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Abstract 9 

Cheese temperature control in the cold chain is essential for quality preservation and waste reduction, 10 

especially for soft cheeses, which generate heat due to their microbiological activity. This study first analyses, at 11 

steady state, the natural convection effect on the temperature distribution along three pallet rows (from upstream 12 

to downstream). Second, it investigates, under unsteady state, the effect of upwind air velocity (0.25 m/s and 0.64 13 

m/s), product heat generation (0 W, 0.05 W, and 0.3 W per product item), and initial product temperature 14 

heterogeneity on the cooling rate within a ventilated pallet in a cold room. The cheeses were replaced with plaster 15 

cylinders equipped with controllable resistance heaters to simulate heat generation by cheeses. At steady state, the 16 

temperature measurements confirmed the presence of a thermal plume on the pallet downstream row when natural 17 

convection was predominant (Richardson number = 6.53). Under unsteady state conditions, increasing the air 18 

velocity from 0.25 m/s to 0.64 m/s reduced the Half Cooling Time (HCT) and Seven-Eighths Cooling Time 19 

(SECT) by at least 26% and 37%, respectively. Greater heat generation increased the product temperature but, 20 

interestingly, reduced the product cooling time. 21 

 22 

Keywords: Soft cheese, heat-generating product, ventilated pallet, cooling kinetics, thermal plume, 23 

mixed convection. 24 
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Nomenclature 26 

𝑚̇  Airflow rate, kg/s 

a Cooling coefficient (a = 1/τ = h S/(m Cp)), s-1 

b b =
n h S

ṁ Cpair

, [-] 

Cp Heat capacity at constant pressure, J/(kg K) 

D Cheese diameter, m 

h Convective heat transfer coefficient, W/(m2 K) 

k Coverage factor 

m Product mass, kg 

n Cheese products number, n = 30 in one box of product 

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

Qheat.tot Heat generation flux per box of product (Qheat.tot = 30Q), W 

S Product exchange surface, m2 

t Time, s 

T Temperature, °C 

T* Dimensionless temperature, [-] 

u Air velocity, m/s 

uexp Experimental standard uncertainty 

Uexp Experimental expanded uncertainty 

βT Thermal expansion coefficient, K-1 

Dimensionless numbers 

Bi Biot number, [-] 

Gr Grashof number, [-] 

Pr Prandtl number, [-] 

Ra Rayleigh number, [-] 

Re Reynolds number, [-] 

Ri Richardson number, [-] 

Greek symbols 

µ Dynamic viscosity, kg/(m s) 

ν Kinematic viscosity, m2/s 

ρ Density, kg/m3 

𝛌 Thermal conductivity, W/(m K) 

𝛿 Adiabatic heating rate (𝛿 = Q/(m Cp)), °C/s 

Abbreviations 

BB Big block: equivalent to 15 cheese product items 

CHTC Convective Heat Transfer Coefficient, W/(m2 K) 

HCT Half Cooling Time, hours 

SB Small block: equivalent to one cheese product item 

SECT Seven-Eighths Cooling Time, hours 



STD Standard Deviation 

Subscripts 

air Airflow 

air.in Upwind airflow  

eq Equilibrium / Final 

Exp Experimental 

Het Heterogeneous 

Hom Homogeneous 

in Initial 

Max Maximum 

Num Numerical 

p Product 

 Introduction 27 

To preserve the taste quality of the cheese and to reduce product waste, it is essential to cool products 28 

quickly and uniformly following production and the palletization processes. Maintaining the cheese temperature 29 

below the appropriate value during the supply chain remains challenging, particularly for soft cheeses. Indeed, soft 30 

cheeses are microbiologically active and generate a large amount of heat (Pham et al. 2019a). 31 

The efficiency and the cooling rates of the products depend on several parameters linked mainly to 32 

ventilation conditions (e.g. airflow rate (Han et al. 2015), product position; (Wu et al. 2019)), packaging design 33 

(e.g. total area of openings (Agyeman et al. 2023), shape (Ambaw et al. 2017), the positions of vents (O’Sullivan 34 

et al. 2017), polylined products (Ambaw et al. 2017)), pallet arrangement (Sajadiye and Zolfaghari 2017), and 35 

physiological mechanisms such as heat generation and the initial product temperature prior to storage (Berry et al. 36 

2021). Among those parameters, the airflow velocity around the products is one of the most significant, as it is 37 

linked directly to the convective heat transfer coefficient (CHTC) (Alvarez and Flick 1999). For example, 38 

According to Wang et al. (2020), increasing the airflow velocity by 500% halved the seven-eighths cooling time 39 

(SECT) of apple products within a box. 40 

To improve cooling efficiency and ensure rapid and uniform cooling, many studies have investigated the 41 

impact of packaging design on airflow and heat transfer within ventilated packages, for instance (Agyeman et al. 42 

2023) for tomatoes, (Ambaw et al. 2017) for pomegranates, and (Berry et al. 2021) for citrus fruit. The effect of 43 

the total area of the openings is often studied since increasing the total area of the openings in the packaging 44 

reduces the temperature heterogeneity and pressure loss. Nevertheless, it slightly affects the SECT of the products: 45 

for a constant air velocity, the SECT decreases by 14% when the area of the openings is increased from 9.1% to 46 

64.4% (Wang et al. 2020). Therefore, the vents' position and connection are particularly important when the 47 

products are stacked in several layers within the boxes, as considerable cooling heterogeneity and loss of quality 48 

can occur within the same box (Han et al. 2018). 49 

Beyond the initial temperature conditions and the design factors, the heat generation of cheese products 50 

exerts an impact on their temperature heterogeneity (Aguenihanai et al. 2025; Pham et al. 2021). An increase in 51 

the heat-generated flux increases the temperature of the products and thus the natural convection, while forced 52 

airflow becomes weaker downstream from the pallet as air passes through the lateral vents of the boxes (Pham et 53 



al. 2021). Hence, natural and forced convection may be of the same order of magnitude, resulting in mixed 54 

convection that needs to be considered (Joye 2003). To characterize whether the convection is free, forced or 55 

mixed, the Richardson dimensionless number (Ri) is calculated. The Richardson number is expressed using the 56 

Grashof number (natural convection) and the Reynolds number (forced convection) (Ri = Gr/Re2). Natural 57 

convection is negligible for Ri << 1, forced convection is negligible for Ri >> 1, while mixed convection should 58 

be considered for Ri ≅ 1 (Ozisik 1985). In stacked food products, at low air velocities (<0.1 m/s), heat transfer 59 

may no longer be governed by forced convection (Le Page et al. 2009). Regarding the impact of free convection 60 

on heat transfer, mixed convection can be divided into three cases (Dawood et al. 2015): 1- the buoyant motion 61 

and the forced motion are in the same direction, which enhances heat transfer; 2- natural convection opposes forced 62 

convection, which may result in either diminished or enhanced heat transfer; 3- the buoyant motion acts 63 

perpendicular to the forced motion, which improves fluid mixing and heat transfer. 64 

Therefore, in the case of heat-generating products such as cheeses within a ventilated pallet, the 65 

interaction between free and forced convection needs to be considered in order to optimize product temperature 66 

control. However, while numerous studies have been carried out in order to characterize the thermal heterogeneity 67 

within one level of a pallet along the main flow direction (from the ventilated face to the opposite one) under a 68 

forced convection regime such as (Ambaw et al. 2013) and (Han et al. 2018), limited research has focused on the 69 

cooling rate of heat-generating products stacked within ventilated pallets under mixed convection. To the best of 70 

the authors' knowledge, only Chourasia and Goswami (2007a) have studied the impact of heat generation on the 71 

cooling time of a single stack of potatoes in a storage room, and these authors confirmed that the heat generation 72 

of the products affects the cooling process. In this study, Chourasia and Goswami (2007a) neglected the interaction 73 

effect between different stacks and numerically predicted the effect of natural convection on the internal airflow 74 

without experimental validation. No experimental work that characterizes the thermal heterogeneity along the 75 

pallet height has been carried out within a pallet of heat-generating products. The resulting vertical thermal gradient 76 

through the ventilated pallet reflects dynamic interactions between the horizontal forced convection flow induced 77 

by fans and the vertical flow generated by natural convection through the bottom vents of the cardboard box. 78 

This study aimed to investigate the combined effect of airflow, heat generation of the soft cheeses and the 79 

homogeneous or heterogeneous initial temperature on the cooling rate of the products within an entire pallet 80 

comprising nine levels of ventilated boxes with vents on the lateral and bottom sides. The thermal heterogeneity 81 

was investigated in the horizontal direction through the main flow and also in the vertical direction through the 82 

nine levels composing the pallet. This study provides an in-depth insight into the cooling process of heat-generating 83 

products and their different cooling trends under steady and unsteady state conditions. It quantitatively analyses 84 

the HCT and SECT of products under different convection conditions for different Richardson numbers, 0, 0.17, 85 

1.09 and 6.53, reflecting predominant forced convection and predominant mixed convection and natural 86 

convection, respectively. A simple model has been developed to interpret the experimental results. 87 

  88 



 Materials and methods 89 

2.1 Experimental device 90 

The experimental device consisted of an industrial-sized cheese pallet (800 mm × 1200 mm × 1455 mm) 91 

comprising nine levels positioned inside a cold room with controlled upwind air velocity and temperature (see Fig. 92 

1). Each level was subdivided into six boxes separated by 1-cm gaps. The boxes' sides and bottom were vented 93 

(Fig. 1(c, d, e)). Each box contained 30 cheese products arranged in three layers (see Fig. 2). 94 

The cheeses were replaced with two types of plaster blocks: small blocks (SBs) and big blocks (BBs), as 95 

illustrated in Fig. 2. The small blocks (SBs) are designed to replicate the dimensions of industrial cheese products 96 

(D = 110 mm and H = 40 mm) and were placed at the 8th level (k = 8). Each box at this level contained 30 small 97 

blocks. The big block (BB) is equivalent to fifteen product items. From the 1st to the 7th and 9th levels, boxes 98 

contain BBs. Each box at these levels contained two BBs. 99 

All the plaster blocks were equipped with controllable resistance heaters to accurately simulate the heat 100 

generation of the products (Q per cheese item of 250 g); for additional details, see (Pham et al. 2019a). An 101 

electrical generator supplied the controllable resistance heaters with a voltage measurement accuracy of 0.05% + 102 

15 mV and a current measurement accuracy of 0.1% + 60 mA (manufacturer's data). Heat output (in watts) was 103 

controlled by varying the voltage of the electrical generator. The expanded uncertainty of the heat output, with a 104 

coverage factor k = 2, is ± 0.001 W for 0.05 W (representing 0.3% of the set value) and ± 0.003 W for 0.3 W (1% 105 

of the set value). 106 

 107 

Fig. 1. Diagram showing the experimental device: (a) pallet within a cold room; (b) 3D view of one box containing 108 
30 cheese items; (c) lateral view of the box; (d) frontal view of the box; (e) bottom view of the box. 109 

 110 

Fig. 2. Diagram showing the different types of plaster blocks: (a) lateral view of the small blocks; (b) view of the 111 
small blocks from above; (c) lateral view of the big blocks; (d) view of the big blocks from above. 112 



2.2 Temperature measurements 113 

In this study, temperature measurements were obtained using T-type thermocouples with an experimental 114 

standard uncertainty uexp of ± 0.2°C (including thermocouple calibration, bath calibration and repetition 115 

uncertainties). The expanded uncertainty Uexp for a coverage factor (k = 2) is ± 0.4°C. These thermocouples were 116 

individually calibrated between 0 and 40°C. Data acquisition was carried out on half of the experimental set-up 117 

(Fig. 3). 118 

It is important to note that only the BBs were instrumented for temperature monitoring (from k = 1 to 7 119 

and k = 9). In each box (B1, B2 and B3) at these levels, one of the central products of the BB was instrumented at 120 

the mid-height. Three rows within the pallet were thus instrumented from upstream to downstream (Row R1, Row 121 

R2 and Row R3) (see Fig. 3). Furthermore, as illustrated in Fig. 3b, at level 8 (k = 8), three additional thermocouples 122 

were added in the air gap between each of the B1, B2 and B3 boxes in order to perform air temperature 123 

measurements. Temperature measurements were recorded once every minute using BenchLink Data Logger 124 

software. 125 

At steady state, three repetitions were carried out for two cooling experiments at an air temperature of 126 

4°C: uair.in = 0.25 m/s & Q = 0.3 W and uair.in = 0.64 m/s & Q = 0.05 W. The maximum standard deviation obtained 127 

at steady state was 0.3°C. 128 

 129 

Fig. 3. Illustration of (a) the position of rows R1, R2 and R3; (b) the instrumented plaster product positions (k = 1 to 130 
7 and k = 9) and airflow thermocouple positions (k = 8). 131 
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2.3 Experimental process 133 

2.3.1 Experimental stages 134 

Initialisation stage: 135 

This study investigated two initial product temperature conditions: homogeneous and heterogeneous 136 

initial temperatures. According to the heat balance for heat-generating products at steady state: 137 

𝑚 𝐶𝑝  
𝑑𝑇

𝑑𝑡
= ℎ 𝑆 (𝑇𝑎𝑖𝑟 − T) + 𝑄     with 

𝑑𝑇

𝑑𝑡
= 0    138 

• Homogeneous initial temperature (T = Tair = Tair.in) 139 

The controllable resistance heaters were turned off (Q = 0 W), and the air temperature was set to 20°C. 140 

Once thermal equilibrium was achieved, the pallet was at a homogeneous initial temperature with T = Tair.in (≈ 141 

20°C). For homogeneous initial conditions, the standard deviation of the temperature in the entire pallet at the 142 

beginning of cooling was 0.2°C. This scenario reproduces the thermal state of the pallet just after the production 143 

stage prior to pre-cooling. 144 

• Heterogeneous initial temperature (T = Tair + Q/(hS)) 145 

The temperature of the upwind air was set at 20°C with the resistance heaters turned on until a thermal 146 

equilibrium had been achieved. Thus, the products within the pallet were at different initial temperatures (T = Tair 147 

+ Q/(hS)). This experiment aimed to reproduce cases where the products have generated heat, achieved a thermal 148 

equilibrium, and then have undergone ambient temperature changes, for example, when pallets are transferred 149 

between two facilities within a logistic cold chain. 150 

 151 

Insulation stage: 152 

As previously mentioned, the initial upwind air temperature was set at 20°C. To begin the cooling process 153 

of products within the pallet, the upwind air temperature was set at 4°C. However, the temperature decrease was 154 

gradual, reaching 4°C in about an hour. 155 

During this stage, it is important to maintain the initial temperature defined in the initialization stage (see 156 

the section above), in order to estimate the cooling rate of the products accurately. Thus, the pallet was insulated 157 

using extruded polystyrene insulation panels wrapped in isothermal survival blankets for additional thermal 158 

protection. Although the panels were not completely airtight, the average temperature of the products in box 9B1 159 

(see Fig. 3) decreased by ≈ 1°C during the insulation phase, whereas it decreased by ≈ 8°C without the panels. 160 

 161 

It is important to note that in the case of a heterogeneous initial temperature of the pallet, the resistance 162 

heater of the products is deactivated during this stage and then reactivated once the insulation phase is completed. 163 

In the case of a homogeneous initial temperature, the resistance heater is activated following the insulation stage. 164 

 165 

Cooling stage: 166 

Once the two previous steps have been completed and the insulation panels have been removed, the 167 

cooling process to a set-point temperature of 4°C is considered to have started.  168 



2.3.2 Experimental conditions and thermophysical properties 169 

According to a calorimetric study carried out in our laboratory on Camembert-type soft cheeses, the heat 170 

flux Q generated by one product item (250 g) is estimated to be between 0.1 W and 0.15 W (Confidential report 171 

(Delahaye et al. 2019)). In fact, the respiration heat depends on the temperature and the ripening stage. Under 172 

industrial conditions during transport and storage, the air velocity can vary from 0.1 to 1 m/s, depending on the 173 

position of the pallets (Hoang et al. 2015; Moureh et al. 2009). The balance between heat generation, which 174 

contributes to free convection, and ventilation can be analysed in terms of Richardson number, Ri; therefore, 175 

increasing heat generation is equivalent to reducing ventilation. Under these conditions (Q = 0.1 W, velocity 176 

between 0.1 and 1 m.s-1), Ri is between 0.14 and 13.6. 177 

In this study, two upwind air velocities uair.in: 0.25 m/s and 0.64 m/s (chosen according to cold room 178 

ventilation capacities ranged between 0.25m/s and 0.64 m/s), and three heat generation fluxes per product item, 179 

Q: 0 W, 0.05 W and 0.3 W were investigated. Table 1 summarises the dimensionless numbers under each 180 

condition. The diameter of one SB plaster block was chosen as the characteristic length. It can be observed that 181 

the range of variation of Ri (0.17 to 6.53) is comparable to that observed under industrial conditions. 182 

 183 

Table 1: Dimensionless numbers of each experimental condition 184 

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

0.25 1752 

0  0 

0.05  1.09 

0.3  6.53 

0.64 4484 

0  0 

0.05  0.17 

0.3  1 

 185 

 Re =
uair.inD

ν
 (1) 

 Gr =  
gβTQD2

λair ν2
 (2) 

 Ri =  
Gr

Re2
=

gβTQ

λair uair.in
2  (3) 

 186 

where: D = 0.11 m; ν = 15.7×10-6 m2/s; λair = 0.026 W/(m K); βT = 1/Tair.in = 0.0036 K-1. 187 

 188 

According to Bejan (2013), the critical Reynolds number obtained using round jets such as circular vents 189 

is about 30. Thus, from Table 1, the flow was considered turbulent. The airflow was under a mixed convection 190 

regime when Ri ≈ 1. The airflow is dominated by forced convection at low Richardson number (Ri << 1) and by 191 

natural convection at high Richardson number (Ri >>1) (Pham et al. 2019b; Tanner et al. 2002). This also gives 192 



a range of Ri from 0.17 (relatively small compared to 1), where forced convection should dominate, to 193 

6.53 (relatively large compard to 1) where free convection should dominate. 194 

The thermal conductivities of plaster and cheese are close: 0.35 W.m-1K-1 for plaster and between 0.32 195 

and 0.38 W.m-1K-1 for cheese, depending on the type of cheese (Iezzi et al. 2011). Thus, cheese and plaster exhibit 196 

similar temperature levels at steady state. However, the density and heat capacity are different: .Cp of about 197 

1.4×106 J.m-3K-1 for plaster and 2.3×106 J.m-3K-1 for cheese (Božiková and Hlaváč 2016; Hélias et al. 2007). 198 

Therefore, cheese and plaster exhibit different cooling kinetics at unsteady state, where for equal conductivity and 199 

no heat generation, characteristic cooling times (HCT and SECT) for cheese products are expected to be around 200 

1.6 ((ρ Cp)Cheese/(ρ Cp)Plaster) times higher than for plaster blocks. 201 

It is important to mention that a CFD model will be developed as a further step. The properties of plaster 202 

will be applied initially to reproduce the experimental conditions and validate the model in comparison with the 203 

experimental results presented in this study. Once the model has been validated, the thermophysical properties of 204 

cheese will be applied to predict the cooling kinetics of cheese products within a pallet. 205 

The thermophysical properties of the materials used in the experiment are shown in Table 2. 206 

Table 2: Thermophysical properties of the experimental materials 207 

Materials  𝛒 (kg/m3)  𝛌 (W/(m K))  𝐜𝐩(J/(kg K)) 

Plaster  

(Pham et al. 2019b; 

Ruuska et al. 2017) 

 1240  0.35  1100 

Air  1.269  0.026  1006 

208 



2.4 Cooling rate evaluation 209 

Because of heat generation, the plaster product equilibrium temperature at the end of the cooling process 210 

is different from the temperature of upwind air (Pham et al. 2021). In addition, the initial product temperature 211 

differs from one product to another under the initial heterogeneous temperature conditions. 212 

To quantify the cooling rate of the products within the pallet and compare the different experimental 213 

conditions, a new dimensionless temperature definition was established: 214 

 T∗(t) =
T(t) − Teq

Tin − Teq

 (4) 

 215 

where: 216 

Tin is the initial temperature of the product at the beginning of the cooling stage (Tin = T(t=0)). 217 

Teq is the equilibrium temperature of the product. It is calculated using the average of the temperature 218 

values of the last 30 minutes once the equilibrium temperature is achieved. 219 

The equilibrium temperature is considered to have been reached when the average product temperature 220 

decreases less than 0.02°C per 30 minutes. 221 

Studies reported in the literature often use two parameters to assess the product cooling rate: the seven-222 

eighths cooling time (SECT) and the half cooling time (HCT). SECT represents the time required to reduce the 223 

difference between the initial temperature of the product Tin and its equilibrium temperature by 87.5% (T*(SECT) 224 

= 0.125). Meanwhile, the HCT represents the time needed to reduce this temperature difference by 50% (T*(HCT) 225 

= 0.5) (Defraeye et al. 2014). 226 

2.5 Statistical analysis  227 

Statistical analysis One-way variance analysis (ANOVA), followed by a Tukey’s HSD test, were 228 

conducted to assess the significance of Tin, Teq, HCT and SECT along the different rows of the pallet. This analysis 229 

allows to evaluate if the effect of different tested conditions (inlet air velocity, heat generation, initial temperature 230 

condition) on HCT and SECT is statistically significant with a critical p-value of 5% (p ≤ 0.05). 231 

2.6 Interpretation of the results using a simple model 232 

A very simple model was developed, not for accurate prediction but to facilitate the interpretation of the 233 

experimental data. As shown in Fig. 4a, this unsteady state model considers the air temperature increase when it 234 

flows throughout the three boxes successively. It considers a half level of the pallet. The heat generated by the 235 

plaster products in each box (Qheat.tot = n Q, where n = 30) is considered. 236 

The model is based on the following assumptions: 237 

• Symmetry at one pallet level is considered. Only half of the pallet level is taken into account 238 

by the model. 239 

• The interaction between the different levels of the pallet is neglected. 240 

• The model considers the product heat generation but not the promoted natural convection. 241 

• The CHTC is considered a constant (independent of airflow velocity and block positions). 242 

• The airflow rate within the boxes is considered a constant. 243 



• Tair.in is considered equal to the set-point value, which is 4°C. 244 

• The initial product temperature equals the initial experimental product temperature after the 245 

insulation stage (≈ 19°C). 246 

• Ti for i ∈ [1, 3] represents the average product temperature of each box. 247 

• Tair.i for i ∈ [1, 3] is the bulk air temperature at the outlet of box i. 248 

 249 

Fig. 4. Diagram of the domain: (a) simplified heat transfer domain; (b) representation of the top view of the 250 
experimental set-up. 251 

The heat balance for the product and air can be expressed as follows: 252 

 m Cp  
dTi

dt
= h S (Tair.i−1 − Ti) + Q    for i ∈ [1, 3] (5) 

   
dTi

dt
= a (Tair.i−1 − Ti) + δ (6) 

 253 

 ṁ Cp.air (Tair.i − Tair.i−1) = n h S (Ti − Tair.i−1)     for i ∈ [1, 3] (7) 

   Tair.i = Tair.i−1 + b (Ti − Tair.i−1) (8) 

 254 

where: a =
h S

 m Cp
, δ =  

 Q

m Cp
 and b =

n h S

ṁ Cp.air
 255 

The adiabatic heating rate, that is, the product temperature increase per time unit without heat exchange with air: 256 

𝛿 equals 0.45°C/h and 2.68°C/h for Q = 0.05W and Q = 0.3 W, respectively. The optimum values for a and b have 257 

been determined by adjustment with the experimental data. 258 

  259 



 Results and discussion 260 

3.1 Steady state 261 

Fig. 5 compares the measured temperature distribution obtained at steady state through the rows R1, R2 262 

and R3 for two upwind air velocities (0.25 m/s and 0.64 m/s) and two heat generation fluxes per product item (0.3 263 

W and 0.05 W). Thus, this section presents the results of four different Richardson numbers. 264 

Ri = 6.53 Ri = 1.09 

  

Ri = 1 Ri = 0.17 

  

Fig. 5. Plaster product temperature distribution at steady state along the Rows R1, R2 and R3 and air temperature 265 
(Level 8) for two upwind air velocities, 0.25 m/s and 0.64 m/s, and two heat-generated fluxes per product item, 0.05 W and 266 

0.3 W. Note: standard deviation bars are added to each temperature point. 267 

According to Fig. 5, for both upwind air velocities conditions, at each level (from k = 2 to 9 (top of the 268 

pallet), with the exception of the bottom of the pallet (k = 1), which is explained later), the product temperature 269 

increases from upstream to downstream of the pallet (T (R1) < T (R2) < T (R3)). This temperature increase is 270 

induced by the rising air temperature in the main airflow direction in contact with the products (Tair (R1) < Tair (R2) 271 

< Tair (R3)) and by the decrease in airflow rate in the main flow direction caused by the exit of part of the flow 272 

through the side vents of the boxes and the spaces between them (Aguenihanai et al. 2025), thus reducing the 273 

convective heat transfer coefficients (Pham et al. 2021). Furthermore, the heat flux generated by the product 274 

significantly impacts the product temperature and its heterogeneity within a pallet. The greater the heat flux, the 275 

higher the product temperature and the temperature heterogeneity. These results are consistent with the literature 276 

(Pham et al. 2021). 277 

 278 



For lower Ri (Ri ≤ 1), where the dominant convection mechanism is forced convection (0.25 m/s and 0.05 279 

W, 0.64 m/s and 0.05 W, and 0.64 m/s and 0.3 W), a quasi-homogenous product temperature distribution per row 280 

can be observed. For example, in the case of 0.64 m/s & 0.3 W (Ri = 1), the difference between the maximum and 281 

minimum measured temperatures is less than 1°C for rows R1 and R2. However, it is higher in the downstream 282 

part of the pallet (row R3), reaching 4.5°C. 283 

For higher Ri (Ri > 1), the quasi-linear increase in the product temperature in R3 and R2 (from k = 2 to k 284 

= 7) reflects the emergence of a vertical flow within the pallet through the ventilated boxes under a mixed 285 

convection regime. The driving force of this vertical flow induced by natural convection is enhanced by the 286 

temperature difference between the warm, heat-generating products and the ambient cold air, and thus, it is likely 287 

to predominate in the downstream part of the pallet at rows R2 and R3 (Fig. 5). 288 

As mentioned in Section 2.1, the bottom of the boxes includes vents allowing inter-level interaction 289 

(upward flow) and aiming to promote internal ventilation within the pallet. This warmed air rises by buoyancy 290 

resembling a thermal plume into the upper-level box through the free vents at the bottom of the boxes. This 291 

phenomenon is associated with the ejection mechanism (Khanafer et al. 2002). Therefore, cold air is sucked in 292 

from the bottom of the pallet and from the sides to replace the hot air moving towards the upper level (Chourasia 293 

and Goswami 2006, 2007). This enables product heat to be removed from one level to the next in the vertical 294 

direction, leading to a product temperature increase in the horizontal direction in the main flow direction (from R1 295 

to R3) and also in the vertical direction by the effect of the upward flow (the vertical temperature increase reaches 296 

8.2°C in row R3). 297 

The measured temperature increases in the vertical direction of the pallet until the penultimate level. The 298 

temperature decreases at the top of the pallet (k = 9) due to direct contact between the products and the cold 299 

ambient air. 300 

At the bottom level of the pallet (k = 1), boxes in B3 located in the more downstream position are subjected 301 

to warmer airflow through B1 and B2, leading to greater buoyancy and vertical flow. This raises air suction at the 302 

first level of B3 (Box 1B3), leading to a lower temperature in Box 1B3 compared to that in Box 1B2. Obviously, 303 

this additional ventilation induced by natural convection is limited to the first level of the pallet for moderate and 304 

low Ri values (equal to or less than one), given that a quasi-homogenous temperature for the rows R3, R2 and R1 305 

is observed at the other levels. 306 

For our complex geometry, we can conclude that for Ri = 0.17, the regime is dominated by forced 307 

convection; for Ri  1, the effect of natural convection becomes visible and for Ri = 6.53 its effect is very 308 

pronounced. However, it is difficult to determine a precise value of Ri for which forced and free convection are of 309 

the same order. As expected, the greater Ri, the greater the intensity of the thermal plume (vertical flow due to the 310 

temperature gradient), particularly downstream of the pallet. Thus, an increase in the vertical flow intensity is 311 

associated with a more significant suction of surrounding cold air at 4°C. As was observed at box 1B3 in the case 312 

of Ri = 6.53, with a temperature T(1B3) < T(1B2). This phenomenon (under high Ri number) allows heat to be 313 

rapidly extracted from the products and cooled more quickly than under low Richardson numbers (see section 314 

3.2.2 Heat generation effect). 315 

These results demonstrate the importance of designing vents at the bottom of the boxes to ensure free 316 

ventilation by natural convection and thus to enhance removal of the heat generated by the products. It is also 317 

important to ensure that the stacking of the products in the boxes does not obstruct, or obstructs to the least extent 318 



possible, these vents. In this manner, they prevent heat from stagnating inside the boxes and avoid the generation 319 

of higher product temperatures. 320 

A previous study (Pham et al. 2019a, 2019b) also pointed out the importance of the area of the openings 321 

(vent holes) in the ventilation direction related to the upstream velocity. Cheese stacking should not obstruct these 322 

vents, and it is important to position the pallet on the side with the highest total area of openings in order to increase 323 

the flow rate through the boxes, thereby increasing the convective heat transfer coefficient (CHTC) and decreasing 324 

the temperature levels. 325 

3.2 Unsteady state 326 

3.2.1 Ventilation velocity effect  327 

The products' dimensional and dimensionless cooling kinetics are presented in Fig. 6 for two upwind air 328 

velocities (0.25 m/s and 0.64 m/s) without heat generation (Q = 0, Ri = 0). The corresponding SECT and HCT of 329 

each row R1, R2 and R3 are presented in Table 3 for each air velocity condition. 330 
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Fig. 6. Dimensional and dimensionless cooling kinetics of the plaster products within the pallet along the rows R1, 331 
R2 and R3 for two upwind air velocities: 0.25 m/s and 0.64 m/s and 0 W. 332 
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Table 3: Summary of the average HCT, SECT and their standard deviation within the different pallet rows (R1, R2 and R3) for 334 
the two velocities, 0.25 m/s and 0.64 m/s, and a product flux equal to 0 W. Different letters (e.g., 'a', 'b') indicate significant 335 
differences (p < 0.05) based on Tukey HSD test. 336 

Upwind air 

velocity uair.in 

(m/s) 

0.25 0.64 

Heat generation 

flux Q (W) 
0 0 

Row R1 R2 R3 R1 R2 R3 

HCT ± STDHCT 

per row (hours) 

1.71 ± 

0.15a,b 
3.06 ± 0.41c 4.21 ± 0.97d 1.25 ± 0.11a 2.06 ± 0.13b 3.10 ± 0.37c 

SECT ± 

STDSECT per row 

(hours) 

5.50 ± 0.21a 9.21 ± 0.68 b 12.58±1.23 c 3.41 ± 0.26 d 5.68 ± 0.32 a 7.93 ± 0.29 e 

 337 

For all conditions presented in Fig. 7, the products near the air inlet (R1) cooled down more rapidly than 338 

the other products (R2 and R3, p ≤ 0.05). According to Table 3, increasing the air inlet velocity from 0.25 m/s to 339 

0.64 m/s reduces the SECT and HCT of the products along the different rows by an average of 38%. These results 340 

are in agreement with Wang et al. (2020), who demonstrated a strong effect of airflow velocity on the coo 341 

ling rate.  342 

For the low velocity (0.25 m/s), the ratio between SECT and HCT is relatively constant: SECT/HCT ≈ 3. 343 

This can be explained by negligible internal resistance. In this case, mCpdT/dt = hS(Tair - T) and for constant air 344 

temperature t = -τ ln(T*) where τ = mCp/(hS). Therefore, SECT/HCT = ln(1/8)/ln(1/2) = 3 (Defraeye et al. 2015). 345 

For the high velocity (0.64 m/s), the CHTC (h) is higher; consequently, the Biot number (Bi = hD/𝜆) 346 

increases and the product's internal resistance becomes more significant (Jia et al. 2022). Therefore, SECT/HCT 347 

becomes lower than three (
SECT

HCT
(R1) =  2.7; 

SECT

HCT
(R2) = 2.8; 

SECT

HCT
(R3) = 2.6 ). 348 

Furthermore, the ratio of SECT obtained for the two velocities is almost the same for the three rows: 349 

SECT(0.25 m/s)

SECT (0.64 m/𝑠)
(R1) =

SECT(0.25 m/𝑠)

SECT (0.64 m/𝑠)
(R2) =

SECT(0.25 m/𝑠)

SECT (0.64 m/𝑠)
(R3) = 1.6. This suggests that the convective heat 350 

transfer coefficient is proportional to the square root of the air velocity since √
0.64

0.25
= 1.6. This result is in 351 

agreement with findings in the literature (Dincer 1994). 352 

Concerning the airflow throughout the pallet, the pressure drop is mainly related to the vent holes and is, 353 

hence, proportional to the square of the velocity (kinetic energy loss through the vent holes). Therefore, the 354 

ventilation power (air flow rate multiplied by pressure drop) is roughly proportional to the air velocity cubed. 355 

Increasing velocity decreases the cooling time but to a much lesser extent. For example, Jia et al. (2022) observed 356 

that a 600% increase in air velocity (from 0.5 m/s to 3.5 m/s) is associated with a 57% decrease in SECT and a 14 357 

334% increase in specific fan energy consumption. Therefore, from the point of view of ventilation energy, the 358 

lowest acceptable air velocity seems preferable. During storage (steady state), the airflow rate has to be sufficient 359 

to ensure a maximal acceptable product temperature Tmax = Tregulatory = 6°C. The maximum surrounding air 360 

temperature Tair.max is related to the respiration heat Q for one cheese item and the heat transfer coefficient h given 361 

by Equation (9). 362 



 Q = hS (Tmax − Tair.max) (9) 

For a given supply air temperature Tair.in, it is then possible to estimate the airflow rate 𝑚̇𝑝𝑎𝑙𝑙𝑒𝑡  (kg/s) 363 

required to offset the heat generated by the products (Equation (10)). 364 

 ṁpallet. Cp.air (Tair.max −  Tair.in)  ≥  n𝑝𝑎𝑙𝑙𝑒𝑡  Q (10) 

where npallet is the number of cheese items in a pallet  365 

For the initial refrigeration (transient state), a maximum duration is imposed between production and 366 

storage or transport (for logistic and health reasons) for the product to reach Tair.max. The minimum air velocity 367 

required to achieve this objective is not straightforward, but the results presented can help estimate it. 368 

  369 



3.2.2 Heat generation effect 370 

To investigate the effect of product heat generation on the product cooling kinetics, three heat fluxes were 371 

considered (0 W, 0.05 W, 0.3 W) for the lower air velocity, 0.25 m/s (product temperature initially heterogeneous 372 

(see Section 2.3.1)). 373 
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Fig. 7. Dimensional and dimensionless cooling kinetics of the plaster products within the pallet along the rows R1, 374 
R2 and R3 for three heat-generated fluxes (0 W, 0.05 W and 0.3 W) and one upwind air velocity, 0.25 m/s. 375 
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Table 4: Summary of the average HCT,  SECT, initial Tin, equilibrium Teq row temperatures, and their standard deviation 377 
within the different pallet rows (R1, R2 and R3) for three heat-generated fluxes (0 W, 0.05 W and 0.3 W) and one upwind air 378 
velocity, 0.25 m/s. Different letters (e.g., 'a', 'b') indicate significant differences (p < 0.05) based on Tukey HSD test. 379 

 380 

From Fig. 7, it can be seen that the equilibrium temperature of the products in the different rows is 381 

heterogeneous for Q = 0.05 W and Q = 0.3 W conditions (Pham et al. 2021). Moreover, it depends on both the 382 

positions of the products (row) and the heat generation flux (Table 4). According to Fig. 7 and Table 4, the higher 383 

the product heat generation, the higher the equilibrium temperature (see Section 3.1). 384 

As shown in Table 4, the SECT decreases as heat generation increases. More precisely, while the 385 

difference of the SECT between the row R3 of Q = 0 and Q = 0.05W conditions was significant (p ≤ 0.05), the 386 

difference between the SECT for the entire pallet (all rows included) in Q = 0 and Q = 0.05W conditions was not 387 

significant (p > 0.05). However, the difference of the SECT for the entire pallet (all rows included) between Q = 388 

0 and Q = 0.3W conditions was significant (p ≤ 0.05). Between Q = 0.05 and Q = 0.3W, while results were not 389 

shown to be statistically significant (p = 0.06 > 0.05), it confirms the trends that the cooling is decreasing as heat 390 

generation increases. This observation is in agreement with Chourasia and Goswami (2007a). This can be 391 

explained by the dynamic interaction between two ventilation mechanisms induced by natural convection. The 392 

first mechanism, explained in Section 3.1, is related to the emergence of an ascending airflow. In fact, increasing 393 

heat generated by the products implies a higher temperature difference between air and products, which in turn 394 

means that the vertical flow of the thermal plume becomes greater and removes the heat from the products within 395 

the pallet more rapidly. The second mechanism could be explained by the emergence of a downward cold flow 396 

due to buoyancy originating from the horizontal flow when approaching the heated products. Therefore, a dynamic 397 

mixing between forced and natural convection flows involving complex heat exchange mechanisms is expected to 398 

Upwind air 

velocity uair.in 

(m/s) 

0.25 

Heat generation 

flux:  

Q (W) 

Q = 0 (Ri = 0) Q = 0.05 (Ri = 1.09) Q = 0.3 (Ri = 6.53) 

Row R1 R2 R3 R1 R2 R3 R1 R2 R3 

Tin  ± STDTin 

per row (°C) 

19.08 

± 

0.16 a 

19.23 

± 

0.12 a 

19.27 

± 

0.17 a 

20.66 

± 

0.41 b 

21.53 

± 

0.33 b 

21.93 

± 

0.61 b 

24.75 

± 

0.95 c 

27.43 

± 

0.79 d 

29.45 

± 

1.73 e 

Teq ± STDTeq 

per row (°C) 

3.55 

± 

0.06 a 

3.51 

± 

0.08 a 

3.64 

± 

0.07 a 

5.35 

± 

0.06 b 

6.03 

± 

0.15 

b,c 

6.83 

± 

0.37 c 

11.31 

± 

0.83 d 

15.32 

± 

1.51 e 

16.62 

± 

2.39 e 

HCT ± STDHCT 

per row (hours) 

1.71 

± 

0.15 

a,f 

3.06 

± 

0.41 

b,c 

4.21 

± 

0.97 d 

1.59 

± 

0.15 

a,f 

2.82 

± 

0.46 c 

3.62 

± 

0.75 

c,e 

1.19 

±  

0.15 f 

2.23 

±  

0.72 
e,a 

2.77 

±  

0.62 
c,e 

SECT ± 

STDSECT (hours) 

5.50 

± 

0.21 a 

9.21 

± 

0.68 

b,c 

12.58 

± 

1.23 d 

5.03 

±  

0.22 

a,f 

7.88 

± 0.7 

c,e 

10.53 

± 

0.92 b 

3.86 

±  

0.27 f 

6.23 

±  

0.83 a 

8.38 

±  

0.66 e 



occur. As shown in Fig. 8 and the video added to the supplementary data section, intermittent ejections or natural 399 

convection bursts have been observed in the case of high Richardson numbers (Ri = 6.53). This leads to better 400 

mixing between the cold air and the hot product. The products, therefore, reach their equilibrium temperatures at 401 

a faster rate. 402 

Within the ventilated pallet, heat transfer occurs under transverse mixed convection regime resulting from 403 

the interaction between the main horizontal forced flow and a vertical flow induced by natural convection. The 404 

buoyancy forces in the case of transverse mixed convection promote heat exchange (Incropera et al. 2007). 405 

In the upstream part of the pallet (row R1), the forced convection is dominant as the velocity in the vent 406 

holes of upstream face is close to the maximal upstream velocity. However, the greatest amount of air entering by 407 

the upstream face flowed out through the lateral vent holes, implying a substantial decrease of air velocity 408 

magnitude from upstream to downstream part of the pallet. According to Pham et al. 2019b, less than 30% of the 409 

airflow rate reached the downstream part of the pallet. This decreasing of forced convection horizontal flow within 410 

the pallet gives rise to the development of a thermal plume by buoyancy forces in the downstream part of the pallet. 411 

The effect of the thermal plume on product cooling is therefore greater downstream of the pallet than 412 

upstream, with a decrease in SECT of 1.6, 3.0 and 4.2 hours for R1, R2 and R3, respectively, when increasing heat 413 

flux from 0W to 0.3W (p ≤ 0.05, Table 4). As explained in section 3.1 and shown in Fig.5, the development of 414 

thermal plume is associated to a suction of an external cold air at lower level of the pallet inducing a more important 415 

cooling rate. The vertical flow of the thermal plume gradually warms up and evacuates the heat from products at 416 

the bottom of the pallet more quickly than those at higher levels. 417 

In the case of forced convection, the CHTC would be independent of the heat generation and constant 418 

under the same high-velocity conditions (0.64 m/s and Ri < 0.1). Therefore, the dimensionless number: 𝜃𝑒𝑞 =419 

(𝑇𝑎𝑣𝑔.𝑒𝑞 − 𝑇𝑎𝑖𝑟.𝑖𝑛)𝜆𝐷

𝑄
 would be independent of Q. However, in the case of mixed convection (0.25 m/s; Ri ≅ 1), the 420 

CHTC is seen to be related to the heat generation flux Q. In fact, taking the average equilibrium temperature of 421 

the three rows for the low velocity (0.25 m/s), 𝜃𝑒𝑞 = 1.55 for Q = 0.05 W and 𝜃𝑒𝑞 = 1.33 for Q = 0.3 W. In 422 

addition, when heating is raised from 0.05 to 0.3 W, the SECT was divided approximately by 1.3, which is 423 

equivalent to a heating ratio 0.3/0.05 at power 0.15; in this manner, following comparison with the numerical 424 

analysis in Section Erreur ! Source du renvoi introuvable. (Erreur ! Source du renvoi introuvable.), it can be 425 

concluded that the airflow velocity exerts a greater impact than the heating rate. 426 

 427 

Fig. 8. Visualization of natural convection vortices in the air gap between the two BBs of box 2B3 at steady state for Ri = 428 
6.53 (uair.in = 0.25 m/s & Q = 0.3 W). Note: The image was treated with Photopea Online Photo Editor to enhance 429 

visualization. 430 
  431 



3.2.3 Initial temperature heterogeneity effect  432 

In order to evaluate the effect of the heterogeneity of the initial product temperature within a pallet on the 433 

cooling kinetics, two experimental conditions: Ri = 0.17 (0.64 m/s & 0.05 W, Fig. 9) and Ri = 6.53 (0.25 m/s & 434 

0.3 W, Fig. 10) were studied. Homogeneous and heterogeneous initial temperature conditions (Tin.Hom and Tin.Het) 435 

were investigated in each experiment. Two repetitions of these two experiments were performed. The maximum 436 

standard deviations between the two repetitions were 0.25 h and 0.38 h for HCT and SECT. 437 
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Fig. 9. Dimensional and dimensionless cooling kinetics of the different pallet rows (R1, R2 and R3) for two initial temperature 438 
conditions: homogeneous (Tin. Hom = 20°C) and heterogeneous for Ri = 0.17: uair.in = 0.64 m/s and Q = 0.3 W. For the 439 

homogeneous initial temperature experiment, an air temperature regulation issue was encountered, but thermal equilibrium 440 
was reached. 441 
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Table 5: Summary of the average HCT and SECT, initial Tin, equilibrium Teq row temperatures, and their standard deviation 443 
within the different pallet rows (R1, R2 and R3) for two initial temperature conditions: homogeneous (Tin.Hom = 20°C) and 444 
heterogeneous for Ri = 0.17: uair.in = 0.64 m/s and Q = 0.05 W. Different letters (e.g., 'a', 'b') indicate significant differences 445 
(p < 0.05) based on Tukey HSD test. 446 

Case 
Ri = 0.17 

0.64 m/s & 0.05 W 

Initial Temperature Heterogeneous Homogeneous ≈ 20°C 

Row R1 R2 R3 R1 R2 R3 

Tin  ± STDTin per row 

(°C) 

19.97 ± 

0.26 a 

20.62 ± 

0.22 b 

21.05 ± 

0.35 c 

19.05 ± 

0.23 d 

19.24 ± 

0.21 d 

19.35 ± 

0.16 d 

Teq ± STDTeq per row 

(°C) 

4.46 ± 

0.11 a 

4.96 ± 

0.22 b 

5.46 ± 

0.23 c 

4.45 ± 

0.09 a 

4.93 ± 

0.20 b 

5.49 ± 

0.23 c 

Repetition Repetition 1 

HCT ± STDHCT per 

row (hours) 

1.16 ± 

0.12 a 

1.92 ± 

0.14b 

2.97 ± 

0.52 c 

1.15 ± 

0.12 a 

1.97 ± 

0.14 b 

3.09 ± 

0.50 c 

SECT ± STDSECT per 

row (hours) 

3.48 ± 

0.21 a 

5.58 ± 

0.18 b 

7.64 ± 

0.45 c 

3.51 ± 

0.22 a 

5.79 ± 

0.23 b 

8.04 ± 

0.60 c 

Repetition Repetition 2 

HCT ± STDHCT per 

row (hours) 

1.14 ± 

0.12 a 

1.90 ± 

0.14 b 

2.93 ± 

0.50 c 

1.10 ± 

0.14 a 

1.92 ± 

0.13 b 

3.10 ± 

0.42 c 

SECT ± STDSECT per 

row (hours) 

3.35 ± 

0.20 a 

5.52 ± 

0.19 b 

7.78 ± 

0.45 c 

3.23 ± 

0.24 a 

5.44 ± 

0.26 b 

7.72 ± 

0.34 c 
 447 

As shown in Fig. 9, for Ri = 0.17, the temperature of the products decreases until the equilibrium 448 

temperature is reached for both conditions (homogenous and heterogeneous). According to Table 5, the initial 449 

heterogeneity of the product temperatures within the pallet exerts no significant impact as the SECT and the HCT 450 

for the two different initial conditions, homogeneous and heterogeneous, are similar (p > 0.05). 451 

  452 
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Fig. 10. Dimensional and dimensionless cooling kinetics of the different pallet rows (R1, R2 and R3) for two initial 453 
temperature conditions: homogeneous (Tin.Hom = 20°C) and heterogeneous for Ri = 6.53: uair.in = 0.25 m/s and Q = 0.3 W. In 454 

the case of an initial homogeneous temperature, only the dimensionless R1 is considered. 455 

 456 
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Table 6: Summary of the average HCT and SECT, initial Tin, equilibrium Teq row temperatures, and their standard deviation 458 
within the different pallet rows (R1, R2 and R3) for two initial temperature conditions: homogeneous (Tin.Hom = 20°C) and 459 
heterogeneous for Ri = 6.53: uair.in = 0.25 m/s and Q = 0.3 W. In the case of an initial homogeneous temperature, only the 460 
dimensionless R1 is considered. Different letters (e.g., 'a', 'b') indicate significant differences (p < 0.05) based on Tukey HSD 461 
test. 462 

Case 
Ri = 6.53 

0.25 m/s – 0.3 W 

Initial 

Temperature 
Heterogeneous Homogeneous ≈ 20°C 

Row R1 R2 R3 R1 R2 R3 

Tin ± STDTin per 

row (°C) 

24.75 ± 

0.95 a 

27.43 ± 

0.79 b 

29.45 ± 

1.73 c 

19.15 ± 

0.21 d 

19.32 ± 

0.19 d 

19.32 ± 

0.15 d 

Teq ± STDTeq per 

row (°C) 

11.31 ± 

0.83 a 

15.32 ± 

1.51 b 

16.62 ± 

2.39 b 

11.19 ± 

0.79 a 

15.10 ± 

1.44 b 

16.42 ± 

2.33 b 

Repetition Repetition 1 

HCT ± STDHCT 

per row (hours) 

1.19 ±  

0.15 a 

2.23 ±  

0.72 b 

2.77 ±  

0.62 b 

1.24 ± 

0.19a 

Not 

relevant 

Not 

relevant 

SECT ± STDSECT 

(hours) 

3.86 ±  

0.27 a 

6.23 ±  

0.83 b 

8.38 ±  

0.66 c  

4.08 ± 

0.29 a 

Not 

relevant 

Not 

relevant 

Repetition Repetition 2 

HCT ± STDHCT 

per row (hours) 

1.23 ±  

0.23 a 

2.28 ±  

0.47 b 

2.42 ±  

0.74 b 

1.30 ±  

0.17 a 

Not 

relevant 

Not 

relevant 

SECT ± STDSECT 

per row (hours) 

4.07 ±  

0.61 a 

6.77 ±  

0.75 b 

8.45 ±  

0.87 c 

4.23 ±  

0.37 a 

Not 

relevant 

Not 

relevant 
 463 

For Ri = 6.53, Fig. 10 shows the temperature evolution of the products within the different rows of the 464 

pallet during the cooling process. For products in row R1, their temperature drops gradually until the equilibrium 465 

temperature is reached for both initial temperature conditions (Tin.Hom and Tin.Het). According to Table 6, initial 466 

temperature heterogeneity has a negligible impact on the cooling rate in row R1 (SECT (Tin.Hom) ≈ SECT (Tin.Het)). 467 

For the Tin.Hom condition, as shown in Fig. 10 and Table 6, the average initial temperature of the products 468 

was 19.3 ± 0.2°C. At the start of the cooling process, a temperature increase can be observed for the products in 469 

rows R2 and R3. This phenomenon can be explained by the fact that at the beginning of the cooling process, the 470 

heat extracted by the convection mechanism does not offset the heat generated by the products. Indeed, for the 471 

product in row R3, for example, the convective flux depends on the temperature of the air flowing out of box B2, 472 

which is much higher than the Tair.in = 4°C at the outset because it has been heated up in boxes B1 and B2. 473 

Moreover, the air temperature within the pallet gradually becomes colder during the cooling process, 474 

intensifying the heat extracted by forced and natural convection, leading to a subsequent slow decrease in the 475 

product temperature until the equilibrium temperature is reached. For example, the average equilibrium 476 

temperature of the products in row R3 is 16.4 ± 2.3°C, which is quite close to the initial temperature of 19.3 ± 477 

0.15°C. For this reason, the HCT and the SECT in rows R2 and R3 were not considered. 478 

Although the SECT and HCT of row R1 indicate that the homogeneity of the initial temperature has no 479 

impact on the cooling rate (p > 0.05), the results for rows R2 and R3 did not make it possible to verify this 480 

conclusion. It is, therefore, interesting to go further and verify this analysis for the same Richardson number Ri = 481 

6.53 (for the same air upwind velocity and product heat flux conditions, 0.25 m/s and 0.3 W at a homogeneous 482 



initial temperature of 30°C (Tin.Hom = 30°C). The experimental procedure is, therefore, the same as that detailed in 483 

Section 2.3.1, with an initial set-point temperature of 30°C and an upwind air temperature remaining at 4°C. 484 

According to Fig. 11 and Table 7, the initial temperature of the products has little impact on the cooling 485 

rate (p ≤ 0.05), with the exception of row R3 (p > 0.05), in which the cooling rate is lower when initial temperature 486 

is heterogeneous than when it is homogeneous. This position is the most influenced by natural convection, and the 487 

initial product temperature in the homogeneous case, 30°C, is lower than that in the heterogeneous case (~ 40°C). 488 

  489 
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Fig. 11. Dimensional and dimensionless cooling kinetics of the different pallet rows (R1, R2 and R3) for two initial 490 
temperature conditions: homogeneous (Tin.Hom = 30 °C) and heterogeneous for Ri = 6.53: uair.in = 0.25 m/s = and Q = 0.3 W. 491 

  492 



Table 7: Summary of the average HCT and SECT, initial Tin, equilibrium Teq row temperatures, and their standard deviation 493 
within the different pallet rows (R1, R2 and R3) for two initial temperature conditions: homogeneous (Tin.Hom = 30°C) and 494 
heterogeneous for Ri = 6.53: uair.in = 0.25 m/s and Q = 0.3 W. Different letters (e.g., 'a', 'b') indicate significant differences (p 495 
< 0.05) based on Tukey HSD test. 496 

Case 
Ri = 6.53 

0.25 m/s & 0.3 W 

Initial Temperature Heterogeneous Homogeneous ≈ 30°C 

Row R1 R2 R3 R1 R2 R3 

Tin ± STDTin per 

row (°C) 

33.80 ± 

2.40 a 

37.15 ± 

2.24 b 

37.32 ± 

3.32 b 

28.69 ± 

0.36 c 

28.87 ± 

0.20 c 

28.71 ± 

0.47 c 

Teq + STDTeq per 

row (°C) 

11.65 ± 

0.76 a 

14.88 ± 

1.51 b 

16.39 ± 

2.39 b 

11.60 ± 

0.77 a 

14.83 ± 

1.50 b 

16.37 ± 

2.37 b 

HCT ± STDHCT 

per row (hours) 

1.20 ± 

0.20 a 

2.10 ± 

0.39 b 

2.36 ± 

0.63 b 

1.11 ± 

0.19 a 

2.31 ± 

0.54 b 

3.44 ± 

1.40 c 

SECT ± STDSECT 

per row (hours) 

3.60 ± 

0.36 a 

6.36 ± 

0.64b 

7.98 ± 

0.74 c 

3.49 ± 

0.30 a 

7.01 ± 

0.82 b 

10.62 ± 

1.33 d 
 497 

  498 



3.2.4 Interpretation of experimental results using a simple model 499 

The parameters a = hS/(mCp) and b = nhS/(mCp.air) were determined by minimizing the sum of the squared 500 

deviations with the experimental data: the average product temperature of rows R1, R2 and R3. Fig. 12 presents the 501 

results for the two extreme Richardson number conditions (Q ≠ 0) with a homogeneous initial product temperature 502 

(Tin.Hom = 20 °C): Ri = 0.17 (0.64 m/s and 0.05 W) and Ri = 6.53 (0.25 m/s and 0.3 W). 503 

Furthermore, a standard deviation band is represented for each row to consider the experimental 504 

temperature evolution heterogeneities of the different plaster products at the different pallet levels (k = 1 to 7 and 505 

k = 9) during the cooling process. The highest bandwidth related to R3 underlines the strong variations along the 506 

height of the pallet, mainly due to the effect of the upward flow generated by natural convection. 507 

 508 

Ri = 0.17 

0.64 m/s & 0.05 W 

Ri = 6.53 

0.25 m/s & 0.3 W 

  

a = 0.614 ± 0.002 (h-1) 

b = 0.633 ± 0.004 

a = 0.347 ± 0.001 (h-1) 

b = 0.374 ± 0.002 

Fig. 12. Comparison between the numerical and experimental mean temperature evolution through the rows R1, R2 509 
and R3 for both extreme Richardson number conditions (Q ≠ 0): Ri = 0.17 and Ri = 6.53. The STD band considers the 510 

experimental cooling kinetics heterogeneities within each pallet row. Note: The STD band for (Ri = 0.17) is thin (Max STD 511 
(R1, R2 and R3) =1.31°C). 512 

 513 

According to Fig. 12, the numerical results obtained with the simplified model show reasonable 514 

agreement with the experimental results for both investigated conditions. The model captures the increase in 515 

equilibrium temperature from R1 to R3 as well as the initial kinetics. In the case of Ri = 6.53 for R3, it can even 516 

predict a slight temperature increase at the beginning of cooling. 517 



From the estimation of parameter a, an average heat transfer convective coefficient h ≈ 4.9 W m-2 K-1 for 518 

uair.in = 0.64 m/s & Q = 0.05W (Ri = 0.17) and h ≈ 2.8 W m-2 K-1 for uair.in = 0.25 m/s & Q = 0.3W (Ri = 6.53) can 519 

be calculated. 520 

As it can be seen, the predicted results remained within the range of the standard deviation bands. The 521 

differences between the predicted and experimental results can be explained by the fact that the model does not 522 

include the phenomenon of thermal plume promoted by natural convection (see Section 3.1). This probably 523 

explains the greater discrepancy between the numerical and experimental results for row R3, where free convection 524 

is predominant. This model also assumes that the convective heat transfer coefficient is constant over the modelling 525 

domain and does not take into account the part of the airflow that exits through the side vents and the spaces 526 

between the boxes (B1, B2 and B3), as mentioned by Pham et al. (2021). Since the CHTC depends on the airflow 527 

velocity (Alvarez and Flick 1999), the assumption of constant CHTC is less valid. 528 

In addition, Moureh et al. (2022) developed a simplified model of a cheese pallet level considering the 529 

products' heat generation but without considering natural convection and the interactions between the pallet levels. 530 

All these elements highlight the importance of developing a model that takes into consideration pallet level 531 

interactions, local airflow characteristics and CHTC heterogeneities within the pallet. Besides considering the heat 532 

generation of products within the pallet, it is also essential to consider the resulting buoyancy effects induced by 533 

natural convection (thermal plume and air recirculation within the boxes). 534 

 Conclusion 535 

The aim of this study, conducted under both steady-state and unsteady-state conditions, was to 536 

characterize the equilibrium temperature and cooling kinetics of heat-generating products inside a pallet under 537 

mixed convection regime. It investigates the impact of ventilation air velocity, product heat generation flux and 538 

initial product temperature heterogeneity on the cooling rate of products at different positions located in the three 539 

vertical rows of nine levels composing the pallet. A simplified model was also developed to facilitate the 540 

interpretation of experimental data. 541 

At steady state, the results of this study confirmed the presence of a thermal plume promoted by natural 542 

convection at high Richardson number Ri > 1. For Ri = 6.53, the thermal plume is also associated with significant 543 

temperature heterogeneity in each row, particularly downstream of the pallet, with a temperature gradient of 8.2°C 544 

between bottom and top . At low Richardson numbers Ri ≤ 1, temperature within each row is more homogeneous. 545 

At unsteady state, the results showed that an increase in air velocity from 0.25 m/s to 0.64 m/s reduces 546 

cooling times, with an average of 29% for HCT and 38% for SECT. Although heat generation increased the 547 

equilibrium temperature of the products, the products reached their equilibrium temperature at least 1.4 times faster 548 

when the heat flux per product was 0.3 W than without heat generation. This can be explained by the dynamic 549 

interaction between the main horizontal airflow and the thermal plume induced by natural convection, leading to 550 

a tranversal mixed convection which helps to remove the heat generated by the products and thus cools the products 551 

more rapidly. It can be also concluded that airflow velocity exerts a greater impact than the heating rate with a 552 

SECT divided by 1.6 when air velocity increases from 0.25 to 0.64 m/s and divided by 1.3 when heating is raised 553 

from 0.05 to 0.3W. By comparing the two initial homogeneous and heterogeneous product temperature conditions, 554 

the results showed little impact on the cooling rate except in the last row, where natural convection predominates. 555 



The results from the simplified model showed similar trends to the experimental data, accurately capturing 556 

the initial cooling kinetics and the average equilibrium temperature within the pallet for both extreme Richardson 557 

number conditions Ri = 0.17 (0.64 m/s & 0.05 W) and Ri = 6.53 (0.25 m/s & 0.3 W). However, disparities were 558 

observed for a high Richardson number (Ri = 6.53) since the model does not consider the natural convection effect 559 

(interaction between pallet levels due to the thermal plume) and assumed uniform convective heat transfer 560 

coefficient from upstream to downstream parts of the pallet. 561 

The simplified model presented in this study will be improved by considering the interaction between the 562 

different levels of the pallet, natural convection as well as the convective heat transfer coefficient and airflow 563 

heterogeneities from one box to another. 564 

  565 
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