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ABSTRACT

The aim of this work is to carry out a numerical analysis of the radiative, conductive and convective transfers in
the walls of a 2D cold room in order to determine the temperature variation from outside to inside. The device,
powered by photovoltaic solar panels installed above the roof via a refrigeration unit, is adjoined by a technical
room. The cold store, including the technical room, measuring 5.10 m x 3.00 m x 2.60 m, rests on concrete
blocks some 40 cm above the ground, creating a hollow space. Its main purpose is to reduce rising damp. A
program was developed in Matlab software to calculate the global radiation received on each wall, including the
roof. Thus, for each month from March to May, we calculated the global flux received by the walls on a typical
day of the corresponding month. This report presents the computational simulation model implemented using
COMSOL Multiphysics, CFD (Computational Fluids Dynamic) software for thermo-fluid-dynamic simulations.
We were able to obtain a maximum temperature of 315 K for the outer face and 280.14 K for the inner face. The
results of this numerical analysis are validated with those of the program developed on Matlab

KEYWORDS: cold room, model, temperature distribution, simulation, composite wall

1. INTRODUCTION

Cold stores play a major role in the storage and preservation of products of various varieties. The walls that
make up the cold store are the interface between the internal and external environments; they are the seat of
heat, humidity, vapour or water content transfers, depending on the type of material. Most of the walls of these
chambers are made of composite materials, i.e. multi-layered (Roger, 2019; Sidwaya, 2020). When a cold store's
envelope is not well insulated, it can not only cause major damage to the agricultural products stored, but also
lead to over-consumption of electrical energy by the refrigeration unit. The cold store envelope must also be
made up of a vapour barrier to prevent water vapour from passing through the walls of a cold store due to the
difference in vapour pressure inside and outside the walls (Neale et al., 1981). Consequently, controlling heat
and water vapour transfer in complex materials is essential not only for characterising the behaviour of
structures in terms of durability and waterproofing, but also for accurately assessing thermal and energy
performance. The characterisation and numerical study of the thermal behaviour of complex walls have been
addressed by many researchers (Roger, 2019, Habiba et al. 2014). However, an appropriate model has not yet
been implemented to predict the temperature evolution through multilayer panels. This is due to the complexity
of this part of the study, which consists of several heterogeneous layers whose modelling depends on the
material chosen.
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The CFD heat transfer model is proposed by (Liman et al., 2014) on black agglomerated cork, encapsulated by
wood, showed good thermal insulation of the composite. The model reveals a temperature gradient across the
walls during the passage of heat flow. This model, which is intended to be numerical (COMSOL Multiphysics),
does not take into account the transfer of water, humidity and water vapour, which are important thermophysical
parameters when choosing materials. Our model is based on local, more accessible materials, including those on
the external and internal faces which are non-hygroscopic and form vapour barriers designed to keep out the
cold. These are enclosed panels whose insulation, expanded polystyrene, is encapsulated by galvanised steel, the
parameters of which are presented in (Neale et al., 1981). The thermophysical transfers studied in our model are
based on the principle of conservation of energy.

In the simulation, the inside and outside temperatures of the east and west walls evolve differently over the

course of a day. For the east wall, the maximum temperature difference is 34.86 K, while for the west wall it’s
33.76 K

2. MATERIALS AND METHOD

Presentation of the 3d physical model

The bioclimatic solar cold room is powered by photovoltaic panels located above the roof. The parallelepipedic
cold room is 5.10 m long, 3.03 m wide and 2.60 m high. The adjoining room is fitted with a heat evacuation
system to allow heat exchange between the electronic equipment and the outside environment. The six walls of
the device are made up of three layers, the central layer being made of expanded polystyrene, thickness e;
covered on both sides by external and internal galvanised steel of identical thicknesses e; and es respectively.
The physical model of the photovoltaic solar cold store designed on <<AutoCAD 2015>> software is shown in
Fig.1. below.

Fig.1. Bioclimatic model of the photovoltaic solar cold room.

Impact of orientation on solar gain

To simulate irradiation, we use the solar flux calculation equations reviewed and proposed by (Dissa, 2007). A
program was developed in Matlab language to calculate the global radiation received on each wall, including the
roof for typical days (Amadou, 2021) of the tomato conservation months (Hassime, 2018). The equations used
to simulate direct, diffuse and global solar radiation on walls and roof are shown below :

-B P
Ratrece = (o) x A x elTmm ) x cos(D) ®
1+cosf 1-cosf
Rdiffuse = ( — ) X Eg + ( CZOS ) X pGy 2
Rglobal = Ryirect + Rdiffuse (3)

Coupled heat transfer modelling

In this work, we have opted for a two-dimensional model based on the conservation of energy equations. It is
used to predict the temperature distribution within a complex building material. The model is solved using the
finite element method under <<COMSOL Multiphysics>> software. Next, a validation of the model was
undertaken by comparing the results obtained with those from the programme developed in Matlab language.
Model assumptions

Heat transfer takes place perpendicular to the walls;
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Composite walls are assumed to have a homogeneous composition, including the roof and floor;

The fluid is Newtonian and incompressible;

Heat transfer is bidirectional;

The floor and roof of the storage room are assumed to be insulated and impermeable;

The thermo-physical properties of building materials (ps, C, A;) are constant over time;

On a given surface of the outer and inner wall, the flow of air received at each instant is uniform at all points on
this surface.

Mathematical modelling
Governing equations

The general conservation of energy equation for a stationary body with no internal heat source is written
(Darrell et al., 2017).

Layer 1:
ax (klx( T,) aTl) ( 1y( T,) aTl) P1Cp1% (4)

La er2:
y AT, aT, aT,
(ka (T) ) (ka(Tz) ) P2Cp Fr (%)

Layer 3:
T3 a aTs OT3
(k3x (T3) ) 2y (kzy(Ts) E) = p3Cps3 at (6)

Where k,(T) and k,(T) are the temperature-dependent thermal conductivities in the x and y directions
respectively.

Initial and boundary conditions
Aty T=T,

klx(Tl) on l + kly(Tl) m + Roxe [T — Texe] + 50[T4 - T:xt] =0 surS1 (7)

Ky () "T21 + kzy(Tz) “m+q.=0 sursz  (8)

k3x<T3)”31+k3y(T3) m+hmt[T Tiel =0 surS3 (9)

Where S1US2U S3 = and S1nS2nS3 =0.S is the total area of the domain (m?). In the above equations
I et m are the direction cosines, h is the convective heat exchange coefficient (W.m?2 K1), ¢ is the emissivity
of the steel, o is the Stefan-Boltzmann constant (5.669x10® W.m?2 .K**), k is the thermal conductivity of the
material (W.m™ .K) and q, is the conductive heat transfer (W.m2).
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Fig.2. 2D physical model of the composite wall

Digital resolution

Equations (4), (5) and (6) together with the boundary conditions form a system of non-linear partial differential
equations (due to the presence of the term T*) and are solved using the finite element method. Galerkin and
finite difference methods have been applied to discretise the equations (Roland et al., 2004).

3. RESULTS AND DISCUSSION
Changes in solar irradiance
The variation in hourly solar flux from March to May on the various walls and roof was simulated using
equations (1), (2) and (3). We present the results obtained in Fig.3. below :
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Fig.3: Influence of wall orientation on solar flux from March to August.

From March to May, the maximum fluxes received by the composite walls were observed on the east and west
facades at around 11am and 1pm respectively. During this period, the peak solar flux is around 850 W.m2 for
both fagades, with a phase shift of two (02) hours. This is due to the variation in the sun's path during the
different months of the year.

In view of these results, the east and west facades receive the most sunshine during the tomato storage period.
As the roof of the cold room is shaded by the photovoltaic solar field, we adopt a good orientation, taking into
account the inclination of the photovoltaic panels, to reduce the effect of solar gain.

Numerical simulation
The composite wall studied is that shown in Fig.2. The temperature profiles obtained with COMSOL
Multiphysics were plotted. The results are shown in the figures below.

Temperature trends in the east walls on a typical day
The walls are subject to thermal disturbance from the sun's rays. This causes their temperatures to vary. The
temperature of the east wall is shown in Fig. 4.

The temperature on the outside of the east room rises rapidly from 303 K to 315 before dropping to 312 K. This
change is normal in that it follows the change in ambient temperature and solar flux over the course of a typical
day.

The temperature of the insulating layer drops from 7am to 8am, i.e. from 302 K to 293.8 K, before rising
slightly to 298 K at around 3pm. After this time, it drops to 297 K and becomes constant. This variation in the
temperature of the insulating layer is due to the fact that it is encapsulated between two walls reaching different
temperature peaks.

As for the temperature of the inner surface, it decreases very significantly (from 301 K to 280.14 K) and
becomes linear from 1pm onwards. This can be explained by the fact that the cold room enclosure operates at a
very low temperature during the day.

The difference between the temperature on the outside and the inside reaches a maximum of 34.86 K. All these
findings testify to the insulating capacity of the complex wall.
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Fig.4. Temporal variation of the temperature on the different layers of the east wall

Temperature trends in the west walls on a typical day

The internal and external temperature trends of the west wall are similar to those of the east wall Fig.5. except
that they have a slightly smaller amplitude than those of the east wall. As the electronic equipment is located in
the adjoining room, close to the east wall, it also contributes to the rise in heat in this wall. The difference

between the temperature on the outside and inside is 33.76 K. The three homogeneous layers forming the
composite walls are therefore almost insulating.
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Fig.5. Temporal variation of the temperature on the different layers of the West wall

Evolution of the temperature in the walls on a line cut through the thickness at H = 50 cm
The temperature variations in the wall thickness at different times are shown in Fig. 6.
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Fig.6. Temperature profiles at H =50 ¢cm, (a)- 0.1h, (b)- 0.5h, (c)- 2.5h, (d)- 4h

These curves represent the thermal behaviour of the complex wall of the photovoltaic solar cold store after 06
min, 30 min, 2h30mn and 4h of operation. The temperature profiles on these different curves vary as a function
of time. At the start of the chiller at 7am, after 0.1h of operation (a), the temperature difference between the
external and internal walls is approximately 9.3 K. 30 minutes after operation (b), this difference is 20.3 K. As
the cold store is always running without interruption of the electrical current, the internal temperature gradually
decreases. The temperature difference between the outer and inner walls is around 28.86 K after 2.5 hours of
operation (c). It can be seen that the internal temperature becomes constant and reaches its steady state of
approximately 280.14 K after 4 hours of power supply to the chiller. On the other hand, the temperature on the
external wall increases due to sunshine, resulting in a temperature difference of approximately 305.86 K (d). It
can be seen that the curve becomes linear as the cold room operates, while at the same time the temperature
difference between the two composite walls gradually increases. This can be explained by the good insulating
capacity of the inner layer on the one hand, and the fact that the two galvanised steel walls reach different
temperature peaks on the other.

Validation with the programme developed in matlab

Fig. 7 shows a comparison of temperature profiles between the model developed and the COMSOL
Multiphysics numerical simulation tool.

By analysing the thermal behaviour of the various curves, we can see that the differences between the results
from the developed programme and those from the simulation tool are very small. The mean square error
(Hoang et al., 2014) calculated for this purpose represents 273.19 K
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Fig.7. Evolution of the temperature within the wall with the program developed is COMSOL during a typical
day, (a)-0.1h, (b)-0.5h, (c)-2.5h, (d)-4h

4, CONCLUSION
This study, which involved modelling heat transfer through complex walls, was carried out on bioclimatic
device designed using drawing software. In order to assess the performance of the simulation, a comparison of
the results from the different software platforms was undertaken. The comparison of thermal profiles between
the developed model and the numerical simulation tool showed slight differences, which are essentially a
function of the input parameters chosen for the model. The variation in temperature on the external facade due
to sunlight and that on the internal wall imposed by the type of storage of agricultural products have an impact
on the thermal behaviour of the composite wall. The greater the temperature difference between the two
materials, the more the central insulating layer (expanded polystyrene) has to act as a heat flow barrier to reduce
thermal diffusivity. The maximum temperature on the external surface obtained is 315 K and that of the
enclosure 280.14 K, giving a temperature difference of 34.86 K. This shows the importance of taking composite
walls (galvanised steel-polystyrene-galvanised steel) into account when designing cold rooms for storage and
preservation, in order to optimise the energy consumption of the refrigeration unit in terms of thermal insulation.
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