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ABSTRACT

This study explores the impact of shelf configurations on airflow, temperature distribution, and
heat transfer within a refrigerator’s compartment, aiming to optimize natural convection for
enhanced energy efficiency and preservation. This analysis assumes a steady-state and laminar
air flow to maintain a constant heat transfer rate, where the flow is to be stable with a consistent
two-dimensional pattern. Computational fluid dynamics simulations are conducted with AN-
SYS Workbench 2020 R1 to model airflow patterns, temperature gradients, and heat transfer
mechanisms under various shelf configurations. The effect of shelves on airflow and temperature
distribution inside the refrigerant compartment are investigated and compared the results of
temperature and air-flow distribution by altering the number of glass plates. The analysis reveals
significant temperature stratification: colder air tends to settle at the bottom, while warmer air
accumulates at the top. Glass shelves are found to disrupt the primary airflow along the walls, but
they also enhance heat transfer by improving airflow near the walls. This results in higher tem-
peratures in the upper sections of the refrigerator compared to the average, which presents chal-
lenges for storing temperature-sensitive items regardless of the shelf configuration. The lowest
temperature in the compartment is 272.55 K at 0~10 cm from the bottom wall, and the highest
is 279.75 K at 95~100 cm, due to the upward rise of hot air and downward sink of cold air. The
pressure ranges are from -7.11 x 10~ to 2.88 x 10! Pa for without shelves and -7.95 x 10~ to 3.07
x 10! Pa with four shelves, respectively. Maximum air velocities are 1.87 x 102 m/s for without
shelves and 1.61 x 102 m/s for with shelves. By measuring temperatures, pressure, and air veloc-
ities at various points within the compartment maintained at the optimal temperature, the study
highlights the impact of air density changes on airflow and temperature distribution. The find-
ings underscore the importance scope of shelf design and placement in minimizing temperature
differentials and improving cooling efficiency. The originality of this work lies in advancing be-
yond conventional forced convection models by exploring temperature stratification and natural
convection effects to optimize shelf layout and improve energy efficiency. This study integrates
detailed air flow analysis with practical implications for refrigerator design, advancing beyond
conventional forced convection systems. Future research could explore alternative shelf materi-
als, optimal configurations, and consumer behavior to further refine refrigeration technologies
for sustainable household use.
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INTRODUCTION

In today’s world, the refrigerator is essential to every
household daily for keeping food and other perishable
goods at a low temperature to prevent the growth of injuri-
ous bacteria and other microbes. The working mechanism
of the refrigerator is to transfer heat from the interior to the
exterior using a refrigeration cycle by circulating a work-
ing fluid, either gas or liquid, through a series of coils and
compressors. Usually, the refrigerated interior is kept at a
temperature between 1-5°C (33-41°F) by adjusting it to the
desired temperature to maintain the quality and safety of
food for a longer period. One of the refrigerators currently
in high demand is the frost-free refrigerator with its large
storage capacity, quick chilling, and automatic defrosting
[1]. Although the average household’s standard tempera-
ture is 4°C, a survey found that 26% of refrigerators run
at an average temperature higher than 8°C [2-4]. One
predominant mode of heat transfer within refrigerators is
natural convection, which plays a critical role in the stor-
age and transport of food products. This is especially true
for domestic refrigerators, unventilated cold rooms, and
during the handling of food pallets, where heat exchange
with the ambient air is prevalent. However, domestic refrig-
erators often suffer from elevated temperatures due to inad-
equate heat dissipation. The market offers two main types
of refrigerators: static and ventilated. In static refrigerators,
heat transfer predominantly occurs through natural con-
vection due to the absence of ventilation systems [5].

Numerous studies have been conducted to determine how
to enhance the thermal homogeneity within a refrigerator
compartment. Karayiannis et al. [6] provided a comprehensive
analysis of natural convection in single and two-zone rect-
angular enclosures, while Betts and Bokhari [7] reported an
experimental investigation of turbulent natural convection in a
confined, tall chamber to provide information for the validation
of computational models consisting of a rectangular cavity with
a height-to-width aspect ratio of 6:1. Bansal et al. [8] presented
a detailed analysis of the design and performance of egg-crate-
type evaporators that can achieve up to 20% improvement in
cooling capacity and energy efficiency compared to a standard
design. Additionally, they provided a numerical analysis of
the refrigeration systems” mass and heat transport. Masjuki et
al. [9] provided an overview of ISO energy test specifications
for refrigerators and also freezers, which involve measuring
energy consumption, cooling capacity, and other performance
characteristics. Laguerre and Flick [3] described the numerical
model used to simulate the airflow and heat transfer within the
refrigerator, including velocity and temperature distributions,
pressure drops, and the heat transfer coefficients of the various
components. Ding et al. [10] sought to enhance the refrigera-
tor’s internal temperature homogeneity, which is essential for
preserving the foods freshness and quality. Hermes et al. [11]
developed a useful tool for assessing the energy efficiency of
household freezers and refrigerators that affect the different
design factors on the energy usage of refrigeration appliances.

Yang et al. [12] investigated a frequently used top-mounted
type of household refrigerator to optimize the design of the
refrigerator and assess its energy efficiency through conduct-
ing experimental tests. Bayer et al. [13] focused on analyzing
the thermal performance of a refrigerator compartment while
taking radiation effects into account utilizing reduced order
models and computational fluid dynamics (CFD) simulations.
Yan et al. [14] investigated the freezer gaskets thermal load and
heat transmission characteristics in refrigerators showing the
temperature distribution and heat flux in the gasket by design-
ing a test rig and creating a numerical model using the finite
element method. Avci et al. [15] conducted a comprehensive
study on the optimization of household refrigerator design
parameters using artificial neural networks (ANNs) and CFD
simulations, while Gao et al. [16] conducted a comprehensive
investigation on heat leakage at the gasket region of a refrig-
erator using both experimental and numerical methods. The
experimental and modeling investigation of a small-capacity
dynamic diffusion-absorption refrigerator was detailed by
Mansouri et al. [17], whereas Ledesma and Belman-Flores
[18] employed a model to study about thermal performance
of the household refrigerator and explore the impact of shelf
placement on its behavior. Moreover, Soylemez et al. [19] con-
ducted a comprehensive study on a refrigerator system that
integrates vapor compression cooling with thermoelectric
systems. Gulmez and Yilmaz [20] conducted a comprehen-
sive investigation into developing and designing a conden-
sation-preventing door gasket for refrigerators. Li et al. [21]
aimed to develop a novel air distributor for multi-compart-
ment indirect cooling household refrigerators, providing more
precise control of cooling capacity delivery. The research by
Wie et al. [22] utilized CFD simulations to evaluate the tem-
perature homogeneity of a household refrigerator for various
duct configurations. Logeshwaran and Chandrasekaran [23]
also conducted CFD simulations to analyze the heat transfer
that occurs via natural convection and to identify the impact of
different factors, including the position of the evaporator and
the compartments’ shape. Cui et al. [24] conducted a numer-
ical investigation of the flow and heat transfer in a domestic
refrigerator with complex wall conditions. They aimed to ana-
lyze the effect of wall geometry on the cooling performance of
the refrigerator to enhance the design of more efficient refrig-
eration systems.

Furthermore, Jalili and Jalili [25] examined how the sever-
ity of airflow turbulence affected the penetration and breakup
of liquid jets in two-phase cross-flows when numerical solu-
tions were obtained using the large-eddy simulation approach.
The level set model and volume of fluid (VOF) model are
combined for two-phase crossflow modeling. A study by Jalili
et al. [26] discussed the analysis of a geothermal system’s con-
vective-conductive heat transfer phenomena, while Jalili et al.
[27, 28] reported using nano-fluid for the examination of the
pressure drop and thermal analysis in the curved rectangular
fin on the heat transfer of a double-pipe heat exchanger and
the non-continuous helical baffle with varying helix angles,
respectively. Moreover, Salehipour et al. [29] explored the
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impact of combustion product humidification on the spiral
geometry boiler economizer and Sun et al. [30] reported the
heat transfer performance prediction of Taylor-Couetteflow
with longitudinal slits using artificial neural networks. Mondal
etal. [31, 32] reported the experimental observation of a small
capacity vapor absorption cooling system and bend tube water
to the air heat exchanger, while Mondal and Islam [33] inves-
tigated the intermittent ammonia absorption refrigeration sys-
tem. To suit the low GWP refrigerant in air conditioning and
refrigeration systems, the transport properties of low GWP
refrigerants are measured by Mondal et al. [34-38] which
will assist in choosing the refrigerant for the useful appliance.
Yilmaz et al. [39] investigated the bottom cabinet-type house-
hold refrigerator which formed in two stages including the
fan motion and the heat rejection process at the condenser,
respectively. Roy and Kundu [40] proposed a thermodynamics
model of a pulse tube-type refrigeration system utilizing the
optimum gas behavior to calculate the refrigerator’s cooling
effect, while Choudhari et al. [41] offered an approach to sec-
ond-order cyclic analysis which developed a model to evaluate
the performance (refrigerating effect, power input, and losses
individually of each component) of the counter-flow pulse
tube refrigerator. Ozkan and Unal [42] proposed to reduce
energy usage and boost the defrosting process’ effectiveness
in refrigerators without a frost, while Shikalgar and Sapali
[43] described a home refrigerator using a box-style shell and
tube water-cooled condenser and a hot-wall air-cooled con-
denser. Exergy losses in the refrigerator can be localized with
the aid of energy and exergy analysis techniques. The purpose
of this study was to calculate the coefficient of performance,
energy efficiency, and energy loss in each component of the
household refrigerator using the same refrigerator unit but a
different condenser. Meanwhile, Kumar et al. [44] conducted
a comparison of cascade refrigeration systems employing
various refrigerant combinations based on energy and exer-
tion using the mathematical simulation using Engineering
Equation Solver. Another study by Arslan et al. [45] pro-
posed an experimental study for thermodynamic analyses of
energy, exergy, and environment using several refrigerants for
a supermarket application to use in the microchannel in order
to increase the cooling efficiency of the system. Gugulothu
[46] proposed a household refrigeration system to enhance
energy efficiency by adjusting the length of the capillary tube
and the refrigerant charging effect. Illyas et al. [47] conducted
a CFD analysis that showed peak heat transfer at 30° and 45°
rib angles and the highest exergy loss at a 60° rib angle in a
square duct with six truncated and circular ribs. A study was
conducted by Shariar et al. [48] where three different dehu-
midifier plate configurations were used to show the impact
of gas-liquid flow on liquid LiCl desiccant dehumidifier per-
formance. In the test section, the desiccant flows downwards
for gravitational force, and airflow is to be set opposite to the
desiccant flow from vertically downward to upward. Then, the
amount of moisture collected from the air was investigated by
the simulation using ANSYS workbench 2020 R1. Meanwhile,
Hmood et al. [49] dropped in and retrofitted the refrigerants

as a replacement for R134a in refrigerator and automobile air
conditioner applications to assess the effectiveness of a range
of environmentally friendly substitutes. Gambhir et al. [50]
used response surface methodology to study the thermody-
namic optimality of a double-effect vapor absorption refrig-
eration system powered by blowdown heat from a 210 MW
thermal station at Badarpur. Deshmukh et al. [51] imple-
mented a critical evaluation of phase change materials (PCM)
in a refrigerator’s volumetric cooling capacity (VCC) where
integrating PCM with the conventional setup enhances the
capacity for heat exchange. Hasheer SK et al. [52] reported a
theoretical examination of low GWP refrigerants of pure and
mixture as the replacement of R134a in the VCR system. The
performance of a home refrigerator was measured using the
compressor discharge temperature, COP, VCC, refrigerant
mass flow rate, compressor power consumption, and pressure
ratio. Ugudur and Direk [53] carried out an experimental ejec-
tor refrigeration system for various operating modes in order
to gauge the system’s effectiveness. The findings demonstrated
that the dual-evaporator ejector system mode produced the
highest total cooling capacity and COP, whereas the conven-
tional dual-evaporator system mode produced the lowest total
cooling capacity. Moreover, Shahini et al. [54] assessed the
evacuated tube solar collectors’ direct absorption energy study
employing AlL,O; nanoparticles is investigated numerically.
Another study by Islam et al. [55] presented a numerical study
of the properties of heat transfer for R32 and R1234yf using
Al O, nanoparticles via a U-bend evaporator for refrigerator
where mapping the flow pattern and estimating the pressure
drop are also performed. Srivastava and Maheshwari [56, 57]
performed the thermodynamic analysis of solar assisted binary
vapour cycle using ammonia-water mixture and transcritical
CO,. Meanwhile, Amin [58] developed a new combined cas-
cade absorption-adsorption refrigeration system (ABS-ADS).
Compared to other earlier studies, the cascade ABS-ADS cycle
that has been proposed can function well at low-grade heat
sources and generate good thermal performance.

From the aforementioned debate, several research stud-
ies were performed to explore the efficiency of a refrigera-
tor which is influenced by various factors, including design,
insulation materials, and the cooling system. A critical aspect
of refrigerator design is the analysis of airflow and heat trans-
fer. To date, little to no research has been done taking the
research on airflow distribution, temperature distribution,
and heat transfer rates inside the compartments of domes-
tic refrigerators. By analyzing the effect of door openings
on airflow patterns and temperature distribution internal
compartment of a refrigerator, it is understood how frequent
access impacts thermal stratification and energy consump-
tion could lead to practical recommendations for users to
maintain optimal storage conditions. To explore optimal
shelf configurations and placements within the refrigerator,
it needs to minimize temperature differentials and enhance
overall cooling efficiency. Therefore, the targets of this are
to analyze the distribution of temperature and air flow in a
model refrigerator, focusing on natural convection systems
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rather than forced convection systems. The originality of this
work lies in its detailed CFD analysis of how different shelf
configurations affect airflow and temperature distribution in
a refrigerator’s compartment. It advances beyond traditional
forced convection models by exploring natural convection
effects and temperature stratification, providing new insights
for optimizing shelf design and improving energy efficiency.
The study also seeks to determine the optimal temperature
at various points within the compartment to maintain qual-
ity while minimizing electricity usage. In static refrigerators,
variations in air density affect the distribution of temperature
and airflow, and external conditions can affect the transfer
of heat during natural convection in the refrigerating com-
partment. The simulation will examine precise airflow and
temperature distribution to enhance system efficiency.

METHODOLOGY

A static refrigerator with and without glass shelves was
used in this study. The model refrigerator that was used for
the study only had a refrigerating chamber and one door. It

Top wall: Adiabatic

did not have a freezer. Here, two cases were studied. Figure
1 depicts two different empty refrigerators: one without
glass shelves, and another with glass shelves. The refriger-
ating compartment is treated as a 2D object to avoid the
complicity of the geometry. The temperature distribution
inside a refrigerating compartment with no freezer was
assumed to be a rectangular enclosure with an evapora-
tor wall and a door. The right-side wall is supposed to be
a warm wall (door), while the left side is assumed to be a
cold wall (evaporator). The dimensions of the refrigerant
compartment are given in Table 1.

Table 1. Dimensions of the refrigerator model

SL Value

1 110 x 60 x 60 (cim®)
2 100 x 50 x 50 (cm?)
3 Number of shelves 4

4 The thickness of glass shelves 5 (mm)

Content

External dimensions

Internal dimensions

Top wall: Adiabatic

__ 100 ‘
95 | . ‘
_L 90 A [
70 | | R — g‘
8
g _ 2
= e = = —
% < % = E
@] B Uﬁ B
30 L g
| —
L 10 '
5
Lo !

“— 50cm —

Bottom wall: Adiabatic
(a)

All dimensions are in centimeters (cm)

50.00

Bottom Wall: Adiabatic
(b)

Figure 1. Sketch for the refrigerating compartment; (a) without shelves, and (b) with shelves.
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Table 2. Numerical setup and solver setting

Parameter Setup Parameter Value
Solver Type Pressure-based Specific heat (J kg’ K) 1006.43
Time Steady Thermal conductivity (w m* K*) 0.0242
Viscous Model Laminar Viscosity (kg m™s?) 1.7894 x 10°
Fluid Air Thermal expansion 3.66 x 107
Density Boussinesq approx. Molecular weight (kg K** mol™) 28.966
Formation of the Problem hL
In the current study, simulations were performed using Nu = & (6)
ANSYS Additive 2020 R1. As the flow is steady and lami-
nar, a pressure-based solver was chosen. The energy equa- 1 (L
tion was also enabled. The flow was assumed to be stable Nug, = I fo Nu dy (7)

in the simulation process, with a consistent direction and
two-dimensional. For the numerical simulations, a simple
scheme is employed for pressure and velocity coupling,
ensuring robust and stable calculations. The Green-Gauss
cell-based method is used for gradient calculations, while
the PRESTO scheme is applied for pressure interpolation.
To enhance the accuracy of the results, the second-order
upwind scheme is utilized for both momentum and energy
equations, effectively minimizing numerical diffusion. The
Boussinesq approximation was also taken into account
during the simulation. The governing equations [59] used
to represent fluid flow in Cartesian coordinates were the
two-dimensional Continuity, Navier-Stokes, and Energy:

o, w_
ox oy 1)
W o _op (0% 0%
ox = dy ox dx? = dy? 2)
ov  dv_dp 0*u  0%v
“ox + ay_0x+l9<6x2+6y2 ®)

Yox Yoy T a2 T o2 @

aT  aT <62u 6217)

where 1 and v are the velocity components, and 9 and «

are the kinematic viscosity and thermal diffusivity. Several

Rayleigh numbers (R, = 10* ~ 10°) are simulated for the
study; this Rayleigh number is distinct by the equation:

_ 9B (Ty —Tp)L?

Ra da

(5)
where f$ and L are the thermal expansion coefficient and

distance from the hot to cold wall. The diverse value of R,

was achieved by changing the gravitational acceleration (g).

Also, the local Nusselt number (Nu) and average Nusselt
number (Nu,,) were estimated with the equations:

where h is the convection heat transfer coefficient and
k is the thermal conductivity. Previously informed that this
numerical problem is solved with a density-based solver by
ANSYS Additive 2020 R1 and hence, the numerical setup is
listed in the following Table 2.

Boundary Conditions

To make the study easier to understand, a few assump-
tions have been made. First, a well-sealed compartment is
implied by the assumption that there is no mass flow rate
through the boundaries. The air velocity at the walls is set
to zero, in accordance with the no-slip requirement, which
accurately reflects the physical behavior of air in contact
with solid surfaces. The analysis assumes a steady-state and
laminar air flow to maintain a constant heat transfer rate,
with the Rayleigh number kept below 10° ensuring the

Top wall: Adiabatic

100 cm

Cold wall (272.65 K)
Warm wall (279.65 K)

. A
“— 50cm —’|

Bottom wall: Adiabatic

Figure 2. Boundary conditions for this study.
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flow regime remains laminar. Additionally, the effects of
radiation are neglected, focusing the study on conduction
and convection as the primary modes of heat transfer. The
temperature boundary conditions are set with the cold wall
(evaporator) maintained at 272.65 K and the warm wall at
279.65 K, respectively, representing typical operating con-
ditions within a refrigerator. Both the upper and bottom
walls are considered adiabatic shown in Figure 2, implying
no heat transfer occurs through these surfaces, thereby sim-
plifying the thermal analysis.

Grids Independence Test and Validation

In order to enhance wall function and better con-
vergence for the empty refrigerating compartment, the
non-uniform structural mesh was generated for this study
by ANSYS mesh with a maximum resolution close to the
wall. Figure 3 shows the meshed refrigerating compartment
for one without glass shelves and another with glass shelves.
It is considered for selecting the element types, a region
with complex geometries, such as around the shelves and
intricate internal structures, tetrahedral elements are used
that offer flexibility in fitting irregular shapes and provide
a good balance between accuracy and computational effi-
ciency. For more regular and less complex regions, hexa-
hedral elements are utilized and for the near-wall regions,
especially adjacent to the evaporator and other heat-ex-
changing surfaces, prismatic (wedge) elements are meshed
that help in accurately resolving the boundary layers and
crucial for capturing heat transfer and fluid flow dynamics

(a)

near walls. While selecting the element sizes, a finer mesh is
employed near the walls, shelves, and critical heat exchange
areas. The near-wall mesh is refined to ensure that the
boundary layer is adequately resolved, typically with a first
cell height small enough to capture the temperature and
velocity gradients accurately. In the central regions of the
compartment, where the gradients are less steep, a coarser
mesh is used for reducing the overall computational load
without significantly compromising the accuracy of the
simulation. Again, smooth transition zones are established
between fine and coarse mesh regions to prevent numeri-
cal instabilities and ensure a seamless flow of information
across different mesh densities. But face meshing and edge
sizing were done to improve mesh quality for the refriger-
ating compartment with shelves. The mesh independence
test was carried out using a series of simulations for refrig-
erating compartments without and with shelves. By divid-
ing rectangular sections of the compartment with different
edge sizing, a different number of meshes were developed.
These simulations were carried out for compartments with
and without shelves.

The simulation was conducted until the average Nusselt
number (Nu,,) reached a constant value, as indicated by
Table 3, which also displays the convergence conditions
that were set for this study. Meanwhile, Figure 4 shows that
the Nusselt number varies with the number of mesh ele-
ments for Ra = 10° for the zero-degree angle of rotation.
The meshes of more than 10000 elements can produce
accurate results with minimal deviation for without selves,

(b)

Figure 3. Meshed refrigerating compartment (a) without shelves, and (b) with shelves.
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Table 3. Comparing current and earlier studies on square
cavities as refrigerating compartments (Nusselt number
based on Rayleigh number)

Research Ra=10* Ra=10° Ra=10°
This work 2.275 4.651 8.893
Inam [59] 2.247 4.535 8.855
Davis [60] 2.243 4.519 8.799
Rincon- Casado et al. [61] 2.241 4.522 8.819

4.656 -

Nusselt number (without shelves) -

Nusselt number (with shelves)

4.654 |

b
o)
O
R
T

I
[e2]
3]
=)
T
1

Nusselt number
N
(o]
iy
[o)
T
1

4.646 4

4644 1 -

2000 4000 6000 8000 10000 12000 14000 16000 18000

Number of elements

Figure 4. Mesh independence test.
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Figure 5. Comparison of horizontal temperature profiles
at mid-height (50 cm) of refrigerator model of this work
maintained at cold work at 272.65 K and Laguerre et al. [5]
at cold wall maintained at 273.15 K, respectively.

and more than 13000 elements can produce accurate results
with minimal deviation for with selves. As a result, for fur-
ther simulation, the mesh with element number 10450 was
chosen for the compartment without shelves, and 13020
was chosen for with shelves to obtain the good outcomes of
this work. Moreover, Figure 5 displays the fluctuation of a
refrigerator model’s horizontal temperature profiles at mid-
height (50 cm). In this work, the cold wall is maintained at
272.65 K, whereas in Laguerre et al. is maintained at 273.15
K for the cold wall temperature, respectively. Despite differ-
ent boundary conditions, this work and Laguerre et al. [5]
have noticed almost similar trend findings which indicate
justification of the suitable model.

RESULTS AND DISCUSSION

Effect of Temperature Distributions

The simulation considered the heat transfer that occurs
through natural convection between the different sides of
the compartment and the airflow within the refrigerating
compartment. Figure 6 represents the temperature distri-
butions at different points of the refrigerating compartment
without and with shelves. The simulation results showed
that in an empty refrigerating compartment without a
freezer, there was a difference in temperature between the
top and bottom regions, indicating thermal stratification.
With the presence of shelves, the temperature at the bot-
tom was lower, while at the top, it was slightly higher com-
pared to the compartment without shelves. Additionally,
the shelves reduced airflow in the middle of the compart-
ment, which affected air circulation on the evaporator and
isothermal walls. The simulation also revealed thermal
stratification in each gap between the shelves with increas-
ing air temperatures as the number of shelves increased. By
measuring temperatures at various points within the com-
partment maintained at the optimal temperature, the study
highlights the impact of air density changes on airflow and
temperature distribution. The obtained temperatures of this
study are noticed at 279.75 K for the warm wall, and 272.55
K for the cold wall, respectively. These findings emphasize
the significance of considering the design of the refrigerat-
ing compartment and its components to improve the effi-
ciency of refrigeration systems. While the separate study by
Laguerre et al. [2] and Logeshwaran and Chandrasekaran
[23] reported the simulation for heat transfer in refrigera-
tors without shelves, two and four shelves got almost simi-
lar trends of results.

Figure 7 illustrates the horizontal temperature pro-
file over the heights from the bottom to the top wall of
the refrigerating compartment without and with shelves,
respectively. The temperature closest to the cold wall is
likely the lowest, as heat is transferred from the warmer air
to the colder wall. As the air travels upward, heat is trans-
ferred back into the air, causing the temperature to increase
away from the cold wall. The temperature profiles were
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Figure 6. Temperature distributions within the refrigerator at several locations; (a) without shelves, and (b) with shelves.

measured at different heights (i.e., 0 cm, 5 cm, 10 cm, 30 cm,
50 cm, 70 cm, 90 cm, 95 cm, 100 cm) from the bottom wall.

Figure 7(a) illustrates the temperature profile over the
heights from the bottom wall of the refrigerating com-
partment without shelves. Heat rises, which can cause
differences in temperature at different heights, with the
warmer air at the bottom not mixing as readily with the
cooler air at the top. Between the distances of 0.03 cm to
0.43 cm from the cold wall to the hot wall, the tempera-
ture increases rapidly from the bottom to the top. The tem-
perature is the lowest of 272.55 K at 0 ¢m height from the
bottom wall and highest of 279.75 K at 100 ¢m height from

282 T T T T T T T T T T
Height from bottom wall
281 | ——0cm ——30cm ——%em (a) i
——35em ——50cm —%em
280 ——10cm ——T70cm —— 100 em |
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,§ 277 L ity } 4
-
8 276 | R -
)
= 275 E
274 + E
273 + -
272 + ]
1 L 1 L 1 1 1 L 1 L 1
00 01 02 03 04 05
Distance from cold wall (m)

the bottom wall because the hot air rises upward and the
cold air sinks downward, creating density variations in the
compartment. Meanwhile, Figure 7(b) shows that shelves
inside the refrigerating compartment alter the natural con-
vection heat transfer and airflow, causing temperature vari-
ations. The temperature is the lowest of 272.55 K at 0 to
5 c¢m from the bottom wall and highest of 279.75 K at 95
to 100 cm from the bottom wall. The presence of shelves
lowers the temperature at the bottom of the compartment,
where the shelves block the airflow, resulting in less heat
transfer from the walls to the air. Conversely, at the top of
the compartment, the temperature is slightly higher due to

3
¥

: }ﬁghtﬁ'anll):ﬂnmwall : ' I J
| —=—0cm ——30cm——90cm
| ——5cm ——50cm 95cm
| —— 10 cm——70cm —— 100 cm

5

Temperature (K)

Ndd33IIIE
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Figure 7. Temperature profile over the heights from the bottom wall of the refrigerating compartment; (a) without shelves,

and (b) with shelves.
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reduced air flow in the middle of the compartment caused
by the presence of shelves. This increased airflow at the top
improves heat transfer from the walls to the air, resulting in
a slightly higher temperature at the top of the compartment
compared to the case without shelves.

Moreover, comparing the horizontal temperature pro-
files of a refrigerator model at 50 cm (mid-height) pre-
viously shown in Figure 5, the cold wall is maintained at
272.65 K, and Laguerre et al. [5] is maintained at 273.15
K for the cold wall temperature, respectively. Despite dif-
ferent boundary conditions, this work and Laguerre et al.
have noticed almost similar trend findings which indicate
justification of the suitable model.

Effect of Pressure Variations

The pressure and temperature distribution within the
compartment of the refrigerator is affected by the airflow,
which is influenced by changes in air density. Figure 8
demonstrates the pressure distribution in the refrigerant
compartment for an empty compartment without shelves
and a compartment with shelves, revealing that the bottom
has low pressure while the top has high pressure. These
pressure differences result from temperature variations,
with colder air being denser than warmer air, thus leading to
air circulation. The pressure range that was obtained in the
refrigeration compartment without shelves and with four
shelves is seen as -7.11 x 10~ to 2.88 x 10" Pa and -7.95 x
107 to 3.07 x 10" Pa, respectively. While Logeshwaran and
Chandrasekaran [23] for two shelf compartments are found
as 2.80 x 10* Pa. The air pressure in the compartment with
shelves is higher than in the compartment without shelves
because impediments like shelves cause the air pressure to

Pressure Pressure

Contour 2 Contour 1
2.884e-01 3.073e-01
2.699e-01 2.876e-01
2.515e-01 - 2.679e-01
2.330e-01 - 2.482e-01
2.145e-01 2.285e-01
1.960e-01 2.088e-01
1.776e-01 1.891e-01
1.591e-01 1.694e-01
1.406e-01 1.497e-01
1.222e-01 1.300e-01
1.037e-01 1.103e-01
8.523e-02 9.058e-02
6.676e-02 7.087e-02
4.829e-02 5.117e-02
2.983e-02 3.146e-02
1.136e-02 - 1.176e-02
-7.113e-03 -7.947e-03

[Pa] [Pa]

()

rise. Additionally, the presence of shelves affects the veloc-
ity variation within the refrigerating compartment, with air
pressure increasing from the bottom of the compartment
toward the top.

Figure 9 shows the pressure variations at the different
heights (i.e., 0 cm, 5 cm, 10 cm, 30 cm, 50 cm, 70cm, 90 cm,
95 cm, and 100 cm) from the bottom wall of the compart-
ment without and with shelves, respectively. The pressure
at different heights does not vary more along the distance
from the cold wall to the warm wall. Here, the pressure
increases from the bottom wall to the top. At the bottom,
the pressure is very low, and at the top, the pressure is more
than the pressure at the bottom. For the refrigerating com-
partment without shelves, the lowest pressure is -7.11 x 10~
Pa at the height of 0 crm from the bottom wall and the high-
est is 2.88 x 10! Pa at the height of 100 ¢ from the bottom
wall.

On the contrary, for the refrigerating compartment with
shelves, the lowest pressure is -7.95 x 10~ Pa at the height
0 ¢m from the bottom wall and the highest is 3.07 x 10!
Pa at the height of 100 ¢ from the bottom wall. There is
a slight increase in pressure in the refrigerating compart-
ment with shelves at the top compared to a refrigerator
compartment without shelves. The presence of obstacles
(shelves) near the cabin increases the air pressure, leading
to greater air pressure at the top of the cabin with shelves
compared to the cabin without shelves. However, the pres-
sure is almost the same at the bottom for refrigerating com-
partments without and with four shelves, while there is a
slight difference found a another study by Logeshwaran and
Chandrasekaran [23] for two shelves compartments.

(b)

Figure 8. Pressure variations within the refrigerator at several locations; (a) without shelves (b) with shelves.
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Figure 9. Pressure variations over the heights from the bottom wall of the refrigerating compartment; (a) without shelves,

and (b) with shelves.

Effect of Air Flow

The simulation findings show that the air flow is steady
and laminar, which leads to relatively low air velocity. Figure
10 illustrates the velocity vector in the refrigerating compart-
ment without and with shelves. The direction of the velocity
vector is towards the warm wall (door) from the cold wall,
indicating a unidirectional flow and sometimes occurring
flow of convection currents from top to bottom. The velocity
magnitude is the highest close to the cold wall and decreases
gradually as the temperature rises toward the warm wall. The

Velocity -
Vector 1 Velocity .
1.865e-02 Vector 1 k
1.611e-02 !i
I
%)
1.399e-02 ;
1.208e-02 [T
9.325e-03
8.055e-03 ‘
4.663e-03 ;
4.028e-03 :1.‘. .....
iy
, S IEREES
0.000e+00 L
[m 1] = 0.000e+00 |
[m s?-1]

presence of adiabatic top and bottom walls is relatively minor
in the velocity profile. The force driving the air flow is the
pressure difference arising from the temperature difference
between the cold and warm walls. The obtained maximum
air velocity is found as 1.87 x 102 m/s and 1.61 x 10 m/s
for without shelves and four shelves compartments, respec-
tively. While the separate study by Laguerre et al. [2] and
Logeshwaran and Chandrasekaran [23] reported the simula-
tion for air flow in refrigerators without shelves, two and four
shelves have almost similar trends of results.

(b)

Figure 10. Velocity vector in refrigerating compartment; (a) without shelves (b) with shelves.
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Figure 11. Air velocity over the heights from the bottom wall of the refrigerating compartment; (a) without shelves, and

(b) with shelves.

Figure 11 represents the air velocity at the different
heights (i.e., 0 cm, 5 cm, 10 cm, 30 cm, 50 cm, 70cm, 90 cm,
95 c¢m, and 100 cm) from the bottom wall of the refriger-
ating compartment without and with shelves, respectively.
The air velocity near the cold wall and the hot wall are rel-
atively high. A little further away from the cold wall, the air
velocity decreases, and then the variation in velocity value
is much less. Then the velocity increases as it approaches
the hot wall. The air velocity near the hot wall is maximum,
and at the bottom wall is almost zero, where also a similar
trend is found for the cold wall. In Figure 11(a), the velocity
near the cold wall and hot wall at the height of 50 ¢ from
the bottom wall is maximum when there is no shelf in the

Temperstire Temperature
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Figure 12. Temperature distributions within the refrigerator at several locations; (a) two shelves, and (b) four shelves.

refrigerating compartment, and the maximum velocity is
obtained as 1.87 x 10 m/s. In Figure 11(b), the air velocity
near the hot wall at the height of 30 ¢m from the bottom
wall is maximum when there are shelves in the refrigerating
compartment, and the maximum velocity is 1.61 x 102 m/s.
In comparison, the air velocity near the cold and hot walls
is slightly higher in the middle (i.e., 50 cm from the bot-
tom wall) of the refrigerating compartment without shelves
compared to the compartment with four shelves. The air-
flow in the boundary layers is impacted by the existence of
impediments like shelves, which results in more gaps that
encourage air circulation and raise air velocity in the mid-
dle of the compartment.

)
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Comparison Between Refrigerating Compartment with
2 and 4 Shelves

To compare the findings, the temperature distribu-
tions, pressure variations, and air flow variations at differ-
ent points of two shelves and four shelves compartments
are investigated in this work, while the separate study by
Laguerre et al. [2], and Logeshwaran and Chandrasekaran
[23] conducted both for the temperature distribution, pres-
sure variations, and air flow variations for the two and four
shelves compartment. The effect of shelves on airflow and
temperature distribution inside the refrigerant compart-
ment are investigated and compared the results of tem-
perature and air-flow distribution by altering the number
of glass plates. However, Figure 12 shows the temperature
distribution for both 2 and 4 shelves from the simulation
results that are performed here to compare this work.
The upper temperature of the refrigerating compartment
is higher and the bottom temperature is lower. However,
increasing the number of plates increased the average tem-
perature of the refrigerating compartment.

Figure 13 shows the temperature profile at different
heights for the compartment of the refrigerator with 2 and
4 shelves, where the presence of shelves lowers the tempera-
ture at the bottom of the compartment, and at the top of
the compartment, the temperature is slightly higher due to
reduced airflow in the middle of the compartment caused by
the presence of shelves. Hence the number of obstacles rises,
and there is a corresponding increase in air temperatures.
The temperature is the lowest of 272.55 K at 10 ¢ from the
bottom wall and the highest of 279.75 K at 90 cm from the
bottom wall for the compartments of 2 and 4 shelves, respec-
tively, because the hot air rises upward and the cold air sinks
downward, creating density variations in the compartment.

()
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Figure 13. Temperature profile at different heights from the
bottom wall in the refrigerating compartment with 2 and 4
shelves.

Figure 14 shows the pressure contours of the refrigerat-
ing compartment with 2 and 4 shelves. The maximum pres-
sure of the refrigerating compartment with 2 plates is less
than that of the refrigerating compartment with 4 plates.
However, the minimum pressure of the refrigerating com-
partment with 2 plates is more than that of the refrigerating
compartment with 4 plates. The obtained pressure range in
the refrigerating compartment two shelves and four shelves
are noticed as -6.91 x 107 to 2.98 x 10" Pa and -7.94 x 10
to 3.07 x 10" Pa, respectively.

(b)

Figure 14. Pressure variations in the refrigerating compartments; (a) 2 shelves, and (b) 4 shelves.
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Figure 15. Pressure variations at different heights from
the bottom wall in the refrigerating compartment with 2
shelves and 4 shelves.

Meanwhile, Figure 15 shows that the pressure in the
middle of the refrigerating compartment with two shelves
is less than in the middle of the refrigerating compartment
with four shelves. For the refrigerating compartment with
two and four shelves, the lowest pressure is obtained at the
10 c¢m height from the bottom wall. On the contrary, the
maximum pressure is obtained as 2.98 x 10" Pa and 3.07
x 10! Pa for the compartment with two and four shelves,
respectively, from the 90 ¢ height of the bottom wall.

Figure 16 shows the velocity vector of the refrigerating
compartment with 2 and 4 shelves. The maximum air veloc-
ity of the refrigerating compartment with 2 plates is more
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Figure 17. Air velocity at different heights from the bottom
wall of the refrigerating compartment with 2 shelves and 4
shelves.

than that of the refrigerating compartment with 4 plates.
Obstacles, like shelves, impact the airflow inside the com-
partment by reducing the airflow in the middle and affect-
ing the air circulation in the boundary layers. The obstacles
create additional gaps where air circulation occurs, leading
to increased airflow in the refrigerating compartment.
Meanwhile, Figure 17 shows the air velocity at the dif-
ferent heights (0 cm, 5 cm, 10 cm, 30 cm, 50 cm, 70cm, 90
cm, 95 cm, and 100 cm) from the bottom wall of the refrig-
erating compartment without and with shelves, respec-
tively. In the two figures, the air velocity near the cold wall
and the hot wall is high. A little further away from the cold

(b)

Figure 16. Velocity vector in refrigerating compartment; (a) 2 shelves and (b) 4 shelves.
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wall, the air velocity decreases, and then the variation in
velocity value is much less. Then the velocity increases as
it approaches the hot wall. The velocity near the wall at the
height of 50 cm from the bottom wall is maximum when
two shelves in the refrigerating compartment with a maxi-
mum velocity of 0.018 m/s, while for four shelves compart-
ment with the air velocity will be a maximum of 0.016 m/s.

CONCLUSION

In this study, computational fluid dynamics simulations
are employed to model airflow patterns, temperature gra-
dients, and heat transfer mechanisms under various shelf
configurations using ANSYS workbench 2020 R1. This
study aimed to analyze temperature distribution and air
flow for a model of household refrigerators, focusing on
natural convection systems prevalent in refrigerators rather
than forced convection systems. However, the momentous
findings of this study are as follows:

o The analysis reveals significant temperature stratification:
colder air tends to settle at the bottom, while warmer air
accumulates at the top. Glass shelves are found to disrupt
the primary airflow along the walls, but they also enhance
heat transfer by improving airflow near the walls.

o The study evaluated the impact of glass shelves, both as
enhancers of heat transfer due to improved wall airflow
and as disruptors of central airflow patterns, thereby
causing colder air stratification and influencing overall
temperature uniformity.

o Thelowest temperature is found at 272.55 Kat 0 to 10 cm
height from the bottom wall and the highest of 279.75
K at 95 to 100 c¢m height from the bottom wall due to
the hot air rising upward and the cold air sinking down-
ward, creating density variations in the compartment.

o The pressure range that was achieved in the refrigera-
tion compartment without shelves and with four shelves
is observed to be -7.11 x 107 to 2.88 x 10! Pa and -7.95
x 107 to 3.07 x 10" Pa, respectively. While the obtained
maximum air velocity is found as 1.87 x 10?2 m/s and
1.61 x 102 m/s for without shelves and four shelves
compartments, respectively.

o By focusing on a natural convection model without a
fan, the research provided insights into optimizing
refrigerator design to minimize warm regions and
enhance natural convection heat exchange, thereby
improving energy efficiency.

By applying the numerical approach, stakeholders in the
refrigeration industry from designers to regulatory bodies
can leverage detailed insights to drive advancements in appli-
ance performance, energy efficiency, and food safety. The
originality of this work lies in advancing beyond conventional
forced convection models by exploring temperature stratifi-
cation and natural convection effects to optimize shelf layout
and improve energy efficiency. Future efforts could explore
alternative shelving materials and configurations to further
refine these findings and advance domestic refrigerator

technology toward more effective and sustainable cooling
solutions. Investigate how different shelving materials with
varying thermal conductivity and surface textures could
offer insights into optimizing heat exchange efficiency and
also explore optimal shelf configurations and placements
within the refrigerator to minimize temperature differentials
and enhance overall cooling efficiency. Moreover, evaluate
the potential benefits of integrating active cooling technolo-
gies, such as fans or thermoelectric devices, to enhance natu-
ral convection and mitigate temperature stratification within
the refrigerator compartment.

NOMENCLATURE

C,  Specific heat (J kg' K*)

g Gravitational acceleration (11.5?)

h Convective heat transfer coefficient (w m? K')
k Thermal conductivity (w m™”' K™)

L Distance between the hot and cold wall ()
Nu  Local Nusselt number

Nu,, Average Nusselt number

R, Rayleigh number

T Temperature (K)

u Velocity along the x-axis (m.s?)

v Velocity along the y-axis (m.s)

Greek symbols

a Thermal diffusivity (m?s™)

B Coefficient of thermal expansion

) Kinematic viscosity (m2s”)

Subscripts

H Hot wall

C Cold wall
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