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ABSTRACT 
The paper provides with approach for numerical modelling of heat and mass transfer in vegetables 
cold storage chambers. The case of the  napa cabbage cold store was analysed. Special attention 
was paid to the coupling of processes occurring in the bulk of vegetables and in the air cooler 
accomplished by means of the user defined functions (UDF) in ANSYS Fluent. The model relates 
cooling capacity to the transpiration and respiration processes in the bed of napa cabbage and 
to other heat gains/losses that occur in the chamber. Thermal non-equilibrium model of heat 
transfer in porous media was applied both to the bed of vegetables and to the heat exchanger 
of the air cooler. The heat and mass transfer coefficients in the bed of cabbage and in the cooler 
as well as the criteria parameters were considered as field variables. The results 
of calculations were compared with the experimental data. Good agreement between 
simulated and measured temperatures in the bulk of vegetables and between calculated and 
measured relative humidity was achieved.  The total loss-of-weight of the stored vegetables 
due to drying process was analysed. Good agreement with experimental results and regions 
of the highest shrinkage of the stored vegetables were indicated.  
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1. INTRODUCTION
The operation of the cooler is the major factor that influences the storage conditions. The forced-
air cooling units for the cold storage chambers are usually mounted just under the ceiling 
of the chamber and they are equipped with several fans and the air cooler. The evaporator 
of the refrigeration system or alternatively the heat exchanger for glycol cooling installations 
may be applied as air coolers. Its thermal performance depends on the storage conditions 
and should be analysed together with the entire chamber with its load as one computational 
task. This may be thought as a challenge for a wide range of geometric scales 
of the modelled objects in the analysed cold store. The entire geometry consists of empty 
spaces filled with humid air only, together with very large areas occupied by huge number 
of small objects, i.e. pieces of products located inside the boxes or palloxes as well as elements 
of the cooling unit (fins and tubes of the air cooler). A geometric model of the cold storage 
chamber cannot retain the exact shape of all of these relatively small details. For that reason 
a porous media model with large pores is widely used in modelling of the bed of the products 
and the air cooler.  
A space occupied by a large number of small objects is treated as a fictitious continuum 
of resistance to flow that is equal to the resistance of real objects. This is taken into account 
by means of the additional negative source term in the momentum equation. The containers 
of vegetables are usually modelled by a packed bed approach including both viscous 
and inertia resistance calculated according to the Ergun equation (Verboven et al, 2004, Nahor 
et al., 2005, Mirade et al., 2006) or as impenetrable solid areas with specified boundary 
conditions on the walls (Hoang  et al., 2000). There are also works where the resistance 
of the bed is calculated on the basis of the experimental data (Tapsoba et al, 2006, Tapsoba 
et al, 2007).  
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There are the additional problems associated with complex geometry of the flow through the 
containers with stored products. The confinement effect of the porous medium, causing different 
flow conditions in the vicinity of the walls and inside the bed core as well as narrow gaps between 
the containers cause strong increase of the number of the computational cells. The air cooler 
is usually modelled by means of the simplified geometry and physics, e.g. the fans are modelled 
as infinitely thin plates with given pressure jump in 3D problems (Delele, 2009a,b), or alternatively 
as line segments in 2D problems (Chourasia and Goswami, 2007).In the present study it was 
formulated model of the air flow, heat and mass transfer in the storage chamber of napa cabbage 
considering the cooling unit and the bulk of vegetables as a whole. The aim of the calculation 
is prediction of the non-uniformity of velocity, temperature and humidity distributions, 
and consequently storage conditions. The close relationship between the phenomena occurring 
inside the bulk of the stored vegetables and in the air cooler (the transpiration 
and respiration of vegetables and the required cooling rate) has been achieved through 
the User Defined Functions (UDF) in ANSYS Fluent (2015). The numerical model 
was examined on the example of the experimental cold store in Poland. 

2. DESCRIPTION OF THE MODEL
The view of the geometric model of the investigated experimental storage chamber is shown in Fig. 
1. The geometry of the air cooler is shown in Fig. 2. The overall dimensions were 2.05 x 4.33 
x 2.93m. The chamber was loaded with 2940 kg of napa cabbage packed in plastic boxes, 
arranged in a block of dimensions 1.8 x 2.8 x .17 m. The nominal data of ceiling-type air 
cooler were: thermal capacity 1148 W and air flow rate 1105 m3/h. The continuous, non-stop 
flow of air was generated by three axial fans of 20 cm of diameter rotating at 1300 rpm, placed 
at the outflow of the cooler.

Figure 1: Geometric model of the cold 
storage chamber: V – velocity; RH – 
relative humidity; Tp – temperature 

measurement locations in the bulk of the 
vegetables

Figure 2: Geometry of the air cooler 

The flow through boxes with the product and the cooling unit were modelled by the use of porous 
medium model. Detailed numerical data are given in Table 1. In modelling the physics of the flow 
the geometry of the cooling unit was simplified to the heat exchanger considered as a box 
of porous medium, and fans being infinitely thin plates with pressure jump depending 
on the local normal velocity component according to the fan performance curve obtained from 
manufacturer data: 

3 2    0.085    1  .9046    1  4.998     60.604 n n np V V V= − + − +       (1) 

The swirling jets of air blowing from the fans to the chamber where visualised by means of yarn 
tufts and measured in order to model the performance of the fans more completely. The streams 
of air blown out by the fans took the shapes of divergent cones. The angle of divergence 
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was measured to be 80 ÷ °90°. The inclination the angle of velocity vector with respect 
to the circumference of the fans was about 10°. These factors were used to define 
the radial and tangential components of velocity with the aid of UDFs. The fan motors and other 
solid parts of the cooling unit were excluded from the domain of calculations. 
In both cases of the flow, through the cabbage bulk and the heat exchanger, a porous medium 
was considered to be an isotropic material with the loss of momentum S expressed by pressure 
gradient ∇𝑝: 

2

2/ / 0.5S p p l V C V = =  = +       (2) 

Table 1. Model parameters 
Parameter Value Parameter Value 
Bulk of napa cabbage Air cooler 

Density of a cabbage head, kg/m3 568 Volume of heat exchanger, m3 0.0189 
Specific heat, J/(kg×K) 3955 Heat exchange surface area, m2 5.703 

Thermal conductivity, W/(m×K) 0.4425 Surf. eff. under wet conditions   0.81 
Number of cabbages in one box  12÷13 Porosity 0.6 

Number of boxes in the main bulk 147 Viscous resistance, 1/m2     1.5×107 
Volume of the bulk, m3 11.06 Inertial resistance, 1/m 92.468 

Mass of cabbage in the main bulk, kg 2940 Interfacial area density, m2/m3 301.75 
Bulk porosity 0.532 Fan power, W 3´10 

Interfacial area density, m2/m3 7.95 Fan speed, rpm 1300 
Viscous resistance, 1/m2 2777181 
Inertial resistance, 1/m 412.56 

Pallets Walls 
Height, m 0.055 Overall heat transfer coeff. W/(m2×K) 0.25 
Porosity 0.99 Wall thickness, m 0.3 

Inertial resistance, 1/m 1 Free stream temperature, °C 12 
Material wood 

The content of moisture in the air changes as a result of cabbage transpiration and water 
vapour condensation. Napa cabbage is stored in the range of temperature between 0°C and 3°
C under relative humidity (RH) range of 95-98%. Therefore, there may appear some spots 
in the chamber where condensation process occurs, mainly in the heat exchanger, but also 
at the surface of the vegetables. The model of evaporation and condensation processes 
was incorporated in the proposed modelling approach. This model consists of the spatial 
distribution of volume water vapour sources or sinks in the regions modelled as porous 
media (cabbage bulk and heat exchanger). As a consequence, thermal effects 
of transpiration, condensation as well as respiration were also represented by the volumetric 
sources.  

3. EXPERIMENTAL RESULTS
During the post-harvest storage in the investigated cold room the experimental study 
was carried out in order to obtain data concerning important parameters distributions (velocity, 
temperature, and relative humidity of air) required to evaluate the proposed computational 
model. Velocity and relative humidity of air measurements were carried out in the mid-plane 
of the chamber (at X = 0.99 m) above the stored vegetables and on one level near the wall 
(at X = 0.25 m) using mobile measurement system.  

Table 2. Dimensions of the measurement grid of a mobile system. 
Level 

V1 V2 RH V3 V4 V5 
X [m] 1.01 1.01 1.01 1.01 1.01 0.25 
Z [m] 2.88 2.73 2.63 2.53 2.3 2.41 

Vertical 
1 2 3 4 5 6 7 8 

Y [m] 4.11 4.015 3.915 3.815 3.615 3.115 2.615 2.115 
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Velocity and humidity sensors travelled along the horizontal linear guide carried by a slide moving 
automatically between points of the measurement grid that is shown in Fig. 1. Velocity 
was measured at elevations V1 ÷ V5 and relative humidity – at RH level. The data were collected 
at 8 verticals with frequency of 1Hz during 10 minutes of rest at each position. 
The air temperature measurements in the bulk of cabbages were also performed at 7 points 
showed in Fig. 1. The details of the grids are presented in Table 2 and Table 3 with respect 
to the system of coordinates shown in Fig. 1. 

Table 3. Dimensions of the measurement grid in the bulk of the vegetables. 
Point 

Tp1 Tp2 Tp3 Tp4 Tp5 Tp6 Tp7 
X [m] 1.61 1.61 1.01 1.01 1.01 0.41 0.41 
Y [m] 1.47 1.47 2.67 2.67 2.67 3.73 3.73 
Z [m] 0.21 2.07 0.21 1.14 2.07 0.21 2.07 

Thermal conditions in the cold storage chamber were changing constantly, mostly because 
of the requirements to defrost the air cooler. The defrost cycle was performed two times 
a day and was executed by the electric heaters accompanied by stopping of the fans. 
However, during most periods of time the conditions in the chamber were stable.  
Cooling units are equipped with fans mounted either at the inlet or at the outflow to the chamber. 
The second case create important problems in simulations for difficulties in modelling of the 
details of the jets flowing out from the fans, their shapes and their swirls. In this paper the SST 
model of turbulence was selected because of its better ability to represent the airflow above 
the bed. Three interfering jets have formed one stream with a contraction near the wall opposite 
the cooler, see Fig. 3b. However, the free stream above the bulk is quite wide not too far from 
the cooler, which may be indicated by the results of measurements collected at V5 level, 
see Fig. 4. 

Figure 3: Streamlines in the chamber for two models of turbulence: a) STT k-ω; b) realizable k-ε

The experimental and calculated velocities with the use of SST k-ω 4 model of turbulence 
are compared in Fig. 4. There is also the range of changes of each measurement depicted 
as dots showing the lowest and the highest velocity readings at each grid point. The computed 
data extend beyond this range in many positions, especially at V3 level.  
Comparison of experimental and predicted relative humidity and temperature in the vegetables 
bulk is presented in Fig. 5. The best agreement between calculated and experimental results 
of the relative humidity occurs to be at 7 and 8 verticals, i.e. at the points located below the main 
stream of air. Air flow in the vegetables bed, models of transpiration and respiration of vegetables 
and their 
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coupling with processes occurring in the air cooler may be thought as the most important 
factors influencing the relative humidity distribution. 

Figure 4: Comparison of experimental and calculated velocities at V1÷V5 levels 

Figure 5: Comparison of experimental and calculated results 

It should be noted that freezing of water in the cooler was not taken into account 
in the present model. Accumulation of ice is a serious problem in real air coolers operation, 
requiring periodic defrosting which, in turn, disturbs thermal equilibrium in the chamber 
and produces a serious impact on the measurements executed even long after 
the defrost process. During the measurements performed in this case the air cooler 
was free of frost. In the case of frost accumulation at the air cooler surface the level 
of velocities is gradually falling down in time, because of gradually increasing drag. 
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Butrymowicz et al. (2016) reported that the loss-in-weight caused by drying process after 90-
day storage depends on the location in the chamber. The greatest loss of about 11% 
was obtained in the external rows of the vegetables bulk (at the corner of the bulk opposite 
the cooler), and is decreasing in the direction to the cooler up to 5% in the column of the boxes 
located at the corner under the cooler. The least shrinkage due to the drying process (about 
2-3% ) occurred in the column of the boxes located in the middle of the bulk 
and in the column located just under the cooler (about 5%).  

Figure 6: Velocity distribution in the mid-plane (X = 0.99 m)

The overall humidity of air in the jet blown by the fans was moderately low, about 88-89 % and this 
was the reason for the shrinkage due to the drying process that occurred at the sides of the bulk 
most ventilated by air. In the middle of the bulk and near the cooler, the lower air flow in the bulk 
indicated in Fig. 6 did not disturb the humidity generated by transpiration of the cabbage which 
resulted in lower shrinkage in these areas.   

Figure 7: Relative humidity distribution through fan 1 (X = 0.64 m)

Figure 6 and Fig. 7 indicate the most ventilated places of the cabbage bed, which are areas 
near the side opposite the cooler, its left and right sides and the top of the bed. Although they 
have lower temperature (see Fig. 8), the relative humidity there is lower than in the middle of the 
bulk. Despite the moderate agreement between experimental data and simulation results 
of velocity, the relative humidity and air temperatures in the vegetables bulk well correspond 
to each other. The highest temperature difference between experimental data and calculated 
results was found to be 0.39 K at point Tp4 located in the middle of the bulk. This is a result 
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of higher transpiration caused by the intensive air flow. The process of transpiration 
is illustrated by water vapour sources distribution Sv which is shown in Fig. 9.  

Figure 8: Temperature distribution in the section of the chamber through fan 1 (X = 0.64 m) 

The areas of greatest magnitude of Sv cover the areas of the least magnitudes of relative humidity 
and the areas of the highest velocities in the vegetables bulk. The computed water 
vapour generation rate in the whole bulk was equal to 0.124 kg/h, which after 90-day storage 
gives the mass loss of 8.8%. This result as well as relative humidity and Sv distributions prove 
not only the qualitative, but also quantitative reasonable good agreement of experimental 
and computed results and confirm the validity of the model. Apparently, the airflow outside 
the bulk affected the conditions inside not as much as it was expected. 

Figure 9: The distribution of Sv water vapour sources due to transpiration of the cabbage 
in the section of the chamber through fan 1 (X = 0.64 m) 
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The temperature distribution at the plane cutting the fan 1 (X = 0.64 m) of air in free space 
of the chamber and air inside the vegetables bulk is presented in Fig. 8. The greatest 
temperature was obtained in the boxes in the antechamber as a result of poor ventilation, 
the impact of heat transfer through outer walls and the highest respiration of the vegetables 
is presented in Fig. 10. In the main bulk the maximum vegetables temperature was inside 
the bulk beneath the cooler, where the air penetration was the poorest and the respiration 
at its highest. The range of spatial differences of respiratory heat generation rate was very 
narrow due to small temperature differences in the bulk. This means that the air flow has the 
greatest impact on the stored vegetables temperature. 

Figure 10: Respiratory heat generation rate distribution in the section of the chamber 
through  fan 1 (X=0.64m) 

Figure 11: Distribution of convective cabbage-air heat transfer coefficient in the section of the 
chamber through fan 1 (X=0.64m) 
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Heat transfer coefficient between air and cabbage was found to be in the range of 1 ÷ 7 W/(m2⋅K) 
and reached the greatest values in the areas of highest velocities, see Fig. 11. The range 
of Nusselt numbers was between 10 and 43 with the mean value equal to ca. 12. 
The mean Reynolds number in the bulk was 277, and 155 in the boxes located 
in the antechamber. Heat transfer coefficient distribution in the heat exchanger was very uniform. 
It ranged between 32 and 34 W/(m2⋅K). Total cooling capacity at the steady-state operation 
conditions was found to be 256.3 W which is much less than nominal capacity of the cooler 
1148 W declared by the manufacturer. The flow rate of air was equal to 0.307 m3/s (1105.3 m3/h), 
i.e. exactly equal to nominal data. 

4. CONCLUSION
Based on the presented results following conclusions are drawn: 

• the coupled model between the vapour production in the bulk and condensation 
in the cooler porous using media model was presented

• the model joins the heat transfer in the bulk with heat and mass transfer in the cooling unit 
as one computational task by means of user defined functions (UDFs)

• the coefficients of mass and heat transfer in the bed and in the heat exchanger were 
considered as field variables dependent on local quantities of the flow.

• the results of calculations were compared with the results of experiments, the predictions of 
temperature in the vegetables bulk and relative humidity of air can to be considered as very 
promising, the computed flow rate of air was exactly equal to the nominal data for the actual 
cooler, reasonable accuracy was obtained between calculated loss-of-weight 
of the commodity due to transpiration and the experimental results, the present model 
allows to qualitative insight into the flow patterns in the cold room,

• further work is required in order to improve the model and better adjust model parameters 
to experimental data, mainly in modelling the outflow from the fans and flow turbulence, 
especially inside the bed of vegetables and at the boundary between the bulk 
and the chamber. More work has also to be done in order to include in the model 
the biological processes that occur in the vegetables. A transient simulations 
are also taken into consideration which seem to better model very complex flow 
and heat transfer in the cold storage chamber.
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NOMENKLATURE 
C constant l length (m)
p pressure (kPa) S loss of momentum (Pa/m) 
V volume, (m3), velocity, (m/s) 
 permeability of porous medium, (m2)  Viscosity, (Pa s) 
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