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MATHEMATICAL MODEL FOR THE STUDY AND DESIGN OF A ROTARY-VANE GAS

REFRIGERATION MACHINE

This paper presents the mathematical model for calculating rotary-vane gas refrigerating machine operating
cycle main parameters that have an impact on the unit operation, machine control and working processes
occurring in it at the specified criteria. The procedure and graphical method for the rotary-vane gas
refrigerating machine (RVGRM) are proposed. Parametric study of the main geometric variables and tem-
perature variables on the thermal behavior of the system is analyzed. The model considers polytrope index
for the compression and expansion in the chamber. Graphs of the pressure and temperature in the chamber
of the angle of rotation of the output shaft are received. The possibility of inclusion in the cycle regenerative
heat exchanger is appreciated. The change of the coefficient of performance machine after turning the cycle
regenerative heat exchanger is analyzed. It is shown that the installation of a regenerator into the RVGRM
cycle results in more than 30% COP increasing. The simulation results show that the proposed model can be
used in the process of design and optimization of Stirling gas refrigerating machine.
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NOMENCLATURE

A mechanical work (J)

a parameters of the cam (rad)

b parameters of the cam (rad)

c coefficient of dead volume

COP  coefficient of performance

Cy gas specific heat for constant
volume (kJ/kgK)

T temperature (K)

Q heat (J)

Y, angle size of the vane (rad)

V volume (m?)

p pressure (bar)

a shaft angle (rad,®)

R specific gas constant (kJ/kgK)

M mass (kg)

n efficiency

n polytropic index

I. INTRODUCTION

All over the world in the area of energy saving and
problem solving aimed at reducing anthropogenic effects
on the environment, refrigeration machines that are used
natural working medium as refrigerants become increas-
ingly important [1]. For this reason Stirling gas refrigerat-
ing machine get topical priority.

The design of the compressor unit Stirling gas re-
frigeration machine are based on the reciprocating motion
of the pistons, sold through a crank mechanism (CSV) or
by means of a linear actuator. For achieving the tightness
chambers it requires the installation of the contact seal in
the case of CSV use, and "contactless™ pistons, which are
part of the linear actuator, is achieved by increasing the
complexity of mechanical design of these machine, that in
own turn. This complexity of the system of cranks and
levers, piston Stirling gas refrigeration machine, along
with other reasons, restricts their increased use [2].

To improve the design of the piston Stirling gas re-
frigeration machine structural optimization rotary vane
gas refrigeration machine (RVGRM) is carried out. With
less system elements than the CSV by 60 %, better bal-
ance and more simple manufacturing techniques using
cause of a cylinder form of rotary vane machines are ca-
pable to be more preferable direction in Stirling machine
improvement [3].

Il. DESIGN ASPECTS OF THE RVGRM

The mechanical design of rotary vane gas refrigera-
tion machine is shown in Figure 1. The vane group of
RVGRM consists from a cylindrical corpus 1 in which
two coaxially mounted rotor (outer and inner), two seals
corpus 2 and the two end caps 4. The rotor inner and the
rotor outer are internal assembly units, each of which con-
sists of a shaft 6, 7 respectively, four pistons 5, four
clamping plates 8 and four seals 3. Rotors form inside the
corpus 1, four working chambers of variable volume,
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which simultaneously carried out four working process:
the communication of the working fluid from the cooler
through a window in the end cap 4, the expansion of the
working fluid, the working fluid communication with the
freezer through a window in the end cap 4, compressing
the working fluid message with a cooler.

Thus each machine working chamber formed by the
following parts: two shafts 6, 7, two end caps 4, the two
pistons 5 and the corpus 1.

Compactness coefficient of RVGRM main volume
(the ratio of working volume equivalent to the volume of
the machine) reaches 15-20%, while the maximum value
of this parameter for the piston gas refrigeration machine
(V — shaped with a crank) is  1-2 %. Such a large (sever-
al times) benefit of the specific mass indicators opens up
prospects for the use of this type machines. It gives us the
opportunity to use rotary vane machines for domestic
refrigeration appliances.
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Figure 1 —The scheme of RVGRM:
1 —corpus; 2 — corpus seal; 3 — sealing blade;
4 —end cap; 5 — vane; 6, 7 — shafts; 8 — pressure plate.

1. MATHEMATICAL MODEL

The study of existing methods of calculation shows
that the theoretical studies of Stirling gas refrigeration
machine limited to consideration of the ideal cycle. Math-
ematical models of the cycle do not take into account the
character of the heat flows (non-stationary) devices in the
machine. In article [4] provided a detailed review of sys-
tems, based on the Stirling cycle machines.

In this paper we propose a mathematical model for
calculating the basic parameters RVGRM cycle affecting
the operation cycle, the machine control and operating
processes occurring in it for the given criteria.

The analysis RVGRM of thermodynamic cycle con-
sisting of two modules connected to the output shaft shift-
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ed by 45°, allowing the following main processes see
Figure 2:

1) a—b —working fluid compression;

2) b—c¢ (c—d) - transfer of the working fluid
through the cooler in the other module with heat removal;

3) d—e —expanding cooled working fluid;

4) e—a — transfer of the working fluid through the
freezer to another heat supply module.
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Figure 2 — The thermodynamic cycle RVGRM

From the structural dimensions of the rotary-vane
group machines and motion conversion parameters can be
expressed by the variation of volume of the chamber be-
tween the vanes:

V(a)=(2a+2b-cos2a -y, )c 1)

Spend calculation of the volume of the key points of
the cycle in which all processes are in time corresponding
to rotation of the output shaft (45°). In this case, the work-
ing chamber volume will be equal to:

V,=V,=(2a+2b+y,)c o)

V, =V, =(2a-y,)c @)

Because the ideal models for calculating the adia-
batic index is used which depends on the pressure and
temperature of the working fluid, and do processes of
compression and expansion occur in reality, the exchange
of heat with the environment. Consequently for more ac-
curate calculations, the equations need to replace the adi-
abatic index for two different polytropic index for the
compression process n, and the expansion process n, .

Beginning the process of expansion corresponds to
the minimum angle between the axes of the vanes under
consideration chamber, and hence the minimum of its
volume. By the end of the expansion process chamber
volume increases about two times or more.

The pressure change during a polytropic expansion
can be described as:

Pee (a) = Py (V\gda)J “)

The temperature during expansion changes under
the law:
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Vv, n,-1
Tee (a) =T, (V (a)] ®)

At the moment of opening windows connecting the
module to the freezer, the working fluid begins the pro-
cess of transferring from one module to another through
the load heat exchanger with heat supply. In the process
of heat supply pressure and an increase in temperature.

Analogously the enlargement process will produce
calculations for polytropic compression process:

m
NORAT ©

v, )"
T, (2)=T,| 4~ ™
V(a)

At the moment of the opening of windows, connect-
ing the machine module with cooler and receiver begins
the process of suction and discharge the working fluid.
Based on the design of the machine, the working fluid
through injecting cooler into a sufficiently large volume
of the receiver compared to the volume of the chamber at
the opening of the window. Simplistically it can be as-
sumed that the pressure in this process decreases to the
working fluid pressure in the receiver. The same can also
be considered with respect to the suction: suction is per-
formed from the receiver volume is much larger volume
of the chamber and the pressure can be considered con-
stant and equal to the pressure in the receiver.

Intended that the cooler design provides the required
heat transfer down to ambient temperature.

The work required to compress the working fluid
can be calculated as:

j pu(@) S da ®

The work requwed to expand the working fluid can
be calculated as:

An indicator the work of thermodynamic cycle:

A = A\zom + Aexp (lO)
By using ideal gas law conditions can be express the
value of the working mass:
_ b,V

— a
2 R-T,
Since the supply of heat is carried out during a-e,

and the heat removal process b-d, the cycle COP can be
calculated as follows:

cop=2 M. Cg —T.)

Taking into account the return to the cycle of the
heat exchanger when used with efficiencyn, = 0.9, COP

(11

(12)

machine will increase to a value:
Ma -G, (Td _Te -1 (Td _Ta ))
A

The coefficient of performance machine ideal cycle
is determined by the relation:

Ta

COP2 = (13)

COP, = (14)

d _Ta
Equation (14) coincides with the expression for cal-
culating the coefficient of performance an ideal reverse
Stirling cycle.
The degree of thermodynamic perfection can be cal-
culated as follows:

_ COP1

m= WPS (15)
COP2

n,= CoP, (16)

The input parameters for the calculation is: indica-
tors polytropic compression and expansion of air, on the
basis of the range of pressures and temperatures can be
deflned n, = 1,4, and n, = 1,38, R=287]/(kg-K)

=723]/(kg - K).

The numerical solution of differential equations was
performed in Mathcad system with a built-in function
Odesolve, designed to solve linear differential equations
with respect to the highest derivative Runge-Kutta meth-
od.

IV. RESULTS AND DISCUSSIONS

We perform calculations for rotary-vane gas
refrigerating machine cycle, using the above formulas.
RVGRM expansion process flowing when the angle of
rotation of the output shaft 135" < a < 180°. Pressure
and temperature at the beginning of the expansion process
are pg; = 3 bar and T; = 293,15 K. Graphs of pressure
and temperature in the chamber during the expansion pro-
cess are shown in Figure 3.

Given graphs show that the pressure in the chamber
during expansion changes from p,(135°) = 3 bar to
p.(180°) = 1,2 bar, and temperature from, T,;(135") =
= 293,15 K to T,(180") = 227,68 K.

Compression process in RVGRM proceeds at an
angle of rotation of the output shaft 0° < a < 45°. Pres-
sure and temperature at the beginning of the compression
process are equal p, = 1,3 bar and T, = 243,15 K.

Graphs of pressure and temperature in the chamber
during the compression process are shown in Figure 4.
Given graphs show that the pressure in the chamber dur-
ing compression changes from, p,(0°) = 1,3 bar to
pp(45°) == 3,2 bar, as well temperature from, T,(0°) =
243,15 K to T,(45") = 317,26 K. Here are the results of
calculations for RVGRM cycle. The results are shown in
Table 1.
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Figure 3 — Graphs of pressure and temperature dependence:
a) pressure in dependence on the machine angle of rotation of the output shaft;
b) temperature in dependence on the machine angle of rotation of the output shatft.
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Figure 4 — graphs of pressure and temperature dependence:
a) pressure in dependence on the machine angle of rotation of the output shaft;
b) temperature in dependence on the machine angle of rotation of the output shaft.

Table 1 — Results from one cycle of a rotary-vane gas
refrigerating machine

Technology performance attribute Value
Minimum temperature in the machine, T, | 227,68 K
Maximum temperature in the machine, T, | 317,26 K

Heat Transfer to chamber, Q, 20,77
Heat Transfer to chamber, Q. 27,491
An indicator work, 4; 6,57
COP1 3,16
COP2 4,18
Degree of thermodynamic perfection, 7, 0,65
Degree of thermodynamic perfection, 7, 0,86
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Note that the in temperatures below -30°C efficien-
cy of RVGRM are considerably higher than the vapor-
compression systems. This complication is associated
with the need to move to a two-stage compression in the
vapor-compressor plants, which leads to an increase in the
cost of these facilities.

Thus, the use of rotary vane gas chiller allows us to
operate in a wider range of cooling temperatures (0 to -
40°C) in one machine and obtain high energy efficiency.

V. CONCLUSIONS
A mathematical model for calculating the basic

physical processes that occur in a rotor-blade gas refriger-
ation machine is built. The graphs of pressure and tem-
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perature dependencies in the working chamber of the an-
gle of rotation of the output shaft are built. It is shown
that the installation in RVGRM cycle heat exchanger a
coefficient of performance 3.16 brings to an increase in
COP by more than 30%.

The research results show that the proposed model
can be used for the design and optimization of rotor-vane
gas refrigeration machine.
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Opechka HallioHAbHA aKaJeMisi XapuoOBUX TeXHOJori, Bya. Kanatua, 112, Oneca, 65039, Ykpaina

MATEMATUYHA MOJENb ANA OOCNIMKEHHS | MPOEKTYBAHHSA POTOPHO-JIOMNATEBOI

FA30BOI XonoaunbHOI MALLVHU

Y cmammi npononyemocs mamemamuuna mooens po3paxyHKy OCHOBHUX NAPAMEmpI8 pOOOH020 YUKILY
POMOPHO-IONAMeBoi 2a30801 XOJOOUNLHOT MAWUHU, SIKI GNIUBAIOMb HA POOOMY YCMAHOBKU, YNPAGIIHHSA
MAWUHOIO | pOOOUUMU RPOYeCamu, Wo NPOMIKAlomy 8 Hill npu 3a0aHux Kpumepisx. 3anponoHosano me-
MOOUKY aHANIZY ePADIUHUM MEMOOOM POMOPHO-I0NAmMesol 2a3060i xon00unvhoi mawunu (PJIFXM). Bu-
BUEHO BNIUE 2COMEMPUYHUX | MEeMNePaAmyPHUX 3MIHHUX HA MepMIiuHy noeedinky cucmemu. Modens epa-
X08Y€ NOKA3HUK NOAimponu OJid Npoyecie CMUCHeHHs I po3uuperHs 8 pobouil kamepi. Ompumano epa-
Qiku 3anedxcHocmel MUCKY U meMnepamyp 6 pobouil kamepi 6i0 Kyma nogopomy euxionozco eany. Oyine-
HO MOJMCIUGICMb BKIIOUEHHS 8 YUK PeceHepamusHo2o meniooominnuxa. Ipoananizosano 3miny Koegiyi-
E€HMA NepemeopPeHHs MAWUHY NICIs BKIIOYEHHs 8 YUK peceHepamueno2o meniooominuuka. Ilokaszawo,
wo ycmanoeka peeernepamopa 6 yuri PJITXM npuseooums 00 36ineuennss COP 6invw nivic na 30%. Pe-
3ynLMamu MOOeNO8AHHA C8I0Yamb, WO 3aNPONOHOBAHA MOOeNb Modce OYmu 6UKOPUCIAHA Osl NPOeK-
myeanHs i onmumizayii 2a3060i xono00unvroi mawunu Cmipninea.

Kniouosi cnoea: I'azosa xonoounvna mawuna Cmipiainea, Pomopno-nonamesa xonoounvha mauiuna,
Mamemamuuna modenv; Enepeoepexmusnicmo; [losimpsi.
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