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Abstract: Temperature and relative humidity are important parameters that can affect the storage of food in a zero energy cool 
chamber (ZECC).  The distributions of average temperature and relative humidity are influenced by factors such as chamber 
size, water temperature, load weight and filler thickness.  In this research, thermal environment analysis using numerical 
simulation of biological respiration was conducted for tomatoes stored in a ZECC.  The ZECC was composed of inner and 
outer brick walls, filler (a mixture of sand and zeolite), water between the walls and a shading curtain.  The results obtained 
from the numerical model were compared by setting different values for each factor.  The following conclusions are drawn 
after comparison and analysis of results: (1) the distributions of average temperature and relative humidity are strongly related 
to the thickness of the filler – a thicker filler causes a lower temperature; (2) the water temperature in the filler exerts little 
influence on the average temperature and relative humidity; and (3) the lowest temperature and the highest relative humidity 
can be achieved with a chamber size of 0.6 m and a load weight of 30 kg.  In addition, to validate the results of the numerical 
model, the simulation results are compared with experimental data, which show good agreement.  It is confirmed that 
numerical simulation can be satisfactorily applied to predict the distribution of environmental parameters such as temperature 
and relative humidity in a cool chamber. 
Keywords: zero energy cool chamber, numerical model, temperature, relative humidity 
DOI: 10.3965/j.ijabe.20171003.3050 
 

Citation: Liu Y H, Lyu E L, Rahman M M, Wang Y, Guo J M, Zhang J.  Numerical simulation of temperature and relative 
humidity in zero energy cool chamber.  Int J Agric & Biol Eng, 2017; 10(3): 185–193. 

 

1  Introduction  

A zero energy cool chamber (ZECC) for storing fruits  
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and vegetables is an eco-friendly storage system 
developed from considerations of low cost and high 
energy efficiency.  It does not need electrical energy and 
has a simple structure with outer and inner brick walls, a 
filler material between the brick walls, a storage space 
and a water supply system[1].  The filler is made of a 
mixture of sand and zeolite to maximize the retention of 
moisture within it.  Inserting water into the filler can 
reduce the inside air temperature, based on the principle 
of a passive evaporative cooling mechanism.  The liquid 
water molecules evaporate due to the humidity difference 
between the filler and the ambient air.  During the 
process, the latent energy of evaporation for changing the 
physical state from liquid to vapor decreases the 
temperature of the filler and brick walls.  As a result, the 



186   May, 2017              Int J Agric & Biol Eng      Open Access at https://www.ijabe.org                Vol. 10 No.3 

inside air temperature of the ZECC becomes lower, along 
with that of the products it contains.  Hence, a ZECC 
can be used for storing fruit and vegetables when the 
ambient air is dry enough to generate an air temperature 
difference.  It is useful for cooling and enhancing 
storage system efficiency in developing countries where 
energy efficiency may be critical[2], and it is beneficial to 
small farmers in rural areas[3].  Evaporative cooling is 
capable of inducing the processes of heat and mass 
transfer when water and air are the working fluids[4].  It 
reduces the temperature and increases the relative 
humidity of an enclosure, and has been extensively tested 
for enhancing the shelf-life of horticultural produce[4,5].  
It is noted that temperature and relative humidity are 
important environmental parameters affecting the 
ripening process of fruits and their final quality in the 
storage chamber[6,7].  Singh and Satapathy[8] evaluated 
the performance of a ZECC, and found that the mean 
maximum temperature inside their cool chamber was 
about 5ºC and 6ºC lower than the ambient temperature 
during the summer and winter seasons, respectively.  
The relative humidity inside the cool chamber was 
13.34% and 12.34% higher than the ambient humidity 
during the summer and winter months, respectively.  
The effect of adding water to a ZECC was studied by 
Ganesan et al.[9], who found that the shelf-life (three days 
at room temperature) could be enhanced to nine days with 
the addition of 100 liters of water per day.  Anyanwu[10] 
showed that (cooler storage chamber temperature reduced 
from ambient air temperature varied over 0.1ºC-12ºC) 
and the evaporative cooler has prospects for short-term 
preservation of vegetables and fruits soon after harvest.  
Rajeswari et al.[11] conducted an experiment to assess the 
effect of pedicel retention and storage of Malta fruits in a 
ZECC, and found that weight loss and rotting were 
reduced to about half and that shelf-life could be 
extended to about 90 days, by storage of fruits in a ZECC.  
Weight loss for tomatoes stored at ambient temperature 
was 5.4%, but untreated fruits in a ZECC over the same 
period showed a 2.6% loss[12]. 

Although there are some related studies on the 
operation of a ZECC, how relevant parameters affect the 
cooling effectiveness and temperature distribution in a 

ZECC has rarely been investigated.  Therefore, further 
studies are needed to evaluate the effect of parameter 
combinations in order to utilize them efficiently for 
various situations in the design and operation of a ZECC.  
A numerical model has been developed for predicting 
transient heat transfer in a pre-cooling operation[13].  It 
could calculate the cooling rates in beds of fruits and 
vegetables.  Simplified heat transfer models have been 
developed for temperature prediction of domestic 
refrigerators, refrigerated display cabinets and 
refrigerated vehicles[14-16]. 

The increasing number of developments in numerical 
modeling in recent years has increased the possibility of 
using a low-cost effective method for modeling and 
simulation of airflow and heat transfer in a ZECC with 
fewer experiments.  Three-dimensional (3D) models are 
generally considered to be complicated and time 
consuming.  A two-dimensional (2D) model, which does 
not provide as much information as a 3D model, is still 
able to give valuable information about the air velocity, 
temperature and relative humidity profiles in a ZECC.  
By simplifying the geometry and conditions to two 
dimensions, solutions can be obtained in a reasonable 
amount of time. However, no thorough investigation of 
several parameters within a ZECC has been reported. 

The main objective of this study is to simulate the 2D 
airflow and heat transfer in a ZECC using numerical 
modeling.  The effects of several groups of parameters, 
such as chamber size, water temperature of filler, 
thickness of filler and load weight, on fluid flow and heat 
transfer in the ZECC are also explored.  The detailed 
analysis of fluid flow, heat transfer and water vapor 
diffusion in the entire region will be a valuable 
contribution to the design and operation of a ZECC. 

2  Mathematical model 

The model of the ZECC is shown in Figure 1.  The 
ZECC comprises inner and outer brick walls, a filler that 
is a mixture of sand and zeolite between the walls, a 
shading curtain and a storage space for tomatoes.  A 
shading curtain (assuming a light transmittance of 40%) 
is set as the source of solar radiation, and can release heat 
flux to the surrounding area.  The tomatoes can produce 
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heat flux and water vapor flux through biological 
respiration.  The evaporation of water modules absorbs 
heat, causing a reduction of the temperature in the ZECC.  
To predict the thermal environment, it is necessary to 
determine the air velocity, temperature and relative 
humidity in the ZECC.  These can be computed by 

solving the coupled equations for the conservation of 
mass, momentum and energy of the airflow.  The whole 
process is assumed to be a transient state of heat transfer, 
and the multi-component fluid composed of dry air and 
water vapor is treated as an incompressible flow of moist 
air. 

 
Note: L1 is 0.2 m; L2 is 0.3 m; L3 is 0.75 m; L4 is 0.4, 0.6 or 0.8 m; L5 is 0.025, 0. 075 or 0.125 m. 

Figure 1  Sketch of Zero Energy Cool Chamber 
 

Since airflow only exists in the far field, the 
governing equations for a far-field zone include the 
continuity equation, the incompressible Navier-Stokes 
equation and the heat transfer equation, while the 
governing equation for the rest of the zones is the heat 
transfer equation only.  

The continuity equation is: 

∇ ⋅ u=0                  (1) 

where, u is the velocity vector, m/s.  
The incompressible Navier-Stokes equation is: 

ρ u ⋅∇ u= – p∇ 2μ+ ∇ u+ ρ gβ(T–Tref)      (2) 

where, ρ is the density of air, 1.1967 kg/m3; p is the 
pressure, Pa; μ is the viscosity of air, kg/m·s; g is the 
gravitational acceleration, m/s2; β is the thermal 
expansion coefficient, 0.003932 K-1; T is the temperature, 
°C; Tref is the reference temperature, °C. 

The general heat transfer equation can be expressed 
as: 

2
pc u T k T Sρ ⋅ ∇ = ∇ +            (3) 

where, cp is the specific heat of air, kJ/kg·K; k is the 
thermal conductivity of air, W/m·K; and S is the heat 
source of the tomatoes, W/m³.  

To accurately define the problem, appropriate 
boundary conditions are required at every boundary 
segment of the computational domain.  For the 
continuity Equation (1) and the momentum Equation (2), 
boundary conditions are applied as follows: a prescribed 
velocity for the inlet and zero velocity for solid surfaces.  
For the energy Equation (3), a constant temperature 
condition is used for the inlet, there is a constant heat flux 
for the biological respiration of the tomatoes, there is a 
variable heat flux for the water evaporation process and 
there is solar radiation from the shading curtain. 

The solution is obtained from solving Equations (1) to 
(3), with their associated boundary conditions, and the 
following five primary parameters are specified: two 
velocity components, pressure, temperature and water 
vapor concentration.  The relative humidity can be 
calculated using the following procedure as 
recommended by ASHRAE[19]: 
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(6) 
where, φ is the relative humidity; pw is the partial pressure 
of water vapor in moist air, Pa; pws is the pressure of 
saturated water, Pa; and m1 is the concentration (mass 
ratio) of water vapor (kg/kg of moist air).  

3  Numerical solution 

The essential dimensions are denoted in general forms 
as L1 to L5 in Figure 1.  L1 to L3 are fixed numerical 
values as follows: L1=0.2 m, L2=0.3 m and L3=0.075 m.  
They are chosen based on the real typical dimensions of 
corresponding objects.  The numerical values of L4, L5, 
load weight and temperature of water in the mixture for 
each simulation are given in Table 1. 

 

Table 1  Simulation cases 

Simulation 
case # Objects L4 

/m 
L5 
/m 

Load 
weight 

/kg 

Water 
temperature

/°C 

1 Air temperature, humidity  
and velocity 0.6 0.075 30 20 

2 Air temperature and humidity 0.6 0.025 30 20 

3 Air temperature and humidity 0.6 0.125 30 20 

4 Air temperature and humidity 0.4 0.075 30 20 

5 Air temperature and humidity 0.8 0.075 30 20 

6 Air temperature and humidity 0.6 0.125 15 20 

7 Air temperature and humidity 0.6 0.125 60 20 

8 Air temperature and humidity 0.6 0.075 30 30 

9 Air temperature and humidity 0.6 0.075 30 10 
 

The water molecules in the filler absorb heat and 
evaporate, which causes the temperatures of the filler and 
brick walls to decrease.  The air temperature inside the 
ZECC, along with that of the tomatoes, also decreases 
due to heat transfer.  During this process, the thickness 
of the filler, the water temperature in the filler, the size of 
the storage space and the load weight may be factors that 
affect heat transfer.  A typical set of these factors is 
provided by Islam et al.[12]: thickness of filler 0.075 m, 
water temperature 25ºC, size of storage space 0.6 m and 
load weight 30 kg.  To investigate how these factors 
affect heat transfer, another two sets of test values for 
each factor are considered in this study.  These are: filler 
thickness: 0.025 m and 0.125 m; water temperature: 10ºC 
and 30ºC; size of storage space: 0.4 m and 0.8 m; and 

load weight: 15 kg and 60 kg. In total, nine simulation 
cases are performed.  

In order to save computational time, the two hours 
from 15:00 to 17:00 are chosen for the transient state 
simulation.  The simulation results on the changes of 
temperature and relative humidity can be verified by 
comparison with the experimental results of Islam et al.[12]  
The resulting values of water temperature, chamber size, 
filler thickness and weight load are compared at the time 
17:00.  

The equation for the solar radiation source set by the 
shading curtain at the time interval from 15:00 to 17:00 is 
given by: 

q=at+b                 (7) 
where, q is the heat flux, W/m2; t is the time, s;       
a= –1.668×10-2 W/m2 s; and b=240 W/m2.  

The heat transfer equations for the evaporation of 
water molecules in the filler are: 

( )wv w w wsq k p p= −             (8) 

hv v wvq L q=                 (9) 

where, qwv is the mass flux for water evaporation, kg/s; kw 
is the mass flux coefficient of water evaporation, kg/(Pa s); 
qhv is the heat flux for water evaporation, W; and Lv is the 
latent heat of water evaporation (2257 kJ/kg). 

Details of the boundary conditions are given in Table 
2.  The properties of air are taken at a reference 
temperature of Tref =22°C as follows: ρ=1.1967 kg/m3; 
μ=1.8273×10-5 kg/m·s; cp=1.0043 kJ/kg·K; k = 0.025776 
W/m·K; β, the thermal expansion coefficient, 0.003932 
1/K; and D, the diffusion coefficient, 2.5449×10-5 m2/s[17].  
The properties of the filler are as follows: ρ=3606 kg/m3, 
cp=912 kJ/kg·K and k=0.3993 W/m·K (calculated from 
the ratio of sand to zeolite). The properties of the 
tomatoes are: ρ=1000 kg/m3, cp=3680 kJ/kg·K and 
k=0.47 W/m·K[20].  The heat and mass of respiration of 
the tomatoes are estimated using IIR data[18].  qhr is the 
heat of respiration of the product, W/kg. 

Initial conditions are essential for the simulation of 
the transient state.  The initial temperature and relative 
humidity for the far field and storage space, the solar 
radiation, the inlet velocity and the water temperature are 
given by Islam et al.[12]  However, the other initial 
conditions of the brick walls, filler and tomatoes are still 
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unknown.  Thus, an additional simulation is conducted 
to determine the other parameters for the initial 
conditions, which are listed in Table 3. 

 

Table 2  Boundary conditions 

Entity Velocity/m·s-1 Temperature/°C Water vapor/kg·s-1

Inlet ux=0.5 T=37 φ=60% 
Outer brick wall ux= uy=0 q =0 qw=0 
Inner brick wall ux= uy=0 q =0 qw=0 
Shading curtain ux= uy=0 Eq.(7) qw=0 

Filler ux= uy=0 Equation (9) Equation (8) 
Tomatoes ux= uy=0 qhr =0.0154 qwr=3.1453E-5 

Storage space ux= uy=0 q=0 qw=0 
Insulated cover ux= uy=0 q=0 qw=0 

 
 

Table 3  Initial conditions 

Entity Temperature/°C Water vapor/kg·s-1 

Inlet T=37 60% 
Outer brick wall T=23.5  

Filler See Table 1  
Inner brick wall T=22.9  

Tomatoes T=23.2 82% 
Storage space T=23.1 82% 

4  Results and discussion 

   Figure 2 shows the distributions of air velocity, 
temperature and relative humidity for Simulation 1.  
According to the speed distribution in Figure 2a, the 
outside airflow enters the inlet through the far field at a 
uniform speed (0.5 m/s).  Due to blocking by the outer 
brick wall, the flow goes through the gap between the 
shading curtain and the insulated cover at a higher speed 
(maximum speed is 2.8 m/s).  There is a slight 
circulation in the region between the right outer brick 
wall and the outlet, caused by a small airflow separated 
from the main airflow.  In the storage space, the inside 
airflow speed in the storage space is relatively low, 
especially in the area of the tomatoes (near to 0 m/s).  
The outside airflow is mainly forced convection by the 
inlet velocity, and the inside airflow is dominated by 
natural convection due to the temperature difference 
between the inner brick walls and the inner air. 

Figure 2b presents the temperature distribution for a 
typical case (Simulation 1).  The far-field region has the 
same temperature as the inlet air, thus, the outside airflow 
is strong enough to maintain the heat transfer between the 
air and the surfaces of the ZECC.  The water molecules 
in the filler evaporate and take heat away, making the 
filler the cold source of the ZECC.  The temperature of 
the outer brick walls is higher than that of the inner ones, 

because the outer bricks receive the heat transferred from 
the high temperature outside in the ambient air.  
Meanwhile, the temperature of the left-hand bricks and 
filler is higher than the right-hand ones, as the airflow 
speed of the left-hand outer is higher than that of the 
right-hand one.  A colder storage space is constructed 
with an average temperature of 23.65°C including the 
tomato area, which is 13.35°C lower than the outside air. 

 
a. Velocity, m/s 

 
b. Temperature, ºC 

 
c. Relative humidity, % 

Figure 2  Distribution of velocity, temperature and relative 
humidity for Simulation 1 

 

Figure 2c shows the relative humidity distribution for 
Simulation 1.  The evaporation of water molecules in the 
filler forced by the outside unsaturated air increases the 
relative humidity of the air above the filler, and the water 
vapor is taken away rapidly by the high-speed outside 
airflow.  Therefore, the relative humidity at the far field 
is the same as at the inlet.  Relative humidity is a 
parameter related to absolute pressure, water vapor 
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concentration and temperature.  In the storage space, the 
gage pressure is too small to affect the absolute pressure.  
Meanwhile, the water vapor from the tomatoes results in 
a very small flux.  Thus, the relative humidity 
distribution is mainly dependent on the temperature 
distribution, which can explain the similar contours of 
their distributions.  The average humidity in the storage 
space is 78.4%, which is 18.4% higher than that of the 
outside air. 

The results from Simulations 2 and 3 show some 
different distributions for the temperature and relative 
humidity with respect to different thickness of filler.  To 
facilitate analysis of the thermal environment in the 
storage space, the vertical distributions of the temperature 
and relative humidity are taken into account.  At each 
different height, average temperature and relative 
humidity are observed over the whole width of the 
storage space. 

Figure 3 compares the vertical distributions of 
temperature and relative humidity for three cases of 
different thickness of filler.  In Figure 3a, the average 
temperature shows a high correlation with the thickness 
of filler: a thicker filler leads to a lower temperature.  In 
the tomato area, the average temperature for the filler 
with thickness of 0.125 m (Simulation 3) was 21.9°C, 
which was 1.8°C lower than that of the other thickness 
fillers.  A typical case shows a uniform vertical 
distribution of temperature in a narrow range of 
23.0°C-23.7°C. The temperatures of the filler with  
0.025 m thickness (Simulation 2) and the filler with  
0.125 m thickness (Simulation 3) showed uniform 
distributions in the tomato area but varied significantly 
above the tomato area.  Since the temperature in the 
tomato area is important for storage, the filler with  
0.125 m thickness (Simulation 3) showed the best 
performance in this aspect. 
   Figure 3b shows the comparison of the vertical 
distributions of average relative humidity in the cases of 
three different thickness fillers.  The distribution of 
relative humidity is consistent with that of the 
temperature, and it can be seen that a higher temperature 
leads to a lower relative humidity.  The typical case had 
the most uniform distribution of relative humidity, 
ranging from 77.9% to 78.1%.  For the fillers with 

thickness of 0.025 m and 0.125 m, there were significant 
changes of relative humidity, ranging from 69.1% to 
78.2% and 80.8% to 86.9%, respectively.  Relative 
humidity was higher in the tomato area and lower at a 
height closer to the insulated cover. 

 
a. Average temperature 

 
b. Average relative humidity 

Figure 3  Vertical distributions of average temperature and 
relative humidity in the cases of different thickness fillers 

 

Figure 4 compares the vertical distributions of 
average temperature and relative humidity for different 
chamber sizes.  All three cases have the same load 
weight, but the height of the tomato area is different for 
the three different chamber sizes.  In Figure 4a, the 
typical case shows the most uniform and lowest 
temperature distribution.  However, the chamber sizes of 
0.4 m (Simulation 4) and 0.8 m (Simulation 5) show 
obvious changes at different heights.  In the tomato area, 
the temperature of Simulation 5 is 25.8°C, which is 2.0°C 
and 1.5°C higher than that in Simulation 1 and 
Simulation 4, respectively.  

The vertical distribution of the average relative 
humidity for different chamber sizes is presented in 
Figure 4b.  The typical case shows the most uniform 
relative humidity distribution, while for the cases with 
sizes of 0.4 m and 0.8 m, the relative humidity 
distribution changes are in the ranges 72.8% to 76.1% 
and 68.9% to 73.5%, respectively.  The average relative 
humidity of the cases from high to low is the case with 
the size of 0.6 m, 0.4 m and 0.8 m. 
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a. Average temperature 

 
b. Average relative humidity 

Figure 4  Vertical distributions of average temperature and 
relative humidity for different chamber sizes 

 

A comparison among the three different load weight 
cases for the vertical distributions of temperature and 
relative humidity is shown in Figure 5a.  All three cases 
show uniform vertical distributions of temperature and 
relative humidity.  A typical case with a 30 kg load 
weight has the lowest average temperature (23.7°C).  
The average temperature for the case with a lower load 
weight (15 kg in Simulation 6) is 1.2°C higher than that 
for the typical case, and the case with a heavier load   
(60 kg in Simulation 7) has the highest average 
temperature (25.8°C). 

Figure 5b shows the vertical distribution of relative 
humidity for different load weights.  Similarly, the 
relative humidity distribution shows a strong dependency 
on the temperature distribution, and the shapes of the 
distribution curves for each parameter are also very 
similar.  Moreover, the relative humidity for the typical 
case is 5.5%, which is 9.3% higher than the cases with 
load weights of 15 kg and 60 kg, respectively. 

Figures 6a and 6b show the temperature and relative 
humidity distributions under different water temperatures 
of filler.  In Figure 6a, the water temperatures show little 
influence on the average temperature of the storage space, 
and the three cases have the same average temperature 
zone (23.71°C-23.73°C), which are distributed uniformly.  

According to the plot of vertical relative humidity 
distribution in Figure 6b, the water temperatures still have 
little effect on the average relative humidity of the storage 
space, and the average relative humidity of the three cases 
ranges from 77.9% to 78.3%. 

 
a. Average temperature 

 
b. Average relative humidity 

Figure 5  Vertical distributions of average temperature and 
relative humidity for different load weights 

 

 
a. Average temperature 

 
b. Average relative humidity 

Figure 6  Vertical distributions of average temperature and 
relative humidity for different water temperatures 
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Figures 7a and 7b compare the results of a typical 
case and experimental data given by Islam et al.[12]  The 
numerical simulation and experimental results show good 
agreement.  The maximum differences of temperature 
and relative humidity between numerical simulation and 
experimental data are 0.7°C and 1.9%, respectively. 

 
a. Average temperature 

 
b. Average relative humidity  

Figure 7  Comparison between simulation and experimental data 

5  Conclusions 

The results from the numerical simulations provide an 
insightful understanding into fluid flow and heat transfer 
in a ZECC.  The evaporation of water molecules in the 
filler reduces air temperature in the chamber, which 
removes calorific energy from fresh produce, and 
generates a significant temperature difference for storing 
fruit and vegetables.  The distributions of average 
temperature and relative humidity for the storage space in 
chambers of sizes 0.4 m, 0.6 m or 0.8 m in this study 
showed a high correlation with the thickness of filler: a 
thicker filler, with more evaporation of water, leads to a 
lower air temperature.  The water temperatures in the 
filler exert little influence on the average temperature and 
relative humidity in the ZECC.  The lowest temperature 
and highest relative humidity in the chamber can be 
achieved when the chamber size is 0.6 m, the filler size is 
0.075 m and the load weight is 30 kg.  

Moreover, numerical simulation results are in 
agreement with experimental data, which demonstrates 
that the numerical simulation can be effectively applied 
for predicting the distribution of velocity, temperature 
and relative humidity in a ZECC. 
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