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Abstract
Joule-Thomson cryo-refrigerators operating on mixed working fluids have significant advantages over chillers using
pure refrigerants. When optimizing the composition of zeotropic refrigerant mixtures, it is necessary to take into
account the peculiarities of the operation of volumetric compressors. It is known that the flow rate of a reciprocating
compressor significantly depends on the compression ratio and the compressor suction pressure. Therefore, it is
impractical to optimize the composition of zeotropic refrigerant mixtures at a fixed molar flow rate, as is done in
many studies. This paper describes a method for optimizing the operation of a refrigeration machine operating on a
five-component zeotropic mixture of refrigerants. The maximum cooling capacity of the unit at the temperature of
120 K, which is based on a hermetic compressor TAG 2513Z, was chosen as the objective function. The following
parameters were varied during the optimization: compressor discharge and suction pressures, the composition of
the five-component working mixture, as well as the temperature upstream of the throttle valve, and the temperature
at the inlet to the phase separator. As a result of processing the results of the numerical experiment, an analytical
expression was obtained that approximates the operation of the refrigeration unit depending on the eight varied
parameters. This made it possible to find the optimal operating mode of the refrigeration machine, which achieves
maximum cooling capacity. At the optimum operating mode of the refrigeration unit, the suction pressure is
2.35 bars, and the discharge pressure is 16.0 bars. With the optimal composition of the working substance, the
maximum cooling capacity of 147.7 W with energy consumption by the compressor of 2.36 kW is achieved.
Keywords: Klimenko cycle; Mixed refrigerant; Compressor; Volumetric flow rate; Optimization; Cryorefrigerator.

HOBUH MIAXIJ A0 OMTUMI3ALII CKJIAZLY CYMILLIEBOTO X0JI0JJOATEHTY
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AHoTalif

Kpiopedpum:xepaTopu /Jxoy/isa-ToMcOoHa, 0 NpanoOTh Ha CyMilleBUX pOo6GOYMX TijaX, MalOTh 3HAa4Hi IepeBaru
nepej X0J0AWJIBHUMHM MallMHAMH, fAAKIi BUKOPUCTOBYIOTb YHCTi XosioAoareHTH. B mpoueci ontumisanii ckaapy
3e0TPONHUX CyMilled XO0JIOAOAreHTIiB He0O0XiJHO BpaxOByBaTH OCOGJIUBOCTI po6OTH KoMIpecopiB 06'e€eMHOI Ail.
Bigomo, W0 nojaya MOPIIHEBOI0 KOMIIpecopa CYTTEBO 3aJIe)KUThb BiJ CTynmeHs CTUCHEHHA i TUCKy HarHiTaHHA
KoMnpecopa. Tomy onTMi3yBaTH CK/Iaj, 3€e0TPONHUX CyMillled X0JI0OA0AareHTiB 3a (piKCOBaHOI MOJIAPHOI BUTPATH, K
Iie pOGHMThCA B 6araTboXx A0CAiJ)KeHHAX, HeAOLi/IbHO. Y 1[i¥i CTaTTi OMCaHO MeTOo/, ONTUMi3aLii po60TH X010 AUIbHOL
MallWHY, 10 NPALI0E HA ' ITUKOMIIOHEHTHi# 3e0TponHiN cymimi xo1040areHTiB. B sikocTi 1isiboBoi PpyHK1ii 6y/10
06paHO0 MaKCUMaJIbHY XOJIOAONPOAYKTUBHICTh YCTAHOBKH, NOOYA0BaHOI HA 6a3i repmeTnyHoro Komnpecopa TAG
2513Z, 3a TemnepaTtypu 06'ekra oxosomxeHHda 120 K. Ilix yac onTumisanii BapiloBasiuca Taki mapameTpu: THCK
HarHiTaHHA i BCMOKTYBaHHA KOMIpecopa, CKJIaj, II'ATUKOMIIOHEHTHOI po6040i cyMilli, a Tak0>K TeMnepaTypa nepej
ApOCeJIbHUM BeHTW/IEM i TeMmepaTypa Ha BXoAi B ¢a3oBuil cemapaTop. B pe3yabTaTti 06poGKM pe3yJbTaTiB
4HCce/IbHOT0 eKCIepMMEeHTY GyJI0 OTPUMaHO aHa/JJiTHYHUM BHPa3, AKU alPOKCUMY€E POGOTY X0J10AUTbHOI yCTAaHOBKHU
B 3a/Ie)KHOCTI BiA BOCbMM HapaMeTpiB, o BapiloBaaMcsa. lle J03B0O/IM/IO 3HAWTH ONTUMAJIbHUIN peXUM POGOTH
X0JIOAWJIBHOI MalllMHY, 32 AKOr0 AOCATAEThCS MaKCUMaJbHA XO0JIOAONPOAYKTHUBHICTh. 3a ONTHMMAJILHOTO PEXXUMY
poGOTH XO0JI0JMJIbHOI MAallMHU THUCK BCMOKTYBaHHsA CTaHOBUTh 2.35 6ap, a THCK HarHiTaHHa - 16.0 6ap. 3a
ONTHUMAJIBHOTO CKJIaJy p06040i peYOBUHH JOCATAETHCA MaKCUMa/IbHA X0J10A0NPOAYKTUBHICTh 147.7 BT 3a BUTpaTn
eHeprii komnpecopom 2.36 KBT.

Katouosi caosa: nukn KnnMenka; 3MilIaHuH X0/10Zj0areHT; KOMIIPecop; 06'eMHa BUTPaTa; ONITUMi3aLis; KpiopedprxepaTop.
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Introduction

Low-capacity refrigerators (compressor flow
rate under 25 m3/h) for sample temperature
control in the temperature range —90..—160 °C
play an important role in many areas of science and
technology.

In medicine, for example, they are used for the
cryopreservation of medical and biological
samples and for local cryogenic treatment of
various organs and tissues. In engineering, they are
used to cool critical elements in electronic and
optoelectronic devices and high-temperature
superconductor devices. In vacuum technology,
they are used to purify gases. In metallurgy, they
are used for cryogenic treatment to improve
material properties, and so on.

Joule-Thomson (JT) refrigerators are the most
common and simplest devices for solving the above
tasks. Compared to pure refrigerants, Joule-
Thomson coolers using zeotropic mixtures of
refrigerants have great technical and economic
advantages. Much research has been done in this
area at many institutes around the world [1-9].

According to the published literature, the
hydrocarbon zeotropic mixture is used to further
improve the performance of coolers by
temperature smoothing in the cooler heat
exchanger [10-12]. These properties can be used
to achieve a better temperature match between the
cold and hot working fluid streams to reduce heat
transfer irreversibility and improve system
performance.

Up to now, most mathematical models of
refrigeration cycles operating on zeotropic
mixtures have been developed based on the
assumption that a given molar mass of the working
fluid circulates in the unit [13-18]. However, this
approach does not reflect the reality of real-world
conditions.

It is known that the delivery of a reciprocating
compressor significantly depends on the
compression ratio and the compressor discharge
pressure. Therefore, it is impractical to optimize
the composition of zeotropic refrigerant mixtures
at a fixed molar flow rate, as is done in many
studies.

When optimizing the composition of zeotropic
refrigerant mixtures, it is necessary to take into
account the peculiarities of the operation of
volumetric  compressors. Therefore, when
optimizing the <cycles of Joule-Thomson
cryocoolers, it is advisable to choose the maximum
cooling capacity at a given temperature level for a
given compressor, or the minimum temperature

reached at a given cooling capacity, again for a
given compressor, as the objective function.

In this case, the result of the optimization is not
only the composition of the multi-component
mixture but also the suction and discharge
pressures of the compressor and the temperatures
at some key points. Therefore, in the following, we
will consider notjust optimizing the composition of
the working mixture, but also optimizing the
operation of the refrigeration unit, which, in
addition to the optimal composition of the working
substance, also provides optimal suction and
discharge pressures of the compressor and
temperatures at some key points in the cycle.

Below, we will consider the optimization of the
operation of a refrigeration machine built on the
basis of a hermetic compressor TAG 2513Z
manufactured by Tecumseh, operating on a
zeotropic mixture of refrigerants.

This facility is designed to store biological
objects, so it needs to provide cooling at a
temperature level of 120 K. At this temperature, all
chemical reactions in the cells completely stop,
which is a condition for the almost infinite storage
of these cells.

As is well known, cryogenic technology is a
branch of engineering that deals with obtaining
and using temperatures below 120 K. Therefore,
the refrigeration unit discussed in this article can
be classified as a cryo-refrigerator.

The use of a refrigeration unit instead of liquid
nitrogen has a number of advantages, the most
important of which is that there is no need to
constantly maintain the level of liquid nitrogen,
which must be imported from a long distance. The
second advantage of such installations is that the
total energy consumption for storing biological
objects when cooled by a refrigeration unit is much
lower than when using liquid nitrogen. The
economic consequences of replacing liquid
nitrogen with a refrigeration unit are even more
significant, as there is no need for transportation
costs for the supply of liquid nitrogen.

Modelling the operation of the TAG
25137Z compressor

The purpose of studying the operation of the
TAG 2513Z  compressor manufactured by
Tecumseh is to create a relatively simple
mathematical model of such a compressor, which
should relate the suction and discharge pressures
of this compressor to the compressor's volumetric
flow rate.

In the future, this mathematical model will be
used to optimize the composition of the working
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mixture and the operating mode of the plant
designed to produce temperatures below 120 K.

In refrigeration systems operating with pure
refrigerants, the boiling and condensing
temperatures automatically determine the
compressor suction and discharge pressures.
When refrigeration systems operate with zeotropic
refrigerant mixtures, the compressor suction and
discharge pressures, along with the refrigerant
mixture composition, are additional optimization
parameters. Given that a compressor's delivery
ratio is highly dependent on the suction and
discharge pressures of that compressor, the task of
optimizing the composition of the working mixture
that ensures maximum cooling capacity when
using a particular compressor becomes difficult to
solve.

Therefore, in order to determine the optimal
composition of the refrigerant mixture that
ensures maximum cooling capacity at a given
temperature level when using the TAG 2513Z
compressor, it is necessary to give a mathematical
description of the dependence of the flow rate of
this compressor on the compression ratio and
discharge pressure.

The mathematical model of the compressor was
built using the passport data on the cooling
capacity and power consumption of the TAG 2513Z

Knowing the condensation and boiling points of
the refrigerant, you can determine the unit's
volumetric cooling capacity and the compressor's
volumetric flow rate at different compressor
suction and discharge pressures.

The manufacturer's materials provide the
volume described by each of the three pistons of
the TAG 2513Z compressor per revolution of the
shaft - 100.7 cm3. This data can be used to
determine the compressor's delivery ratio in each
of the seven operating modes described in the
manufacturer's materials.

Figure 1 shows the calculated dependence of the
TAG 2513Z compressor's flow rate on the
refrigerant's boiling point at different condensing
temperatures.

The graphs above show that as the refrigerant
condensation  temperature increases, the
compressor delivery ratio drops significantly. The
general view of the obtained graphs indicates a
complex and nonlinear nature of the dependence of
the compressor delivery ratio on the boiling and
condensation temperatures of the refrigerant.

Knowing the boiling and condensing
temperatures of the refrigerant, you can find the
inlet and outlet pressures of the compressor and
the compression ratio for that compressor.
Knowing this, you can plot the compressor's

compressor when it operates on R404a refrigerant capacity factor against the refrigerant's
provided by the manufacturer [19]. compression ratio for different condensing
temperatures.
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Fig. 1. Graphs of the TAG 2513Z compressor's volumetric efficiency
versus refrigerant boiling point at different refrigerant condensing temperatures



371

Journal of Chemistry and Technologies, 2023, 31(2), 368-375

Figure 2 shows the graphs of the TAG 2513Z
compressor's  volumetric efficiency  versus

0,80

compression ratio and refrigerant condensing
temperature (discharge pressure).
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Fig. 2. Graphs of compressor volumetric efficiency versus compression ratio and refrigerant condensing
temperature (discharge pressure) for the TAG 2513Z compressor

The dependence of the compressor feed ratio on
the compression ratio was almost linear, and the
dependence of the compressor feed ratio on the
discharge pressure (condensation temperature)
was relatively weak. Therefore, as a first
approximation, the dependence of the delivery
ratio on the discharge pressure can be neglected.

Thus, the study of the dependence of the TAG
2513Z refrigeration compressor's delivery ratio on
various factors has resulted in an almost linear
dependence of the compressor's delivery ratio on
the gas compression ratio. This makes it possible to
obtain a simple empirical dependence of the
compressor's delivery ratio on the compression
ratio, which is suitable for technical calculations.

As a result of approximating the data obtained
by a linear relationship using the least square
method, the following formula was obtained:

n=a-&+h, (1)
where, n- is the compressor flow rate; & - is the
compression ratio.

Based on this relationship, we obtain the

following coefficients in Formula 1: a = -0.0453;
b =0.894.

Conducting and processing the results of
a numerical experiment

The design scheme of the system designed to
obtain temperatures below 120 K is shown in
Figure 3. The system consists of a TAG 2513Z
compressor (Compr_1), an air heat exchanger for
overheating relief (Cooler_1), a heat recovery
exchanger (Cooler_2- Heater_1), a phase separator
(Flesh_4), a first throttle valve (Velve_1), a mixer
(Mixer_1), a main heat exchanger (Cooler_3-
Heater_13), a main throttle valve (Velve_2) and an
evaporator (Heater_0).

As an objective function for optimizing the
operation of the plant, the maximum cooling
capacity at a temperature level of 120 K can be
achieved using the TAG 2513Z compressor
manufactured by Tecumseh. The following
parameters were selected as the variables:
concentrations of nitrogen, methane, ethane, and
propane in the mixture on which the plant
operates, compressor discharge pressure,
compressor suction pressure, temperature at the
inlet to the phase separator and temperature of the
mixture before the main throttle.

The content of the fifth component of the
mixture, isobutane, was determined from the
material balance of the mixture.



372
Journal of Chemistry and Technologies, 2023, 31(2), 368-375

Cooler_1 Compr_1

Cooler_2 Heater_1

Mixer_1

/i
Flash_4 Vaveo_1

~ ~
Cooler_3 C 14 -<> Heater_13

Vae_2 .. ater_0

Fig. 3. Design scheme of the refrigeration unit

To optimize such a refrigeration machine, a on eight parameters (factors). The list of natural
three-level, eight-factor numerical experiment and coded levels of the factorial experiment is
plan was drawn up [20-24]. The ultimate goal of given in Table 1. The coded values of the
the numerical experiment is to obtain an analytical ~parameters to be varied are: -1, 0, 1.
dependence of the refrigeration capacity of the unit

Table 1
Natural and coded levels of the factorial experiment

Ne Name of the factor Natural value Coded value
14 -1
1 Compressor discharge pressure, bar 16 0
18 1
9 -1
2 Nitrogen content (molar fraction) 10 0
11 1
47 -1
3 Methane content (molar fraction) 48 0
49 1

Ne Name of the factor Natural value Coded value
10 -1
4 Ethane content (molar fraction) 12 0
14 1
3 -1
5 Propane content (molar fraction) 4 0
5 1
2.0 -1
6 Compressor suction pressure, bar 2.2 0
2.4 1
288 -1
7 Temperature at the inlet to the separator, K 289 0
290 1
134 -1
8 Temperature before the main throttle, K 135 0
136 1

The cooling capacity of the plant at a COCO ChemSep program at the same mass flow
temperature level of 120 K was calculated in the rate of the mixture — 100 g/s.
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Knowing the dependence of the TAG 2513Z

compressor's

volumetric

flow

rate

on the

cooling capacity of the system when working with
the TAG 2513Z compressor.

compression ratio and the gas density at the The plan of the multivariate numerical
compressor suction, it is easy to calculate the experiment is presented in Table 2.
Table 2
Numerical experiment planning matrix
No Conditional level of the factor
1 2 3 4 5 6 7 8 RW

1 -1 -1 -1 -1 -1 -1 -1 -1 105.0

2 1 -1 -1 1 1 1 1 1 108.3

3 0 0 -1 1 0 0 0 -1 132.7

4 1 0 -1 -1 -1 1 1 1 145.9

5 -1 1 -1 1 0 -1 -1 1 113.1

6 0 1 -1 -1 1 0 0 1 145.1

7 0 -1 0 0 0 1 -1 -1 142.5

8 1 -1 0 1 1 -1 0 0 122.0

9 -1 0 0 0 1 0 1 1 132.1

10 0 0 0 1 -1 1 -1 1 142.8

11 -1 1 0 1 0 0 -1 -1 128.9

12 1 1 0 0 -1 -1 0 -1 115.1

13 -1 -1 1 -1 -1 1 0 0 132.5

14 0 -1 1 0 0 -1 1 0 119.1

15 -1 0 1 0 1 1 0 0 143.3

16 1 0 1 -1 0 0 -1 -1 133.8

17 0 1 1 -1 1 -1 1 0 120.2

18 1 1 1 0 -1 0 -1 0 132.3

In total, eighteen calculations of the plant where
layout were performed with different values of the f, (X) _ aiX2 +BiX +C; (3)

eight factors varied. The cooling capacity of the unit
recalculated taking into account the actual
compressor volume flow rate, is shown in the last
column of Table 2.

This is the result of the numerical
experiment.
The results of the cooling capacity

calculations on a mixture of 5 components were
processed to obtain an analytical dependence of
the cooling capacity of the unit on the eight varied
factors.

We will look for this analytical function of
eight independent parameters as a sum of
functions, each of which depends on only one
factor:

When processing the results of the numerical
experiment, the average value of the results of the
numerical experiments in which this variable took
the same value was found for each factor:

D Rj! D RS
b))
DR}

6 .

fi (X+1): - 4)

Then, using the three points obtained for each
variable, a second-degree polynomial was built.
For this purpose, the Lagrange interpolation

8 formula was used:
R= Z fi (X); (2)
i=1
Ayl v+l v+l (y1

fi(x)= f )2( - fi(x0)+ f )2( X2 + f,()2< )— f,()2< ) x+ fo. (5)
To simplify the calculations, we introduce new variables:

(1 |y tL v+l y1

filx™) fi(x0)+ filx ; by = f,(x )_ f,(x ) . )

2 2

Thus, as a result of processing the results of the
numerical experiment, an analytical expression

2 2

was obtained that approximates the behavior of
the refrigeration unit depending on the eight
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varying parameters. This made it possible to find
the optimal mode of operation of the refrigeration
machine, which achieves maximum cooling
capacity.

Figure 4 shows a histogram that gives a visual
representation of the error of the analytical
expression for estimating the cooling capacity of
the unit.

As you can see from the histogram above, the
agreement between the predicted values of the
function and its true value is satisfactory.

The maximum cooling capacity of the system
that can be achieved with the TAG 2513Z
compressor is calculated using the formula:

2
b; b;
o T ) o)

8

(7)

where (_ij is the optimal value of the i-th
Zai

coded parameter at which the maximum cooling

capacity is achieved.

The predicted cooling capacity of the unit was
150.6 W. Substituting the optimal operating
parameters of the refrigeration unit into the COCO
ChemSep® program yields a cooling capacity of
147.7 W. This is higher than any of the cooling
capacity values obtained in the variant calculations
(see Table 2).

Table 3 shows the results of the refrigeration
unit optimization.

Table 3

Optimization results of a refrigeration system based on the TAG 2513Z compressor

Ne Name of the factor Natural value Coded value
1 Compressor discharge pressure, bar 16.03 bar 0.01
2 Nitrogen content (molar fraction) 10.1% 0.07
3 Methane content (molar fraction) 48.5 % 0.48
4 Ethane content (molar fraction) 111 % -0.45
5 Propane content (molar fraction) 4.0 % 0.00
6 Compressor suction pressure, bar 2.35 bar 0.74
7 Temperature at the inlet to the separator, K 2889 K -0.13
8 Temperature before the main throttle, K 136.8 K 1.85
180,0
160,0 [ ]
140,0 i
120,0 ~ M
100,0 - M
80,0 - L
60,0 L
40,0 A M
20,0 ~ L
0 ; 0 . 71 T+ 7T T T r T+ 77T 7'+ T T — T 7T — T 71T 71T 1T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
B Numerical experiment O Forecast

Fig. 4. Comparison of the cooling capacity of the unit calculated by the analytical expression
and the results of the numerical experiment.

By processing the results of numerical
experiments, the optimal operating parameters of
the refrigeration unit based on the TAG 2513Z
compressor were found. The optimal operating
mode of the unit was as follows: suction pressure -
2.35 bar, discharge pressure - 16.03 bar, working

fluid concentration: nitrogen - 10.1 %, methane -
48.5 %, ethane 11.1 %, propane 4.0 %,
isobutene - 26.3 %; the temperature at the inlet to
the phase separator - 288.9 K, temperature before
the main throttle — 136.8 K. In this operating mode,



375

Journal of Chemistry and Technologies, 2023, 31(2), 368-375

the maximum cooling capacity of the unit is
achieved, which is 147.7 W.

Conclusions

During the multivariate numerical experiment,
the values of the optimization parameters were
selected. At the optimal operating mode of the
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