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ABSTRACT

The paper presents the results of theoretical and experimental analysis of a vacuum-
freeze-drying refrigeration machine based on carbon dioxide. Such refrigeration
machines can be equipped with refrigerators for the needs of medicine, where low
temperatures are widely in demand in the range from minus 80 degrees Celsius to
minus 130 degrees Celsius. The problem of developing alternative refrigeration
machines is dictated by modern environmental requirements for working substances,
which are gradually being tightened and soon the use of familiar freons will become
impossible. For the air conditioning and commercial refrigeration industry, new
substances are being actively developed, such as hydrofluoroolefins (HFOs),
hydrocarbons can also serve as substitutes for hydrofluorocarbons and their
mixtures, but it must be considered that they are combustible and explosive. A
carbon dioxide vacuum sublimation unit may be an alternative to modern freon
vapor compression refrigeration units for the indicated temperature range, but
subject to comparable energy costs during its operation. The article examined the
three-stage and four-stage cycles of a vacuum-freeze-drying refrigeration machine,
conducted their theoretical comparison in terms of COP with a cascade cycle on
hydrocarbon working substances. It can be noted that the COP of the considered
cycles are close, but the environmental friendliness, safety and non-combustibility
of carbon dioxide gives the advantages of a vacuum freeze-drying refrigeration
machine.

Keywords: carbon dioxide, low pressure sublimation, refrigeration machine, low
temperature medical freezers, refrigerants

INTRODUCTION

The problem of replacement of working substances of refrigerating machines
(freons), which negatively affect the environmental situation in the world, is raised
periodically. In the first half of the XX century chlorofluorocarbons were used, then
chlorine was recognized as an ozone-depleting substance, they were gradually
replaced by hydrochlorofluorocarbons, and then by hydrofluorocarbons. The next
stage was the fight against the greenhouse effect, as a result of which new
refrigerants — hydrofluorolefins and their mixtures with hydrofluorocarbons have
been developed, which are already actively introduced in Europe and in the world,
which is helped by legislative regulations on the withdrawal of old refrigerants from
circulation [1-3]. Since the chemical production of developing countries do not
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always have time to adapt to the ever-increasing requirements of legislation
regulating the turnover of refrigerants, the program of withdrawal from circulation
of a number of refrigerants is designed to gradually reduce their consumption,
including measures to replace working substances with transition mixtures [4],
which avoids large one-time capital costs.

Currently, substances have already been developed that will soon replace the HFCs
withdrawn from circulation, they will become hydrofluorolefins( HFO), they show
themselves well when used as working bodies of heat pumps [5], when replacing
R134a with R1234yf in ejector refrigerating machines [6]. It should be noted that the
identified disadvantages of HFO are a possible decrease in the performance of the
system [8], a large temperature glide, for CFC / HFC mixtures, which have a high
non-azeotropy [9]. The second way of development, which allows to gradually
withdraw from circulation substances with high indicators of global warming
potential, is the use of natural working substances [7].

Currently developed HFO are mainly designed for commercial and industrial
medium-temperature cooling, in the field of low temperatures, widely used in
medicine where biomaterials are stored in individual low-temperature refrigerators,
mixtures with HCFCs are still common. It is possible to solve the problem cardinally
by using natural working substances, among which carbon dioxide stands out
favorably, having a global warming coefficient (GWP) equal to one, CO2 is non-
toxic, relatively inert, non-combustible, its use is not subject to additional regulation,
the substance has a greater heat of the phase transition, which allows the use of
compressors with lower volumetric capacity.

Carbon dioxide has already become quite firmly in use in low-temperature
commercial and industrial refrigeration systems, which are built on the principle of
cascade and transcritical [10-13], is used in heat pumps as a pure substance and in
mixtures [14,15], acts as a cooling agent in low-temperature processing of metals
[16-18], is used as a high-temperature coolant in gaseous form [20].

THEORETICAL AND EXPERIMENTAL COMPARATIVES OF
CYCLES

To conduct a quantitative assessment of energy efficiency comparison, we
compare the cycles of a steam compression cascade refrigeration machine on
hydrocarbon working substances in two-stage and three-stage versions and a
vacuum-sublimation refrigeration machine

1.1. Schematic diagrams and thermodynamic cycles

To calculate the cycles, take parameters that allow to compare systems in
similar conditions: temperature of the phase transition in the heat exchanger load
varies from minus 125 degrees C to minus 80 °C; condensing temperature — 30 °C,
pressure drop and loss in heat exchange apparatus for refrigerating machines is
neglected, we believe that the compression processes take place without dissipation.

Designations of points of a thermodynamic cycle are accepted according to
a technique, prof. I. M. Kalnina [21] where number of each point of a thermodynamic
cycle has a designation from two digits "n. m", n - level of pressure in a point,
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m-process or a characteristic state in a point, the table of designations of processes
and characteristic states is given below

For the phase transition temperatures of the working substance in the heat
exchanger up to -100 °C it is possible to use a two-stage refrigeration machine, as
working substances we use propane in the upper stage and ethylene in the lower.

The vacuum-sublimation system is considered in two variants: with single-
stage and two-stage vacuuming and compression, while the transition to two-stage
compression at the lower stage is advisable to carry out at phase transition
temperatures of minus 96 °C and below. Figure 1 shows the schematic diagrams of
the systems under consideration.

Figure 1. Schematic Diagrams of the systems under consideration

a) four-Stage HSCM with two compression stages at low pressure on carbon
dioxide; b) three-Stage HSCM with one compression stage at low pressure on
carbon dioxide; ¢) two-stage HSCM on hydrocarbons (R290; R1150); d) three-
Stage HSCM on hydrocarbons (R290; R170; R50)

1.2. Calculation of the main parameters of cycles

The specific work of compression in the cascade cycle is found by the
expression (1), the number of terms, respectively, 2 and 3 for the two-stage and three-
stage cycle of PCM.
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1=1 +1 — (hlcas_hlcaS) + O((hans_hanS) + B(h3cas_h2cas [ﬂ
1st 2st 2.2 1.1 2.2 1.1 2.2 1.1 kg]
Eq. (1)

where a — is the relative mass flow rate of the working substance in the middle stage,
and P is in the upper stage, are from the expressions, equation (2)

1cas 2cas
= qk . — Yk
a= qZCaS’ ﬁ qgcas
Eq.(2)
Specific cooling capacity in cascade cycle:
kJ
= glcas — (plcas _ plcasyr_—
9o = 4o (hi5 1.4 [kg]
Eq.(3)

Compression operation in vacuum-sublimation refrigeration machine for single-
stage and two-stage compression at low pressure, respectively:

(lBCXM = (hy, —hi3)+ A +ay)(hz, —hyq) + (A +ay +az)(hyy — h3q) [:_;]i
lgexm = (hzz —hy3) + (hsz —hyq) + (1 + ag)(hyy — hgq) +

k
L (1 +ay +ay)(hsz — hyq) [é -
Eq. (4)
where: o - relative mass flow through the intermediate vessel PR1
o = (h3.4 — h3e)
17 (has —haa)
Eq. (5)
oz - relative mass flow through the intermediate vessel PR2
o = (hg4 — hye)
27 (haz —has)
Eq. (6)

Specific cooling capacity in the cycle of vacuum-sublimation refrigeration machine

k
qo = (hy3 — h1.4)[é]

Eq. (7)
COP of the cycles
=%
Is

Eq. (8)
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The main factor affecting the final efficiency of the cycles, which is not
always possible to calculate accurately, is the calculation of the compression process,
which we carry out using isentropic efficiency, with the enthalpy of the point at the
end of the compression process at each stage, we find by the expression (9).

S
heo = fepZher, h*.l[Kﬂ_}K]

s KT
Eq. (9)
where: 75 — isentropic efficiency characterizing the compression process
depends on the type of compression medium and the ratio of pressures at the
beginning and end of the compression process, for a piston compressor is determined

by empirical dependences like Figure. 2.
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Figure 2. Graph for determining the value of the isotropic efficiency of the
refrigerant compression process in a piston machine [22,23]

1.3. Experimental determination of specific work of compression at work
of the vacuum-sublimation refrigerating machine

To carry out the experiments, was created installation Figure 3.

a) b)

Figure 3. Schematic diagram of the stand and appearance during the preparation of
the experiment
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a). 1-high pressure liquid phase CO2 Cylinder; 2-pressure Reducer; 3-heat
Exchanger-heater for CO2 temperature stabilization; 4-electronic vacuum Meter; 5-
Vacuum plate-rotary pump with oil seal; 6-electronic Rotameter; 7-multi-Function

multimeter for power measurement.

b) Stand appearance during commissioning

Installation allows to simulate the lower stage of vacuum-freeze
refrigeration unit with single stage pumping to low pressure at the compression work
in the cycle, as with single-stage and two-stage compression at low pressure
respectively can be found from the expression (10)

{ l=0R5"+ (A +a)(hgy —hy1) + (T +ag +ay)(hyy — hsq)
=B+ (hsy —hp) + (1t ag)(hyy, —hg) + (1 +ag + az)(hsy — hsq)
Eq. (10)

During the experiment, carbon dioxide in the form of steam is supplied from
a high-pressure cylinder. where is liquid in the reducer, where its pressure is reduced
to the suction pressure of the vacuum pumping means is then supplied to the heater,
where its temperature rises to the functioning temperature measuring devices, then
pair the carbon dioxide pass through the flow vacuumed and drawn into the vacuum
pump where it is compressed to atmospheric pressure and directed to a mass
flowmeter, then released into the atmosphere.

Thus we are able to measure the mass flow of carbon dioxide, the power
consumed by the motor of the vacuum pump, the pressure level at the inlet to the
vacuum pump, and since it depends only on the pressures at the inlet and outlet and
flow rate of the substance and the type of pump, according to the findings we can
draw conclusions about the energy consumption of the vacuum pump as a vacuum-
freeze refrigeration unit, the temperature of sublimation is determined by the
parameters of saturation on the line solid-vapor NIST [24].

To calculate the power consumed by the electric motor of the vacuum pump,
the voltage and current at one of the phases of the electric motor was measured using
the universal multifunctional current and voltage meter, the power consumed by the
electric motor from the network can be found according to the expression (11).

P=3 X URMS X IRMS X COS((p) [W] Eq (11)

where: Uppys, [rms — RMS values of current and voltage measured on the
stand during pump operation;
cos(¢) — cosine of the angle between the vector current and voltage;
Torma ymenbHas paboTa CKaTHsS HAcOCa MOXET OBITh BBIYKCIICHA IO
BBIpakeHHIO (12).
P K
Gco, [kg

Eq. (12)

N —
lBaK -
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where: G¢op, — mass flow rate of carbon dioxide pumped by the pump,
measured using an electronic rotameter.

Table 1 presents the calculated data and the data obtained from the
experiments on the stand (marked with an asterisk).

po* to P* G* Jo llst* llst IZSt 13st 14st zl €
0,6 | -12551 |2,00| 1,5x10° |310,] 139048,6 | 4712 | 1589 | 196, | 448 | 1405162 | 0,002
2 4
0,8 -123,52 | 2,10 | 5,4x10° |310,| 397282 433,6 | 1589 | 196, | 448 41195,8 0,008
2 4
1,0 -121,93 | 2,10 | 1,3x10* |310,| 16358,7 405,6 | 1589 | 196, | 448 17826,3 0,017
2 4
1,1 -121,24 2,10 | 1,61x10* | 310, | 132549 3939 | 158,9 | 196, | 448 14722,6 | 0,021
2 4
1,2 -120,6 2,10 | 1,78x10* | 310, | 119722 383,4 | 158,9 | 196, | 448 13439,8 0,023
2 4
1,3 -120,01 | 2,10 | 1,93x10* |310,| 11029,0 | 373,8 | 1589 | 196, | 448 12496,6 | 0,025
2 4
1,4 -119,46 | 2,10 | 2,26x10™* | 310, 9448.8 365,1 | 158,9 | 196, | 448 10916,4 | 0,028
2 4
1,5 -118,95 |2,10| 2,77x10™* | 310, 7696,5 357 158,9 | 196, | 448 9164,1 0,034
2 4
1,7 -118 2,30 | 7,98x10* | 310, 2882.,4 342,77 | 158,9 | 196, | 448 4350 0,071
2 4
2,3 -115,66 | 2,40 | 1,23x10° | 310, 1917,8 309,1 | 158,9 | 196, | 448 3385,5 0,092
2 4
32 -113,02 | 2,40 | 2,53x10° | 310, 931,3 274,2 | 1589 | 196, | 448 23989 0,129
2 4
6,0 -107,71 | 2,00 | 2,75x103 | 310, 7349 212,5 | 1589 | 196, | 448 2202,5 0,141
2 4
6,8 -106,61 | 2,00 | 2,88x10° | 309, 702,2 200,9 | 1589 | 196, | 448 2169,9 0,142
2 4
10,4 -102,75 | 2,00 | 5,78x103 | 307, 349,1 169,7 | 1589 | 196, | 448 1816,8 0,169
2 4
15,0 -99.269 | 2,00 | 9,4x10° | 306, 2149 1494 | 1589 | 196, | 448 1682,5 0,182
2 4
19,1 -96,89 2,00 | 1,19x102 | 305, 170,3 150,9 | 158,9 | 196, | 448 1637,9 0,186
2 4
30,1 -92,225 2,10 | 1,94x10 | 303, 107,1 238,6 - 219, | 514, 1603,5 0,189
2 6 9
36,5 -90,171 | 2,10 | 2,328x102 | 302, 89,2 219,3 - 211, | 499 1538 0,196
2 7
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41,8 -88,697 | 2,10 | 2,473x107 | 300, 83,9 206,1 - 206, | 488 1499,7 0,200
2 2

45,3 -87,812 | 2,10 | 2,878x107 | 299, 74,1 198,3 - 203 | 481, 1470,5 0,203
2 5

50,0 -86,814 | 2,10 | 3,196x107 | 298, 66,7 188,9 - 199 | 473, 1438,9 0,207
2 4

55,7 -85,498 | 2,10 | 3,572x107 | 297, 59,7 178,9 - 194, | 464, 1406,4 0,211
2 8 9

60,5 -84,556 | 2,10 | 3,803x107 | 296, 56,1 1713 - 191, | 458, 1383,2 0,214
2 5 4

65,0 -83,731 | 2,10 | 4,093x107 | 295, 52,1 164,7 - 188, | 452, 1362,2 0,217
2 7 7

71,5 -82,624 | 2,10 | 4,702x107 | 294, 453 156,1 - 185 | 445, 1333 0,221
2 2

74,4 -82,158 | 2,10 | 4,718x107 | 293, 45,2 152,6 - 183, | 442 13234 0,222
2 5

79,70 | -81,347 | 2,10 | 4,834x107 | 292, 44,1 146,5 - 180, | 436, 1306,4 0,224
2 8 7

Table 1. Calculated and experimental data

Table 2 presents the calculated data on the COP depending on the boiling
point for two-stage and three-stage refrigeration machines on hydrocarbons.

Twocascade VCRS R290, R1150 | Threecacsade VCRS R290, R170,

R50
t,°C  |-80 [-85 |-90 |-95 |-100 |-105 |-110 |-115 |-120 |-125
€ 0,65 [0,5270,405|0,283 (0,324 0,24 |0,233 (0,224 |0,212{0,194

Table 2. Data Obtained By Calculation For The Cop Of Cascade Refrigerating
Machines On Hydrocarbons

SUMMARY

According to the obtained data, it is possible to construct a comparative
graph of COP at different phase transition temperatures at the lower temperature
levels of cascade VCRS and vacuum-sublimation refrigerating machines Figure 4.
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Figure 4. Dependence of the COP on the temperature of the phase transition in
cascade PCCM and vacuum-sublimation on carbon dioxide

As shown by experiments at temperatures below -115 °C, the COP of the
vacuum-freeze refrigeration unit drops significantly due to the sharp growth of
specific work of compression of the vapour of carbon dioxide, this can be explained
by high unit costs rotary vane vacuum pump used in the experimental stand, as can
be seen from the data in table 1, the power consumed by the pump motor is almost
independent of the suction pressure with low pressure sublimation vapor density
falls, as a result, the mass flow rate of the working substance will decrease and the
total cooling capacity of the system will fall, the use of dry means of vacuum
pumping for use in the first stage of the VSRS is seen as promising.

In the course of calculations and experiments, cascade cycles of VCRS
showed higher COP capacity in the entire temperature range, but in the range from
minus 95 °C to minus 115 °C, the difference in COP is about 40%, which is
significant, but given the not optimal choice of a vacuum pump for experimental
studies, it can be concluded that the vacuum-sublimation method of obtaining low
temperatures can be compared in efficiency with cascade VCRS. The advantages of
carbon dioxide remain, its environmental friendliness and complete safety.

NOMENCLATURE
po | evaporating pressure (kPa) * fgg;ﬁgﬁ)‘gal data from the
to evaporating temperature (°C) | ,ms L(izve,xesmiddle, high cascade
P power (kW) VCRS ;ili(;lri IlCeompression refrigeration
£ mass flow rate (ke/s) VSRS ;/:t(‘:rlil;enrlation rnachineS blimaton
2 ?EJG/CQS)C cooling  capacity M compressor
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specific compression work

(kJ/kg) EV expansion valve

COP Vi intermediate vessel

isoentropic efficiency VP vacuum pump

compression ratio C condenser

normal pressure E evaporator

number of compression stage | C-E condenser - evaporator

10.

11.

12.
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