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Abstract. The article highlights the optimal calculation methods for determining the parameters of heat and mass
transfer processes occurring in the rotary-vane engine with an external supply of heat. It is shown that the mathematical
model of working processes must consist of two parts. One part describes the processes occurring in the isolated volume.
The second part describes the processes of mass exchange between the working chambers of two modules, as well as a
heater or a cooler.

Keywords. rotary-vane, heat and mass transfer processes, expiration process, expansion and contraction, nodal
analysis methods, Stirling thermodynamic cycle, analysis of methods of calculation.

I. INTRODUCTION to determine the optimal method of calculation to
In recent years greatly increased interest indetermine the parameters of heat and mass transfer
engines with an external supply of heat, which isprocesses occurring in RVE.
associated with the possibility of transformation i
these engines in the energy of any kind of heat and . BRIEF DESCRIPTION OF THE
low levels of toxicity, which significantly expandse THERMODYNAMIC CYCLE
scope of their application compared to the most RVE consists of two modules. The two modules
common currently types of engines (engines ofhave a similar structure and are rotated relative t
internal combustion, diesel engines). In most casegach other at an angle of 45°. RVE scheme is shown
objects of interest are not the piston engines imgrk in Figure 1.
on a thermodynamic cycle of Stirling, but rotary ré f* [ 8 e [2 r+
engine thermodynamic cycle that differs from a ’ ’ b " / "
thermodynamic cycle of Stirling a little. | | === f /
Rotary engines have a number of significant | i [ e ] ] = |
advantages over piston engines, as evidenced by a | Mg, ¥ i N -
large number of scientific articles and patentsoted 1[4 ‘ " / / :
to this subject [1]. One of such engines is a yotar |
|
|

vane engine with an external supply of heat (RVE),
developed the staff of the Pskov State University [ |
3]. Engine unites the advantages of the rotaryraehe ‘
and the external heat supply. RVE can be a sutsstitu 1
for traditional types of energy unit in areas sash 1 |
autonomous systems of power supply, including VI YT
cogeneration unit, electric generators of low pqwer j 4 ‘ i \
solar power unit. ‘
Experience designing of a heat engines shows that Ly 7 2
the creation of adequate experimentally verifiedig 1. RVE scheme:
mathematical models of processes occurring in thet — 1st module; 2 — 2st module; 3 — transformati@ehanism; 4 —
engine can significantly reduce the amount of gostl Vanes group; 5 — output shaft; 6 — heater; 7 —aro8l— coupling.
experimental studies. We can say that the creation )
an adequate mathematical model is one of the keyst Vanes group has four working chambers of
success engine development. The aim of the aiticle Variable volume. In everyone working chamber
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occurs thermodynamic cycle, which is not much working chambers of two modules with a heater or
different from the thermodynamic cycle of Stirling. cooler.

Changing the angle between the axes of the pistons Since in every working chamber RVE passes
y and the volume of the working chambers, sequentially through the six thermodynamic

depending on the output shaft angteis due to the Processes, some of which takes place in an isolated
rotation of the pistons position 2 figure 2 andipos ~ Volume, and some with the release of the working
3 figure 2 with different angular velocity. Pistons fluid into the working chamber of another module
position 2 figure 2 mounted on the outer rotor hane  through the heater or cooler, for each of these

. ) . i i to develop separate
angular velocit . Pistons position 3 figure 2 processes IS necessary i .
9 3601(0!) P 9 mathematical models that will determine the main

mounted on the internal rotor have angular Ve'°Cityparameters of the working fluid (temperature

602(05)- pressure, weight, etc.) during each processesad,cy
General view of the vanes group RVE is shown inas a function of the angle of rotation of the ouitpu
Figure 2. shaft, and then to unite model to determine the
7~ 3 5 r6 4 parameters for all cycle times.

~1 lll. IDENTIFICATION OF METHODS FOR
CALCULATING THE PARAMETERS OF THE
PROCESS OF EXPANSION AND
D CONTRACTION OF THE WORKING FLUID
) The scheme of calculating the expansion and
compression processes that occur in an isolated
volume is shown in Figure 3.

Fig. 2. A general view of a vanes group:

1 — working chamber; 2, 3 — piston; 4 — rotors; Bousing; 6 —
exhaust port heater; 7 — inlet port heater; 8 -agshport cooler:
9 —inlet port cooler.

During one revolution of the output shaft in
everyone working chamber of the eng'n_e is carried Fig. 3. The scheme of calculating processes of resipa and
out one complete thermodynamic  cycle. contraction
Thermodynamic cycle consists of the following

processes: In accordance with [4] processes that take place in
e compression of the working fluid in the an isolated volume, described by the equation ef th
isolated volume; first law of thermodynamics constant weight (1):
¢ release of the working fluid through a heater in
another module; MC, dT+ pdV+dQN =0, (1)

¢ inlet of the working fluid through the heater of
another module;

e expansion of the working fluid in the isolated
volume;

o release of the working fluid through the cooler Working fluid; T — working fluid temperature in the
in the other module; chamber; dQ, — heat given (received) the working

o inlet of the working fluid through the cooler fluid as a result of heat exchange with the chamber
from another module. . walls; p —pressureV — volume.

The thermodynamic cycle that takes place in RVE After a series of transformations of the equation

is closed over the entire engine and opened wit ) is obtained by two differential equations (2da
respect to one working chamber. The processes 0O

where M — the mass of the working fluid in the
chamber; C, - specific isochoric heat capacity

expansion and contraction of the working fluid ascu 3).
in isolation. The processes of intake and exhatist o E; (k-)TdvV 1 dQ, 2)
the working fluid occurs with a compound of the da V  da MC, da
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dp _kpdVv p dQ, 3) mathematical description of its work has been
- - - developed only in 1871.
( )da V da MTC, da All the basic mathematical models, which are
dQ,la) . . ) used to calculate the piston Stirling engines, lban
Item “da in accordance with [5] equals: divided into four groups.
e Workflow model of the first order.
n _ ) These models are used in the preliminary analysis
dQN(a):Zﬂ'F'(T(a) TW') (4) of the piston Stirling engines. Motor parameters ar
da i=1 w determined on the basis of general relations, which

are based on experimental studies. Known ratio to

where i — the average value of heat transfer assess the capacity of the Stirling engine, nanitéd B
coefficient surface separate pdft;— heat exchange ratio [7]:
surface area separate pant; — surface temperature
separate part; n — number of surfaces, forming a pzzﬂEVSPpcpN/eooo (5)
working chamberi — serial number surface forming a
working chamber.

In preliminary calculations, the heat transferhte t

walls it is possible to neglectdQ, =0) and

considered as adiabatic process. For a completdetermined by the formulgfg = 0034- 00527,
description of the processes of heat and massférans where & — the ratio of the refrigerator temperature to
during the gxpansion and compression cycles.need the heater temperatur
solve equations (2) and (3) for the start of thgires )
and steady operation engine. At the time of stgrtin the compression chambep,, — average pressure of
the engine wall temperature is 29_3 K. In the cdse Oihe cycle;N - rotational speed.
the steady operation of the engine for each of the | found in the literature approximate relations
details that form the working chamber should begpiained for the piston Stirling engines and their
decided stationary heat conduction differential application for the analysis RVE work seems
equation and defined wall temperatiife. Then it jnappropriate, as is significantly different notlyn
will be possible to determine the heat which is engine design, but also the thermodynamic cycle,
transferred from the working fluid to the walls. which implements by the engine.

Thus, the processes of expansion and compression e Workflow model of the second order.
of working fluid in the isolated volume may be These models are based on analysis
determined by analytical methods with sufficient thermodynamic cycle flowing into the engine
accuracy. Numerical study of the processes ofcylinders, without using heat and mass transferslaw
expansion and contraction of the working body with and allow determining the temperature and pressure
sufficient accuracy can be made in systems ofof the working fluid as a function of the angle of
computer mathematics (for example, MATLAB, rotation of the engine output shaft. Typically, dbe
Mathcad, Maple, Mathematica). The results of models are based on a mathematical model
calculations of the processes of expansion andsothermal [6]. This model assumes that the
contraction in computer mathematics system Mathcadexpansion and contraction cycles run at a constant

P — shaft power;Z - the number of individual
thermodynamic cycles; Sz - Bill number,

¥gp — a working volume of

are given in [6]. temperature of the working fluid, which is achieved
due to supply or remove heat.
IV. ANALYSIS OF THE MATHEMATICAL The basic admissions of these models are as

MODELS USED TO CALCULATE THE HEAT follows:
AND MASS TRANSFER PROCESSES IN PISTON e the absence of leaks of the working fluid ,

ENGINES STIRLING ¢ simplification of heat transfer processes of the
Analysis cycles of the supply and removal of heat working fluid with the walls;
that occur in piston Stirling engines, has showeirth e working fluid temperature in the heater and
considerable similarity with the cycles of the mass cooler, equal respectively, is cooler
transfer in RVE that allows them to be used assisba temperature and heater temperature.

for the development of a methodology of calculation  Accounting for these factors produced by
The main difference is the presence in theintroducing empirical correction factors.
construction of the piston Stirling engine regetmra Workflow model of the second order are used in
It may be noted that the mathematical descriptibn o the preliminary stages of design and allow us to
mass transfer processes characterized by consiéerabestimate the temperature and pressure in the wprkin
complexity, as evidenced by the fact that the firstchamber of the engine, the output power of therengi
Stirling engine was created in 1816, and theand its dimensions. These methods do not allow to
accurately determining the parameters of the engine
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working process, the error of the results may be The system of ordinary differential equations must
around 30-40%. Their main purpose to determine thébe supplemented by the equation of state of arl idea

maximum achievable engine performance. Withgas (8):

respect to the piston Stirling engine of the second
order model developed by Schmidt, Martini,
Finkelstein, Rios, Fejer and others.

pV =MRT ®)

Equations (6) and (7), (8), which are prepared for

* Models workflows third order (nodal analysis gach of the volumes 13, are solved together, wigereb

methods).

determining pressure, temperature and mass of the

The first study of processes that occur in theworking fluid 13 in each of the volumes.

piston Stirling engines, method nodal analysis was

carried out in 1975, Finkelstein. In models of noda

e Computer modeling of the finite element

method and finite volume method.

analysis jointly modeled energy transfer processes thase methods are the most accurate of all the

and the working fluid flow. To do this, the engiize

above methods, since they allow taking into account

divided into several sections, for this sectionkena the heat exchange fluid with the walls, geometry of

up and solve a system of ordinary differential
equations consisting of the laws of conservation of
mass, momentum and energVhe equations are
solved by numerical methods, the most common o
which is the method of Runge-Kutta methods.

the working chamber, the influence of the intakd an
exhaust tracts, as well as transients. Also, thieyva

i

ou to take into account for the flow of the worgin
uid effects of turbulence and local resistance. T
apply these methods require special computer

Nodal methods, in contrast to the methods of theprograms (Star CCM +, Flowvision, Ansys Fluent

first and second order, allow taking into account a
number of important factors affecting the operatién

transfer from the heater and cooler, heat transfer
the walls of the working chamber of the engine. At
the same time, the methods of nodal analysis does n

take into account the geometric characteristics of

and others). In most cases, these methods areirused

the final design stages, together with experimental
the engine. These factors include unsteady heaf g g J P

tudies, or instead of them, when you need to
calculate the parameters of working processesdlrea
designed motor.

V. IDENTIFICATION OF METHODS FOR

each node and the working parameters of the n@de ar -~ 5| cULATING THE PARAMETERS OF MASS

considered lumped and depend only on the time.

For piston Stirling engines are best known nodal
model workflows Finkelstein, Uriel and the Organ.

As a basis for mathematical model of mass
transfer processes in the RVE can be used mode
which describes the workflows in the piston Stglin
engine with rhombic drive. In this model, the core
engine is divided into 13 units. For each of the
resulting nodes need to record two ordinary
differential equations: the equation of the filsivlof

TRANSFER PROCESSES IN RVE

After analyzing the advantages and disadvantages
of all basic mathematical models, which are used fo
the calculation of piston engines, we can conclude
hat the mathematical model of mass transfer
processes in the RVE must be carried out on this bas
of nodal analysis methods that provide sufficient
accuracy of calculations, and are much smaller in
comparison with the methods of computer modeling
requirements to computing resources.

thermodynamics variable mass (6) and the law of g main nodes (control volume), in which will be

conservation of mass (7):

%(MCVT)z hAT, - T)+

(6)
dv
Gy (WT, ~ W)~ P
dv
ot G -G, (7

where h — the working fluid heat transfer coefficient;
C, — isobaric specific heat of the working flui€s,

— mass flow rate working fluid entering the chamber
G, — mass flow rate of the working fluid flowing out

of the chamber;l; — the temperature of the working

fluid entering the chamber], — the temperature of
the working fluid out the chamber.
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determined by the parameters of the working bady, i
is proposed to use the following: The working
chamber of the 1st module, inlet manifold the heate
or the cooler, tube bundle, and an outlet manitbél
heater or the cooler, working chamber 2nd module.

To determine the mass transfer parameters for each
node must be written three equations: the equation
the first law of thermodynamics variable mass
equation of second mass flow rate and the equafion
state [8]:

> idM g =d(Mu)+ pdV +dQ,

dm,
?'St = -upSW 9)
pV = MRT

wherei — enthalpy of the working fluid flowing into
the control volume or arising from itdMg, -

elementary mass of the working fluid flowing inteet
control volume or arising from it — the internal
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energy of the working fluid; 4 — expenditure system of the 4 equations: the equation of state, t

coefficient; p — the working fluid densityS — flow momentum equation, continuity equation and the

. energy equation.
section area. gy eq

. Determination of expenditure ratg , which is
Thus, to describe the parameters of mass transfer

processes in the RVE it is necessary to solve'nCIUded in the system of equations (9), is a caxpl

differential-algebraic  system consisting of 15 hyd_rodynamic task that is _complicated by the non-
equations. stationary processes occurring in RVE. This problem

Presentation of the tube bundle as a node witcd" be sqlved _by experimental methods or by
lumped parameters is a clear simplification and canPomputer simulation. .
make a significant error in the calculation results The proposed scheme for calcu_latlng the_
therefore it is necessary to consider separatedy thparameters of mass transfer process is shown in
processes in the tube bundle and introduce coorecti Figure 4.
factors in the equations (9), if necessary. In gane
the processes in the tube bundle described by a

Heat exchanger

x={

plc),;,
To;.

mi

Ml

bl
QL
VmZ'

L Mo,

ploy;, Tio, Vie Mo pl),,, T, Vi, M),

heat flow
2,

1st module camera 2st module camera

Fig. 4 - Diagram of calculation workflows RVE:
1 —inlets and outlets of the working chamberngtimanifold; 3 — outlet manifold.

p(a)kl, T(a)kl, V(a)kl, M (a)kl — parameters of the working fluid in the workingamber 1st module;p(a)ml,
T(a)ml, V(a)ml, M(a)ml — parameters of the working fluid in the inlet riald; p(a)mz, T(O()mz, V(a)mz,

M (@),,, — parameters of the working fluid in the outletnifeid; P(&),,, T()yo, V()o, M (@), — parameters of the
working fluid in the 1st module.

Numerical study of the mass transfer processes nfathematical model includes the following key
the working body is performed in computerassumptions: no leakage of the working fluid frdma t
mathematics systems (for example, MATLAB,working chamber of the engine; workflow settings in
Mathcad, Maple, Mathematica). In the future it ighe control volumes are concentrated; the working
planned to check the adequacy of the assumptiofisid flow processes are considered quasi-statipnar
made in the mathematical model to analyze the maBsiilt on the basis of recommendations given in this
transfer processes of the working body. The chack cpaper, the mathematical model of heat and mass
be carried out by finite element or finite volumetransfer processes in the RVE will significantlduee
methods in special programs (Star CCM +the amount of experimental research.

Flowvision, Ansys Fluent and others).
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