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16.1  Introduction

Domestic refrigerators are widely used in industrialized countries. There are approximately 1 billion 
domestic refrigerators worldwide1 and the demand in 2004, was 71.44 million units (including 11.2 
in China, 10.7 in the United States, 4.43 in Japan, 3.36 in India, 3.14 in Brazil2). In developing coun-
tries, the production is rising steadily: total production rose 30% in 2000.3 In France, there are 1.7 
refrigerators per household.4

Epidemiological data from Europe, North America, Australia and New Zealand indicate that 
a substantial proportion of foodborne disease is attributed to improper food preparation practices 
in consumers’ homes.5 Data also illustrate that a large proportion of consumers lack knowledge of 
adequate refrigeration temperatures. Surveys carried out in various countries on the temperature 
and the microbial contamination in the refrigerating compartment under real use conditions show 
an alarming situation.6–13 Compared with surveys on the refrigerating compartment, a few surveys 
have been carried out on temperatures in domestic freezers.14 Product temperature is a quality and 
safety-determining factor. It is therefore necessary to fully understand the mechanism of heat trans-
fer and airflow.

Three types of domestic refrigerators are available in the market: static, brewed, and no-frost. 
The static type (Figure 16.1a) is widely used in Europe. In this case, heat is transferred principally 
by natural convection and airflow is due to variations in air density. These variations are related 
principally to the temperature and humidity gradients. The vertical force which results from air 
weight and buoyancy is ascendant if air is locally lighter than the average and descendant where the 
opposite is true (hot/humid air is lighter than cold/dry air). There is a combination of heat transfer 
and airflow inside refrigerators i.e., heat transfer from air to the evaporator (vertical plate), to the 
other walls (cavity) and to products (various forms). Due to the principal of heat transfer, tem-
perature heterogeneity is often observed in this type of refrigerator. The position of the evaporator 

(a) (b) (c)

Figure 16.1  Three types of refrigerator: (a) static, (b) brewed, (c) no-frost.
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(horizontal/vertical, top/bottom of the compartment) determines the location of cold and warm 
zones. The brewed type is a static refrigerator equipped with a fan (Figure 16.1b). It allows air cir-
culation and the temperature decreases rapidly after door opening. Air temperature is more homo-
geneous in this case than in the static type but the energy consumption is higher due to the fan. In 
a no-frost refrigerator (Figure 16.1c), a fan (embedded in the back wall) pushes air to flow over the 
evaporator before entering into the refrigerating compartment. Air temperature is more homogene-
ous compared to the two other refrigerator types. Disadvantages of no-frost type are noise, energy 
consumption, drying on food surface and high price.

It should be remembered that the refrigerator design in the United States and in Europe is quite 
different: particularly, in the United States, the size of appliances is bigger and there are more refrig-
erators equipped with fan.

Generally, the external dimensions of commercialized refrigerator are 60 × 60 cm (width × depth) 
and the height varies between 90 cm and over 2 m. The wall thickness is approximately 4 cm and 
the refrigerator is generally made of polystyrene (inner liner), polyurethane (insulating material) 
and metal sheet (outer liner).

Knowledge of air temperature and velocity profiles in a refrigerator is important for food quality 
control. In fact, if the consumer knows the position of warm and cold zones in the refrigerator, the 
product can be placed correctly. Knowledge of thermal and hydrodynamic boundary layers near the 
evaporator and the other walls is also important. If the product is too close to the evaporator wall, 
freezing can occur, and if it is too close to the other walls, there may be health risks.

The objective of this chapter is to present the state of the art of knowledge on heat transfer and 
airflow by natural convection in domestic refrigerators. Several subjects are dealt with: literature 
review of natural convection in closed cavity, cold production system of domestic refrigerators, 
temperatures and different heat transfer modes in appliances. Finally, an example of heat transfer 
analysis and numerical simulation in a typical refrigerator will be shown.

16.2  Literature Review of Natural Convection in Closed Cavity

A literature review on natural convection in domestic refrigerators, near a vertical plate, in empty 
closed cavities and in cavities filled with porous media will be presented. Some limits of the appli-
cation of these studies to our case (refrigerator loaded with a food product) will also be given.

16.2.1  Studies in Domestic Refrigerators

Several experimental studies were carried out on empty and loaded refrigerators.7,15 The objec-
tive was to analyze the effects of several parameters on the temperature in the refrigerating 
compartment (thermostat setting, frequency of door openings, filled volume, temperature and 
humidity of ambient air). However, few studies were carried out on airflow measurement due 
to the complexity of metrology techniques compared to temperature. Airflow measurement in a 
freezer compartment under real operating conditions was carried out by Lacerda et al.16 using PIV 
(particles imagery velocimetry). It was observed that the flow field was strongly influenced by the 
temperature variations due to the “on” and “off” operation cycles of compressor. This behavior 
was attributed to natural convection and strong temperature dependency of air viscosity. Another 
study on airflow in a ventilated domestic freezing compartment was carried out by Lee et al.17 In 
this study a comparison of velocity field obtained by CFD simulation and by experiments (PIV 
measurements) was undertaken. These authors observed that the flow was very complex: jet-like 
flow around entrance ports, impinging and stagnation flow on the walls and a large recircula-
tion flow in cavity. To our knowledge, no study was carried out on air velocity measurement in 
a refrigerating compartment. Moreover, airflow being strongly influenced by the aspect ratio 
(height/width) of the cavity; the flow in a freezer is therefore different from the one in a refriger-
ating compartment.
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To obtain useful information on natural convection in a domestic refrigerator, airflow in some 
well known configurations will be presented: near a warm (or cold) vertical plate, empty cavity and 
cavity filled with product. The temperature of the cold wall is constant for these three configura-
tions in spite that this temperature fluctuates due to the “on” and “off” compressor working cycles 
in a real refrigerator.

16.2.2  Heat Transfer and Airflow Near a Vertical Plate

For a first approach, literature on flow adjacent to a cold vertical plate placed in a warm environ-
ment (without other limiting walls) can be applied for a good understanding on how airflow by 
natural convection nears the refrigerators evaporator. If a tracer (e.g., smoke) is injected at one end 
of the plate to visualize the flow, laminar flow is firstly observed near the wall and then turbulence 
appears (Figure 16.2). The air velocity (u) is zero at the plate surface, then, it increases rapidly at 
locations away from the plate to attain a maximum value (um). Air velocity then decreases and 
approaches zero, which is the velocity far from the plate (Figure 16.3). The zone of nonzero velocity 
(u > um/100) is called the hydrodynamic boundary layer and its thickness (δ) increases in the flow 
direction (x).

The air temperature (T) increases from the wall temperature (Tw) to the ambient temperature (T∞) 
(Figure 16.4). The zone where the temperature differs from ambient ((T − T∞) > (Tw − T∞)) is called 
the thermal boundary layer and its thickness (δT) increases in the flow direction (x).

The equivalent boundary thermal layer thickness (δT,eq) is also frequently used in practice; it is 
defined as δT,eq = λ/hδ.

When Prandtl number (Pr) is near 1 such as in the case of air, the equivalent boundary layer 
thickness (δT,eq) is of the same order of magnitude as that of the thermal boundary layer (δT). For 
example, for laminar forced convection, δT,eq = 2/3 · δT.

The flow regime in natural convection is characterized by the Rayleigh number (Ra) defined as:

	 Ra = g TLβ
αν
∆ 3

	 (16.1)

Laminar

Turbulent

X critical

Tracer

Tw < T

x

y

T∞

Figure. 16.2  Air flow by natural convection near the wall.
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In general, the critical Rayleigh number, which distinguishes the transition from laminar to tur-
bulent flows, is approximately 109 (depending on the geometry and boundary conditions.18

Heat transfer phenomena depend on the flow regimes (laminar or turbulent). Khalifa19 presents 
a literature review of natural convection heat transfer correlations for vertical or horizontal plates. 
More than 40 articles are presented in this review. The experimental conditions are summarized: 
dimension of the tested surface, fluid type, temperature difference between the plate and the fluid, 
and Rayleigh number range. A strong variation in the values of heat transfer coefficient was found 
from using these different correlations.

In general, the correlations are presented in the following form:

	 Nu Ra= a n. 	 (16.2)

y

u

um

um

x

U∞=0

δ(x)

Figure. 16.3  Hydrodynamic boundary layer and velocity profile in natural convection flow.
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Figure 16.4  Thermal boundary layer, temperature profile and dimensionless profile in natural convection. 
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“a” and “n” are coefficients whose value depends on the flow regime. For example, for a vertical 
plate, Incropera and Dewitt18 proposed:

a = 0.59 and n = 1/4 for laminar flow,
a = 0.10 and n = 1/3 for turbulent flow.

16.2.3  Heat Transfer and Airflow in Empty Closed Cavity

Several experimental studies were carried out to measure air temperature and/or velocity in closed 
cavities.20–24 Ostrach25, Catton26, and Yang27 carried out a literature review on this subject, which 
included both the experimental and modeling results (2D and 3D). These authors emphasize the 
importance of the aspect ratio of the cavity and the temperature difference between walls on the 
flow regimes.

When the bottom horizontal wall is cold, stable temperature stratification is observed in the 
cavity (cold zone at the bottom and warm zone at the top), and there is no airflow. When the upper 
horizontal wall is cold, unstable flow is observed25 due to gravity. The state of unstable equilibrium 
occurs until a critical density gradient is exceeded. A spontaneous flow then results that eventually 
becomes steady and cellular-like. When a vertical wall is cold, circular flow is observed along walls 
and the air is almost stagnant at the center of the cavity; thermal stratification is also observed. This 
case is similar to that of a domestic refrigerator, since the evaporator is often inserted in the vertical 
back wall.

There are fewer experimental studies on natural convection than on forced convection due to 
experimental difficulties in terms of metrology for low velocity and design of experimental devices 
maintaining given wall conditions. In fact, measurement is very sensitive to experimental and 
boundary conditions. Henks and Hoogendoorn28 compared some experimental results obtained 
with a standard case (Ra = 5 × 1010, cavity aspect ration H/L = 1 in 3D, adiabatic horizontal walls). 
Good agreement between results was found, particularly about the temperature and velocity profiles 
within the boundary layers.

Ramesh and Venkateshan29 used a differential interferometer to visualize conditions in the bound-
ary layer along the wall (105 < Ra < 106). They found that it is generally stable except in the corner. 
Mergui and Penot23 carried out a visualization of flow in an empty cavity using a laser tomography 
(Ra = 1.7 × 109); they observed the same phenomena as Ramesh and Venkateshan29.

Deschamps et al.30 reported that in a domestic refrigerator, the Rayleigh number varies from 
108 and 109, and that flow is therefore, in the transition regime between laminar and turbulent 
flow.

Heat exchange by radiation between internal walls of the cavity is as important as that achieved 
with natural convection and this should be taken into account. Several authors31–34 showed by experi-
mental and numerical approaches that these two heat transfer modes occur simultaneously. Ramesh 
and Venkateshan32 showed experimentally that for a square enclosure (vertical walls maintained at 
35 and 65°C, adiabatic horizontal walls, Ra = 5 × 105), the heat transfer by convection and radiation 
between high emissive vertical walls (ε = 0.85) is twice of that of polished ones (ε = 0.05). Balaji 
and Venkateshan31 proposed correlations established from numerical simulations to express the 
convection and radiation in a square cavity as a function of ε, Ra, Tc/Th and a radiation convection 
interaction parameter

	 N
T H

T TRC
wh

wh wc

=
−

σ
λ

4

( )
.

These correlations show that the radiation effect increases when the wall emmisivity and/or 
wall temperatures increase. Moreover, Li and Li34 reported that the radiation relative to convection 
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increases as the size of enclosure increases. An estimation of convection and radiation heat transfer in 
a refrigerator was carried out in our previous study35, which confirms the importance of radiation.

16.2.4 � Heat Transfer and Airflow in Cavity Completely or Partially  
Filled with Porous Media

Several reviews on heat transfer by natural convection in a cavity filled with porous media have been 
carried out.36–39 In the case of porous media, the Rayleigh number is defined as:

	 Ra p
p

g T H K= ⋅ ⋅β
α ν

∆
	 (16.3)

When Rayleigh number is less than a critical value (Rac), the heat transfer is dominated by conduc-
tion. When Rap > Rac, airflow is observed, which leads to a heat transfer dominated by convection. 
Oosthuizen39 reported a value of 40 for Rac in a rectangular cavity heated from below.

Airflow in a cavity filled with porous media is generally laminar. Circular flow, similar to that of 
an empty cavity, is observed in the boundary layer along the walls (Figure 16.5). Velocity is much 
smaller at the center of the cavity.

Literature concerning heat transfers in porous media and in packed beds40–42 presents several 
approaches taking into account heat transfer by conduction, convection and radiation. Moreover, 
these studies distinguish the one-temperature models, in which local equilibrium between product 
and air is assumed, from the two-temperature models, in which different temperatures represent 
product and air statement not clear.

The literature on cavity filled with porous media cannot be applied directly to the case of loaded 
domestic refrigerator principally due to the large variation in products dimension. For refrigerators, 
the ratio between the dimension of product and cavity is about 0.10 (∼5 cm product width and ∼50 
cm cavity width) while this ratio is ≤ 0.02 for porous media. There is notably a great influence of 
product position on heat transfer compared to the case of porous media. This was shown in our 
previous studies43 that demonstrate the influence of these parameters on the heat transfer at low air 
velocity (< 0.2 m/s) in a stack of spheres.

Porous medium 

δ

δ

Cold wall 

Tc

Warm wall

Th
g 

y 

x 

0 

0 L 

Insulated wall 

u 

Figure 16.5  Two-dimensional rectangular porous layer held between differentially heated side walls.
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16.3 � Cold Production System in Domestic  
Refrigerators/Freezers

The most common refrigerators and freezers have four major parts in their refrigeration system—a 
compressor, a condenser, an expansion valve and an evaporator (Figure 16.6). In the evaporator 
section, a refrigerant (commonly R600a and R134; still in use R12 and ammonia) is vaporized to 
absorb heat added into the refrigerator due to heat transfer across the refrigerators walls and infiltra-
tion through the door and seals and during door opening. The refrigerant boils at −18 to −20°C when 
pressurized at 0.9−1 bar, so the evaporator temperature is maintained at or near that temperature if 
the appliance is working correctly. In the next stage, an electric motor runs a small piston compres-
sor and the refrigerant is pressurized. This raises the temperature of the refrigerant and the resulting 
superheated, high-pressure gas (it is still a gas at this point) is then condensed to a liquid in an air-
cooled condenser. In most refrigerators and freezers, the compressor is in the base and the condenser 
coils are at the rear of the appliance. From the condenser, the liquid refrigerant flows through an 
expansion valve (almost always a capillary tube), in which its pressure and temperature are reduced 
and these conditions are maintained in the evaporator. The whole process operates continuously, 
by transferring heat from the evaporator section (inside the refrigerator) to the condenser section 
(outside the refrigerator), by pumping refrigerant continuously through the system described above. 
When the desired temperature is reached, the pump stops and so does heat transfer.

The refrigerator/freezers may be equipped with one or two compressors. In the case of one com-
pressor, the operating cycle is both controlled by the air temperature in the refrigerating compart-
ment and in freezer. In the case of two compressors, each operating cycle is independently controlled 

Condenser 

Expansion
valve   

Compressor

Evaporator 

Thermostat 

Figure 16.6   Cold production system in a domestic refrigerator/freezer.
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by the air temperature in the refrigerating compartment and in the freezer. The temperature in each 
compartment is, therefore, better regulated but the price is higher.

16.4 �T emperatures and Heat Transfer Modes 
in Domestic Refrigerators

The “on” and “off” operating cycle of the compressor leads to temperatures fluctuations in the refrig-
erator. The air temperature inside the appliance is regulated by a thermostat. When this temperature, 
measured at a given position, is higher than the maximum setting value, the compressor is “on” until 
the minimum setting value is reached, and then it is switched “off.” The difference between maxi-
mum and minimum settings is fixed by the manufacturer.

16.4.1 T emperature in Refrigerating Compartment

The temperatures in a refrigerating compartment of an empty one-door refrigerator equipped with 
one compressor, measured using calibrated T-type thermocouples are presented here. The internal 
dimensions of this compartment were 50 × 50 cm (width × depth) and the height was 90 cm. The ver-
tical walls exchanged heat with the external ambience. The thickness of these walls was 4 cm and 
the overall thermal conductivity was 0.027 W/(m°C). The evaporator was fitted inside the vertical 
back wall and it was 50 cm wide and 30 cm high.

The temperature variations are shown in Figure 16.7 for a thermostat setting at 6°C and the 
average ambient temperature at 20°C. The “on” and “off” compressor work cycles lead to variations 
in the evaporator wall temperature (Tevap) (Figure 16.7a). It can be seen that the temperature varies 
within a range of + 7°C to −12°C (average temperature −1.2°C).

The air temperature was measured at the top, middle, and bottom levels at the center of the 
refrigerating compartment (Figure 16.7b). It can be seen that the temperature is heterogeneous in 
the cavity: air at the bottom is cooler than that at the top. The mean air temperature calculated from 
25 measurements is also shown in Figure 16.7b and the average value of this temperature over 24 h 
(Tai) is 6.3°C (minimum value 3.8°C and maximum value 8.3°C).

The wall temperature variations are shown in Figure 16.7c, the mean value at the top level being 
9.1°C, at the middle level 5.4°C and at the bottom level 5.7°C. The average value of these three 
temperatures (Twi) is 6.7°C.

16.4.2 T emperature in Freezer

The air temperature fluctuations in a domestic freezer equipped with one compressor are generally 
more significant than those equipped with two compressors. An example of these fluctuations is pre-
sented in Figure 16.8. Both refrigerators are two-door models, with a refrigerating compartment on 
the top and a freezing compartment on the bottom. Air-temperature stratification can be observed in 
the compartment in both cases. The air on the top shelf was slightly higher than that on the middle 
one (cold air is heavier). The characteristics of these two refrigerators are presented in Table 16.1. 
The wall of the freezing compartment of these refrigerators was composed of an inner liner (1 mm 
of polystyrene, λ = 0.15 W.m−1.K−1), foam (polyurethane, λ = 0.02 W.m−1.K−1, 5.8 cm for the one 
compressor refrigerator and 6.3 cm for the two compressor refrigerator) and a metal outer sheet (0.7 
mm, λ = 50 W.m−1.K−1). It was clearly shown, in this example, that the temperature was less stable 
in the freezing compartment of the one compressor refrigerator.

16.4.3  Heat Transfer Modes in Domestic Refrigerator

In an empty refrigerator, cold air near the evaporator flows downward and warm air near the 
door and the other side walls flows upward (Figure 16.9). The heat exchanges inside the cavity 
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Figure 16.7  Example of temperature variations in a refrigerating compartment of one compressor appli-
ance for a thermostat setting at 6°C: (a) evaporator wall, (b) air temperature, (c) wall temperature.
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are governed by natural convection between internal walls and air, radiation between evapora-
tor and the other walls and conduction within the walls.35 In the case of a refrigerator filled 
with products, the products are cooled by natural convection, radiation between the surface of 
the products and the internal walls of the refrigerator, and through conduction and radiation 
between products.
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Figure 16.8  Example of air-temperature variations in the freezing compartment: (a) one compressor 
refrigerator, and (b) two compressor refrigerator.

Table 16.1
Characteristics of Refrigerators

One-compressor Refrigerator Two-compressor Refrigerator

External dimensions 
(height × width × depth)

185 cm × 60 cm × 60 cm 195 cm × 60 cm × 60 cm

Internal dimensions of the freezing 
compartment

62 cm × 48 cm × 38 cm 64 cm × 47 cm × 42 cm

Thermostat setting + 4°C (impossible to set the 
temperature of freezing compartment)

+ 4°C (refrigerating compartment)
and − 18°C (freezing compartment)

Power of compressor 120 W 160 W
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16.5 E xample of Heat Transfer Analysis in a Typical Refrigerator

In order to study heat transfer inside a refrigerator, natural convection theories covering the follow-
ing cases can be applied:

Rectangular closed cavity representing heat transfer inside the refrigerating compartment•	
Cold vertical plate placed in a warm ambience representing exchanges between the evapo-•	
rator and air
Rectangular closed cavity partially filled with porous media representing a loaded •	
refrigerator. This case is more complex and the study requires numerical simulations as 
presented in Section 16.6.

16.5.1 E mpty Refrigerator Considered as being a Closed Rectangular Cavity

The simplest approach that can be used in order to approximate the transfers inside an empty refrig-
erator is to consider it as a rectangular cavity.35 Circular air circulation is established, cool air close 
to the evaporator moves downward and hot air in contact with the door moves upward.

In order to simplify the study, the exchanges inside the cavity are initially, considered as a two 
dimensional problem of heat transfer between a cold vertical wall (Tevap) and a hot vertical wall (Twi). 
The vertical walls are assumed to have a homogeneous temperature and the horizontal walls are 
adiabatic. This is a rough approximation because, in fact, only part of the vertical wall of a refrigera-
tor is taken up by the evaporator and heat losses occur through at least three vertical walls.

Despite this, the order of magnitude of the Rayleigh number (Ra) can give some qualitative infor-
mation regarding the hydrodynamic and thermal boundary layers. The refrigerator described in 
Section 16.4.1 will be used for the analysis. The aspect ratio (H/L) of this typical refrigerator is equal 
to 1.8. The Rayleigh number can be based on height or width, but since H/L = 1.8, the values are 
of the same order of magnitude. For simplicity’s sake, the walls and air temperatures are assumed 
to be constant. The difference between the inner wall temperature and the evaporator temperature 
(∆T = Twi − Tevap) is equal to 7.9°C.

The physical properties of air, such as conductivity (λ), thermal expansion coefficient (β), dif-
fusivity (α) and kinetic viscosity (ν), are calculated at the reference temperature (Tf) defined as the 

Convective heat transfer
in the boundary layer
near the evaporator 

Cold wall 
(evaporator) 

Door 

External convective 
heat transfer 

Conductive heat transfer
inside the wall  

Convective heat transfer
in the boundary layer

near the door 

Radiation heat transfer 

Tair
.

Q

Figure 16.9  Various heat exchange modes and airflow inside a domestic refrigerator.
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average temperature of the evaporator and the other walls (Tf = 275.8 K). The Prandtl number for 
air is taken constant and equal to 0.72.

The Rayleigh number based on the width of the refrigerating compartment (L = 0.5 m) and the 
temperature difference between the evaporator and the other walls (∆T) is equal to 1.43 × 108.

Thus, the air flow inside the refrigerator is laminar (Ra < 109). This result is in agreement with 
that of Deschamps et al.30 who showed that Ra varies between 108 and 109 in refrigerators.

As the Rayleigh number is higher than 103, a stationary core region can be expected, indicating 
very low air velocities in the area where food is stored.

For this range of Rayleigh number and aspect ratio, a vertical thermal gradient of approximately 
(Twi − Tevap)/2 is expected,44 that is 4°C in our case.

These expectations are qualitatively confirmed by wall temperature measurement inside the 
refrigerator (Figure 16.7c). In particular, a wall temperature difference between the top and bottom 
levels of 3.4°C was observed.

In order to estimate the heat transfer coefficient in our refrigerator, the correlation proposed by 
Catton,26 valid for 1 < H/L < 2, 10−3 < Pr < 105 and 103 < (RaLPr)/(0.2 + Pr) is used:

	 Nu RaL
gl

L

h L
=

⋅
=

+




 =

λ
0 18

0 2
38 9

0 29

.
Pr

. Pr
.

.

	 (16.4)

Thus, the overall heat transfer coefficient (hgl) between the hot and cold walls and the refrigerat-
ing capacity ( Q) can be estimated as:

	 h W m Cgl / °= ⋅1 94 2. ( )

	 Q h A T Tw= ⋅ ⋅ − =gl wi evap W( ) .25 3

The experimental refrigerating capacity was also measured using a fluxmeter (measuring dimen-
sion 4 × 4 cm) attached to the surface of the evaporator. The average value of measurements taken 
every 2 min over 24 h is 10.4 W, which is significantly lower than the calculated value.

Furthermore, with the 2D approximation and due to the symmetry of the cavity, the average air 
temperature inside the refrigerator is estimated as Tai = (Twi + Tevap)/2 = 2.8°C while the experimen-
tal average air temperature is 6.3°C. The differences are essentially due to the simplifying hypoth-
esis of 2D and steady state heat transfer in the cavity.

This approximate calculation of heat transfer in an air-filled cavity applied to an empty refrig-
erator gives quantitative results quite different from those observed experimentally. Thus, another 
approach is proposed using correlations available in the literature results for natural convection 
between vertical plates and air while taking also into account the effect of radiation.

16.5.2 E mpty Refrigerator Considered as a Combination of Vertical Plates

Heat transfer in the refrigerator is examined on the basis of the theory of natural convection between 
air and vertical plates which are the evaporator and the side walls in our case.35

The application of these correlations is now presented for heat transfer between the evaporator or 
side walls and air inside the refrigerator.

16.5.2.1 �E stimation of the Convective Heat Transfer Coefficient by 
Natural Convection between the Evaporator and Air (hevap)

In order to estimate the heat transfer coefficient, which depends on the Rayleigh number, the mea-
sured values of the evaporator and the air temperatures inside the refrigerator are used: −1.2°C and 
6.3°C, respectively.
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The Rayleigh number based on the height of evaporator (Hevap = 0.3 m) and the difference between 
the temperature of the evaporator and that of air is: Raevap = 2.0 × 107.

Since Ra < 109 , the correlation proposed by Incropera and Dewitt18 for laminar flow is used:

	 Nu = 0.59 · Ra1/4 = 39.4,  thus  hevap = 3.28 W/(m2.°C).

16.5.2.2 �E stimation of the Radiative Heat Transfer Coefficient 
between the Evaporator and the other Walls (hr)

Heat transfer by radiation occurs between the evaporator and the other walls. An equivalent radia-
tive heat transfer coefficient hr can be defined. For parallel walls of emissivity near 1:

	 h T T T Tr = ⋅ ⋅ ⋅ + +σ ε ε1 2
2 2( )( )evap wi evap wi 	 (16.5)

	 σ = = × −Boltzmann constant W/(m .K )2 45 67 10 8. 

In the case of the refrigerator, the emissivity of the internal surfaces is approximately ε1 = ε2 = 0.9 
and we obtain hr = 3.85W/(m2.K).

One can note that the value of the radiative heat transfer coefficient is of the same order of mag-
nitude as that of natural convection. Therefore, it should be taken into account when investigating 
heat transfer in refrigerators.

16.5.2.3 �E stimation of the Convective Heat Transfer Coefficient between 
Air and the Internal Walls of the Refrigerator (hwi)

The same approach is used for the side walls as for the evaporator. The Rayleigh number, based on 
the temperature difference between that of inner side wall and inner air and on the height of the 
walls is 4.2 × 107 (Ra < 109).

The correlation proposed by Incropera and Dewitt18 for laminar flow is used:

	 Nuw = 0.59 · Ra1/4 = 47.4,  thus  hwi = 1.3 W/(m2.°C) 

16.5.2.4 �E stimation of the Overall Heat Transfer Coefficient and  
Refrigerating Capacity

The thermal resistances of the refrigerator are represented in Figure 16.10.
While considering that the surface of the evaporator, Aevap is 0.5 × 0.30 = 0.15 m2 and the total ver-

tical wall surface, Aw is 4 × (0.5 × 0.9)−0.15 = 1.65 m2, the values of the heat transfer resistances are:
Heat resistance by natural convection between internal air and the evaporator, Revap = 1/(hevap · 

Aevap) = 2.032°C/W.

ew

Evaporator Refrig. wall External Internal air 
.

Q
Revap Rwi

Tai

Rrad

Rw Rwe

Teva Twi Twe Tae

0.6 m 

0.3 m 

Figure 16.10  Thermal resistance between the evaporator and the external ambience.
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Heat resistance by natural convection between internal air and the walls, Rwi = 1/(hwi.
Aw) = 0.466°C/W.

Heat resistance by radiation between evaporator and the walls, Rrad = 1/(hr · Aevap) = 1.732°C/W.
Heat resistance by conduction in the walls, Rw = ew/(Aw · λw) = 0.90°C/W.
The thermal resistance between the external walls and the ambient air (Rwe) is assumed to be 

constant: 

	 R h Awwe ext/ °C/W= =1 0 060( . ) . ( 10 W/m /°C)ext
2h = .

By using the value of the different heat transfer resistances cited previously, it was found that the 
overall heat transfer resistance between the evaporator and the external ambience is Rg1 = 1.98°C/W 
and the refrigerating capacity, Q = (Tae−Tevap)/Rg1 = 10.7/W. This value is slightly higher than the 
measured value (10.4 W).

The different temperatures can also be evaluated as shown in Figure 16.11.
The predicted internal air temperature is close to measured values, while the predicted wall 

temperature is higher. The estimations are much more accurate than those of the first approach (2D 
cavity), but the heat transfer coefficient between air and the walls appears to be underestimated.

16.5.2.5 �E stimation of the Thickness of the Thermal Boundary Layer  
Near the Evaporator

According to the Rayleigh number (Raevap) < 109, one can consider that air flow in the thermal 
boundary layer is laminar. The mean thickness of the equivalent thermal boundary layer can be 
estimated as follows:

	 δ λ
T h,eq

evap

m= = = × −0 025
3 3

7 6 10 3.
.

. ∼8 mm

According to Figure 16.12, it can be observed that there is a zone, inside this boundary layer, 
where the temperature is below 0°C. The thickness of this zone is about 2 mm. This result makes 
it possible to estimate the minimum distance from the evaporator where foods should be placed in 
order to avoid the freezing.

It should be borne in mind that this calculation is only an estimation of the order of magnitude 
since three important assumptions are used:

The temperature of the evaporator is constant at •	 −1.2°C, while in reality, it varies within a 
range of + 7 to −12°C.
The temperature of air in the refrigerating compartment is constant and homogeneous at •	
6.3°C, while in reality, it varies within a range of 3.8−8.3°C.
The evaporator is equivalent to a fine plate, while in reality it is embedded in a wall.•	

–1.2

6.0 
9.2 

20 

Figure 16.11  Estimated internal temperatures (°C) of air and walls of the refrigerator (evaporator and 
ambient temperatures were determined experimentally).
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It was observed by experiment and by numerical simulation that the heat transfer and airflow in 
domestic refrigerator are 3D.45,46 To study this more complex 3D configuration, numerical simula-
tion is presented in the next section.

16.6 N umerical Simulation in Domestic Refrigerator

The simple mathematical approach shown in Section 16.5 has limitations. For more thorough study, 
CFD simulation was carried out within the refrigerating compartment of a domestic refrigerator 
without a fan.46

16.6.1  Refrigerator Characteristics

A single-door appliance with only a refrigerating compartment (without a freezer) was considered. 
Its general characteristics are shown in Table 16.2.

Three cases were studied (Figure 16.13): an empty refrigerator without shelves, empty refrigera-
tor fitted with glass shelves (5 mm thickness, thermal conductivity of glass 0.75 W m−1 K−1) and 
a refrigerator equipped with glass shelves and loaded with a “test product.” This product is made 
of aqueous methylcellulose gel (thermal conductivity 0.5 W m−1 K−1) and the dimensions of one 
package are 10 × 10 × 5 cm (length × width × depth). The arrangement of the packages is shown in 
Figure 16.13c. All experiments were carried out in a temperature-controlled room (20 ± 0.2°C). As 
shown in Figure 16.13, the evaporator is located in the upper part of the cabinet. The indentation 
observed in the lower right area of the figures represents the compressor placement. To avoid a too 
complex geometry, the containers for butter, eggs, and bottles usually attached to the door were 
removed during our experiments. This facilitates the meshing of the refrigerator and the result 
interpretation.

T∞=6.3°C 
U∞=0

H=30 cm 

6.3°C 

0°C

–1.2°C 

δ

~2 mm 
~8 mm 

Figure 16.12  Thermal boundary layer and temperature profile near a vertical plate representing the 
evaporator.
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16.6.2 M easurement of the Thermal Resistance of Refrigerator Insulation

Measurement of the thermal resistance of refrigerator insulation was carried out in a temperature-
controlled room (6°C). A heating coil was placed inside the “switch off” refrigerator. The heat 
supplied to the coil is equal to the heat loss to external air through the walls. The heating power 
was adjusted in such a manner as to maintain the average internal air temperature at 30°C. In this 

(a) (b)

(c)

Plan of symmetry

Evaporator

Central axis

Thermo
couples

Shelves

90 cm

21 cm

23 cm 48 cm

52 cm 1.2 cm

23 0.4 cm

20 cm

26 cm

20 cm

24 cm

18 cm

136 cm

44 cm

Plan situated at
8 cm from

the sidewall

2.7 cm
30 cm 2 cm 10 cm

15 cm

10 cm

Products

4 cm

Figure 16.13  Domestic refrigerator geometry: (a) empty refrigerator, (b) refrigerator fitted with glass 
shelves, (c) refrigerator with glass shelves and products. 

Table 16.2
Characteristics of the Refrigerator used for Numerical Simulation

External dimensions (height × width × depth) 149 cm × 60 cm × 59 cm

Internal dimensions (height × width × depth) 136 cm × 52 cm × 44 cm

Dimensions of the evaporator 90 cm × 48 cm

Thermostat setting + 5 °C

Number of shelves 4
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manner, the average temperature of the insulating walls is almost the same as under real operat-
ing conditions. To ensure a homogeneous air temperature inside the refrigerator, a small fan was 
installed near the heating coil. The internal air temperature (Tint controlled at 30°C), external air 
temperature (Text controlled at 6°C), power supplied to the heating coil (Q1) and fan (Q2) were 
recorded when the steady state was attained (after 12 h) and the average values were calculated 
over 3 h. Thus, the thermal resistance of the refrigerator insulation can be calculated knowing 
Q1 + Q2 and Tint − Text.

The measurement was used afterward for the boundary conditions in the CFD simulation. In fact, 
this experimental thermal resistance takes into account the thermal resistance between external air 
and internal walls. Therefore, a correction was undertaken on the measured value by subtracting 
the thermal resistance between internal air and walls. This correction is weak because the thermal 
resistance between air and internal wall represents only around 7% of the overall thermal resistance 
(between external and internal air). In our case, the internal convective heat transfer coefficient was 
assumed to be about 10 W m−2 K−1.

16.6.3 T emperature Measurement 

Air and product temperatures were measured experimentally using calibrated thermocouples 
(T-type) placed in different positions of the symmetry plane of the refrigerator and on the plane 
situated at 8 cm from side wall (Figure 16.13). On each plane, the air temperature was measured at 
five height levels (31.0, 61.0, 94.0, 114.5, 134.5 cm) and for each height, five air temperature measure-
ments were recorded (1, 2, 21.5, 42, 43 cm from the evaporator). Firstly, the refrigerator operated 
over 24 h to ensure stabilization conditions, then the temperatures were recorded every 2 min for 24 
h and the average value was calculated at each measurement point. An example of temperature evo-
lution inside the refrigerator is shown in Figure 16.14. It can be seen that the evaporator temperature 
varies from −16°C to + 7°C, due to the thermal inertia, the air temperature varies less, from + 3.5°C 
to + 7°C, and the wall temperature varies from 4°C to 9°C.
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Figure 16.14  Air (average value on the symmetry plan), side wall (average value of three measurements: 
top, middle and bottom levels) and evaporator temperature changes in the empty refrigerator without shelves 
(thermostat setting at 5°C).
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16.6.4 M odeling

16.6.4.1 M ain Assumptions and Boundary Conditions
In the present study, the Rayleigh number (Ra) is about 6 × 108 (estimation based on the height 
of the evaporator and the temperature difference between the internal air and the cold-wall sur-
face). Laminar flow assumption was made for the flow regime in our simulation since Ra < 109. 
Furthermore, several numerical studies showed that turbulence does not change the predicted air 
temperature pattern.30,47 Boussinesq approximation was used since the air temperature variation is 
small compared with the mean absolute value. 

The thermal boundary conditions are based on experimental data: 

Uniform global heat transfer coefficient between external air and internal wall (0.34 W •	
m−2 K−1).
Constant external air temperature (20°C).•	
Constant evaporator temperature (•	 −0.5°C) which is the average value during “on” and 
“off” running cycles of compressor. This constant temperature is used in order to avoid 
excessive complexity in the calculation and to reduce calculation time.

The simulations were performed with the finite volume method using CFD software Fluent 6.1 
with the resolution parameters indicated in Table 16.3.

Transient simulation was performed but only the results obtained after simulation convergence 
were used for the comparison with the experimental values.

16.6.4.2 M esh
Structured mesh was used to describe the geometry of the refrigerator. Finer meshes were used near 
walls, shelves and products. The number of cells used in each case is shown in Table 16.4 and mesh 
structures are shown in Figure 16.15. To ensure that the results were not influenced by the cell num-
bers, a sensitivity study was carried out beforehand. Only one half of the refrigerator was meshed 
because of the symmetry plane.

16.6.4.3 D iscrete Ordinate (DO) Method for Radiation
The discrete ordinate (DO) method48 was successfully used to simulate the coupling of convection 
and radiation in closed cavity.49,50

This model can take into account the participating medium. However, in our case, air is consid-
ered as transparent (with neither absorption nor diffusion). The general equation of heat transfer by 
radiation (in a given 


s  direction) is

	
   
∇ ⋅ ( )( ) =I r s s, 0 	 (16.6)

I r s
 
,( ) is radiative intensity in 


s  direction (at 


r  position) (W m−2 per unit solid angle).

For a gray surface of emissivity εr, the net radiative flux leaving the surface is

	 Φ Ωrad_out in

incident fl

= − ⋅
⋅ >∫( )1

0
εr

s n
I s nd
 

 

uux
  

+ εr sσT 4 	 (16.7)

The walls are assumed as gray diffuse: Iout rad out /= φ π_

Iin: intensity of incident radiation in 

s  direction (at 


r  position)

Iout: intensity of radiation leaving the surface (at 

r  position)

n : normal vector 
Ts: surface temperature, K
Ω: solid angle
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(a) (b) (c)

Figure 16.15  Mesh structure: (a) empty refrigerator, (b) refrigerator fitted with glass shelves, (c) refrigera-
tor loaded with the “test product.”

Table 16.4
Number of Cells used for the Simulations

Mesh Number Height (136 cm) Half width (26 cm) Depth (44 cm) Total

Empty refrigerator 138 28 66 255,024

Refrigerator with shelves 222 28 66 410,256

Refrigerator with shelves and products 240 62 74 1,101,120

Table 16.3
Resolution Parameters used in Simulation

Relaxation Factor Type of Discretization

Pressure 0.8 Presto

Density 1 –

Gravity forces 1 –

Momentum 0.2 Second order upwind

Energy 1 Second order upwind

Radiation 1 –

Pressure–velocity – Simple
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A sensitivity study of solid angle discretization was carried out beforehand in order to ensure that 
the simulation results were not influenced by the number of solid angle subdivisions.

16.6.5 N umerical Results (Taking into Account Radiation)

The results presented in this paragraph concern simulation, which takes into account heat transfer 
by convection between walls and air and by radiation between the internal walls of the refrigerat-
ing compartment. Two results will be presented: air temperature and velocity fields. A comparison 
between numerical and experimental results is carried out only for temperature. In fact, air velocity 
in a real refrigerator is difficult to measure with precision in practice.

16.6.5.1 T emperature Fields
The temperature fields obtained from simulations for the different cases studied are shown in 
Figure 16.16. Considering only the main cavity (excluding the vegetable box), for all cases, thermal 
stratification is observed with the cold zone at the bottom (~2°C) of the refrigerating compartment 
and the warm zone at the top (8−9°C). In addition, a cold zone is also observed along the back 
wall. This is related to cold air coming from the evaporator. When the refrigerator is loaded with 
products, the temperature of the product located near the evaporator is lower than that located 
near the door. In the top half of the compartment, the temperature is relatively homogeneous at a 
given height (except in the boundary layers near the walls). The temperature of the vegetable box 
is almost constant for all cases studied (~8°C).

The temperature field is slightly influenced by the presence of obstacles: shelves and products. A 
slightly lower temperature is observed at the bottom and a slightly higher one at the top compared 
with the empty refrigerator case. This is due to the fact that the shelves and/or the products slowed 
down the air circulation in the central zone of the refrigerator. The presence of shelves and/or prod-
ucts also influenced the main air circulation in the boundary layers situated along the evaporator 
and the side walls. However, this influence is weak because of the presence of air spaces between 
the shelves and the vertical walls (1.2 cm between the back wall and the shelves), which facilitates 
the air flow. In our previous study, it was found that the thickness of the boundary layer was less 
than 2 cm.45 

In addition to the overall thermal stratification in the cavity, stratification is also observed in 
each gap between two shelves or between a shelf and a product. It is to be emphasized that for the 
refrigerator loaded with the “test product,” the symmetry plane is located in the gap between two 
piles. This explains why the packages are invisible on this plane (Figure 16.16c). On the plane 
situated at 8 cm from a side wall which cuts the product pile (Figure 16.16d), a cold product zone 
near the evaporator can be clearly distinguished. This is related to the blockage of cold air by 
the product.

The average and maximum air temperatures in all cases are reported in Table 16.5. The air 
temperatures increase with increasing numbers of obstacles.

16.6.5.2 A ir Velocity Field
Figure 16.17 presents the air velocity fields on the symmetry plane (Figure 16.17a–c) and on the 
plane situated at 8 cm from the side wall (Figure 16.17d) for the different cases studied. Considering 
only the main cavity (excluding the vegetable box), for all cases, the main air circulation is observed 
near the walls, and constitutes a recirculation loop. Air flows downward along the evaporator while 
its velocity increases along the course to attain a maximum value at the bottom of the refrigerator 
(umax ≈ 0.2 m s−1). Air then flows upward along the door and the side walls of the refrigerator while 
its velocity decreases progressively and becomes stagnant at the top of the refrigerator. This observa-
tion is in agreement with the air temperature field shown in Figure 16.16, with cold air located at the 
bottom of the cavity and warm air at the top. It can also be observed that there is a weak horizontal 
air flow from the door to the evaporator. However, the air velocity at the center of the cavity is very 
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low (< 0.04 m s−1). In the case of the refrigerator fitted with glass shelves, in addition to the main 
air flow along the walls as mentioned previously, there are also small air loops between the shelves. 
For the refrigerator loaded with products, air flows in the gaps between the shelves and the products 
(Figure 16.17d).
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Figure 16.16  Predicted temperature fields (°C): (a) on the symmetry plan of empty refrigerator, (b) on the 
symmetry plan of refrigerator with glass shelves, (c) on the symmetry plan of refrigerator loaded with prod-
ucts, (d) on the plan situated at 8 cm from the side wall of refrigerator loaded with products.
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It should be remembered that the containers attached to the door were not represented in our 
study. In practice these containers are an obstacle to airflow along the door and tend to reduce the 
air velocity in this area.

Considering the vegetable box, one or two air recirculation loops were observed (Figure 16.17). 
This is due to the presence of the glass shelf (cold wall), which separates the vegetable box from the 
main cavity, and the five other walls which are warmer (heat loss through these walls).

16.6.5.3  Comparison with Numerical Simulation without Radiation
Figure 16.18 presents the air temperature field on the symmetry plane obtained by simulation with-
out taking into consideration radiation (between internal walls of the refrigerating compartment, 
shelves and product surface). It was observed that overall the temperature field is similar to that 
present when radiation is taken into account (a cold zone at the bottom and a warm zone at the top). 
However, stratification is more pronounced without radiation, and this leads to a higher temperature 
at the top of the cavity. In fact, for an empty refrigerator, the maximum temperature rises from 8°C 
(with radiation) to 15°C (without radiation). This temperature increase can be explained by the fact 
that, without radiation, there is no heat exchange between the warm top wall and the other colder 
walls, particularly the evaporator wall. This contributes to a high air temperature at the top posi-
tion. When radiation is taken into account, the heat exchange between the top wall and the other 
walls tends to reduce the top wall temperature and consequently reduces air temperature near this 
wall. From a microbiological point of view, the growth rate is much higher at 15°C than at 8°C. It is 
therefore necessary to take into consideration radiation in the simulation in order to better describe 
the phenomena occurring in domestic refrigerators.

16.6.5.4  Comparison between the Measured and Predicted Air Temperature
Figure 16.19 presents a comparison between the measured and predicted air temperature results 
(with and without taking into account radiation). It can be seen that the simulation results with radia-
tion agreed with the experimental values to a greater extent, while simulation without radiation over-
estimated the air temperature, particularly at the top of the refrigerator. The peaks observed on the 
temperature profile in the presence of shelves and/or products can be explained by the higher con-
ductivity of glass compared with air and by the cold air flow along the upper sides of the shelves.

The agreement between the experimental and simulation results is relatively poor in the case of 
a loaded refrigerator, even though the radiative heat exchange between the product and the walls 
was taken into account. This may be explained by the geometry complexity. Further grid refinement 
could lead to a better agreement, but the computing time is already very excessive (about 8 days 
using a cluster of four processors of 2 Gigaoctets (Go) of RAM).

16.7  Conclusions

Several studies illustrate that a large proportion of refrigerators operate at too high temperatures. 
These refrigerators are often static types (without fan) in which heat is transferred by natural 

Table 16.5
Average and Maximum Air Temperatures for the Three Simulations

Average Temperature in 
the Main Cavity (°C)

Maximum Temperature 
in the Main Cavity (°C)

Average Temperature in 
the Vegetable Box (°C)

Empty refrigerator 3.8 8.2 7.4

Refrigerator with glass shelves 4.0 9.0 8.2

Refrigerator with glass shelves 
and products

5.1 9.1 8.0
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Figure 16.17  Path lines: (a) on the symmetry plan of the empty refrigerator, (b) on the symmetry plan of 
the refrigerator fitted with glass shelves, (c) on the symmetry plan of the refrigerator loaded with products, (d) 
on the plan situated at 8 cm from the side wall of refrigerator loaded with products.
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Figure 16.18  Temperature field (radiation not taken into account): (a) on the symmetry plan of the empty 
refrigerator, (b) on the symmetry plan of the refrigerator fitted with glass shelves, (c) on the symmetry plan 
of the refrigerator loaded with the “test product,” (d) on the plan situated at 8 cm from the side wall of the 
refrigerator loaded with products.
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Figure 16.19  Comparison between experimental air temperatures and predicted values obtained by simu-
lation with and without radiation: (a) empty refrigerator, (b) refrigerator fitted with glass shelves, (c) refrigera-
tor loaded with products.
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convection. From a food quality and safety point of view, it is necessary to fully understand the 
mechanism of heat transfer and airflow in refrigerators.

A literature review on natural convection near a vertical plate, in empty and filled cavity was 
presented in this chapter. Cold production systems and temperature evolutions in domestic refrig-
erators were shown. Several heat transfer modes which may occur in refrigerators are presented: 
convection, conduction and radiation. It is to be emphasized that radiation may be the same order of 
magnitude as natural convection.

The heat transfer by natural convection in a typical domestic refrigerator was analyzed using 
results recorded in the literature concerning:

Transfer in a rectangular empty cavity•	
Transfer between vertical plates and air•	

In spite of a simplified hypothesis, the simple mathematical approach provided some useful 
information on the refrigerator:

The model, which includes natural convection between the evaporator and air and between •	
the walls and air, radiation between the walls, and conduction inside the walls, gives a 
good approximation of the required refrigerating capacity and air temperature. This model 
slightly overestimates the wall temperatures.
Inside the boundary layer near the evaporator, there is a zone a few millimeters wide •	
in which the temperature is below 0°C. Therefore, placing food in this zone can lead to 
freezing.
Outside the boundary layers, the air is practically stagnant. This means that air circulation •	
is induced near the evaporator and the side walls. However, in the core region, where food 
is stored, there are low velocities, which do not ensure marked convective heat transfer 
between air and products.
The temperature difference between the top and bottom levels of refrigerator can be esti-•	
mated as being a half of the temperature gradient between the lateral walls and the evapo-
rator. In this type of refrigerator, sensitive food should not be stored on the top shelf.

CFD numerical simulation seems to be a powerful tool to study the complex 3D heat transfer 
and airflow in refrigerator. Three configurations were studied: an empty refrigerator, an empty 
refrigerator fitted with glass shelves and a refrigerator loaded with products. When radiation was 
taken into consideration in simulation, the predicted air temperatures were in good agreement with 
the experimental values. However, when radiation was not taken into account, the temperature was 
over-estimated, particularly at the top of the refrigerator. Radiation allows heat exchange, particu-
larly between the top wall and the cold wall (evaporator); consequently, it limits the stratification 
phenomena.

The obstacles (shelves and/or products) slow down the air circulation in the central zone of the 
refrigerator and mildly influence the main air circulation along the walls. This is confirmed by the 
maximum values of air temperature: 8.2oC for an empty refrigerator without shelves and 9.1oC for a 
refrigerator loaded with products.

Whatever the configuration studied (empty with/without shelves, loaded with products) for this 
type of refrigerator, the air temperature at the top of the refrigerator is about 5°C higher than the aver-
age air temperature, and therefore it is important to avoid placing sensitive products in this position.

The CFD simulation developed by our work can be further used as a tool to study the influence 
on the temperature and velocity fields of operating conditions: evaporator temperature (parameter 
related to the thermostat setting by the consumer), dimensions of the evaporator (parameter related 
to design) and percentage of product-occupied volume in the refrigerating compartment.
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NOMENCLATURE

Cp Thermal capacity (J/kg/°C)
h Heat transfer coefficient (W/m2/°C)
H Height (m)
I Intensity of radiation (W/m2) per unit solid angle
L Width or characteristic length (m)
NRC Radiation-convection interaction parameter
g Acceleration due to gravity (9.81 m/s2)
r Radius (m)
R Thermal resistance (°C/W) or Radius (m)
T Temperature (°C or K)
ΔT Temperature difference between cold and warm walls, °C or K
Q Refrigerating power (W)

u Air velocity in flow direction (m/s)

Greek symbol

α Thermal diffusivity (m2/s)

β Thermal expansion coefficient (K−1)
λ Thermal conductivity (W/m/°C)

ν Kinetic viscosity (m2/s)

δ Boundary layer thickness (m)

ρ Density (kg/m3)

ε Emissivity of the wall
Ω Solid angle
Φ Radiative flux (W/m2)

Subscript

a Air
∞ Far from walls or bulk
ai Air inside the refrigerator
ae Air outside refrigerator
ext External
evap Evaporator
f Film
gl Overall
p Product
r Radiation
s Surface
T Thermal
w wall
wi Internal wall
we External wall
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wc Cold wall
wh Hot wall

Dimensionless number

Pr Prandtl number = υ
α

Nu Nusselt number = hL
λ

Ra Rayleigh number = g TLβ
αυ
∆ 3
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