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Abstract: This study aims to optimize the thermodynamic performance of a cold storage distribution
box through the integration of a ventilation system. To achieve this goal, a prototype constructed
from expanded polystyrene is developed, incorporating an active ventilation system to ensure cold
temperature uniformity. Thermocouples are integrated into the device to monitor the temporal
temperature evolution with and without ventilation. Concurrently, a 2D thermo-aerodynamic
investigation is conducted using computational fluid dynamics (CFD). The numerical modeling
of the thermodynamic behavior of the cold source employs polynomial laws as input data for the
computational code (UDF functions). A comparison between experimental and numerical results
reveals the computational code’s accurate prediction of the temporal temperature evolution in the
cold storage distribution box, particularly under forced convection conditions. The findings indicate
that in the absence of ventilation, thermal exchanges primarily occur through air conduction, whereas
with ventilation, exchanges are facilitated by convection. Overall, forced convection induced by the
inclusion of a ventilation device enhances thermal transfers and the thermodynamic performance
of the cold storage distribution box. Furthermore, air mixing limits thermal stratification, thereby
facilitating temperature homogenization.

Keywords: heat transfer; convection; conduction; cold storage box; CFD

1. Introduction

Societal shifts are prompting significant changes in dietary behaviors, particularly
among young professionals who have less time to devote to meal preparation. This trend
has led to a surge in the popularity of ready-to-cook meals and meal delivery services
to residences, workplaces, and educational institutions across numerous countries [1,2].
Given that these meals are often delivered via specialized delivery services, the use of
insulated boxes is paramount to ensuring food safety and quality during non-refrigerated
transportation [3,4]. Specifically, an effective box design must uphold food temperatures at
or below 4 ◦C throughout transportation, which may extend over several hours. Thus, de-
signing a box that meets food safety standards while also considering economic constraints
is imperative.

One of the preferred methods for optimizing the design of a food transport box is
through prototype development. By employing a hybrid approach that combines practical
experimentation with numerical simulations, it becomes possible to thoroughly analyze
the prototype’s performance and gain insight into the underlying physical phenomena.
Previous studies have developed heat transfer models that describe various designs of
insulated boxes and the materials used for food transport. These investigations have
identified key heat transfer mechanisms, including conduction, radiation, and phase change
within the box, as well as forced, natural, or mixed convection, and radiation on its
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surface [5–13]. Notably, Burgess [5], Choi and Burgess [6], and Navaranjan et al. [13] have
conducted comparative analyses of thermal resistance (R-value) among insulated boxes
constructed from different materials, geometries, and thicknesses. These comparisons
were conducted using multilayer heat transfer models and ice melting tests. Additionally,
Gospavic et al. [10] have provided insights into heat transfer within an insulated box by
utilizing the analytical solution of a simplified 3D heat transfer model and validating
this approach through experimental measurements of the temperature of fresh fish fillets
transported in expanded polystyrene.

East and Smale [9], along with East et al. [8], devised an optimization methodol-
ogy leveraging a 3D heat transfer model, cost analysis, and a hybrid genetic algorithm
to engineer insulated boxes. Their research underscored the satisfactory efficacy of ex-
panded polystyrene and polyurethane as insulation materials. Additionally, Margeirsson
et al. [11,12] formulated and validated a 3D heat transfer model for transporting fresh fish
fillets in expanded polystyrene and corrugated plastic containers, assessing both stable
and dynamic conditions. Their investigation underscored the pivotal role of gel packs in
preserving food quality. Furthermore, the configuration of contents within the box stands as
a critical factor influencing its performance. Typically, pre-frozen gel packs are incorporated
within the box to delay temperature elevation. The conventional practice of situating food
items inside the box alongside gel packs introduces an extra layer of thermal resistance
against heat conduction while augmenting the distance between the food items and the
warmer ambient surroundings.

Traditionally, research in food preservation has predominantly centered around the
utilization of passive transport boxes, which rely on ice packs or gel packs to maintain
the cold chain for food items. An alternative approach to enhance these transport boxes
involves integrating a ventilation system based on the principle of forced convection.
Across various systems, the incorporation of such a ventilation mechanism facilitates
heat exchange by actively promoting forced convection. Particularly within the realm of
heat exchangers, forced convection enhances the heat transfer coefficient by minimizing
the temperature differential between the air and the heat exchanger. This enhancement
translates into improved energy efficiency within the refrigeration cycle compared to
systems operating solely on natural convection principles [14]. Likewise, in the domain
of data centers, where energy conservation is paramount, leveraging forced convection
presents itself as a promising strategy to optimize heat dissipation [15]. In contrast to
natural convection, forced convection has the potential to augment both the drying kinetics
and the overall performance of solar dryers [16].

The primary aim of this research is to optimize thermal dynamics within a cold storage
distribution box by incorporating a ventilation system that fosters air circulation within
the refrigerated environment. The strategy involves drawing in the denser, colder air from
the box’s lower section and channeling it upward through a network of pathways. Given
the box’s dimensions, employing an energy-efficient, computer-type fan for this purpose is
viable. Power could be supplied by batteries or a small solar panel. For this investigation, a
prototype box constructed from expanded polystyrene has been developed. Pre-cooled ice
packs, prepared according to a predetermined protocol, are employed to reduce the box’s
internal temperature. Thermocouples, strategically positioned at different heights within
the refrigerated compartment, monitor the temporal temperature evolution. Measurements
are conducted both with and without ventilation to assess the impact of forced convection
on temperature fluctuations within the transport box. Additionally, a thermo-aerodynamic
analysis is performed using computational fluid dynamics (CFD). This numerical approach
enables the examination of airflow patterns within the cold storage distribution box and
assesses how forced convection can optimize thermo-convective interactions.



Fluids 2024, 9, 114 3 of 17

2. Materials and Methods
2.1. Experimental Device

The diagram of the cold storage distribution box and the associated experimental setup
is shown in Figure 1. The cold storage distribution box consists of a rectangular polystyrene
box with internal dimensions of height 0.28 m, depth 0.19 m, and width 0.29 m. The walls
and lid of the box are made of polystyrene with a thickness of 0.05 m. The dimensions of
the box as well as the thermophysical properties of the materials are indicated in Table 1.
For the purposes of this study, we designed a ventilation system aimed at drawing in cold
air from the lower part of the cold storage distribution box and then reintroducing it at the
upper part. The system is based on a fan commonly used in the computer field (P = 3.7 W),
which requires a 12 V direct current power supply for operation. Due to its low power
consumption, the fan’s electrical supply could also be provided by an external battery or
through a small solar panel.
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cold storage distribution box (c) and overview of the ventilation device (d).

Table 1. Dimensions and thermal properties of transport box and ice pack.

Th Ermal Properties Dimensions

Material Polystyrene Ice Pack Box Ice Pack

Weight (g) 700 624 Inside dim.
Lin × Win × Hin (mm) 190 × 290 × 280

ρ (kg m−3) 25 a Outside dim.
Lext × Wext × Hext (mm) 290 × 390 × 380 0.140 × 0.180 × 0.035

Cp (KJ kg−1 K−1) 1.28 a

λ (W m−1 K−1) 0.0345 a

a Laguerre et al. [17].



Fluids 2024, 9, 114 4 of 17

To enhance air circulation within the cold storage distribution box, an additional
system was devised and integrated with the box structure (Figure 1d). To establish a con-
nection between the ventilation system and the box’s interior, rectangular grooves were cut
into the walls’ thickness. Upstream and downstream of the fan, Honeycomb material was
used to ensure a uniformly distributed airflow rate. To guide the air out of the ventilation
channel (positioned at the upper section of the cooler), a 10 mm deep PVC deflector was
affixed to the inner wall of the cold storage distribution box. The air velocity was measured
using a KIMO VTS hot-wire thermo-anemometer (KIMO Instruments, Montpon, France) at
the exit of the upper grooves. The velocity, measured at various locations, was estimated to
be 0.5 m/s, roughly corresponding to an airflow rate of 2 × 10−3 m3/s.

Temperature measurements are conducted using 3 miniature type K thermocouples,
each with a 0.2 mm diameter, coupled with a GRAPHTEC Midi Logger GL840 data acquisi-
tion unit (Graphtec Corporation, Yokohama, Japan). Thermocouples T1, T2, and T3 (refer
to Figure 1a) are positioned along the box’s vertical symmetry axis, at distances of 0.03 m,
0.14 m, and 0.22 m from the bottom, respectively. A 30-s acquisition interval is set for all
measurements. The initial temperature (t = 0 s) is defined as the temperature recorded
during the first measurement interval at t = 30 s following the start of the protocol. An
ice pack is positioned at the box’s base to cool the refrigerated compartment. Following
each experiment, the ice pack undergoes a freezing cycle in a −18 ◦C freezer for at least
48 h before being reused for subsequent measurements. Notably, this study primarily
aims to compare thermal performances between a ventilated cold storage distribution box
and a non-ventilated one. The conclusions outlined in this study stem from experimental
observations performed with a single ice pack. We recognize that this setup is inadequate
for sustaining the average temperature within the cooler below the critical threshold of 4 ◦C,
as advised by ANSES (French Agency for Food, Environmental and Occupational Health
and Safety) for optimal food preservation. However, it is crucial to clarify that the primary
objective of this research is not to ascertain the precise quantity of ice packs necessary for
optimal food preservation. Instead, our focus lies in examining the thermodynamic efficacy
of the storage box under conditions of forced convection.

All measurements were conducted within a temperature-controlled room, maintaining
a constant temperature of approximately 20 ± 1 ◦C. Each experiment or measurement cycle
was repeated 3 times to ensure the reproducibility of results. The potential impact of the
heat generated by the fan needs precise evaluation. For this purpose, measurements were
conducted at room temperature, devoid of any cold source influence, with a specific focus
on analyzing the heat emitted by the fan. The findings indicated an average temperature
rise of 0.08 ◦C per hour at a 6 Volts voltage and 0.4 ◦C per hour at a 12 Volts voltage.

2.2. AI Tool Use

The authors have used ChatGPT 3.5 (Open AI, https://chat.openai.com) for language
improvement purposes. The prompt used was “Rephrase to scientific English”.

3. Experimental Results
Time-Dependent Temperature Evolution under Different Heat Transfer Regimes

A preliminary series of measurements was conducted over a period of approximately
3 h, deemed sufficient for food preservation in such transport boxes lacking active cooling
systems. The experimental measurements aim to compare the temperature trends in the
refrigerated compartment with ventilation (forced convection) and without ventilation
(conduction + natural convection). Figure 2 illustrates the temperature trends in both
scenarios. It is evident that the temperatures recorded by thermocouples T2 (Middle)
and T3 (Top) in the forced convection box are lower than those in the unventilated box.
However, it is noteworthy that temperatures recorded at thermocouple T1 in the ventilated
transport box are higher than those in the non-ventilated one. It is crucial to note that the
temperature recorded at thermocouple T1 does not represent the ice pack’s temperature but
rather the air temperature approximately 1 cm above it. In this region where air circulates,

https://chat.openai.com
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we observe a phenomenon of “parasitic heating”, leading to a decreased temperature
gradient and a reduction in thermal stratification [18]. The ventilation process, by drawing
in cold air from the cooler’s bottom, tends to locally increase the temperature in this area
while simultaneously lowering the temperature in the rest of the volume.
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Figure 2. Thermocouples T1, T2, and T3 temperature profiles in ventilated (fan on) versus non-
ventilated (fan off) boxes. The average temperatures are derived from three consecutive measurements,
with error bars depicting the standard deviations calculated based on these three measurements.

Additionally, the findings depicted in Figure 2 indicate that air circulation mitigates
the thermal layering typical of natural convection. This effect is especially pronounced
between thermocouples T2 and T3, where a temperature difference of 0.67 ◦C without
ventilation contrasts with 0.32 ◦C with ventilation. The air circulation aids in achieving
temperature homogenization throughout the refrigerated compartment.

Figure 3 illustrates the evolution of the average temperature between thermocouples
T2 and T3, covering the upper half of the cold storage distribution box, for both scenarios
under investigation.
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Additionally, it presents the percentage difference between the results obtained with
and without ventilation. Despite a gradual decrease over time, the temperature difference
between the two configurations remains significant even after three hours of measurements.
By examining the curve trends, it becomes evident that air circulation enhances the system’s
thermal efficiency by up to 50%. The peak gain is achieved approximately half an hour into
the experiment before stabilizing around 8% after 3 h. Notably, the lowest temperatures are
observed around 1000 s after the measurement protocol commences. This phenomenon can
be attributed to thermal inertia effects, where the temperature of the walls and the air inside
the transport box decreases initially before rising again in pursuit of thermal equilibrium.

4. Numerical Methods

In our endeavor to enhance the thermodynamic performance of the system, it is
crucial to obtain specific quantitative data regarding the topology and unsteady dynamics
of airflow with and without ventilation. To accomplish this objective, we set out to develop
a simplified 2D numerical model integrating heat transfer. The initial stage of the numerical
process entails defining the 2D geometry, which includes the cold storage distribution
box, the ventilation system, the ice pack, and the surrounding air. To accomplish this,
we employed the Computer-Aided Design (CAD) software ANSYS Workbench© Design
Modeler (ANSYS 2020 R2, ANSYS, Inc., Canonsburg, PA, USA). The dimensions of the
cold storage distribution box align with those of the prototype outlined in the experimental
methods section. However, for the sake of model simplification, we opted to conduct the
analysis in the symmetry plane, as we deemed this approach to provide a satisfactory
means of comprehending thermo-convective phenomena holistically. The geometry of the
system under examination is depicted in Figure 4, comprising surfaces designated as fluids
(i.e., air) and a solid surface (i.e., polystyrene).
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The ambient air temperature surrounding the cold storage distribution box is assumed
to remain constant at 21 ◦C. Meanwhile, the temperature inside the cold storage distribu-
tion box evolves throughout the calculation based on external conditions and the rising
temperature of the ice pack.

4.1. Computational Grid

Figure 4b depicts the meshing of the computational domain, with a surface mesh
generated for both the fluids and the solid. To accurately model heat transfer through
the materials, edge sizing was applied within the body of the cold storage distribution
box. Special consideration was given to the surface representing the interior of the box.
Here, the element size on the walls and within this area is 0.0025 m, while it is 0.01 m for
the surrounding air domain. Most elements are rectangular, although some are triangular
near the walls. The final mesh comprises approximately 3.8 × 104 cells. To ensure result
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reliability, meshes of various sizes were tested, with the initial mesh element size being
halved iteratively until results became independent of mesh size.

4.2. Boundary Conditions

Figure 4 also illustrates the computational domain and the boundary conditions of the
system under study. Heat exchange primarily occurs through conduction across the walls of
the cold storage distribution box, supplemented by natural and forced convection within the
air enclosed within. Air circulation within the cold storage distribution box is induced by a
fan operating on a pressure differential principle between the upstream and downstream
of the device. The horizontal air velocity, plotted along Line 3, is monitored and adjusted to
correspond with the experimentally determined velocity, which was recorded at an average
of 0.5 m/s at the exit of the rectangular grooves, positioned just beneath the deflector
(refer to Figure 1). With upward air circulation, the fan extracts cold air near the ice pack
to reintroduce it into the upper part of the cold storage distribution box. Numerically
modeling the phase change and thermodynamic behavior of an ice pack poses a complex
challenge. To simplify this task while preserving realistic fidelity, we used temperature
measurements taken directly above the ice pack to define the thermal boundary conditions
for cooling production. By analyzing temperature variations just above the cold source in
two distinct scenarios (with and without ventilation), we identified four polynomial laws
of the second and third degree. Please note that the initial set of equations, spanning the
time interval of 0–540 s, represents a cooling phase, whereas the subsequent two equations,
spanning the time interval of 540–10,800 s, signify a warming phase.

Figure 5 illustrates the temperature evolution, based on experimental measurements,
as well as the trend curves derived from the polynomial laws, which are then used as input
data for the calculation code (UDF functions). The temperature evolution in the immediate
vicinity of the ice packs in the two studied scenarios is represented by the synthesized
equations in Table 2. To accurately model the thermal exchanges between the ambient air
and the air inside the cold storage distribution box, a conduction phenomenon is considered
through the box walls, consisting of 5 cm of polystyrene.
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Table 2. Polynomial laws derived from the experimental measurements conducted for the two
studied cases (fan off and fan on).

Fan On

0 s ≤ t ≤ 540 s
(1)

T = 4 × 10−6t2 − 0.0052t + 274.79

540 s ≤ t ≤ 10, 800 s
(2)

T = −7 × 10−8t2 + 0.0017t + 271.91

Fan Off

0 s ≤ t ≤ 540 s
(3)

T = −9 × 10−8t3 + 8 × 10−5t2 − 0.023t + 270.22

540 s ≤ t ≤ 10, 800 s
(4)

T = −4 × 10−8t2 + 0.0012t + 267.76

In complement, polynomial laws are integrated into the computational code to incor-
porate variations in the thermo-physical properties of air with temperature. These laws
facilitate the calculation of density, dynamic viscosity, thermal conductivity, and specific
heat at each time step within the temperature range of interest (−5 ◦C to 21 ◦C). Iterative
computation is then performed to simulate the 3-h experimental protocol with a time step
of 0.01 s. It is worth noting that the choice of time step aims to optimize computational
efficiency while ensuring that the Courant number remains below the limit of 1.

4.3. Fluid Flow and Heat Transfer Modeling

For this study, we employed the commercial computational code ANSYS Fluent® 2020
R2, utilizing the finite volume method to solve the equations governing fluid flow. This
computational fluid dynamics (CFD) code facilitated the analysis of a two-dimensional, time-
dependent, and non-isothermal numerical approach. The pressure-velocity coupling was
resolved using the SIMPLE algorithm, implementing a first-order discretization scheme [19].
The heat transfer regime varies depending on the presence or absence of ventilation. Thus,
for the case without ventilation, simulations were conducted with a laminar model, while
the standard k-ε turbulence model was chosen for simulations with ventilation. To model
radiation effects, the surface-to-surface heat transfer module S2S was utilized. An emissivity
of 0.9 was adopted for the box walls according to Margeirsson et al. [11]. The following
equations were used to describe heat and mass transfer by convection:

Mass conservation equation

∂ρ

∂t
+∇·(ρv) = 0 (5)

Momentum conservation equation

∂(ρv)
∂t

+∇·(ρv ⊗ v) = −∇p +∇ · τ (6)

Energy conservation equation (heat transfer)

∂(ρe)
∂t

+∇·(ρev) = −p∇·v +∇·(q + qturb) (7)

where p is the pressure, ρ is the fluid density, t is the time, υ is the fluid velocity vector, τ
is the viscous stress tensor, e is the specific internal energy, q is the conductive heat flux
vector, and qturb represents the turbulent heat flux vector.

5. Numerical Results
5.1. Comparison between Experimental and Numerical Findings

The assessment of the computational code’s performance hinges on its ability to
faithfully reproduce the temperature evolution within the cold storage distribution box



Fluids 2024, 9, 114 9 of 17

over time. Figure 6 illustrates the comparison between the experimental results and those
obtained through CFD calculations for measurement points T2 and T3.
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The temperature evolution at point T1 is omitted from the graph because the thermal
boundary conditions of the numerical model are based on experimental findings. Therefore,
the numerical data at point T1 should closely align with the experimental measurements.
The comparative analysis depicted in Figure 6 reveals relatively minor deviations between
the experimental and numerical datasets for the case without ventilation, particularly in
the initial half hour. Following this, the computational code tends to marginally overstate
temperatures, albeit with differences hovering around 1 ◦C by t = 3 h. Conversely, simula-
tions conducted under forced convection impeccably mirror the experimental outcomes.
The computational model adeptly forecasts the temperature progression in both scenarios.
Ultimately, employing a 2D modeling approach appears to produce consistent results when
compared to experimental data, and the development of a 3D model, which is more com-
putationally and developmentally intensive, does not appear necessary. Figure 7 delineates
the resultant temperature fields from the computations, firstly without ventilation (pre-
dominantly conduction) and subsequently with ventilation (forced convection) at various
time points post-initiation of the process. Notably, the temperature scale is deliberately
confined to the range [0–12 ◦C] to accentuate even the subtlest temperature differentials.

Figure 7 distinctly showcases the gradual rise in ice pack temperature, prompting
discernible alterations in the temperature distribution, irrespective of the presence or
absence of ventilation.

To complete our analysis, Figure 8 illustrates the temperature evolution along Line 1
(refer to Figure 4) at various time points, comparing scenarios with and without ventilation.
The results reveal a clear trend depending on the presence of air circulation. With venti-
lation, temperatures quickly homogenize, as indicated by the linear curves from 0.04 m
to 0.27 m. Conversely, without ventilation, we observe pronounced thermal stratification
in the lower third of the cold storage distribution box, followed by a gradual temperature
increase towards the top.
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It is evident that within the initial four centimeters from the bottom, there is a positive
temperature differential between measurements taken with and without ventilation. This
implies that in this region, temperatures are lower in the absence of ventilation, indicative
of substantial thermal stratification. However, this pattern shifts thereafter, as temperatures
recorded with ventilation become lower than those without ventilation, revealing notable
temperature disparities ranging between 45 and 75%.
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5.2. Heat Conduction across Walls

Thermal conduction through a single-layer wall depends on the temperature difference
across the wall, ∆T, the thermal conductivity of the material λ (W/mK), and the heat
transfer surface area A (m2), while being inversely proportional to the wall thickness ∆x
(m). The temperature difference acts as the driving force for heat transfer, similar to the
voltage difference for electrical current. Experimentally, it has been observed that the rate of
thermal conduction through a wall,

.
Qcond (W), is directly proportional to the temperature

difference ∆T (◦C) across the wall and the heat transfer surface area A (m2), but inversely
proportional to the wall thickness.

rate o f heat trans f er ∝
Sur f ace area × Temperature di f f erence

Wall Thickness
(8)

.
Qcond = λ A

∆T
∆x

(9)

Heat transfers from the side of the hot fluid to the cold fluid side, with temperature
influenced by wall thickness and the overall heat transfer coefficient. Thermal processes
involve convection heat transfer from the hot fluid to the wall, conduction through the wall
layers, and convection from the wall to the cold fluid. Typically, the heat transfer coefficient
by convection from the hot fluid (in our case, external air) to the inner wall surface is lower
than that from the cold fluid (indoor air) to the outer wall surface [20]. Figure 9 demonstrates
the impact of thermal conduction through a polystyrene wall of 0.05 m thickness at various
time points in the protocol, with and without ventilation. Forced convection notably affects
the inner wall temperature. Remarkably, the temperature of the outer wall, held constant at
21 ◦C, remains consistent regardless of ventilation and time elapsed in the protocol. These
findings suggest that the chosen wall thickness and material offer effective insulation for the
cold storage distribution box, at least under this study’s conditions.

Regarding ∆T, which signifies the temperature gradient between the inner and outer
walls, it spans from 10.7 to 14.4 ◦C, with the most significant gradient observed under forced
convection. Furthermore, there is a noticeable alteration in the temperature gradient across the
box walls. Conduction aims to establish thermal equilibrium between the exterior and interior
of the box. However, owing to temporary temperature fluctuations, this thermal equilibrium
will be attained only when the exterior temperature aligns with that of the interior.
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5.3. Influence of Air Velocity on Heat Transfer

In accordance with Newton’s law, fluid motion enhances heat transfer efficiency. The
higher the velocity, the greater the heat transfer rate. Therefore, we aimed to validate
this correlation by comparing the outcomes of forced convection simulations at two air
circulation speeds with those obtained from the simulation conducted without ventilation.
It is important to note that the thermal boundary condition remains strictly identical
for both investigated velocities. The results depicted in Figure 10 vividly demonstrate
enhanced thermodynamic performance of the cold storage distribution box as air velocity
increases.
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1 m/s).

Figure 11 depicts the velocity fields and streamlines at t = 900 s for both studied
velocities, as well as for the case without ventilation. The streamlines and velocity fields
reveal a prominent swirling structure, rotating clockwise. This flow, circulated through
the fan via the network of channels on the left side of the box, enhances heat exchange
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and mitigates thermal stratification. As a result, a relative temperature homogeneity is
observed in the upper two-thirds of the box.
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Figure 11. Streamlines and average velocity fields of the air flow inside the cold storage distribution
box with ventilation for the two cases of forced convection (u = 0.5 m/s and 1 m/s), as well as the
case without ventilation (u = 0 m/s), at t = 900 s following the start of the protocol.

It is noteworthy that the flow topology remains relatively stable throughout the simu-
lation, thanks to the consistent airflow conditions. With the exception of the ventilation-free
case, the flow topology exhibits considerable similarity for both studied velocities. How-
ever, flow velocities and air recirculation occur more rapidly at a velocity of u = 1 m/s,
exerting a significant impact on heat exchange. In the absence of ventilation, it is primarily
the conduction phenomenon that drives air movement. As a result, air movements are less
intense compared to those observed under forced convection. Velocities on the order of
a few centimeters per second are observed. This finding aligns with velocities observed
in natural convection within an insulated box subjected to equivalent temperature gra-
dients [21] and can also be corroborated by experimental measurements conducted in a
domestic refrigerator [17].

6. Discussion

The temperature at which food is stored plays a critical role in preventing the growth
of harmful bacteria and reducing the risk of foodborne illnesses [22]. According to guide-
lines from food safety organizations like ANSES, this temperature is typically maintained
between 0 ◦C and +4 ◦C, at the coldest setting of refrigeration devices [23]. Maintaining
food below +4 ◦C significantly inhibits the growth of pathogenic microorganisms, including
notorious bacteria like Listeria monocytogenes and Salmonella enterica. This ensures the
freshness and safety of food for consumption. Moreover, maintaining the appropriate
storage temperature is vital for preserving the sensory attributes of food, including texture,
flavor, and visual appeal. In summary, the storage temperature of food plays a central role
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in preventing foodborne illnesses and preserving the quality of food items, underscoring
its crucial significance in food safety.

To ensure the safety and quality of food during unrefrigerated transportation, insulated
boxes are commonly used [9]. These boxes, crafted from insulating materials such as ex-
panded polystyrene (EPS), polyurethane, or cross-linked polyethylene (PEX), are engineered
to minimize heat exchange between the interior and exterior environments, thereby maintain-
ing stable temperatures over prolonged durations. They are instrumental in safeguarding
food items, particularly perishable goods like dairy, meat, seafood, and fresh produce, by
mitigating temperature fluctuations during transit. As a result, insulated boxes help preserve
the freshness and quality of food products while reducing the risk of spoilage.

Most cold storage distribution boxes are typically passive, lacking a ventilation system
for cooling. However, our research reveals that incorporating ventilation can significantly
enhance the thermodynamic efficiency of these so-called passive cold storage distribution
boxes. In the absence of ventilation, thermal exchanges occur solely through natural convec-
tion, driven primarily by temperature gradients, which can result in thermal stratification
(see Figures 7 and 8). This may lead to uneven preservation of products, with lower sections
of the container being colder than upper sections [24]. In contrast to natural convection,
where cold air tends to settle at the bottom and warm air at the top, forced ventilation
actively circulates air, preventing the formation of distinct temperature layers. Without
ventilation, thermal stratification occurs, with colder, denser air remaining at the bottom
while warmer, lighter air rises. Introducing ventilation allows cold air emitted by the ice
pack to be drawn into the bottom and redistributed to the top via the fan. This continuous
airflow promotes temperature homogenization and reduces thermal stratification. Our
results demonstrate that overall air temperature inside the cold storage distribution box is
significantly lower under forced convection. Discrepancies observed in our experimental
results (Figures 2 and 3) may vary between 8 and 50% depending on the protocol duration.
Thus, it is evident that air circulation significantly enhances the system’s thermal efficiency,
with active ventilation facilitating better dispersion of cold air, thereby improving heat
exchange efficiency.

Our numerical study, conducted at two different velocities, established a clear causal
relationship between flow velocity and the enhancement of heat transfer. For instance,
compared to the case without ventilation where air movements can be considered negligible,
the average temperature decreases by up to 43% for a velocity of 0.5 m/s, and even up to
76% for a velocity of 1 m/s (see Figure 11). These findings convincingly demonstrate the
direct correlation between velocity and heat transfer enhancement.

Nevertheless, even though heat exchanges primarily occur through conduction in the
absence of ventilation, the role of convection should not be underestimated. To confirm
this, it is necessary to calculate the Peclet number Pe, which quantifies the ratio between
heat transfer by convection and conduction:

Pe =
uaLc

α
(10)

when considering an air velocity ua below 0.05 m/s, with a characteristic length Lc equal to
the interior height of the box (0.28 m), and α = 2 × 10−5m2s−1, the Peclet number stands
at approximately 700. However, with a velocity of 0.5 m/s, the Peclet number increases
tenfold, reaching 14,000 for a velocity of 1 m/s. This clearly illustrates that without ventila-
tion, heat transfer is primarily conducted, whereas higher ventilation velocities promote
convection. However, it should be noted that in the presence of food, the proportion of heat
exchanges conducted through thermal conduction will increase, and the balance between
conduction and convection will shift in one direction or the other.

Another benefit of the ventilation system is its ability to maintain a more uniform
temperature throughout the transport box, thereby minimizing temperature variations
between different regions of the cooler. This ensures optimal storage conditions for the
perishable goods. Forced convection also contributes to lowering the temperature at the
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inner walls of the transport box (refer to Figure 9), thus reducing the thermal gradient
between the box’s interior and exterior. For example, one hour after initiating the protocol,
the temperature at the inner wall is 2.8 ◦C lower compared to the wall temperature in the
absence of ventilation.

7. Conclusions

This study aimed to optimize the thermodynamic performance of a cold storage
distribution box by integrating a ventilation system, in line with Newton’s principle. To
achieve this, a prototype made of expanded polystyrene was developed, incorporating
an active ventilation system to homogenize temperatures. Thermocouples were used to
monitor temperature evolution at various heights within the refrigerated compartment.
Measurements were taken with and without ventilation to assess the latter’s impact on the
box’s performance. An initial series of measurements, spanning approximately 3 h, was
conducted to observe the air temperature evolution in the cold storage distribution boxes
with and without active cooling systems.

Concurrently, a 2D thermo-aerodynamic study, employing computational fluid dynam-
ics (CFD), analyzed air movement and evaluated the enhancement of thermo-convective
exchanges through forced convection. Numerical modeling of the thermodynamic behavior
of the cold source was performed using polynomial laws as input data for the calculation
code (UDF functions). The results showed that without ventilation, thermal exchanges
primarily occurred through air conduction, whereas with ventilation, exchanges took place
via convection. A comparison of experimental and numerical results revealed that the
calculation code accurately predicted the temporal evolution of temperature within the
cold storage distribution box, particularly under forced convection.

The main findings from the experimental and numerical results are as follows:

• Temperatures recorded in the box with ventilation were lower than those recorded in
the box without ventilation;

• The fan releases heat while in operation, but this emitted heat does not significantly
diminish the advantages of forced convection in improving heat transfer within the
cold storage distribution box;

• Air circulation limited thermal stratification, thereby promoting temperature homoge-
nization;

• The system’s thermal efficiency improved by up to 50%, with the maximum gain
achieved after approximately half an hour;

• The average temperature decreased by up to 43% for a velocity of 0.5 m/s, and up to
76% for a velocity of 1 m/s;

• Increasing air velocity facilitated heat exchange and improved the thermodynamic
performance of the cold storage distribution box.

The findings outlined in this study should be understood within the context of par-
ticular experimental circumstances, notably the utilization of a single ice pack to cool
the interior space of the box. In practical scenarios, employing multiple ice packs might
become necessary, and the impact of food items on the overall energy balance should also
be factored in. The forced convection method represents an efficient solution for preserving
food for short periods, not exceeding a few hours, which is particularly suitable for various
contexts such as the rapid transport of food items for meal delivery services. Further
studies will be necessary, with temperature measurements taken over much longer periods
and including heat exchanges with the food.
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Nomenclature

A Heat transfer area [m2]
Cp Specific heat [J·kg−1·K−1]
g Acceleration due to gravitation [m·s−2]
Gr Grashof number [–]
h Heat transfer coefficient [W·m−2·K−1]
H Height [m]
.

Qcond Rate of heat transfer [W]
Pr Prandtl number [–]
Ra Rayleigh number [–]
t Time [s]
T Temperature [◦C]
Ts Wall temperature [◦C]
T∞ Fluid temperature near the wall [◦C]
∆T Temperature difference [◦C]
∆x Wall thickness [m]
Greek letters
α Thermal diffusivity [m2·s−1]
β Thermal expansion coefficient [K−1]
λ Thermal conductivity [W·m−1·K−1]
ρ Density [kg·m−3]
φ Convective heat flux [W]
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