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" Within the thermal storage systems available or investigated, PCMs are the sole latent heat stores.
" PCMs have a high potential in energy capture and storage, using a circulating fluidized bed (CFB) as transfer/storage mode.
" Thermal considerations determine the optimum size range for the applied PCM particles (<400 lm).
" The wall-to-CFB heat transfer is measured, and compared with both empirical and model predictions.
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a b s t r a c t

Within the thermal energy capture and/or storage systems currently available or investigated, PCMs are
the sole latent heat stores. Despite their low thermal conductivity, that limits charging and discharging
times, the higher energy storage capacity per unit weight in comparison with sensible heat stores, makes
them increasingly attractive for high temperature applications, resulting in reduced storage volumes and
required circulation rates within the heat collector. The present paper introduces these PCMs, and their
potential application in high temperature energy capture and storage, using a circulating fluidized bed
(CFB) as transfer/storage mode. Thermal considerations determine the optimum size range for the
applied particles (<400 lm). The heat transfer from the wall of the CFB to the flowing gas–solid suspen-
sion is a major design parameter of the collector, and studied for different operating conditions as deter-
mined by the gas velocity and solids circulation flux. Measured values of the heat transfer coefficients are
discussed, and compared with empirical predictions of Molodtsof–Muzyka, and Gorliz–Grace. Fair agree-
ment is obtained only when the empirical parameters are carefully predicted. The application of a packet
renewal mechanism at the wall is also investigated, with a fair prediction of the heat transfer coefficient
in terms of the expected solid contact time at the wall.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Phase change materials (PCMs)

Latent heat thermal energy storage and associated phase
change materials (PCMs) are attractive as they provide a high en-
ergy density storage due to the phase transformation, and mostly
applied by solidification/fusion, or to a lesser extent by boiling/
condensing. PCMs can involve organic or inorganic materials,
coated by (or embedded in) a stable and inert shell (or matrix).
Various examples were recently reviewed by Fernandes et al. [1].
Relative to sensible heat energy storage systems, a PCM requires
a lower weight and volume of material for a given amount of
stored energy and has the capacity to store the heat at a constant
or near-constant phase-transition temperature. Considering the la-
tent heat of phase transition and the sensible heat related to the
specific heat capacity (Cp) and the applied temperature difference
(DT), it is obvious that an inorganic PCM can store the same
amount of energy in 25–30% of the weight of a pure inorganic so-
lid; whereas an organic paraffin-based PCM stores about seven
times more energy per unit weight than the pure mineral or metal
used to coat the paraffin. The main disadvantage with regards to
PCMs is the low thermal conductivity and the phase change itself:
during extraction of energy from storage, the liquid solidifies at the
heat transfer surfaces and an immobile layer of solid material
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http://www.sciencedirect.com/science/journal/03062619
http://www.elsevier.com/locate/apenergy


Nomenclature

a, b dimensionless parameters
Aex surface area of the heat exchanging wall, m
Bi Biot number
C solid to gas heat capacity, Cp/Cg

Cp, Cg specific heat capacity of solid and gas respectively,
J g�1 K�1

CAF, CFB, BFB core-annulus flow, circulating and bubbling fluid-
ized bed, respectively

ID, OD inner and outside diameter respectively, mm
D riser equivalent diameter, m
dp average particle diameter, m
DRF, DRU dilute riser flow, dense riser flow, respectively
fd time fraction of contact by the dense phase
G solids circulation flux, kg m�2 s�1

Gsh particles horizontal exchange flux, kg m�2 s�1

hc contact transfer resistance, W m�2 K�1

hd heat transfer coefficient during dense phase contact,
W m�2 K�1

hrad
ij radiation heat transfer coefficient, W m�2 K�1

hg, hgc gas convective heat transfer coefficient, W m�2 K�1

hl heat transfer coefficient of lean gas phase contact,
W m�2 K�1

hm, h average heat transfer coefficient from riser wall to the
suspension, W m�2 K�1

hr heat transfer coefficient by radiation, W m�2 K�1

hsr heat transfer coefficient by radiation from the suspen-
sion to the wall, W m�2 K�1

htot total effective heat transfer coefficient, W m�2 K�1

hð�hÞ average heat transfer coefficient as function of contact
time at the wall, W m�2 K�1

kg, kp thermal conductivity of gas and particles, respectively,
W m�1 K�1

M loading ratio
Nu, Re Nusselt and Reynolds number respectively
r radial position in a sphere of radius R, m
Tb, Tw bulk temperature and wall temperature respectively, K
TR, Tc temperature at the outer surface or core of a sphere,

respectively, K
tg, tp residence time of gas and particles, respectively, s
TFBB Turbulent Fluidized Bed at the Bottom of the CFB riser.
U, UTR superficial air velocity through the riser and transport

velocity respectively, m s�1

�mp average velocity of particle, m s�1

dg gas gap thickness, lm
DT temperature difference, K
a thermal diffusivity of the particle [kp/qp Cp], m2 s�1

b heating rate, K s�1

e voidage of the riser
esus cross sectional average suspension voidage
u slip factor
�h average contact time of the particle packets at the wall, s
qg, qp gas and particle density respectively, kg m�3

qsus suspension density, kg m�3

f f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:82 logðReÞ � 1:64

p
Eq. (13)
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grows as it gives up its heat of fusion. Both factors lead to slow
charging and discharging rates, hence contacting techniques with
a high heat transfer rate are required.

Although the development of PCM applications is increasingly
reported upon in the literature, the manufacturing of PCM-parti-
cles is at its early stage and commercial small-size particles are
not yet available. Fundamental studies on PCM materials towards
their properties and behaviour have been presented by Pitié et al.
[2], Joulin et al. [3] and Li et al. [4]. Applications of PCM cold stor-
age systems have been investigated by Castell et al. [5], Martin
et al. [6], Rady [7] and Oró et al. [8]. Building applications have
been assessed by e.g. Zhou et al. [9] and Borreguero et al. [10].
Additional research investigated the use of PCM materials in tubu-
lar heat exchangers [11–13] and in specific applications, such as in
a finned storage [14] or in packed bed storage [7].

The potential of using a suspension flow of PCM-particles in en-
ergy capture/storage has not previously been assessed, and is stud-
ied in the present paper, with the main focus upon the dominant
heat transfer mode and upon the heat transfer coefficients ob-
tained in such a suspension flow system.

The variation of the surface heat flux depends upon the relative
importance of the convective resistance (fixed resistance) and the
conductive resistance (variable resistance). A dominant convective
resistance achieves a nearly uniform surface heat flux with time,
whereas a conductive resistance will create a time-decreasing heat
flux. In view of the relative importance of convection and conduc-
tion, it is therefore important, as a first objective, to consider the
heat transfer mode to the PCM particles, as discussed in Section 2.
To achieve the dominant convection heat transfer, the analysis will
determine that systems with a high heat transfer coefficient are re-
quired. The second objective of the research subsequently quantifies
the heat transfer coefficients obtained between the wall of a CFB
riser and the circulating gas–solid suspension of particles. This heat
transfer coefficient is assessed in terms of the different hydrody-
namic regimes that occur in a CFB riser. The high heat transfer
coefficient obtained will demonstrate that convection heat transfer
dominates.
1.2. The CFB and heat transfer

The circulating fluidized bed (CFB) is increasingly used in chem-
ical reactors and in physical gas–solid processes (e.g. drying). Re-
cent developments propose its use in concentrated solar energy
capture/storage systems or industrial waste heat recovery, to re-
place thermal fluids or molten salts as transfer and storage med-
ium [15]. A circulating fluidised bed consists of various essential
components, i.e. (i) a riser where generally most of the important
industrial reactions or thermal processes occur, (ii) a cyclone
which separates solids from air, allowing only very fine solids to
be carried out of the system; (iii) a standpipe to collect solids from
the cyclone and provides a solids reservoir; and (iv) a solids re-cir-
culation valve, that feeds solids back into the riser. The riser is the
key part the CFB system. A CFB system commonly uses small Gel-
dart A-Type particles, also used in the present experiments. The
typical set-up of Fig. 1, applicable in solar towers [16] and in high
temperature waste heat recovery, applies a dense particle bed con-
veyed within a tube bundle to capture the heat at bed tempera-
tures between e.g. 500 and 750 �C, thereafter using the stored
heat in a subsequent bubbling fluidized bed steam boiler. A CFB
shares many of its advantages with traditional bubbling fluidized
beds (BFBs), including temperature uniformity and excellent heat
transfer. The continuous carry-over of particles implies solids’ col-
lection and return equipment. In solar energy capture systems, so-
lar heat will be captured at the outside tube wall, and subsequently
transferred to the circulating solids.



Fig. 1. Illustration of the riser solar energy capture and storage.

Zone I: Transition zone and/or inaccuracy in UTR prediction 
Zone II: dilute riser flow (DRF) 
Zone III: core-annulus flow (CAF) only 
Zone IV: CAF with turbulent fluidized bed at the bottom (TFBB) 
Zone V: dense riser up-flow (DRU) 

transition DRF - CAF: G = 10 + (U - UTR)1.8 
transition CAF - CAF with TFBB: G = 20 + (U - UTR)2 
transition CAF with TFBB - DRU: G = 60 +15 (U - UTR)0.5 
Range of operating conditions where CAF mode is no longer reported and only DRF and DRU 

prevail. 

Fig. 2. Hydrodynamic operating modes of a CFB riser, expressed as G versus U–UTR depending on the different hydrodynamic flow modes [17].
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The riser operating modes are vital to design a CFB, since pro-
ducing different solid residence times and mixing behaviour and
determining the efficiency of the heat transfer. Fig. 2 depicts the
existence of four different operating modes (dilute, dense, core-
annulus, combined) as a function of U and G in the riser [16]. The
various flow regimes have distinct characteristics towards solids
flow. In general, the particle velocity is defined as:
vp ¼
U
eu

ð1Þ

In the Dilute Riser Flow (DRF)-regime, the slip factor, u, has a
previously reported value between 1 and 1.2 [16,17]. In Dense Riser
Upflow (DRU), Chan et al. [17] found that the u values are fraction-
ally higher, ranging between 1.2 and 1.6 with an average of 1.3. In
Core-annulus Flow (CAF), cluster formation reduces the net velocity
and u values are close to 2 [17,18]. CAF with Turbulent Fluidised Bot-
tom Bed (TFBB) is an intermediate regime. The residence time for
CAF with TFBB is significantly longer than CAF itself and DRF due
to the existence of the fully mixed TFBB. Chan et al. [19] demon-
strated that the residence time for solids in TFBB alone can range
from 10 to 20 s. The characteristics of the CAF region above the
TFBB are similar to the above sole CAF flow, as described before.
Together with the particle velocity, also the bed voidage is distinct,
ranging respectively from about 0.99 in DRF; 0.7–0.9 in a TFBB,
0.95–0.98 in CAF, to �0.9 in dense riser up-flow DRU [20,21].

The design of a heat capturing CFB riser requires a prediction of
the heat transfer coefficient between the wall of the riser and the
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particle-gas suspension flow. The wall-to-bed heat transfer coeffi-
cient will be measured for different operating conditions of gas
flow (U) and solids’ circulation rate (G) and will cover the different
operating modes of the riser flow (dilute, core-annulus, dense),
which will be shown to have a marked influence on the heat trans-
fer coefficient.

Heat transfer to the wall of a CFB riser can be assumed to in-
volve additive components due to conduction, convection and
radiation, similar to that described for bubbling beds [22], different
since no bubbles are present, but with the flow at the wall domi-
nated by streamers or clusters travelling upward and downward.
The processes governing heat transfer are however similar, with
packets of particles contacting the wall, and exchanging heat
according to the known film penetration model [22]. Published
empirical correlations, widely used in bubbling fluidized beds,
are not common for circulating fluidized beds. Instead, a number
of semi-empirical models have been proposed in the literature
and discussed below. As indicated in Eq. (2), one treats the heat
transfer as being composed of additive conduction/convection
and radiation.

htot ¼ fdhd þ ð1� fdÞh1 þ hr ð2Þ

where htot, hd, hl and hr are the total effective heat transfer coeffi-
cient, the heat transfer coefficient during dense (particle) phase
contact, the heat transfer coefficient during lean gas phase contact,
and the heat transfer coefficient for radiation, respectively, while fd

is the time fraction of contact by the dense phase [22,23].
Previous work on heat transfer in vertically flowing gas–solid

suspensions, as occurring in a CFB riser, has been extensively re-
viewed by Muzyka [24] and Grace [25]. As long as convective heat
transfer between the suspension and the surface is considered,
with the exclusion of radiant heat transfer, the major concern is
to predict the variation of the heat transfer coefficient with solids
loading and gas velocity in various riser geometries. Different
empirical correlations and models (mostly for bed-to-wall heat
transfer) have been proposed, but Grace [25] summarised the situ-
ation as follows: ‘‘no existing correlations give consistent agree-
ment with the available data’’.

The theoretical approach proposed by Molodtsof and Muzyka
[26] predicts the wall-to-suspension heat transfer coefficient (hm)
as a function of loading ratio (M), heat capacity ratio (C), and the
gas convective transfer coefficient (hg).

hm

hg
¼ ð1þMCÞ2

1þ aMC þ bðMCÞ2
ð3Þ

The dimensionless parameters a and b in Eq. (3) are compound
factors involving dimensionless radial concentration, velocity, and
temperature profiles. They are generally unknowns, as the profiles
are unknown. Apart from design parameters (pipe diameter, parti-
cle size distribution and physical properties), they only depend on
the superficial gas velocity, and need to be fitted from experimen-
tal results for the specific gas–solid system under scrutiny.

Golriz and Grace [27] proposed a model for large units (>1 m ID)
based on the assumptions of fully developed conditions and radi-
ally uniform clusters at the wall, hence valid for CAF operation.
At any instant, some portions of the surface are bare, while other
portions of the surface are covered by clusters, each separated from
the wall by a thin gas gap of thickness dg. Different heat transfer
mechanisms are assumed for the bare and covered portions. For
the bare sections, transfer is by gas convection (denoted by sub-
script ‘gc’) and by radiation from the suspension to the wall (sub-
script ‘sr’). The rest of the wall is covered by clusters/streamers
providing a parallel transfer path. The transfer rate is then assumed
to be controlled by a particle horizontal exchange flux, Gsh. The
combined expression of the heat transfer coefficient is given as a
total heat transfer coefficient, htot, as follows:

htot ¼ ðhgc þ hsrÞð1� f Þ þ f
1

GshCpþhrad
be

þ 1
ðkg=dg Þþhrad

ew

ð4Þ

For operation at temperatures below 600 �C, the radiation con-
tribution can be omitted [22]. The parameters of the equation are
then estimated, with an expression for the fractional coverage, f,
accounting for the scale of the unit:

f ¼ 1� exp �25000 1� 2
expð0:5DÞ þ expð�0:5DÞ

� �
ð1� esusÞ

� �
ð5Þ

where D(m) is the riser equivalent diameter (4 � cross sectional
area/perimeter). For large units, f approaches unity, meaning that
the entire wall becomes covered by clusters. The gas convective
transfer coefficient, hgc, was obtained from the well-known Dit-
tus–Boelter correlation. If a contribution by radiation between the
suspension and the bare wall is important, its contribution can be
predicted as proposed in the Gorliz and Grace paper [27], or by an
alternative estimation as presented in Section 5.5. of the present
paper.

The gas gap thickness is estimated [28] from:

dg ¼ 0:0282dpð1� esusÞ�0:59 ð6Þ

where dp is the average particle diameter and esus is the cross sec-
tional average suspension void fraction. An expression for the lat-
eral solids flux was obtained by fitting all heat transfer data for
units of D P 1 m where the suspension densities,
qsus ¼ qpð1� esusÞ þ qgesus, exceeded 5 kg m�3, leading to:

Gsh ¼ 0:0225 lnðqsusÞ þ 0:1093 ð7Þ

Since the heat transfer is determined by the transient heat
transfer from the wall to clusters of particles in contact, a surface
renewal model can be applied, as initially developed by Baeyens
and Geldart [22] for BFB applications.

hðhÞ ¼ hc

1þ 6hc
qpCpdp

h
ð8Þ
2. The heat transfer mode and possible reduction of thermal
gradients

The present section assesses objective 1 of the study: ‘‘how can
thermal gradients in and around the particle be avoided?’’ Applica-
tion of the basic principles of both heat transfer to the particle and
of heat conduction within the particle, allows to determine the re-
quired working conditions. The temperature uniformity through-
out the particles can be determined by the heat conduction law
of Fourier, here applied in non-stationary regime and for the sim-
ple case of a spherical particle:

@T
@t
¼ kp

qpcp

@2T
@r2 þ

2
r
@T
@r

 !
ð9Þ

with symbols defined in the Nomenclature.
oT/ot = b for r = 0 to R (=dp/2) and oT/or = 0 for r = 0 (in the core)

The solution is given by Carslaw and Jaeger [29] as:

DTmax ¼ ðTR � TcÞ ¼ bd2
p=ð24aÞ ð10Þ

Applied for various values of b and with e.g. the characteristic
properties of an inorganic particle at 773 K, i.e. kp = 0.60 W m�1 -
K�1, cp = 1150 J kg�1 K�1 and qp = 2800 kg m�3, results are a set of
curves in function of the diameter as shown in Fig. 3.
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Fig. 3. Maximum temperature difference (DTmax) between the surface and core of the particle in function of the particle diameter at different heating rates (b).
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These calculations show that the temperature differences be-
tween the particle surface and core are very limited, certainly
when considering that the surrounding temperature is 773 K.

The heating rate will vary with the heating technique applied,
between minimally 1.5 K s�1 in a TGA (thermogravimetic analysis),
to >>100 K s�1 in a BFB or CFB [22]. In order to minimise DTmax

(<10 K) even at high heating rates, it is appropriate to use small
inorganic particles (sand, SiC, etc.) below 400 lm. No significant
thermal gradient will occur in these small particles, even when
working at slow heating rates: the core and the surface of the par-
ticle will behave thermally in a similar way.

Solar energy capture and subsequent heat release require a fast
heat transfer from the exchanger wall to/from the particles. This
heat transfer is conditioned by the degree of gas and solid turbu-
lence achieved in the collector. The heat transfer coefficient de-
pends on the gas–solid contacting mode. It ranges from
10 W m�2 K�1 for a static bed, to 50–100 W m�2 K�1 in a fixed
bed with forced gas circulation (as in TGA), and several hundreds
of W m�2 K�1 for BFB and CFB [22]. This explains why fluidized
beds are specifically considered as top technologies for solar en-
ergy systems. The value of the heat transfer coefficient in a CFB
was previously reported between 150 and 600 W m�2 K�1. The
experimental results of the present research are given in Section 4
below,

Since not only external convection but also internal conduction
is important, the overall picture is expressed by the Biot-number,
as the ratio of the internal resistance to heat penetration and the
external convection resistance to heat transfer.

Bi ¼ ðdp=kpÞ=ð1=hÞ ð11Þ

For the 100 lm particle at 773 K, the values are as follows:

h ¼ 150 W m�2 K�1 Bi ¼ 100:10�6: 150=0:60 ¼ 0:025
h ¼ 300 W m�2 K�1 Bi ¼ 100:10�6: 300=0:60 ¼ 0:05
h ¼ 500 W m�2 K�1 Bi ¼ 100:10�6: 500=0:60 ¼ 0:08

The Biot-number is <<1 in all cases, implying that the external
resistance associated with convection heat transfer largely domi-
nates for smaller particles. This remains valid for particle sizes be-
low �700 lm. Bi is only >1 for coarser particles. This result
confirms Fig. 3 where limited increasing DTmax values are noticed
with increasing b values (achieved at high convection heat transfer
rates), for smaller particles, but significant differences occur for
coarser particles. Operating a CFB collector at dp < �400 lm is
hence certainly indicated to avoid thermal gradients within the
particle. Fortunately, CFB operations are restricted to particle sizes
of similar magnitude [16].
3. Experimental setup and procedure: wall-to-bed heat transfer

The experimental riser and CFB are depicted in Fig. 4.
The riser consists of a 50 mm ID pipe approximately 2.5 m high.

Solids circulation was achieved via a 100 mm ID downcomer and
50 mm ID L-valve. Air is supplied through a distributor plate and
leaves the system through a cyclone after the riser exit. Pressure
taps are located along the height of the riser and connected to a
data acquisition system. Flow rates and pressure drops were mon-
itored. A concentric wall heater of 10 cm length was installed at
1.2 m above the re-entry joint of the L-valve. Heat supply was by
hot water (60–90 �C) or by thermal fluid (Santotherm 350). The
downcomer was water-cooled through a 0.2 m long concentric
cooler. The bed temperature was kept within the range of 30–
40 �C. The wall surface temperature was measured using a resis-
tance thermocouple welded onto the wall. Additional Thermocoax
thermocouples (0.1 mm OD) were installed at various locations in
the riser and downcomer, as well as in the feeding and overflow
lines of the fluid, as indicated in Fig. 4. The flow rates of gas and
solids were set to the desired values, the heat input into the system
was fixed, and the system was allowed to stabilize over a period of
about one hour, during which flow rate, temperatures, and pres-
sures were monitored and recorded.

The axial pressure profile was recorded during each experiment
in order to make sure that the suspension entering the heated sec-
tion was in fully developed flow conditions. From the known ex-
posed surface area, Aex, and measured wall-to-bed temperature
difference, DT, the heat transfer coefficient was calculated for the
given heat input as:

hm ¼
Q

AexDT
ð12Þ

The measurements were performed for the gas flow alone (hg)
and for the gas–solid suspension at various solid/gas ratios (hm).
The heat transfer coefficient to the gas–solid suspension, hm, was
also expressed as hm/hg ratio. The bed material used was rounded
sand of the following characteristics: dsv = 75 lm, qp = 2260 kg/
m3, and Cp = 1.05 kJ/kg K.

Various combined (U,G) values were tested in order to scan the
different riser hydrodynamic regimes: these experimental condi-
tions are illustrated in Fig. 5, using the Mahmoudi et al. [16] regime
diagram as a basis. Clearly DRF, CAF and DRU hydrodynamic re-
gimes were investigated.



Fc

t4

Tc,o

t3

FA,L

Tc,i

TA,iFA

1

4 6

11

9

3

2

7

t1

8

Th,o

t2

FH TH,i

10

5

(1) riser 50 mm I.D., (2) HE Stairmand cyclone, (3) downcomer 100 mm I.D.,(4) L-valve 50 mm I.D., 
(5) air from speed-controlled blower,(6) compressed air, (7) vent to baghouse filter, (8) co-axial 
heating section, (9) co-axial cooling section, (10) supply of thermal fluid, (11) supply of cooling 
water;FH, FC, FA, FA,L: respectively flow meters of thermal fluid, cooling water, riser air, L-valve air;T: 
temperature probes for respective fluids;t : temperature probes inside riser and downcomer.

Fig. 4. Layout of the experimental set-up.
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Fig. 5. Experimental (U,G) conditions in comparison with the riser flow modes.
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4. Results and discussion

4.1. The gas convection coefficient

Essential in the use of the semi-experimental equations, is the
prediction of the heat transfer coefficient when solids are absent,
i.e. the heat transfer coefficient between the heat transfer surface
and a pure gas flow at velocity U, in the riser, hg. The Gnielinski
equation [30] is used to predict hg in the present treatment, to cov-
er gas flow in the transitional and turbulent flow regime.

Nu ¼ hgD
kg
¼

ðf8ÞðRe� 1000ÞPr

1þ 12:7
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f
8 ðPr2=3 � 1Þ

q 1þ D
L

� �2=3
 !

ð13Þ

with f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:82 logðReÞ � 1:64

q
and other symbols defined in the

Nomenclature:
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4.2. Experimental results for the riser-wall to bed heat transfer
coefficient, hm

Experimental results, expressed as the ratio of hm/hg, are illus-
trated in Fig. 6. Clearly, hm is a strong function of the (U,G) combi-
nation, especially at lower G values, thus also of the hydrodynamic
operating mode of the riser. Experimental results will further be
developed in terms of the empirical and model approaches of Sec-
tion 1.2. At G = 0, hm should assume the hg heat transfer coefficient,
only a function of U.

4.3. Preliminary literature findings

In a previous research, Everaert et al. [31] studied the heat
transfer coefficient to an in-bed heat transfer surface in a 0.1 m
I.D. riser. Experiments were carried out in the DRF and CAF operat-
ing modes. Relevant results with respect to the present research
determine that: (i) the core region extends to approximately 85%
of the riser radius (0.05 m) with an annulus thickness of approxi-
mately 7.5 mm; (ii) increasing the gas flow rate at a given solid cir-
culation rate significantly reduces the suspension heat transfer
coefficient; (iii) the heat transfer coefficient is a function of the ra-
dial position in the riser, as illustrated in Fig. 6: the heat transfer
coefficient in the core is significantly higher than at the wall; and
(iv) even in dilute flow, i.e. at the low G values of Fig. 7, the solids
contribute significantly to the overall heat transfer coefficient,
since the ratio hm/hg exceeds �2.
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Fig. 7. Effect of the radial position of the heater in the riser on the heat transfer
coefficient hm (expressed as ratio) at Ug = 7.8 m/s.
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5. Transformation of experimental results into design equations

5.1. Molodtsof and Muzyka

All results were expressed as hm/hg values. Experimental hm/hg-
ratios can be fitted by Eq. (6), to determine the unknown coeffi-
cients a and b.

Since the solid-to-gas heat capacity was constant in our exper-
iments, the results could be used to define coefficients a and b
(which remain constant in the range of gas velocities and solids
loadings) and thereafter predict hm/hg for various values of M and
C. The results are given in Fig. 8, illustrating the fair agreement ob-
tained, with coefficients a and b respectively 3.37 and 0.028
(R2 = 96.5%). Of course, the design application of the Molodtsof
and Muzyka approach needs the experimental determination of
the fitting coefficients a and b.

5.2. Golriz and Grace

The empirical equations of Golriz and Grace [27]can be trans-
formed into the following equation, when radiation is neglected.

hm

hg
¼ ð1� f Þ þ f

1
GshCp
þ 1

kg=dg

� � ð14Þ

The suspension density and particle residence time (tp) were
calculated according to Chan et al. [19]. The values of the gas res-
idence time (tg) was calculated by the method presented in Mah-
moudi et al. [32], thus a function of U and G.

esus ¼
Utg

Utg þ Gtp=qp
ð15Þ

qsus ¼ esusqg þ ð1� esusÞqp ð16Þ

Although outside the range of applicability of the initial Gorliz
and Grace correlations (experimental D << 1 m), the comparison
between experimental and predicted values is illustrated in
Fig. 9A. Since Golriz and Grace only deal with CAF applications
(G [ 100 kg/m2 s), the experimental results of the CAF regime
were only used for the comparison. The deviation is between
�250% and 400%. This deviation is not only due to the scale of
the riser, but also inherently linked to the required calculation of
the underlying empirical parameters. The Gorliz–Grace equations
are indeed very sensitive to the predicted value of Gsh.

A very fair agreement of the experimental and predicted heat
transfer coefficient ratios, covering all of the different CFB operat-
0

1

2

3

4

5

6

7

8

9

0 2 4 6 8 10

(h
m

/h
g)

ex
p

(hm/hg)MM

Fig. 8. Comparison of experimental and Molodstof–Muzyka (MM) predicted values
of hm/hg.
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ing regimes, was obtained by using a modified dependency of Gsh

and qsus according to:

Gsh ¼ 0:014 for qsus

� 12 kg m�3; hence in the DRU operating mode ð17Þ

And Gsh ¼ 0:014þ 0:006ð12� qsusÞ for qsus < 12 kg m�3 ð18Þ

When applying these Gsh values, a very good fitting is obtained,
as illustrated in Fig. 9B.

5.3. Surface renewal model

Comparing experimental hm values with predictions using Eq.
(8) enables the determination of the required fitting �h. This �h value
is represented in Fig. 10, the fitting value of �h and the trend of its
dependency on (U,G) again stresses the importance of the riser
operating mode. At high values of G, irrespective of U, the riser
operates in the DRU (dense upwards flow) mode, and the contact
time is determined by the prevailing solids velocity. This velocity
is close to the operating gas velocity: according to Eq. (5) with
e � 0.9 and u � 1.3, �h � 0.1 s. This particle velocity defined contact
time is in fair agreement with the calculated fitting time.

In the CAF regime, for G [ 100 kg/m2 s, the contact time is a
function of the downward velocity, normally assumed to be close
to the terminal velocity of the particles, i.e. 0.38 m/s for the tested
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Fig. 9B. Comparison of experimental and Golriz–Grace (GG) predicted values of hm/
hg, according to Gsh predictions of Eqs. (17) and (18).
particles. For the heater length of 0.1 m, the contact time should
hence be close to 0.26 s, again in fair agreement with the experi-
mental fitting results. The application of the contact time approach
therefore certainly merits further investigations. These will com-
bine heat transfer measurements and particle residence time mea-
surements by Positron Emission Particle Tracking. These
experiments are programmed and will be subsequently reported
upon.

5.4. Contribution of radiant heat transfer

The effects of an increasing temperature are twofold:

(i) The particle convective heat transfer coefficient will increase
due to the increasing thermal conductivity of the gas phase,
included in the contact transfer resistance, hc, of Eq. (8). In
general [22], the convective heat transfer coefficient will
increase proportional to

ffiffiffiffiffi
kg

p
.

(ii) At T > 600 �C [22], radiation itself becomes important and
can be calculated by using the well-known Stefan–Boltzman
equation. In general, the contribution of radiation to the
overall total heat transfer coefficient will increase from
�10% at 600 �C to �20% at 800 �C [22].

Both the effects of kg and of radiation from wall-to-bed will sig-
nificantly increase the heat transfer coefficient at bed temperatures
of 500–750 �C and wall temperatures >850 �C, as encountered in
solar energy capture beds.

5.5. The advantages of using PCM-particles in the CFB solar energy
capture

Despite the excellent heat transfer coefficient to common heat
carrier particles such as sand or SiC, these systems suffer from
some drawbacks, being mainly: (i) the progressive increase in
bed temperature as the particles are conveyed from the inlet of
the riser (500 �C) to its outlet (750 �C), thus progressively reducing
the driving heat transfer temperature difference between wall and
bed; and (ii) the sole heat capture in the form of sensible heat,
where the amount of heat to be removed, (Q), necessitates a high
circulation rate (kg/h) of particles, being Q/Cp (Tout � Tin). High cir-
culation rates involve high associated conveying operation costs.

When using PCM-materials, (i) the bed temperature will
achieve its (constant) maximum at the temperature of fusion of
the PCM, thus maintaining a slightly higher driving temperature
difference; but most importantly, and (ii) sensible and latent heat
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(of fusion) will take part in absorbing Q, thus reducing the required
circulation rate of particles by a factor of J 3 at the given temper-
ature ranges. This significant reduction also reduces the required
conveying power and associated costs by the same factor. The
development of PCM-coated particles, that can withstand both
the thermal stress of temperature and phase variations, but also
the erosive nature of the CFB is of paramount importance, and cur-
rently investigated. According to the results of the present re-
search, these PCM particles, still to be developed and
manufactured, should be of particle size well below 400 lm to
avoid the internal conduction resistance, while offering advantages
of a high composite specific heat capacity, affecting both the heat
capacity ratio, C, in the Molodtsof–Muzyka Eq. (3), and the denom-
inator of Eqs. (7) and (8).
6. Conclusions and recommendations

Within the thermal energy capture and/or storage systems cur-
rently available or investigated, PCMs are the sole latent heat
stores. The present paper introduces these PCMs, and their poten-
tial application in high temperature energy capture and storage,
using a circulating fluidized bed (CFB) as transfer/storage mode.
Thermal considerations determine the optimum size range for
the applied particles (<400 lm), when convection heat transfer
dominates. In the design of a CFB heat collector, the heat transfer
coefficient between the riser wall and the flowing suspension is
an important design parameter to determine the required heat ex-
change surface area. The present research measured the wall-to-
bed heat transfer coefficient in the riser, with values of
�60 W m�2 K�1 at low G and high U values, and up to 350 W m�2

K�1 at higher G values. The ratio of the suspension heat transfer
coefficient and the convective transfer coefficient for the sole gas
flow, is confirmed as a valid fitting parameter. Experimental results
are expressed in terms of this ratio. The application of Molodtsof
and Muzyka requires the determination of two empirical constants
by using the experimental results. Once best fit values of these
coefficients are obtained, the correlation predicts the correct trend
of the evolution in heat transfer coefficient with U and G.

The initial set of equations of Golriz and Grace, overestimates
the experimental results by a factor of about three. A very good
fit is obtained with a modified expression for Gsh.

When applying a packet renewal mechanism to predict the heat
transfer coefficient, the definition of a contact time on the basis of
particle velocities in the riser, highly different in function of the ri-
ser operating regime, appears to predict heat transfer coefficient
values of the correct order of magnitude. Further research coupling
heat transfer measurements and particle contact times (as mea-
sured by Positron Emission Particle Tracking) are needed to im-
prove the renewal approach.
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