid transport to the surface. When the material 
dries out locally at the interface, the decreasing drying rate period (DDRP) sets in, which is 
characterised by a lower drying rate since the “dry” outer porous-material layer forms an additional 
resistance to liquid water removal from the inside of the material, where it evaporates, towards the 
interface, in addition to the boundary-layer resistance. This decrease in drying rate results in a 
temperature increase since less heat is required for the evaporation of water. During the DDRP, the 
convective boundary conditions are less critical by which a lower accuracy of the CTCs does not 
necessarily disturb a reliable simulation (Belhamri and Fohr 1996). 

A more detailed evaluation of the convective boundary conditions than by means of simplified 
CTCs could enhance the numerical predictive accuracy for convective drying processes, especially 
during the CDRP and the transition to the DDRP. Therefore, several numerical models were 
developed recently which solve the conjugate problem, i.e. accounting simultaneously for heat and 
mass transport in both the porous material and the air flow. An overview of the existing conjugate 
models, their characteristics and applications was given in Table 2.5. Such models avoid using 
CTCs since the air flow is explicitly solved to some extent. They were used to evaluate and 
optimise drying processes by analysing the influence of the flow parameters (temperature, relative 
humidity and velocity), buoyancy, bound water transport, etc. on the drying time and rate, but also 
the validity of the heat and mass transfer analogy and spatial inhomogeneities in drying fronts were 
considered. 

In this chapter such a conjugate model is developed, verified and used to simulate and analyse 
convective drying of an unsaturated (but capillary-saturated) porous flat plate at low Reynolds 
numbers. The focus in this study is specifically on CTCs, where the spatial and also the temporal 
variation of these CTCs, obtained a-posteriori from the conjugate model results, are evaluated. 
Comparison is made to porous-material modelling using spatially and/or temporally constant CTCs. 
Furthermore, the validity of the heat and mass transfer analogy is investigated. 

5.2. Conjugate model 

5.2.1. Air-flow modelling 
Air flow is modelled by solving the Navier-Stokes equations, i.e. the conservation equations of 
mass, momentum and energy. Only a gaseous phase is assumed to exist where moist air (subscript 
g) is considered to be a perfect mixture of two ideal gases, namely dry air (subscript a) and water 
vapour (subscript v). Furthermore, it is assumed that: (1) the mixture is dilute, in terms of water 
vapour; (2) moist air is incompressible; (3) thermal equilibrium between the mixture components 
exists; (4) no volumetric mass, momentum or heat source terms are present; (5) Soret and Dufour 
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effects can be neglected; (6) viscous heat dissipation can be neglected; (7) pressure variations are 
sufficiently small to not affect thermodynamic properties; (8) potential and kinetic energy changes 
are negligible compared to thermal energy changes; (9) pressure work can be neglected. Thereby, 
following well-known conservation equations can be derived (see section 3.2.2 for more details). 

Conservation of mass 

( )i
i i 0

t
∂ρ

+∇⋅ ρ =
∂

v  (5.2)

where ρ is the density, v is the velocity vector and i is an index, indicating a mixture component. 
The assumption of incompressible flow leads to: 

0∇⋅ =gv  (5.3)

The moist air density (ρg) and velocity (vg) are defined as: 

g a vρ = ρ +ρ  (5.4)

a vx x= +g a vv v v  (5.5)

where xi is the mass fraction (= ρi/ρg). The resulting mass fluxes of the mixture components gi (= 
ρivi) are defined as the sum of the convective (= ρivg) and diffusive fluxes: 

i
i g va

g

D ρ
= ρ −ρ ∇

ρi gg v  (5.6)

where Dva is the binary diffusion coefficient between dry air and water vapour. 

Conservation of momentum 

( ) 2
g g g gp

t
∂

ρ +ρ ⋅∇ = −∇ +μ ∇ +ρ
∂ g g g g accv v v v g  (5.7)

where μg is the dynamic viscosity, p is the static pressure and gacc is the gravitational acceleration. 

Conservation of energy 

( ) ( ) ( )a a v v a a v vh h h h
t
∂

ρ +ρ +∇⋅ ρ +ρ = −∇⋅
∂ a v gv v q  (5.8)

where qg is the conductive heat flux, which is defined as: 

g T= −λ ∇gq  (5.9)

where λg is the thermal conductivity of moist air. The enthalpies are defined as: 

( )a p,a ref ,0h c T T= −  (5.10)

( ) ref
v p,v ref ,0 vh c T T L= − +  (5.11)

g a a v vh x h x h= +  (5.12)

where cp is the specific heat capacity and Tref,0 is a reference temperature, taken equal to 273.15 K 
(0°C). The latent heat is defined with respect to Tref,0 and is assumed constant, namely equal to 
2.50x106 J/kg at 0°C. These conservation equations for air flow are solved numerically with the 
commercial computational fluid dynamics (CFD) code Fluent 6.3, which uses the control volume 
method. 
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5.2.2. Porous-material modelling 
The porous material (subscript PM) is modelled on a macroscopic level, i.e. by solving the 
macroscopic conservation equations, which can be derived by volume-averaging the microscopic 
conservation equations of each phase (Whitaker 1977) or by adopting a phenomenological approach 
on a macroscopic level (Philip and De Vries 1957, Luikov 1966). The porous materials consists of 
three different incompressible phases: the solid phase (subscript s), namely the solid material 
matrix, the liquid phase (subscript l), namely liquid water, and the gaseous phase (subscript g), 
namely moist air, which again consists of dry air and water vapour. Thereby, four material 
components (subscript i) are found. Furthermore, it is assumed that: (1) liquid water is free water, so 
no chemically or physically bound water is taken into account; (2) the solid matrix is rigid, by 
which shrinking and swelling are not taken into account; (3) no volumetric heat and mass source 
terms, apart from evaporation or condensation of liquid water, are present; (4) thermal equilibrium 
between all phases exists; (5) pressure variations are sufficiently small to not affect thermodynamic 
properties; (6) potential and kinetic energy changes in the gaseous phase are negligible compared to 
thermal energy changes; (7) pressure work and viscous heat dissipation can be neglected; (8) liquid 
transport is driven by capillary forces, by which gravitational effects and air-pressure effects are 
neglected; (9) liquid transfer due to thermal gradients can be neglected; (10) the pressure of the 
gaseous phase is constant and equal to the atmospheric pressure; (11) temperatures are above 0°C 
and well below 100°C; (12) the gaseous phase does not contribute to heat or mass storage; (13) 
moisture storage is independent of temperature; (14) radiative transfer inside the porous material is 
accounted for in its thermal conductivity. Thereby, following conservation equations can be derived 
(see section 3.3.1 for details), by expanding to the temperature (T) and the capillary pressure (pc), 
where pc = pl-pg.  

Conservation of mass 

sw 0
t

∂
=

∂
 (5.13)

aw 0
t

∂
=

∂
   ;   0∇⋅ =ag  (5.14)

( )cPM

c

pw 0
p t

∂∂
+∇ ⋅ + =

∂ ∂ l vg g  (5.15)

where the liquid and water vapour fluxes are: 

l cK p= − ∇lg  (5.16)

( )( )refv v v v
c l v c2

l v l v

p pp L p T 1 T
R T R T
δ δ

= − ∇ − ρ + γ − ∇
ρ ρvg  (5.17)

where ws, wa and wPM are the solid matrix content, dry air content and moisture content, 
respectively. Note that these quantities, defined in kgi/m³PM, differ from the densities of the different 
components (kgi/m³i). Kl is the liquid permeability, δv is the water vapour diffusion coefficient, Rv is 
the specific gas constant of water vapour and γ is the normalised derivative of the surface tension to 
the temperature. These conservation equations imply that only heat and moisture transport are 
modelled, where dry air transport is not (Eq.(5.14)). In Eq.(5.17), the first term on the right hand 
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side represents the vapour transport due to capillary pressure gradients and the second term 
represents the vapour transport due to thermal gradients, originating from evaporation and surface 
tension effects. 

Conservation of energy 

( ) ( )cPM
l p,s s p,l PM l v

c

pw Th c w c w h h
p t t

∂∂ ∂
+ + +∇ ⋅ + = −∇ ⋅

∂ ∂ ∂ l v PMg g q  (5.18)

where qPM is the conductive heat flux, which is defined as: 

PM T= −λ ∇PMq  (5.19)
The enthalpy of liquid water is defined as: 

( )l p,l ref ,0h c T T= −  (5.20)

The macroscopic approach considers the porous material as a continuum, where effective 
(macroscopic) transport coefficients (such as liquid permeability, vapour diffusion coefficient, …) 
are required in the macroscopic conservation equations to numerically model the transport 
processes. Apart from the aforementioned modelling assumptions, material characterisation will 
thereby also determine the accuracy of numerical simulations, where a large sensitivity to these 
transport coefficients can be found (Defraeye et al. 2011b or chapter 7). These transport coefficients 
are usually determined experimentally, often as a function of the moisture content. A significant 
spread and thus uncertainty on these coefficients has however been reported when comparing 
results of different laboratories on multiple material samples (SBI 1998, Roels et al. 2003, Roels et 
al. 2004, Roels 2008, Roels et al. 2009, Dominguez-Munoz et al. 2010).  

The macroscopic conservation equations are solved numerically with a non-commercial finite-
element heat-air-moisture (HAM) code HAMFEM (Janssen et al. 2007a, see section 3.3.1 for 
details). 

5.2.3. Conjugate modelling 

5.2.3.1. Boundary conditions at the air-porous material interface 

The air-porous material interface can be modelled as (see section 2.1.2.2): (1) a semi-permeable 
surface, implying that only transport of one gaseous mixture component (i.e. water vapour) from/to 
the surface is possible, which is the case for a free water surface or a fully-saturated porous 
material; or (2) a permeable surface, where dry air transport from/into the material can occur in 
addition to water vapour transport, such as for a quasi dry open-porous material. The choice of 
interface modelling is thereby related to the air permeability of the material. 

A fully-saturated porous material is obviously impermeable for air (Monlouis-Bonnaire et al. 2004). 
Fully-saturated conditions are usually found during the production process of materials (e.g. 
concrete, brick or plaster). Apart from saturating the material in vacuum, obtaining a fully-saturated 
material a-posteriori requires submersion of the material for a sufficiently long time so all enclosed 
air is removed by diffusion through the liquid-filled pores. Thereby, wetted porous materials, such 
as building facades wetted by wind-driven rain, will often be unsaturated at the start of their drying 
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process. For such unsaturated materials, Descamps (1997) found that the critical moisture content 
for air transport, i.e. above which the air permeability is quasi zero, was slightly higher (roughly 
10%) than the capillary moisture content of the material (see section 3.3.1.3 and Figure 3.13), where 
the capillary moisture content can be obtained from a free water uptake test (Roels et al. 2004). For 
moisture contents below or equal to the capillary moisture content (i.e. capillary saturated), the 
porous material can be considered quasi permeable for air. Every gas pressure build-up is thus 
quickly equalised, leading to a constant air pressure in the porous material (e.g. Masmoudi and Prat 
1991), which was also assumed in the porous-material model (section 5.2.2). Thereby vg = 0, 
resulting only in diffusive dry air and water vapour transport, where a zero net mass flow is found 
over the interface of a permeable surface, (gg = ga + gv = 0). The proposed conjugate model was 
primarily developed for unsaturated porous materials, namely to analyse the drying of building 
materials in building envelopes, and therefore a permeable air-porous material interface will be 
assumed with material moisture contents equal to or below the capillary moisture content. 

Conjugate modelling requires continuity of the boundary conditions at the air-porous material 
interface (fluid-side: superscript fl; porous-material side: superscript pm). This implies continuity of 
the heat and mass fluxes for a specific boundary interface element as well as continuity of the 
temperature and mass fraction at the interface: 

Continuity of mass fluxes 
⋅ = ⋅pm fl

a ag n g n  (5.21)

( )+ ⋅ = ⋅pm pm fl
v l vg g n g n  (5.22)

where n is the unit vector normal to the interface, gl
pm and gv

pm are given by Eqs.(5.16)-(5.17), gv
fl 

is given by Eq.(5.6) and ga
fl·n= -gv

fl·n (permeable surface). Note that in the derivation of the 
porous-material model, dry air transport was neglected (section 5.2.2, ga

pm = 0) by which the 
continuity of dry air fluxes at the interface is not satisfied. To retain consistency with the porous-
material model, this dry air flux into the porous material (ga

pm·n) is thereby not accounted for in the 
conjugate model. The impact on the overall (heat and) moisture transport in the material and thus 
also on the convective (heat and) moisture exchange with the air flow can be considered very 
limited which is why it is actually neglected in the porous-material model (section 5.2.2), also 
referred to as the HAM model. 

Continuity of heat fluxes 

( ) ( )a a v l a a vh h h h h+ + + ⋅ = + + ⋅pm pm pm fl fl
v l PM v gg g g q n g g q n  (5.23)

The influence of dry air transport on heat transport is neglected in the derivation of the porous-
material model (section 5.2.2, ga

pm = 0) by which the continuity of heat fluxes at the interface is not 
entirely satisfied. Since the influence of dry air transport on heat (and mass) transfer in a porous 
material is very small, its influence on the overall heat (and moisture) transport in the material and 
thus also on the convective heat (and moisture) exchange with the air flow can be considered 
limited. The assumption of a permeable or semi-permeable surface will thus actually have limited 
impact on the convective heat and moisture exchange at the interface. Note that the interface is thus 
modelled as a semi-permeable surface in this study to be in agreement with the actual physics of the 
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air transport at the interface for moisture contents equal to or below the capillary moisture content. 
Nevertheless, semi-permeable conditions could not be entirely satisfied at the interface (i.e. on the 
porous-material side) since air transport in the porous material was not modelled in the porous-
material model. 

Continuity of temperature and mass fraction at the interface 
pm fl
w wT T=  (5.24)
pm fl
w wx x=  (5.25)

Note that the continuity of the pressure is not required since air transport in the porous material is 
not taken into account and only liquid water transport due to capillary forces is considered, 
neglecting the influence of gravitational and air-pressure effects. 

5.2.3.2. Coupling principle 

Since two different programs are used for air-flow and porous-material modelling (Fluent 6.3 and 
HAMFEM), a coupling protocol between these programs is required. An explicit coupling 
procedure, where the exchange of boundary conditions between the two programs is only performed 
once every time step, is preferred over an implicit coupling procedure, where iterations are 
performed between the two programs until convergence is obtained within a specific time step, for 
reasons of numerical implementation. Thereby, the CFD program is executed for one time step, 
after which boundary condition information (heat and moisture fluxes) is transferred to the HAM 
program which is subsequently executed for the same time step. At the end of this time step, 
boundary condition information (temperatures and vapour pressures) is transferred to the CFD 
program, which is used for the calculation of the next time step (see Figure 5.1). This explicit 
coupling is justified if sufficiently small time steps are used (e.g. 0.1s, as explained below) so the 
actual fluxes do not change significantly over the time step. This explicit coupling procedure is 
implemented within the HAM code, due to restricted access to the CFD code. Regarding 
computational efficiency, the size of the computational porous-material model (HAMFEM) is 
limited to about 103 finite elements, which restricts the use of the conjugate program to 2D 
problems or simple 3D configurations. In the next sections, the simulation setup, implementation 
and coupling procedure of the conjugate model are explained more in detail. 

Simulation setup 
The coupling procedure dictates that the same grid spacing along the interface has to be used for the 
grids of HAM and CFD, which is mainly done to avoid introducing interpolation errors. For the 
CFD grid, it is required that the y+ value of the wall-adjacent cells is below one for turbulent flows 
because of the way which the heat and moisture fluxes, imposed to the HAM program, are 
calculated from the CFD simulation (i.e. similar to LRNM, as specified in detail below). If the y+ 
value exceeds one, an error on these fluxes will be introduced. After creating both computational 
domains, the corresponding numerical simulations have to be set up, i.e. definition of boundary and 
initial conditions, material properties, turbulence model, etc., for which the reader is referred to the 
manuals of the CFD code (Fluent 2006) and the HAM code (Janssen et al. 2007a, HAMFEM). It is 
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imperative that the same material properties are used in both programs. The used material properties 
are described in Appendix D. 

Implementation and coupling procedure 
The coupling protocol is implemented within the HAM code (Fortran) by including additional 
subroutines within the HAMFEM control loop which start and run the CFD simulation at specific 
time intervals and which arrange the exchange of boundary conditions. A schematic overview of 
this coupling protocol is presented in Figure 5.2, where the additional subroutines are marked by the 
bold boxes. The dotted boxes indicate the conditional tests which are performed during the coupled 
simulation. For the HAM simulation, only the features characteristic to the conjugate model are 
indicated here. 

 
Figure 5.1: Coupling principle of the conjugate model with indication of the boundary conditions which are 
transferred and the CFD and HAM domains (BC: boundary condition, CVM: control volume method, FEM: 
finite element method). 

A clear distinction has to be made between the coupling time step, i.e. the time step after which 
boundary condition information is exchanged between CFD and HAM, and the internal time steps 
within the CFD and HAM simulations separately. For the CFD simulation, the internal time step 
size has to be equal to the coupling time step, resulting in one internal time step. If the CFD 
simulation would run for multiple internal time steps within the same coupling time step, the fluxes 
along the interface would gradually change since constant temperature and mass fractions are 
imposed (Figure 5.1), instead of constant fluxes. This is not allowed since then the average fluxes 
for CFD over a certain coupling time step will differ from those imposed to HAM, leading to a 
mismatch in conservation of heat and moisture over the interface. The HAM simulation uses 
multiple internal time steps, which is allowed since here constant fluxes are imposed (Figure 5.1). 
Note that the size of the coupling time step is dictated by the characteristic time scales in the air 
flow, and not by those for heat and moisture transport in porous materials, which are much larger. 
Thereby, the coupling time steps are usually very small (e.g. 0.1s). 
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Figure 5.2: Coupling strategy between CFD and HAM programs. 

The coupling procedure (Figure 5.2) is briefly discussed. First the HAM simulation is initialised. 
Afterwards, a journal file is created for the CFD program, which contains a series of commands that 
will be executed by the CFD program, including imposing the coupling time step of the simulation. 
Note that communication with the CFD program was only possible by means of journal files due to 
the limited access to the CFD code. Then, the input boundary profiles for CFD at the interface 
(temperatures and mass fractions) are written to a text file, based on the initial conditions for the 
porous material or, later on in the conjugate simulation, based on the results from the HAM 
simulation of the previous time step at the interface. 

Afterwards, the CFD program is started and the journal file is executed for the specific coupling 
time step. In the meanwhile, the HAM simulation is paused. The convergence of CFD simulations 
(iterative-convergence error) is usually evaluated by imposing a limit on the decrease of the 
normalised residuals (Franke et al. 2007). The normalised residual of a specific conserved variable 
(e.g. mass) is the residual sum for that variable over all computational cells (Fluent 2006), 
normalised by the residual sum after the first iteration. This normalised residual thus indicates the 
decrease of the initial error on a variable. Typically a decrease of at least four orders of magnitude 
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is recommended, although much lower values should be used for validation purposes (Franke et al. 
2007). Due to the nature of the specific flow problem considered in this study, the use of such 
normalised residuals for temperature and mass fraction is however not entirely appropriate. The 
reason for this is that the actual heat and moisture transfer only takes place in a limited region of the 
flow field, namely at the air-porous material interface. Thereby, the initial estimates of temperature 
and mass fraction in the computational cells at the start of the CFD simulation, which are imposed 
during initialisation of the flow field by using the values at the inlet of the computational domain, 
are very close to the actual values, i.e. of the converged solution, in the majority of the domain. 
Thereby, their residual (sum) over all cells after the first iteration is already very low, leading to a 
limited decrease of the normalised residuals during the iteration process, mostly smaller than four 
orders of magnitude. As an alternative to normalised residuals, the residual sum can be normalised 
by a scaling factor, representing the flow rate of the conserved variable through the domain (see 
Fluent 2006 for details), which was found to be a better criterion here. Note that this type of 
residuals is the default type in the CFD program that is used. Therefore, this type of normalised 
residuals is used, where the limit is set at 10-12, except for continuity, since here the residuals are by 
default normalised by the residual after the first iteration (Fluent 2006). In order to avoid that a CFD 
simulation runs for a very long time during a certain coupling time step, since under some 
conditions these residuals will not go below the imposed value, a maximal value for the number of 
iterations per time step is imposed, namely 50, where this value was determined by means of 
sensitivity analysis on the predicted heat and moisture flows. 

At the end of the CFD simulation for a specific coupling time step, a User Defined Function (UDF) 
is executed which calculates and writes the heat and moisture fluxes from CFD at the interface to a 
text file, which serve as input for the HAM simulation for that same coupling time step. These heat 
and moisture fluxes perpendicular to the wall are determined assuming a permeable surface 
(Eq.(2.8)), hence gg·n = 0, but in accordance with the porous-material model, hence neglecting dry 
air transport into the material. These fluxes (Eqs.(5.21)-(5.23)) are calculated by assuming heat and 
water vapour diffusion between the interface and the wall-adjacent cell centre (subscript cc): 

( )g va
cc w

P

D
x x

y
−ρ⎛ ⎞

⋅ = − ⋅⎜ ⎟
⎝ ⎠

fl
vg n n  (5.26)

( ) ( )( ) ( )gref
v p,v w ref ,0 v cc w

P

h c T T L T T
y
λ⎡ ⎤

+ ⋅ = − + − − ⋅⎢ ⎥
⎣ ⎦

fl fl
v g vg q n g n  (5.27)

where yP is the distance of the wall-adjacent cell centre to the wall. These fluxes are assumed 
positive away from the wall. For turbulent flows, this implies that the wall-adjacent cells have to be 
located in the laminar sublayer, i.e. to have diffusive transfer, resulting in y+ values below 1. 

After the UDF is executed, the CFD program is closed (by the journal file). The HAM simulation 
resumes, where the boundary conditions from CFD (heat and moisture fluxes) for that coupling 
time step are imposed at the interface finite elements after which the HAM simulation runs, where 
the HAM simulation uses multiple internal time steps within the same coupling time step for 
convergence reasons. If the HAM simulation is finished for the specific coupling time step and the 
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total simulation time is not reached, the CFD simulation for the next coupling time step is 
performed. 

Before initiating this CFD simulation, the coupling time step is evaluated, which can be increased 
or decreased. This adaptive time stepping was included to speed up the conjugate simulation during 
periods where the fluxes at the interface do not change significantly, e.g. during the CDRP, by 
allowing larger coupling time steps. Without this adaptive time stepping, the conjugate simulations 
would take very long because the very small coupling time steps (e.g. 0.1s), which are required 
during some periods in the drying process to avoid that the fluxes change significantly during a 
certain coupling time step (due to the explicit coupling), would be used throughout the entire 
conjugate simulation. Although the actual fluxes imposed to the HAM simulation are constant 
during a certain coupling time step, the interface temperatures and mass fractions can change 
throughout the coupling time step during the HAM simulation, i.e. for the different internal time 
steps (e.g. t1 and t2), whereas constant values were actually imposed in the CFD simulation for that 
coupling time step. As a result, there will be a difference between these values at the start of the 
HAM simulation (Tw,t1 and xt1, imposed to CFD) and those after successive internal time steps (Tw,t2 
and xt2). The adaptive time stepping therefore compares the temperature and mass fractions at the 
interface at the beginning of a certain coupling time step (first internal time step, t1) and at the end 
of the coupling time step (last internal time step, tend) for the HAM simulation and evaluates if they 
change “significantly” during that time step by evaluating following expressions: 

( )
end 1

1

t t

t

T T

T

−
 (5.28)

( )
end 1
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t t

t

x x

x

−
 (5.29)

If these differences are below 1% in all finite elements at the interface for more than five coupling 
time steps, the coupling time step is increased with 2% (i.e. with a factor 1.02). Under some 
conditions, i.e. when large gradients in drying rate or heat exchange rate occur, for example during 
the transition from CDRP to DDRP, a smaller coupling time step can be required to avoid excessive 
temperature and mass fraction changes during one coupling time step. Therefore, if one of the 
aforementioned differences exceeds 1% in more than one finite element during a coupling time 
step, this time step is decreased with 2%. If these differences exceed 1% in more than 10 finite 
elements or if they exceed 10% in more than one finite element, hence indicating large differences 
and thus a too large coupling time step, the coupling time step is decreased with 100% (i.e. with a 
factor 2). These factors and upper and lower limits were obtained from a temporal sensitivity 
analysis. Furthermore, the time stepping behaviour was critically checked for irregularities after 
each simulation. Note that this adaptive time step evaluation also inherently implies that the fluxes 
between successive time steps do not change significantly. After the evaluation of the coupling time 
step, the CFD simulation procedure for the next time step is started. This coupling procedure is 
repeated until the total simulation time of the conjugate simulation is reached. 
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Due to the specific way which the conjugate program is implemented, it can actually be considered 
as an extension of the HAM program, where spatially- and temporally-varying convective boundary 
conditions are supplied by means of CFD, instead of by means of CTCs. Note that even with the 
adaptive time stepping, the conjugate simulations take a long time, due to the explicit coupling of 
both programs, typically about 102 hours for simulating a period of several days, but note that this 
simulation time is to some extent material dependent. 

5.3. Case study: porous flat plate in channel flow 

5.3.1. Configuration 
The configuration used to evaluate convective drying of an unsaturated porous material is taken 
from the experimental study of James et al. (2010), where hygroscopic buffering of gypsum boards 
was analysed by means of a small closed-circuit wind-tunnel setup. Here, two-dimensional fully-
developed laminar channel flow (channel height H = 20.5 mm) was produced over the porous 
material (length LPM = 500 mm and thickness DPM = 37.5 mm, i.e. 3 gypsum boards of 12.5 mm), 
which was mounted flush with one of the channel walls. The porous material was insulated 
(adiabatic conditions) and made impermeable for moisture on its remaining surfaces. This setup is 
described in detail by Talukdar et al. (2007) and Iskra and Simonson (2007). 

Instead of gypsum board, the porous material considered in this study is a mineral plaster, where the 
same porous-material dimensions are used. The mineral plaster is hygroscopic and capillary active. 
This mineral plaster is intended to be used in outdoor environments, where it can absorb moisture 
coming from wind-driven rain, i.e. rain which is given a horizontal velocity component by wind 
(Blocken and Carmeliet 2004). For these conditions, its moisture content will be below or equal to 
the capillary moisture content (fully-saturated conditions are only obtained during processing of wet 
plaster). In this study, the mineral plaster is assumed to be initially at capillary moisture content. 

5.3.2. Numerical model 
The computational model used for the numerical analysis is presented in Figure 5.3, together with 
the imposed boundary conditions. A two-dimensional model can be used since the channel width to 
height ratio is 14.5 (Dean 1978). The length of the upstream and downstream channel sections is 
taken sufficiently large to avoid an influence of the imposed boundary conditions at the channel 
inlet and outlet on the air flow in the vicinity of the porous material. At the channel inlet, a fully-
developed laminar inlet profile is imposed with a bulk air speed (Ub) of 0.8 m/s, which results in a 
Reynolds number of about 1100, based on Ub and H. According to Dean (1978), flow in two-
dimensional channels remains laminar up to Reynolds numbers of about 1300. The temperature and 
relative humidity of the approach flow air are 23.8°C and 71.9%, respectively. At the outlet of the 
computational domain, a zero static pressure is imposed. Both channel walls are modelled as no-slip 
boundaries with zero roughness. Apart from the interface with the porous material, the channel 
walls and the remaining porous-material boundaries are taken adiabatic and impermeable for 
moisture. The porous material is assumed to be initially unsaturated, but at capillary moisture 
content (126 kg/m³) at a temperature of 20.0°C. This temperature is chosen approximately equal to 
the wet bulb temperature (≈ 20°C for Tref = 23.8°C and RHref = 71.9%) in order to minimise the 
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transition period for the material to reach the CDRP equilibrium temperature conditions. Note that, 
apart from this initial porous-material temperature and moisture content, all imposed boundary 
conditions are in accordance with the experiment of James et al. (2010). 

 
Figure 5.3: Computational model for numerical analysis with boundary conditions (not to scale). 

Appropriate grids are built for air-flow and porous-material modelling, based on grid sensitivity 
analysis. The grids consist of 3.7x103 quadrilateral control volumes for air flow and of 2.5x103 
quadrilateral finite elements for the porous material (125 in x-direction, 20 in y-direction), both with 
a gradual refinement towards the air-porous material interface (with an aspect ratio of 1.15 and 1.2 
for the air flow and the porous material, respectively). At the interface, the control volumes and the 
finite elements have the same grid size (along x-direction), which was required for modelling 
purposes. 

5.3.3. Numerical simulation 
The air-flow simulations are performed assuming laminar flow. Second-order discretisation 
schemes are used. The SIMPLE algorithm is used for pressure-velocity coupling. Pressure 
interpolation is second order. Since the Richardson number is well below one, buoyancy effects are 
negligible, as also mentioned by Talukdar et al. (2008). Thereby, only forced convection is 
accounted for in the air-flow simulations, considering heat as a passive scalar, by which the flow 
field and thus also the CTCs are not strongly dependent on the thermal boundary conditions. 
Radiation between the channel walls is not considered because the focus is on convective drying 
and the validity of the heat and mass transfer analogy, where the latter cannot be valid if radiation is 
taken into account (see section 2.2.2.2 and 5.6.3). Due to the low Reynolds numbers used in this test 
setup, radiation can however have an influence on the predicted drying rate. The porous-material 
simulations are performed with a HAM model, where detailed numerical modelling details can be 
found in Janssen et al. (2007a) and section 3.3.1. 

5.4. Verification 
Verification evaluates if the conceptual model, which is the proposed conjugate model (section 5.2), 
is accurately represented by the computational model, i.e. the coupled CFD-HAM program. The 
verification procedure consists of two parts (Oberkampf et al. 2004, Franke et al. 2007): (1) code 
verification, which analyses if the conceptual model is implemented correctly in the corresponding 
computational model by evaluating if there are no programming errors. This has to be performed by 
the code developer; (2) solution verification, which estimates and minimises the numerical error of 
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a specific simulation. This has to be performed by the user and was already done by means of 
spatial (grid) and temporal sensitivity analysis (sections 5.3.2 and 5.2.3.2). Therefore, only code 
verification is discussed in the remainder of this section.  

Since both codes (Fluent 6.3 and HAMFEM) were already verified separately by their code 
developers and no additional physical models were included in these separate codes, only the 
implementation of the coupling protocol between both codes should be verified. Code verification is 
usually performed by comparison of simulation results with analytical solutions of the conceptual 
model. Since the conceptual model covers both transport in the air and the porous material, such 
solutions are not readily available for this conjugate problem.  

Following alternatives for comparison with analytical solutions are proposed, in order to verify the 
implemented coupling procedure of the conjugate model: (1) It is verified if the conjugate model 
can predict the wet bulb temperature during the CDRP. This wet bulb temperature can be calculated 
analytically (see section 5.6.3, by means of Eq.(5.34)), based on the CMTC to CHTC ratio, but can 
also be determined from psychrometric charts; (2) The conjugate simulation is compared with a 
HAM simulation of the porous material, where the CTCs imposed at the interface are taken from 
the conjugate simulation at t = 1h, thereby accounting for a spatial but no temporal CTC variation. 
Since the initial porous-material temperature (20°C) is quasi equal to that of the CDRP (i.e. the wet 
bulb temperature), hence minimising the initial transition period, and since the CTCs of the 
conjugate model were found not to vary significantly during the CDRP (see section 5.6.2), the 
resulting CDRP drying rate and duration predicted by the conjugate model and the HAM model 
should agree very well. Note that prior to this verification study, the conservation of heat and mass 
over the interface was checked and was satisfied, however taking into account that dry air transport 
is not considered in the HAM model. 

Since the mineral plaster exhibits a quite short CDRP, another material with a longer CDRP 
behaviour is used to perform this verification study to allow a better comparison, namely ceramic 
brick. Its relevant heat and moisture transport properties are specified in Appendix D. The 
dimensionless drying rate (gv,w/gv,w,CDRP) is presented in Figure 5.4 as a function of dimensionless 
time (t/ttot) for the conjugate model and the HAM model. The total simulation time (ttot) is 15 days 
and gv,w,CDRP is the drying rate during the CDRP obtained from the conjugate model. These drying 
rates agree very well during the CDRP and also the duration of the CDRP is very similar. The HAM 
model dries out differently during the DDRP which indicates that there is a temporal effect on the 
CTCs (see section 5.6.2). The predicted CDRP temperatures agree very well with the wet bulb 
temperature for both models, namely with differences (in °C) below 0.5%. The ability of the 
conjugate model to accurately predict the wet bulb temperature and its agreement with a HAM 
simulation with similar convective boundary conditions indicate that the conjugate model is 
implemented correctly. 
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Figure 5.4: Drying rate (scaled with gv,w,CDRP, i.e. of the conjugate model) as a function of time (scaled with 
ttot) for conjugate and HAM models. 

5.5. Discussion on validation of the conjugate model 
After code and solution verification, validation with detailed experiments can be used to evaluate 
whether the conceptual (and thus the computational) model can accurately represent the actual 
physics of the problem. Since the proposed conjugate model does not introduce additional physical 
models, as it is actually a coupling procedure between two computational models, validation of this 
conjugate model would reduce to validation of the CFD and HAM models separately. Discrepancies 
with experimental results would therefore be attributed to the inability of one of these 
computational models (or both) to capture the physics of the problem which it solves for, i.e. heat 
and moisture transport in the air flow or in the porous material. 

To illustrate this point of view, the conjugate model is used to simulate the benchmark experiment 
of James et al. (2010), namely on hygroscopic buffering of gypsum boards. The only difference 
with the previously presented numerical model (section 5.3.2) is that the porous material is gypsum 
board instead of mineral plaster and that the material is not capillary saturated, but initially 
conditioned at 30% and 23.3°C. This nearly isothermal experiment was used by James et al. (2010) 
to validate different HAM models (including the HAM model used in the proposed conjugate 
model), where spatially and temporally constant CTCs were imposed (CHTC = 3.45 W/m²K, 
CMTC = 2.41x10-8 s/m). The conjugate simulation results are compared with the experimental data 
of James et al. (2010) in Figure 5.5, where the temperature and relative humidity in the middle of 
the material below the first gypsum board (x = 250 mm, y = -12.5 mm, see Figure 5.3) are shown as 
well as the moisture accumulation in the porous material. The results of a HAM simulation (with 
HAMFEM) are also shown, using the constant CTCs specified above. Both the conjugate model 
and the HAM model seem to predict the relative humidity, temperature and moisture accumulation 
quite well, i.e. approximately within the experimental uncertainty, and produce very similar results, 
indicating that no clear increased accuracy is obtained with the conjugate model. 
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Figure 5.5: Temperature and relative humidity in the centre of the material below the first gypsum board (x 
= 250 mm, y = -12.5 mm, see Figure 5.3) as well as the moisture accumulation in the porous material, as a 
function of time: comparison between experiments (with experimental uncertainty, see James et al. 2010), 
HAM simulation with constant CTCs and simulation with the conjugate model. 

The good agreement between the conjugate model and the HAM model is related to the very small 
sensitivity of the results to the flow field (James et al. 2010), although it will be shown below 
(section 5.6.2) that the CTCs of both models actually differ significantly. This low sensitivity to 
convective vapour transfer originates from the relative high resistance of gypsum board to vapour 
transfer, compared to that of the boundary layer. Thereby, for many porous materials the vapour 
uptake/release kinetics are mainly determined by the material itself and not by the air flow. 
Consequently, the discrepancies of the conjugate model results with the experiments can be almost 
fully attributed to the HAM model, and are not related to the coupling procedure or the flow-field 
prediction. These discrepancies were found to result mainly from experimental uncertainties on the 
material properties which are used in the HAM model (James et al. 2010). Due to the low 
sensitivity of this hygroscopic loading experiment to air-flow modelling, it actually only validates 
the HAM model to some extent and is thereby not appropriate to validate a conjugate model. An 
experiment of convective drying of a (capillary-) saturated porous material would be more 
appropriate to validate the conjugate model, especially regarding the heat and mass transfer in the 
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air flow (i.e. the CHTC and CMTC), since here the air flow dictates the drying rate initially, i.e. 
during the CDRP, when the surface is wet. 

An experiment more relevant for the validation of convective mass transfer in air flow was 
performed by Iskra and Simonson (2007), namely by replacing the porous material in the same test 
setup as described in section 5.3.1 by a water bed. The overall CMTC of the water surface was 
determined at different Reynolds and Raleigh numbers, hence including buoyancy effects. The 
CMTC used by James et al. (2010), i.e. 2.41x10-8 s/m, is taken from this data set at the lowest 
Raleigh numbers. If the surface-averaged CMTC is determined by means of CFD for this test setup, 
a value of 3.8x10-8 s/m is however obtained in the present study and also Talukdar et al. (2008) 
found a much higher value in their CFD study on this test setup, namely 4.0x10-8 s/m. These higher 
values however agree well with the CMTCs of Iskra and Simonson (2007) at higher Raleigh 
numbers. Note that the differences of these CFD results with the experiments exceed the 
experimental uncertainty on the CMTC (about 10%, Iskra and Simonson 2007). Possible 
discrepancies of the CFD results with experimental data are discussed by Talukdar et al. (2008). 
Although the CTCs applied in the HAM model are thus significantly different from those obtained 
with the conjugate model (i.e. by means of CFD), the impact on the heat and mass transfer in the 
porous material was found to be limited for the hygroscopic buffering experiment with gypsum 
board (Figure 5.5). In the next section, the proposed conjugate model (section 5.2) will be used to 
evaluate convective drying of an unsaturated porous flat plate. 

The above discussion clearly shows that especially validation of the individual CFD and HAM 
models, of which the conjugate model is composed, is important. Nevertheless, experiments which 
consider the conjugate transfer problem more in detail could be very valuable to analyse drying 
phenomena and could be used complementary to numerical analysis with conjugate models in order 
to identify and explain the specific causes of discrepancies between both (i.e. porous-material and 
air-flow related) more clearly. To the knowledge of the author, detailed conjugate experiments for 
forced convective drying of (un)saturated porous materials which are well documented, including 
detailed flow-field measurements together with porous-material measurements (weight change, 
surface temperature, …), are however very scarce (e.g. Belhamri and Fohr 1996), which is 
acknowledged by other authors (Oliveira and Haghi 1998, Murugesan et al. 2001, Suresh et al. 
2001). Such a conjugate drying experiment is described in chapter 6. 

Finally, apart from spatial and temporal discretisation errors, it has to be acknowledged that 
providing an overall numerical error estimate (physical modelling error, see section 3.2.1) for the 
numerical simulation results is actually quite difficult for a conjugate model, since the numerical 
errors arise from both air-flow and porous-material modelling. Regarding porous-material 
modelling in particular, providing such an estimate is not straightforward, mainly due to the strong 
material dependency of the uncertainties in the experimentally-determined material transport 
properties (see Chapter 7) and due to the dependency on the drying process characteristics. 



Chapter 5 

228   

5.6. Results and discussion 

5.6.1. Drying process 
For the analysis of convective drying of a capillary-saturated porous material (see section 5.3), three 
different approaches to model the convective boundary conditions are compared: (1) conjugate 
modelling of heat and mass transport in the air flow and the porous material, as described in section 
5.2, which will be referred to as the “conjugate approach” and which does not require the use of 
CTCs; (2) spatially-varying CTCs along the surface, where the CHTC is obtained from a CFD 
simulation, by only accounting for heat transfer, and where the CMTC is obtained from the CHTC 
by means of the heat and mass transfer analogy (see section 5.6.3, Eq.(5.32)), which will be referred 
to as the “CFD-analogy approach”; (3) spatially and temporally constant CTCs, namely the surface-
averaged CTC values from the CFD-analogy approach, which will be referred to as the “constant 
CTCs approach”. The CTCs for these approaches are presented in detail in section 5.6.2. 

The overall dimensionless drying rates (gv,w/gv,w,CDRP) of the three approaches are shown as a 
function of dimensionless time (t/ttot) in Figure 5.6, where the total simulation time (ttot) is 15 days 
and gv,w,CDRP is the drying rate during the CDRP from the constant CTCs approach. For the 
conjugate and CFD-analogy approaches, also the drying rates at specific locations on the porous-
material surface are shown, namely at x = 0, 0.25 and 0.5 m. The surface temperatures (Tw, in °C) 
are shown in Figure 5.7, together with the relative humidity at the surface (RHw). For the conjugate 
and CFD-analogy approaches, again the values at x = 0, 0.25 and 0.5 m are reported. Contourplots 
of these dimensionless drying rates and the relative humidity at the surface as a function of time and 
location on the surface are shown in Figure 5.8 for the conjugate approach.  

 
Figure 5.6: Drying rate (scaled with gv,w,CDRP) as a function of time (scaled with ttot), for three convective 
boundary-modelling approaches, including drying rates at specific locations for (a) the conjugate approach; 
(b) the CFD-analogy approach (avg: surface-averaged). 
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Figure 5.7: Relative humidity and temperature at the surface, as a function of time (scaled with ttot), for three 
convective boundary-modelling approaches including results at specific locations for: (a) the conjugate 
approach; (b) the CFD-analogy approach. 

 
Figure 5.8: Drying rate (gv,w/gv,w,CDRP) (a) and relative humidity (%) at the surface (b) as a function of time 
(scaled with ttot) and location on the surface (scaled with LPM) for the conjugate approach. 

First the overall drying behaviour is discussed. A CDRP can clearly be distinguished for the 
constant CTCs approach, where the surface temperature approximately equals the wet bulb 
temperature. For the two other approaches, the surface-averaged drying rates show a much shorter 
CDRP, which is related to the two-dimensional drying effect: the surface near the leading edge dries 
out quickly, by which both CDRP and DDRP are found depending on the location on the surface, 
leading to a lower surface-averaged drying rate. A CDRP can also be distinguished at specific 
locations on the surface (Figure 5.6 and Figure 5.8), as discussed in detail below, where its duration 
increases with the distance from the leading edge. As the surface-averaged CTCs from the CFD-
analogy approach equal those of the constant CTCs approach, the significant difference in drying 
behaviour between both indicates that accounting for spatially-varying convective boundary 
conditions is relevant here. Furthermore, when comparing the results of the CFD-analogy approach 
and the conjugate approach, the temporal variation of these convective boundary conditions also 
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seems to affect the drying behaviour, indicating that the CTCs are also temporally-varying (see 
section 5.6.2).  

The influence of spatial and temporal variation of the convective boundary conditions on the drying 
behaviour can be analysed more in detail when comparing the results of the conjugate and CFD-
analogy approaches at different locations on the surface. The leading-edge effect can clearly be 
distinguished in Figure 5.6, Figure 5.8 and also in Figure 5.9, where the drying fronts (RH ≈ 100%) 
inside the porous material are shown as a function of time for both approaches. Such leading-edge 
effects were previously reported by Masmoudi and Prat (1991), Oliveira and Haghighi (1998), 
Suresh et al. (2001) and Murugesan et al. (2001). The higher drying rates close to the leading edge 
result from the small thermal and moisture boundary-layer thicknesses here. Furthermore, the 
drying rate at each location shows a distinct peak at a specific time. These peaks approximately 
correspond with the moment where the surface dries out locally (RH < 100%, see Figure 5.7 and 
Figure 5.8) and can be explained as follows. As the material surface dries out progressively from 
the leading edge on, the amount of moisture transferred from the porous material into the moisture 
boundary layer above the “dry” surface part of the porous material is very limited as it is in the 
DDRP. Thereby, relatively dry air approaches the drying front at the surface, i.e. the separation 
between the dried-out and still wet part of the surface, by which the drying front acts as if it is the 
apparent start of a leading edge of a wet surface, resulting in locally high drying rates here. As the 
drying front at the surface progresses downstream with time, this apparent leading edge also 
progresses downstream, creating peaks in the drying rate at each location at a certain time. These 
drying rate peaks are much less pronounced for the CFD-analogy approach, which indicates that 
these peaks are accompanied by a (temporal) change in CTCs, as will be shown in section 5.6.2. 
Nevertheless, the drying fronts inside the porous material of the conjugate and CFD-analogy 
approaches show a similar behaviour (Figure 5.9). 

 
Figure 5.9: Drying fronts (RH ≈ 100%) inside the porous material as a function of time (lines represent 
intervals of 5h) for: (a) the conjugate approach; (b) the CFD-analogy approach. 
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Comparing the drying process at different locations, as in Figure 5.6, can be difficult if the drying 
rates differ significantly in magnitude, where the drying process reflects on the length of the CDRP 
and DDRP and the transition between both. A better comparison can be made by using the scaled 
drying rate (gv,w,SC) and drying time (tSC), which are scaled with the CDRP drying rate at a specific 
location (gv,w,CDRP): 

v,w
v,w,SC

v,w,CDRP

g
g

g
=  (5.30)

SC v,w,CDRPt g t=  (5.31)

By applying this spatially-dependent scaling, gv,w,SC is equal to one during the CDRP for all 
locations on the surface and the surface area below the drying rate curve still represents the amount 
of water which evaporated from the porous material at a specific location. These scaled curves are 
presented in Figure 5.10 for the conjugate and CFD-analogy approach as a function of time at 
different locations, where also the average scaled drying rate of the porous material is shown. 
Further away from the leading edge, the peaks at the transition between CDRP and DDRP clearly 
become more pronounced for the conjugate approach, where for the CFD-analogy approach, the 
peaks show a maximum at x ≈ 0.1 m. 

 
Figure 5.10: Scaled drying rate as a function of scaled time (both scaled with gv,w,CDRP at that specific 
location, Eqs.(5.30)-(5.31)) for the conjugate (a) and CFD-analogy approaches (b) at specific locations on 
the surface as well as the average drying rate. 

Note that, due to the two-dimensional drying behaviour, the expression CDRP not strictly implies 
anymore that the entire material temperature is equal to the wet bulb temperature, but only that the 
RH at a specific location of interest is 100% and that the drying rate here is quasi constant. Since 
the surface temperatures during this CDRP are however approximately equal to the wet bulb 
temperature for the conjugate and CFD-analogy approaches at all locations (Figure 5.7), the 
influence of thermal inhomogeinities, as some parts of the surface dry out faster than others, on the 
predicted surface temperature is rather limited. Furthermore, the overall CDRP drying rates are 
approximately equal for all three approaches (Figure 5.6). Since the CDRP drying rate only depends 
on the convective boundary conditions (approach flow conditions and CTCs), the CTCs during the 
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CDRP should therefore also be approximately the same for all three approaches, as will be shown in 
the next section. 

5.6.2. CTCs 
The conjugate approach does not require CTCs to represent the convective boundary conditions but 
it allows calculating the CTCs a-posteriori, by which their temporal and spatial variability can be 
identified. In Figure 5.11, the CTCs at different locations on the surface (x = 0, 0.25 and 0.5 m) are 
presented as a function of dimensionless time for all three approaches, where the CTCs of the 
constant CTCs approach (i.e. the surface-averaged values from CFD, combined with the analogy) 
are: CHTC = 5.34 W/m²K, CMTC = 3.77x10-8 s/m. In Figure 5.12, the CTC distributions over the 
surface are shown for all three approaches, where for the conjugate approach the CTCs at different 
times are given. 

 
Figure 5.11: CTCs ((a) CHTC, (b) CMTC) as a function of time (scaled with ttot) for three convective 
boundary modelling approaches including the CTCs at specific locations for the conjugate and CFD-analogy 
approaches. 

 
Figure 5.12: CTCs ((a) CHTC), (b) CMTC) as a function of location on the surface (scaled with LPM), for 
three convective boundary modelling approaches including the CTCs at specific times for the conjugate 
approach. 
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From the conjugate approach results, a distinct temporal variability of the CTCs can be noticed, 
especially when going from CDRP to DDRP so when the surface locally dries out, as indicated by 
the peaks in the CTCs in Figure 5.11. During the CDRP and the DDRP, the CTCs remain 
approximately constant, but the magnitude of the CTCs increases from CDRP to DDRP. The CTCs 
of the conjugate approach agree well with the CTCs from the CFD-analogy approach during the 
CDRP, which indicates that the heat and mass transfer analogy appears to be valid during the CDRP 
but only to a lesser extent during the DDRP. The mismatch in the shape of the peaks of CHTCs and 
CMTCs indicates that the heat and mass transfer analogy is also not valid during the transition from 
CDRP to DDRP. This validity of the analogy is discussed in section 5.6.3. The temporal CTC 
variation indicates that CTCs are not properties intrinsically related to the specific flow field, which 
is responsible for the spatial CTC variation, but that they are also dependent on the temperature and 
moisture distribution in the flow field (boundary layer) and at the air-porous material interface. 
Note however that their impact on the drying rate is much less important during the DDRP, as the 
internal vapour resistance of the porous material dictates the liquid water removal rate from the 
material.  

5.6.3. Heat and mass transfer analogy 
The heat and mass transfer analogy allows estimating the CMTC directly out of the CHTC or vice 
versa, by relying on the similarity between the thermal and concentration boundary layers (see 
section 2.2.2.2). An exact similarity however only applies under certain criteria, which can be 
determined from the conservation equations for heat and mass transfer (see Appendix J), namely: 

1. Heat and mass are both considered to be passive scalars, hence not influencing the flow field 
significantly, which is only valid for forced convective flows and for low mass transfer 
rates.   

2. Heat and mass transfer are considered to be uncoupled, indicating that heat transfer does not 
influence mass transfer and vice versa. All fluid properties are however to some extent 
temperature- and concentration-dependent and the influence of mass diffusion is accounted 
for in the heat conservation equation (see Eq.(5.6) and Eq.(5.8)).  

3. Only convective heat and mass exchange with the environment occurs and no other heat or 
mass source terms are found at the surface, e.g. radiation absorption or droplet/water-film 
formation.  

4. The temperature and concentration boundary conditions have to be analogous, e.g. constant 
flux conditions, in order to have a similar boundary-layer development. 

5. The Lewis number (Le = Sc/Pr) has to be unity. For air, the Prandtl (Pr) and Schmidt 
number (Sc) are however not equal (Pr ≈ 0.74 and Sc ≈ 0.6, resulting in Le ≈ 0.81). 

To account for differences in Pr and Sc numbers, a modified version of the heat and mass transfer 
analogy, called the Chilton-Colburn analogy (Chilton and Colburn 1934), was proposed: 

1/3Nu Pr
Sh Sc

⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (5.32)

where Nu is the Nusselt number and Sh is the Sherwood number. This analogy can also be rewritten 
as the ratio of the CTCs, referred to as the analogy factor (AFcc): 
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This analogy factor is only a function of the properties of air, which are to some extent dependent 
on the temperature and concentration at the surface. For moist air, this factor is about 7.0x10-9 at 
ambient conditions and can be assumed quasi constant (variations of a few percent with temperature 
and relative humidity) at temperatures well below 100°C. The heat and mass transfer analogy is 
often not observed experimentally (e.g. Boukadida and Ben Nasrallah 2001), since one or more 
similarity criteria are usually not satisfied, which is however not always acknowledged. In this 
study, the most relevant similarity criteria to be considered, which could clearly disprove the 
validity of the analogy here, are criterion 2 and 4. 

For drying, another CTC ratio can be determined during the CDRP (AFCDRP) from Eq.(5.1) (Chen et 
al. 2002), where the vapour pressure at the surface equals the saturation vapour pressure (pv,w,sat, 
function of Tw) since RH = 100%: 

( )
( )( )

w ref
CDRP ref

v v,w,sat w v,ref

T TCMTCAF
CHTC L p T p

−
= =

− −
 (5.34)

If this CTC ratio (AFCDRP) is constant over the surface, the surface temperature during the CDRP 
becomes equal to the wet bulb temperature if no radiative heat flows at the surface and (conductive) 
heat flows from the interior of the porous material are present. In contrast to AFcc, AFCDRP is 
dependent on both the approach flow conditions (Tref and pv,ref) and the temperature at the surface 
(Tw), by which it can only be determined by numerical simulation (e.g. with a conjugate model) or 
by experiments. Usually, a CTC ratio is however imposed in HAM simulations (e.g. in constant 
CTCs or CFD-analogy approaches) by which the surface temperature can be determined from 
Eq.(5.34), based on the approach flow conditions. 

The CMTCs at x = 0.25 m are presented in Figure 5.13 as a function of time, calculated according 
to three different methods: (1) from the conjugate approach; (2) out of the CHTC of the conjugate 
approach, using the heat and mass transfer analogy (Eq.(5.33)), assuming constant air properties 
which results in a constant analogy factor; (3) out of the CHTC of the conjugate approach, using the 
analogy for drying during the CDRP (Eq.(5.34)). These CMTCs, calculated according to these three 
different methods, are shown in Figure 5.14 as a function of time and location on the interface by 
means of a contourplot. With these CMTCs (and the CHTC of the conjugate approach), the 
corresponding analogy factors (CMTC/CHTC) can be determined. Contourplots of these analogy 
factors as a function of time and location on the interface are shown in Figure 5.15. No contourplot 
of the heat and mass transfer analogy factor is shown since it is quasi constant, where only a very 
small variability is found due to the temperature and mass fraction dependency of the air properties 
(Eq.(5.33)). All three analogy factors at x = 0.25 m are shown in Figure 5.15c. All three methods 
give similar results during the CDRP (Figure 5.13 and Figure 5.15), which indicates that the heat 
and mass transfer analogy seems to be valid during the CDRP, as also found by Murugesan et al. 
(2001) and Boukadida and Ben Nasrallah (2001). This good agreement is related to the fact that the 
heat and mass transfer similarity criteria are approximately satisfied, except criterion 2, since heat 
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and mass transfer are inherently coupled during the CDRP (Eq.(5.1)). Although the analogy is 
thereby principally not valid, the good agreement with the conjugate approach results however 
indicates that the influence of this criterion is small for the case considered. During the DDRP, all 
methods also agree quite well, although the heat and mass transfer analogy shows more 
discrepancies with the other methods. During the transition from CDRP to DDRP, significant 
discrepancies with the conjugate approach results can be found for both types of analogy. The 
discrepancies with the heat and mass transfer analogy during this transition and during the DDRP 
are mainly related to the fact that criterion 4 is not satisfied, as thermal and concentration boundary 
conditions are not similar anymore.   

 
Figure 5.13: CMTC, as a function of time (scaled with ttot) at x = 0.25 m, calculated according to three 
methods, namely by means of the conjugate approach, the heat and mass transfer analogy (Eq.(5.33)) and the 
CDRP analogy (Eq.(5.34)). 
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Figure 5.14: CMTC, as a function of time (scaled with ttot) and location on the surface (scaled with LPM), 
calculated according to three methods, namely by means of: (a) the conjugate approach; (b) the heat and 
mass transfer analogy (Eq.(5.33)); (c) the CDRP analogy (Eq.(5.34)). The CDRP and DDRP are indicated. 
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Figure 5.15: (a-b) Analogy factors (CMTC/CHTC ratio), as a function of time (scaled with ttot) and location 
on the surface (scaled with LPM), obtained from the CTCs calculated by: (a) the conjugate approach 
(Eq.(5.33)); (b) the CDRP analogy (Eq.(5.34)). The CDRP and DDRP are indicated. (c) Analogy factors as a 
function of time (scaled with ttot) at x = 0.25 m, calculated according to three methods, namely by means of 
the conjugate approach, the heat and mass transfer analogy (Eq.(5.33)) and the CDRP analogy (Eq.(5.34)). 

5.7. Conclusions 
In this study, convective drying of an unsaturated porous flat plate at low Reynolds numbers was 
analysed, where the focus was on the modelling of the convective boundary conditions. A conjugate 
model was developed, which accounts simultaneously for heat and mass transport in both the air 
flow and the porous material, by which it does not require knowledge of convective transfer 
coefficients (CTCs). Instead, the CTCs were determined a-posteriori, hence identifying their spatial 
and temporal variability. The drying behaviour predicted by the conjugate model was compared 
with porous-material modelling using spatially and/or temporally constant CTCs. Also the validity 
of the heat and mass transfer analogy was analysed. Following conclusions were drawn: 

• Since CTCs varied spatially over the surface, the overall constant drying rate period (CDRP) 
was shorter, compared to using constant CTCs, due to the quick onset of the decreasing 
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rates. This leading-edge effect resulted in a two-dimensional drying behaviour inside the 
porous material. 

• By means of the conjugate model, a clear temporal CTC variation could be identified, where 
distinct peaks (maxima) in the drying rate appeared at the surface right before the surface 
dried out locally. This temporal CTC variation indicates that CTCs are not only intrinsically 
related to the specific flow field, but that they are also strongly dependent on the (varying) 
temperature and moisture distribution in the boundary layer and at the air-porous material 
interface. 

• A spatially-dependent scaling of the drying rate and drying time with the CDRP drying rate 
at each location was proposed, which allowed a better comparison of drying processes at 
different locations, which have drying rates that vary strongly in magnitude.  

• During the CDRP and the DDRP, the CTCs remained approximately constant but a distinct 
variation was noticed during the transition of CDRP to DDRP.  

• The heat and mass transfer analogy was found to be valid during the CDRP and only to a 
lesser extent during the DDRP, mainly because the similarity of thermal and concentration 
boundary conditions was not satisfied. Large discrepancies with the conjugate model results 
were however found during the transition of CDRP to DDRP. Note that in this study, most 
similarity criteria, required for the analogy to be valid, were satisfied (a.o. no radiation and 
no buoyancy), where in many drying processes they are not. 

Conjugate modelling allows accounting for spatial and temporal variations in convective boundary 
conditions and thereby it circumvents the use of CTCs, which actually quantify the fluid-side heat 
and mass transfer in a rather simplified way. Conjugate modelling can thus be a valuable tool for 
the analysis of drying processes, leading to a more accurate identification of heterogeneous (non-
uniform) heat and moisture gradients inside the porous material. If conjugate modelling is not 
applied, researchers are strongly encouraged to account at least for a spatial variation of the CTCs 
when performing porous-material modelling, for example by determining the CHTC by means of a 
CFD study and the corresponding CMTC with the analogy. The need for detailed modelling of 
convective boundary conditions is however strongly dependent on the moisture transport 
characteristics of the porous material: if the entire material quickly enters the DDRP, the internal 
porous-material vapour resistance dictates the moisture removal rate from the material. Instead of 
accurate modelling of the convective boundary conditions, material characterisation related to liquid 
and vapour transport is critical here. In this case, a clear two-dimensional drying behaviour is not 
necessarily noticed and the need for conjugate modelling is alleviated. 
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6. A conjugate convective drying experiment and comparison 
with numerical simulations 

6.1. Introduction 
As indicated in section 5.5, experimental validation of conjugate models mainly reduces to 
validation of heat and moisture transport in air-flow models (CFD) or porous-material models 
(HAM), hence identifying their (in)ability to capture the physics of the problem which each of these 
models solves for. Nevertheless, experiments which consider the conjugate transfer problem in 
detail could be very valuable to identify and explain the specific causes of discrepancies between 
conjugate simulations and experiments more clearly, both related to the transport in the porous 
material or the air flow. Such experiments for conjugate model validation but also for separate 
validation of one of the submodels (CFD or HAM) should preferably include both detailed flow-
field measurements together with porous-material measurements (weight change, moisture content 
distribution, surface temperature, temperatures inside the material, …), so that the correct 
boundary/initial conditions can be provided to each of the submodels. Such conjugate experiments 
for forced convective drying of (un)saturated porous materials (e.g. Belhamri and Fohr 1996) are 
very scarce, as previously acknowledged by other authors (Oliveira and Haghi 1998, Murugesan et 
al. 2001, Suresh et al. 2001). As most experiments thereby only focus on the transport in one 
medium (air or porous material), validation of conjugate models is usually performed by validating 
air-flow and porous-material modelling individually with these experiments, i.e. by using a different 
experiment to validate each submodel (see Table 2.5). Since the transport in the other medium is 
therefore usually not monitored in detail, assumptions have to be made in the submodel to account 
for the transport in the other medium, e.g. by assuming constant CTCs in HAM modelling, which 
introduces additional modelling errors. In addition, these validation experiments are usually taken 
from literature (see Table 2.4), where the required experimental data, e.g. porous material 
properties, are not always provided. 

In this chapter, a conjugate convective drying experiment is described, where both fluid-side and 
porous material-side transport are quantified in more detail than in most previously-reported 
conjugate drying experiments (see Table 2.4). This experiment is modelled with a HAM model, 
accounting for the transport in the porous material, where the information on the convective 
boundary conditions is provided by CFD, where experimental flow field data are used as input 
parameters. Full conjugate modelling, as described in chapter 5, is not performed due to the very 
long simulation times related to the required 3D modelling of the experimental setup, as discussed 
in section 6.3. Although the temporal variation of CTCs can thereby not be assessed, the influence 
of spatially-varying CTCs on the drying process is investigated. 



Chapter 6 

240   

6.2. Experimental setup 
The open-circuit wind-tunnel setup, made out of transparent polymethyl methacrylate (PMMA), is 
shown in Figure 6.1. Air flow is produced by a small axial fan (diameter 50 mm). By fan control, 
centreline air speeds (Ucl) at the inlet (location IP) of the channel (height H = 10 mm) from 0.28 m/s 
to 4.2 m/s can be obtained, i.e. Reynolds numbers of 200 to 2900 (based on Ucl and H), thus 
resulting in both laminar and turbulent flow conditions. After a diffusing section, the air flow passes 
through a honeycomb (cell size = 5 mm) and a two-dimensional contraction (contraction ratio = 5), 
which provide flow conditioning. The channel test section has a height (z-axis) to width (y-axis) 
ratio of 7, which is the minimum ratio to have quasi two-dimensional channel flow (Dean 1978). 
Note that this wind tunnel is also designed for experiments with X-ray radiography, which was the 
main reason for its limited overall size (length and width). Nevertheless, the flow in the channel is 
found to be quasi two dimensional but developing. The wind-tunnel test setup is placed in a climatic 
chamber (mean temperature = 23.8°C with a standard deviation of 0.2°C, mean relative humidity of 
44% with a standard deviation of 0.8%). A ceramic brick sample (length (x-axis) = 90 mm, width = 
10 mm, height = 30 mm) is wetted by immersion in water for a period of about 1h at a temperature 
of 21.7°C, by which its moisture content (126 kg/m³) is approximately equal to the capillary 
moisture content (wcap = 130 kg/m³). This capillary moisture content, i.e. not fully saturated, can be 
determined by a free water uptake test (Roels et al. 2004b). This brick sample is mounted in the 
centre of the channel, flush with the channel wall, where the sample is thermally insulated (with 
extruded polystyrene, XPS) and is made impermeable for moisture on all surfaces (i.e. by wrapping 
it in plastic), apart from the interface with the channel flow. The sample is dried for a period of 24h. 

After mounting the sample, the fan is switched on. The weight change of the wind tunnel is 
continuously monitored by placing the setup on a balance (accuracy 0.01g, but in practice about 
0.1g, due to the impact of air flow in the room on the balance). Furthermore, thermocouples 
(copper-nickel, accuracy 0.1°C) are mounted on the side of the sample at different locations (see 
Figure 6.1, at z = -10, -20 -30 and -40 mm and x = 15, 45 and 75 mm) and also on the roof surface, 
which is covered with a black coating. The relative humidity and temperature of the incoming air 
are monitored by an RH sensor (accuracy 0.1°C and 0.5% for temperature and RH, respectively). 
The mean air speed and turbulence intensity profiles in the centre of the channel at the inlet 
(location IP) are measured by means of particle image velocimetry (PIV). Information on PIV and 
the PIV system used in the experiments can be found in section 4.6.2. Different sources of errors 
arise during a PIV experiment (Prasad 2000, Keane and Adrian 1990, Bolinder 1990, Huang et al. 
1997). Given the complexity of these different sources of errors, it is often difficult to provide a 
quantitative error estimate on the velocity by which errors are usually minimised by taken into 
account best practice guidelines (Bolinder 1990, Keane and Adrian 1990, Prasad 2000), which is 
also done in this study. To obtain a reliable time-averaged mean air speed, sufficient statistically-
independent double PIV images (samples) have to be taken. In this study, 120 images (at 2Hz) are 
found to be sufficient, leading to an uncertainty of about 2% on the mean air speed (analogous to 
section 4.6.2).  
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Figure 6.1: Wind-tunnel setup with indication of different components (IP: location where inlet profile is 
measured with PIV, TS top: removable top section of the test section).  

For centreline air speeds above 1.8 m/s (Re = 1200, based on Ucl and H), the air speed and 
turbulence intensity profiles are found to become quasi independent of the Reynolds number, 
indicating turbulent flow. This Reynolds number agrees quite well with the minimal Reynolds 
number of 1300 (based on the bulk air speed and channel height) to have turbulent flow in a two-
dimensional channel, stated by Dean (1978). The profiles in the centreplane of the channel (y = 0) 
are shown in Figure 6.2 for Ucl = 2.34 m/s (Re = 1600, based on Ucl and H) and are found to be 
quite uniform and symmetric. From measurements in other vertical planes (y-direction), the flow in 
the channel was found to be quasi two-dimensional (differences with centreplane values < 10%). 

The porous material, namely ceramic brick, is non-hygroscopic but capillary active and has a coarse 
pore system with pore sizes of about 10-5-10-6 m. The brick is unsaturated at a moisture content 
slightly below the capillary moisture content, namely at 97% of wcap. More information on the 
material properties, including also XPS and PMMA, can be found in Appendix D. 
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Figure 6.2: Profiles of mean air speed (made dimensionless with the centreline velocity) and turbulence 
intensity in the centre of the channel (y = 0) at the inlet (location IP, see Figure 6.1). 

6.3. Numerical model 
This specific experimental setup requires three-dimensional modelling of the porous material, due 
to the non-negligible effect of the heat flows from the side surfaces (perpendicular to y-axis) on the 
temperature distribution inside the brick, as identified by preliminary HAM simulations, even 
though these side planes are insulated. In contrast to the 2D HAM (and CFD) model presented in 
chapter 5, the size of the computational models in this study is thereby much larger, which increases 
the computational time significantly, and is especially related to the HAM model. If the conjugate 
model, which relies on explicit coupling of CFD and HAM programs, would be applied for this 
configuration, the simulation time would therefore be unacceptably long. This indicates the need for 
(more) efficient programming/development of conjugate models, for example by introducing an 
implicit coupling procedure and by implementing both programs within the same code (e.g. 
Steeman et al. 2009d). Conjugate modelling will therefore not be applied in the present study, but 
instead the convective boundary conditions for HAM modelling are predicted by means of CTCs, 
which are determined a-priori with CFD. Therefore, two numerical models are composed: (1) a 
CFD model to calculate the flow field in order to determine the CTCs required for HAM modelling; 
(2) a HAM model to calculate the heat and moisture transport in the porous material. 

The CFD model used for the numerical analysis is presented in Figure 6.3, together with the 
imposed boundary conditions. CTC predictions, determined from the CFD simulation, are required 
at the interface, but also CHTC predictions on the remainder of the lower channel wall (PMMA and 
XPS surface) are required since also convective (and radiative) heat exchange takes place here. 
These CTCs are dependent on the thermal and moisture boundary conditions, which are however 
not known a-priori and which are also temporally-varying, where thus also the CTCs are in reality 
temporally-varying (see chapter 5). Thereby, it is actually difficult to specify appropriate boundary 
conditions for the CFD simulation along the lower wall unambiguously, especially for heat transfer: 
the CHTC distribution at the interface is partially dependent on the thermal boundary conditions, 
and thus on the thermal boundary-layer development, in the upstream part of the channel. This 
development, i.e. the air temperature increase/decrease due to a higher/lower temperature of the 
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lower wall (i.e. the upstream PMMA surface) compared to the approach flow temperature, is 
however considered limited due to the relatively small temperature differences of the lower channel 
wall with the environment. Nevertheless, the thermal and concentration boundary-layer 
development along the lower channel wall will thereby be slightly different. It is however mainly 
important that at the porous-material interface, where the largest gradients in heat and moisture 
flows are found, the resulting leading edge effect is represented well, i.e. by accounting for a spatial 
variation of the CTCs along the interface, as described below. The CHTC prediction at the 
remainder of the lower wall is thus considered to be less important for accurate modelling. Due to 
the uncertainty of the CTC distribution related to the thermal and moisture boundary conditions 
however, three-dimensional flow-field modelling is not considered to lead to an increased accuracy, 
by which a two-dimensional CFD model is used. 

 
Figure 6.3: Computational model for numerical CFD analysis. 

The length of the upstream section of the computational domain for CFD (Figure 6.3) is taken equal 
to 15 mm, i.e. the location where the inlet profiles are measured with PIV. The length of the 
downstream channel section is taken equal to 30 mm, as in the experimental setup, where the 
imposed boundary condition at the outlet of the computational domain (zero static pressure) 
corresponds to that of the experimental setup. The channel walls are modelled as no-slip boundaries 
with zero roughness. At the channel inlet, the measured turbulent inlet profile (Figure 6.2) is 
imposed with a centreline air speed (Ucl) of 2.34 m/s (Re = 1600, based on Ucl and H). The 
turbulence dissipation rate is calculated out of the turbulent kinetic energy by following equation 
(Fluent 2006): 
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Only heat is considered in the CFD simulation, thus only the CHTC is determined, where the 
CMTC is calculated out of the CHTC by means of the heat and mass transfer analogy (Eq.(2.30)). 
Note that it was shown in section 5.6.3 that the validity of the heat and mass transfer analogy was 
acceptable for drying processes, especially during the CDRP. For these CFD simulations, with 
which the CHTC is determined, the temperature of the approach flow air is taken 20°C. The spatial 
distribution of the CHTCs for the interface and for the remainder of the lower wall are determined 
by separate simulations: (1) The CHTCs for the interface are calculated by taking the channel walls 
adiabatic, apart from the interface, which is set at a temperature of 10°C. These thermal boundary 
conditions clearly result in the leading edge effect for the CHTC found at the interface; (2) The 
CHTCs for the remainder of the lower wall are calculated by setting the entire lower wall at a 
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temperature of 10°C. Note that this simulation leads to lower CHTCs at the location of the interface 
(x-axis) due to the thermal boundary-layer development on the upstream wall, which is considered 
limited in the experiment. Also note that, due to the 2D CFD simulation, only a spatial CHTC 
variation along the x-axis is obtained, where the variation along the y-axis is not accounted for, 
which is however limited.  

The HAM model used for the numerical analysis is presented in Figure 6.4, together with the 
imposed boundary conditions. As mentioned, a three-dimensional model is required where, due to 
symmetry, only half of the test setup has to be modelled. A simplified setup, compared to Figure 
6.1, is used in order to limit the size of the computational model (number of finite elements). Apart 
from the interface with the porous material, the exterior surfaces of the HAM model and also the 
thermal insulation and the PMMA are taken impermeable for moisture. The heat flows (convective 
and radiative) from the surfaces in contact with the environment (climatic chamber) are calculated 
by means of a constant transfer coefficient (8 W/m²K) and the reference temperature of the climatic 
chamber (23.8°C), in an equivalent way as is done for the CHTC (see Eq.(2.2)). At the air-porous 
material interface, the convective heat and moisture flows are calculated by means of the CTCs 
from CFD (combined with the analogy) and the approach flow conditions (see Eq.(2.2) and 
Eq.(2.10)), namely approach flow air at 23.8°C and 44%. Furthermore, radiation at the interface and 
at the remainder of the lower channel wall is taken into account in a simplified way by assuming 
that the (porous) material only “sees” the roof surface of the wind tunnel (i.e. assuming two parallel 
plates resulting in a view factor of 1), of which the temperature is measured (23.3°C), by which the 
net radiative flux (assumed positive towards the surface) becomes equal to (Siegel and Howell 
2002): 

( )4 4b
rad roof w

e,1 e,2

Cq T T1 1 1
= −

+ −
ε ε

 
(6.2)

where Cb is the Stefan-Boltzmann constant (5.67x10-8 kg/s³K4), Troof is the temperature of the roof 
surface (in Kelvin) and εe is the emissivity of the surface, which is assumed to be 0.97, 0.93, 0.92 
and 0.92 for the roof surface, the brick surface, the XPS surface and the PMMA surface, 
respectively. 

On the rest of the surfaces at the interior (lower) channel wall of the wind tunnel, where insulation 
material or PMMA is present, the convective heat flow is calculated by means of the CHTC from 
CFD and the radiative heat flow is calculated by Eq.(6.2). The porous material is initially nearly 
capillary saturated (97% of wcap) at a temperature of 21.7°C, in accordance with the experiment. 
Note that a uniform moisture content distribution is assumed here, which could however not be 
verified in the experiment, but which is considered to be a good assumption since the brick could 
take up moisture at all sides during immersion in water. 

An appropriate grid is built, both for CFD and HAM, based on a grid sensitivity analysis. The grids 
consist of 4.0x103 quadrilateral control volumes for the air-flow model and of 1.4x104 hexahedral 
finite elements for the porous-material model (40 in x-direction, 23 in y-direction, 15 in z-
direction). 
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Figure 6.4: Computational model for numerical HAM analysis: (a) boundary conditions on exterior 
surfaces; (b) dimensions in vertical centreplane and horizontal top view (IP: impermeable for moisture). 

6.4. Numerical simulation 
The CFD simulations are performed with the CFD code Fluent 6.3, which uses the control volume 
method. Steady Reynolds-averaged Navier-Stokes (RANS) is used in combination with a 
turbulence model. The realizable k-ε model (Shih et al. 1995) is used together with LRNM to take 
care of the viscosity-affected region, for which the one-equation Wolfshtein model (Wolfshtein 
1969) is used (see section 4.2 for a validation study with this model). Second-order discretisation 
schemes are used. The SIMPLE algorithm is used for pressure-velocity coupling. Pressure 
interpolation is second order. Since the Richardson number is well below one, buoyancy effects can 
be neglected. Thereby, only forced convection is accounted for in the air-flow simulations, where 
heat is considered as a passive scalar. Radiation between the channel walls was not considered in 
the CFD simulations since their sole focus was on determining the CHTC distribution over the 
surface.  

The heat and moisture (liquid and vapour) transport in the material is modelled by means of a finite-
element HAM model (see Janssen et al. 2007a or section 3.3.1 for details). Its most important 
modelling assumptions are that: (1) air transport is not taken into account; (2) vapour transport due 
to thermal gradients is accounted for, while liquid transport due to thermal gradients is neglected; 
(3) gravitational effects are neglected compared to capillary liquid transport, hence assuming that no 
macro pores or cracks are present; (4) the gaseous phase does not contribute to heat or mass storage; 
(5) moisture storage is independent of temperature; (6) temperatures are well below 100°C; (7) 
moisture transfer is driven by gradients in capillary pressure. Apart from these modelling 
assumptions, the transport processes in the HAM model are taken into account by using 
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macroscopic effective transport coefficients in the transport and conservation equations, which are 
usually determined experimentally. Material characterisation is thereby an integral part of numerical 
modelling with these HAM models. Although the accuracy of HAM simulations strongly relies on 
these transport properties, a significant spread on them has however been reported when comparing 
results of different laboratories on multiple material samples (Roels et al. 2004b, Dominguez-
Munoz et al. 2010, Roels et al. 2010). 

6.5. Results and discussion 

6.5.1. CHTC distribution by CFD 
Prior to the HAM simulations, the 2D CHTC distribution (along x-axis) on the air-porous material 
interface and the remainder of the interior (lower) channel wall surface (PMMA and XPS surface, 
see Figure 6.4) are determined with (separate) CFD simulations (see section 6.3). These CHTC 
distributions are shown in Figure 6.5. Note that these CHTC distributions are assumed constant 
along the y-axis (see Figure 6.4a). The CMTC at the interface is determined from the CHTC using 
the heat and mass transfer analogy. The HAM model is evaluated using these spatially-varying 
CTCs (along x-axis) but also using constant spatial CTCs. Here, the constant CTCs for the interface 
and the remainder of the surface are applied by surface-averaging them (from Figure 6.5) over the 
respective surfaces. Note that a comparison of these C(H)TCs with experimental data was not 
possible since the required quantities (e.g. surface temperatures) were not measured. 

 
Figure 6.5: Two-dimensional CHTC distribution (along x-axis) at the air-porous material interface and on 
the remainder of the interior channel wall. 

6.5.2. Comparison of experiment and simulations 
In Figure 6.6, the scaled mass loss from the brick is shown as a function of time for the experiment 
and the HAM simulations with constant and spatially-varying CTCs. The mass loss is scaled with 
the total initial moisture content of the brick (3.4g). The approximate CDRP and DDRP are 
indicated here, which however differ to some extent between experiment and simulations. 
Furthermore, the temperatures at the side of the brick sample (y = -0.005 m) in its centre (x = 0.045 
m), corresponding to the thermocouple locations TC1-TC4 (Figure 6.1), are shown in Figure 6.7 for 
the experiments and the simulations. These simulation results are also shown in Figure 6.8 together 
with the temperature and relative humidity in the centre of the surface of the brick (x = 0.045 m, y = 
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0 m). The temperatures at the side of the brick sample (y = -0.005 m) at a depth of 10 mm (TC1, 
TC5 and TC6) for experiment and simulations are shown in Figure 6.9. The drying rates for both 
HAM simulations are shown in Figure 6.10. The experimental drying rate could be determined from 
the slope of the mass loss curve, to which it is however very sensitive to and on which some spread 
is found. Since it is thereby not that straightforward to determine this experimental drying rate 
unambiguously from the mass loss in an accurate way, it is also not reported here.  

 
Figure 6.6: Scaled mass loss of brick sample as a function of time for experiment (Exp) and HAM 
simulations (Sim) with constant CTCs (CTE CTCs) and spatially-varying CTCs (SV CTCs) ((b) focuses on 
the initial part of the drying process). 
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Figure 6.7: Temperatures at the side of the brick sample (y = -0.005 m) in its centre (x = 0.045 m), 
corresponding to the thermocouple locations TC1-TC4 (Figure 6.1) as a function of time for experiment and: 
(a) HAM simulations with constant CTCs; (b) HAM simulations with spatially-varying CTCs. 
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Figure 6.8: Temperatures at the side of the brick sample (y = -0.005 m) in its centre (x = 0.045 m), 
corresponding to the thermocouple locations TC1-TC4 (Figure 6.1), and temperature and relative humidity in 
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the centre of the surface of the brick (x = 0.045 m, y = 0 m; IF: interface) as a function of time for (a) HAM 
simulations with constant CTCs; (b) HAM simulations with spatially-varying CTCs. 

 
Figure 6.9: (a) Temperatures at the side of the brick sample (y = -0.005 m) at a depth of 10 mm (z = -0.01 
m), corresponding to the thermocouple locations TC1, TC5 and TC6 (Figure 6.1), as a function of time for 
experiment and simulations with spatially-varying CTCs ((b) focuses on the initial part of the drying 
process). 

 
Figure 6.10: Drying rate of brick sample as a function of time for HAM simulations with constant CTCs 
(CTE CTCs) and spatially-varying CTCs (SV CTCs). 
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constant drying rate and a quasi constant material temperature, equal to the wet bulb temperature. 
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expression CDRP is rather used here to indicate the period where the temperature and RH at 
specific locations on the surface are constant and 100%, respectively, and where the drying rate is 
also quasi constant. This CDRP starts after about 1h (Figure 6.10). Due to the non-adiabatic 
conditions, the heat flows from the side surfaces (perpendicular to y-axis and x-axis) make that this 
constant material temperature at all measured locations on the brick surface is higher than the wet 
bulb temperature (≈ 16°C), since the heat required for the evaporation of water does not only have 
to come from convection (i.e. the air flow) but is also supplied by the heat flows from the sides. 
Thereby, smaller convective heat fluxes are required, leading to higher surface temperatures 
(assuming that the CHTCs (Eq.(2.2)) remain quasi constant) and thus higher material temperatures. 
Furthermore, the temperatures at a certain depth in the sample are found to increase further 
downstream of the leading edge during the CDRP (TTC5 < TTC1 < TTC6), which clearly identifies the 
effect of higher CHTCs at the leading edge. 

Although the drying rate is characterised by the air-flow conditions during the CDRP and not by the 
moisture transport properties, as evaporation occurs at the air-porous material interface, the 
moisture transport properties do affect the length of the CDRP, which is dependent on the liquid 
transport towards the surface. From the mass loss (Figure 6.6a), the overall CDRP for the entire 
material seems to last up to about 4h, after which the transition to the DDRP sets in. When 
considering this mass loss more in detail however (Figure 6.6b), combined with the temperatures at 
different locations on the brick (Figure 6.7), the CDRP already seems to end after about 2h-3h. 
When the material dries out locally at the interface, the decreasing drying rate period (DDRP) sets 
in at this location, which is characterised by a lower drying rate since the “dry” outer porous-
material layer forms an additional resistance to liquid water removal from the inside of the material 
towards the interface, in addition to the boundary-layer resistance. Thereby, the temperature also 
increases locally and the drying rate becomes much less sensitive to the convective boundary 
conditions. The DDRP sets in first at the leading edge of the sample, which is indicated by the 
temperature rise in Figure 6.9, where TC5 (upstream of TC1) shows a temperature increase first, 
after which TC1 and afterwards TC6 (downstream of TC1) follow. The end of the CDRP of the 
material as a whole and the beginning of its DDRP, which can be assessed by considering the mass 
loss curve (or the drying rate), thereby occur when the DDRP sets in at a certain part of the surface, 
starting at the leading edge. Note however that at that moment in time, due to the three-dimensional 
drying behaviour, there will still be parts of the surface, i.e. further away from the leading edge, 
where a CDRP is found. 

6.5.2.2. Simulations 

When comparing the simulation results with the experiment, the mass loss of the simulations agrees 
well with that of the experiment during the initial transition period and the CDRP, i.e. within the 
experimental uncertainty (0.1g) up to about 4h. Since the mass loss during these periods is mainly 
determined by the air flow, i.e. by the CMTCs, the applied CMTCs are apparently sufficiently 
accurate. This indicates that the air flow field predicted by CFD, where the inflow boundary 
conditions were imposed from PIV measurements, and the calculation of the CMTC from the 
CHTC from CFD, with the applied thermal boundary conditions and by using the heat and mass 
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transfer analogy, are appropriate. Note that the imposed thermal boundary conditions in CFD are 
similar to those for mass transfer during the CDRP, i.e. a constant concentration along the surface. 
Although the way in which the CMTC is determined seems thereby appropriate, the actual CHTCs 
(i.e. of the experiment) probably differ from those obtained by CFD due to the occurrence of 
additional heat flows at the surface, which were not accounted for in the simulations, i.e. the 
evaporative, conductive and radiative heat flows. Thereby, the heat and mass transfer analogy is in 
principle not valid, by which the CHTC and CMTC should not behave analogously, although it is 
assumed they do in the simulations. Such a mismatch in CHTCs could be partially the reason for 
the lower temperatures predicted by the simulations during the CDRP, which are all approximately 
0.5°C lower than the experimental ones, although other possible reasons for this are specified 
below. Conjugate modelling could therefore provide more accurate results, i.e. by including a more 
detailed spatial (3D) and especially a temporal CTC variation and by excluding the use of the heat 
and mass transfer analogy, but was not performed here for computational reasons. 

In accordance with the experiment, the simulation with spatially-varying CTC also predicts the end 
of the CDRP at about 2h (see Figure 6.10), whereas the simulation with constant CTCs predicts a 
somewhat longer CDRP, i.e. up to about 4h. The shorter (more realistic) CDRP duration for the 
simulations with spatially-varying CTCs is related to the fact that the surface close to the leading 
edge dries out quite fast, due to the relatively high CTCs here, by which the DDRP sets in at this 
part of the brick surface, leading to a decreased overall drying rate. Note however that a CDRP is 
still found on other parts of the surface, for example up to 4h in the centre of the surface of the brick 
(x = 0.045 m, y = 0 m, see Figure 6.8). Furthermore, simulations with spatially-varying CTCs also 
predict the increased temperature away from the leading edge during the CDRP (TTC5 < TTC1 < 
TTC6, see Figure 6.9). Thereby, the increased accuracy by using spatially-varying CTCs over 
constant CTCs is indicated. In addition to the convective conditions, the length of the CDRP is also 
determined by the liquid transport to the surface. The good agreement of the experiment with the 
simulations with spatially-varying CTC suggests that the moisture permeability is predicted quite 
accurately at very high moisture contents. 

The most critical discrepancy between experiment and simulations with spatially-varying CTCs is 
found during the transition of CDRP to DDRP, which occurs much more gradually for the 
simulations, as can be noticed from Figure 6.6 and the much slower temperature increase in Figure 
6.7b. This indicates that in the simulations, when the overall DDRP starts, still large parts of the 
surface remain wet for a longer time, thus are in the CDRP, by which more moisture can evaporate. 
The drying rate during the actual DDRP (> 10h) is however only slightly larger for the simulations 
than for the experiment (i.e. noticeable from the slope of the mass loss curves in Figure 6.6). This 
mismatch in drying behaviour at the CDRP-DDRP transition can be related to both the porous-
material modelling and the (convective and radiative) boundary conditions imposed at the interface.  

Regarding the boundary conditions imposed at the interface, the convective mass transfer (i.e. by 
means of CMTCs) is considered to be predicted quite accurate due to the good agreement of the 
drying rate (i.e. slope of the mass loss curve) of experiments and simulations during the CDRP, i.e. 
when convection is mainly determining the drying rate. As mentioned above, there could be a 
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difference between the imposed CHTCs and those of the experiment, which could partially explain 
the lower temperatures predicted by the simulations during the CDRP and which could thereby 
affect the drying rate to some extent. In addition, the mismatch in drying behaviour at the CDRP-
DDRP transition could be also related to a temporal CTC behaviour, which was not included in the 
simulations. Furthermore, the rather simplified radiation modelling could also affect the predicted 
temperatures (and thus drying rate) to some extent, which is however considered to have a limited 
effect since the radiative heat fluxes are only about 20% of the convective heat fluxes. 

Regarding porous-material modelling, the discrepancies of numerical simulations with experimental 
data, particularly during the CDRP-DDRP transition, could be related to following factors:  

• The modelling assumptions or simplifications made when deriving the conservation 
equations (see section 3.3.1.4). Particularly for this convective drying problem, following 
modelling assumptions are considered to be relevant here: (1) liquid transport due to thermal 
gradients does not occur; (2) the liquid permeability is independent of temperature; (3) the 
contact angle at the wall/liquid interface and the pore radius are independent of the 
temperature. 

• The specific way in which the water vapour flux (gv) is calculated in the HAM model, 
namely by means of Eq.(3.130). The vapour diffusion coefficient (δv) in this equation is 
determined by a specific function of the moisture content (see Appendix D, Eq.(D.5)). This 
function is actually built up to disable vapour transport (gv in Eq.(3.128)) compared to liquid 
transport (gl in Eq.(3.128)) in the HAM model for high moisture contents, i.e. by leading to 
very low values of δv. Thereby this “phase-dividing” function actually provides the 
separation between vapour and liquid fluxes (gv+gl, see Eq.(3.128)), by blending the vapour 
and liquid permeabilities in a specific way (Eq.(D.8)). Although the same function is used 
for almost all materials in this thesis (see Appendix D, Eq.(D.5)), there could be some 
dependency of this function on the specific material. Since this δv is used to calculate gv in 
the energy conservation equation (Eq. (3.131)), which includes the (relatively large) latent 
heat flux term, the influence of this specific “phase-dividing” function on the heat (and thus 
mass) transport could be significant. 

• The experimentally-determined material transport properties (e.g. liquid and vapour 
permeability) which are used in the model. Most of these properties are determined at a 
specific temperature, where a temperature dependency of these properties could exist. 
Furthermore, the spread and thus the uncertainty on these material transport properties can 
be large, especially for moisture-related properties. Thereby, the higher moisture transport to 
the surface in the simulations seems to indicate that the moisture permeability is 
overestimated at lower moisture contents. Such uncertainties/inaccuracies in (thermal) 
material properties could also explain the lower temperatures predicted by the simulations 
during the CDRP, which are all approximately 0.5°C lower than the experimental ones. 
Thereby, also regarding temperature predictions, the need for accurate material 
characterisation for HAM modelling is established. 
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It is important to note that the drying process is strongly dependent on the specific convective (and 
radiative) conditions and on the transport in the porous material and that under other drying 
conditions, e.g. a lower air speed or another material, a different drying behaviour will be found, 
where for example the influence of spatially-varying CTCs is even more pronounced or is not 
relevant at all, for example when the DDRP sets in rapidly. 

Apart from spatial and temporal discretisation errors, it has to be acknowledged that providing an 
overall numerical error estimate (physical modelling error, see section 3.2.1) for the numerical 
simulation results is actually quite difficult here, since the numerical errors arise from both air-flow 
and porous-material modelling. Regarding porous-material modelling in particular, providing such 
an estimate is not straightforward, mainly due to the strong material dependency of the  
uncertainties in the experimentally-determined material transport properties (see Chapter 7) and due 
to the dependency on the drying process characteristics. 

6.6. Conclusions 
In this chapter, a conjugate convective drying experiment was described, where both fluid-side and 
porous material-side transport were quantified. The experimental results were compared with HAM 
simulations of the porous material (ceramic brick) where convective boundary conditions were 
provided by constant CTCs and spatially-varying CTCs, obtained from CFD, where the inflow 
boundary conditions were imposed from PIV measurements. Following conclusions could be 
formulated: 

• A distinct two-dimensional drying behaviour could be noticed in the experiment, where the 
material near the leading edge dried out faster. Also the simulations with spatially-varying 
CTCs identified such behaviour, by which they agreed better with the experiment than the 
simulations using constant CTCs, indicating that including a spatial variation of convective 
boundary conditions can increases accuracy. 

• The most critical discrepancy between experiment and simulations with spatially-varying 
CTCs is found during the transition of CDRP to DDRP, which could be related to both the 
porous-material modelling and the convective boundary conditions. 

o Regarding the convective boundary conditions, the CMTC was predicted with 
sufficient accuracy (by using CFD and the heat and mass transfer analogy) but the 
CHTC (from CFD) was probably not predicted in agreement with experiments, due 
to the presence of additional heat flows at the surface (conductive, radiative and 
evaporative). Therefore, it is recommended to always apply conjugate modelling if 
computationally feasible, which allows identifying a more detailed spatial and 
especially a temporal CTC variation and excludes the use of the heat and mass 
transfer analogy. Conjugate modelling was not performed here for computational 
reasons, i.e. due to the high computational cost for this three-dimensional drying 
problem. Therefore optimisation of conjugate modelling in terms of simulation time 
should be further focussed on. 

o Regarding porous-material modelling, both the modelling assumptions as well as the 
experimentally-determined material properties could be responsible for discrepancies 
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with experiments. Regarding these material properties, several sources already 
reported significant uncertainties on these properties, especially related to moisture 
transfer. Therefore it is always advised to assess the sensitivity of HAM simulations 
to these material properties, preferably by means of stochastic analysis. For the 
experiment presented in this chapter, such stochastic analysis would however be very 
computationally expensive. Therefore, stochastic analysis for convective drying of a 
more simplified configuration will be addressed in chapter 7. 

• Although the presented conjugate experiment quantified the fluid-side and porous material-
side transport somewhat in more detail than in most previously-reported conjugate drying 
experiments, some causes of discrepancies with simulations could not be clearly identified. 
Therefore, actually even more detailed conjugate experiments should be performed to allow 
a more in-depth comparison with conjugate or HAM simulations, as these simulations 
provide very detailed information on the moisture and temperature distribution on the 
surfaces and inside the porous material. Such experiments could include identifying 
moisture fronts in the porous material (e.g. by means of X-ray radiography), monitoring the 
surface temperatures with infrared thermography and characterising the thermal boundary 
layer in detail, for example by hot-wire measurements. 
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7. Stochastic analysis of uncertainty in heat-moisture 
transport properties on convective drying 

7.1. Introduction 
Several numerical modelling approaches have been developed in the past to model the coupled heat 
and mass transport in porous materials. In this thesis, a macroscopic model is used (Janssen et al. 
2007a, see also section 3.3.1.4), where the porous material is considered as a continuum and where 
the transport processes are modelled by numerically solving the macroscopic conservation 
equations, which require knowledge of several heat and moisture transport properties. These 
properties are usually determined experimentally, often as a function of the moisture content. 
Material characterisation is thereby an integral part of numerical modelling with these macroscopic 
heat-air-moisture transfer (HAM) models. A significant spread on the required transport properties 
has however been reported when comparing results of different laboratories on multiple material 
samples (Roels et al. 2004b, Dominguez-Munoz et al. 2010, Roels et al. 2010), especially for 
properties related to moisture transport. The resulting uncertainty in the transport properties 
originates from: (1) the measurement accuracy of the test setup; (2) material heterogeneity; (3) 
differences in measuring equipment, measurement protocol and data post processing between 
different laboratories. 

The propagation of these transport-property uncertainties to the numerical simulation results of 
HAM models is often not assessed in detail. Usually, only sensitivity analysis of the HAM 
simulation results to individual transport properties is performed. Nevertheless, quantifying the 
influence of the ensemble of transport-property uncertainties on the simulation results is strongly 
recommended when comparing (validating) simulations with experimental data (as discussed in 
section 6.6). Assessing this uncertainty propagation analytically is not straightforward since HAM 
models represent complex, non-linear systems with uncertainties in multiple transport properties. 
For such complex systems, Monte Carlo simulation (MCS) is more appropriate. In MCS, a 
deterministic model (i.e. the HAM model) is applied many times, each time using a random set of 
multiple input parameters with a certain probability distribution, by which a stochastic model output 
is generated. Thereby, MCS allows assessing uncertainty propagation of the input parameters by 
statistical analysis of the stochastic output. MCS however requires a large number of simulations. 

MCS has already been applied for various drying applications of porous materials (e.g. Cronin and 
Kearney 1998, Tanaka et al. 2008, Coppola et al. 2009). Based on the discrepancies found between 
numerical simulations and experiments in chapter 6, which could partially be related to the material 
transport properties, the propagation of transport-property uncertainty to the coupled heat and mass 
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transfer (HAM) simulation results of convective drying of a porous material is investigated by 
means of MCS in this chapter. To the knowledge of the author, such an analysis has not yet been 
performed. The transport-property uncertainties, which serve as an input for HAM modelling, are 
estimated based on experimental measurements after which MCS of convective drying of two 
capillary-saturated materials is performed, namely for ceramic brick and plaster. Afterwards, 
statistical analysis of the MCS output is performed to quantify the impact of these transport-
property uncertainties. 

7.2. Methods 

7.2.1. Configuration 
The configuration used to evaluate convective drying of a capillary-saturated material is shown in 
Figure 7.1. A porous material of 3x1x1cm³ is considered. All side surfaces and the bottom surface 
of the material are considered adiabatic and impermeable for moisture. The porous material is 
assumed to be initially capillary saturated at a temperature of 20°C where the top surface is exposed 
to air flow with an approach-flow temperature (Taf) and relative humidity (RHaf) of 20°C and 50%, 
respectively. The moisture content at capillary saturation, i.e. not fully saturated, can be determined 
by a free water uptake test (Roels et al. 2004b). The two materials which are evaluated are ceramic 
brick and plaster. Both materials are capillary active but only plaster is considered hygroscopic. 
Detailed thermal and hygric transport properties can be found in Hagentoft et al. (2004) (and also in 
Appendix D) and are also specified in the next section.  

 
Figure 7.1: Computational model for numerical analysis of convective drying of a capillary-saturated porous 
material (subscript cap) with initial (subscript ini) and boundary conditions (wPM is the moisture content). 

7.2.2. HAM modelling 
The configuration presented in Figure 7.1 is used by the HAM model, where only one-dimensional 
transport is assumed. Convective heat and moisture transfer coefficients are used to model the 
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convective boundary conditions in the HAM model. They relate the convective heat and moisture 
flux normal to the wall (qc,w and gv,w, positive away from the porous material) to the difference 
between the wall temperature (Tw) or vapour pressure at the wall (pv,w) and the approach-flow 
temperature (Taf) or vapour pressure (pv,af): CHTC = qc,w/(Tw-Taf); CMTC = gv,w/(pv,w-pv,af). The 
imposed CHTC and CMTC are 19.9 W/m²K and 1.41x10-7 s/m, respectively, which are 
representative for exposure to the outdoor environment. An appropriate one-dimensional grid is 
built, based on a grid sensitivity analysis, consisting of 25 finite elements in the vertical direction 
with a gradual refinement towards the air-porous material interface (with an aspect ratio of 1.15). 
Radiative heat transfer is not considered. 

The heat and moisture (liquid and vapour) transport in the material is modelled by means of a finite-
element HAM model (see Janssen et al. 2007a or section 3.3.1.4 for details). Its most important 
modelling assumptions are that: (1) air transport is not taken into account; (2) vapour transport due 
to thermal gradients is accounted for, while liquid transport due to thermal gradients is neglected; 
(3) gravitational effects are neglected compared to capillary liquid transport, hence assuming that no 
macro pores or cracks are present; (4) the gaseous phase does not contribute to heat or mass storage; 
(5) moisture storage is independent of temperature; (6) temperatures are well below 100°C; (7) 
moisture transfer is driven by gradients in capillary pressure. 

Apart from these modelling assumptions, the accuracy of HAM models also relies on 
experimentally-determined transport properties. Following heat-moisture transport properties are 
typically required in HAM models (e.g. Janssen et al. 2007a or section 3.3.2) and are specified in 
Table 7.1 for both porous materials (see Hagentoft et al. 2004): (1) the bulk density of the dry 
porous material (ρs); (2) the specific heat capacity of the dry porous material (cp,s); (3) the thermal 
conductivity of the porous material (λPM), which is a function of the moisture content; (4) the 
vapour diffusion coefficient of the porous material (δv); (5) the liquid permeability of the porous 
material (Kl, Figure 7.2); (6) the moisture retention curve (Figure 7.2), which relates the capillary 
pressure to the moisture content (wPM). The first three properties are related to heat transfer and 
storage, where the last three are related to moisture transfer and storage (both liquid and vapour). 

 
Figure 7.2: Mean moisture retention curve (full grey line), scaled with wcap, and logarithm of the mean 
liquid permeability (full black line) as a function of the logarithm of the capillary pressure together with the 
standard deviations specified in Table 7.1 (dotted lines) for: (a) ceramic brick; (b) plaster. 
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Table 7.1: Transport properties of ceramic brick and plaster used in the HAM model: mean values and 
standard deviations used in MCS. Note that pc is assumed positive here. 

 

7.2.3. Monte Carlo simulation 
The chosen stochastic input parameters for the MCS with the HAM model are ρs, cp,s, λPM, μdry, wcap 
and Kl. Here, μdry is used instead of δv since μdry is actually measured. Furthermore, stochastics in 
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the moisture retention curve are assumed to be accounted for by wcap, which imposes a vertical shift 
(see Figure 7.2). Reliable estimates of uncertainties in these transport properties are required to 
ensure a realistic stochastic MCS output. These uncertainties should comprise the influence of 
material heterogeneity and measurement accuracy of the test setup. Normally, such uncertainties 
result from a detailed experimental characterisation of a specific material. Since such an extensive 
experimental study was not within the scope of this study, the transport-property uncertainties used 
in the MCS are chosen in a rather pragmatic way and are specified in detail below for ceramic 
brick. Similar uncertainties are chosen for plaster to allow a proper comparison between the MCS 
results of both materials, although in reality these uncertainties are to some extent material 
dependent.  

Due to the strong dependency of the transport properties on the material pore structure and the 
moisture content, complex cross-correlations between the transport properties exists, which are 
difficult to establish uniformly. For the sake of simplicity, all transport input parameters in this 
study are assumed to be normally distributed and uncorrelated, apart from the correlation of δv with 
wcap, which is rather weak, and the correlation of λPM with the moisture content. Thereby, the 
transport-property uncertainties can be characterised by standard deviations on the mean values, 
which are specified in Table 7.1. The standard deviations on ρs, μdry and wcap are based on 
measurements on multiple ceramic brick samples by different laboratories (Roels et al. 2004b). The 
relatively high standard deviation for μdry is mainly attributed to the measurement technique (Roels 
et al. 2004a), where similar high values were also found by Roels et al. (2010) for gypsum board. 
The standard deviations on cp,s and λPM are based on in-house measurements. The standard 
deviation on the log(Kl)-log(pc) distribution is estimated to be 1% in vertical and horizontal 
direction (on a log-log scale, as indicated in Figure 7.2). This uncertainty in Kl mainly originates 
from: (1) the measurement error of the test setup; (2) material heterogeneity within a specific 
sample; (3) material heterogeneity between different samples; (4) approximation/smoothing of the 
liquid diffusivity curve. More information on the determination of Kl for porous materials (out of 
the liquid diffusivity) can be found in Carmeliet et al. (2004).  

With the mean values, standard deviations and probability distributions of the input parameters, 
random transport-property sets can be generated for MCS with the HAM model. To obtain a 
reliable stochastic output, sufficient HAM simulations are required. By means of a sensitivity 
analysis on the number of simulations, i.e. by monitoring the output statistics, 2000 simulations are 
found to be sufficient. In addition to the transport-property uncertainties, some uncertainty on the 
boundary conditions imposed at the air-material interface (convective and radiative) also exists in 
reality, where the impact of these uncertainties on HAM simulation results can also be analysed by 
MCS. Since this is outside the scope of this study, the convective boundary conditions (CHTC and 
CMTC together with Taf and pv,af) are assumed deterministic. 

7.3. Results and discussion 
Before analysing the MCS results, the general characteristics of the drying process of porous 
materials are briefly discussed. After an initial transition period, the material goes to an equilibrium 
condition, i.e. the constant drying rate period (CDRP), given that the air-material interface remains 
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wet. The CDRP is characterised by a relative humidity of 100% at the surface, a constant drying 
rate and a constant material temperature, namely the wet bulb temperature (Twb). As evaporation 
occurs at the air-porous material interface, the drying rate is characterised by the air-flow conditions 
and not by the material transport properties. Nevertheless, the transport properties do affect the 
length of the CDRP, since it is dependent on the liquid transport to the surface. When the material 
dries out locally at the interface, the decreasing drying rate period (DDRP) sets in, which is 
characterised by a lower drying rate since the “dry” outer porous-material layer forms an additional 
resistance to liquid water removal from the inside of the material towards the interface, in addition 
to the boundary-layer resistance. During the DDRP, the drying rate is thereby much less sensitive to 
the convective boundary conditions. 

The MCS statistics (mean, median, minimal and maximal values as well as the 5% and 95% 
quantiles) of the dimensionless drying rates (gv,w/gv,w,ref) for both materials as a function of 
dimensionless time (t/ttot) are shown in Figure 7.3, where the total simulation times (ttot) for ceramic 
brick and plaster are 5 and 15 days, respectively. The drying rates are made dimensionless with the 
mean drying rate at t/ttot = 0.05, namely gv,w,ref. Note that the initial moisture content of the porous 
material differs for each HAM simulation since it is capillary saturated at wPM = wcap, which is a 
stochastically-variable input parameter. The MCS statistics of the surface temperature (Tw, in °C), 
scaled with the mean temperature at t/ttot = 0.05 (Tref, in °C), are shown in Figure 7.4, together with 
those of the relative humidity at the surface. Note that the reported median values, but not the mean 
values, agree well with the solution which is obtained by a HAM simulation using the mean 
transport properties of Table 7.1 (simulation results not shown here). 

 
Figure 7.3: MCS statistics (mean, median, minimal, maximal values and 5% and 95% quantiles) of scaled 
drying rate, as a function of scaled time, for: (a) ceramic brick; (b) plaster. 
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Figure 7.4: MCS statistics (mean, median, minimal, maximal values and 5% and 95% quantiles) of scaled 
surface temperature and relative humidity at the surface, as a function of scaled time, for: (a) ceramic brick; 
(b) plaster. 

Ceramic brick clearly shows a CDRP (Figure 7.3 and Figure 7.4), where Tref equals the wet bulb 
temperature and gv,w,ref equals the CDRP drying rate, which are the same for all HAM simulations 
since they are only dependent on the convective boundary conditions. A significant spread on the 
MCS results is found, where the duration of the CDRP ranges from t/ttot ≈ 0.05-0.2 and differences 
of the total drying time with respect to its mean value up to 200% are found. Plaster does not show 
a CDRP since it quickly dries out at the surface because the supply of liquid water to the surface 
cannot keep up with the convective moisture removal due to its relatively low liquid permeability 
(Figure 7.2). Thereby, a much longer drying time is found although the same convective boundary 
conditions as for ceramic brick are used. The spread on the MCS results is also rather limited for 
plaster. 

The presented MCS results do not allow identifying the sensitivity of the stochastic model output to 
an individual input parameter, but only show their ensemble effect. To identify this individual 
sensitivity, additional MCS are performed where only specific transport properties are allowed to 
vary stochastically, namely the vapour diffusion coefficient (δv, thus μdry), the moisture retention 
curve (thus wcap), the liquid permeability (Kl) or the thermal properties (ρs, cp,s, λPM). The resulting 
dimensionless drying rates are presented in Figure 7.5 for ceramic brick and plaster.  
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Figure 7.5: MCS statistics (mean, median, minimal, maximal values and 5% and 95% quantiles) of scaled 
drying rate, as a function of scaled time, for ceramic brick (a-c) and plaster (d-f) for different stochastically 
varying input parameters, namely wcap (a,d), Kl (b,e) and μdry (c,f). 

For both materials, the influence of varying thermal properties on the MCS output was negligible 
for this specific HAM problem, which is why they are not shown. Furthermore, the spread on the 
drying rate with varying moisture retention curve (thus wcap) is mainly caused by differences in 
initial moisture contents. For ceramic brick, the spread on the MCS results of Figure 7.3 can be 
mainly attributed to the liquid permeability, since liquid transport mainly determines the drying 
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rate, where the sensitivity to vapour diffusion transport (μdry) is very small, except at the end of the 
drying process (see Figure 7.5c). When comparing the liquid permeability with the total moisture 
permeability in Figure 7.6a together with the moisture retention curve, it is clear that when moisture 
transport by vapour diffusion starts to have an impact on the permeability (at pc ≈ 107.5), the brick is 
quasi completely dry. For plaster, the spread on the MCS results of Figure 7.3 can also be attributed 
to vapour diffusion since the material dries out quickly at the surface (DDRP), by which vapour 
transport also determines the kinetics of moisture removal. When moisture transport by vapour 
diffusion starts to have an impact on the total moisture permeability (at pc ≈ 107), a considerable 
amount of moisture is still present in the plaster (Figure 7.6b). 

 
Figure 7.6: Moisture retention curves (MRC, grey line), scaled with wcap, and logarithm of the liquid (Kl, 
black line) and total moisture permeabilities (Ktot, bold black line) as a function of the logarithm of the 
capillary pressure for: (a) ceramic brick; (b) plaster. 

7.4. Conclusions 
The propagation of transport-property uncertainty in HAM simulation of convective drying of two 
capillary-saturated porous materials, namely ceramic brick and plaster, was investigated by means 
of MCS. Reliable estimates of transport-property uncertainties were used as stochastic MCS input 
parameters and their impact on the MCS output statistics was analysed. A significant spread on the 
MCS output (drying rate, surface temperature and relative humidity) was found for ceramic brick 
but to a much lesser extent for plaster. Sensitivity analysis of HAM simulations to individual 
transport properties identified that the drying behaviour of ceramic brick and plaster was most 
sensitive to liquid transport and combined liquid and vapour transport parameters, respectively. The 
sensitivity to thermal properties was found to be negligible for this specific HAM problem (i.e. 
convective drying). 

The MCS results clearly indicated that transport-property uncertainty, due to measurement errors 
and material heterogeneity, can lead to significant differences in drying behaviour predictions, 
where the sensitivity to certain transport properties is strongly material dependent. It is therefore 
always advised to assess the propagation of these uncertainties to the results of a HAM simulation, 
for example by means of MCS, especially when comparing HAM simulations with experiments. 
Since reliable estimates of these uncertainties are however required, which inherently implies a 
detailed experimental characterisation, and since many HAM simulations are required for MCS, 
such an analysis is very time consuming, both experimentally and numerically (especially for 2D 
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and 3D problems), and is thereby usually not performed. Although the influence of transport-
property uncertainty on HAM simulation results is therefore often left unacknowledged, more 
attention should be invested in the future on this aspect of HAM studies, as indicated by the present 
study.  
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8. Conclusions 

8.1. Main results and conclusions 
The main objective of this thesis was to establish more accurate and detailed predictions of the 
convective heat and mass (moisture) transfer at exterior building surfaces, compared to currently 
available information and approaches. An increased accuracy regarding convective transfer 
predictions for building and urban engineering applications could lead to an improved 
(hygrothermal) design of durable building envelope systems and building components, to better 
conservation approaches for buildings, to optimised building energy performance analysis and also 
to a better insight in the thermal climate and heat balance of urban areas, for example for urban heat 
island analysis. 

A first part of this thesis focussed on the fluid-side convective transfer and involved improving 
convective transfer coefficient (CTC) predictions for buildings by alleviating some of the current 
limitations related to the determination of CTCs, which were identified by means of a state-of-the-
art overview. The focus was on convective heat transfer, particularly at surfaces of sharp-edged, 
isolated buildings (e.g. a cube) for forced-convective high-Reynolds number flow (Re = 105-107) in 
the atmospheric boundary layer (ABL), where surface roughness and radiation effects were not 
taken into account. Computational fluid dynamics (CFD) was used for the analysis of the 
convective heat transfer coefficient (CHTC), where a validation study showed that steady 
Reynolds-averaged Navier-Stokes (RANS), in combination with low-Reynolds number modelling 
(LRNM) to resolve the boundary-layer region, provided sufficiently accurate CHTC predictions on 
the windward and leeward surfaces and to a lesser extent on the other surfaces, which was attributed 
to steady RANS and turbulence model limitations. LRNM however required a very fine grid 
resolution in the boundary-layer region at these high Reynolds numbers, which increased the 
computational cost, but the alternative, namely wall functions, was found to predict systematically 
higher CHTCs (roughly 50% higher), although a qualitatively similar CHTC distribution over the 
surfaces was obtained. Furthermore, large-eddy simulation (LES) was shown to be a more accurate, 
but also a more computationally expensive alternative for steady RANS, due to improved flow-field 
predictions.  

By means of CFD, a detailed analysis was performed of the heat transport in the thermal boundary 
layer at the surfaces of a cubic building. Furthermore, several aspects regarding CHTCs for exterior 
building surfaces, and their prediction with CFD, were investigated: (1) The spatial CHTC 
distribution over the building surfaces was quantified, showing a distinct variation over each 
surface, which could be related to the turbulent flow field; (2) The power-law CHTC-U10 
correlation was determined for different building surfaces, including the surface-averaged CHTC-
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U10 correlation as well as the local distribution of this correlation over the surface, where U10 is the 
wind speed in the undisturbed flow at a height of 10 m above the ground. A very different 
distribution of the power-law exponent over these surfaces was found: for the windward surface, 
this exponent was found to be quasi-constant (for an incidence angle of 0°), whereas it varied 
significantly over the leeward surface; (3) The influence of the incidence angle (wind direction) on 
the surface-averaged CHTC was found to be significantly different for ABL and uniform approach 
flow conditions for incidence angles below 90°. For incidence angles between 90° and 180° 
however, the CHTC distribution (with the incidence angle) was more similar; (4) The influence of 
the thermal boundary conditions imposed at the exterior surfaces was limited for forced convective 
heat transfer, but the CHTC was to some extent dependent on the imposed boundary conditions at 
the interior surface when the building wall was included, especially for materials with a low thermal 
conductivity and at discontinuities (e.g. corners); (5) When taking buoyancy into account, the 
CHTC increased for all surfaces with increasing Richardson number and a very different CHTC 
distribution over the building surfaces was found, compared to the forced convective case; (6) The 
choice of the location of the reference temperature (i.e. at a specific height in the approach flow 
ABL) was found to have a distinct impact on the CHTC magnitude for thermally stratified 
boundary layers. 

In addition, several approaches to enhance numerical modelling of CHTCs with CFD were 
developed: (1) A modification to the standard temperature wall function for forced convective heat 
transfer was determined from validated numerical LRNM data, which showed CHTC deviations 
with LRNM results of about 10%, compared to 40% for standard wall functions. This wall function 
combines increased (wall-function) accuracy for convective heat transfer predictions with a lower 
grid resolution in the near-wall region, compared to LRNM, and can be easily implemented in 
existing CFD codes; (2) An accurate determination of the CHTC-wind speed correlations was found 
to be possible by evaluating the CHTC at only two or three wind speeds, hence reducing the 
required number of CFD simulations, and by using relatively low wind speeds, due to the Reynolds 
number independence of the flow field, thereby avoiding the use of excessively fine grids for 
LRNM. The (steady) flow field, predicted by CFD (RANS), was found to become quasi 
independent of the Reynolds number at Reynolds numbers above about 105 (based on U10 and the 
building height). This Reynolds number dependency was confirmed to some extent by an 
experimental wind-tunnel study, but on the other hand this study identified that Reynolds number 
dependency is actually very ambiguous to evaluate, due to its dependency on the specific flow field 
(i.e. related to wind direction), the evaluated flow quantities (mean or fluctuating) and the location 
where a flow quantity is evaluated. 

Furthermore, a methodology was proposed to determine the statistical mean convective heat 
transfer coefficient for a building surface (CHTCSM), which represents the temporally-averaged 
CHTC over a long time span (e.g. the lifetime of the building), by combining local wind climate 
information and CHTC-U10 correlations, which were obtained from CFD. This CHTCSM could vary 
significantly with the specific orientation of the building surface and it was shown that the local 
wind conditions also could have a significant impact on the overall magnitude of the CHTCSM, 
where differences up to a factor 4 were found. 
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CFD was found to be a successful alternative to determine CHTCs for buildings, compared to full-
scale and wind-tunnel experiments. Since heat was considered to be a passive scalar (forced 
convection), the applied (numerical) approaches and conclusions can be extended to convective 
mass transfer in a straightforward way. As only fluid-side heat transfer was considered in the first 
part of this thesis, its interaction with moisture transport in the air and with heat and moisture 
transport in porous (building envelope) material was not accounted for, which is however relevant 
in some cases, for example when considering drying processes, e.g. of facades wetted by wind-
driven rain. 

Therefore, in a second part of this thesis, conjugate heat and moisture transfer modelling was 
considered, where heat and mass transport in both the air flow and the porous material are 
simultaneously accounted for, by which a-priori knowledge of CTCs is not required since the flow 
field is explicitly resolved. Instead, the CTCs can be determined a-posteriori, hence identifying their 
spatial and temporal variability. A conjugate model was developed and was used to analyse 
convective drying of an unsaturated porous flat plate. Apart from the strong impact of the spatial 
variability of the CTCs on the drying process, a distinct temporal CTC variability could be noticed, 
especially during the transition of the constant drying rate period (CDRP) to the decreasing drying 
rate period (DDRP), indicating that CTCs are not only intrinsically related to the specific flow field, 
but that they are also strongly dependent on the (varying) temperature and moisture distribution in 
the boundary layer and at the air-porous material interface. Furthermore, the heat and mass transfer 
analogy was found to be valid during the CDRP and to a lesser extent during the DDRP but 
especially during the transition from CDRP to DDRP. The discrepancies found here were mainly 
attributed to the fact that the similarity of thermal and concentration boundary conditions was not 
satisfied. Note that in this study, most similarity criteria, required for the analogy to be valid, were 
satisfied (a.o. no radiation and no buoyancy), whereas in many drying processes they are not. 

Since conjugate modelling circumvents the use of CTCs, which actually quantify the fluid-side heat 
and moisture transfer in a rather simplified way, it is shown to be a valuable tool for the analysis of 
drying processes, leading to a more accurate identification of drying rates/times and of non-uniform 
heat and moisture gradients inside the porous material. The need for detailed modelling of 
convective boundary conditions is however mainly relevant during the initial transition period and 
the CDRP, i.e. when a high relative humidity is found at the air-porous material interface, and is 
thereby strongly determined by the duration of the CDRP (and DDRP), which is dependent on the 
convective heat and moisture removal rate at the interface and on the heat and moisture transport in 
the porous material.  

Experimental validation of such a conjugate model and also of one of its submodels (CFD or a heat-
air-moisture transfer model for porous-material modelling, i.e. a HAM model) requires detailed 
measurements of transport in both media. A conjugate convective drying experiment was compared 
with HAM simulations of the porous material, using CTCs to quantify the convective exchange 
with the environment. It was shown that the use of spatially-varying CTCs improved the agreement 
with experiments, compared to spatially-constant CTCs. The most critical discrepancy between 
experiment and simulations, i.e. during the transition of CDRP to DDRP, could be attributed to both 
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the imposed convective boundary conditions and the porous-material modelling, where the latter is 
partially related to the uncertainties on the experimentally-determined material properties. 
Nevertheless, some causes of discrepancies with simulations could not be clearly identified, which 
indicates the need for more detailed conjugate experiments to allow a more in-depth comparison 
with conjugate or HAM simulations. 

Finally, the propagation of material transport-property uncertainties into the coupled heat and mass 
transfer (HAM) simulation results was investigated by means of stochastic analysis, using Monte 
Carlo simulation, for convective drying of a porous material. The Monte Carlo simulation results 
clearly indicated that transport-property uncertainty, due to measurement errors and material 
heterogeneity, can lead to significant differences in drying behaviour predictions, where the 
sensitivity to certain transport properties is however strongly material dependent. It is strongly 
recommended to include an analysis on transport-property uncertainty propagation when 
performing HAM simulations, where such (stochastic) analysis should preferably include a detailed 
a-priori experimental material characterisation. 

Note that the applied approaches were analysed and reported for rather generic cases in this thesis to 
make the conclusions and findings more generally applicable than only in a building engineering 
context. 

8.2. Further research 
Several aspects on convective heat and mass transfer at exterior building surfaces were investigated 
in this thesis. Nevertheless, the applied numerical modelling and experimental techniques had some 
limitations. If these could be alleviated to some extent, modelling and analysis of these transfer 
processes at exterior building surfaces could be improved and the proposed approaches could be 
extended to support a wider range of building and urban engineering applications involving 
convective transfer predictions at exterior building surfaces. Therefore, recommendations for 
further research are proposed below, which are subdivided in those related to numerical modelling, 
experiments, physical (transport) aspects and applications for various engineering purposes. 

8.2.1. Numerical modelling 
Better flow-field predictions, which will inherently lead to a better prediction of the CTC 
distribution over the building surfaces, could be obtained by more advanced turbulence-modelling 
approaches, such as LES. The improved performance of LES was indicated briefly in this thesis 
(section 4.2) but the computational grid used here, i.e. a RANS grid, was not designed according to 
LES grid requirements and was also somewhat too coarse for LES. If improvements are made here, 
LES would clearly provide more reliable flow-field and CTC predictions, compared to steady 
RANS, which would be very valuable for the analysis of more complex flow fields, for example in 
urban engineering studies. 

The proposed temperature wall function was derived for forced convective heat transfer, using the 
k-ε turbulence model. A similar approach could be used to derive such a wall function for other 
turbulence-model families, or also for LES. Furthermore, the applicability of this temperature wall 
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function for mixed convective flows in the atmospheric boundary layer could be verified and, if 
required, it could be adjusted. If successful, the applicability of this temperature wall function 
would be extended towards various large-scale environmental CFD studies where buoyancy effects 
have to be accounted for, such as for urban heat island analysis. Analogous to heat transfer, a 
similar approach could be used to determine a more accurate wall function for moisture transfer. 

The impact of several HAM modelling aspects, particularly for convective drying applications, 
should be investigated and quantified more in detail: (1) the various modelling assumptions made to 
derive the conservation equations of the HAM model (see section 3.3.1.4); (2) the “phase dividing” 
function which is used to calculate the vapour flux in the HAM model (see section 6.5.2.2); (3) the 
experimentally-determined material properties. Although the uncertainty propagation of these 
material properties on the HAM simulation results was already quantified to some extent in chapter 
7, the complex cross-correlations between the different transport properties were not accounted for, 
which should be identified by a detailed experimental characterisation (see also section 8.2.2).  

Regarding the conjugate model presented in this thesis, particularly the simulation cost efficiency of 
the conjugate simulations could be improved, leading to shorter simulation times, by which its 
applicability would be extended towards more complex three-dimensional cases. 

8.2.2. Experiments 
Although flow-field and convective heat transfer validation was performed for LES (see section 
4.2), a more in-depth comparison could focus on the unsteady nature of the flow field (e.g. vortex 
shedding frequency), which however requires experimental data at a high temporal resolution (e.g. 
from hot-wire or high-speed particle image velocimetry (PIV) measurements). Regarding PIV 
experiments, such as the one presented in this thesis (section 4.6), obtaining such time-resolved 
validation data would require the use of a high-speed laser (typical frequencies of a few kHz) and 
preferably also two (high-speed) cameras, in order to obtain three-dimensional velocity vectors.  

Regarding conjugate experiments, more detailed experiments could allow a more in-depth 
comparison with conjugate or HAM simulations, since these simulations provide very detailed 
information on the moisture and temperature distribution on the surface and inside the porous 
material. Such experiments could include identifying moisture fronts in the porous material (e.g. by 
means of X-ray radiography), monitoring the surface temperatures with infrared thermography and 
characterising the thermal boundary layer in detail, for example by hot-wire measurements. 

Regarding the uncertainties on the material transport properties, further research could aim at 
obtaining such properties, especially those related to moisture transport, more accurately, by 
performing detailed experimental characterisation on multiple samples and by identifying their 
cross-correlations more in detail. Although very time-consuming, such experimental 
characterisation, in combination with an assessment of the propagation of the resulting transport-
property uncertainties by means of stochastic analysis, should become common practice when 
performing HAM simulations due to their significant sensitivity to these transport properties. 



Chapter 8 

270   

8.2.3. Physical aspects 
Reynolds number dependency was investigated by both numerical as well as experimental 
techniques in this thesis (section 4.5 and section 4.6), but also in other studies (see section 3.1.4.2). 
Nevertheless, according to the author, still some ambiguity regarding Reynolds number dependency 
exists, due to its dependency on the specific flow field (i.e. related to wind direction), the evaluated 
flow quantities (mean or fluctuating) and the location where a flow quantity is evaluated. This 
ambiguity could be alleviated to some extent by very extensive and detailed experimental or 
numerical (CFD) studies on this Reynolds number dependency, which focus in particular on the 
unsteady flow field, for example by using high-speed PIV, LES or more advanced numerical 
modelling techniques (e.g. Lattice Boltzmann). 

In this thesis, the influence of surface roughness on convective transfer was not accounted for. Such 
roughness can be related to the material surface texture but can also be evaluated on a larger scale, 
i.e. details on building facades, for example joints in masonry but also balconies on high-rise 
buildings. Such types of surface roughness will definitely have an impact on the convective transfer. 
Although surface roughness effects were already studied for simple flat-plate configurations, a 
quantification of these effects, particularly for buildings (wall-mounted bluff bodies), for these 
different “surface roughness scales” could be valuable, which could require a multi-scale approach.  

A critical aspect left quasi untouched in this thesis is the influence of long-wave, but especially of 
solar radiation, which can have a significant impact on the heat and moisture balance at exterior 
building surfaces and thus on the resulting surface temperatures and vapour pressures. Thereby, 
particularly for convective drying phenomena, the validity of the heat and mass transfer analogy can 
be compromised, by which its sensitivity to radiation effects should be analysed more in detail in 
the future. In addition, buoyancy effects can become important under strong solar radiation or for 
low wind speeds. Thereby, CTC predictions can become strongly dependent on the thermal 
boundary conditions and Soret effects (i.e. mass transfer induced by temperature gradients) are 
probably not negligible anymore. As mentioned before, radiation and buoyancy were not included 
in this thesis to make the obtained results more generally applicable (i.e. less case specific), but in 
many urban engineering studies (e.g. urban heat island analysis), the influence of radiation and 
buoyancy on the flow field and on the magnitude and distribution of the CTCs should be accounted 
for.  

8.2.4. Applications 
The applied numerical approaches to determine CHTCs for building surfaces, namely for isolated, 
sharp-edged buildings in this thesis, could also be used to determine CHTCs for other types of 
isolated buildings (e.g. more aerodynamically-shaped configurations, such as silo’s or stacks) or for 
more urban-type configurations (e.g. street canyons). In this context, a classification of (surface-
averaged) CHTC-wind speed correlations for surfaces of different typical building types (isolated or 
in an urban context) for different ground roughness classes as a function of wind direction could be 
valuable for design purposes and for analysis with numerical models which rely on such C(H)TC 
predictions, such as (mesoscale) urban canopy models or building energy simulation programs. 
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Such a classification would also be useful for the methodology proposed to determine the statistical 
mean convective heat transfer coefficient for a building surface (section 4.7). 

In addition, this methodology can also be applied for other building-related applications by 
accounting for the influence of local wind conditions and building orientation, such as to quantify 
statistical mean pressure coefficients, wind-driven ventilation rates or convective mass transfer 
coefficients, as discussed in detail in section 4.7.6. 

Note that in an urban environment, the location where the reference temperature is evaluated (in the 
definition of the CHTC) will become more critical since the convective transfer at the building 
surfaces is strongly determined by the local microclimate, e.g. that in a street canyon, which is 
strongly related to the various heat flows at its surfaces (e.g. radiation) and from the surrounding 
buildings. Thereby, the temperature at a specific location inside a street canyon could perhaps be a 
more relevant reference temperature (for the CHTC) than the temperature of the approach flow, 
which should however be verified. The same remark holds for convective moisture transfer. 

For large-scale environmental studies, the use of the proposed temperature wall function could be 
particularly useful, although, as mentioned in section 8.2.1, it would be beneficial if this wall 
function also performed well for mixed convective flows, since such flow conditions are often 
found.  

As the conjugate model presented in this thesis was originally developed to study building-related 
drying phenomena, such as convective drying of building envelopes wetted by wind-driven rain or 
drying of green roofs, such studies could be performed in the future. Since this conjugate model 
accounts for spatially- but especially temporally-varying CTCs, it would be very interesting to 
combine conjugate convective modelling with wind-driven rain modelling. This would allow to 
study the spatially differential wetting and drying behaviour of building facades, for example at the 
corners of a building: these corners usually receive the highest wind-driven rain load but they will 
also dry faster, due to the high wind speeds found here. In addition to building-related research, the 
conjugate model can also be used to study other types of (industrial) drying processes.  
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A. Permeable, semi permeable and impermeable surfaces 

A.1. Permeable surfaces 
Permeable surfaces in this thesis are considered to be surfaces of porous materials where the water 
vapour flow from the surface is compensated by an opposite dry air flow, by which the total net 
mass flow over the surface is zero. Considering that only a velocity component perpendicular to the 
surface exists at the wall (no-slip condition) and since there is no net convective flow perpendicular 
to the surface:  

0=gv  (A.1)

a 0= ρ =c,a gg v  (A.2)

v 0= ρ =c,v gg v  (A.3)

Thereby the total mass flow over the surface can be written as: 

g= ρ =g g c,ag v g + +d,a c,vg g 0+ =d,vg  (A.4)

Thereby, the diffusive water vapour and dry air fluxes are equal but opposite for a permeable 
surface: 

= −d,a d,vg g  (A.5)

A.2. Semi-permeable and impermeable surfaces 
Semi-permeable and impermeable surfaces are surfaces of porous and non-porous materials, 
respectively, where only water vapour flow from/to the surface is possible, but no dry air flow. 
Considering that only a velocity component perpendicular to the surface exists at the wall (no-slip 
condition), this results in: 

0=av  (A.6)
Note that for impermeable surfaces, the vapour flow from/to the material can only be from 
evaporation/condensation of a water film on the surface. The velocity of the gaseous phase can be 
written as: 

ax=g av v v vx x+ =v vv v  (A.7)

The water vapour mass flux then becomes: 

v v v vx= ρ = ρ + = ρ +v v g d,v v d,vg v v g v g  (A.8)

Hence: 

v
v1 x

= ρ =
−

d,v
v v

g
g v  (A.9)
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B. Terrain roughness classification 

z0 (m) Description 
0.0002 
sea 

Open sea or lake (irrespective of wave size), tidal flat, snow-covered flat plain, 
featureless, desert, tarmac and concrete, with a free fetch of several kilometres. 

0.005 
smooth 

Featureless land surface without any noticeable obstacles and with negligible 
vegetation; e.g. beaches, pack ice without large ridges, marsh and snow-covered 
or fallow open country. 

0.03 
open 

Level country with low vegetation (e.g. grass) and isolated obstacles with 
separations of at least 50 obstacle heights; e.g. grazing land without windbreaks, 
heather, moor and tundra, runway area of airports. Ice with ridges across-wind. 

0.10 
roughly open 

Cultivated or natural area with low crops or plants covers, or moderately open 
country with occasional obstacles (e.g. low hedges, isolated low buildings or 
trees) at relative horizontal distances of at least 20 obstacle heights). 

0.25 
rough 

Cultivated or natural area with high crops or crops of varying heights, and 
scattered obstacles at relative distances of 12 to 15 obstacle heights for porous 
objects (e.g. shelterbelts) or 8 to 12 obstacle heights for low solid objects (e.g. 
buildings). 

0.5 
very rough 

Intensively cultivated landscape with many rather large obstacle groups (large 
farms, clumps of forest) separated by open spaces of about 8 obstacle heights. 
Low densely-planted major vegetation like bushland, orchards, young forest. 
Also, area moderately covered by low buildings with interspaces of 3 to 7 
building heights and no high trees. 

1.0 
skimming 

Landscape regularly covered with similar-size large obstacles, with open spaces 
of the same order of magnitude as obstacle heights; e.g. mature regular forests, 
densely built-up area without much building height variation. 

≥ 2 
chaotic 

City centres with mixture of low-rise and high-rise buildings, or large forests of 
irregular height with many clearings. 
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C. Atmospheric boundary layer 

The expressions for the profiles of wind speed, temperature, turbulent kinetic energy and turbulence 
dissipation rate in the atmospheric boundary layer can be found in many textbooks, e.g. Panofsky 
and Dutton (1984) or Garratt (1994). In chapter 2, these profiles have been presented for a neutral 
ABL. In this Appendix, the more general boundary layer profiles will be given, which are based on 
Monin-Obukhov similarity theory and are taken from Alinot and Masson (2005). 

A parameter which is used to quantify the thermal stability of the ABL is the Monin-Obukhov 
length, which is the height where the shear-generated turbulent energy has the same magnitude as 
the thermally-driven turbulent energy production or destruction: 

2
,ABL w

m
,ABL

u T
L

gT
τ

τ

=
κ
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For a neutral ABL, this length is very large (Lm → ∞). For a stable ABL, 0 < Lm <<< ∞ whereas for 
an unstable ABL, -∞ <<< Lm < 0. Here the turbulent friction velocity and temperature are 
respectively: 
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The vertical profiles for horizontal wind speed, temperature, turbulent kinetic energy and turbulence 
dissipation rate are given as a function of the height (z) by:  
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( )
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0 m p,a

T z 1 z gln 2ln 1 (z z )       L 0
z 2 L c

T z T
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z L c

τ −
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 (C.5)
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,ABL

m
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L
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ε
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⎝ ⎠⎢ ⎥=
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 (C.6)
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m

m

m
m m

m m

z1                    L 0
Lz

L z z       L 0
L L

ε

⎧ − <⎪⎛ ⎞ ⎪φ = ⎨⎜ ⎟ ⎛ ⎞⎝ ⎠ ⎪φ − >⎜ ⎟⎪ ⎝ ⎠⎩

 (C.9)

In order to illustrate the behaviour of these flow quantities for a neutral, stable and unstable ABL, 
these profiles can be determined by specifying the wind speed, temperature and turbulence intensity 
at a specific height H together with the Monin-Obukhov length. It is assumed that H = 10 m, U(H) 
= 5 m/s, T(H) = 10°C, Iu(H) = Iv(H) = Iw(H) = I(H) = 10.7%. The Monin-Obukhov lengths for the 
neutral, stable and unstable ABL are 104 m, 40 m and -30 m, respectively. With these values, uτ,ABL 
can be determined from Eq.(C.6), together with Eq.(C.8) and Eq.(C.9), since k(H) can be 
determined from I(H): 

( ) ( )
( )

( )

( )
u

2 k HH 3I H
U H U H
σ

= =  (C.10)

since u v wσ = σ = σ  and ( )2 2 2 2
u v w u

1 3k
2 2

= σ +σ +σ = σ   

With uτ,ABL, the parameter z0 can be determined from Eq.(C.4), which was 0.0058, 0.025 and 
0.0007 m for a neutral, stable and unstable ABL, respectively. Afterwards, the ground temperature 
Tw can be determined from Eq.(C.5) by using Eq.(C.1). Finally Tτ,ABL and qc,w can be determined 
from Eq.(C.1) and Eq.(C.3). Once uτ,ABL and Tτ,ABL are known, Eqs.(C.4)-(C.7) can be used to 
determine the profiles in the ABL. These profiles are shown in Figure C.1. Note that in the profile 
of the turbulent kinetic energy (Eq.(C.6)), the constant 5.48, which was determined empirically 
from measurements of the ABL, differs from the one used in Eq.(3.55), which is 3.33. This equation 
was derived by Richards and Hoxey (1993) in order to have an ABL expression which was 
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consistent with the k-ε model. Thereby, the constant Cμ was equal to 0.09 by which (Cμ)-1/2 = 3.33. 
Thereby the turbulent kinetic energy profiles for a neutral ABL will differ to some extent, as well as 
z0, which was 0.03 m in the simulations in this thesis, where it is equal to 0.0058 m here. Thereby, 
also the wind speed profile differs to some extent. Note that these differences are however very 
limited.  

 
Figure C.1: Neutral, stable and unstable ABL profiles as a function of the height: (a) Horizontal wind speed; 
(b) Temperature difference with the ground temperature; (c) Turbulence intensity; (d) Turbulence dissipation 
rate. 

It is clear that a neutral ABL has a quasi constant temperature distribution in the ABL. Furthermore 
the increased/decreased turbulence level for an unstable/stable ABL, respectively, can also clearly 
be noticed. 
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D. Material properties 

In this Appendix, the used fluid and porous material properties are specified. For the materials 
which are used, the properties are assumed isotropic by which they can be represented by scalars 
instead of tensors. For the fluid region, which is solved with CFD, a distinction is made for the fluid 
properties between stand-alone CFD simulations (chapter 4 and 6) and coupled CFD-HAM 
simulations (chapter 5) since in the stand-alone CFD simulations only convective heat transfer is 
considered, where air is assumed to be dry air, so not a binary mixture of dry air and water vapour. 

D.1. Stand-alone CFD simulations 
The default (constant) dry air properties of the CFD code (Fluent 6.3, Fluent 2006) are used. In the 
validation study (section 4.2), a solid material is modelled, namely epoxy, where also constant 
material properties are assumed, which are obtained from Meinders (1998). These material 
properties are given in Table D.1. 

Table D.1: Material properties of dry air and epoxy 

Property Dry air Epoxy 
Density (kg/m³) 1.225 1191 
Specific heat capacity (J/kgK) 1006.43 1650 
Thermal conductivity (W/mK) 0.242 0.237 
Dynamic (absolute) viscosity (kg/ms) 1.7894x10-5 - 

D.2. Coupled CFD-HAM simulations and HAM simulations 

D.2.1. Fluid 
Moist air is considered to be a perfect mixture of two ideal gasses, namely dry air and water vapour. 
Thereby, the density is calculated using the ideal gas law, assuming incompressible flow. The 
specific heat capacities of dry air (cp,a) and water vapour (cp,v) are respectively 1006.43 J/kgK and 
1880 J/kgK. The specific heat of the mixture (cp,g) is calculated by:  

p,g a p,a v p,vc x c x c= +  (D.1)

The absolute (or dynamic) viscosity of the mixture is calculated by means of Sutherland’s law: 
3/2

0,stl stl
g 0,stl

0,stl stl

T ST
T T S

⎛ ⎞ +⎛ ⎞
μ = μ ⎜ ⎟ ⎜ ⎟⎜ ⎟ +⎝ ⎠⎝ ⎠

 (D.2)

where μ0,stl, T0,stl and Sstl are respectively 1.716x10-5 kg/ms, 273.11 K and 110.56 K (default values 
of Fluent 6.3, Fluent 2006). The thermal conductivity of moist air is calculated based on a mass-
weighted mixing law: 
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g a a v vx xλ = λ + λ  (D.3)

where the thermal conductivities of dry air and water vapour, namely λa and λv, are respectively 
0.0242 W/mK and 0.0261 W/mK (default values of Fluent 6.3, Fluent 2006). The binary diffusion 
coefficient between dry air and water vapour (Dva) is given by the empirical relation of Schirmer 
(1938): 

1.81
5 atm

va
g

P TD 2.31.10
p 273.16

− ⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (D.4)

where Patm is the atmospheric pressure which is taken equal to 101325 Pa. 

D.2.2. Porous materials 
In this thesis, following porous materials are considered: ceramic brick (CB1, chapters 5 and 7; 
CB2, chapter 6), plaster (PL, chapter 7), mineral plaster (MP, chapter 5) and gypsum board (GB, 
chapter 5). Note that two different types of ceramic brick are used, namely the one used in chapters 
5 and 7 (CB1) and the one used in the experimental study in chapter 6 (CB2). These bricks are very 
similar but show slightly different material properties. The material transport properties, which are 
required as input parameters for the HAM model (HAMFEM), have been determined 
experimentally: for CB1 and PL the properties specified in the HAMSTAD benchmark case 4 
(Hagentoft et al. 2004) have been used; for CB2 those determined by Derluyn et al. (2008) have 
been used; for MP those from in-house measurements have been used; for GB those within the 
framework of the IEA Annex 41 (see Roels et al. 2008, James et al. 2010) have been used. The 
material properties are specified in Table D.2. The vapour diffusion coefficients, moisture retention 
curves and liquid permeabilities are specified below. 

Table D.2: Material properties of ceramic brick (CB1 and CB2), plaster, mineral plaster and gypsum board.  

Property CB1 CB2 PL MP GB 
ws (kg/m³PM) 2005 2087 790 1615 690 
cp,s (J/kgK) 840 840 870 1050 840 
λPM (W/mK) 0.5+0.0045wPM 1+0.0047wPM 0.2+0.0045wPM 1.2 0.198 
μdry (-) 30 24.79 3 20 - 
wcap (kg/m³PM) 157 130 209 126 53 

where μdry is the vapour resistance factor of the dry porous material. 

Vapour diffusion coefficient 
For all porous materials, except gypsum board, the same equation is used to determine the vapour 
diffusion coefficient, namely: 

( )
( )( )

5
PM cap

v 2
dry v PM cap

1 w / w2.61 10
R T 0.503 1 w / w 0.497

− −⋅
δ =

μ − +
 (D.5)

Note that μdry and wcap however differ for each material. For gypsum board, following equation is 
used: 

( )( )10
v,GB  1.7195 10 1/11.3  0.003exp 3.8−δ = ⋅ + φ  (D.6)
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This vapour diffusion coefficient is used to calculate the water vapour permeability (Kv), used in the 
HAM model, by following equation: 

v v,sat
v

v l

p
K  

R T
δ φ

=
ρ

 (D.7)

The moisture permeability of the porous material (Kt) is the sum of the vapour and liquid 
permeabilities: 

t v lK  K K= +  (D.8)

Moisture retention curve 

( ) ( )( ) ( )( )0.65/1.65 5/61.65 65 5
PM,CB1 c cap c cw p w 0.3 1 1.25 10 p 0.7 1 1.80 10 p

− −
− −⎡ ⎤= + ⋅ + + ⋅⎢ ⎥⎣ ⎦

 (D.9)

( ) ( )( ) ( )( )0.75 0.4084 1.695 5
PM,CB2 c cap c cw p w 0.846 1 1.394 10 p 0.154 1 0.9011 10 p

− −
− −⎡ ⎤= + ⋅ + + ⋅⎢ ⎥⎣ ⎦

 (D.10)

( ) ( )( ) 0.27/1.271.276
PM,PL c cap cw p w 1 2 10 p

−
−= + ⋅  (D.11)

( )
( )( ) ( )( )
( )( )

0.6667 0.45963 1.856 7
c c

PM,MP c cap 0.59102.448
c

0.599 1 4.08 10 p 0.355 1 9.58 10 p
w p w

0.046 1 2.04 10 p

− −
− −

−
−

⎡ ⎤+ ⋅ + + ⋅⎢ ⎥
= ⎢ ⎥

⎢ ⎥+ + ⋅⎢ ⎥⎣ ⎦

 (D.12)

( ) ( )( ) 0.38581.6286
PM,GB c cap cw p w 1 1.59 10 p

−
−= + ⋅  (D.13)

Note that pc is assumed positive in these equations. 

Liquid permeability 
The liquid permeabilities of the materials are presented in Figure D.1 as a function of the capillary 
pressure. Note that it is assumed in the HAM model that the liquid permeability is independent of 
temperature (see Appendix H). For gypsum board, no liquid permeability is specified. 

 
Figure D.1: Logarithm of liquid permeability as a function the logarithm of the capillary pressure for 
different porous materials. 
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D.2.3. Non-porous materials 
The material properties of PMMA and XPS, used in chapter 6, are given in Table D.3. Note that 
these materials are assumed to be impermeable for moisture.  

Table D.3: Material properties of PMMA and XPS.  

Property PMMA XPS 
Density (kg/m³) 1180 65 
Specific heat capacity (J/kgK) 1500 1450 
Thermal conductivity (W/mK) 0.18 0.034 
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E. Conservation equations for fluid flow 

In this Appendix, the conservation equations for mass, heat and momentum for fluid flow are 
derived in a concise way, where the fluid is moist air, which is a binary mixture of dry air and water 
vapour. A more detailed explanation can be found in Cebeci and Bradshaw (1984) or Bird et al. 
(2007). For the nomenclature, the reader is referred to the list of symbols, which can be found at the 
beginning of this thesis. 

E.1. Conservation principle 
The conservation equations for any scalar quantity X, i.e. heat or mass, or vector quantity X (= [Xx 
Xy Xz]), i.e. momentum, can be obtained by analysing transport in and out of a fixed elementary 
(infinitesimal) control volume (CV), as in Figure E.1. The conservation principle for such a 
conserved quantity can be written as: 

 

(E.1)

 
Figure E.1: Elementary control volume and conservation of vector quantity X (flows in z direction are not 
represented). 

E.2. Conservation of mass 
The conservation principle (Eq.(E.1)) can be rewritten by considering the transport of mass by flow, 
i.e. convection, and the transport by molecular agencies (i.e. mass diffusion) separately. Thereby the 
conservation equation for mass of a component i of the mixture can be derived: 

dy 

z 

x 

y 

dx

dz

( )x xX udydz X u dxdydz
x
∂

+
∂

 xX udydz  

( )y yX vdxdz X v dxdydz
y
∂

+
∂

 

yX vdxdz  

Rate of increase of X in CV 
- 
Rate at which X enters through surfaces of CV 
+ 
Rate at which X leaves through surfaces of CV 
= 
Rate of transfer of X by sources or sinks within CV 
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(E.2)

The mass of component i in the elementary CV is ρidxdydz. Each term of Eq.(E.2) can be 
determined (in differential form).  
Rate of increase of MASS of component i in CV 

i dxdydz
t

∂ρ
∂

 (E.3)

Rate at which FLOW transports MASS of component i out of CV - Rate at which FLOW transports 
MASS of component i into CV 

( )i dxdydz∇⋅ ρ gv  (E.4)

Rate of transfer of MASS of component i by DIFFUSION into CV 

( )dxdydz−∇⋅ d,ig  (E.5)

Rate of transfer of MASS of component i by sources or sinks within CV 

m,iS dxdydz  (E.6)

After dividing each term by the volume of the CV (dxdydz), the resulting conservation equation for 
component i can be written in two different ways. A first one distinguishes convective and diffusive 
mass fluxes: 

( )i
i m,iS

t
∂ρ

+∇ ⋅ ρ = −∇ ⋅ +
∂ g d,iv g  (E.7)

A second one is written for total (convective and diffusive) mass fluxes: 

( )i
i m,iS

t
∂ρ

+∇ ⋅ ρ =
∂ iv  (E.8)

where the total flux of component i is defined as: 

i i= ρ = ρ + = +i i g d,i c,i d,ig v v g g g  (E.9)

These conservation equations can be written for both ideal gasses in the mixture: 

( )a
a m,aS

t
∂ρ

+∇ ⋅ ρ =
∂ av    ;    ( )a

a m,aS
t

∂ρ
+∇⋅ ρ = −∇⋅ +

∂ g d,av g  (E.10)

 ( )v
v m,vS

t
∂ρ

+∇ ⋅ ρ =
∂ vv    ;    ( )v

v m,vS
t

∂ρ
+∇ ⋅ ρ = −∇ ⋅ +

∂ g d,vv g  (E.11)

No source terms are taken into account for dry air and water vapour since it is assumed that water is 
only found in one phase in the air, namely the gaseous phase (water vapour). Thereby, there is no 
liquid phase (droplets) or solid phase (snowflakes or hail). Hence phenomena like droplet formation 

Rate of increase of MASS of component i in CV 
- 
Rate at which FLOW transports MASS of component i into CV 
+ 
Rate at which FLOW transports MASS of component i out of CV  
= 
Rate of transfer of MASS of component i by DIFFUSION into CV 
+ 
Rate of transfer of MASS of component i by sources or sinks within CV 
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by condensation or droplet evaporation and also sublimation from solids, like ice, are excluded. 
Source terms due to chemical reactions are also not considered. Thereby the equations simplify to: 

( )a
a 0

t
∂ρ

+∇⋅ ρ =
∂ av    ;    ( )a

at
∂ρ

+∇⋅ ρ = −∇ ⋅
∂ g d,av g  (E.12)

( )v
v 0

t
∂ρ

+∇ ⋅ ρ =
∂ vv    ;    ( )v

vt
∂ρ

+∇ ⋅ ρ = −∇ ⋅
∂ g d,vv g  (E.13)

The diffusive fluxes for both components are given by (as in Eqs.((3.34)-(3.35)): 

a
g va

g

D ρ
= −ρ ∇

ρd,ag    ;   v
g va

g

D ρ
= −ρ ∇

ρd,vg  (E.14)

It can be shown that: 

g v ga v v v

g g g g g g

0
ρ −ρ ρρ ρ ρ ρ

∇ = ∇ = ∇ −∇ = −∇ = −∇
ρ ρ ρ ρ ρ ρ

 (E.15)

This results in: 
= −d,a d,vg g  (E.16)

Thereby, the conservation equation for the mixture (moist air) can be derived by combining 
Eqs.(E.12)-(E.13): 

( )g
g 0

t
∂ρ

+∇ ⋅ ρ =
∂ gv  (E.17)

If it is assumed that flow is incompressible, the total derivative of density to time is zero: 

g g
g

d
0

dt t
ρ ∂ρ

= + ⋅∇ρ =
∂ gv  (E.18)

Thereby Eq.(E.17) can be simplified: 

g
g g

0

0
t

∂ρ
+ ⋅∇ρ +ρ ∇⋅ =

∂ g gv v  (E.19)

This leads to the well-known expression for incompressible flow: 
0∇⋅ =gv  (E.20)

E.3. Conservation of momentum 
The conservation equation of momentum is based on Newton’s second law. Note that momentum is 
a vector quantity. The conservation equation for momentum can be written by considering the 
transport of momentum by flow, i.e. convection, and the transport by molecular agencies (i.e. 
momentum diffusion) separately and is derived, using Eq.(E.1): 
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(E.21)

The momentum of in the elementary CV is ρgvgdxdydz, where vg = [ug vg wg]. Each term of 
Eq.(E.21) can be determined (in differential form). 
Rate of increase of MOMENTUM in CV 

( )g dxdydz
t
∂

ρ
∂ gv  (E.22)

Rate at which FLOW transports MOMENTUM out of CV - Rate at which FLOW transports 
MOMENTUM into CV 

( )g dxdydz∇⋅ ρ g gv v  (E.23)

Rate of transfer of MOMENTUM by molecular transport into CV 
This term actually represents the internal (surface) forces which act on the fluid. A part can be 
associated with pressure p: 

( )p dxdydz−∇  (E.24)

The other part can be associated with viscous forces, which are only relevant if velocity gradients 
are present: 

( )dxdydz−∇⋅ τ  (E.25)

where τ  is the viscous stress tensor: 

( )( ) ( )T

g g
2
3

= −μ ∇ + ∇ + μ ∇⋅g g gτ v v v δ  (E.26)

The superscript T denotes the transpose and δ is the unit tensor. The components of the tensor τ  
can be written as: 

j yi x z
ij g g ij

i j

v vv v v2
x x 3 x y z

⎛ ⎞∂ ∂⎛ ⎞∂ ∂ ∂
τ = −μ + + μ + + δ⎜ ⎟ ⎜ ⎟⎜ ⎟∂ ∂ ∂ ∂ ∂⎝ ⎠⎝ ⎠

 (E.27)

Here the fluid is assumed to be a Newtonian fluid, i.e. where shear stresses are proportional to 
velocity gradients. 
Rate of transfer of MOMENTUM by external forces on CV 

g dxdydzρ accg  (E.28)

Rate of transfer of MOMENTUM by sources or sinks within CV 

mmS dxdydz  (E.29)

Rate of increase of MOMENTUM in CV 
- 
Rate at which FLOW transports MOMENTUM into CV 
+ 
Rate at which FLOW transports MOMENTUM out of CV 
= 
Rate of transfer of MOMENTUM by molecular transport into CV 
+ 
Rate of transfer of MOMENTUM by external forces on CV 
+ 
Rate of transfer of MOMENTUM by sources or sinks within CV 
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The resulting conservation equation for momentum, after dividing each term by the volume of the 
CV, can be written as: 

( )g g g mm( ) p S
t
∂

ρ +∇ ⋅ ρ = −∇ −∇⋅ +ρ +
∂ g g g accv v v τ g  (E.30)

Note that if incompressible flow is assumed with a constant viscosity and if no source terms are 
considered, this equation simplifies to: 

( ) 2
g g gp

t
∂

ρ +ρ ⋅∇ = −∇ +μ ∇ +ρ
∂ g g g g accv v v v g  (E.31)

E.4. Conservation of energy 
The conservation equation of energy of the binary mixture originates from the first law of 
thermodynamics and considers the conservation of internal energy. The total internal energy per 
unit mass of the mixture Eg in an elementary control volume can be described by:  

2 2
S,g g S,g

g g i ii
g

v p v
ˆE u gz x h gz

2 2
= + + = − + +

ρ∑  (E.32)

where gû is the internal energy of the mixture per unit mass and vS,g is the mean wind speed, i.e. the 

magnitude of vg. Total internal energy thus includes contributions of kinetic and potential 
(gravitational) energy.  

The conservation principle (Eq.(E.1)) can be rewritten by considering the transport of internal 
energy by flow, i.e. convection, and the transport by molecular agencies (i.e. heat conduction and 
mass diffusion) separately. Note that the heat transport by mass diffusion into the CV has to be 
taken into account here since a mixture is considered. Furthermore, it is assumed that thermal 
equilibrium exists between the mixture components (Whitaker 1977): 

a v gT T T T= = =  (E.33)

Thereby the conservation equation for energy becomes: 

 

(E.34)

The internal energy in the elementary CV is ρgEgdxdydz. Each term of Eq.(E.34) can be determined 
(in differential form). 
 
 

Rate of increase of total INTERNAL ENERGY in CV 
- 
Rate at which FLOW transports total INTERNAL ENERGY into CV 
+ 
Rate at which FLOW transports total INTERNAL ENERGY out of CV  
= 
Rate of transfer of HEAT by HEAT DIFFUSION (CONDUCTION) into CV 
+ 
Rate of transfer of HEAT by MASS DIFFUSION into CV 
+ 
Rate at which WORK is done by SURFACE and BODY forces on CV 
+ 
Rate of transfer of HEAT by sources or sinks within CV 
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Rate of increase of total INTERNAL ENERGY in CV 

( )g gE dxdydz
t
∂

ρ
∂

 (E.35)

Rate at which FLOW transports total INTERNAL ENERGY out of CV - Rate at which FLOW 
transports total INTERNAL ENERGY into CV 

( )g gE dxdydz∇⋅ ρ gv  (E.36)

Rate of transfer of HEAT by HEAT DIFFUSION (CONDUCTION) into CV + Rate of transfer of 
HEAT by MASS DIFFUSION into CV 

( ) ( )ii
dxdydz h dxdydz−∇⋅ = −∇ ⋅ +∑g d,iq q g  (E.37)

Since both terms are related to molecular transport, i.e. the influence of temperature and 
concentration gradients on the molecular heat transport, they were both included in the total heat 
flux qg in Eq.(3.110). Note that the convective transport of heat is already included in the LHS of 
Eq.(E.34). 
Rate at which WORK is done by SURFACE forces on CV 
A part of this work can be associated with pressure forces: 

( )p dxdydz−∇⋅ gv  (E.38)

Another part of this work can be associated with viscous forces: 

( )dxdydz−∇⋅ ⋅ gτ v  (E.39)

Rate at which WORK is done by BODY forces on CV 
The contribution of the external body forces has already been included in the internal energy by 
means of the potential (gravitational) energy.  
Rate of transfer of HEAT by sources or sinks within CV 

h h,i
i

S dxdydz S dxdydz=∑  (E.40)

After dividing each term by the volume of the CV, the resulting conservation equation can be 
written as: 

( ) ( ) ( ) ( )g g g g g h,i
i

E E p S
t
∂

ρ +∇⋅ ρ = −∇ ⋅ −∇ ⋅ −∇ ⋅ ⋅ +
∂ ∑g g g gv q v τ v  (E.41)

Note that the two LHS terms could also be summarised by (with use of continuity equation and 
assuming incompressible flow): 

( ) ( ) ( ) ( ) ( )g g g g g g g g g g g g

0

dE E E E E E
t t dt
∂ ∂

ρ +∇ ⋅ ρ = ρ + ⋅∇ ρ +ρ ∇⋅ = ρ
∂ ∂g g gv v v  (E.42)

The expression for the internal energy (Eq.(E.32)) can be substituted in the LHS of Eq.(E.41): 
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( ) ( )

( ) ( ) ( )( )

( ) ( )

g g g g

2 2
g S,g g S,g

g i i g i ii i
g g

2
g g S,g

g i i g g i ii i

2
g S,g

g g

E E
t

p v p v
x h gz x h gz

t 2 2

p v
x h gz x h

t t t 2 t

v
p gz

2

∂
ρ +∇ ⋅ ρ

∂
⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞∂

= ρ − + + +∇⋅ ρ − + +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟∂ ρ ρ⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠
⎛ ⎞∂ ρ∂ ∂ ∂

= ρ − + + ρ +∇⋅ ρ⎜ ⎟⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠
⎛ ⎞ρ

−∇⋅ +∇ ⋅ +∇⋅ ρ⎜ ⎟⎜ ⎟
⎝ ⎠

=

∑ ∑

∑ ∑

g

g

g

g g g

v

v

v

v v v

( ) ( )( ) ( )

( ) ( )

g
i i i i gi i

2 2
g S,g g S,g

g g

p
h h p

t t

v v
gz gz

t 2 2 t

∂⎛ ⎞∂⎛ ⎞ρ +∇ ⋅ ρ − +∇ ⋅⎜ ⎟⎜ ⎟∂ ∂⎝ ⎠ ⎝ ⎠
⎛ ⎞⎛ ⎞ ⎛ ⎞ρ ρ∂ ∂⎛ ⎞+ +∇ ⋅ + ρ +∇⋅ ρ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟∂ ∂⎝ ⎠⎝ ⎠ ⎝ ⎠⎝ ⎠

∑ ∑ g g

g g

v v

v v

 (E.43)

The resulting energy equation can be simplified if following assumptions are taken into account: 
1. Air (moist air) is assumed incompressible which results for every scalar (ϕ) that: 

( )
0

d
dt t t t
φ ∂φ ∂φ ∂φ
= + ⋅∇φ = + ⋅∇φ+ φ∇ ⋅ = +∇⋅ φ
∂ ∂ ∂g g g gv v v v  (E.44)

2. Pressure variations are small so they do not affect thermodynamic properties, namely internal 
energy, enthalpy and density (also: total derivative of pressure is neglected). 

( )g gAssumption1
g

dp p
0 p 0

dt t
∂

= ⎯⎯⎯⎯→ +∇⋅ =
∂ gv  (E.45)

3. Potential energy changes are assumed to be small compared to thermal energy changes and are 
neglected. Note that this assumption does not mean that buoyancy effects are not considered. These 
are considered separately in the momentum equations and thereby they have an influence on the 
flow field. 

( ) ( ) ( )Assumption1
g g g

d gz 0 gz gz 0
dt t

∂
ρ = ⎯⎯⎯⎯→ ρ +∇⋅ ρ =

∂ gv  (E.46)

4. Kinetic energy changes are assumed to be small compared to thermal energy changes and are 
neglected. Therefore pressure variations may also not be too large. 

2 2 2
g S,g g S,g g S,gAssumption1v v vd 0 0

dt 2 t 2 2
⎛ ⎞ ⎛ ⎞ ⎛ ⎞ρ ρ ρ∂

= ⎯⎯⎯⎯→ +∇⋅ =⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟∂⎝ ⎠ ⎝ ⎠ ⎝ ⎠
gv  (E.47)

5. Pressure work is neglected due to the incompressibility of the fluid (Fluent 2006). 

( )gp 0∇⋅ =gv  (E.48)

6. Viscous heating/dissipation is neglected. 

( ) 0∇⋅ ⋅ =gτ v  (E.49)

7. Source terms due to radiation, chemical reactions and other volumetric heat sources (e.g. droplet 
evaporation, droplet formation by condensation or sublimation from solids such as ice) are not 
taken into account. 
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h,i
i

S 0=∑  (E.50)

Using these assumptions and substituting qg by Eq.(E.37), the conservation equation (Eq.(E.41)) 
simplifies to: 

( ) ( )( ) ( )i i i i ii i i
h h h

t
∂

ρ +∇⋅ ρ = −∇⋅ +
∂ ∑ ∑ ∑g d,iv q g  (E.51)

This expression can also be written by combining convective and diffusive heat transport: 

( ) ( )
( ) ( )( )

( )( ) ( )

i i ii i

i i i i ii i i

i i ii i

h h

h h h

h h

∇⋅ ρ +∇⋅

= ∇ ⋅ ρ + = ∇⋅ ρ +

= ∇⋅ + = ∇⋅ ρ

∑ ∑
∑ ∑ ∑
∑ ∑

g d,i

g d,i g d,i

c,i d,i i

v g

v g v g

g g v

 (E.52)

Thereby, Eq.(E.51) becomes: 

( ) ( )i i i ii i
h h

t
∂

ρ +∇⋅ ρ = −∇⋅
∂ ∑ ∑ iv q  (E.53)

Eqs.(E.51) and (E.53) can be expanded to the different components of the mixture: 

( ) ( )( ) ( )a a v v a a v v a vh h h h h h
t
∂

ρ +ρ +∇⋅ ρ +ρ = −∇⋅ + +
∂ g d,a d,vv q g g  (E.54)

( ) ( )a a v v a a v vh h h h
t
∂

ρ +ρ +∇⋅ ρ +ρ = −∇⋅
∂ a vv v q  (E.55)

Reference temperature and latent heat 
The enthalpies of both mixture components are defined as a function of reference temperature and 
latent heat: 

( )a p,a ref ,0h c T T= −    ;   ( ) ref
v p,v ref ,0 vh c T T L= − +  (E.56)

These expressions can be substituted in Eq.(E.55): 

( ) ( )( )( )
( ) ( )( )( ) ( )

ref
a p,a ref ,0 v p,v ref ,0 v

ref
a p,a ref ,0 v p,v ref ,0 v

c T T c T T L
t

c T T c T T L

∂
ρ − +ρ − +

∂

+∇⋅ ρ − +ρ − + = −∇⋅a vv v q
 (E.57)

Although ref
vL is to some extent dependent on temperature for the temperature range of interest (see 

section 2.1.3.1), it is assumed to be constant in this thesis, i.e. 2.50x106 J/kg. Since the specific heat 
capacities of the mixture components are also assumed to be constant (Appendix D), Eq.(E.57) can 
be rewritten as:  

( ) ( ) ( ) ( ) ( )

( ) ( )
( ) ( ) ( ) ( )

ref
p,a a p,a ref ,0 a p,v v p,v ref ,0 v v v

p,a a p,a ref ,0 a

ref
p,v v p,v ref ,0 v v v

c T c T c T c T L
t t t t t

c T c T

c T c T L

∂ ∂ ∂ ∂ ∂
ρ − ρ + ρ − ρ + ρ

∂ ∂ ∂ ∂ ∂
+ ∇ ⋅ ρ − ∇ ⋅ ρ

+ ∇ ⋅ ρ − ∇ ⋅ ρ + ∇ ⋅ ρ = −∇⋅
a a

v v v

v v

v v v q

 (E.58)

After grouping some terms, the previous equation becomes: 
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( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( )

p,a a p,a a p,v v p,v v

p,a ref ,0 a a p,v ref ,0 v v

ref
v v v

c T c T c T c T
t t

c T c T
t t

L
t

∂ ∂
ρ + ∇ ⋅ ρ + ρ + ∇⋅ ρ

∂ ∂
∂ ∂⎛ ⎞ ⎛ ⎞− ρ +∇ ⋅ ρ − ρ +∇ ⋅ ρ⎜ ⎟ ⎜ ⎟∂ ∂⎝ ⎠ ⎝ ⎠

∂⎛ ⎞+ ρ +∇⋅ ρ = −∇ ⋅⎜ ⎟∂⎝ ⎠

a v

a v

v

v v

v v

v q

 (E.59)

By using Eq.(E.12) and Eq.(E.13), the previous equation can be simplified to: 

( ) ( ) ( ) ( ) ( )p,a a p,a a p,v v p,v vc T c T c T c T
t t
∂ ∂

ρ + ∇ ⋅ ρ + ρ + ∇ ⋅ ρ = −∇ ⋅
∂ ∂a vv v q  (E.60)

It is clear that the latent heat and reference temperature do not have an impact on the resulting 
conservation equation for moist air flow. The reason is that it is assumed in the derivation of this 
equation that no source terms are present so no evaporation from droplets or condensation of water 
vapour into droplets occurs in the air. 
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F. Turbulent viscosity in EVM  

In this Appendix, the way the turbulent viscosity is accounted for in several eddy-viscosity models 
(EVM) is discussed, where also the low-Reynolds number modifications are highlighted. The 
described models were all available in the CFD code which was used in this thesis (Fluent 6.3). 

F.1. k-ε models 
In this section, the two k-ε models used in this thesis are considered, namely the standard and the 
realizable k-ε models, where the turbulent viscosity is calculated in a very similar way.  

F.1.1. Fully turbulent region 
In this region, the transport equations for k and ε are solved. The turbulent viscosity is calculated 
by: 

2

t
kCμμ = ρ
ε

 (F.1)

According to Tennekes and Lumley (1972) and Launder (1988), the turbulence dissipation rate is 
proportional to k3/2 and inversely proportional to a turbulence length scale l, e.g. the integral length 
scale, which represents the size of the large, energy-containing eddies in the flow: 

3/2k
l

ε ∼  (F.2)

Thereby, the turbulent viscosity can be written as: 

t C klμμ ρ∼  (F.3)

The turbulent viscosity is thus proportional to a turbulence length scale and k1/2. Close to walls, the 
length scale can be assumed to increase linearly with the distance from the wall (y) (Launder 1988), 
by which μt becomes proportional to k1/2y. 

F.1.2. Near-wall region 
In the near-wall, viscosity-affected region, the one-equation Wolfshtein model (Wolfshtein 1969) is 
used, i.e. for Re* < 200. This model only solves one transport equation for turbulence, namely that 
of the turbulent kinetic energy. Instead of solving a transport equation for turbulence dissipation, a 
length scale is used to calculate ε: 

3/2k
lε

ε =  (F.4)

with ( )*Re /A*
ll yC 1 e ε−

ε = −  (F.5)
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with *
l 3/4C

Cμ

κ
=  (F.6)

with *
lA 2Cε =  (F.7)

The turbulent viscosity is also related to a length scale by: 

t C l kμ μμ = ρ  (F.8)

with ( )*Re /A*
ll yC 1 e μ−

μ = −  (F.9)

with A 70μ =  (F.10)

Thereby, the influence of the wall is accounted for by providing damping of the turbulent viscosity 
to some extent in the near-wall region: the exponential term goes to one close to the wall. Also here 
μt is proportional to k1/2y. 

F.2. k-ω models 
In contrast to the k-ε models, the k-ω models can account for the influence of the near-wall region, 
namely by accounting for damping of the turbulent viscosity. For the standard k-ω model, it is 
calculated by: 

*
t

kρ
μ = α

ω
 (F.11)

with 
t

*

t

Re0.024
6

Re1
6

⎛ ⎞+⎜ ⎟
α = ⎜ ⎟

⎜ ⎟+
⎝ ⎠

 (F.12)

with t
kRe ρ

=
μω

 (F.13)

The coefficient α* accounts for low-Reynolds number effects by damping the turbulent viscosity in 
near-wall regions, where it is equal to one in the turbulent core region of the flow. Note that for the 
SST k-ω model, a similar expression for the turbulent viscosity is used. The specific dissipation rate 
ω can be considered as the turbulence dissipation rate per unit turbulent kinetic energy: 

k
ε

ω ∼  (F.14)

Thereby, the turbulent viscosity can also be written as: 
2

t
kρ

μ
ε

∼  (F.15)

With Eq.(F.2), this becomes: 

t klμ ρ∼  (F.16)

This is similar to what was found for the k-ε models. Analogously, μt becomes proportional to k1/2y, 
when assuming that the length scale increases linearly with the distance from the wall in the 
boundary-layer region. 
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G. Conservation equations for porous material 

In this Appendix, the conservation equations for heat and moisture flow in a porous material are 
derived in a concise way, where the porous material consists of different components, namely the 
solid material matrix, liquid water (i.e. free water, no physically bound water), water vapour and dry 
air. A more detailed explanation can be found in Whitaker (1977, 1998) or Erriguible et al. (2005). 
For the nomenclature, the reader is referred to the list of symbols, which can be found at the 
beginning of this thesis. 

G.1. Conservation of mass 
Since a porous material with three different phases is considered, wa, wv, wl and ws (defined in 
(kg/m³PM)) are used instead of densities (defined in (kg/m³phase)). It is assumed that the solid phase 
only consists of the solid material matrix (no ice) and that the liquid phase only consists of free 
water, so no physically bound water (adsorbed water, water in dead ends or between cell 
membranes) or chemically bound water is taken into account. Thereby it is intrinsically assumed 
that temperatures are above 0°C and below a certain material-dependent limit for materials which 
contain chemically bound water. The conservation principle (Eq.(E.1)) can be rewritten by 
considering the transport of mass by flow, i.e. convection, and transport by molecular agencies (i.e. 
mass diffusion) separately. Note that the CV represents an elementary control volume of the porous 
material, and not of a specific phase separately. Thereby the conservation equation for mass of a 
component i of the porous material is derived: 

 

(G.1)

The mass of component i in the elementary CV of the porous material is widxdydz. Each term of 
Eq.(G.1) can be determined (in differential form). 
Rate of increase of MASS of component i in CV 

iw dxdydz
t

∂
∂

 (G.2)

 

Rate of increase of MASS of component i in CV 
- 
Rate at which FLOW transports MASS of component i into CV 
+ 
Rate at which FLOW transports MASS of component i out of CV  
= 
Rate of transfer of MASS of component i by DIFFUSION into CV 
+ 
Rate of transfer of MASS of component i by sources or sinks within CV 
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Rate at which FLOW transports MASS of component i out of CV - Rate at which FLOW transports 
MASS of component i into CV 

( )iw dxdydz∇⋅ ph,iv  (G.3)

where vph,i is the velocity of the specific phase to which component i belongs, e.g. vg for the 
gaseous phase.  
Rate of transfer of MASS of component i by DIFFUSION into CV 

( )dxdydz−∇⋅ d,ig  (G.4)

Note that gd,i = 0 for phases with only one component, namely the solid and liquid phase.  
Rate of transfer of MASS of component i by sources or sinks within CV 

m,iS dxdydz  (G.5)

After dividing each term by the volume of the CV (dxdydz), the resulting conservation equation for 
component i can be written in two different ways. A first one distinguishes convective and diffusive 
mass fluxes: 

( )i
i m,i

w w S
t

∂
+∇ ⋅ = −∇ ⋅ +

∂ ph,i d,iv g  (G.6)

A second one is written for total (convective and diffusive) mass fluxes: 

( )i
i m,i

w w S
t

∂
+∇ ⋅ =

∂ iv  (G.7)

where the total flux is defined as: 

i iw w= = + = +i i ph,i d,i c,i d,ig v v g g g  (G.8)

These conservation equations can be written for all components in the porous material, namely the 
solid material matrix, liquid water, dry air and water vapour: 

( )s
s m,s

w S
t

∂
+∇⋅ ρ =

∂ sv  (G.9)

( )l
l lv m,l

w w S S
t

∂
+∇⋅ = +

∂ lv  (G.10)

( )a
a m,a

w w S
t

∂
+∇ ⋅ =

∂ av  (G.11)

( )v
v lv m,v

w w S S
t

∂
+∇ ⋅ = − +

∂ vv  (G.12)

Slv is the liquid and water vapour source or sink term which quantifies the evaporation of liquid 
water or the condensation of water vapour into liquid water. Furthermore, it is assumed that the 
solid material matrix does not move (vs = 0), by which phenomena such as shrinking and swelling, 
during drying and moisture uptake respectively, are not taken into account. Moreover, source or 
sink terms other than evaporation or condensation of liquid water (e.g. due to chemical reactions 
such as release of chemically bound water or due to the melting or formation of ice), are not taken 
into account for all components: 

m,s m,a m,v m,lS S S S 0= = = =  (G.13)

Thereby the expressions simplify to: 
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sw 0
t

∂
=

∂
 (G.14)

( )a
a

w w 0
t

∂
+∇ ⋅ =

∂ av    ;    ( )aw 0
t

∂
+∇ ⋅ =

∂ ag  (G.15)

( ) ( )l v
l v

w w
w w 0

t
∂ +

+∇ + =
∂ l vv v    ;    ( )PMw 0

t
∂

+∇ + =
∂ l vg g  (G.16)

G.2. Conservation of energy 
The derivation of the conservation of energy for a porous material is analogous to what was done 
for the conservation of energy for a fluid in Appendix E. Since bound liquid water is not 
considered, the kinetics of adsorption/desorption are not taken into account and thereby the 
volumetric heat of wetting is also not accounted for. The conservation equation can be derived for 
an elementary control volume for each phase separately, in terms of wi’s. These conservation 
equations can then be summed to the resulting conservation equation for the porous material, 
assuming thermal equilibrium between all phases (and components): 

s l a vT T T T T= = = =  (G.17)
This resulting energy equation can be simplified (analogous to Eq.(E.55)) under similar 
assumptions as in Appendix E (see Whitaker 1977): 
1. Air (moist air), liquid and solid material matrix are assumed incompressible. 
2. Pressure variations are small so they do not affect thermodynamic properties, namely internal 
energy, enthalpy and density.  
3. Potential energy changes are assumed to be small compared to thermal energy changes and are 
neglected in the gaseous phase.  
4. Kinetic energy changes are assumed to be small compared to thermal energy changes and are 
neglected in the gaseous phase. 
5. Pressure work and viscous heating/dissipation are neglected. 
6. Heat source terms other than evaporation or condensation of liquid water (e.g. due to chemical 
reactions such as release of chemically bound water or due to the melting or formation of ice, are 
not taken into account. 

These assumptions result in a commonly known form of the energy conservation equation 
(Erriguible et al. 2005, Whitaker 1977): 

( ) ( )s s l l a a v v l l l a a v vw h w h w h w h w h w h w h
t
∂

+ + + +∇ ⋅ + + = −∇ ⋅
∂ a vv v v q  (G.18)
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H. Conservation equations for HAM model 

In this Appendix, the general conservation equations for heat and moisture transport in a porous 
material (see Appendix G) are simplified by making additional assumptions, resulting in the 
equations which are solved in the HAM model which is used in this thesis (HAMFEM). These 
conservation equations are expanded towards two variables, namely the temperature (T) and the 
capillary pressure (pc). 

H.1. Mass conservation for HAM model 
The general equations for mass conservation are given by Eqs.(G.14),(G.15) and (G.16): 

sw 0
t

∂
=

∂
 (H.1)

( )aw 0
t

∂
+∇⋅ =

∂ ag  (H.2)

( )PMw 0
t

∂
+∇ ⋅ + =

∂ l vg g  (H.3)

H.1.1. Expansion of gl 
The liquid water flux was given by Eq.(3.112): 

l l cK p= − ∇g  (H.4)
Here it was assumed that gravitational effects and air-pressure effects could be neglected with 
respect to capillary forces, which is a good assumption if no macro pores or cracks are present and 
if air-pressure differences (with the atmospheric pressure) are limited. Thereby, liquid transport is 
assumed to be only driven by capillary effects. If it is assumed that liquid transport due to thermal 
gradients can be neglected, the gradient to pc (which is temperature dependent) in Eq.(H.4) does not 
have to be expanded to the temperature. Moreover, it is assumed that the liquid permeability Kl is 
independent of temperature, implying no effect of temperature on the density and viscosity of the 
liquid. Note that the liquid water flux is also sometimes expressed as a function of liquid water 
permeabilities due to pressure and thermal gradients, respectively Klp and KlT (Carmeliet 2005): 

l lp c lTK p K T= ∇ + ∇g  (H.5)

In this case it is assumed that KlT = 0. 

H.1.2. Expansion of gv 
The vapour flux was given by Eq.(3.117): 

v
g va,mat

g

D ρ
= + = −ρ ∇

ρv c,v d,v c,vg g g g  (H.6)
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It is assumed that a constant gaseous pressure (pg = Patm = constant) is present in the porous 
material, thus gg = vg = 0 (Eq.(3.113)), which is valid if the moisture content is below the critical 
moisture content for air transport (Descamps 1997), which is slightly higher than the capillary 
moisture content of the material. Thereby, there is no convective gaseous transport (gc,a = gc,v = 0). 
Hence only diffusive dry air and water vapour transport occur. Moreover, at atmospheric pressure 
and for temperatures below 50°C, it can be assumed that: 

g constantρ ≈  (H.7)

By using the ideal gas law (Eq.(3.13)), this results in: 

va,matv a
g va,mat v v v v

g v

D
D p p p

R T
ρ δ

= = −ρ ∇ = − ∇ = −δ ∇ = − ∇
ρ μv d,vg g  (H.8)

When using Eq.(3.25) and Eq.(3.106), this flux can also be written as:  

( )c c c
v v,sat v v,sat v v,sat

l v l v l v

p p pp exp exp p p exp
R T R T R T

⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞
= −δ ∇ = −δ ∇ −δ ∇⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ρ ρ ρ⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠

vg  (H.9)

or equivalently 

c c

v,sat l v l vc
v v v,sat c

l v c

p pexp exp
p R T R Tpexp T p p T

R T T p T

⎛ ⎞⎛ ⎞ ⎛ ⎞
∂ ∂⎜ ⎟⎜ ⎟ ⎜ ⎟∂ ρ ρ⎛ ⎞ ⎝ ⎠ ⎝ ⎠⎜ ⎟= −δ ∇ −δ ∇ + ∇⎜ ⎟ ⎜ ⎟ρ ∂ ∂ ∂⎝ ⎠ ⎜ ⎟⎜ ⎟

⎝ ⎠

vg  (H.10)

Assuming the Clausius-Clapeyron equation: 

( )v,sat v
2

v

ln p L
T R T

∂
=

∂
 (H.11)

Note that Lv is the heat of vaporisation at 0 K. Since Lv and Rv are taken constant (see chapter 3), 
they are independent of the temperature, by which: 

( ) ( )v,sat v,sat v,sat v,sat v
2

v,sat v,sat v

ln p ln p p p L1
T p T p T R T

∂ ∂ ∂ ∂
= = =

∂ ∂ ∂ ∂
 (H.12)

v,sat v
v,sat 2

v

p Lp
T R T

∂
=

∂
 (H.13)

Since also ρl and Rv are taken constant (see chapter 3), and thus independent of pc and T, Eq.(H.10) 
results in: 

v c c
v v v v c2 2

v l v l v l v

L p p1 1p T p p T
R T R T R T T R T

⎛ ⎞⎛ ⎞∂
= −δ ∇ −δ ∇ + − ∇⎜ ⎟⎜ ⎟⎜ ⎟ρ ρ ∂ ρ⎝ ⎠⎝ ⎠

vg  (H.14)

If the Young-Laplace law is used, assuming cylindrical pores, and assuming that θc and r are 
independent of the temperature: 

lg lg lgc
c c c c c

lg

2 p 2 1p cos( ) cos( ) p p
r T r T T
σ ∂σ ∂σ∂

= − θ ⎯⎯→ = − θ = = γ
∂ ∂ σ ∂

 (H.15)

with lg

lg

1
T

∂σ
γ =

σ ∂
 (H.16)

Resulting in: 
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v c c
v v v v c2 2

v l v l v l v

L p p1p T p p T T
R T R T R T R T

⎛ ⎞γ
= −δ ∇ −δ ∇ + ∇ − ∇⎜ ⎟ρ ρ ρ⎝ ⎠

vg  (H.17)

or 

( )( )v v
v c v l v c2

l v l v

p pp L p T 1 T
R T R T

= −δ ∇ −δ ρ + γ − ∇
ρ ρvg  (H.18)

The water vapour flux is also sometimes expressed as a function of water vapour permeabilities due 
to pressure and thermal gradients, respectively Kvp and KvT (Carmeliet 2005): 

vp c vTK p K T= ∇ + ∇vg  (H.19)

H.1.3. Expansion of lw
t

∂
∂

 

l 0 l l l lw S= φ ρ = ϑ ρ  (H.20)
where ϑl is the volumetric liquid water content, which is a function of the two independent 
variables, pc and T, whereas ρl is assumed to be constant.  

l 0
cl l l l lt

l l l
c

pw T
t t t p t T t

∂ρ
=

∂
⎛ ⎞∂∂ ∂ϑ ∂ρ ∂ϑ ∂ϑ ∂

= ρ +ϑ ⎯⎯⎯→= ρ +⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠
 (H.21)

cl l l
l l

c

pw T
t p t T t

⎛ ⎞ ∂∂ ∂ϑ ∂ϑ ∂⎛ ⎞= ρ + ρ⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂ ∂⎝ ⎠⎝ ⎠
 or c cl l l

c c

p pw w w T
t p t p T t

∂ ∂∂ ∂ ∂ ∂
= +

∂ ∂ ∂ ∂ ∂ ∂
 (H.22)

This equation can be rewritten as a function of liquid water capacities due to pressure and thermal 
gradients, respectively Clp and ClT (Carmeliet 2005): 

cl
lp lT

pw TC C
t t t

∂∂ ∂
= +

∂ ∂ ∂
 (H.23)

Note that the liquid water capacity Cl is given by: 

l
l

c

wC
p

∂
=
∂

 (H.24)

By which:  

lp lC C=  (H.25)

c
lT l

pC C
T

∂
=

∂
 (H.26)

H.1.4. Expansion of vw
t

∂
∂

 

( )v 0 l v g vw 1 S= φ − ρ = ϑ ρ  (H.27)

where ϑg is the volumetric gaseous phase content, where ϑg + ϑl =ϕ0. Both ϑg and ρv are a function 
of the two independent variables, pc and T. 

g l
gv v c v c vl lt t

v g v g
c c

w p pT T
t t t p t T t p t T t

∂ϑ ∂ϑ
=−

∂ ∂
∂ϑ ⎛ ⎞ ⎛ ⎞∂ ∂ρ ∂ ∂ρ ∂ ∂ρ∂ϑ ∂ϑ ∂ ∂

= ρ +ϑ ⎯⎯⎯⎯→−ρ + +ϑ +⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠
 (H.28)
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v v c vl l
v g v g

c c

w p T
t p p t T T t

⎛ ⎞∂ ∂ρ ∂ ∂ρ∂ϑ ∂ϑ ∂⎛ ⎞= −ρ +ϑ + −ρ +ϑ⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠⎝ ⎠
 (H.29)

This equation can be rewritten as a function of water vapour capacities due to pressure and thermal 
gradients, respectively Cvp and CvT (Carmeliet 2005): 

v c
vp vT

w p TC C
t t t

∂ ∂ ∂
= +

∂ ∂ ∂
 (H.30)

or as a function of liquid water contents: 

( ) ( )v v v c v vl l
0 l 0 l

l c c l

w pw w T1 S 1 S
t p p t T T t

⎛ ⎞ ⎛ ⎞∂ ρ ∂ρ ∂ ρ ∂ρ∂ ∂ ∂
= − + φ − + − + φ −⎜ ⎟ ⎜ ⎟∂ ρ ∂ ∂ ∂ ρ ∂ ∂ ∂⎝ ⎠⎝ ⎠

 (H.31)

v v v c v vl l l l
0 0

l c l c l l

w pw w w w T
t p p t T T t

⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞∂ ρ ∂ρ ∂ ρ ∂ρ∂ ∂ ∂
= − + φ − + − + φ −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟∂ ρ ∂ ρ ∂ ∂ ρ ∂ ρ ∂ ∂⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠

 (H.32)

H.1.5. Simplified conservation equation 
If all the previous expansions are combined (Eqs.(H.1),(H.2),(H.3),(H.4),(H.18),(H.22) and (H.29)), 
following mass conservation equations are obtained: 

sw 0
t

∂
=

∂
 (H.33)

( )aw 0
t

∂
+∇⋅ =

∂ ag  (H.34)

( )c
mm mh

p TC C 0
t t

∂ ∂⎛ ⎞+ +∇ ⋅ + =⎜ ⎟∂ ∂⎝ ⎠
l vg g  (H.35)

with

( )

( )

( )( )

vl
mm l v g lp vp

c c

vl
mh l v g lT vT

l l c

v v
v c v l v c2

l v l v

C C C
p p

C C C
T T

K p
p pp L p T 1 T
R T R T

⎛ ⎞∂ρ∂ϑ
= ρ −ρ +ϑ = +⎜ ⎟∂ ∂⎝ ⎠

∂ρ∂ϑ⎛ ⎞= ρ −ρ +ϑ = +⎜ ⎟∂ ∂⎝ ⎠
= − ∇

= −δ ∇ −δ ρ + γ − ∇
ρ ρv

g

g

 (H.36)

These equations can be further simplified by taking into account following assumptions: 
• Dry air does not contribute to heat and mass storage 

o aw 0
t

∂
=

∂
, which results in ga = 0 from Eq.(H.2). Hence apart from convective 

transport (vg = gc,a = 0), also no diffusive transport occurs (gd,a = 0) since ga = gc,a + 
gd,a = 0. Dry air transport is thus not accounted for at all. 

• Water vapour does not contribute to heat and mass storage 

o vp vTC C 0= =  or vw 0
t

∂
=

∂
, resulting in wl = wPM 

o Alternatively v v

c

0
p T
∂ρ ∂ρ

= =
∂ ∂

 and ρv is small compared to ρl 
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• Moisture storage is independent of temperature. 

o l
lT lC 0

T
∂ϑ

= ρ =
∂

=> l 0
T

∂ϑ
=

∂
 

The resulting mass transfer equations become: 

sw 0
t

∂
=

∂
 (H.37)

aw 0
t

∂
=

∂
 (H.38)

( )c
mm mh

p TC C 0
t t

∂ ∂⎛ ⎞+ +∇ + =⎜ ⎟∂ ∂⎝ ⎠
l vg g  (H.39)

with

( )( )

l l PM
mm lp l l

c c c

mh

l l c

v v
v c v l v c2

l v l v

w wC C C
p p p

C 0
K p

p pp L p T 1 T
R T R T

∂ϑ ∂ ∂
= = ρ = = =

∂ ∂ ∂

=
= − ∇

= −δ ∇ −δ ρ + γ − ∇
ρ ρv

g

g

 (H.40)

H.2. Energy conservation for HAM model 
The general equation for energy conservation is given by Eq.(G.18):  

( ) ( )s s l l a a v v l a vw h w h w h w h h h h
t
∂

+ + + = −∇⋅ −∇⋅ + +
∂ l a vq g g g  (H.41)

H.2.1. Expansion of LHS of Eq.(H.41) 

( )s s l l l g a a g v vw h h h h
t
∂

+ϑ ρ +ϑ ρ +ϑ ρ
∂

 (H.42)

( )( ) ref
s p,s l p,l l a p,a g v p,v g ref ,0 v v gw c c c c T T L

t
∂ ⎡ ⎤+ρ ϑ +ρ ϑ +ρ ϑ − + ρ ϑ⎣ ⎦∂

 (H.43)

This equation is now split up for each of the porous material components and expanded: 

( )( )s p,s ref ,0 s p,s
Tw c T T w c

t t
∂ ∂

− =
∂ ∂

 (H.44)

( )( ) ( )

( )

l
l p,l l ref ,0 l p,l ref ,0 l p,l l

cl l
l p,l ref ,0 l p,l l

c

Tc T T c T T c
t t t

p T Tc T T c
p t T t t

∂ϑ∂ ∂
ρ ϑ − = ρ − +ρ ϑ

∂ ∂ ∂
⎛ ⎞∂∂ϑ ∂ϑ ∂ ∂

= ρ − + +ρ ϑ⎜ ⎟∂ ∂ ∂ ∂ ∂⎝ ⎠

 (H.45)

( )( ) ( ) ( )

( )

( )

g a
a p,a g ref ,0 a p,a ref ,0 a p,a g p,a g ref ,0

cl l
a p,a ref ,0

c

a c a
a p,a g p,a g ref ,0

c

Tc T T c T T c c T T
t t t t

p Tc T T
p t T t

pT Tc c T T
t p t T t

∂ϑ ∂ρ∂ ∂
ρ ϑ − = ρ − +ρ ϑ + ϑ −

∂ ∂ ∂ ∂
⎛ ⎞∂∂ϑ ∂ϑ ∂

= −ρ − +⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠
⎛ ⎞∂ρ ∂ ∂ρ∂ ∂

+ρ ϑ + ϑ − +⎜ ⎟∂ ∂ ∂ ∂ ∂⎝ ⎠

 (H.46)
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( )( ) ( ) ( )

( )

( )

g v
v p,v g ref ,0 v p,v ref ,0 v p,v g p,v g ref ,0

cl l
v p,v ref ,0

c

v c v
v p,v g p,v g ref ,0

c

Tc T T c T T c c T T
t t t t

p Tc T T
p t T t

pT Tc c T T
t p t T t

∂ϑ ∂ρ∂ ∂
ρ ϑ − = ρ − +ρ ϑ + ϑ −

∂ ∂ ∂ ∂
⎛ ⎞∂∂ϑ ∂ϑ ∂

= −ρ − +⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠
⎛ ⎞∂ρ ∂ ∂ρ∂ ∂

+ρ ϑ + ϑ − +⎜ ⎟∂ ∂ ∂ ∂ ∂⎝ ⎠

 (H.47)

( ) gref ref ref v
v v g v v v g

ref refc v c vl l
v v v g

c c

L L L
t t t

p pT TL L
p t T t p t T t

∂ϑ ∂ρ∂
ρ ϑ = ρ + ϑ

∂ ∂ ∂
⎛ ⎞ ⎛ ⎞∂ ∂ρ ∂ ∂ρ∂ϑ ∂ϑ ∂ ∂

= − ρ + + ϑ +⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠

 (H.48)

Resulting in: 

( )( )( ) ( )( )

( )( ) ( )( )

( )

( )

ref ref v cl
l p,l a p,a v p,v ref ,0 v v v p,v ref ,0 g

c c

a c a
p,a ref ,0 g p,a ref ,0 g

c

s p,s l p,l l a p,a g v p,v g

re
p,v ref ,0 g v

pc c c T T L L c T T
p p t

p Tc T T c T T
p t T t

Tw c c c c
t

c T T L

⎛ ⎞∂ρ ∂∂ϑ
ρ −ρ −ρ − − ρ + + − ϑ⎜ ⎟∂ ∂ ∂⎝ ⎠

⎛ ⎞∂ρ ∂ ∂ρ ∂⎛ ⎞+ − ϑ + − ϑ⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠⎝ ⎠
∂

+ +ρ ϑ +ρ ϑ +ρ ϑ
∂

+ − ϑ +( )

( )( )( )

f v
g

ref l
l p,l a p,a v p,v ref ,0 v v

T
T t

Tc c c T T L
T t

∂ρ ∂⎛ ⎞ϑ⎜ ⎟∂ ∂⎝ ⎠
∂ϑ ∂⎛ ⎞+ ρ −ρ −ρ − − ρ⎜ ⎟∂ ∂⎝ ⎠

 (H.49)

H.2.2. Simplified conservation equation 
The general conservation equation for heat transport can be simplified to some extent by using the 
expansion made in the previous paragraph (Eq.(H.49)), combined with additional assumptions: 

• Dry air does not contribute to heat and mass storage 

o aw 0
t

∂
=

∂
 

o Alternatively: a a a

c

0
t p T

∂ρ ∂ρ ∂ρ
= = =

∂ ∂ ∂
 and ρa is small compared to ρl 

• Water vapour does not contribute to heat or mass storage 

o v v v

c

0
t p T

∂ρ ∂ρ ∂ρ
= = =

∂ ∂ ∂
 and ρv is small compared to ρl, resulting in wl = wPM 

• Moisture storage is independent of temperature. 

o l 0
T

∂ϑ
=

∂
 

Thereby, many terms in Eq.(H.49) can be omitted: 
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l p,l acρ − ρ p,a vc − ρ( )( ) ref
p,v ref ,0 v vc T T L− − ρ( )

( )( )

cl

c

ref v
v p,v ref ,0 g

c

p
p t

L c T T
p

⎛ ⎞ ∂∂ϑ
⎜ ⎟∂ ∂⎝ ⎠

∂ρ
+ + − ϑ

∂

( )( )

c

a
p,a ref ,0 g

c

p
t

c T T
p

⎛ ⎞ ∂
⎜ ⎟⎜ ⎟ ∂⎝ ⎠

∂ρ
+ − ϑ

∂
( )( )c a

p,a ref ,0 g
p c T T
t T

⎛ ⎞ ∂ ∂ρ
+ − ϑ⎜ ⎟⎜ ⎟ ∂ ∂⎝ ⎠

s p,s l p,l l a

T
t

w c c

⎛ ⎞ ∂
⎜ ⎟ ∂⎝ ⎠

+ +ρ ϑ + ρ p,a g vc ϑ + ρ( )

( )( )

p,v g

ref v
p,v ref g v g

Tc
t

c T T L
T

∂
ϑ

∂
∂ρ

+ − ϑ + ϑ
∂

( )( )( )ref l
l p,l a p,a v p,v ref ,0 v v

T
t

c c c T T L
T

⎛ ⎞ ∂
⎜ ⎟ ∂⎝ ⎠

∂ϑ
+ ρ −ρ −ρ − − ρ

∂
T
t

⎛ ⎞ ∂
⎜ ⎟ ∂⎝ ⎠

 (H.50)

which results in: 

( ) ( ) ( )cl
l p,l ref ,0 s p,s l p,l l l v

c

p Tc T T w c c h h
p t t

⎛ ⎞ ∂∂ϑ ∂
ρ − + +ρ ϑ = −∇⋅ −∇ ⋅ +⎜ ⎟∂ ∂ ∂⎝ ⎠

l vq g g  (H.51)

Where gl and gv are given by Eq.(H.36). Substituting wl = ρlϑl = wPM, this can be rewritten as: 

( ) ( ) ( )cPM
p,l ref ,0 p,s s p,l PM l v

c

pw Tc T T c w c w h h
p t t

⎛ ⎞ ∂∂ ∂
− + + = −∇ ⋅ −∇ ⋅ +⎜ ⎟∂ ∂ ∂⎝ ⎠

l vq g g  (H.52)

Or equivalently: 

( ) ( )

( ) ( )( )( )

cPM
p,l ref ,0 p,s s p,l PM

c

ref
p,l ref ,0 p,v ref ,0 v

pw Tc T T c w c w
p t t

c T T c T T L

⎛ ⎞ ∂∂ ∂
− + +⎜ ⎟∂ ∂ ∂⎝ ⎠

+∇⋅ − + − + = −∇⋅l vg g q
 (H.53)
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I. Channel flow CFD simulation 

I.1. Numerical model 
Two-dimensional turbulent channel flow (height H = 2 m) is considered, where a long channel 
length (175H) allowed the boundary layer to become fully developed towards the end of the 
channel, resulting in a boundary layer at equilibrium conditions. The computational domain and the 
imposed boundary conditions are specified in Figure I.1. At the channel inlet, a uniform low-
turbulent velocity profile is imposed with a bulk wind speed (Ub) of 10 m/s and a turbulence 
intensity of 0.5%, which results in a Reynolds number of 1.4x106, based on the bulk wind speed and 
the channel height. The turbulent kinetic energy and turbulence dissipation rate at the inlet are 
determined based on the turbulence intensity and an estimate of the turbulence length scale at the 
inlet according to following equations (Fluent 2006): 

( )2
b

3/2
3/4

I

3k U I
2

kC
lμ

=

ε =
 (I.1)

with I Hl 0.07L 0.07D= =  (I.2)
where lI is an estimate of the turbulence length scale of the large eddies in the flow (i.e. the integral 
length scale), L is a characteristic length scale of the computational domain, which is taken equal to 
the hydraulic diameter of the domain DH (= 2H for a two-dimensional channel). The temperature of 
the approach flow air is taken 10°C. Note that only the lower half of the channel is modelled, where 
a symmetry boundary condition is imposed at the top boundary, which assumes that the normal 
velocity component and the normal gradients at the boundary are zero, resulting in flow parallel to 
the boundary. The (lower) channel wall is modelled as a no-slip boundary with zero roughness, 
where the channel walls are heated at a temperature of 20°C. At the outlet of the computational 
domain, a zero static pressure is imposed. An appropriate grid is built, based on a grid sensitivity 
analysis, consisting of 2.94x105 quadrilateral control volumes. 

I.2. Numerical simulation 
The simulations are performed with the CFD code Fluent 6.3, which uses the control volume 
method. Steady RANS is used in combination with a turbulence model. The realizable k-ε model is 
used together with LRNM to take care of the viscosity-affected region, for which the one-equation 
Wolfshtein model is used. Buoyancy effects are not taken into account in the simulations, by which 
the CTCs are not strongly dependent on the imposed thermal boundary conditions. Radiation is also 
not considered since the opposing channel walls are at the same temperature. Second-order 
discretisation schemes are used throughout. The SIMPLE algorithm is used for pressure-velocity 
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coupling. Pressure interpolation is second order. Convergence was assessed by monitoring the 
velocity, turbulent kinetic energy and temperature on specific locations in the flow field and heat 
fluxes on the channel wall. Note that the channel flow is evaluated at a distance of 170H 
downstream of the inlet. 

 
Figure I.1: Computational model of channel flow with boundary conditions. 
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J. Heat and mass transfer analogy 

In this Appendix, the limitations of the heat and mass transfer analogy in air flow, which is based on 
the similarity between the thermal and concentration boundary layers, are identified, based on the 
conservation equations for heat and mass transfer. First, the conservation equations for heat and 
mass (moist air) transfer are repeated (see Appendix E): 

( )v
vt

∂ρ
+∇ ⋅ ρ = −∇ ⋅

∂ g d,vv g  (J.1)

( )a
at

∂ρ
+∇⋅ ρ = −∇ ⋅

∂ g d,av g  (J.2)

( ) ( )( ) ( )a a v v a a v v a vh h h h h h
t
∂

ρ +ρ +∇⋅ ρ +ρ = −∇⋅ + +
∂ g d,a d,vv q g g  (J.3)

with v
g va

g

D ρ
= −ρ ∇

ρd,vg    ;   a
g va

g

D ρ
= −ρ ∇

ρd,ag  

with g T= −λ ∇q    ;   ( )a p,a ref ,0h c T T= −    ;   ( ) ref
v p,v ref ,0 vh c T T L= − +  

The assumptions required to obtain these equations are specified in Appendix E. As shown in 
Appendix E, the latent heat and reference temperature do not have an impact on the resulting 
conservation equation for heat transfer. Note that heat and mass source terms (e.g. radiation) were 
already assumed not to be present. The conservation equation for heat can be simplified by 
assuming that heat and mass transfer are uncoupled and with: 

g p,g a p,a v p,vc c cρ = ρ +ρ  (J.4)

Thereby, following equations are obtained after simplification: 

( ) ( )v
v va vD

t
∂ρ

+∇ ⋅ ρ = ∇ ⋅ ∇ρ
∂ gv  (J.5)

( ) ( )a
a va aD

t
∂ρ

+∇⋅ ρ = ∇ ⋅ ∇ρ
∂ gv  (J.6)

( ) g

g p,g

T T T
t c

⎛ ⎞λ∂
+∇ ⋅ = ∇ ⋅ ∇⎜ ⎟⎜ ⎟∂ ρ⎝ ⎠

gv  (J.7)

The conservation equations for heat (~ T) and mass transfer (~ ρa and ρv) show a strong analogy and 
are completely analogous if: 

g
va

g p,g

D
c
λ

=
ρ

 (J.8)

or also: 
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gva

g p,g

Sc Pr
D

c

ν ν
= = =

λ
ρ

 
(J.9)

If this equality holds, the Lewis number (Le = Sc/Pr) is equal to one. Although thereby completely 
analogous conservation equations are obtained, analogous boundary conditions (e.g. constant flux 
boundary condition) are also required to have similarity between the concentration and thermal 
boundary layers. 
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