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Modern requirements for refrigeration equipment include the cessation
of the use of systems with refrigerants that destroy the ozone layer, as
well as a gradual reduction in the use of refrigerants with a high impact
on global warming. The current task is to replace an environmentally
unacceptable refrigerant with a neutral refrigerant for ozone and with a
low global warming potential. The purpose of this paper is to develop
and demonstrate a multivariate approach to the analysis of the specified
problem — replacing HCFC and HFC refrigerants with refrigerants of
the A2L group with a global warming potential below 500. Special atten-
tion is paid to the potential for increasing the productivity and energy
efficiency of the refrigeration system. The following research tasks are
solved in the paper: the impact of refrigerant replacement on the opera-
tion of the main elements of the system is determined; means and meth-
ods for increasing the cooling capacity of the refrigeration system when
replacing the refrigerant are proposed,; methods for increasing the en-
ergy efficiency of the refrigeration system are developed. The main
changes in the operation of a refrigeration machine when replacing with
a refrigerant of group A2L are identified in the paper. Namely, it is de-
termined that the compressor performance changes, the lubricant needs
to be replaced, it is necessary to take into account the influence of tem-
perature glide, as well as changes in the operation of the condenser and
evaporator. To increase the cooling capacity of a refrigeration machine,
the following means and methods are proposed: selection of a refrigerant
that can provide the required cooling capacity, increasing the compres-
sor capacity either by frequency regulation or by installing an additional
compressor, minimizing pressure losses in the hot steam and suction
pipelines; reducing the temperature gradient on the condenser and
evaporator; reducing the air temperature at the condenser inlet by adia-
batic cooling; additional subcooling of the liquid refrigerant; optimizing
the operating modes of the unit. The most effective method is determined
— reducing the temperature difference between the condensation and
boiling temperatures in the largest number of hours of the annual cycle.

Keywords: refrigerant, temperature glide, cooling capacity, global warm-
ing potential, adiabatic cooling.

Modern requirements for refrigeration equipment include the cessation of the use of systems with re-

frigerants that destroy the ozone layer, as well as a gradual reduction in the use of refrigerants with a high im-
pact on global warming. Any leak of the first group of refrigerants creates conditions for the complete cessation
of operation of this system on the specified refrigerant due to the impossibility of refilling with a prohibited
substance. There are two ways to solve this problem for owners of such systems: the first one is to completely
replace the refrigeration system, taking into account the replacement in the long term of synthetic refrigerants
with natural ones, namely carbon dioxide, propane or ammonia. In addition to increasing financial costs, the
transition to one of the three natural refrigerants will require additional increased attention from the operating
personnel to the safety of the refrigeration system. Also, the reason for increased safety measures is the in-
creased pressures during the operation of CO, (R744) systems, especially during periods of high ambient tem-
peratures, the high flammability of propane (R290) and the extreme toxicity and explosive flammability of
ammonia NH; (R717). Apart from that, such a replacement will be significantly more expensive than previ-
ously purchased systems, but the most undesirable thing for existing production is the need to stop production
during the dismantling of the old system and the installation and commissioning of the new one.
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A possible alternative (second way), which fits into the current legislation, is less dangerous, and not
so labor- and capital-intensive, and most importantly, operational, is the replacement of an environmentally
unacceptable refrigerant with an ozone-neutral refrigerant with a low global warming potential (GWP). The
proposed option is also not an absolutely ideal solution, since the proposed alternative refrigerants are dan-
gerous in terms of flammability, as they are flammable. It is worth adding that, on the one hand, they are not
as flammable as propane, because they ignite at a much higher concentration, but on the other hand, they
have different degrees of GWP. Some are quite close to natural refrigerants in terms of performance, while
others have higher performance. However, there is a third important fact, which is a certain loss of perform-
ance of the refrigerants being replaced. The latter option can be critically important for consumers, since it is
directly related to the quality of refrigeration processing of products, and the loss of power by the refrigera-
tion system is a violation of the established technological process.

As is known, the refrigeration system has significant potential to increase the established cooling
performance. With the right approach to replacing refrigerants, it is possible not only significantly increase
productivity, but also, thanks to the use of various technical solutions, reduce the energy consumption of the
system, which, in turn, will reduce the negative impact on the environment and reduce operating costs.

Literature review

The issue of transition to a new generation of refrigerants, safe in terms of environmental performance
and having high energy efficiency at the same time, has been the subject of study by many authors [1-7]. In [1],
the problem of replacing (retrofitting) prohibited refrigerants with alternative working substances that are not
inferior in their thermodynamic and operational characteristics to the replaced refrigerants was considered. A
methodology, which was implemented in the form of a package of application programs for working bodies,
such as refrigerants 134a and R410A, was proposed.

The refrigerant retrofit procedure is relevant for refrigeration equipment that is in operation. Taking
the above into account, in [6], split air conditioners were considered as the most common systems in society
that are actively operated. It was proposed to replace HFC refrigerants, for example, R410a, which is a
zeotropic refrigerant, with R32 one. Based on the results of the experimental study and the analysis, it was
concluded that in the same system, R32 refrigerant is suitable as a refrigerant to replace R410a refrigerant
with a reduction in the cooling coefficient of performance (COP) by 4%, approximately.

In the study [7], the performance of a domestic air conditioner with the use of R32 to replace R410A is
evaluated. One of the biggest challenges during retrofitting is determining the ideal refrigerant mass that will
ultimately lead to optimal system performance. The experiments were conducted using a 2.5 kW split air condi-
tioner. The results showed that replacement of R410A with R32 reduces the COP. Therefore, the authors of [7]
do not recommend replacing R410A with R32 in air conditioners designed for R410A.

In [8], an experimental study of the heat transfer characteristics of the evaporation of a zeotropic
mixture of R407C and a quasi-zeotropic mixture of R410A through a smooth tube of small diameter was
presented. The results showed that R410A has a better heat transfer coefficient than R407C.

To evaluate the effect of cooling load on the performance of a domestic split air conditioner, an ex-
perimental study was conducted in [9] by replacing the refrigerant R22 with a hydrocarbon refrigerant
(HCR22) during the retrofit. According to the results, the COP of R22 increases with increasing cooling load
(0 W, 1000 W, 2000 W and 3000 W) by 16.10%, 12.66%, 16.56% and 19.99%, respectively. In addition,
experimental data prove that HCR22 has better performance compared to R22, which indicates that HCR22
can be used to upgrade the existing RSAC with R22.

As can be seen from the literature review, the papers, mainly devoted to experimental studies, are lo-
cal in nature with respect to low-capacity split systems, and therefore cannot be extended to other systems. In
addition, the papers, except for [10], do not consider refrigerants of the A2L group. Thus, the development of
an approach to replacing existing refrigeration systems of various capacities in operation with ozone-safe
refrigerants remains the acute problem.

Purpose and objectives of the study

The purpose of this paper is to develop and demonstrate a multivariate approach to the analysis of the
outlined problem — replacing HCFC and HFC refrigerants with A2L refrigerants with a GWP below 500. Special
attention is paid to the potential for increasing the performance and energy efficiency of the refrigeration system.
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Research objectives:

— to determine the impact of refrigerant replacement on the operation of the main elements of the system;

— to propose means and methods for increasing the cooling capacity of the refrigeration system when
replacing the refrigerant;

—to develop methods for increasing the energy efficiency of the refrigeration system.

Indicators to consider when replacing refrigerants

When converting a refrigeration system to a new refrigerant, various indicators should be taken into
account, such as: ozone depletion potential; GWP; temperature hysteresis — glide, compatibility with a cer-
tain type of lubricant; toxicity and safety group, lower flammability limit. Each of the above indicators is a
serious condition for the use of a particular refrigerant.

It is worth noting that currently the use of systems in which a refrigerant with an ozone depletion po-
tential other than 0 is considered prohibited.

The GWP indicator denotes the degree of influence | weag
of various gases on global warming. The unit is taken to be | *
the influence of 1 t of CO,. The effect of the emission of 1 t
of a particular gas into the Earth's atmosphere is equivalent
to the emission of 1t of CO, multiplied by the GWP of this
gas. Due to the spread of refrigerants with low GWP, more
and more products that are classified as flammable appear.
All currently available refrigerants with a GWP <500, with
the exception of CO, (R744), are flammable, and some of
them, such as ammonia (R717), are also toxic. There is a

plan for a phase-out of high-GWP refrigerants, according to a6 A6 2 B W A A Am Am w B e ;U A WA ;0
which refrigerants with an index of less than 500 should be . . .
considered after 2030 (Fig. 1) Fig. 1. Diagram. Theoretical average GWP due to

The presence of temperature hysteresis (glide) gradual phase-out from 2015 to 2030 [11]

means a discrepancy at the same pressure of the tempera-
tures of the refrigerant components of the mixtures. This,
in turn, affects the operation of heat exchange equipment
and creates certain difficulties in adjusting and servicing Very flammable [ 3 | =
the system. Changing the type of lubricant in the refrig-
eration circuit creates high requirements for cleaning the

Flammable
system when replacing the refrigerant. 2
The safety category shows the degree of toxicity Hardly flammable X124 }
and flammability of the refrigerant, which may require spe- R455A
cial attention to the volumes of refrigerant charging, re- A [ A1 | E
placement of certain elements and additional safety devices. Non-flammable

Non-toxic Toxic

The classification of refrigerants from a safety
point of view is carried out according to the ASHRAE 34
standard on the basis of their toxicity and flammability in-

. . . . Fig. 2. Scheme. Toxici d bility [12,
dicators obtained during standardized tests. It defines two ig. 2. Scheme. Toxicity and flammability [12]

categories of toxicity of refrigerants — A and B. Category A includes non-toxic refrigerants, category B —
toxic ones. Four groups are distinguished for the classification of flammability of refrigerants: 1, 2L, 2, 3.
The higher the number, the easier the refrigerant ignites. Category A2L includes non-toxic, hardly flammable
refrigerants, for example, R-1234yf, R-454C, R-455A. They are characterized by lower flammability and a
much lower burning rate than the flammable refrigerants A2 and highly flammable A3 (R290). Taking into
account various criteria allows to draw up the final classification, presented in the scheme (Fig. 2).

Changes in the refrigeration machine when replacing the refrigerant

To simulate the system operation, a program from one of the leading manufacturers of Bitzer compres-
sors is used [13]. The six-cylinder semi-hermetic compressor 6FE-44Y was taken as a model for the study. R22
is considered as the basic refrigerant to be replaced, and R454C is considered as an alternative one (Table 1).
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This refrigerant has a low GWP <500 (148), is non-
toxic and belongs to the highly flammable group
(A2L). According to the manufacturer, the 6FE-44Y
compressor can work with this refrigerant and have
the best performance characteristics compared to
other refrigerants of the A2L group [14].

Before making a replacement, it is advisable
to make sure that the specific refrigerant is compati-
ble with this compressor model. Special attention
should be paid to measures to increase cooling capac-
ity, improve energy efficiency and safety when work-
ing with A2L group refrigerants. Safety measures
apply to all electrical equipment (heating elements of
air coolers, connection of fan and compressor motors,
electrical panels) and response systems for possible
leaks of flammable refrigerant.

Table 1. R22 and alternative refrigerants [13]

R22 R407C R422D R438A R290 R1270 R717 R744
Group HCFC HFC HFC HFC HC HC NH, co,

Components R32/ R125/ R32/
125/ 134a/ 125/
134a 600a  134a/

600/
601a

Application max (°C) 12 12 0 0 12 12 12 20
Application min (°C) -45 -25 -40 -40 -40 -40 -20 -20
Appl. 2-stage max (°C) -20 -20 -20 =15 =10
Appl. 2-stage min (°C) -50 -85 -85 -50 -50
Oil1 MO POE POE POE PAO  PAO MO POE
0il2 AB PVE PVE PVE PAG  PAG PAO PAG
Qil3 POE POE MO/HC

Normal boiling point (°C) -40,7 438 -432 423 421 476 -334 78,3
Normal dew point (°C) -407 -367 -383 -357 421 476 -334 -78,3
Temperature glide (K) 0 71 49 686 0 0 0 0
Crit. temp. (°C) 96 86 78 83 97 91 132 31
Crit. pressure (bar) 499 4615 3795 4179 425 456 113 738
ODP 0,055 0 0 0 0 0 0 0
GWP AR4 1810 1774 2729 2264 3 2 0 1
GWP ARG 1960 1908 0,02 1
Safety class Al Al Al Al A3 A3 B2L Al
Pract. limit AEL (kg/m?) 03 0,31 0,26 0,079 0,008 0,008 0,00035 0,07

HFO/
HFC

R32/
1234yf

0,059

Next, we will consider step by step the impact on the main elements and the operation of the refrig-
eration machine as a whole when switching to A2L group refrigerants.

Lubricant selection when switching to A2L refrigerants

The characteristics of R22 and its al-
ternative refrigerants are shown in Table 1.
When replacing, attention should be paid to
the type of lubricant — mineral or semi-
synthetic, which differs from the synthetic | wee

lubricants used by the A2L group. The com- | sewcebenssuinsez

patibility of lubricants is strictly regulated | e« uens
(Table 2). The maximum permissible content | e e

of mineral lubricant in synthetic lubricants | .c.romresens

should not exceed 1% [15]. Therefore, after
removing old mineral lubricant from the sys-
tem, the system must be thoroughly flushed
with special fluids to remove its residues and

Hydrocarbons
NHy - R723

0,

struments connected to the system must be
clean and free of mineral lubricant residues.
Due to the high hygroscopicity of

Table 2. Lubricants for compressors [14]

Traditional oils. New lubricants

k3 2
ids B 2

olefin (PAC)
Polyol

ester (POE)
Polyvinyl-
Poly-

glycol (PAG)

Hydro
cracked
mineral oil

tH
|z

|

Z I .- I

zemma | 77
SN | .
. - | - [

6252 - | - IR7ZY|

|

.|~ mm

1 1T &

VG Possible higher basic viscosity

Table 3. Performance of the 6 FE-44Y compressor
with R22 and R454C at the same modes

- Good suitability m Suitability dependant on system design A Especially critical with moisture AD special

other contaminants. Hoses and measuring in- b PO o il

formulation

synthetic lubricants, the vacuuming operation
must be performed especially carefully.

It is necessary to carry out high-quality

welding work when adding additional elements

to the system, as well as use fine filters on the
compressor suction. Filter driers and indicator

sight glasses must be replaced, taking into ac-

count the new refrigerant and lubricant.

Changes in compressor performance when

switching to A2L refrigerants

When replacing different refrigerants,

. Refrigerant
Indicators R2o | Ra54C
Boiling point ¢, °C -5 -5
Condensation temperature z,,,4, °C 45 45
Liquid subcooling ¢, K 1 1
Total superheat Zt,, K 8 8
Evaporator superheat 7, K 6 6
Rotation frequency freq, Hz 50 50
Cooling capacity O, kW 93.8 | 78.1
Compressor consumption N, kW 334 | 30.5
Condenser load ON, kW 128 110
COP 280 | 2.56

they will provide excellent cooling capacity,

which the compressor will provide at the same boiling and condensation temperature conditions. For the
6FE-44Y compressor, when replacing R22 with R454C, the cooling capacity will decrease by approximately
20% at the conditions specified in Table 3. Under the same conditions, the compressor COP will decrease by
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9.4%. However, changes that will also affect the heat exchange equipment will change this ratio. The main
reason for this will be the temperature glide of R454C.

Effect of temperature glide

Some refrigerants, which are mixtures of several chemicals, may have temperature hysteresis (glide)
— a difference (slip) in the temperatures of the compounds at the same pressure during phase transitions. Ta-
ble 1 shows refrigerants with a glide of 7.1 K (R407C), 4.9 K (R422D), 6.6 K (R438) and 7.81 K (R454C).
These are the maximum possible differences in phase transition temperatures. Depending on the specific
pressures, the values may be slightly smaller. Therefore, the system should be charged and refilled only in
the liquid phase [15]. When working with such refrigerants, it is not possible to determine the temperature of
the refrigerant in the evaporator or condenser by reading the pressure gauge. Reference literature and calcula-
tion programs give two different temperatures for a given pressure: the dew point temperature (final tempera-
ture of the vapor at boiling or the beginning of condensation) and the boiling point (initial boiling tempera-
ture or final temperature of condensation). This affects: the performance of the heat exchange equipment
(evaporators and condensers), the setting of the thermostatic valve (TSV), the analysis of the operation and
performance of the entire system.

Features of condenser operation when replacing refrigerant

The difference in condenser operation at tempera- Table 4. Compressor performance (6 FE-44Y)
ture glide is as follows (Table 4). For refrigerant R454C at on R22 and R454C taking into account the change
a pressure of 16.54 bar, condensation will begin at a tem- in At on the condenser and evaporator
perature of 45 °C. For refrigerant with zero glide, conden- _ Refrigerant
sation occurs at the same temperature, for example, at Indicators R22 | R454C
45 °C. Instead, a decrease in the temperature in the con- Boiling point 7., °C 35 3
denser below 45 °C indicates subcooling of the liquid. For | Condensation temperature z.onq, °C| 45.0 | 47.1
R454C, vapor condensation will end at 38.3 °C, and only Liquid subcooling z,., K 1 1
after this temperature, with its further decrease, will sub- Total superheat Xz, K 8 8
cooling of the liquid refrigerant begin. In this case, the Evaporator superheat 7, K 6 6
condenser power will decrease due to a decrease in the Rotation frequency freq, Hz 50 50
average logarithmic temperature. And with the same tem- Cooling capacity O, kW 93.8 | 820
perature difference between the environment and the be- | _Compressor consumption N, kW | 33.4 | 32.1
ginning of condensation, instead of 128 kW for refrigerant Condenser load N, kW 128 115
R22, it will provide only 84 kW for refrigerant R454C. cor 280 25
Even taking into account the total loss of compressor per-
formance, the condensation pressure will increase slightly.

Changes in evaporator operation when replacing refrigerant

More serious changes occur in the evaporator. If we neglect pressure losses in heat exchange equip-
ment, pipelines and fittings, the picture will be as follows. For refrigerant R454C at a pressure in the evaporator
of 3.821 bar, the temperature of the beginning of boiling of the refrigerant on the boiling line will be -12.8 °C,
the temperature at the outlet of the expansion valve — -10.3 °C, the dew point on the boiling line — -5 °C, the
temperature at the outlet of the evaporator will be 1 °C at a superheat of 6 K, the temperature at the inlet of the
compressor valve on the suction side taking into account full superheating — 8 K, of the compressor — 3 °C.

Thus, if with the refrigerant R22 the boiling point in the evaporator was -5 °C at a constant pressure of
4.22 bar (abs.) and did not change until the entire liquid fraction boiled off, then in the case of R454C at a constant
pressure of 3.957 bar, which corresponds to a dew point on the boiling line of -4 °C, the temperature in the evapora-
tor during the boiling process changes from -10.3 °C to -5 °C. The potential performance of the evaporator in this
mode increases from 93.8 kW for R22 to 118 kW for R4545C. However, given that the compressor performance is
less than the specified value, a decrease in the dew point temperature difference on the evaporator from -5 °C to -
3 °C should be expected. Thus, the operation with the change of refrigerant affects the characteristics of the heat
exchange equipment, which, in turn, affects the performance of the refrigeration machine as a whole (Table 5).

The boiling and condensation temperatures of the R454C refrigerant on the dew point line will increase
from the expected values 1, taken in a similar operating mode of the equipment on R22, to the established val-
ues taking into account the new temperature differences on the condenser and evaporator 2 (Table 5).
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Table 5 shows the data for the points
shown in the refrigeration machine diagram and
the refrigeration cycle diagram (Fig. 3), under
the following conditions: subcooling in the con-
denser 1 K; additional subcooling 0 K; super-
heating in the evaporator 6 K; superheating af-
ter the evaporator 2 K; pressure loss on the suc-
tion line is equivalent to 0 K; pressure loss on Fig. 3. Refrigerant state points on the refrigeration machine
the discharge line 1s equivalent to 0 K. schematic (a) and cycle diagram ) [16]

Table 5. R454C refrigeration system performance

Point Processes in system elements Terlnperaturei < Preslsure abs.)é bar
1 Compressor suction 3 5 3.821 4.096
2 Compressor discharge 73.7 75.2 16.54 17.44
2s Dew point at the condensation line 45.0 47.1 16.54 17.44
3s End of condensation at the condensation line 38.3 40.5 16.54 17.44
3a Condenser outlet 373 39.5 16.54 17.44
3 Expansion valve inlet (including additional subcooling) | 37.3 39.5 16.54 17.44
4 Expansion valve outlet -10.3 -8.2 3.821 4.096
4s Minimum possible boiling point -12.8 -10.8 3.821 4.096
Is Dew point at the boiling line -5 -3 3.821 4.096
la Evaporator outlet 1 3 3.821 4.096

Methods for increasing the cooling capacity of a refrigeration system

Although increasing the evaporator capacity allows the system to operate at a higher capacity than
expected, the system with R454C refrigerant will still have 13% less than the design cooling capacity.

There are at least seven ways to increase the cooling capacity of a refrigeration system:

1. Increasing compressor performance:

— by frequency control;

— by additional compressor.

2. Selection of a refrigerant that can provide the required cooling capacity.

3. Minimization of pressure losses (AP) in hot steam and suction pipelines:

— by reducing linear losses;

— by reducing local losses.

4. Reducing the temperature gradient (A7) on the condenser and evaporator:

— by increasing the heat exchange area;

— by increasing the heat transfer coefficient.

5. Reducing the air temperature at the condenser inlet by adiabatic cooling:

— single-stage cooling;

— two-stage cooling.

6. Additional subcooling of the liquid refrigerant:

— by using heat exchangers;

— by using refrigeration machines.

7. Process optimization:

— by increasing the coefficient of operation of the refrigeration machine;

— by reducing the thermal loads on the refrigeration system.

Increasing the cooling capacity of the compressor

One of the fairly affordable methods of increasing the cooling capacity of a compressor is the use of a
frequency converter (inverter), which, by changing the motor speed, can change the volumetric capacity. In-
stalling an external frequency converter is possible under three conditions. First: when increasing the speed, the
engine should not consume a current higher than that specified by the compressor manufacturer. Second: the
lubrication system in the compressor should be designed for the use of an inverter, especially when reducing
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the speed, when the quality of lubrication of friction Table 6. Compressor (6FE-44Y) performance
elements may deteri'orate. Thi.rd: reducing the speed taking into account the use of a frequency converter
can worsen the qual'lty of cooling of the motor wind- Refrigerant + device
ings by the sucked-in steam. In general, manufactur- Indicators R454C
ers indicate the possibility of using a specific com- R22 | R454C | FC
pressor with a frequency converter, the range of per- Boiling point ., °C 3 3 33
formance adjustment, and the maximum operating | Condensation temperature f,o,q, °C | 45.0 | 47.1 48.6
current in the equipment characteristics. Calculation Liquid subcooling ¢, K 1 1 1
programs make it possible to assess the effect that Total superheat Xz, K 8 8 8
the frequency converter provides under specific Evaporator superheat £y, K 6 6 6
conditions. It should be taken into account that this Rotation frequency freq, Hz 50 50 60
method has a number of advantages and disadvan- Cooling capacity O, kW 93.8 | 82.0 939
tages. Among the advantages, in addition to increas- | _Compressor consumption N, kW | 33.4 | 32.1 39.8
ing the cooling capacity, is the possibility of smooth Condenser load ON, kW 128 | 115 135
power regulation depending on the thermal coP 280 | 2.55 2.36

load on the compressor, a significant reduction in starting currents. The disadvantage of this method is the addi-
tional consumption of electrical energy by the frequency device itself (approximately 5% of the compressor con-
sumption) and a decrease in the total COP due to the corresponding increase in At on the heat exchangers. The
potential is to increase the performance of the 6FE-44Y compressor thanks to the inverter by up to 40%. It
should be noted that increasing the compressor performance is not the same as increasing the performance of
the refrigeration machine as a whole, because such changes affect the operation of the heat exchange equipment
(increase in temperature gradients) and increase in pressure losses in pipelines and other elements of the hy-
draulic circuit. From Table 6, it can be seen that increasing the speed by 20%, from 50 to 60 Hz, gives the ef-
fect of increasing the overall performance of the refrigeration machine by 13% compared to the previous level.

If the installation of a frequency converter (FC) is not possible, an additional compressor of appro-
priate capacity can be integrated into the system.

Using a different refrigerant
Among the refrigerants available for use with a specific compressor model, unfortunately, there are
none that are able to increase the cooling capacity to the required (initial) level.

Minimization of costs in hot steam and suction pipelines and automation elements

Systems with §ufﬁciently large distances between Table 7. Compressor (6 FE-44Y R454C) performance
the heat exchange equipment and the compressor usually improvement (%) with decreasing and increasing
have linear pressure losses in the pipelines. Besides, addi- condensing temperature

tional pressure losses may be on any elements of refrigera- Change in condensation Boiling point, °C
tion automation located on the steam pipelines. When de- temperature, K 0 | -10 | 20 | 30
signing, it is assumed that the total losses can be up to 2 K 1 1.69 | 1.91 | 2.08 | 2.80
(equivalent). A decrease in the condensation temperature 5 82018731983 [11.86
by 1 K increases the compressor cooling capacity by 1.6— -10 15.20]16.10{18.10|21.20
2.8% (Table 7). An increase in the evaporation tempera- +1 4.03 | 449 | 5.05 | 6.31
ture by 1 K increases the compressor cooling capacity by +5 18.60(20.10 | 22.60 | 26.80

4.03-6.31% (Table 7), i.e., if there are maximum permissible pressure losses, the system has the potential for
improvement. First of all, this is either the use of pipelines with a larger diameter, or the installation of addi-
tional parallel pipelines. However, in each case, it is necessary to compare the total costs of such methods with
the effect that they can provide compared to other methods. In addition, it is necessary to take into account the
fact that increasing the diameter of the pipelines affects the reduction of the speed of the refrigerant, which, in
turn, can lead to a deterioration in the circulation of the refrigeration oil in the system, its poor return to the
compressor crankcase.

As for individual automation elements, which may have significant pressure losses, two ways can
also be considered. The first one is to replace these elements with new ones with greater throughput capacity.
The second one is to install the same elements in parallel along the refrigerant flow.
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The potential to increase the cooling capacity of the compressor, due to the reduction of pressure
losses, is approximately 8 to 18%, depending on the operating modes of the system. It is also important to
understand that the potential to reduce pressure losses on the discharge and suction lines is not the same as
the potential to increase the cooling capacity of the refrigeration machine as a whole.

In the considered example, the system did not have additional pressure losses. However, if the dew
point temperatures were closer by 2 K on the condensation side and by 2 K on the suction side, the compres-
sor capacity would increase by =11%.

Reducing the temperature gradient Az on the condenser and evaporator

The increase in cooling capacity is possible by reducing the temperature gradient on the main heat
exchangers of the refrigeration machine: for reducing the condensation temperature and/or increasing the
evaporation temperature, this is a more effective means than the previous one. Firstly, this is possible by in-
creasing the heat exchange area either by replacing the old one with a new, more powerful heat exchanger, or
by installing an additional one in parallel. Secondly, the heat transfer coefficient can be increased by either
increasing the fan motor speed or installing a more powerful fan. Of course, in both cases, if possible, the
first method can lead to a 50% reduction in the temperature gradient, but provided that the heat exchanger
filling control system, for example, such as an expansion valve, allows this. The improvement potential of
the second method is approximately up to 20%. The final efficiency depends on how large the gradient was
initially. Typically, for an evaporator with a DX connection scheme at Ar=10 K, we can make an improve-
ment of 3.4 K, for a condenser with Ar=10 K — up to 5 K. More effective options may also exist, but they
will be too complex and expensive. It should be understood that the potential for improving heat transfer is
not the same as the potential for increasing the cooling capacity of the refrigeration machine as a whole, be-
cause just like in the previous methods, it directly affects the compressor performance.

Reducing the air temperature at the condenser inlet by adiabatic cooling of water

This method allows to increase the cooling capacity not only of machines in which such a need arose due
to the transfer to another refrigerant, but also when in the warm season due to a significant increase in the condensa-
tion temperature the cooling capacity of all refrigeration machines with air-cooled condensers decreases. A more
effective way to improve this situation than the previous one is to use the effect of reducing the air temperature due
to adiabatic cooling during water evaporation. The higher the air temperature, the lower its relative humidity, the
higher the temperature gradient of cooling. The use of modern adiabatic surfaces allows to cool the air very close to
the so-called wet bulb temperature. For example, at a dry bulb temperature of 35 °C and a relative humidity of
25%, the wet bulb temperature will be 20.3 °C, and the temperature of the air passing through the humidification
chamber or adiabatic surface, depending on the saturation coefficient, can be 21-23 °C. Two-stage adiabatic cool-
ing can be used when the air temperature is between the dew point (12 °C) and wet bulb (20.3 °C) temperatures.
Two-stage evaporative cooling is carried out as follows. The ambient air at the inlet to the direct evaporative cool-
ing heat exchanger is pre-cooled as it passes through an air-to-water heat exchanger. The water for this heat ex-
changer is pre-cooled as it passes through a separate multi-layer direct evaporative cooling heat exchanger [17].

The calculations must take into ac- | Tgupje 8. Compressor (6FE-44Y) performance taking into account
coupt the fact that installing additional adia- the use of adiabatic cooling of air at the condenser inlet (AC)
bgtlc surfaces on the condensers reduces the . Refrigerant + device
air flow through the heat exchange surface, Indicators R22 | R454C | R454C + AC
i.e., on the one hand, we reduce the tempera- Boiling point .., °C 501 3.0 32
ture of the air entering the condenser, and on Condensation temperature 450 | 471 186
the other hand, we increase At. foonds °C ] ] )

In our case, reducing the condensa- Liquid subcooling 7., K 1 1 1
tion temperature in the system from R454C to Total superheat Xy, K 8 8 8
38.6 °C due to single-stage adiabatic cooling Evaporator superheat y,, K 6 6 6
will allow us to fully meet the design capacity Rotation frequency fieq, Hz 50 50 50
conditions (Table 8). It should be noted that Cooling capacity O, kW 93.8 | 82.0 93.9
changing the compressor operating conditions | _Compressor consumption N, kW | 33.4 | 32.1 293
increases the temperature gradients on both Condenser load ON, kW 128 | 115 124
the evaporator and condenser. Therefore, cor 280 ] 255 321
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an improvement in the condensing temperature that could only affect the compressor by about 17%, resulted in an
improvement of 13% on the system as a whole due to the increase in the temperature gradient on the evaporator.

Additional subcooling of liquid refrigerant

The most effective method of increasing the cooling capacity is additional subcooling of the liquid
refrigerant before the TSV (Table 9). An increase in the subcooling of the refrigerant by 1 °C gives a 1.5-2%
increase in the cooling capacity, i.e. the same mass of refrigerant can receive more heat under appropriate
conditions in the evaporator if it has a lower temperature at the inlet to the TSV.

Table 9. Compressor (6 FE-44Y R454C) performance improvement with additional liquid subcooling

Boiling point, °C
0 -10 -20 -30
Change of subcooling, K| 1 10 20 1 10 20 1 10 20 1 10 20
Power growth, % 1.06 | 10.30 | 18.40 | 1.12 | 10.70 | 19.10 | 1.30 | 11.10 | 19.80 | 1.42 | 11.90 | 20.90

Changing settings

Technically, the liquid refrigerant is subcooled by internal ¥
and external subcoolers. These can be heat exchangers or refrigera- A &
tion machines. Internal units additionally load the condenser of the bX
refrigeration machine, which requires improvement. External units 1
have their own heat exchange surface to transfer heat to the external
environment. Heat exchangers consume many times less electrical
energy than refrigeration machines. However, the amount of sub-
cooling of external heat exchangers depends on the external envi-
ronmental conditions, and refrigeration machines can be designed
for any subcooling. The greater the amount of subcooling of the lig-
uid at the inlet to the TSV, the more heat the evaporator can take
from the object being cooled. Usually there are some limitations.
TSV manufacturers set the recommended value of the vapor content | Fig. 4. Diagram for determiningthe maximum
at throttling as x>0.2 (20%) regardless of the used refrigerant possible subcooling for a control valve
(Fig. 4). A lower vapor content during throttling can lead to rapid (vapor content in the valve is 20%) [18]

Poyts /

A

-
g i

frictional wear of the valve. Approximate minimum subcooling temperatures for R454C is given in Table 10.
As mentioned above, heat exchangers-subcoolers depend on the external conditions. The temperature
glide of R454C 7.8 K in the system under consideration and having a temperature gradient of 12.1 K between the
air temperature at the inlet to the condenser and the dew point temperature at the condensation line, practically
makes it impossible to use an additional air subcooler. In the system under consideration, at an air temperature at
the inlet to the condenser of 35 °C, the temperature of the refrigerant leaving the condenser 1s39.5 °C, i.e. a differ-
ence of 4.5 K has the potential to be up to 4%, which in this case is not a significant improvement in the cooling
capacity by subcooling the liquid. Substantial subcooling, which can provide 13% of the cooling capacity that

Table 10. Minimum liquid subcooling Table 11. Compressor (6 FE-44Y) performance
temperature for R454C using external subcooler (ES)
"Dew point" Pressure Miniml}m Indicators Refrigerant + device
tempe?a}ture' (abs), bar subcooling R22 | R454C | R454C + ES
on the boiling line ’ temperature, °C Boiling point £,,, °C -5.0 -3.0 3.2
0 4.54 23.4 Condensation temperature Z.,,q, °C| 45.0 | 47.1 47.0
-5 3.82 19.7 Liquid subcooling #., K 1 1 14
-10 3.20 15.9 Total superheat Xy, K 8 8 8
-15 2.65 12.0 Evaporator superheat ,, K 6 6 6
-20 2.18 8.1 Rotation frequency freq, Hz 50 50 50
-25 1.78 4.6 Cooling capacity O, kW 93.8 | 82.0 93.9
-30 1.44 5.9 Compressor consumption N, kW | 33.4 | 32.1 32.0°
-35 L.15 52 Condenser load ON, kW 128 115 114
-40 0.91 4.6 CcopP 2.8 2.55 2.94
*excluding subcooler electrical consumption
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the system lost when switching from R22 to R454C, will be at a liquid temperature at the inlet to the expansion
valve of 26.4 °C (Table 11). This level of subcooling can be achieved by air heat exchangers-subcoolers with
multilayer adiabatic panels with one or two-stage cooling. Effective evaporation of water occurs in irrigated
heat exchangers consisting of heat exchange elements containing a layered heat-conducting material with a hy-
drophilic and hygroscopic coating [19]. In other cases, this can be achieved with higher energy costs by sub-
coolers based on separate refrigeration machines.

Optimization of refrigeration system processes

Any technical solution, even the best one, can have the potential for improvement. This applies to
both an individual refrigeration machine and the entire refrigeration system in which it operates. And this
potential for efficient use of the available refrigeration capacity lies in increasing the operating time factor of
the refrigeration machine and reducing the thermal loads on the refrigeration system. Such methods can be:
accelerating the defrosting process of air coolers, reducing heat losses during defrosting, reducing excessive
icing of heat exchange surfaces, and accumulating cold.

A refrigeration machine can produce more "cold" by increasing the operating time factor, thanks to opti-
mizing the processes associated with defrosting air coolers. Defrosting time takes up from 10 to 20% of the work-
ing time in storage rooms per day. Reducing defrosting time gives the refrigeration machine more time to produce
"cold". Such measures may include: accelerating the defrosting time when replacing air defrosting with electric or
hot steam, activating defrosting not by time, but by demand, organizing sequential defrosting on air coolers.

Measures that can lead to a reduction in heat losses during defrosting will generally reduce the calcu-
lated load on the refrigeration equipment. In addition to accelerating the cycle, this can be done by automatically
closing the free openings of air coolers during defrosting, or by additional thermal insulation of the housings.

Defrosting time can also be reduced by limiting the impact of excessive icing. Installing curtains and
air curtains, organizing vestibules, high-speed automatic doors and devices for tight adjacency of vehicles to
cargo openings, optimizing cargo logistics in the chamber are the main measures that reduce air infiltration
through open openings to the chamber.

Increasing the heat exchange surface and improving heat transfer reduce temperature deltas on
evaporators, which significantly affects moisture condensation [15].

Relative air humidity, in turn, is a function of the heat inflow into the chamber, which determines the
duration of operation of cooling devices, and therefore their drying effect. Studies have shown that "the
maximums of drying coincide in time with the maximums of heat inflows" [20].

Effective measures to reduce the heat load can be: additional thermal insulation, reducing the con-
sumption of lighting by electric fans of air coolers, etc.

Cold accumulation is an additional tool for increasing capacity. Daily fluctuations in outdoor air
temperature and uneven operational loads create conditions under which the average load on refrigeration
equipment is significantly less than the calculated peak. At times of load reduction, opportunities arise for
the accumulation of "cold".

In cold storage rooms and "in large production fa- | o,kw
cilities with 2—3-shift operation, the heat load schedule is
more uniform (for example, as in Fig. 5). With such fluc- \ ;
tuations in heat load, the use of systems with cold accu- 5
mulation becomes impractical. Recommendations devel- p o s s
Oped and pUthhed in [23] advise accumulating cold 0 1 2 3 4 5 6 7 8 910111213 41516171819 22 2 3T,h
when the duration of peak heat loads is no more than
4 hours per day and when it exceeds the average daily heat

Fig. 5. Daily heat load schedule

load by more than 40%" [21]. This applies more to traditional solutions using liquid cooling systems. However,
accumulation is possible even for these conditions. Both the product and heavy internal building structures can
be used as an accumulator.

Manufacturers of refrigeration equipment also suggest placing special containers with a eutectic me-
dium in the cold air flow, which effectively accumulates "cold" during the operation of the refrigerator and
releases it when the equipment stops due to temperature or for defrosting.
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Methods for increasing the energy efficiency of a refrigeration system

The energy consumption of a refrigerator is an equally important factor influencing the volume of CO,
emissions, because thermal power plants that produce this energy constantly emit CO, into the atmosphere. The
average global carbon intensity of electricity in 2018 was about 479 g CO,/(kW-h) [22].

Therefore, it is necessary to carry out modernization in such a way that, at a minimum, it does not worsen
the previous level of consumption, and, at a maximum, it makes the operation of the refrigerator more efficient.

In the example under consideration, replacing R22 with R454C will lead to a change in the main in-
dicator of the refrigerator — COP at maximum loads and ambient temperatures:

— under the same conditions of boiling and condensation (Table 2): -8.6%;

— at the established mode (Table 4): -8.9%;

— when using a variable speed drive or additional compressor (Table 6): -15.7%;

— when using adiabatic air cooling (Table 8): +14.6%;

— when using an adiabatic subcooler (Table 11): +5%.

Therefore, from the point of view of the need Table 12. Average COP for R22 and R4545C
to improve the COP, the use of frequency control or depending on temperatures
the use of an additional compressor will only worsen . Average value of COP
the energy efficiency situation at high air tempera- Condensation at boiling point -5 °C
tures. However, the ability to reduce excess cooling temperature (dew Pomto (dew point at the boiling line)
capacity by maintaining a stable refrigerant boiling at the condensation line), °C R22 R454C
pressure for most of the year will provide a signifi- 50 248 2.23
cant improvement in the annual COP indicator. 45 2.80 2.56

The method of using adiabatic technologies 40 3.19 294
provides high COP indicators only at high ambient 35 3.64 3.36
temperatures, i.e. during the year in a fairly short 30 4.20 3.86
period of time. Provided that the minimum conden- 25 4.89 445
sation temperature is maintained in the system for 20 5.79 5.17

most of the year, due to low air temperatures, this
method does not give a special advantage when used
in industrial refrigeration systems. However, it can
be highly effective when used in air conditioning
systems in the summer.

Effective improvement of COP is facilitated
by methods that provide a minimum delta (Af) be-
tween the condensation and boiling indicators for the
largest number of hours of the annual cycle. And the
fundamental difference in the efficiency of the sys-
tems is almost not in the choice of refrigerant. So, in
part, "the choice of the working fluid directly affects
the COP. In practice, however, the COP remains
almost constant for a wide range of refrigerants with
significantly different pressures and densities, if the
evaporation and condensation temperatures are the
same. It should be noted that the COP remains con-
stant within ... +/- 10%" [23].

The COP values for two refrigerants at the
same operating conditions are shown in Table 12.

It is enough to reduce the temperature dif-
ference At to 4-5 K to increase the COP of R454C
to the level of R22. And this can be done either by
improving the operation of the condenser or evapo- | Fig. 6. COP values of R454C at different boiling points and

rator, or by reducing pressure losses in the discharge different At differences between dew point temperatures
and suction lines. on the condensation and boiling lines
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The change in the COP value of refrigerants directly depends on the difference in boiling and con-
densation temperatures (Fig. 6). If we take the average COP value, then at different boiling temperatures in
our example for R454C the values differ by no more than 6%.

In each specific case, there may be one or another way to increase cooling capacity and energy effi-
ciency, or a combination of several.

Conclusions

The main goal of the provided material is to demonstrate various methods of transition without dete-
rioration of cooling technology conditions using the example of replacing R22 refrigerants in a vapor com-
pression refrigeration machine with A2L group refrigerant (R454C). This transition should be not only envi-
ronmentally friendly and safe, but also powerful and energy efficient.

The main changes in the operation of a refrigeration machine when replacing it with A2L group refrig-
erant, namely changing the compressor performance, replacing the lubricant, taking into account the influence
of temperature glide, and changing the operation of the condenser and evaporator, are identified in the paper.

Means and methods to increase the refrigeration capacity of the refrigeration machine, as well as
methods for increasing the energy efficiency of the refrigeration system are proposed, and the most effective
method is determined — reducing the temperature difference Az between the condensation and boiling tem-
peratures in the largest number of hours of the annual cycle.
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KomnuiexcHuii niaxia 10 nepeseaeHHs iCHYIOUMX X0JI0JMJIBHUX CHCTEM Ha X0J100areHTH rpynu A2L
' C. M. Mosbebkwii, > O. C. Moabcebkwii, * A. JI. Boponmosa

'T pomaschka Crinka «X oo IuIbHA acomiallis YKpaiHmy,
03113, m. Kuis, Byn. IpyxkiBcbka, 10, od. 417

? Jlep>kaBHUi 610TEXHOMOTUHII YHIBEPCHUTET,
61000, m. XapkiB, ByJ. ATYCBCHKUX, 44

* [HCTUTYT eHEpreTUYHMX MaInKH i cucteM iM. A. M. Tlinroproro HAH Ykpainu,
61046, Ykpaina, M. Xapkis, Bys1. KomynaneHukis, 2/10

Cyuachi sumozu 00 X0100UNbHOI MeXHIKU nepeddaaioms NPUNUHEHHS! BUKOPUCTAHHS CUCIEMI 3 X0J000a2eHmd-
MU, WO PYUHYIOMb 030HOBULL WAD, A MAKOHNC NOCMYN08e 3MEeHUIeHHs 3ACIMOCY8AHHS X0I000A2eHMI8 13 BUCOKUM NOKA3HU-
KOM 6nausy Ha 2100a1bHe NOMEeNIiHHA. 3 0210y HA CKA3aHe aKmYydlbHUM 3080AHHAM CbO20OEHHS € 3AMIHA eKONI02TYHO He-
NPULHATNHO20 X0JI000A2EeHMY HA HEUMPATbHULL X01000a2eHm 00 030HY i 3 HU3bKUM NOMEHYIAIOM 2100ATbHO20 NOMENTIHHSL.
Mema oanoi pobomu — pospobnenns i Oemoncmpayis 6a2amosapiaumnozo nioxooy npu aHamizi 3a3HaveHol npooremu —
saminu xonodoazenmie HCFC ma HFC, na xonodoacenmu epynu A2L i3 nomenyianom 21006aibHo20 NOMeninHa HudicYe
500. Ocobrusa ysaea npudinena nomenyiany niosuwjeHHs: NPOOYKMUSHOCMI U eHepeoephekmueHOCmi X0100UlbHOI cucme-
mu. Y cmammi pose’sizano Hacmynni 3a0a4i O0CTIONCEHHS: SUSHAYEHO 6NIUG 3AMIHU XOI000A2EHMY HA POOOMY OCHOGHUX
elleMeHmi6 cucmemu, 3anponoHOBAaHO 3aco0U i Memoou NIOBUWEHHS XON000NPOOYKIMUGHOCMT XON00UTbHOT cucmeMu npu
3amini X0n000a2eHmy, po3pooieHo Memoou niO8UIEHHs eHepeemUUHOT eexmueHoCcmi Xon00unbHoi cucmemu. Busnayeno
OCHOBHI 3MIHEHHs y poDOOMI XONOOUNLHOT MAWIUHY NPU 3aMiHi Ha Xonodoazenm epynu A2L, a came 6cmanoenero, wjo npu
YbOMY 3MIHIOIOMbCS. NOKASHUKY KOMNPEcopd, Nompebyemucs 3amina Macmuid, HeoOXiono 6paxogyeamu 6niue memnepa-
MYpHO2O 21aldy, a MAKONIC 3MIHEeHHsl Y pobomi KoHOeHcamopa ma SUNapHuKxy. [ niosuwenHs Xoa000npooyKmueHOCmi
XOA0OUTLHOT MAWUHU 3ANPONOHOBAHO HACMYNHI 3ACO0U | Memoou: nidOip X01000a2eHmy, wo Mmodce 3abe3neyumu Heoo-
XIOHY X01000NPOOYKMUBHICMb, NIOGUWEHHS RPOOYKMUBHOCIE KOMAPECopa abo YacmomHuM pe2yio8antsim, abo 6CmaHoe-
JIeHHAM 000AMKO8020 KOMApecopa, MIHIMI3ayis eumpam mucky 6 mpyoonpogooax 2apa4oi napu i 6CMOKMY8AHHA, 3MeH-
WieHHA 2padieHmy memMnepamyp Ha KOHOeHCamopi U UNAPHUKY, SHUNCEHHs meMnepamypu nosimps Ha 6x00i 8 KOHOeHca-
Mop adiabamHum 0XOI00HCEHHAM, 000AMKOBE NEPEOXON00NCEHHSL PIOKO20 XOI000A2eHNY, ONMUMI3AYIA pedcumie pobomu
yemarnosku. Bemanoeneno maibinow epexmusnuii Memoo — 3smMeHuleHHs: nepenady memnepamyp Migjc memnepamypamu
KOHOeHcayii ma KUnIHHA Y HauOLIbwill KIIbKOCMi 200UH PIMHO2O YUKILY.
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