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Abstract
The global commercial refrigeration equipment market size was valued at USD 33.53 billion in 2020. It is expected to expand 

at a compound annual growth rate (CAGR) of 4.2 % from 2021 to 2028. Furthermore, factors such as regulatory pressures, shift to 
lower Global Warming Potential (GWP) refrigerants, technological breakthroughs, and the ability to cater to the ever-changing con-
sumer behaviors are also anticipated to create promising growth opportunities for the market. Environmental issues related to high 
GWP refrigerants, including global warming and ozone depletion, are compelling commercial refrigeration equipment manufac-
turers to seek alternatives. The rising demand for advancements in technologies that can help reduce hazardous gas emissions has led 
to the market participants increasingly equipping their products with modern and magnetic refrigeration systems. Apart from this, 
these systems improve the energy efficiency of refrigeration equipment, bringing down the cost of operation.

The analysis of the structure and heat loads of the commercial freezer with monitoring of temperature distribution on the 
body of heat-insulating fences and in the internal volume during operation of the system is carried out. The heat loads on the body 
depending on the structure of the freezer are substantiated on the example of the M400S commercial freezer model. The obtained 
results allow to significantly reduce the time of selection and calculation of the dimensions of a given model range of equipment for 
product storage, by developing a standard calculation taking into account the climatic class in which the equipment will be used, and 
taking into account experimental data obtained during the experiment.
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1. Introduction
The rapid expansion of the tourism and hospitality sector and the growing preference of 

end-customers to takeaway meals are expected to emerge as the primary growth factors for the 
market over the forecast period. A notable increase in international food trade has also triggered the 
demand for the refrigeration of frozen foods, seafood, and processed foods. With continual inno-
vations, the market has witnessed rapid improvements in technologies such as ammonia absorption 
systems and liquid-vapor compression. Moreover, the demand for refrigeration equipment has also 
significantly increased across foodservice industries. To stand out amid competitors, leading ma-
nufacturers are emphasizing continual R&D to improve the design and temperature control of their 
products, among other developments. The need to effectively control and monitor the environment 
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of a commercial kitchen is anticipated to offer lucrative opportunities to key industry participants 
in the near future [1–3].

Products offering smart or automated refrigeration controls are finding increased demand in 
the market. According to the Federal Energy Management Program (FEMP), ENERGY STAR-certi-
fied commercial refrigerators consume an average of 1.89 kWh energy per day while lesser efficient 
refrigerators and freezers consume nearly 4.44 kWh energy per day. The rising demand for energy- 
efficient commercial refrigerators, thanks to the increased awareness about their cost-effective and 
environment-friendly nature, is encouraging manufacturers to focus on innovative designs [4–6].

The rapid rise in coronavirus cases globally has compelled the imposition of stringent con-
tainment measures, resulting in the slowdown of manufacturing units and reduction in shipments 
of commercial refrigeration equipment. During these unprecedented times, vaccine storage and 
handling have, however, become an integral part of the cold storage supply channel to contribute to 
the effective mass immunization program against COVID-19 [7, 8].

The refrigerators and freezers segment accounted for the highest revenue share of nearly 
25 % in 2020 and is anticipated to retain its dominance over the forecast period. The thriving 
travel and tourism sector globally, which has encouraged the establishment of several food service 
joints, including restaurants, has contributed to the strong growth of the segment in recent years.  
The segment also covers blast chillers utilized for promptly freezing or cooling items at lower 
temperatures and stopping the growth of bacteria in the stored item. The widespread adoption of 
chillers by healthcare professionals globally, to store tissue samples of controlled tests, vaccines, 
and critical medicines, is also a key factor contributing to the market growth.

The beverage refrigeration segment is poised to witness the fastest CAGR over the next 
seven years. The hospitality industry has flourished over the past few years, which has augmen-
ted the deployment of medium-capacity personal beverage coolers for travelers and vacationers.  
Furthermore, various retail channels are now encouraging the ‘sip and shop’ and ‘grab and go’ 
culture to offer a better shopping experience to their consumers. This trend is further expected  
to drive the demand for beverage refrigeration equipment over the forecast timeframe.

In the development of commercial trade equipment, detailed calculations of the heat load are 
not performed, and an experimental method of equipment selection is used. This is due to the small 
size, specificity of heat exchangers, a wide variety of products, drip condensation, and other aspects. 
All of the above does not significantly complicate the calculation process, so before the approval of any 
model of equipment in production, it undergoes numerous tests and inspections in different climatic 
classes. When inspecting the refrigeration system, it should be noted that the role of the throttle device 
in commercial low-temperature refrigerators is a capillary tube, the selection of which also entails  
a number of problems. At the moment, there is a large number of different software for the selection 
of capillary tubes, but none of them provides information on the required bandwidth of the device, 
but only offers an approximate length of the tube based on the range of internal diameter. Depending 
on the manufacturer, the physical properties of the tube, such as roughness or wear resistance, vary, 
and therefore the information offered by such programs differs from the actual test results. Another 
significant disadvantage of this product is the placement of the main heat exchangers [9]. 

2. Materials and methods
2. 1. Research object
The study was conducted at the research site of Yuka-Invest LLC and Odessa National 

Academy of Food Technologies, Refrigeration and Air-Conditioning department which is equipped 
with a modern data monitoring system. Climatic conditions in the laboratory are supported by 
a two-channel ventilation system which includes a humidifier, electric heaters and refrigeration 
systems [10]. The GECO system is used for equipment control and data processing. To collect 
information, a commercial freezer model M400S+ was used (Fig. 1). Noting the features of the 
refrigeration system, it should be noted that it possesses all the necessary features and properties of 
the M400 model range and has the following characteristics: 

– Refrigerant R404A;
– Rated compressor power – 240 W;
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– Condenser sizing (length and diameter): 22×0.0047 m;
– Evaporator sizing (length and diameter): 28.8×0.008 m;
– Capillary tube: 3.3×0.0009 m;
– Supercooler sizing (length and diameter): 4.36×0.0047 m.
This model is designed to work in the third climate class at an ambient temperature of 25 °C 

and humidity 60 %. The compressor compartment of the freezer can be removed, which allows to 
increase the cooled volume, which increases the heat transfer area.

This type of product has six different types of «crown» (straight horizontal, straight beve-
led, U-shaped horizontal, U-shaped beveled, deaf horizontal cover, deaf beveled cover), which 
differ in shape and size. Since glass doors have a radial shape, and it is impossible to determine the 
radius by research without a proper tool, the calculation of their area is performed as the calculation 
of two legs of an isosceles triangle [11–13]. The inaccuracy of this solution is 2–3 %.

Fig. 1. Freezer model М400S+:  
a – side view; b – front view with glass cover; c – side view with bucket placement

Also, the following data were taken into account, which were found during the study and 
have a significant impact on the final results: Since the freezer condenser is located on the outside 
of the housing, the wall temperature in the condenser zone, so in these areas the temperature will 
be close to the arithmetic mean between ambient temperature and condensation temperature, and 
the temperature on the compressor side will be 2–5 °C higher than the temperatures on other walls 
due to the temperature of the compressor and precapacitor. Due to the structure of the compressor 
compartment and the intensive movement of air, the temperature of the outer part of the bottom will 
not be uniform, and will decrease along the length of the freezer. Because the compressor compart-
ment has an impeller motor to remove heat from the precapacitor and cool the compressor, the tem-
perature in this volume will be much higher. The temperature in the chamber corresponds to the 
storage temperature of the product. Most freezers are designed to store frozen product (ice cream, 
quick-frozen vegetables and fruits, semi-finished products, etc.) and meet the temperature range 
–18… –24 °C. In general, the heat load from the product is neglected, as it is considered that the 
product is loaded chilled to the storage temperature and most tests are performed without products. 
When considering the structure of the chamber, taking into account the location of the container, 
it was found that the volume of air between the glass and the loading line is a heat-insulating layer, 
so the heat flow will be calculated as heat transfer from air to products and will be determined by 
height from the freezer [14–18].

2. 2. Experimental procedures
Since the window has a radial glass door placed at an angle, it was decided to place on 

the area of the glass panel (sliding door) 12 temperature sensors to determine the dependence of 
temperature changes on the height of the glass radius to determine the average temperature. The 
results of the analysis revealed a maximum temperature difference of up to 6.7 °С. This indicates 
the dependence of temperature on the height of the location of the sensitive element on the glass 
during the natural movement of air in the chamber.

Based on the structure of the freezer and the location of the condenser winding, it was found 
that in the area of the condenser the temperature on the housing will be much higher than the am-
bient temperature. However due to the constructional specifics of the freezer and compact place-
ment of the condenser relatively to evaporator the heat transfer takes its place [19, 20]. Considering  
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the location of the components of the refrigeration system in the compressor compartment, it is 
possible to conclude that due to heat inflows from the heat exchanger to remove overheating and 
the compressor, the temperature in the compressor compartment will be much higher and due to 
dynamic air movement equal in all areas.

During the experiment, temperature sensors were placed along the height of the chest, fixed 
with aluminum tape HPX ALU/PET50100 at a distance of 100 mm and insulated from external 
heat with insulating rubber tape Insul 50*3 mm. The dependence of temperature change on time 
is shown in Fig. 2. When inspecting the design of the freezer, it should be noted that all freezers of 
this type are fitted with wheels or support legs. Given this feature, and the possibility of air circu-
lation between the compressor compartment and the volume of air under the chest, it is possible to 
predict that the temperature of the outer part of the bottom will be uneven and will decrease along 
the length of the freezer, Fig. 3.

Fig. 2. Temperature and time dependence for sensors located on the freezer housing and  
in a compressor compartment. Where: RHamb – humidity of the environment; RHset – set ambient 

humidity; Tamb – ambient temperature; Tset – set ambient temperature

Fig. 3. Temperature and time dependence for sensors located on the freezer housing and  
in a compressor compartment. Where: RHamb – humidity of the environment; RHset – set ambient 

humidity; Tamb – ambient temperature; Tset – set ambient temperature

The test was performed similarly to the measurement of heat load on the body, the results 
are shown graphically in Fig. 4.
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Fig. 4. Temperature – time graph for sensors at the bottom of the refrigerated volume.  
RHamb – humidity of the environment; RHset – set ambient humidity; Tamb – ambient temperature; 

Tset – set ambient temperature

Given the specification of the sheet-tube evaporator, it was decided to take temperature 
measurements on the area of this heat exchanger and graphically show the temperature differences 
in the height of the evaporator Fig. 5, 6.

Fig. 5. Temperature – time graph for sensors of the cooled  
volume temperature

Based on Fig. 7, the lower air temperature in the lower part is justified by the natural (gra-
vitational) movement of air in the middle of the chamber.

The higher temperature at the location of the container is justified by additional heat in-
flows from the «baskets». 

The highest temperature at the level of the «crown» confirms that the «dead volume» is  
a heat-insulating layer.
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Fig. 6. Temperature – time graph for sensors of the cooled volume temperature.  
Where RHamb – humidity of the environment; RHset – set ambient humidity;  

Tamb – ambient temperature; Tset – set ambient temperature

Fig. 7. Temperatures in the refrigerated volume depending on the cooling time.  
Where RHamb – humidity of the environment; RHset – set ambient humidity;  

Tamb – ambient temperature; Tset – set ambient temperature

3. Results and discussion
After conducting experimental measurements, the following results were obtained, which 

can be taken into account in the thermal calculation to determine the optimal dimensions of a num-
ber of models of freezers. Due to the peculiarities of the structure and the results of experimental 
experiments, a change in temperature along the height of the cooled volume of the freezer was 
detected, so the temperature difference (1) takes the form:

 ∆t
tc tamb

tcv=
+

−2 ,  (1)

where tc – the condensation temperature is accepted; tamb – ambient temperature; tcv – temperature 
in the cooled volume. 
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Kins – in this equation is taken as the sum of heat transfer coefficients (2) through all areas 
of thermal insulation:
 K Kins ins

n= ∑ . (2)

Experimentally, when considering the range of products of freezers, it was found that the 
free zone of the condenser is 49 %. Therefore, the formula (3) for calculating the area of heat flow 
through the freezer walls has the form:

 S Sw w= ⋅∑ 0 49. ,  (3)

where Sw∑  – total area of horizontal walls.
The final form of the formula for calculating the heat flow through the barrier (4) has the form:

 Q K S
t t

tw w
n

w
k amb

cv= ⋅ ⋅( ) ⋅
+

−




∑∑ 0 49

2
. .  (4)

Since it is experimentally proved that the temperatures along the bottom of the chest, due 
to design features change, the calculation (5) was carried out similarly to the thermal calculation 
through the barrier:

 Q K S
t t

tb b
n

b
k b

b= ⋅ ⋅
+

−




∑∑ 2

.  (5)

It is experimentally determined that the temperature in the compressor compartment ave-
rages 145 % of the ambient temperature:

 Q K S t tload load
n

load amb cv= ⋅ ⋅ ⋅ −∑∑ ( . ).1 45  (6)

This heat load is the heat inflow from the top of the freezer, given the principle of tempera-
ture distribution in the cooled volume, the value of heat inflow is relatively small, the formula for 
calculating heat inflow through glass and dead volume (7):

 Q K S t tg g g amb cv= ⋅ ⋅ −( ). (7)

Since the freezer is not a sealed system, and cold air has a larger mass, heat transfer due 
to convection is taken as 5 % of heat inflow through all insulating surfaces of the cooled volume,

 Q Qa v. . .= ⋅∑ 0 05  (8)

These heat inflows include 3–8 % of the sum of heat inflows through the insulating surfaces 
and the thermal load due to the movement of air,

 Q Q Qu surfaces a v= +( )⋅∑ . . .0 05  (9)

The formula for calculating the heat load from the container is as follows:

 Q c m ttare tare tare tare= ⋅ ⋅ ∆ , (10)

here ctare – heat capacity of container material, mtare – table tare, Δttare – the temperature difference 
from the beginning of cooling to the final temperature.

The coefficient of the mass of the container, determined experimentally and is the mass  
of the container per unit length of the chest (11):

 m Ltare inner= ⋅5 366. . (11)
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The heat load from the product is calculated depending on the weight of the product in the 
volume of the freezer (12):

 Q C m tpr pr pr pr= ⋅ ⋅ ∆ ,  (12)

where Cpr – heat capacity of the product; mpr – product weight; Δtpr – the difference between the 
temperature in the chamber and the temperature of the product.

The weight of the product (13) depends on the percentage of download therefore:

 m Vuseful pr load= ⋅ ⋅r % .  (13)

The total load on the evaporator from the product and packaging depends on the time  
required for entering the mode (14), so:

 Q Q Q
t

load pr tare
amb

req
= + ⋅

⋅
( )

.
.

0 1

τ
 (14)

Total heat inflow (15) is determined by the formula:

 Q Q Q Q Q Q Q Q Qtotal cond zone load g a v u load= + + + + + + +. cov . .  (15)

When performing several calculations, the difference between the two calculations is not 
more than 5 %, and it is accepted to take the compressor power by the arithmetic mean between 
the two calculations. The rated power of the compressor is 0.230 kW. On the refrigerator of the 
M400S+ model the compressor of the Embraco EMT2130GK model its power makes 0.240 kW  
at the given temperature conditions is established.

All calculated heat inflows are summarized in Table 1. The difference is about 5 % so  
the calculation is accepted as correct. 

Mass of refrigerant circulating in the system (16):

 M V Vref
s

ref
d

ref= + ⋅∑ ( ) ,r  (16)

where Vref
s  – Refrigerant volume on the suction line; Vref

d  – Refrigerant volume on the discharge line.

Table 1
Heat inflows

Heat inflows, W

Q  
cond. zone

Q  
side walls

Q  
bottom

Q  
step

Q  
glass

Q  
crown

Q  
air volume

Q  
unaccounted

Q  
product and tare ƩQ

52.6 22.85 13.61 8.69 16.77 14.3 6.44 6.76 13.63 155.62

The result of this experiment is the confirmation of the additional heat load on the cooled 
volume from the condenser and the compressor compartment (Table 1), and the selection of heat 
through the insulation of the housing. The experiment was performed for the 5.85 kg of product 
loaded to the freezer. The obtained experimental results confirm the non-uniformity of heat load 
distribution over all areas of the freezer due to the design features of the unit and allow to calculate 
the heat load on the evaporator by the zonal method.

Experimental results were obtained in test facility with optimal heat load and constant am-
bient temperature in the room. These conditions were took as reference, as they correlates with 
80 % of the equipment users. Our next goal is to test the stress conditions with exceeding heat load 
and higher ambient temperature which is comparable to southern region conditions.
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4. Conclusions
Experiments and calculations allow quickly and accurately calculate 12 different options 

for a freezer with different volume, taking into account climatic classes. Graphical representation 
of temperatures distribution in the freezer volume shows areas of increased heat load. The over-
all result of the experiments makes it possible to develop and calculate the total heat input to the 
cooled volume of the freezer. The obtained results revealed an error of up to 10 % of the existing  
prototypes. Which allows today to use the calculation model during the manufacture of experimen-
tal models of commercial equipment.

Proposed heat load model was developed to calculate new and existing equipment, which 
makes it easier to make improvements at design stage and minimize future costs. Experimen-
tal results have proven its feasibility and applicability for new equipment and for retrofitting the  
existing units.
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