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Abstract

The ratio between the condensation pressure and the evaporation pressure of the working fluid in vapor-compressor
refrigeration machines increases, the losses during throttling of the liquefied refrigerant and the work of adiabatic
vapor compression increase. When this ratio 1 = pcond / pevap reaches a value of 8, to reduce the specified losses, they
switch to a cycle with two-stage compression and intermediate vapor cooling and with double throttling of the
liquefied refrigerant. However, such an improvement of vapor-compressor units complicates their operation.
Therefore, in practice, single-stage refrigeration units are sometimes used even when m slightly exceeds the specified
7 value, and this leads to significant losses in the efficiency of the refrigeration cycle. The paper proposes to use
improved single-stage refrigeration units as an alternative to two-stage refrigeration units. To verify the feasibility
and effectiveness of this idea, a comparison of the efficiency indicators of two possible modifications of single-stage
refrigeration units was performed to replace a two-stage one with a compression ratio  equal to 9. The calculations
showed that the most effective substitute for two-stage refrigeration units is an improved single-stage unit with
isochoric limit (maximum possible) regenerative superheating of steam and a polytropic process of its compression.
Less effective, but more structurally simple, is a plant with isobaric superheating of steam. The reduction in the
effective power of the compressors in these units relative to the indicator of a two-stage unit with limited
regenerative heat exchange is 15 and 5 %, respectively, which means that the costs of electricity and fuel used for its
generation are reduced. In addition, the thermal loads on the condensers of such plants are reduced, which means
their weight and dimensions are reduced, and, most importantly, thermal pollution of the atmosphere is reduced (by
3 and 1 %, respectively).
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YAOCKOHAJIEHI OJHOCTYIIEHEBI X0J1I0AUJIbHI YCTAHOBKH /11 3AMIHU
ABOCTYIIEHEBHUX
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AHoTalif

36iibIIeHHs CNiBBiJHOIIEHHsS] MiXK TMCKOM KOHJeHcaljii i BUmapoByBaHHsS pP0o6040ro Tijla B IapOKOMNPECOPHUX
X0JIOAWJIBHMX MallMHAX MiABUILY€E BTPATH Nij Yac Apoce/IlI0BaHHA 3piy)KeHOro X0J10/J0areHTy i po6oTy agia6aTHOro
cTUCHeHHA napu. Kosu 1e cniBBiJHOIIEHHA Tt = Pxona/Psun AOCATAE 8, J/Is1 3MeHIIeHHA BKa3aHMX BTPAT NepexojaTh
A0 LUKJY 3 ABOCTYNeHeBHMM CTHCHEHHSM i MPOMIKHUM OXOJIOJKeHHSM Iapy Ta 3 ABOKPAaTHUM APOCETIBAHHAM
3pigxeHoro xosoaoareHty. Take BAOCKOHa/IeHHA NMapOKOMIIPECOPHUX YCTAHOBOK YCK/IAAHIOE iX eKCIIyaTalilo.
ToMmy Ha mpakTHLi iHOAI BUKOPHUCTOBYIOTb OAHOCTyNEHeBi XOJIOAU/IbHI YCTAaHOBKHM HaBiTh TOJl, KOJIM T Jell0
nepeBuInye 8, a e NpU3BOAUTH A0 3HAYHUX BTPAT ePEeKTHBHOCTI X0JIOANUJIBHOTO UKIY. B po60Ti nponoHyeThcs
BUKOPHUCTOBYBAaTH YAOCKOHAJIEHI OJHOCTyNeHeBi X0/J10AU/bHI YCTAHOBKM SIK a/IbTEPHAaTUBY ABOCTyNeHeBUM. [l
nepeBipku JAie3gaTtHocTi W edekTUBHOCTI wLiel ifgei 3icTaB/ieHi MoOKa3HMKU e€(PEKTHUBHOCTI JBOX MOXKJIMBHUX
Moaudikanii oAHOCTyNIeHEBUX X0JIOAN/IBHUX YCTAHOBOK JJi 3aMiHM JBOCTyNeHEBOI 3i CTyneHeM CTUCHEHHA T = 9.
BuKoHaHi po3paxyHKHU IOKa3aJ/iy, 10 Haii6i/1b1I e peKTUBHUM 3aMiHHUKOM ABOCTYNeHEeBHX X010 JUJIbHUX YCTAaHOBOK
€ YAOCKOHA/IeHa OJAHOCTyNeHeBa YCTAaHOBKA 3 i30XOPHMM Me>KOBUM (MaKCHUMaJIbHO MOXJIMBUM) pereHepaTuBHUM
neperpiBoM napu ta noJIiTpONNHUM NpouecoM ii CTuCHeHHA. MeHII epeKTUBHOIO, aJie 6i/IbII KOHCTPYKTHBHO NPOCTOI0
€ yCTaHOBKa 3 i306apHUM neperpiBomM napu. 3MeHIIeHHA ePpeKTHUBHOI NOTY>KHOCTi KOMIPeCOPiB y IMX yCTaHOBKaxX
BifHOCHO TaKOro NOKa3HHUKa ABOCTyNeHEeBOI YCTAHOBKH i3 00Me>KeHHUM pereHepaTUBHHMM TeNJIOOGMiHOM cKi1aAae 15
Ta 5 %, BiANOBIAHO, 0 03HA4Ya€ 3MeHIIEHHs BUTPAT eJieKTpoeHeprii i maiuBa Ha ii BUpoG6/ieHHA. Kpim Toro,
3MEeHIIYI0OThCA TeIJIOBIi HaBaHTa)KeHHS Ha KOHAEHCAaTOPU TaKUX YCTAaHOBOK, a 3HA4YUTh, 3MEHINYIOTbCA IiX
MacoraGapMTHi NOKa3HUKH, a TOJIOBHE, 3MEeHIIYEThCS TeNIoBe 3a6pyJHeHHs aTMocdepH (Ha 3 Ta 1 %, BiATIOBiAHO).
Kaiouogi caoea: fpocentoBaHHs; po60Ta CTUCHEHHS; 06'€MHI 1 eHepreTHYHI BTpaTH KOMIIPECopPy; X0J0AUIbHUH KoediLlieHT;
TenJIoBe 3a6pyAHEHHS aTMOChepH.
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Introduction

Two-stage refrigeration wunits with full
intercooling and double throttling are used in
cases where the ratio between the condensation
and evaporation pressure of steam (T = pcond/
Pevap) Teaches a value of 8. The use of such units,
instead of single-stage ones, is introduced to
reduce the work of vapor compression and
increase the specific mass refrigeration capacity,
and hence the refrigeration coefficient of the cycle
[1-3]. However, such improvements to two-stage
units cause a number of disadvantages associated,
primarily, with their operation. Therefore, in
practice, to simplify operation, single-stage vapor
compressor units are sometimes used even with a
ratio of > 8. The paper investigates two types of
improved single-stage refrigeration units, which
are proposed as alternatives to replace two-stage
ones.

For this purpose, the most important thermal
energy characteristics of such single-stage
thermodynamic cycles of refrigeration units,
which are proposed to replace similar two-stage

refrigeration  units, were calculated and
compared.
The performed comparative calculations

showed that the main efficiency indicators of a
classic single-stage installation with limited
regenerative heat exchange (mentioned above, as
sometimes used in practice to replace a two-stage
one) are m>8) are 7..56% worse than the
corresponding indicators of a similar in T, but two-
stage cycle (basic): (without any subcooling of the

T}

liquefied refrigerant and superheating of
saturated vapor). At the same time, the excess of
such indicators of improved single-stage
installations with isobaric maximum (limit)
regenerative superheating of vapor and polytropic
compression process over the indicators of the
basic two-stage installation is 15..1 %, and the
excess of the indicators of a similar single-stage
installation, but with isochoric regenerative
superheating of vapor is 18...3 %.

Calculations and discussions

Calculations of equalized cycles were
performed for the same working fluid - R134a and
with the same input data: refrigerant evaporation
temperature -minus 20°C, the total vapor
compression ratio m = 9, and cooling capacity of
the units - Qo = 200 kKW.

Thermodynamic cycle of a basic two-stage
refrigeration machine

Fig. 1 shows the T,s-diagram of the
thermodynamic cycle of a basic two-stage
refrigeration machine with two-stage isentropic
vapor compression, complete intercooling, and
double throttling. This improvement of single-
stage refrigeration units, which was proposed
long ago (at the beginning of the development of
thermodynamic cycles of refrigeration machines
[4-10]), reduces the throttling losses during
throttling of the saturated liquefied refrigerant
(process 8-9), the work of vapor compression, and
its maximum temperature in the cycle.

—
S

Fig. 1. Thermodynamic cycle of a basic two-stage refrigeration unit with full intercooling and double throttling
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In total, all this leads to an increase in the
thermodynamic efficiency of such a cycle, but
complicates the operation of such two-stage
plants. Since this cycle is the basic one in our
study, with which the improvements proposed in
the work will be compared, its efficiency
indicators were calculated. For this, using the

REFPROP program [11], the thermodynamic
properties were first determined R134a at points
1, 2, 3, 4, 6, 8 and 9. Using the REFPROP program
[11], the thermodynamic properties of the
working fluid at the above points were calculated
and the results are summarized in Table 1.

Table 1
Thermodynamic properties of R134a at points required to determine the efficiency of the basic refrigeration cycle
. t b, P, v, u, h, s,
pomnts e bar__ kg/m? m3/kg K]/kg K/kg  K/(kgK)
1 -20 1.3273 6.7845 0.147390 366.99 386.55 1.7413
2 14.488 3.9819 18.864 0.053010 387.85 408.95 1.7413
3 8.7960 3.9819 19.442 0.051434 383.16 403.64 1.7227
4 49.908 11.9457 57.819 0.0017295 405.78 426.44 1.7227
6 46.138 11.9457 1120.0 0.89288 264.61 265.68 1.2193
8 8.7960 3.9819 1265.1 0.00079044 383.16 211.93 1.0427
9 -20.0 1.3273 36.880 0.027115 208.33 211.93 1.0515
Using tabular data, the following was - the heating coefficient of the refrigerant when
calculated: compressed by HPC
- specific mass cooling capacity T3_g 281.95

qo = hy —hg =
= 386.55 —211.93 = 174.62 KkJ/kg;
- specific work of vapor compression by a low-
pressure compressor (LPC)
|llpc| = |h1 - h2| =
= |386.55 —408.95| = 22.4 kJ/kg;
- specific work of vapor compression by a high-
pressure compressor (HPC)
|lhpc| = |h3_h4| =
= |403.64 — 426.44| = 22.8 K] /kg;
- total work of steam compression of LPC and HPC
Iy = (llpc + lhpc) =
=224+ 22.8 = 45.2 KJ/kg;
- theoretical cooling coefficient
Qo 17462 3.863
T T 452 VY
- flow rate of refrigerant R134a, which is sucked
and compressed by the LPC
Qo 200
— =———= 1145k ;
7o 174.62 g/sec
- consumption of refrigerant R134a, which is
sucked and compressed by HPC
(hy — hg)
M, =M, — ° —
e = e Gy —he)

408.95 — 211.93
= = 1.177 kg/sec;

= 1145 0364 —211.93
- theoretical power of LPC

Nripe = Mype * lipe = 1.145 - 22.4 = 25.65 kW;
- theoretical power HPC
Nt hpe = Mppe * lppe = 1.177 - 22.8 = 26.84 kKW;
- the heating coefficient of the refrigerant when
compressing by LPC
To 253.15

Apew = 7720 = 281.95 + 40

Mlpc =

= 0.7863;

A = = = 0.7847;
"PEW T To_o +40 ~ 319.29 + 40

- indicator efficiency of LPC
Nipe,i = 7\lpc,W +b-ty=
= 0.7863 + 0.0025 - (—20) = 0.7363;
- indicative efficiency of HPC
Nhpc,i = }\hpc,W +b- t3_g =
= (0.7847 4+ 0.0025 - 8.8 = 0.8067;

- indicator power of LPC
_ Nyper 2565

N, . = = = 34.84 kW;
Pl i 0.7363
- indicated power of HPC
Niper 2684
Nipei = ——— = = 33.27 kW;
MOl qppei | 0.8067

- indicated power of the installation

Niinst = Niipe + Nippe =

= 34.84 4+ 33.27 = 68.11 kW;
- LPC feed rate
)\V,lpc = }\C,lpc ' }\throt ' Al;oc,W ' }\seal =
= 0.9400-0.98-0.7863 - 0.98 = 0.7099,

where is the coefficient of influence of the harmful
volume of the LPC on its steam supply

Acgpe =1— c<p3‘8 - 1) -
pevap
=1-0.03 (3'9819 1) = 0.9400
- 7 \1.3273 e ’

- HPC feed rate
)\V,hpc = )\C,hpc * Athrot * }\hpc,W *Ararm =
=0.9400-0.98-0.7847 - 0.98 = 0.7084,
where is the coefficient of influence of the harmful
volume of the HPC on its steam supply

Aenpe =1—c (Zi‘: - 1) -

=1 3 (11'9457 1) = 0.9400
B ' 3.9819 e ’




551

Journal of Chemistry and Technologies, 2025, 33(2), 548-557

- theoretical hourly volume of steam that is
sucked and compressed by the LPC

My, 1145
% =—= = 0.1688 m3 ;
throt,lpc o1 6.7845 m°/sec
- actual hourly volume of LPC
Vinrotipc 0.1688
V) = — = =0.2377 m3 ;
mipe = Ty e 0.7099 m”/sec

- theoretical hourly volume of steam that is
sucked and compressed by the HPC

My, 1.177
Vinrot hpe = ?pc = 19447 — 0.0605 m3/sec;
- actual, hourly volume of HPC
Vinrot hpc 0.0605
Vi = — = = 0.08544 m3 ;
mhpe =Ty e 0.7084 m”/sec

- power consumed in the LPC for friction in
kinematic pairs
Nfriction,lpc = Vh,lpc *Prriction =
= 0.2377 - 50 = 11.89 kw;
- effective (actual) power of the LPC
Ne,lpc = Nipc + Nfriction,lpc =
= 34.84 + 11.89 = 46.73 kW;
- power consumed in HPC for friction
Nfriction,hpc = Vh,hpc *Prriction =
= 0.08544 - 50 = 4.27 kW;
- effecive (actual) power kW
Ne,hpc = Ni,hpc + Nfriction,hpc =
= 33.27 + 4.27 = 37.54 kW;

T\

-

RN

/
4/ f=46.138°C N3

—effective power of a two-stage installation
Ne,inst = Ne,lpc + Ne,hpc =
= 46.73 + 37.54 = 84.27 kW;
- effective (actual) cooling coefficient
Qo 200
= ——— = 2.373;
Neinst 84.27
- condenser heat load (thermal pollution of the
atmosphere)

€ =

Qr = Qo + Nyjnst =
=200+ 68.11 = 268.11 kW.

The most important indicators of the
effectiveness of this basic two-stage refrigeration
unit is summarized in Table 5, column 3.

Study of the suitability and efficiency of a
classical single-stage refrigeration unit with limited
regenerative heat exchange, sometimes used in
practice, as an alternative to a two-stage
installation with Tt = 9.

As mentioned above, to simplify the operation
of a two-stage refrigeration unit, a single-stage
unit with limited regenerative heat exchange is
sometimes used in practice. This is due to the fact
that the design and operation of two-stage
refrigeration units are much more complicated
than single-stage ones [12-20]. Such a
thermodynamic cycle of a single-stage
refrigeration unit with limited regenerative heat
exchange is shown in Fig. 2.

2

54 Don=11.9457 MPa
/o

/ \\\
/ , tevup

-20°C

\\ J 1

I‘;‘f 6

7"

_—

S

Fig. 2. Thermodynamic cycle of a single-stage refrigeration unit with limited regenerative heat
exchange, as an alternative to a two-stage unit with m=9

When constructing such a thermodynamic
cycle, the superheat temperature of the vapor is
usually set in the range of 5..10°C. Therefore,
when determining the thermodynamic properties
of R134a at point 1, it is accepted

t1 10 °C,

b1 =DPs =
= f(—=20°C) = 1.3273 bar.

The enthalpy of the regeneratively supercooled
liquefied refrigerant (point 5) was determined
from the heat balance of the regenerative heat
exchanger (hy — h;) = (hy — hs).
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Table 2

Thermodynamic properties of R134a at characteristic points of the thermodynamic cycle of a single-stage
refrigeration unit with limited regenerative heat exchange, as an alternative to a two-stage unit witht=9

. t, b, P, v, u, h, S,

POMES ec  bar  kg/md  mi/kg K/kg  ld/kg K]/ (kg'K)
1 -10 1.3273  6.4739 0.154470 374.21 394.71 1.7729
2 64.645 119457 52.542 0.09032 420.28 443.02 1.7729
3 46.138 119457 59.521 0.016801 401.90 421.97 1.7088
4 46.138 119457 1120.0 0.00089288 264.61 265.68 1.2193
5 40.765 119457 1144.8 0.0008749 256.48 257.52 1.1937
6 -20 1.3273 17.089 0.058576 249.75 257.52 1.2316
7 -20 1.3273  6.7845 0.14739 366.99 386.55 1.7413

Using tabular data, the following was where the coefficient of influence of the harmful

calculated:
- heat of superheating of steam (enthalpy
difference at points 1 and 7)
Ah=hy —h,; =
= 394.71 — 386.55 = 8.16 k] /kg;
- enthalpy of liquefied supercooled refrigerant
(point 5)
hs = hy — Ah =
= 265.68 — 8.16 = 265.68 KkJ/kg;
- specific mass cooling capacity

qo =hy; —hs =
= 386.55 — 265.68 = 120.87 KkJ/kg;
- specific work in the isentropic vapor
compression process
l,=hy,—hy =

= 443.02 — 394.71 = 48.31 KJ/kg;
- theoretical cooling coefficient
_ Qo _ 12087 _ 2 502-
T T ag31 T v
- flow rate of R134a circulating in the system
@— 200 _ 1.6547 kg/sec;
do 12087 8/5eC;
- theoretical capacity of the refrigeration machine
Npr = Mgq344 - L = 1.6547 - 48.31 = 79.94 kW;
- the heating coefficient of the refrigerant during
its compression
Ts—7 253.15
Ay = =
T3_4+40 319.29 + 40
- compressor indicator efficiency
N = Aw + bty =
= 0.7929 4+ 0.0025 - (—20) = 0.7429;
- compressor indicator power

Ny 79.94
=—L= = 106.74 kW;

ET 07429
- theoretical hourly volume of steam pumped
through the system by the compressor
Mgi34a 1.6547
= =0.2556 m3 ;
0. 64739 m”/sec
- compressor delivery coefficient

Mpgy340 =

= 0.7929;

Vinrot =

Ay = Ac * Athroe “ Aw * Asear =
=0.7600-0.98-0.7929 - 0.98 = 0.5787,

volume in the compressor on the steam supply

AC=1—c(p3‘4—1)=
Pe—7

=1 (11'9457 1) = 0.7600;
B ’ 1.3273 e ’

- effective hourly capacity of the compressor
Vinrot 0.2556
V= = = 0.4416 m3 ;
RN, 05787 m*/sec
- power consumed by the compressor on internal
friction

Nfriction =i "DPfriction =

= 0.4416 - 50 = 22.08 kW;
- effective (actual) compressor power

Ne = N; + Nfriction =
= 106.74 4+ 22.08 = 128.82 kW;

- effective (actual) cooling coefficient
0 200 5525;
N, 12882 L ’
- condenser heat load (thermal pollution of the
atmosphere)

€g

Q= Qo +N; =
=200 + 106.74 = 306.74 kW.
The most important indicators of the

effectiveness of this cycle for their further
comparison with the indicators of other
comparable cycles are also summarized in Table 5,
column 4.

Study of the suitability and efficiency of a single-
stage plant with a finite regenerative isobaric
steam superheating and the polytropic process of its
compression, as an alternative to a two-stage
installation with = 9.

The indicated thermodynamic cycle is
proposed as an alternative to the two cycles
considered above and is depicted in Fig. 3.

The limiting regenerative superheat of steam is
depicted by line 7-1. In this case, firstly,
superheating of steam to ambient temperature is
ensured (dashed horizontal line), and secondly,
the subcooling of the liquefied refrigerant
(process 4-6) is significantly increased.
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T\

fooni=+46.138°C

Prong=11.9457 MPa

)

foyap= 20 °C

T

Fig. 3. Thermodynamic cycle of a single-stage refrigeration unit with a limiting isobaric regenerative steam
superheating and polytropic compression process, as an alternative to a two-stage installation withm=9

This reduces throttling losses during throttling
of the liquefied refrigerant (process 5-6), which
leads to an increase in the specific mass cooling
capacity. Replacing the isentropic process of
steam compression with a polytropic one reduces
the specific work of steam compression and its
temperature at the end of compression. To
prevent hydraulic impact in the compressor, the
temperature of the steam at the end of the
polytropic compression process (pvi2=idem,
point 2) is taken 5°C above the condensation
temperature (point 3). The compressor and
condenser are cooled by a refrigerant from the
environment (water or air).

When  calculating the thermodynamic
properties of the supercooled liquefied refrigerant
at point 5, the specific heat of limiting isobaric
regenerative superheat of steam (process 7-1)

Aqsuperheat =Ah=hy —h; =
= 433.58 — 386.55 = 47.03 KkJ/kg,

and then the enthalpy of the liquefied
supercooled refrigerant R134a at this point

hs = hy, —Ah =
= 265.68 — 47.03 = 218.65 KkJ/kg.

Thermodynamic  properties of R134a
determined at characteristic points of this cycle
are summarized in Table 3 in the order of their

determination.
Table 3

Thermodynamic properties of R134a at characteristic points of the cycle of a single-stage refrigeration unit with
limiting isobaric regenerative superheating of steam and a polytropic process of its compression, as an alternative to
a two-stage unit withm=9

. t, X 3 A u, h,
points — o¢ bar kg?m3 m3/kg K/ke kke S H/(keK)
7 -20 1.3273  6.7845  0.147390  366.99 386.55 1.7413
4 46138 119457 1120.0 0.89288:103 264.61 265.68 1.2193
2 51.138 11.9457 57.303  0.017451  407.02 427.87 1.7271
1 36.138  1.3273 53994  0.18541  408.97 433.58 1.9089
5 13.604 11.9457 12519 0.7988:103 217.70 218.65 1.0641
Using tabular data, the following was - the flow rate of refrigerant circulating in the
calculated: system
spe01f1'c work of the polytropic vapor Mgy = @ _ — 1.1912 kg/sec;
compression process (process 1-2) qo 167.90

il = Tay(s2 — 51) = (hy — hy) =
= 316.7881(1.7271 — 1.9089) —
—(427.87 —433.58) =
= 51.88 kJ/kg;
- specific mass cooling capacity
qo = hy —hs =
= 386.55 — 218.65 = 167.90 kJ/kg;
- theoretical cooling coefficient
_ 9 _ 167.90 3.236-
T T 5188 T >4

- theoretical compressor power
NT = MR134a . lk =1.1912 - 5188 = 6180 kW,
- compressor power indicator

_Np_6180
Ty 095 0 ’

where the indicated compressor efficiency is equal

N, =Ay+b-t=1+0.0025-(—20) = 0.95,
heating coefficient A,=1 (heating of refrigerant
vapor during the polytropic process of its
compression is neglected);
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- coefficient of influence of harmful volume in the
compressor on steam supply

AC=1—c(p5_6—1>=

Pe—7
—1 (11.9457

3\ 13273 ~

1) = 0.7600;

- full feed rate
Ay = A Atnrot * Aw * Asear =
=0.7600-0.98-1.0-0.98 = 0.7299;
- theoretical hourly volume of steam pumped
through the system by the compressor
Mpizsq 11912 3 .
o =t3992 = 0.2206 m°/sec;
- effective hourly capacity of the compressor
_ Vinror _ 0.2206 3 .
V, = N 07299 0.3023 m*/sec;
- power consumed in the compressor for internal
friction

Vinrot =

Nfriction =V *Pfriction =
= 0.3023-50 = 15.11 kW;

T\

= 46.138°C

I'LCOTI

- effective (actual) compressor power
Ng = N; + Nfriction = 65.05 + 15.11 = 80.16 kW;
- effective (actual) cooling coefficient
Qo 200 ‘.
=N, T 8016 2
- condenser heat load (thermal pollution of the
atmosphere)

Qr = Q¢ + N; = 200 + 65.05 = 265.05 kW.

The most important indicators of the
effectiveness of this cycle for their further
comparison with the indicators of other
comparable cycles are also summarized in Table 5,
column 5.

Study of the suitability and efficiency of a single-
stage refrigeration unit with a limiting
regenerative isochoric steam superheating and
polytropic process of its compression, as an
alternative to a two-stage installation with Tt = 9.

The thermodynamic cycle of such a
refrigeration unit is shown in Fig. 4.

S

Fig. 4. Thermodynamic cycle of a single-stage refrigeration unit with a limiting isochoric regenerative steam
superheating and polytropic process of its compression, as an alternative to a two-stage installation with m=9

In this figure, the maximum regenerative
(maximum possible) superheating of steam is
carried out at isochoric process v=idem and is
depicted by curve 7-1. The use of an isochoric
process of superheating steam reduces the
amount of heat for its superheating. From the
point of view of regenerative subcooling of the
liquefied refrigerant, this is bad, but very effective
in terms of the work expended in the polytropic
process of vapor compression by a compressor
(pvri=idem).

To calculate the thermodynamic properties of
the supercooled liquefied refrigerant at point 5,

first calculate heat of the limiting isochoric
regenerative superheat of steam (process 7-1)
Qsuperheat — U1 — Uy =
= 408.56 — 366.99 = 41.57 kJ/kg,
and then the enthalpy of the liquefied supercooled
refrigerant (at point 5)
h5 =hy — Qsuperheat =
= 265.68 — 41.57 = 224.11 kJ/kg.

The determined thermodynamic properties of
R134a at characteristic points of this cycle are
summarized in Table 4 in the order of their
determination.
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Table 4

Thermodynamic properties of R134a at characteristic points of thermodynamic cycle of a single-stage refrigeration
unit with limiting isochoric regenerative superheating of steam and a polytropic compression process, as an
alternative to a two-stage unit withm=9

. t , , u, h,
points — op bar kg9m3 m3/kg K/ke kke S H/(keK)
7 -20 1.3273  6.7845 0.147390 366.99 386.55 1.7413
4 46.138 11.9457 1120.0 0.89288-10-3 264.61 265.68 1.2193
2 51.138 11.9457 57.303 0.017451 407.02  427.87 1.7271
1 36.138  1.6599  6.7845 0.147390 408.56  433.02 1.8894
5 13.604 11.9457 12519 0.7988-103 217.70 218.65 1.0641
Using tabular data, the following was -theoretical volume of steam pumped through the
calculated: system by the compressor per unit time
specific mass coohrlg capac1ty_ Vinror = Mg134q _ 1.2312 — 0.1815m3 /sec;
qo = h; —hs = Py 6.7845

= 386.55 — 224.11 = 162.44 k] /kg;
- specific work consumed in the polytropic vapor
compression process
[kl = Tap(s2 — 55) — (hy — hy) =
= 316.788-(1.7271 — 1.8894) —
—(427.02 — 433.02) = 45.41 kJ/kg;
- theoretical cooling coefficient
_ Qo _ 16244 577-
&= asar - o7
- the flow rate of refrigerant circulating in the
system
2 _
o 162.44
- theoretical compressor power
Np = Mpyzaq [kl =
= 1.2312-45.41 = 55.91 kW;
- compressor indicator power

MR134a = = 1.2312 kg/SeC;

M 5591 sgesw;
ET ;095 T T ’
where the indicated compressor efficiency is equal
ni = }\W +b-t=

=1+40.0025-(—20) = 0.95,
where the steam heating coefficient Aw=1 (heating
of the refrigerant steam is neglected),

- the total feed rate is the same as in the previous
version of the refrigeration unit -A;, = 0.7299;
- effective hourly capacity of the compressor

Vinror  0.1815
Vh = =

Ay 0.7299

- power consumed in the compressor for internal
friction

= 0.2487 m3/sec;

Nfriction =i "DPfriction =
= 0.2487 - 50 = 12.43 kW;
- effective (actual) compressor power
Ne = N; + Nfriction =
= 58.85+ 12.43 = 71.28 kW;

- effective (actual) cooling coefficient
% _ 200, oiss,
fe TN, T 7128 “°U%

- condenser heat load (thermal pollution of the
atmosphere)

Qr =Qo+N; =
= 200 + 58.85 = 258.85 kW.

The most important indicators of its efficiency
calculated in this cycle, as well as the indicators of
the cycles calculated above, are summarized in
Table 5, column 6, for the convenience/possibility

of their comparative analysis.
Table 5

Comparison of the most important efficiency characteristics of the thermodynamic cycles of refrigeration units
studied in the work

Thermodynamic cycle of a single-stage plant

No./ o Two-sFage With limited with maximum with maximum
Performance indicator basic . . . . . .
No. . . isobaric steam isobaric steam isochoric steam
installation . . -
overheating overheating overheating
1 2 3 4 5 6
1. Cooling capacity of the unit, kW 200
2. Specific mass cooling capacity, k] /kg 174.62 120.87 167.90 162.44
3. Specific work of(\lljllfgr compression, 45.2 48.31 51.88 45.41
4. Theoretical installation capacity, kW 52.49 79.94 61.80 55.91
5. Theoretical cooling coefficient 3.863 2.502 3.236 3.577
6. Indicative powei“d(/)\; the installation, 68.11 106.74 65.05 58.85
0.7099 /
7. Feed rate 0.7084* 0.5787 0.7299 0.7299
0.2377 /
8. Hourly volume of compressor(s), m3/s 0.4416 0.3023 0.2487

0.08544*
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Continuation of Table 5

1 2 3 4 5 6
9. Effective (actual) power of the 84.27 128.82 80.16 71.28
installation, kW
10. Efficient refrigeration 2.373 15525 2.495 2.8058
coefficient
11 Condenser heat load (thermal 268.11 306.74 265.05 258.85
) pollution of the atmosphere)

12, Relative change _eﬁectlve power in +57.g%k -4.88% 14,88
stallations, %

13, Relative changen o'f effective cooling 34,6 +5.14%* +18.23%*
coefficient, %

Relative change of thermal load on
14. condenser (thermal pollution of the +14.4** -1.14** -3.45%*

atmosphere), %

*low pressure compressor/high pressure compressor performance

**relative deviations were determined by the formula, i.e, the sign (+) means an increase in the indicator, the sign (-) means a

Ybasic~Ymodified
decrease Sy = M -100
Ybasic

Conclusions

Analyzing the
unequivocally state:

- the most effective substitutes for two-stage
refrigeration units (column 3) are single-stage
refrigeration units with a limiting (maximum
possible) isochoric (column 6) and isobaric
(column 5) by regenerative steam superheating
and polytropic compression process;

- the process with isochoric steam
superheating is more efficient than with isobaric,
but also more complex from the point of view of
constructive implementation;

- the hourly volume of the compressor in these
cycles is smaller than the sum of the volumes of
the compressors of the basic two-stage cycle,
which means that the weight and dimensions of
such installations will be smaller;

- the reduction in the effective power of the
compressors of these cycles relative to the
corresponding indicators of the basic two-stage
cycle is 4.88 % and 14.88 %, which means that the
electricity consumption for the operation of
refrigeration units and fuel for its generation are
correspondingly reduced;

- almost the same ratio occurs between the
values of the effective refrigeration coefficients of
the compared cycles (5.14 % and 18.23 %);

- the reduction in the heat load of the
condensers of the proposed refrigeration units

tabular data, we can
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