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Abstract 9 

Temperature control throughout the cold chain is of crucial importance in the preservation of 10 

the quality of cheese. As a result of cheese heat generation, both natural and forced convection need to 11 

be considered. This numerical study aimed to characterise the airflow and temperature fields within a 12 

ventilated pallet of heat-generating cheeses. An original computational fluid dynamics (CFD) hybrid 13 

approach was developed. This approach is based on a combination of a porous media approach for the 14 

contents of the boxes and a direct CFD approach for the outer cardboard walls, including vent size and 15 

position. The computational domain is limited to one pallet level. The simulations were conducted on a 16 

steady state for two upwind air velocities 0.31 m/s and 0.73 m/s and three generated heat fluxes 0.05 W, 17 

0.15 W, and 0.3 W per product item (250 g). The model was validated by comparison with experimental 18 

results related to velocity and product temperature profiles obtained on a full-scale experimental set-up. 19 

The hybrid approach shows good accuracy while reducing the mesh size and the computational time in 20 

comparison with the direct CFD approach. 21 

Keywords: Heat-generating products, mixed convection, porous medium, direct CFD, hybrid 22 

approach 23 

Nomenclature 24 

Cp
 Heat capacity at constant pressure, J kg-1 K-1 

D Cheese diameter, m 

F Forchheimer coefficient, [-] 

K Permeability, m2 

k Turbulent kinetic energy, m2/s2 

Øz.in Vertical airflow rate, m3/s 

p Pressure, Pa 

Q Heat generation flux per product item (250 g of camembert), W 

Qheat.tot Heat generation for one carton (30 camemberts), W 
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qheat.tot Volumetric heat generation for one carton, W/m3 

S Momentum source term, kg/(m s)2 

Sinterface Interface surface between the porous zone and the air gap, m2 

T Temperature, °C 

u Air velocity, m/s 

uz Vertical component of the airflow velocity, m/s 

V Volume, m3 

βT Thermal expansion coefficient, K-1 

ν  Kinematic viscosity, m2/s 

Abbreviations 

CFD Computational Fluid Dynamics 

FV Front vent 

LDV Laser Doppler Velocimetry 

REV Representative Elementary Volume 

RMSE Root Mean Square Error, °C 

Dimensionless numbers 

Gr Grashof number, [-] 

Pr Prandtl number, [-] 

Ra Rayleigh number, [-] 

Re Reynolds number, [-] 

Ri Richardson number, [-]  

Greek symbols 

ε Turbulence dissipation rate, m2/s3 

εf Fluid porosity of stacked cheese: εf = Vf/Vtot, [-] 

λ  Thermal conductivity, W/(m K) 

μ Dynamic viscosity, kg m-1/s 

ρ Density, kg/m3 

𝜔 Specific turbulent dissipation rate, s-1 

Subscripts 

air.in Upwind airflow  

d driving 

exp Experimental 

f Fluid 

max Maximum 

num Numerical 

out Outlet 



p Porous media 

t Turbulent 

tot Total 

 Introduction 25 

The temperature of cheese within pallets must be controlled and maintained below a 26 

recommended value throughout the cold chain to preserve quality and reduce losses (Pham et al., 2019). 27 

In the forced convection regime at the beginning of the cold chain (precooling), temperature 28 

heterogeneity can be encountered within stacks such as pallets, depending on several parameters such 29 

as the airflow rate (Wang et al., 2020), stacking pattern (Moureh et al., 2009b), ventilated box 30 

configuration including vent hole design and the total area of the openings (Berry et al., 2021). Heat 31 

generation induced by the respiration activity of the products can enhance natural convection and affect 32 

the level and heterogeneity of the product temperature. It is important to take this aspect into account, 33 

particularly in the case of periods during which the air velocity is low, such as during storage, where 34 

forced convection can be dominated by natural convection (Pham et al., 2021), of polylined products 35 

(O’Sullivan et al., 2017), and during long precooling processes (Redding et al., 2016). 36 

Soft cheese products such as “Camemberts” contain lactic ferments and continue their 37 

metabolism once the products have been conditioned. As a result of the metabolic activity (respiration) 38 

of the micro-organisms, they generate heat (Hélias et al., 2008; Pham, 2021). This heat generation due 39 

to product respiration depends on the product temperature (Delele et al., 2013; Han et al., 2015) and can 40 

vary from one product to another. Recently, Pham et al. (2021) studied the effect of the natural 41 

convection induced by the respiration heat of cheese on the temperature of products within one level of 42 

a pallet. The study showed that products under mixed convection regime are better cooled than those 43 

under a forced regime. Chourasia and Goswami (2007) obtained similar results and showed that 44 

recirculation due to natural convection helps remove heat from the products, leading to a lower product 45 

temperature. Thus, natural convection exerts a positive influence on the heat transfer within a product 46 

stack. 47 

Several experimental studies have been conducted to better understand and evaluate the cooling 48 

behaviour of stacks of products (Duret et al., 2014; Praeger et al., 2020). These studies represent real 49 

conditions and consider the random arrangement of products within a cardboard box and the spaces 50 

between ventilated boxes which can affect the connection between successive holes under real 51 

ventilation conditions. Nevertheless, there are few such studies in the literature because of their cost and 52 

the required manual handling time (Zou et al., 2006a). Computational Fluid Dynamics (CFD) modelling 53 

is therefore used to avoid the complexity of implementing experiments or to reduce the number of 54 

experiments. 55 

Two main CFD methods are the most widely used: the direct CFD and porous media approaches. 56 

Both numerical approaches have their advantages and drawbacks. The direct CFD approach explicitly 57 



reproduces both ventilated box geometry and product shapes and their arrangements. As it explicitly 58 

solves the local heat transfer and fluid transport, it accurately predicts the characteristics of local airflow 59 

through vent holes and around products as well as the product temperature level and heterogeneity 60 

within the stack. However, it involves a large number of meshes and a high computational cost. Hence, 61 

it is limited to a small computational domain, such as one box (Wang et al., 2020), one pallet level (Han 62 

et al., 2018), and rarely one pallet (Wu et al., 2019). 63 

To manage computational resource issues, a porous medium approach has been used to model 64 

large domains such as cold rooms (Hoang et al., 2015) and transport vehicles (Moureh et al., 2009a). 65 

This method simplifies the geometry and models the flow roughly with a reduced computational time 66 

and an acceptable accuracy. According to Hoang et al. (2015), results obtained from modelling four 67 

pallets within a cold room using porous media, the relative error between numerical and experimental 68 

values of Nusselt number and velocity are 15% and 44%, respectively. However, this approach lacks 69 

sensitivity in modelling local airflow behaviour, issuing vent holes and temperature characteristics 70 

within boxes or stacks (Zou et al., 2006b). It involves integrating the conservation equations in the 71 

porous region. The airflow in the porous medium is characterized by its superficial velocity determined 72 

through local volume averaging. In addition, it requires the determination of additional parameters 73 

related to the pressure drop coefficients (often by using the Darcy-Forchheimer equation) and the heat 74 

transfer coefficient in the case of Local Thermal Non-Equilibrium (LTNE) modelling (Zhao et al., 2016; 75 

Alvarez et al., 2003; Hoang et al., 2015). Furthermore, (Pham et al., 2021) and (Ambaw et al., 2017), 76 

showed that pressure losses are located at the vents of boxes for a stack of products. This highlights the 77 

importance of modelling the packaging details (vents position, size and shape) to better characterise 78 

local airflow behaviour, which in turn has an impact on temperature distribution within the stack. 79 

To overcome the limitations of both the direct CFD (mainly related to calculation resources 80 

limitations for a large-scale modelling) and porous medium approaches (lack of sensitivity in modelling 81 

local airflow behaviour), this study aimed to develop an original hybrid approach applied to a single 82 

pallet level of heat-generating cheese. This new method combines the porous media method for the 83 

contents of the boxes (cheeses) and the direct CFD approach to explicitly model the ventilated cartons, 84 

including vent design, size, and positions. A previous numerical study was carried out by Pham et al. 85 

(2021) on the same computational domain (one level pallet of cheese generating heat) using direct CFD 86 

approach. It involved a computational time of 48 hours and a mesh size of 107 cells. Both studies take 87 

into account forced convection and natural convection promoted by cheese heat generation.  88 

The objectives of this study were to evaluate the ability of the hybrid approach in reducing 89 

calculation time while ensuring accuracy of the airflow and temperature prediction. The hybrid approach 90 

will help to gain a better insight into local airflow behaviour, notably for the interaction of small jets 91 

through vent holes with the porous stack of product, while reducing mesh size and computing time. The 92 

results obtained using this new approach were evaluated and compared to the experimental and 93 



numerical results obtained by Pham et al. (2021). Different conditions of air velocity and heat generation 94 

were tested to evaluate the approach performances, discuss its limitations and identify future research. 95 

 Materials and methods 96 

2.1 Experimental device and measurements 97 

The experimental device consists of one cheese pallet with industrial dimensions (800 mm × 98 

1200 mm × 1455 mm) placed within a cold room with 5100 mm × 3200 mm× 2860 mm dimensions 99 

subjected to ambience parameter (temperature and velocity) control. The temperature of the cold room 100 

was set at Tair.in = 4°C. The pallet was composed of nine levels with six cardboard boxes of product per 101 

level. A space of about 10 mm separated the boxes placed at the same level. Each cardboard box 102 

contained 30 cheeses superposed in three layers and arranged in two rows (see Fig. 2). Each product (D 103 

= 110 mm, H = 40 mm) weighed 250 g and generated heat flux Q. In order to ensure both experimental 104 

stability conditions and repeatability, cylindrical plaster products equipped with controllable heating 105 

resistances were used to represent cheese products (camembert) and their heat generation; more details 106 

can be found in (Pham et al., 2019). 107 

The experimental measurements used in this study were obtained by Pham et al. (2021). The 108 

transversal air velocity was measured at the mid-height of the air gap using Laser Doppler Velocimetry 109 

(LDV). The temperature of the products was measured on the axis of the cheese at 45 mm from the top 110 

using T-Type thermocouples with an accuracy of ± 0.1 K (precision: ± 0.05 K) after individual 111 

calibration between 273 and 293 K (Pham et al., 2021) (see Fig. 1). 112 

2.2 Numerical modelling 113 

2.2.1 Computational domain 114 

In this study, a three-dimensional (3D) CFD model was developed and applied at steady state. 115 

Based on the same computational domain as Pham et al. (2021), the interactions between the different 116 

levels of the pallet were not taken into account. The model is limited to one level (see Fig. 2). Therefore, 117 

the bottom vents of the cardboard box were not considered. 118 

The space between the cardboard boxes was included in the 3D geometry. A previous steady-119 

state study by Pham et al. (2021) was performed on the same computational domain (one pallet level) 120 

using a direct CFD approach. This study considered a cardboard box with the same shape and size, 121 

including its vents, as that used by Pham et al. (2021). 122 

2.2.2 Hybrid approach versus direct CFD approach 123 

The simulations applied in this study were conducted using a new method called the hybrid 124 

approach. This method aims to combine in the same model the two most commonly used modelling 125 

methods: direct CFD and porous media approaches. As shown in Fig. 3, this original approach involves 126 

modelling the internal part of the cheese package (i.e., cheese and surrounding air) as a porous zone, 127 



while the cardboard box, including its vent sizes and positions, is explicitly modelled using the direct 128 

CFD approach. The modelling of the box vent details (design and positions) allows better predictions 129 

for local jet trajectories and preferential air paths. According to Pham et al. (2021) and Ambaw et al. 130 

(2017), pressure drop due to product stacking is negligible, whereas the pressure drop across vents is 131 

more significant. Also, the validation of this approach allows the modelling of an entire pallet or a load 132 

of pallets, including their mutual interactions (which is hardly possible with the direct CFD method). 133 

In addition, it is important to underline that to accurately capture the behaviour of a system, the 134 

representative elementary volume (REV) must be significantly larger than the pore scale or the fruit 135 

diameter (Defraeye et al., 2022) but still much smaller than the overall dimensions of the macroscopic 136 

flow domain (Nield and Bejan, 2017). According to Zhao et al. (2016), the continuous-medium 137 

assumption becomes questionable, especially when the ratio of package-to-produce diameter is less than 138 

10 which often occurs in the case of individual packages of cheese. In these cases, the heterogeneity of 139 

the local airflow pattern within packages exerts a major impact on the transport phenomena (Ferrua and 140 

Singh, 2008). More the product diameter is high, more the deviation with real configuration become 141 

potentially high. 142 

The calculated fluid porosity of one box of products is 34.5% (porosity calculation details were 143 

added to the supplementary material section). In order to simplify the geometry and reduce 144 

computational time, the thickness of the walls of the cardboard box was not considered in the modelling 145 

domain. Nevertheless, its thermal resistance effect on the convective heat transfer between the product 146 

and the ambience was taken into account. 147 

The direct CFD method used by Pham et al. (2021) is based on detailed modelling of box and 148 

product geometry of one pallet level. It, therefore, provides results with a good accuracy in comparison 149 

with experimental results but requires considerable computing time (48 hours for the modelling of a 150 

single pallet level). 151 

Product heat generation (Q per cheese item) and induced natural convection are taken into 152 

account in both direct CFD and hybrid approaches. For the direct CFD method, the heat generation is 153 

considered uniform in each camembert. For the hybrid method, heat generation is considered as uniform 154 

within the porous zone domain. 155 

To validate the model and compare the two approaches, hybrid and direct CFD, the results 156 

obtained using this new approach related to the airflow velocity and product temperature were compared 157 

to the experimental and numerical results obtained by Pham et al. (2021). Fig. 1 summarises the 158 

positions at which temperature and velocity measurements were performed for this comparison: 159 

• The transversal air velocity profiles along the lines Li ∈ [1, 3] for the three cartons (or boxes). 160 

• The temperature of the products along the line LT. 161 



2.2.3 Modelling conditions and thermophysical properties of the materials 162 

The modelling conditions of this numerical study were identical to those used by Pham et al. 163 

(2021). The simulations were performed for two air upwind velocities uair.in: 0.31 m/s and 0.73 m/s and 164 

three heat generation per product item Q: 0.05 W, 0.15 W and 0.3 W. According to an internal 165 

calorimetry study of the heat generation of 250 g of camembert products, the measured heat generation 166 

of this type of cheese is estimated between 0.1W and 0.15W (unpublished report (Delahaye et al., 2019)). 167 

This result is in agreement with the calculations using the data of Hélias et al. (2007) and Gaucel et al. 168 

(2012), where the calculated heat-generated flux of 250 g of cheese is estimated to be 0.1 W. 169 

Depending on the pallet position and the cold chain facilities, such as transport and storage 170 

stages, the airflow velocity can vary from 0.1 m/s (or even less) to 1 m/s (Hoang et al., 2015; Moureh et 171 

al., 2009b). Thus, the Richardson number during the storage can vary between 0.14 and 13.61 (Q = 0.1 172 

W and 0.1 m/s ≤ uair.in ≤ 1 m/s). However, the upwind air velocities in the experimental cold room cannot 173 

be lower than 0.31 m/s. In order to: 1) obtain a Richardson number closer to the range of industrial 174 

values and 2) take into consideration the thermal runway conditions of cheese products during the cold 175 

chain (Leclercq-Perlat et al., 2012), the choice was made to adjust the heat flux. Three heat fluxes were 176 

chosen: 0.05W, 0.15W and 0.3W (0.13 ≤ Ri ≤ 4.25). 177 

Table 1 summarises the dimensionless numbers Re, Rep and Ri for the different conditions. 178 

Table 1: Dimensionless numbers of the model. 179 

uair.in (m/s) Re (-) Rep (-) Q (W)  Ri (-) 

0.31 2172 6296 

0.05  0.71 

0.15  2.12 

0.3  4.25 

0.73 5115 14825 

0.05  0.13 

0.15  0.38 

0.3  0.77 

 180 

 181 

 
ReP =

uair.in D

ν εf
  (1) 

 182 

 Re =
uair.inD

ν
 (2) 

 183 

 Gr =
gβTQD2

λν2
 (3) 

 184 



 
Ri =

Gr

Re2
=

gβTQ

λuair.in
2  (4) 

where: ν = 15.7 × 10-6 m2/s ; εf = 0.345; λ = 0.026 W/(m K); βT = 1/Tair.in=0.00336 K-1; the diameter D 185 

is considered equal to the diameter of the camemberts: D = 0.11 m. 186 

As shown in Table 1, the Reynolds number related to porous medium (Rep) is higher than 300. 187 

Therefore, the airflow regime in the camembert stack for both air upwind velocities is turbulent (Delele 188 

et al., 2013; Eisfeld and Schnitzlein, 2001; Nield and Bejan, 2017). Furthermore, according to Bejan 189 

(2013), the critical Reynolds number for round jet flows is about 30. In this study, the Reynolds number 190 

through round vents of the box with a minimum diameter of 15 mm (Pham et al., 2019) is Revents = 296 191 

(Dmin.vents = 15 mm; uair.in =0.31 m/s). 192 

Mixed convection is considered when Ri ≈ 1. The airflow is dominated by forced convection at 193 

a low Richardson number Ri < 0.1 and by natural convection at a high Richardson number Ri > 10. 194 

The thermal conductivity of the plaster and of the corrugated cardboard are 0.35 W/(m K) (data 195 

from the manufacturer) and 0.064 W/(m K) (data from Ho et al. (2010)), respectively. In addition, it’s 196 

important to mention that the thermal conductivities of plaster and cheese are close: between 0.32 and 197 

0.38 W.m-1K-1 for cheese depending on the type of cheese (Iezzi et al., 2011). This leads to similar 198 

temperature levels at steady state between cheese and plaster. 199 

2.2.4 Assumptions 200 

Some simplifications and assumptions were made to reduce the computational cost while 201 

providing a good system representation. 202 

• The airflow was considered incompressible and turbulent (Rep > 300) (Delele et al., 2013; Nield 203 

and Bejan, 2017). 204 

• Natural convection was taken into account using the Boussinesq approximation. 205 

• The respiration heat flux per product item (Q) is considered independent of the temperature. It 206 

is used to identify the volumetric source term qheat.tot = Qheat.tot/VP, where Qheat.tot = 30 Q. 207 

• The heat source term related to cheese respiration is assumed uniform on the porous zone.  208 

• With the exception of the density variation in the buoyancy term assumed by the Boussinesq 209 

approximation, the thermophysical properties of both phases of the porous media are assumed 210 

to be constant and independent of the temperature. 211 

• As the flow rate was high (Re >> 1), the airflow resistance characteristics of the porous zone 212 

were established using Darcy- Forchheimer law (Verboven et al., 2006). 213 

• Local Thermal Equilibrium (LTE) between the two phases of the porous media is assumed. It 214 

should be borne in mind that LTE is not strictly verified in the case of products generating heat 215 

(Verboven et al., 2006). Nevertheless, Delele et al. (2013) applied this assumption to grapes 216 

with respiration activity estimated to 49 W/m3 and 4.35 W/m3 for a product temperature of 21°C 217 



and -0.5°C, respectively. Numerical results for the product temperature showed good accuracy 218 

compared to experimental data, with a relative error of 17.5%. 219 

2.2.5 Governing equations 220 

The direct CFD approach solves locally the conservation equation of momentum (Reynolds 221 

time-Averaged Navier-Stokes) and energy for the air outside and inside the boxes. The interaction 222 

between air and product is ensured by the boundary conditions at the surface of the product items. With 223 

the porous media approach, air outside the boxes is treated in the same way, but inside the boxes the 224 

local volume-averaged conservation equation of momentum is solved. The interaction between air and 225 

product is taken into account by the Darcy-Forchheimer terms whose coefficients have to be determined 226 

specifically. The hybrid model includes heat generation of products and the promoted natural convection 227 

and assumes the local thermal equilibrium for the heat transfer resolution. The steady-state heat transfer 228 

and incompressible flow were solved using Reynolds Averaged Navier-Stokes (RANS) equations 229 

combined with a turbulence model. 230 

• RANS Mass conservation equation 231 

 

∂ui̅

∂xi
= 0 (5) 

• RANS momentum conservation equation 232 

After the application of the Boussinesq approximation, the conservation equation of the 233 

momentum is given by: 234 

 
ρ0 

∂( u̅iu̅j)

∂xj
=  −

∂p̅d

∂xi
+

∂

∂xj
[μf (

∂u̅i

∂xj
+

∂u̅j

∂xi
)] −

∂

∂xj
(ρ0  ui

′uj
′̅̅ ̅̅ ̅̅ ̅) − ρ0 βT(Tf − T0) gi + S̅p,i   (6) 

where: 235 

(T0, ρ0) are the fluid temperature and the density at the reference state (air inlet). 236 

S̅p,i is a momentum source term that characterises the flow resistance in the porous medium. For 237 

a homogenous porous media, it is defined by the following Darcy-Forchheimer law: 238 

 
S̅p,i =  −

μf

K
 ui̅ −  ρ0

F

√K
 |u̅|ui̅ (7) 

Viscous and inertial pressure drop coefficients are also used instead of K and F: 239 

C1=1/K: Viscous pressure drop coefficient [1/m2] 240 

C2=F/K1/2: Inertial pressure drop coefficient [1/m] 241 

 242 

The Reynolds tensor ui
′uj

′̅̅ ̅̅ ̅̅ ̅can be approximated as below: 243 

 
ui

′uj
′̅̅ ̅̅ ̅̅ ̅ =  −

μt

ρ0 
(

∂u̅i

∂xj
+

∂u̅j

∂xi
) +

2

3
kδij (8) 



• RANS energy conservation equation 244 

 ρ0 Cpf
ui̅

∂T̅

∂xi
=

∂

∂xi
[λeff (

∂T̅

∂xj
)] − ρ0 Cpf

 
∂

∂xi

(ui
′T′̅̅ ̅̅ ̅̅ ) + qheat−tot (9) 

λeff = (1 − ε𝑓)λs + ε𝑓λf 245 

The turbulent heat flux (ui
′T′̅̅ ̅̅ ̅̅ ), can be expressed as follows: 246 

 ui
′T′̅̅ ̅̅ ̅̅ = −

μt

ρ0 Prt
(

∂T̅

∂xj
) (10) 

According to the k-ε turbulence model, the turbulent viscosity μt is related to turbulence kinetic 247 

energy (k) and its dissipation rate (ε). 248 

 μt = ρ0 Cμ

k2

ε
 (11) 

The k-ω turbulence model is given as: 249 

 μt = ρ0 Cμ

k

ω
 (12) 

2.2.6 Boundary conditions 250 

As the numerical results of this present study were to be compared to the numerical and 251 

experimental results of Pham et al. (2021), the same boundary conditions were assumed related to an 252 

upwind air velocity uair.in and a temperature of 4°C, at the inlet and an atmospheric pressure, at the outlet. 253 

The wall boundaries of the channel were assumed as adiabatic no-slip walls (see Fig. 2). Concerning the 254 

boxes walls, they were considered as non-slip walls with coupled heat transfer with the surrounding 255 

environment (cheese/porous zone on one side and ventilated airflow on the other side). 256 

2.2.7 Simulation parameters 257 

Anisotropic Darcy Forchheimer coefficients (Table 2) were determined numerically using a 258 

direct CFD approach. More details on the determination of these coefficients have been added in the 259 

supplementary material section. 260 

Table 2: Isotropic Darcy-Forchheimer coefficient. 261 

Directions C1 [1/m2] C2 [1/m] 

x 1.65 × 107 5.35 × 102 

y 5.01 × 106 1.68× × 102 

z 1.75 × 105 5.26 × 101 

2.2.8 Simulation set-up 262 

The simulations were performed using Ansys Fluent 2021 CFD software on a 64-bit Windows 263 

10 computer with processor Intel® Xeon® W- 2133 CPU @ 3.60GHz and 256 GB installed RAM with 264 



12 cores. The simulations were performed at steady state. The chosen solving algorithm is “Coupled”; 265 

the upwind 2nd order scheme was used for the momentum and energy discretisation, and the upwind 1st 266 

order was adopted for the turbulent dissipation and kinetic energy. 267 

In this study, different mesh sizes were tested: 9.63× 103, 4.90 × 104, 8.29 × 105, 1.60 × 106, 268 

1.92 × 106, 2.49 × 106 and 7.35 × 106 cells. The mesh sensitivity simulations were performed for 269 

uair.in=0.73 m/s and Q = 0.3 W. As a compromise between computational time and the accuracy of the 270 

results, the mesh size adopted in this study was 8.29 × 105. The calculation time for the chosen mesh 271 

was about 4 hours, whereas when the direct CFD approach was used, the calculation time was about 48 272 

hours for the same calculation domain (107 cells) (Pham et al., 2021).  273 

In addition, four turbulence models were tested (standard k-ε, RNG k-ε, realizable k-ε and SST 274 

k-ω) for two configurations (0.31 m/s & 0.3W and 0.73 m/s & 0.3W). Standard k-ε model was chosen 275 

as it offers a better compromise for both cases. 276 

More details about mesh and turbulence model sensitivity have been added in supplementary 277 

material section. 278 

The numerical results of this study were compared to the experimental data of Pham et al. (2021) 279 

using RMSE (Root Mean Square Error) calculated as follows: 280 

 RMSE = √
1

N
∑(Tp.num,n − Tp.exp,n)

2
N

n=1

    for  N = 6 (13) 

Tp.num,n is the temperature taken at a depth of 45 mm within the porous medium at the same 281 

position considered in experiments (at different positions of camemberts n ∈ [1, 6]) (see Fig. 1). 282 

 Results and discussion 283 

3.1.1 Airflow distribution 284 

Fig. 4 compares the dimensionless transversal velocities obtained using the hybrid approach 285 

(ux
∗ =

ux
uair.in

⁄ ) with the experimental measurements and direct CFD results obtained by Pham et al. 286 

(Pham et al., 2021). The transversal velocity is obtained along the lines L1, L2 and L3 located at the mid-287 

height of the air gap of the boxes B1, B2 and B3, respectively (see Fig. 1), for the air upwind velocity, 288 

0.31 m/s and both heat fluxes 0.05 W and 0.3 W. 289 

According to Fig. 4, the hybrid approach, similarly to the direct CFD approach results, shows 290 

reasonable agreement with the experimental results. In addition, the differences between the two models 291 

could be explained by the fact that the porous medium induces a global homogenisation of the cheese 292 

domain, implying less peak velocities in the air headspace than the direct CFD approach due to the local 293 

jet diffusion in the porous medium. 294 

The peaks of the velocity profiles in Fig. 4 reflect the presence of the front vents FV1, FV2 and 295 

FV3 located in the headspace at the top of the box, which behave as air jets supplying the air layer above 296 



the cheese with relatively high local velocities. For both heat fluxes, the velocity peaks in the air layer 297 

of the upstream ventilated box B1 are of almost the same order as the inlet velocity. In the principal vent 298 

FV2, ux
∗ ≈ 0.9 for 0.05 W and ux

∗ ≈ 0.8 for 0.3 W. Based on the analysis of the inflow and outflow rates 299 

through the front and side vents (Fig. 5b), the airflow enters through the front and side vents across the 300 

symmetry plane resulting from the 10 mm space between the boxes. When comparing velocity profiles 301 

along L1, L2 and L3 (Fig. 4) and according to the distribution of velocity magnitude at mid-height of the 302 

headspace as shown in Fig. 5a, the air velocity decreases from upstream to downstream through the 303 

boxes. This decrease can be explained by the deflection of the main flow towards the lateral side and its 304 

exit through the spaces between boxes B1, B2 and B3, as the total outflow from B1 is higher than the total 305 

inflow into B2, as well as from B2 into B3 (Fig. 5b). This gives rise to strong pathways between the front 306 

and side vents where an important part of the main upstream flow exits the pallet domain through side 307 

vents, which in turn reduces the peak velocities of the main flow. The strongest short circuit is observed 308 

for FV1 due to its close proximity to the side vent located in the same box B1. On the contrary, the central 309 

position of FV3 allows the corresponding jet to maintain longitudinal flow without deviation and thus 310 

allows better internal ventilation of the whole pallet. 311 

These strong short-circuits drive an important part of flow outside the pallet and directly affect 312 

the ventilation of the downstream part of the pallet where high temperature levels are expected. 313 

In the upstream part of the pallet related to boxes B1 and B2, where forced convection 314 

predominates, quasi-similar numerical and experimental velocity profiles are obtained regardless of the 315 

intensity of the heat flux. The hybrid approach gives more accurate results than the direct CFD approach. 316 

This concerns velocity profiles, peak positions and peak levels (see Fig. 4). 317 

In the downstream part of the pallet, in Box B3, lower velocities were obtained due to the 318 

deflection mechanism discussed above. More accurate results were also obtained for the hybrid approach 319 

in comparison with the direct CFD approach for both heat fluxes. Whereas there was good agreement 320 

between the hybrid approach and experimental results for the low heat flux (Q = 0.05 W), there were 321 

some discrepancies for the high heat flux (Q = 0.3 W) which gave rise to reverse flow with low and 322 

negative velocities mainly induced by secondary natural airflow circulation (Pham et al., 2021). 323 

Obviously, both numerical approaches failed to predict local reverse flows associated with negative 324 

velocities. This could be explained by both the complexity of a flow highly dominated by thermal 325 

instability induced by dynamic interactions between vertical thermal plumes and the horizontal main 326 

flow occurring in relatively stagnant areas, which can be accentuated at higher heat fluxes (Q = 0.3 W) 327 

(Pham et al., 2021). However, the two-equation turbulence models (standard k-ε model) based on the 328 

eddy viscosity tend to increase the numerical diffusion to ensure their numerical stability and thus are 329 

unable to predict complex secondary flows. 330 

Concerning overall differences between the experimental and numerical values, it is important 331 

to note that the roughness of the primary packaging of the cheese, the imperfections in the arrangement, 332 

and the presence of several resistance heating cables and thermocouples inside the boxes between the 333 



cheeses influenced the experimental results. Also, the vent holes were not perfectly aligned between two 334 

successive boxes, which may have decreased the air passage area. These factors, which increase the 335 

pressure losses and limit the airflow, were not considered in the modelling, leading to an overestimation 336 

of the velocity in box B3. Furthermore, the numerical error propagates in the model. The numerical error 337 

on L1 will be reflected on L2. As for the numerical velocity through L3, besides its individual error, it 338 

will include the numerical error of L1 and L2. 339 

3.1.2 Temperature distribution 340 

The thermal validation of the model was performed using the product temperature profile along 341 

the line LT (see Fig. 1). The profiles of the temperature difference with the incoming air (T = Tp – 342 

Tair.in) were investigated for two air upwind velocities, 0.31 m/s and 0.73 m/s, for three heat fluxes 0.05 343 

W, 0.15 W, and 0.3 W. Fig. 6 shows the experimental data, the hybrid approach and the direct CFD 344 

approach results. 345 

 346 

The apparent differences that can be observed between the direct CFD and hybrid approach 347 

plots (Fig. 6) are related to their geometrical and volumetric heat generation representation. For the 348 

direct CFD approach, the cylindrical shape of the products was modelled and the heat is generated on 349 

each cheese position. The heat transfer between the air and cheese is achieved directly at the outer 350 

surface. Thus, the product temperature is highest in the centre of each product. Meanwhile, the hybrid 351 

approach modelled the box content as a porous medium with a parallelepiped shape associated with 352 

uniform properties such as the uniform heat generation per total volume of each porous zone. It tended 353 

to uniformise the temperature plots along the line LT. 354 

Table 3 presents the RMSE and the ∆Tmax.exp for each configuration. In the case of lower inlet 355 

velocity 0.31 m/s, the corresponding RMSE values are 0.30°C, 0.37°C, and 0.95°C for 0.05 W, 0.15 W 356 

and 0.3 W, respectively. The RMSE values were relatively low in comparison with the maximum 357 

temperature difference between the product and the air: RMSE/∆Tmax.exp varies between 4% and 8%. 358 

Table 3: Estimation of the RMSE and the maximum experimental temperature differential for the hybrid approach. 359 

uair.in (m/s) Q (W)  RMSE (°C)  ∆Tmax.exp (°C) 
 

0.31 

0.05  0.30  3.71  

0.15  0.37  9.32  

0.3  0.95  16.57  

0.73 

0.05  0.41  2.25  

0.15  1.16  6.05  

0.3  2.25  11.52  



For the highest air velocity, 0.73 m/s, unlike the direct CFD approach, the temperature 360 

distribution obtained using the hybrid approach was underestimated compared to the experimental data 361 

and RMSE/∆Tmax.exp was around 20%. This can be explained by the local thermal equilibrium hypothesis 362 

(LTE) assumed by the porous medium model, which supposes an infinite convective heat transfer 363 

coefficient between air and solid phases. Thus, the temperatures of these two phases are considered 364 

equal in a representative elementary volume (REV) (Nield and Bejan, 2017). However, the experimental 365 

results obtained by Pham et al. (2019) clearly indicate that for products generating heat, their 366 

temperature becomes higher than that of the surrounding air. The difference increased with heat 367 

generation and could reach about 2°C, which is comparable with the underestimation of the hybrid 368 

approach in the worst case. This suggests than an improvement could be obtained using a two-369 

temperature porous medium approach instead of LTE. However, this implies estimating the local heat 370 

transfer coefficient between the air and solid phases, which is a complex task because it depends on 371 

local velocity magnitude, velocity orientation and turbulence (Alvarez and Flick, 1999). 372 

As shown in Fig. 6, at a velocity of 0.73 m/s, temperature drops can be observed downstream 373 

from the inlet of each box. To explain this phenomenon, Fig. 7 depicts the pathlines of the airflow on 374 

three vertical planes, P1, P2 and P3, passing by the centre of the front vents FV1, FV2 and FV3, 375 

respectively. The temperature along the line LT is measured on the plane P2 (see Fig. 7b). This figure 376 

shows a complex interaction between the flow in the air gap (z > 120 mm) and in the porous zone (air 377 

+ solid). Air flows faster in the air gap and is colder than in the porous zone. This is explained by the 378 

fact that flow resistance and heat generation are located in the porous zone alone. Just after the front 379 

face of a box, there is an entrainment effect exerted by the jets generated downstream from the upper 380 

front vents (FV1, FV2 and FV3). A depression appears (suction effect): as can be seen on Fig. 7c, just 381 

after the front face (x < 5 cm), the pressure is lower compared to that in the middle of the box. Warm 382 

air from the porous zone flows upwards toward the jets and is replaced by cold air coming from the air 383 

gap. This recirculation explains the temperature drops in Fig. 6. This effect (intensive mixing between 384 

the air gap and the porous zone) is perhaps over-predicted by the hybrid approach model so that overall, 385 

the temperature on line LT is underestimated. 386 

Fig. 8 presents the inflow rates through the different front vents compared to the total inflow 387 

rate of B1. It can be seen that the sum of inflow rates through the front vents is not 100% in box B1 388 

because there is also a lateral inflow (as shown in Fig. 5b). The upper front vents have the greatest effect, 389 

whereas the lower ones exert less effects because of obstacles behind them. This also explains the much 390 

lower temperature in the air gap (z > 120 mm). 391 

It appears that the exchange between the air gap zone and the porous zone is of major importance 392 

for heat evacuation. Therefore, the airflow rate, related to the vertical velocity component, between the 393 

two zones was calculated by Eq. (14) (upward flow compensates overall downflow in a box). It 394 

decreases along the three boxes in the ventilation direction. For the case where uair.in= 0.73 m/s and Q = 395 

0.3 W, it is 1.38 L/s, 0.99 L/s and 0.55 L/s from the first to the last box. 396 



 ∅z.in =
1

2
∫|uz| dSinterface (14) 

It can be observed that the recirculation shown in plane P2 has a limited spatial effect near the 397 

principal vent FV2 (Fig. 7b) and is not observed on the P1 and P3 planes. Therefore, only a limited area 398 

of the first row of cheeses in the box is affected by the temperature drop, as can be seen in the temperature 399 

contours shown in Fig. 9 (horizontal plane at z = 75 mm, in the porous zone). This also means that 400 

despite this local temperature drop, the overall thermal behaviour indicates quasi-homogeneity of the 401 

temperature row by row through the three boxes. This finding agrees with the results obtained by Pham 402 

et al. (2021), which demonstrated that the temperature distribution in the same row of cheeses was 403 

almost homogeneous. 404 

According to the results presented in Fig. 6 and the temperature contours in Fig. 9, the 405 

temperature distribution is related to the airflow rate, the product positions and the heat flow the products 406 

generate. The higher the air velocity, the more heat is extracted from the products. According to Section 407 

3.1.1 above, air heats up, and its velocity decreases in the main airflow direction, leading to better 408 

cooling in the upstream than in the downstream box (Fig. 6). The heat flux generated by the cheeses also 409 

significantly impacts the product temperature. The higher the heat flux, the higher the product 410 

temperature. For example, at an air velocity of 0.31 m/s, the cheese in position C6 (Fig. 1) is at 7.3°C 411 

and 21.9°C for the two heat fluxes, 0.05 W and 0.3 W respectively, for inlet air at Tair.in = 4°C. However, 412 

because of free convection which enhances transfer, the effect is not linear. Indeed, when the heat flux 413 

was six times higher, there was a three-fold rise in Tp - Tair.in. This aspect is of major importance, since 414 

heat generation by cheeses is influenced by the temperature of the cheeses (Leclercq-Perlat et al., 2012). 415 

Therefore, if the pallet temperature is not properly maintained at a target temperature, heat generation 416 

may increase, thereby increasing the temperature of the cheeses, leading to a thermal runaway (Zhang 417 

et al., 2018). A more detailed study is needed in order to establish a relationship between cheese heat 418 

generation, temperature distribution, and mixed convection in a pallet in order to reduce losses and 419 

ensure product quality which can be related to different factors such as cheese odour, colour and its crust 420 

(underrind) thickness and consistency (Leclercq-Perlat et al., 2015). 421 

3.1.3 Hybrid approach advantages and limitations 422 

The results of this study showed the benefits of the hybrid approach, but also highlighted some 423 

limitations that could be further studied. The major difference between hybrid and direct approach is 424 

related to dynamic interactions between local air jets issuing vent holes and the physical objects 425 

representing packed products. Small products randomly distributed behave as porous media while bigger 426 

physical objects associated to higher velocities will affect in a specific manner the air jet development 427 

leading to local obstructions, jet deviations and preferential airflow pathways within the ventilated 428 

package. 429 



To better extend the use of the hybrid approach to the products, future numerical and 430 

experimental studies could investigate different extreme cases combining for example different specific 431 

ventilated boxes (centrally and edge-positioned vents), different packaging pattern (layered packed 432 

products with specific horizontal air paths and randomly packed products) and products of different size. 433 

Comparisons between experimental and predicted values obtained with hybrid approach with different 434 

velocities will help to assess and to validate the hybrid approach for other type of products while 435 

underlying its limitation. 436 

Finally, hybrid approach can be applied on a larger scale (entire cold room, truck) upon 437 

validation and conduct more accurate multiscale simulation describing both airflow at the equipment 438 

scale and detailed heat transfer in the pallets. 439 

 Conclusion 440 

An original hybrid numerical approach was developed and applied to one pallet level of heat-441 

generating cheese under steady-state conditions. The results agreed acceptably with the direct CFD 442 

approach results and experimental data regarding air velocity and product temperature. This method 443 

reduced the computational time by a factor of 12 compared to the direct CFD approach. The hybrid 444 

approach accurately characterises the preferential flow paths and temperature heterogeneity within the 445 

pallet through the detailed modelling of the boxes (position and shape of the vent holes). It provides a 446 

clear insight into the effect of mixed convection on temperature distribution. 447 

The model will be improved by incorporating the local convective heat transfer coefficient and 448 

assuming Local Thermal Non-Equilibrium. Further investigations using this approach will be conducted 449 

to study the heating and cooling kinetics of heat-generating products within an entire pallet under 450 

transient state conditions. Since the box vents are modelled, the method can be generalised for the study 451 

of the adjacent pallets effect on the distribution of airflow and temperature within the pallets. 452 
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 579 

 580 

Fig. 1. Illustration of the instrumented level of the pallet and its dimensions: (a) 3D view; (b) front view; and (c) lateral view. 581 

 582 

Fig. 2. Illustration of (a) the computational domain of the model; (b) the dimensions of the cardboard boxes; and (c) the 583 
dimensions of the cheese cylinders. 584 
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Fig. 3. Comparison between (a) direct CFD (Pham et al., 2021), and (b) hybrid approach geometry representation. 586 
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Fig. 4. Comparison of the air gap transversal velocity through the lines L1, L2 and L3 for inlet velocity 0.31 m/s and two heat 610 
generation fluxes, 0.05 W and 0.3 W, with both experimental data and direct CFD approach results of Pham et al. (2021). 611 



 612 
Fig. 5. Airflow distribution through the boxes for uair.in= 0.31 m/s and Q=0W; (a) air velocity magnitude at z = 613 

132.5 mm; (b) inflow and outflow rates compared to a total inflow of box B1. 614 
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Fig. 6. Comparison of the temperature difference distribution (ΔT = Tp - Tair.in) obtained with the hybrid approach through the 628 
line LT for air inlet velocities 0.31 m/s and 0.73 m/s and three heat fluxes, 0.05 W, 0.15 W and 0.3 W, with both experimental 629 
data and direct CFD results of Pham et al. (2021). Note: Experimental data of Pham et al. (2021) (red cross); direct CFD 630 
results of Pham et al. (2021) (blue points) and hybrid approach results (black dashed line). The dashed grey, green and red 631 
vertical lines used delimit boxes B1, B2 and B3, respectively. 632 

 633 



 634 

Fig. 7. (a) Diagram showing the positions of the planes; (b) Airflow pathlines coloured by the temperature through three 635 
planes P1, P2 and P3 for uair.in = 0.73 m/s and Q=0.3 W; (c) pressure evolution through the line LT in the box B1. 636 

 637 

 638 

Fig. 8. Airflow rates in the different front vents of the boxes compared to the total inflow rate of box B1 uair.in = 0.73 m/s Q = 639 
0.3 W. 640 



 641 

Fig. 9. Temperature distribution for two airflow velocities, 0.31 m/s and 0.73 m/s, and three heat-generated fluxes, 642 
0.05 W, 0.15 W and 0.3 W (horizontal plane at z = 75 mm). 643 
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