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a b s t r a c t

Humidification of chicory root cold stores helps in maintaining the quality and extending the postharvest
storage time of chicory roots. Low evaporation rate of the sprayed droplets at such sub-zero temperatures
(�2 �C to �1 �C) favours surface deposition that could have an adverse effect on the efficiency of the stor-
age room. A three-dimensional computational fluid dynamics (CFD) model was developed and used to
predict the storage room air velocity, temperature and humidity distributions, and fate of the water drop-
lets that were sprayed for humidifying the storage room. The humidification system in a chicory root cold
store was then optimized. The efficiency of the humidification system was affected by length of cold air
deflector, stack height, number of nozzles and duration of humidification. Elongating the air deflector,
reducing the stack height, reducing the number of nozzles and shortening the humidification time
increased the amount of droplet evaporated and decreased the amount of droplet deposited on the stack.
The following combinations of room design and operating parameters could clearly give the best perfor-
mance of the humidification system: deflector length of 0.8 m, two nozzles with an interval humidifica-
tion of 1.5 min on and 2 min off cycle and stack height of 3.4 m.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Fruit and vegetable products are highly perishable that continue
to respire and transpire water after harvest. For long term storage
of these products, cold storage systems are commonly used. The
cooling is usually performed by forcing cold air through the stored
product. A low optimum storage temperature combined with a
high relative humidity (RH) of the surrounding air can reduce the
product moisture loss. Water loss during postharvest storage of
fruits and vegetable products has an adverse effect on product
quality and economic return (Henriod, 2006; Hertog et al., 2004;
Paull, 1999; Sujau et al., 2005; Tu et al., 2000). However, an exces-
sive RH level may encourage the development of moulds and rots
and deposition of water droplet on products and room surfaces
(Sujau et al., 2005; Tassou and Xiang, 1998).

Chicory roots are very susceptible to dehydration; this dehydra-
tion leads to lower yield and quality, higher percentage non-
sprouting roots and longer forcing period (De Proft et al., 2000;
Embrechts, 1989). For long storage (for about 9 months), chicory
roots are usually stored at �2 �C to �1 �C with a RH of 95–100%
(Hoang et al., 2003; Neefs et al., 2000; Seynnaeve et al., 2000). In
order to achieve the required RH (minimum of 95%), humidifiers
are usually installed.
ll rights reserved.
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The requirements for the humidification system are to produce
a high RH with maximum droplet evaporation, minimum deposi-
tion of sprayed water droplet on the product and room surfaces,
and minimum frost/condensation on the air cooling coils. How-
ever, fulfilling these requirements is very challenging; Fig. 1 shows
the problem of ice accumulation over a stack of boxes with chicory
roots. This accumulated ice can affect the cooling efficiency of the
room by blocking the circulation of the cooling air. Such adverse ef-
fects can be minimized by optimizing the design and operation of
the humidification system.

A number of previous studies demonstrated the applicability of
CFD models for analyzing the flow inside and around cold storage
systems (Chourasia and Goswami, 2007; Foster et al., 2002; Hoang
et al., 2000, 2003, 2004; Nahor et al., 2005; Tassou and Xiang,
1998; Xu and Burfoot, 1999). None of these studies had modelled
the humidification system. Recently, we developed a validated
model that can predict the storage room air velocity, temperature
and humidity distributions and fate of the water droplets that were
sprayed from humidifying nozzles (Delele et al., 2009).

The aim of this paper is to apply the validated model of Delele
et al. (2009) to evaluate a chicory root cold store humidification
system. The study was used to analyse the effects of different cold
store designs and humidification system operating parameters,
and to recommend solutions that could improve the efficiency of
the cold store and the humidification system. However, the recom-
mendations were not based on a detailed optimization study of the
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Nomenclature

Cd drag coefficient
Cp specific heat, J kg�1 K�1

d diameter, m
Cov,s vapour concentration on the droplet surface, kmol m�3

Cov,1 vapour concentration in the bulk air, kmol m�3

D molecular diffusion coefficient, m2 s�1

Fi additional forces, N
g gravitational acceleration, m s�2

h static enthalpy, J kg�1

h0 fluctuating static enthalpy, J kg�1

K Darcy permeability, m2

L latent heat of condensation vaporization, J kg�1

md mass of discrete droplet, kg
Mwv molar mass of water vapour, kg kmol�1

Nu Nusselt number
p pressure, Pa
pvd vapour pressure over water droplet surface, Pa
pvf vapour pressure over flat water surface, Pa
Qres heat of respiration, W m�3

r droplet radius, m
R universal gas constant (8.314 J mol�1 K�1)
Re Reynolds number
Se energy source term, J m�3 s�1

Sm mass source term, kg m�3 s�1

Su momentum source term, kg m�2 s�2

Sh Sherwood number
t time, s
tw wall thickness, m

T temperature, K
To reference temperature, K
ui,uj mean velocity components in X, Y, and Z directions,

m s�1

u0i;u
0
j fluctuating velocity components, m s�1

us superficial velocity, m s�1

vi velocity, m s�1

Vm molar volume of water, m3 mol�1

xi,xj Cartesian coordinates, m
Yv vapour mass fraction
Y 0v fluctuating vapour mass fraction
b Forchheimer drag coefficient, m�1

dij kronecker delta
k molecular thermal conductivity, W m�1 K�1

keff effective thermal conductivity of porous zone,
W m�1 K�1

l dynamic viscosity, kg m�1 s�1

lt turbulent viscosity, kg m�1 s�1

r surface tension, N m�1

q density, kg m�3

/ porosity

Subscripts
a continuous air phase
d discrete droplet phase
p product
i, j Cartesian coordinate index

Fig. 1. Ice accumulation at different locations inside a loaded chicory root cold
storage room with humidification system after a storage time of 9 months.
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system, rather it focused only on some parameters that we expect
could improve the system efficiency.

2. Materials and methods

2.1. Humidification system and cold storage room

This study was performed on a large chicory root cold store
with a dimension of 13 m in length, 5.5 m in width and 4.2 m in
height (Kampenhout, Belgium). The room is equipped with two
cooling units that were located at the back of the room (Fig. 2).
The cooling air is circulated using six fans (three fans for each cool-
ing unit) with a diameter of 45 cm and total capacity of
25,200 m3 h�1. At the exit of the cooling unit, the air is deflected
upward (22�) by using a 0.2 m length deflector. Six compressed
air atomizer nozzles are positioned in front of the cooling units.
The nozzles have a 30� spray angle. The capacity of each nozzle
is 5 L h�1. The water was purified using a wrapped propylene filter.
The humidification system was originally set to a 10 min spraying
time after every cooling cycle. The cooling cycle is determined by
the storage room air setpoint temperature (�2 �C) and the temper-
ature difference between the incoming refrigerant and the storage
room setpoint (7 �C). The distance between the nozzles and the
cooling unit and between the nozzles and the roof were 0.6 m
and 0.3 m, respectively.

The room was filled with 102 chicory root bins with dimen-
sions of 1 m width, 1.2 m depth and 1.2 m height; the height of
the four top bins under the cooling unit was 1 m. The bins were
stacked in 4 rows. Two rows contained nine bins in three levels
and the third and fourth rows (the rows near to the door) con-
tained eight bins in three levels. Gaps between the bins along
the height and depth, between the bins along the width, and
between bins and walls were 0.1 m, 0.16 m and 0.5 m,
respectively.
2.2. Model description

A complete CFD model of a cool room, including product char-
acteristics, stacking pattern, cooling unit and humidification was



Fig. 2. Loaded chicory root cold storage room: side view (top); top view (bottom).
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developed and validated using measured distributions of velocity,
temperature, humidity and droplet deposition inside the cold stor-
age room with an installed humidification system (Delele et al.,
2009). An Eulerian–Lagrangian particle tracking multiphase flow
model was used. The model takes into account two-way coupling
with turbulent dispersion and droplet evaporation.

2.2.1. Continuous phase
In Cartesian coordinates, for flow in a porous media, the Rey-

nolds-averaged fluid flow equations based on interstitial fluid
velocity are as follows (Nakayama and Kuwahara, 1999; Antohe
and Lage, 1997):
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By assuming a local thermal equilibrium between the air and the
porous solid matrix (the temperature of the air and the porous solid
matrix is assumed to be equal), the energy equation is:
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In most cases of flow in fluid saturated porous media the assump-
tion of local thermal equilibrium is valid (Nakayama and Kuwahara,
2005); and, this assumption has been used by several previous
studies (Nakayama and Kuwahara, 1999; Antohe and Lage, 1997;
Masuoka and Takatsu, 1996; Chourasia and Goswami, 2007). Using
scale analysis, van der Sman (2008) reported that this thermal equi-
librium assumption is valid when the particle Reynolds number,
Rep ¼ qausdp

la
< 103. The transport equation for vapour mass fraction

is:
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The details about the calculation of the specific Reynolds stress
term (u0iu

0
j) in Eq. (3) and the specific Reynolds flux terms u0jT

0

and u0jY
0
v in Eqs. (4) and (5) and other parameters can be found in

Delele et al. (2009).
The term Sm takes into account the evaporation from the dis-

crete droplet phase and product surface and the condensation/
evaporation of water vapour on the cooling coils. The term Su

contains the resistance of the porous media to airflow and the
momentum exchange with the discrete phase. The term Se consists
of the heat exchange on the cooler, the heat exchange with the dis-
crete phase, the heat of respiration of the product and the heat of
evaporation/condensation of water vapour. The details about the
calculation of these terms can be found in Delele et al. (2009).
2.2.2. Discrete phase
For a discrete droplet travelling in a continuous fluid medium,

the forces acting on the droplet which affect the droplet accelera-



M.A. Delele et al. / Journal of Food Engineering 94 (2009) 110–121 113
tion are due to the difference in velocity between the droplet and
the fluid, and due to the displacement of the fluid particle. Neglect-
ing all other forces except the drag and buoyancy forces, the equa-
tion of motion for the droplet can be written as:

md
dvdi

dt
¼ 1

8
pqad2Cdjvaj � vdjjðvai � vdiÞ þ

1
6
pd3ðqd � qaÞgi þ Fi

ð5Þ

The first and the second terms in the right hand side represent the
drag and buoyancy forces, respectively. The drag coefficient (Cd)
was calculated using an empirical correlation developed by Haider
and Levenspiel (1989). The detail about the calculation of Cd can
be found in Delele et al. (2009). In this correlation the effect of wall
boundaries on drag force was not included. This effect can be in-
cluded using Faxen (Faxen, 1922) expression. However, based on
the accuracy of the validated model of Delele et al. (2009), it was
reasonable to neglect such wall boundary effect. Fi represents the
additional forces that include the lift force. Flow shear causes a lift
force; this can be calculated using Saffman expression (Saffman,
1965; Li and Ahmadi, 1992). This form of the lift force is intended
for small particle Reynolds numbers. Also, the particle Reynolds
Fig. 3. Simulated pressure contours of the air flow through a bin loaded with chicory roo
drawing of vented bin (c).
number based on the particle–fluid velocity difference must be
smaller than the square root of the particle Reynolds number based
on the shear field. This restriction is valid for submicron particles;
as a result, it is recommended to use this option only for submicron
particles. Since the size of the droplets that were dealt in this study
was higher than submicron, the lift force was neglected.

The heat balance that relates the sensible heat change in the
droplet to the convective and latent heat transfer between the
droplet and the continuous phase reads:

mdCpd
dTd

dt
¼ pdNukaðTa � TdÞ þ L

dmd

dt

� �
ð6Þ

For a droplet below its boiling point, the rate of evaporation of the
droplets to the air is governed by gradient diffusion:

dmd

dt
¼ �pdDaShMwvðCov ;s � Cv;1Þ ð7Þ

The details about the determination of the drag coefficient (Cd),
droplet position, turbulent dispersion, Nusselt number (Nu), Sher-
wood number (Sh) and droplet source terms are available in Delele
et al. (2009). At this storage temperature (�2 �C), the droplets are
ts, superficial velocity = 1 m s�1: flow in Y-direction (a); flow in X-direction (b); 3-D



Table 1
Parameters of the Darcy–Forchheimer equation for vented bins loaded with chicory
root, obtained from CFD simulations.

Direction 1
K (1/m2) b (1/m)

X-direction 343528.3 1309.1
Y-direction 337089.7 615.8
Z-direction 339700.1 1311.4

Fig. 4. Simulated pressure drop as a function of superficial velocity (with a mean
value of 1.33 m s�1) of the air flow through a bin loaded with chicory root.

Fig. 5. Experimental set up for measuring velocity of the air jet coming from the
cooler; side view (top), top view (bottom); (o) measurement positions.

Fig. 6. Air velocity vectors (top) and tracks of sprayed droplets (bottom) for an
empty chicory root cold storage room, with a deflector length of 0.2 m: velocity
vector: 2 m s�1 (red), 0 m s�1 (blue); droplet diameter: 18.5 lm (red), 2.5 lm
(blue).
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assumed to be in liquid state. Freezing of droplets is a four stage
process (Hindmarsh et al., 2003; Al-Hakim et al., 2006): first, a pre-
cooling or supercooling stage, in which the droplet is cooled from
the initial injection temperature (in this study, 10 �C) to below
the equilibrium freezing temperature, until crystal nucleation oc-
cur; second, a recalescence stage where supercooling is terminated,
crystal growth occurs and the droplets heated up to the equilibrium
freezing temperature; third, a freezing stage where growth of the
crystal continues at the equilibrium freezing point; and the fourth
stage is the a cooling stage in which the solid droplet temperature
is reduced to the near ambient air temperature. The nucleation
and freezing temperatures of distilled water droplets with diameter
2–1500 lm was reported to be around �20 �C and 0 �C, respectively
(Hindmarsh et al., 2003; Al-Hakim et al., 2006). In this study, min-
imum cooling air temperature of �2.5 �C and purified water were
used, this temperature is very much higher than the reported nucle-
ation temperature; this shows the validity of the above assumption
that was made about the state of the droplets.

2.3. Solution procedure

The CFD code used for this work was Fluent 6.3.28 (Fluent Inc.,
Lebanon, USA). The cold store model consisted of the loaded bins,
the fans and the cooler (Fig. 2). The fans were modelled as a fan
boundary with a pressure rise of 92 Pa that was the characteristics
of the fan corresponded to 4200 m3 h�1, this was a lumped param-
eter model that did not give the detail flow behaviour through the
fan blades but predicted the amount of flow through the fan. Tet-
rahedral hybrid mesh element sizes with a maximum edge length
of 0.03 m for the fan surface and air gap regions, and 0.1 for the
other were used. The total number of elements was 1,574,249.
On the floor of the room and the walls that were exposed to the
atmosphere, a heat flux ðqfw ¼ kw

tw
ðTw � TÞÞ from outside to the in-

side was applied. The outside wall/soil below the concrete floor
temperature Tw was assumed to be the yearly average external
temperature in Belgium (10 �C) (Anciaux et al., 2006); the thermal
conductivity kw of the insulation wall and the concrete floor were
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0.022 and 2.6 W m�1 K�1, respectively; the thickness tw of the insu-
lation wall and the concrete floor were 0.12 and 0.1 m,
respectively.

The droplets were injected using the spray atomization model
(Anon, 2006). The predicted values of Dv10, Dv50 and Dv90 (diame-
ters at which the volume fraction of 10%, 50%, and 90% is made
up of droplets with diameters smaller than this value) are
7.3 lm, 12.2 lm and 17.6 lm, respectively. The curvature of small
droplets increases the vapour pressure over the droplet surface as
expressed by Kelvin equation ðpvd

psf
¼ expð2rVm

rRTd
ÞÞ. Based on the mean

droplet size, the percentage of supersaturation ððpvd
psf
� 1Þ � 100Þ

was very small (for instance, 0.019% at the storage temperature
of �2 �C). As a result this supersaturation effect was neglected.
The droplets that collide with the walls were assumed to be
trapped. The model did not consider the evaporation/sublimation
from the surface of the deposit. The accuracy of the validated mod-
el that was applied in this study showed the validity of this
assumption (Delele et al., 2009). The effect of the deposit on the
flow was not taken into account. The heat of respiration (W m�3)
of chicory root ðQ res ¼ 37:22e0:054ðTp�273ÞÞ was taken from Anon
Fig. 7. Air velocity vectors (top) and tracks of sprayed droplets (bottom) for
loaded chicory root cold storage room, with a deflector length of 0.2 m: velocity
vector: 2 m s�1 (red), 0 m s�1 (blue); droplet diameter: 18.5 lm (red), 2.5 lm
(blue).
(1980); where, Qres is the heat of respiration and Tp is the product
temperature (K). The moisture loss was calculated using a lumped
convection model, neglecting the moisture diffusion inside the
chicory root, the detailed equations are given in Delele et al.
(2009).

The pressure loss coefficients of the flow through a bulk of
chicory root handled in vented bins were approximated using a
separate CFD simulation. The simulation was done for a single
vented bin that took into account the details of the bin slots
and the bulk of chicory roots in the bin. The computational do-
main was discretised using a tetrahedral hybrid mesh. Meshes
with a maximum edge length of 0.005 m and 0.05 m for the slot
surfaces and volume, respectively were used. The total number of
cells was in the range of 668,890–993,940 depending on the flow
direction that was analysed. The bulk in the bin was assumed as a
porous medium, and the pressure loss was expressed in the form
of Darcy–Forchheimer equation ðrp ¼ � l

K us � 1
2 bqjusjusÞ (Forch-

heimer, 1901). For the porosity (/) and the loss coefficients (1
K

and b) of the flow through the porous bulk of chicory roots, the
values from Hoang et al. (2003) were taken (/ = 0.49,
Fig. 8. Measured (j) and predicted (—) cooling air velocity at different positions
(Fig. 5), with a 0.4 m air deflector: (a) along the centre of the room; (b) along the
centre of the cooler; (c) along a distance of 0.85 m from the wall.
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1
K = 335,000 1/m2, b = 117.9 1/m). A typical simulation result is
shown in Fig. 3. The calculated anisotropic loss coefficients are gi-
ven in Table 1. These loss coefficients were determined from
Fig. 4. The pressure drop per unit length for a flow in the X (side
to side) and Z (front to back) directions were almost similar. The
pressure drop per unit length in the Y direction was lower than
the other two directions, this is the contribution of the top open
side of the bin.

For closure of the Reynolds-averaged fluid flow equations, the
SST turbulence model was used. All the equations were discretized
using the second order upwind scheme. The solution converged to
a normalized root mean square residual below 10�4 of all equa-
tions. The calculation was performed using a Pentium IV,
3.21 GHz WinXp workstation with 3.62 GB Ram.

Simulations were performed using the following approach: first,
a steady state simulation of the storage room air velocity, temper-
ature and humidity distributions was performed. Second, using the
result from the steady state simulation as an initial condition, a
transient simulation of the storage room with an active humidifi-
cation system was performed. The duration of simulation was
equal to the duration of one humidification period, which was a
variable in this study.

2.4. Validation method

Since this paper applied the validated model that was devel-
oped in Delele et al. (2009), a detailed validation experiment was
not performed. The room dynamics was evaluated by measuring
the air jet velocity that was coming out of the cooling unit in to
the room. It has been shown previously that the air jet velocity pro-
file is the most important factor that affects the dispersion of the
sprayed droplets (Delele et al., 2009). In the empty chicory root
cold storage room, the velocity of the air jet was measured at dif-
ferent horizontal positions at 0.3 m below the roof of the room
Fig. 9. Air temperature (top) and relative humidity (bottom) inside a loaded chicory root
room: (a) Temperature (b) Humidity; simulation without humidification.
(Fig. 5). The air velocity magnitude was measured using an air
velocity transducer (TSI Incorporated, MN, USA). The operating
range of the sensor is 0.125 m/s to 50 m/s. The factory calibrated
accuracy of the sensor is 2% of the reading or 0.5% of the full range.
Starting from 0.85 m from cooler exit, the measurements were ta-
ken at 0.95 m intervals along the length of the room. Along the
room width, the measurements were taken at centre of the room,
at the centre of the cooler and 0.85 m from the wall of the room. By
assuming symmetry, the measurement was done only in one half
of the room.

2.5. Design study

In practice, it was observed that ice accumulated on the chic-
ory root bins and on the floor (Fig. 1). Clearly, the humidifica-
tion system in this cold store is currently not operating
optimally. Here, we want to explore different measures to im-
prove humidification in terms of both room design modifications
and operating parameters of the humidification system. In par-
ticular, we have selected the following aspects for investigation.
Our aim is to provide a humidity level of 95% RH or more in the
entire room, while minimizing surface deposition of the sprayed
water droplets. The effects of the following parameters were
evaluated:

� Deflector length: the deflector length was increased from the
existing 0.2 m to 0.4 m, 0.6 m, and 0.8 m. We expect that deflec-
tor length affects the penetration length of the air from the
cooler into the room.

� Height of the stack: by replacing all the top bins with the bins
that had a height of 1 m (similar to the top bins under the cool-
ing unit), the height of the stack was decreased from the existing
3.6 m to 3.4 m. A lower height provides more free air for droplet
evaporation.
cold storage room on vertical (left) and horizontal (right) planes at the centre of the



Table 2
Amount of sprayed droplet deposited on the stack and room surfaces, sucked by the
fan and evaporated after different duration of humidification time, for a deflector
length of 0.2 m.

Number
of nozzles

Spraying
time (min)

Weight percent (%)

Deposited Evaporated

Stack Room Cooler

6 0.5 3.10 3.57 0.01 93.31
6 1 5.80 6.08 3.22 84.84
6 2 9.06 8.07 4.84 78.03
2 1.5 1.96 1.25 0 96.79
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� The model was used to evaluate different humidifier spraying
periods after every cooling cycle. This was done using the origi-
nal six nozzles with a spraying rate of 5 L h�1 per nozzle. Short-
ening spraying periods will reduce the unwanted surface
deposition.

� Number of nozzles.

3. Results and discussion

3.1. Cooling air velocity distribution and sprayed droplets dispersion

For both the empty and loaded chicory cold store, the air veloc-
ity vectors and the droplet tracks are given in Figs. 6 and 7, respec-
tively. There was a good agreement between the measured and
predicted velocity distribution of the air jet that was exited from
the cooler (Fig. 8). In an empty room, the high velocity air jet from
the cooling unit is attached to the ceiling (Coanda effect) for a long-
Fig. 10. Relative humidity after different durations of spraying inside a loaded chicory ro
the room, blue zone corresponds to 90% RH or less: (a) 0 min humidification; (b) 0.5 mi
er distance than in the loaded room. This has considerable conse-
quences for both uniform cooling and droplet dispersion. In the
loaded room, the jet deflects easily and short circuits to the fan
and creates a secondary circulation zone where one can expect a
poor cooling effect. Moureh et al. (2002) and Moureh and Flick
(2004) reported similar results with respect to the effect of the load
on the air path; in 13 m long, empty and loaded truck, the air jet
was separated from the ceiling at approximately 10 m and 5 m,
respectively (Moureh et al., 2002). Based on the predicted average
superficial velocity of the cooling air inside the load, 0.024 m s�1

and effective diameter of chicory root, 0.0896 m (Verboven et al.,
2004), the particle Reynolds number was calculated and found to
be 161.3. This shows the validity of the local thermal equilibrium
assumption that was made in this study.

Most of the droplets were following the direction of the high
velocity cold air jet (Figs. 6 and 7). A similar result was reported
in Delele et al. (2009) for a small scale cool room.

3.2. Room temperature and relative humidity distribution

First, it is important to understand the dynamics of temperature
and humidity in the room for a particular configuration. Simula-
tions are therefore performed in the loaded room without
humidification.

The short circuiting affected the temperature and RH distribu-
tions of the storage room (Fig. 9). For the loaded room at a steady
storage condition without humidification, the hottest spot was
located in the secondary circulation zone near the top rear side
of the room, where the velocity of the cooling air was the lowest.
There was a difference of 1.7 �C between the coldest and the
hottest spot in the room. This shows that the low velocity cooling
air towards the rear side of the room was not able to completely
ot cold storage room on vertical (left) and horizontal (right) planes at the centre of
n humidification; (c) 1 min humidification.



Fig. 11. Relative humidity at the hottest spot inside the loaded cold chicory root
storage room with an interval humidification of 0.5 min on and 2 min off cycle.

Fig. 13. Air velocity vectors (top) and tracks of sprayed droplets (bottom) for loaded
chicory root cold storage room for a deflector length of 0.8 m: velocity vector:
2 m s�1 (red), 0 m s�1 (blue); droplet diameter: 18.5 lm (red), 2.5 lm (blue).
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remove the heat of respiration of the product. Furthermore, the
zone of lowest RH is exactly in this area, which may cause exces-
sive dehydration of the roots. There was a RH difference of 11.2%
between the coldest and the hottest spot in the room. Similarly,
Moureh and Flick (2004) reported such effects at the rear side
of a loaded truck and found a difference as large as 12 �C between
the maximum and minimum temperatures. The humidity
contours reveal very low humidity inside the bulk area and values
below 95% in most areas in the room. Clearly, humidification is
required.

3.3. Evaluation of the humidification period

We expected that 10 min of humidification would be longer
than required for an efficient process. Adding more water than
required will result in excessive deposition of the sprayed water
droplets on the product and room surfaces; due to the sub-zero
storage condition, these deposited water droplets will change
and accumulated into ice as was observed in practice. We
decided therefore to study the effects of 0.5, 1 and 2 min of
humidification.

After 0.5, 1 and 2 min continuous humidification of the loaded
cold storage room that was at steady storage condition initially,
the amounts of sprayed droplet that was deposited on the stack,
deposited on the room surfaces, deposited in the cooler unit and
evaporated were quantified (Table 2). In order to give time for
the suspended droplets either to deposit on the surfaces or evapo-
Fig. 12. Relative humidity inside a loaded chicory root cold storage room on vertical (left
six, and with a spraying time of 1.5 min.
rate completely, each simulated humidification period was fol-
lowed by a dead time of 1 min without humidification. An
increase of the spraying time increased the non-evaporated por-
tion that was deposited. After 0.5 min of continuous humidification
) and horizontal (right) planes at the centre of the room using two nozzles instead of



Fig. 14. Temperature (top) and relative humidity (bottom) inside a loaded chicory root cold storage room on vertical (left) and horizontal (right) planes at the centre of the
room for a deflector length of 0.8 m: (a) temperature (b) humidity; simulation without humidification.

Table 3
Amount of sprayed droplet deposited on the stack and room surfaces, sucked by the
fan and evaporated for different air deflector lengths after 0.5 min of continuous
humidification using six nozzles.

Deflector length (m) Weight percent (%)

Deposited Evaporated

Stack Room Cooler

0.2 3.10 3.57 0.01 93.31
0.4 2.84 3.14 0.007 93.97
0.6 2.76 2.80 0.003 94.44
0.8 2.67 1.86 0 95.47
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there was only a small non-evaporated portion (6.7%), but after
2 min of continuous humidification the non-evaporated portion in-
creased already to 22.0%.

The humidity of the room at the centre vertical and horizontal
planes after 0, 0.5 and 1 min of continuous humidification followed
by 1 min of no humidification time is given in Fig. 10. With the
existing six nozzles, after 0.5 min of humidification time the
humidity in room was greater than 95% (even saturated in some
regions). This saturation was the reason for the increase of the
non-evaporated portion of the sprayed droplets with spraying
time. With the existing six nozzles, an interval humidification of
0.5 min on and 2 min off time maintained the required humidity
level (95–100%) (Fig. 11). This shows that the existing spraying
time of 10 min after every cooling cycle clearly is too much and
an interval humidification of 0.5 min on and 2 min of cycle could
give a better result.

3.4. Evaluation of the number of nozzles

Next, a simulation was done with two nozzles instead of the
original six nozzles. We also expected that the other option to de-
crease the unwanted deposition of the sprayed droplets is to use
a lower number of nozzles. With 1.5 min of humidification using
two nozzles, it was possible to achieve an RH level that was
equivalent to the one with 0.5 min of spraying using the original
six nozzles (Fig. 12). By using two nozzles instead of six it was
possible to decrease the unwanted deposition of sprayed droplets
and increase the amount evaporated (Table 2). Using this two
nozzle setup, with an interval humidification of 1.5 min on and
2 min off time it was also possible to maintain the humidity level
above 95%. A small number of nozzles with longer humidification
time can give the required RH level with a smaller amount of sur-
face deposition.
3.5. Effect of air deflector length

Elongating the deflector length increased the tendency of the
cold air-jet and the sprayed droplets to reach the far end side of
the stack (compare Fig. 13 with Fig. 7). The elongation of the
deflector slightly increased the static pressure of the cold air at
the exit of the cooler around the deflector (by changing from
0.2 m to 0.8 m there was an increase of about 1.6 Pa), which is
low compared to the pressure rise of the fan (92 Pa). This small in-
crease in pressure, however, did not affect the fan flow rate. The
deflectors affected the room temperature and relative humidity
distributions (compare Fig. 14 with Fig. 9), beneficially, even
without humidification. Longer deflectors clearly improve the
uniformity of the room temperature and relative humidity. For a
deflector length of 0.8 m, the temperature difference between the
coldest and the hottest point was decreased to 0.9 �C (originally
1.7 �C), and the lowest RH increased to 90.8% (originally 86.4%).
Due to the increase in penetration length of the cold air jet,
increasing the deflector length will also improve the cooling rate
of the room.



Fig. 15. Relative humidity inside a loaded chicory root cold storage room on vertical (left) and horizontal (right) planes at the centre of the room using six nozzles with a
spraying time of 0.5 min, for a deflector length of 0.8 m.
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With this new room design, the requirements for humidifica-
tion could be different. For the different deflector lengths analysed,
the calculated amount of the sprayed droplets that was deposited
on the stack and room surfaces, deposited in the cooling unit and
evaporated is given in Table 3 for a humidification time of
0.5 min. The amount that was deposited on different surfaces
was decreasing with an increase in deflector length. Elongating
the deflector length increased the amount that was evaporated. A
longer deflector therefore produced a higher RH (compare
Fig. 10b with Fig. 15). It is obvious that longer deflectors will also
improve the efficiency of the humidification system.

3.6. Effect of stack height

Finally, providing more free air space on top of the stack may
further improve evaporation of water droplets. Decreasing the
stack height decreased the amount of droplets deposited on the
top of the stack. With 0.5 min of humidification, a deflector length
of 0.2 m and six nozzles with a spraying rate of 5 L h�1 per nozzle,
it was decreased from 3.10% to 1.31%. However, the total amount
deposited on the floor was increased slightly from 3.57% to
3.96%. As a result of the decrease in stack height, there was an in-
crease in the total amount of droplets that was evaporated (in-
crease from 93.31% to 94.55%).

4. Conclusion

We have shown that the efficiency of a cold storage humidi-
fication system depends on the cold store design (in particular
the deflector length), stacking height, number of nozzles and
duration of humidification. It was possible to minimize the
amount of spray deposition on the stack, room surfaces and
maximize the amount of droplets evaporated by elongating the
air deflector. Reducing the stack height increased the amount
of water evaporated and decreased the amount deposited on
the stack, but the amount deposited on the floor of the room
was increased.

The duration of humidification time was found to be the most
important factor that controls the rate of evaporation and depo-
sition. With an increase of the humidification time, there was an
increase of the amount deposited and a decrease of the amount
evaporated. Using the original six nozzles and an interval humid-
ification of 0.5 min on and 2 min off cycle, it was possible to
maintain the required room RH (95–100%) with a relatively
low surface deposition of the sprayed droplets. Using two noz-
zles and an interval humidification of 1.5 min on and 2 min
off, it was also possible to maintain the required room RH even
with lower amount of surface deposition. Based on these results,
the following combinations of room design and operating
parameters could clearly give the best performance of the
humidification system: deflector length of 0.8 m, two nozzles
with an interval humidification of 1.5 min on and 2 min off cycle
and stack height of 3.4 m. The result demonstrated the applica-
bility of CFD models to identify closer to the optimum operating
conditions of the system and room designs to produce maximum
evaporation and minimum deposition of the sprayed water
droplets.
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