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Numerical Study of the Spatial Prȏling of Air̓ow … by Hermann KABORE et al.  2 
ABSTRACT 

The aim of this work is to carry out a numerical analysis of the airflow field in a 3D solar cold room in 
order to determine the variation in air velocity. The cold room, with external dimensions of 5.10 m×3.00 
m×2.60 m, rests on concrete blocks about 40 cm above the ground, creating an empty space. Inside the 
storage room, crates containing tomatoes were placed on pallets occupying a large volume of this space. 
A Computational Fluid Dynamics (CFD) simulation study was carried out using COMSOL Multiphysics 
software, version 5.3a, at constant evaporator unit diffusion airflow. The study showed inhomogeneity 
of air velocity distribution within the device. However, the middle (Z = 0.91 m) and lower (Z = 0.31 m) 
planes show a high degree of air velocity uniformity compared with the upper plane (Z = 1.51 m). The 
air velocity heterogeneity index calculated for the middle and lower planes is 41.64% and 102.90% 
respectively, compared with 222.06% for the upper plane. An experimental study was carried out to 
validate the results of the simulation tool. The average relative absolute error of the CFD calculation is 
0.31 on the middle plane and 0.15 on the lower plane. This numerical and experimental study is 
essential for understanding the mechanism of air circulation in cold stores. 

Keywords: cold store, air velocity distribution, CFD, velocity heterogeneity index, mean relative error. 

Introduction  

When the main parameters, such as humidity, temperature and air velocity, are respected in a cold 
store, the food products preserved during storage retain their original condition once they leave the 
cold store. This is due to the fact that cold slows down the respiration of agricultural products, delaying 
their ripening and halting their physiological, biochemical and microbiological deterioration 
processes. However, the ripening of agricultural crops can be unpredictable due to storage conditions 
that are di̕cult to homogenize in cold stores. Numerous studies have shown inhomogeneity in air̓ow 
temperature, velocity or humidity in cold rooms (Hoang et al., 2015), refrigerated trucks (Moureh et 
al., 2002) and domestic refrigerators (Asmi et al., 2013) or in containers (Cardinale et al., 2016). This air 
inhomogeneity is due to the design of cold stores, the location of evaporator units and/or serpentine 
conductors, the cooling of internal equipment (pallets, crates, light bulbs, forklifts, scales, etc.) or the 
breathing of products in the case of a loaded cold room. Other studies con̑rm the heterogeneity of 
cooling by showing that in a cold room, the crates containing fruit and vegetables placed near the 
evaporator unit were subjected to higher air temperatures than the rear crates, resulting in product 
cooling rates and temperature heterogeneity (Duret et al., 2014). Recent studies by (Bishnoi & Aharwal, 
2020) in a cold room showed heterogeneity in air velocity and temperature along the axis and height of 
the device. The upper and middle planes showed a large vortex that was much more active than the 
lower planes. Studying the circulation of the air̓ow is proving di̕cult for researchers who can't ̑nd 
analytical solutions to this complex geometry. For this reason, the numerically approximated solution 
is considered an interesting alternative (Amadou Oumarou, 2021). 

Computational ̓uid dynamics (CFD) is a powerful tool for characterizing temperature and air velocity 
̑elds in refrigerated warehouses. This tool can be used to solve coupled partial di̛erential equations, 
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such as the Navier-Stokes equations, in which mass, momentum and energy transfers between the air 
and the products to be stored are described (Lewis et al., 2004). Ansys Fluent, Ansys CFX and COMSOL 
Multiphysics software (COMSOLMultiphysicsTM, 2007) are used in a number of applications. The latter 
is a scientȋc commercial software package for thermo̓uidodynamic simulations. 

Thanks to the evolution of fundamental computer concepts, it is now possible to present air̓ow models 
and temperature attributes in an operational cold room. Our study will involve developing a 
mathematical model of the conservation equation for the ̓uid's momentum inside the cold device. 
Emphasis will be placed on the precise measurement of air velocity during experimental tests. The 
results of the latter will be used to validate the results of the numerical simulation. The average relative 
absolute error of the CFD calculation is 0.31 in the middle plane and 0.15 in the lower plane. 

Materials and Methods  

Materials  

The parallelepipedic bioclimatic model presented by the authors (KABORE et al., 2024) is used for 
computational ̓ uid dynamics (CFD) simulation. This monoblock model comprises a technical room and 
a preservation chamber with external dimensions of 5.10 m×3.00 m×2.60 m. Inside the preservation 
chamber, crates containing tomatoes were placed on pallets on the ̓oor, as shown in Figure 1 (see 
Figures & Tables section). The preservation chamber is made up of two physically di̛erent environments: 
̓uid + “solid” (tomatoes). The spaces between the rows and between the crates form the ̓uid medium. 
The tomato bed is assimilated to a porous medium with the pallets and crates in cubic form with a 
porosity ϵ equal to 41.19% (Uba et al., 2020). A porous medium is dȇned as a material made up of a solid 
matrix and “holes” called pores, occupied by a ̓uid that may be in one or more phases (gas, liquid or 
gas and liquid), referred to as single-phase or two-phase ̓ow (OUEDRAOGO, 2017). 

For air circulation tending towards cooling uniformity in cold stores, three types of rectangular or 
circular duct evaporator units have been proposed by authors (Sajadiye & Zolfaghari, 2017). These are 
cold stores with a heat exchanger and ventilation unit, cold stores with a slotted ceiling duct and cold 
stores with a slotted plenum wall. Our refrigeration circuit model is therefore that proposed by the 
authors (KABORE et al., 2024), featuring two ventilation units with heat exchanger, each with an air 
̓ow rate of 20 m3/min and 0.06 m2 of circular duct surface. 

Methods 

Aeraulic Parameters 

Air velocity homogeneity in the produce zone can improve the air̓ow ̑eld inside the cold store. 
However, the presence of agricultural products disturbs the air̓ow, which then becomes disordered 
and heterogeneous. The deviation of air velocity at di̛erent positions from the mean velocity 
illustrates the heterogeneity of the velocity, a phenomenon known as the “air velocity heterogeneity 
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index”. Of the latter, the lower its value, the more uniformly the velocity is distributed at the location 
where it is calculated or measured (Bishnoi & Aharwal, 2020). It is dȇned as follows: 

𝐻𝐼 =
ඥ(௨ି௨ഥ)మ

௨ഥ
× 100        (1) 

Model Assumption 

 Bulk packages of Cobra variety tomatoes in pallet boxes were modeled in cubic form as a porous 
medium with a heat source, as we assumed that the products contribute heat through 
respiration and moisture loss due to vapor pressure dȇcit. Numerous studies have shown that 
the porous medium model is reliable enough to be applied to large devices such as cold storage 
facilities (Hoang et al., 2015; Sajadiye & Zolfaghari, 2017); 

 The ̓ow is turbulent. The type of turbulence model is RANS (Reynolds-Averaged-Navier-
Stokes) and the turbulence model is κ-ε; 

 The 3D numerical simulation partly takes, only, the conservation local; 
 The ̓uids composing the porous medium are incompressible; 
 The ̓ow is single-phase. 

Governing Equations 

Airflow Model 

Experimental measurements lead us to high Reynolds numbers (Re > 2300), which places us in a 
turbulent regime. The Reynolds number corresponds to the ratio between inertial and viscous forces, 
and measures the degree of turbulence in the ̓ow. 

𝑅𝑒 = ಹ
ఔ

         (2) 

The Navier-Stokes equation, completed by the continuity equation, expresses the conservation of 
momentum of the ̓uid, dȇned as follows (Cardinale et al., 2016): 

𝜌(U. ∇)U = ∇. ቂ−𝑝2𝐼 + (𝜇 + 𝜇்)(∇𝑈 + (∇𝑈)்) −
ଶ

ଷ
(𝜇 + 𝜇்)(∇. 𝑈)𝐼 −

ଶ

ଷ
𝜌𝑘2𝐼ቃ + 𝐹  

 (3) 

𝜌∇. (U) = 0         (4) 

Added to this are those relating to the turbulent kinetic energy balance k and the dissipation rate per 
unit mass ε. 

𝜌(𝑈. ∇)𝑘 = ∇. ቂቀ𝜇 +
ఓ

ఙೖ
ቁ ∇𝑘ቃ + 𝑃 − 𝜌𝜀     (5) 

𝜌(𝑈. ∇)𝜀 = ∇. ቂቀ𝜇 +
ఓ

ఙഄ
ቁ ∇𝜀ቃ + 𝐶ఌଵ

ఌ


𝑃 − 𝐶ఌଶ𝜌

ఌమ


    (6) 

 𝜇் = 𝜌𝐶ఓ
మ

ఌ
         (7) 
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𝑃 = 𝜇் ቂ∇𝑈. (∇𝑈 + (∇𝑈)்) −
ଶ

ଷ
(∇. 𝑈)ଶቃ −

ଶ

ଷ
𝜌𝑘∇. 𝑈    (8) 

The inlet boundary conditions Ix, dȇned as turbulent intensity, and LT, as turbulence length scale, were 
calculated as follows: 

𝐼௫ = 0,16(𝑅𝑒)
ିଵ/଼        (9) 

𝐿் = 0,07𝐿         (10) 

The Ix and LT values were used to calculate k and ε : 

𝑘 =
ଷ

ଶ
(𝑈௫/𝐼௫)

ଶ        (11) 

𝜀 = 𝐶ఓ
ଷ/ସ 

య/మ


         (12) 

Initial Conditions 

A t = t0, he comes : 

U = Ux = Uy = Uz = 0 ; 

P = Atmospheric pressure 

Boundary Conditions 

The boundary conditions on speed can be written as : 

On evaporator unit output : Ux = V ; Uy = Uz = 0 

On all solid surfaces : Ux = Uy = Uz = 0  

Numerical Resolution 

The simulation was carried out on a personal computer equipped with an Intel(R) Core(TM) i5 CPU M 
520 @ 2.40GHz 2.40 GHz, with an air̓ow of 20 m3/min and a Reynolds number of 64750. COMSOL 
Multiphysics software, version 5.3a, was used to solve the air̓ow model using the ̑nite element 
method. The computational domain was ̑rst discretized (subdivided) into a mesh of many small 
elements. Four-node tetrahedral element meshes were used for the 3D model. 

Airflow Model Validation Method 

During the experimental tests, quantitative velocity measurements are made using a hot-wire 
anemometer inside the cold room, as this is a practical procedure and its measurement range is 
acceptable (0.1 to 20 m/s) with an accuracy of ± 0.05 m/s. Air velocities are measured in two planes 
along the heights (0.31 m, 0.91 m and 1.51 m) and are referred to as the “bottom plane”, “middle plane” 
and “top plane” respectively, as shown in Figure 2. Air velocity is measured at 43 points on each plane 
in the product area. 
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At each point, the velocity components in the x, y and z directions are measured, assuming that the 
cylindrical face of the thermo-anemometer sensor re̓ects the normal velocity component of the 
air̓ow from the evaporator unit. The velocity amplitude (u) at each location is calculated as follows: 

𝑢 = ට𝑣௫
ଶ + 𝑣௬

ଶ + 𝑣௭
ଶ        (13) 

The results obtained from these experimental tests are used to compare with those of the air̓ow model 
in order to validate them. 

The error was calculated as the relative mean absolute di̛erence between the measured and calculated 
velocity amplitude (Nahor et al., 2005): 

𝐸തி =
ଵ

ே
∑

|௨|ಷವ
 ି|௨|ೣ



|௨|ೣ


ே
ூୀଵ        (14) 

Results and Discussion 

Velocity Distribution 

The unloaded no-load air̓ow obtained from the CFD porous medium approach, with a di̛used air 
supply and constant ̓ow in the axial direction, is shown in Figure 3. The air ̓ow appears to be 
homogeneous, from the evaporator unit to the front wall, then back to the air coolers via the ̓oor. The 
cycle continues in this way until the set temperature is reached.  

However, the presence of agricultural produce inside the cold store disturbs the air ̓ow ̑eld, making 
it disordered and non-uniform. Figure 4 illustrates the air velocity distribution on the three XY planes 
at di̛erent heights, as well as the cross-section. Figure 4-d)- shows the ̓ow of air on the ZX plane from 
its di̛usion through the evaporators to its outlet. The air ̓ow is re̓ected by the front wall, then 
returns to the coolers via the middle and ̓oor of the device. Figure 4-a)- shows the circulation of air 
velocity on the upper plane. Cold air di̛used from the evaporator unit has caused a high velocity 
impact in the area next to the front wall. At the rear of the upper plane, part of the return air is drawn 
in by the cold air blast, producing low air velocity in this area. Still in this rear zone, the entrainment 
e̛ect of the di̛used air diminishes as one move away from the evaporators, and the minimum air 
velocity can therefore be observed on this plane near the side walls and in the center. Figures 4-b)- and 
c)- show the air velocity distribution in the middle and bottom XY planes respectively. Return air ̓ows 
uniformly through the air channel between the crates. As the temperature in the cold room drops, the 
cold air becomes denser, and a large volume of it passes at high speed close to the ̓oor. 

The average air velocity in the lower, middle and upper planes is 2.48 m/s, 1.34 m/s and 0.87 m/s 
respectively, while the average velocity for all three planes is 1.56 m/s. The air speed heterogeneity 
index HI is lowest in the middle and lower planes. In the agricultural preservation zone, a maximum HI 
of 41.64% was obtained on the median plane, indicating a deviation of 0.64 m/s from the mean velocity. 
This low HI value on this plane indicates greater uniformity in the velocity distribution. The greatest 
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heterogeneity in velocity distribution is obtained on the upper plane, with an HI value of 222.06%. See 
Figure 5. 

Validation with the Experimental Study 

 The results obtained experimentally were imported into COMSOL Multiphysics, version 5.3a, so that 
they could be compared with those of the mathematical model developed. Figures 6 and 7 respectively 
show a comparison of aeraulic prȏles between the simulation tool and experimental results. Analysis 
of the various curves shows that the discrepancies between calculated and measured mean velocities 
are small. These deviations can be considered satisfactory in view of the various simulation and 
experimental parameters in̓uencing model performance, such as variations in experimental inlet air 
velocity. Our results con̑rm those of the authors' study (Bishnoi & Aharwal, 2020), which showed that 
the air velocity distribution in a parallelepiped-type cold store exhibits low heterogeneity on the 
median and bottom planes. They also reveal greater uniformity of air velocity on the median plane in 
the agricultural products storage area. The mean relative absolute errors for the calculated and 
measured mean velocities are presented in Table 1 below. 

Conclusion  

The mathematical model developed can be used to predict ̓uid ̓ ow in vacuum cold rooms and/or cold 
rooms loaded with agricultural products. The model equations have been solved and validated using 
experimental data from a parallelepiped photovoltaic solar cold store. The results of the numerical 
study con̑rm those of some authors' experimental studies. The mean relative absolute error for 
velocity amplitude prediction is around 0.31 on the median plane and 0.15 on the lower plane. 
Maximum velocity heterogeneity was obtained on the upper plane with an HI value of 222.06%. Such a 
numerical and experimental study is essential and benȇcial for studying aeraulic prȏles in the design 
and operation of cold rooms, but also for understanding the cooling phenomenon in order to optimize 
the performance of the cold device. 

Nomenclatures 

𝑢 : velocity obtained at a specȋc position (m/s) 

𝑢ത  : average velocity obtained from di̛erent planes (m/s)  

𝑉 : ̓uid ̓ow velocity (m/s) 

𝐷ு : hydraulic diameter (m) 

𝜈 : kinematic viscosity (m2/s)  

𝜌 : air density (kg.m-3)   

p : pressure (Pa) 

𝜇 : dynamic air viscosity (kg.m-1s-1)   
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𝜇𝑡 : turbulent viscosity or turbulent eddy (kg.m-1s-1) 

𝐼 : unit tensor 

𝐹 : volume force due to natural convection (N) 

𝜅 : turbulent kinetic energy (m2/s2) 

𝜀 : turbulent dissipation rate (m2/s3) 

𝐶ఓ : turbulent model coe̕cient  

𝑃 : turbulent kinetic energy generation term by Reynolds stresses.   

𝜎, 𝜎ఌ, 𝐶ఌଵ, 𝐶ఌଶ : model constants  
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FIGURES & TABLES 

 

Figure 1: Model of the cold device containing the loaded products 

 

 

a)_ Three XY planes b)_ ZX plane 

Figure 2: Presentation of the di̛erent planes. a)_ Three XY planes and b)_ Cross-section, ZX plane 
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Figure 3: Air velocity distribution streamline 

  

a)_ Top view == Top plane b)_ Top view == Middle plane 

  

c)_ Top view == Bottom plane d)_ Side view == Cross section 

Figure 4: Air velocity and direction inside the cold room 
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Figure 5: Air velocity heterogeneity index at 43 points on the di̛erent planes

 

Figure 6: Comparison of simulated and experimental air̓ow prȏles in the middle planes 
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Figure 7: Comparison of simulated and experimental air̓ow prȏles in the lower planes 

Table 1: CFD calculation error distribution on di̛erent XY planes 

Plane Middle Bottom 

Component (m) Z = 0.91 Z = 0.31 

Calculated average speed 
(m/s) 

1.34 2.48 

Measured average speed (m/s) 0.64 ± 0.05 1.03 ± 0.05 

𝐸തி (%) 31.1 15.8 
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