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Komnpecopni mennoeuxopucmanvii xon00unvHi Mawunu,
axi npauroroms 3a yuxaom Yucmsaxosa-Ilnomnixosa, cnoxcu-
earomv ymuaizoéamne CKuOHe Menjo eHepzemuuHux YCmao-
80K 5K NEPBUHHY eHepezilo 01 GUPOOHUUMEA X0N00Y Pi3H020
memnepamyprozo nomenyiany, 4um 3adeneuyromo eKoOHOMi0
naaueHo-enepzemuvnux pecypcise. Pozeumox ma yoocxonanen-
HA MAWUH NO6’A3AHO 3 BUKOPUCIAHHAM HOBUX POOOUUX peuo-
eun. B pobomi 3anpononoeano cnocié euéopy podouux penosun
0l Mawunu 3 azpezamom <mypoina-xKomnpecop»> Ha 3aca-
dax maxux QyHoameHmanbHux Xapaxmepucmux, K eHepzo-
30epescenns ma exonoziuna Oe3nexa. Bueueno ezaemoeniue
enacmusocmeti R134a, R290, R401a, R410a, R407a, R507,
R600, R717 ma xoncmpyxmusHux napamempis xKomnpecopa
i mypoOinu y 3adanomy memnepamypHomy pexrcumi mepmoou-
HAMIMH020 YUKTY 3A YMOGU PIGHOCMI nomydxicHocmei mypoinu
iKomnpecopa. Y 00cnioxcenni GUKOpuUCmano napamempu Hamyp-
HO20 63ipus azpezamy <mypoOiHa-Komnpecop» i pesyavmamu
11020 excnepumMeHmanvHux 00Cai0NceHb HA nonepeonix pooouux
peuosunax.

Ha oxpemomy npuxaadi 30iiicneno eudip podouux penosun
cucmemu x01000n0CMAUAHHA KOHKPEMHO020 chojxcusaua (Ppyx-
mocxoeuwia) 3 Manor eHepzemurHo0 YCMawoeKow i3 3a0anu-
MU meMnepamypHum pejicumom 6uUpoOHuUmMea xoao0y i KoH-
CMpyKmueHuMuU napamempamu azpezamy. 3anponorHoeanuil
0o ananizy Ge3posmipnuil kKpumepiii pienosazu 6cmamnosus
i OUIHUB 3ATEINCHICMb KOHCMPYKMUBHUX napamempis azpeea-
my ma ymoeu iiozo podomu 6id enacmugocmei po6ouoi peuo-
8uHuU ma 06nacmv PAuioOHANLHOZ0 3ACMOCYEAHHA OYOb-AKO0i
P0o0040i peuwosunu 0ns KOHKpemHoi KOHCMPYKUii azpesamy.
Komnpecopna mennosuxopucmanvia x0a100uilvHa Mawmuna Ha
6UBUEHUX POGOUUX penosuHax 30amHna edexmueno eupodiamu
X07100 Yy cucmemi mpuzenepayii Manoi eHepzemuuHoi Yycmanoexu

Katouosi crnosa: mennosurxopucmanvua xon00unvHa Mawu-
Ha, azpezam <mypoina-Komnpecop >, podoua penosuna, mepmo-
Junamiuni enacmueocmi
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1. Introduction

Power machines (heat machines), refrigerating machines
and heat pumps belong to the class of energy converting
systems. Heat machines convert primary thermal energy
into electrical, mechanical, and thermal energy. Useful ef-
fect of refrigerating machines consists in obtaining cold of
various temperature potentials, heat pumps generate heat of
various temperature potentials utilizing electrical, thermal,
or mechanical energy. Accordingly, refrigerating machines
and heat pumps are always associated with heat machines.
As concerns working fluids involved in all processes, heat
and refrigerating machines (heat pumps) can have different
working fluids. In this case, the refrigerating machines (heat
pumps) use electrical or mechanical energy and are called
compression machines. Heat and refrigerating machines
(heat pumps) can have the same low-evaporating working
fluids (pure or a mixture) in accordance with the operating
conditions of the refrigerating machine (heat pump). At the
same time, a complex thermodynamic cycle is realized con-
sisting of two interrelated simple cycles: direct and reverse.
Such machines use thermal energy and are called heat-using
machines.

Consumption of primary energy is the main indicator of
energy consumption perfection for all machines, therefore
saving of fuel and energy resources is the main problem for
each of them. Solution of this problem for heat machines is as-
sociated with utilization of waste heat with various tempera-
ture potentials. For refrigerating machines and heat pumps,
one of solutions consists in development and improvement of
heat-using machines with expansion of the possibility of using
heat of any temperature potential as the primary energy.

The group of heat-using machines includes absorption,
ejector and compression machines and hybrid machines on
their basis. Absorption machines perform thermochemical
compression and their working fluids are the mixtures that
determine nature of the process. In ejector machines, me-
chanical compression occurs in a jet apparatus, an ejector.
The machines work with any low-evaporating working fluids.
In compression machines, mechanical compression is carried
out in turbocompressors. Compressors are driven by turbines
operating on the same working fluids as the refrigerating ma-
chines. Machines use low-evaporating fluids having a rela-
tively high normal evaporating point and a large molecular
weight as working fluids. Selection of a working fluids is
largely determined by rotational speed of the compressor




shaft (up to 2,000 rps). Compressors possess all advantages
of high-speed compressors: small size and weight. Among the
heat-using machines, various compression machines are the
most energy efficient.

In the late 1990s and early 2000s, studies of refrigerating
machines, and in particular heat-using ones, were suspended for
anumber of objective reasons and, first of all, in connection with
appearance of international, regional and national acts declaring
aban on known widely used working fluids. Currently, the stud-
ies are being intensively renewed. There were two reasons for
this. The world market of refrigerating machines offers a large
number of new working fluids, both pure and mixtures, natural
and synthesized. The situation in the market is rather compli-
cated: insufficiently studied in scientific terms working fluids
are often offered for use and a change in offers is observed. The
studies of refrigerating machines with piston, rotary, screw and
spiral compressors are based on selection of working fluids and
the offered new diagram-cycle related solutions for machines
take into account energy saving and environmental safety.

The growing production of cogeneration installations has
become an impetus for development and improvement of all
types of heat-using refrigerating machines. Various schemes
of using heat being a direct emission of heat machines form
the basis of the cogeneration technologies. Various types of
modern power machines of small and fluid capacity are pro-
duced in combination with heat-using means. Combination
of a cogeneration machine and a heat-using refrigerating
machine creates a system of trigeneration, that is, simulta-
neous production of electricity, heat and cold with the use
of one type of primary energy. It should be noted that the
year-round air conditioning (seasonal heating and cooling) is
the first-order utilizer in many countries and ensures stable
operation of the trigeneration system.

The small-scale power generating systems that solve
problems of settlements remote from central energy supply
systems and independent small enterprises, in particular
agricultural ones, are the examples of existing trigeneration
systems. They are most demanded but have too little techni-
cal information on development.

Taking into account the foregoing, theoretical studies
of various types of heat-using machines in the trigeneration
regimes, their diagram-cycle solutions based on selection of
new working fluids, are topical. The study results will prelim-
inarily establish not only energy efficiency and environmen-
tal safety of the object under consideration but also create an
idea of a number of engineering factors that will ensure the
machine operability.

2. Literature review and problem statement

Scientific and technical information on creation of a new
generation of heat-using refrigerating machines and the search
for new working fluids for these machines is contained in the
studies of the last 10—15 years. The most known and studied
are the absorption machines. Aqueous solution of lithium
bromide and a water-ammonia solution remain to be the main
widely used and promising working fluids. Lithium bromide
machines reached the limit of perfection. Their practical ap-
plication is limited to air conditioning systems both indepen-
dent and in the combination with trigeneration machines for
operation of large construction projects for various purposes
and for the provision of technological processes for indus-
trial enterprises with various process temperature levels [1].

The water-ammonia solution is the most promising. All new
diagram-cycle solutions for water-ammonia machines are as-
sociated with practical implementation of earlier theoretical
studies. An absorption-diffusion machine is presented in [2]
as an element of the system of cooling pressurized air in die-
sel engines. A hybrid absorption-compression machine with
a large scale of temperature variation of a heat source or se-
veral heat sources with different temperatures was investi-
gated in [3]. The resorption cycle for the trigeneration system
was analyzed in [4]. Absorption machines are oriented to work
with heat sources with a relatively low temperature potential
(90...250 °C) which relates to the properties of mixtures. The
conversion factor for absorption machines is COP=0.3...0.8.

Ejector machines work with various working fluids and
have a large range of productivity. More than 30 various wor-
king fluids, various diagram-cycle solutions and designs of
ejectors were subjected to study. Currently, use of these ma-
chines is limited by special conditions: air conditioning in small
trigeneration systems or in the systems powered by individual
renewable energy sources with a temperature potential of
100...140 °C. The conversion factor is COP=0.26...0.3. A new
line of the use of ejector machines is presented in [5, 6]. Hybrid
cascade machines are considered in both studied: a hybrid with
the compression machine working on CO» in the lower cascade
and the ejector machine working on R245ca, R600, R601b and
R717 in the upper cascade. The new working fluids and dia-
gram-cycle solutions have ensured growth of the machine effi-
ciency and expansion of the temperature scale of produced cold.

Compression refrigerating machines are the latest among
heat-using machines. They have a 60-year history. Their
formation was rather complicated at various periods of de-
velopment of refrigeration technology and associated with
the scientific school of the Odessa State Academy of Refri-
geration (now Odessa National Academy of Food Technology,
Ukraine). The issues of theory and results of pilot-demon-
stration and experimental studies are presented in [7-10].

Thermodynamic cycle of a machine with the same work-
ing fluids in a compressor and a turbine was named after the
authors’ names: Chistiakov-Plotnikov cycle. The turbine
and compressor were made in a form of a compact turbine-
compressor block with arrangement of wheels on one shaft,
the stuffing box seal was unnecessary. In most cases, centri-
fugal compressor and radial centripetal turbine were built
single-stage. The machines were an integral part of the cen-
tralized air conditioning system for dry-cargo ships, tankers,
seiners with utilization of the waste heat of ship power ma-
chines, submersible devices, and ground transport facilities
for special purposes, cooling compressed air of diesel locomo-
tives and ships. Another line in the use of small heat-using
machines was agricultural production associated with con-
struction of large vegetable and fruit storage facilities with
individual power machines [11]. R11, R12, R113, R114 and
R21 were used as working fluids in the machines.

Renewal of the studies on the heat-using compression ma-
chines was caused by two reasons mentioned earlier. The first
working fluids proposed for consideration was carbon dioxide,
COy, one of the most popular working fluids in power gene-
rating and refrigerating machinery. On the basis of thermody-
namic analysis, a new diagram-cycle solution of a heat-using
machine was introduced in [12] and the range of operating
temperatures and pressures was established which ensured
a high energy efficiency of the machine. A theoretical study
of the diagram-cycle solution of a low-temperature heat-using
machine working on CO, was performed in [14]. Paper [15]



considers the issues of creation of trigeneration systems using
asupercritical cycle of a refrigerating machine working on COs».

Lack of information in current technical literature is
the evidence that the studies on creation of low-capacity
compression machines were exclusive, designed for a narrow
circle of special consumers and built on existing engineering
base and working fluids. Renewal of scientific studies in the
field of compression machines is necessary to meet the world-
wide demand of small-scale power generation systems. Cur-
rently, trigeneration systems include absorption refrigerating
machines that have limitations on the temperature regimes,
working fluids and operating conditions. Expansion of tem-
perature boundaries and increase in energy efficiency of cold
production, expansion of the competitive environment in the
class of heat-using machines is associated with development
of compression machines based on the use of new working
fluids. Therefore, this line of studies is promising.

3. The aim and objectives of the study

The study objective was the selection of new working
fluids for the heat-using compression refrigerating machine
operating in the Chistiakov-Plotnikov cycle. Selection is
based on the general method of comparative evaluation of
thermodynamic properties and determines practical feasibility
of realization and implementation of new technical solutions.

To achieve the objective, it was necessary to solve the
following tasks:

—to conduct a thermodynamic analysis of the Chistia-
kov-Plotnikov cycle with various working fluids;

—to analyze the turbine and compressor operation as
independent elements of the turbine-compressor block with
specified design values depending on thermodynamic proper-
ties of the working fluids;

— to demonstrate on a particular example the method
of selection of working fluids depending on the turbine and
compressor design values.

4. Thermodynamic analysis
of the Chistiakov-Plotnikov cycle

The complex cycle of any heat-using machine consists of
two simple cycles: direct (power) and reverse (refrigeration),
with three heat sources: with high (Tyor), average (T4y) and
low (T¢rp) temperatures.
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The theoretical cycle of the machine is based on the
thermodynamic Carnot-Carnot cycle (power: 1-2-3-4 and
refrigeration: 8-5-6-7) and is shown in Fig. 1, a.

The corresponding theoretical technological diagram
of the machine includes two loops: a power loop with
heat exchangers (HE1) and (HE2), a turbine (T), a com-
pressor (C2) and a refrigeration loop with heat exchan-
gers (HE2) and (HE3), a compressor (C1) and an expan-
der (E) (Fig. 1, b). The heat exchanger (HE2) belongs to
both diagrams and indicates presence of a single working
fluids in the machine. To illustrate transfer of torque and the
equality of works in the power and refrigerating cycles, the
turbine, compressors and expander are shown graphically
mounted on a common axis.

For simple cycles, the heat source with an average tem-
perature T4y is a common case, its temperature is equal to
the ambient temperature. Of the three heat sources for the
heat-using machines, two can be set arbitrarily and the third
as a function of the first two. According to [16], for the theo-
retical cycle:

THOT :(TCLD'TAV)/(QTCLD _TAV)' (1

Temperatures T¢rp and Tay are known proceeding from
the machine purpose. Temperature Tyor is determined by
the type of the high-temperature source. It can be a combus-
tible fuel, used heat of power machines, secondary industrial
and natural renewable energy resources. Then, according to
equation (1), there is a minimum temperature Tyorat which
a particular heat-using machine can have a practical realiza-
tion. Energy balance of the machine (Fig. 1, b) is written in
the form:

QCLD+QU()T+WC2+QC1 :QAV+M‘+WE‘ (2)

Taking temperatures Tyor, Terp and Tay constant and
heat transfer in the heat exchangers ideal, represent the cycle
taking into account the real single working fluids (Fig. 1, ¢).
Conditions are created in the machine at which processes in
the power and refrigerating cycles occur in a two-phase re-
gion. Phase transformations of the working fluids take place
in the heat exchangers: process 1-2: evaporating in (HE1) of
the power loop at Tyor, processes 3—4 and 5-6: condensation
in (HE2) at Ty, process 7—8: evaporating in (HE3) of the
refrigerating loop at T¢yp.
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Fig. 1. Theoretical cycle and diagram of a heat-using refrigerating machine: Carnot-Carnot sample cycle (a);
technological diagram (b); theoretical cycle with a real working fluids (c)



On the basis of the theory of steam compression refrig-
erating machines, such a cycle cannot be practically realized
[16]. To realize the cycle, it is necessary to replace the heat
exchanger (HE1) with the generator (G), the heat exchan-
ger (HE2) with the condenser (CD), the heat exchan-
ger (HE3) with the evaporator (EV), the expander (E) with
the throttle (TH), the compressor (C2) with the pump (P).
The processes of isothermal supply and removal of heat
should be replaced by isobaric ones, expansion processes in
the turbine (T) and compression in the compressor (C1)
transferred to the superheated steam region. The machine
cycle and diagram take the form shown in Fig. 2.

| Ts |

— specific heat load on the generator:
o =h=h, K /kg; (4)
— specific mass cooling capacity:
qy=hs—h;, k] /kg; ()
— adiabatic work of the compressor:
oo =hs =y, K] /kg; (6)
— adiabatic work of the turbine:

w, =h,—hy, k] /kg; (7)

— real work of the compressor:

©, = w0 /Nc, k] /kg (8)

— real work of the turbine:

@, =@y, k] /kg, ®)
where m., m, are the adiabatic efficiency of the

compressor and the turbine, respectively.
S For compression and expansion processes, it is

Fig. 2. Real diagram and cycle of a heat-using refrigerating machine:
technological diagram (a); real cycle in the diagram 7-s (b); generator
G; evaporator EV; turbine T; compressor C; condenser CD; pump P;

throttling device TD

Thus, the machine operates at three pressure levels:
po=fT), pa=f(T,), pcis an independent parameter pro-
vided that pg <p,, for a given working fluids. The maximum
temperature in the generator Tg is determined by the pro-
perties of the high-temperature source (7, = T, ). The ener-
gy balance of the real machine (Fig. 2, @) is written as:

Qy+Q + W, =Q¢, 3)

where Qy is refrigerating capacity, Q¢ is thermal load on the
generator; Wp is the pump work; Q¢p is thermal load on the
condenser.

The choice of working fluids and comparative thermody-
namic analysis is carried out in the following order:

— choose schematic diagram of the machine;

— construct a corresponding cycle taking into account
the selected working fluids;

— determine according to the cycle all necessary thermal
and caloric parameters at the nodal points;

— reduce everything to 1 kg of the working fluids circu-
lating in the refrigerating cycle.

For the first test of the method, the real cycle of the
heat-using machine is formed from two Planck cycles: po-
wer and refrigeration cycles (Fig. 2, b). In this case, state
of the working fluids at suction to the compressor (C), exit
from the turbine (T), before the pump (P) and the throttle
device (TD) are unambiguously defined [17]. In the T-s dia-
gram, the real cycle is represented by two loops: 1-1’-2-3-4
and 5-6-7-8. Specific characteristics of the cycle are deter-
mined for concrete working fluids and temperature regimes:

necessary to meet a condition of equality of the tur-
bine and the compressor capacities N = Ny M-
Taking into account the mass flow rates in power.
My, and refrigerating, M, loops, efficiency of the
turbine and the compressor and the mechanical
efficiency (N,zc;) Of the turbo block, obtain the

following:
@c
M, —== M @M Mygen (10)
C
where M is the mass flow in the refrigerating loop:
M. =Q,/q,.kg/s. (11)

Multiplicity of circulation, a, or the mass flow through
the turbine related to 1 kg of mass flow through the compres-
sor, is represented by the expression:

a=w, /MMM yrcn - (12)

The COP of the heat-using compression machine is de-
fined in analysis of the thermodynamic cycle as:

cop =4 _ NMNiMygen@r @
qg-a We

(13)

Typical computer programs, for example, CoolPack Re-
frigeration Utilities and its databases, are ordinarily used to
calculate cycle characteristics. However, for clarity, calcu-
lations in a comparative analysis should be accompanied by
depiction of cycles in the state diagrams T-s and p-h.

5. The turbine-compressor block

Fig. 3 represents one of the designs of the low-consuming
turbine-compressor block. The block is designed to work



in the Chistiakov-Plotnikov cycle for production of cold
and as a structural element of a hybrid absorption-com-
pression machine. Cooling capacity of the machine with
this block is 15...100 kW depending on operating tempera-
ture regimes. The compressor represents a diffuserless stage
with a runner of a pump type. Design values of the run-
ner: outer dia.: dy=135 mm, internal dia.: d{=60 mm, inlet
blade angle: B1=26°, outlet blade angle: B2=15°, number of
blades z: 8 [7].

The turbine consists of a runner 2 of a radial-axial type,
an inlet chamber and a guiding diaphragm. Design values of
the turbine: the runner outer diameter dy=90 mm, the run-
ner inner diameter dy =40 mm, inlet blade angle B;=42.5°,
outlet blade angle Bo=30°, number of blades z=18. Weight
of the block: 26 kg, overall dimensions: 400 x 245 x 355 mm.
The block uses gas-static supports 4 working on the working
fluids and, as a result, the machine operates on any working
fluids without lubrication.
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Fig. 3. The turbine-compressor block: compressor runner 1; turbine runner 2;

shaft 3; gas-static supports 4

Mass flows of the working fluids in the turbine, Mz, and
the compressor, M¢, taking into account real design values
are determined from the equation of flow continuity [7]:

— for the turbine:

" :220-10%;(1-8;)@%3@”

T

[(1-p)AR |75 (14)

2
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— for the compressor:

1.5
v 2781070 —e g, [Ahc] , (15)
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where n is the shaft rotation speed, 1/s; m is the design value;
x is the relative peripheral speed of the turbine rotation;
A is the ratio of the inner diameter of the wheel to the outer
diameter; @ is the velocity coefficient of the nozzle dia-
phragm; p is the degree of reactivity; y is the thrust coeffi-
cient;  is the adiabatic efficiency; v,, v, are specific volumes
of the working fluids vapor at the outlet of the turbine and at
the inlet to the compressor.

Given mounting of the elements on one shaft, it can be
assumed that B,, =B,., m, =m,.

In the joint solution of equations (14) and (15), after
mathematical transformations, dimensionless equilibrium
criterion (P) is obtained:

(v
04
p= Ahe \ Ve (nrnchECH)

151y -p,)]"° (@;”T]

=1. (16)

The numerator represents a mathematical complex cha-
racterizing thermodynamic properties of the working fluids,
the denominator is a mathematical complex characterizing
the design values of the block.

Introduction of the dimensionless equilibrium crite-
rion (P) makes it possible to evaluate dependence of the
design values of the block on thermodynamic properties of
the working fluids, conditions of its work and the field of

rational use of any working fluids for
a particular design of the block.

6. The example of selection
of a working fluids for the turbine-
compressor block

As an example, a fruit storage fa-
I cility was used as a typical cooled ob-
ject with a constant year-round tem-
perature regime equipped with a small
heat power machine with a heat utilizer
Ell operating according to the Chistiakov-
Plotnikov cycle. Eight working fluids
were used for analysis: R134a, R290,
R401a, R410a, R407a, R507, R600, R717.
The input calculation data are given in

Table 1.
Table 1
Input parameters
Evaporating temperature Ty -6°C
Condensing temperature Tcp 30°C
Maximum generation temperature Te 90 °C
Adiabatic efficiency of the turbine nr 0.9
Adiabatic efficiency of the compressor Ne 0.85
Mechanical efficiency of the block NMECH 0.97

The temperature regime corresponded to the real con-
ditions of the refrigerating machine operation in the fruit
storage [11], the maximum generation temperature corre-
sponded to the conditions of operation of the waste heat of
the small power machine. In accordance with equation (1),
the minimum theoretical generation temperature was 77 °C.
For simplicity of calculations, the difference in temperatures
for heat transfer in the processes of heat supply and removal
was taken equal to zero.

Calculations of the cycle parameters and characteristics
were performed in accordance with equations (4) to (13),



thermal characteristics of the block
in accordance with equations (14) to
(16), the design values of the block in
accordance with [7].

The example contains solution of
two problems.

Problem 1. Determination of the
machine characteristics at constant
cooling capacity Qyp=115kW and de-
sign values of the block (Fig. 3).

The calculation results are shown
graphically in Fig. 4-7.

Fig. 4 shows pressures of evapora-
ting (pg) and condensing (p.s) of the
working fluids in the operating regime.
The dashed line in the graph corre-
sponds to a pressure of 0.1 MPa which
is the minimum allowable evaporating
pressure sufficient to prevent hydroly-
sis of the working fluids.

The recommended working fluids
in descending order are R401a, R134a,
R290, R717, R407a, R507. It is not
recommended to use R410a and R600.

The peripheral speed of the com-
pressor runner (Fig.5) is limited by
the strength conditions and the possi-
bility of supersonic speeds in various
sections of the air-gas channel at which
compression jumps are inevitable and
accompanied by a significant increase
in energy losses. An acceptable speed
limit for selection of working fluids
can be assumed to be 320—350 m/s [7].
Then it is rational to use R507, R134a,
R407a, R401a, R410a.

Fig. 6 shows values of theoretical
coefficients of conversion of the COP
cycles obtained in calculations. Wor-
king fluids R134a, R290 and R600 are
the most effective in the considered re-
gime. The low COP values correspond
to R410a, R407a, R507, R717.

Problem 2. Determination of the
machine characteristics at constant de-
sign values of the block (Fig.3) and
constant shaft speed n=460s! [7].

The results of calculations are shown
graphically in Fig. 7-9.

Fig. 7 shows values of cooling ca-
pacity of the machine. As can be seen
from the figure, capacity of the centri-
fugal compressor can be changed seve-
ral times at the same rotational speed
by an appropriate selection of the wor-
king fluids. The use of working fluids
R134a, R401a, R407a, R507, R600
makes it possible to reduce cooling ca-
pacity of the single-stage compression
machines up to 15kW, even at mo-
derately high rotational speeds. This
reduces the machine efficiency (Fig. 8).

Fig. 9 shows the results of calcula-
tion of the equilibrium criterion (P).
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The characteristic of the block de-
sign values is a constant value and is
equal to 0.801 for this model (dash-dot
line in the graph). The characteris-
tics of various working fluids in the
given temperature range of the thermo-
dynamic cycle (Fig. 9, the shaded field
of the graph) show that the machine
with the working fluids R134a, R290,
R401a, R507 can be realized in the fruit
storage cooling system. The remaining
working fluids for the conditions con-
sidered are inexpedient to use.

Of the design values and charac-
teristics obtained in solving the prob-
lems, only a few were shown. They
clearly define relationship between the
working fluids and the compressor and
turbine designs.

It is possible to abandon irrational
solutions without making complex cal-
culations.
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Fig. 9. Results of calculation of the equilibrium criterion, P
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7. Discussion of the results
of selection of working fluids

Theoretical studies of selection of
working fluids have shown existence of
several mandatory conditions. They are
availability of a group of working fluids
that can make an alternative to each
other, cold consumer, design values of
a full-scale sample of the turbine-com-
pressor block and the results of its ex-
perimental studies. During the studies,
advantages and disadvantages of all
fluids were determined for a same ope-
rating regime. All working fluids corre-
spond to the requirements of the service
reliability of the machines (py<0.1 MPa
and py<2.0 MPa), the degree of in-
crease in pressure pgq/po=3.0 corre-
sponds to a single-stage compression.
At a constant cooling capacity of the
machine, the mass flow through the
compressor and the peripheral speeds
at the exit from the runners were es-
tablished. High peripheral speeds gave
grounds for exclusion of ammonia from
the comparative analysis.

The studies using experimental
data of the block with a same speed of
rotation of the shaft for all fluids have
shown the possibility of selection of
a working fluids taking into account
the necessary cooling capacity. The
experimental data given in [17] have
shown that the value of the complex
characterizing the design values of the
runners for single-stage blocks varies
between 0.08 and 1.65. The theoretical
results obtained for the complex cha-
racterizing the thermodynamic cycle
have demonstrated potential applica-
bility of the considered working fluids




in the heat-using machines with turbine-compressor blocks
and that experimental studies are required no more.

The use of a single block design and one cooling object
in a trigeneration system for the studies has limited avail-
ability of more information on capabilities of the compres-
sion machines. The presented results can be considered the
beginning of a study of low-capacity heat-using compres-
sion machines. Further development of the studies should
be directed to the search for new cooling objects and new
working fluids while maintaining the existing design of the
turbine-compressor block.

7. Conclusions

1. The thermodynamic analysis of the Chistiakov-Plot-
nikov cycle for a given temperature regime has established
working pressure limits (po<0.1 MPa and p.;<2.0 MPa) and

speed characteristics for working fluids in the compressor
(320...350 m/s) ensuring operational reliability and energy
efficiency of the whole machine. It is rational to use R507,
R134a, R407a, R401a, R410a for these conditions.

2. The results of analysis of characteristics of the turbine
and compressor as independent components of the machine
are the basis for determining multiplicity of circulation of
the working fluids in the refrigerating and power cycles of
the machine. The optimum value is @ =1.0 which is typical
for the cycles with R134a, R290, R401a, R507 working fluids.

3. Introduction of the dimensionless equilibrium crite-
rion makes it possible to evaluate dependence of the design
values of the block on thermodynamic properties of the
working fluids, conditions of its operation and the field
of rational application of any working fluids for a partic-
ular design of the block. For the example considered, the
working fluids R134a, R290, R401a, R507 satisfy the equi-
librium conditions.
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