-0 -1 5 K- A KA D B M | A N-A K
INSTYTUT MASZYN PRZEPEYWOWYCH

PRACE \
INSTYTUTU MASZYN
PRZEPLYWOWYCH

TRANSACTIONS

OF THE INSTITUTE OF FLUID-FLOW MACHINERY

WARSZAWA —POZNAN 1980
PANSTWOWE W YDAWNICTWO NeA U-K-O W E




PRACE INSTYTUTU MASZYN PRZEPLYWOWYCH

pos$wiecone sa publikacjom naukowym z zakresu teorii i badan do$wiadczalnych
w dziedzinie mechaniki i termodynamiki przeplywéw, ze szczegélnym uwzgled-

nieniem problematyki maszyn przeplywowych
*

THE TRANSACTIONS OF THE INSTITUTE OF FLUID-FLOW
MACHINERY

exist for the publication of theoretical and experimental investigations of all
aspects of the mechanics and thermodynamics of fluid-flow with special reference

to fluid-flow machinery

RADA REDAKCYJNA - EDITORIAL BOARD

TADEUSZ GERLACH - HENRYK JARZYNA - JERZY KRZYZANOWSKI
STEFAN PERYCZ - WOJCIECH PIETRASZKIEWICZ - ROMUALD PUZYREWSKI
KAZIMIERZ STELLER (PRZEWODNICZACY - CHAIRMAN) - ROBERT SZEWALSKI
JOZEF SMIGIELSKI

KOMITET REDAKCYJNY — EXECUTIVE EDITORS

KAZIMIERZ STELLER — REDAKTOR — EDITOR =
WOICIECH PIETRASZKIEWICZ - ZENON ZAKRZEWSKI
ANDRZEJ ZABICKI .

REDAKCIA — EDITORIAL OFFICE

Jnstytut Maszyn Przeplywowych PAN
ul. Gen_Jézefa Fiszera 14, 80-952 Gdansk, skr. pocztowa 621, tel. 41-12-71

Copyright
oy Panstwowe Wydawnictwo Naukowe
Warszawa 1980

Printed in Poland

ISBN 83-01-01613-2
ISSN 0079-3205

ST R T SAUKOWE — ODDZIAE W POZNANIU
T 73_‘]:.1::\ do skiadania 5 XII 1978 r. S
e il M, T :c;f; dao druku 1111980 r.

Py o o wog ™ N e Druk ukonczono w lutglm 1980 r.

W o, T Cena 2 50,— L-7/751.

IR INIWERSYTETU IM. A. MICKIEWICZA .W POZNANIU



s

PRACE INSTYTUTU MASZYN PRZEPLYWOWYCH
1980 Zeszyt 77

ANDRZEJ KONORSKI, STANISEAW NAHLIK

Gdansk

Flow Choking and Maximal Flow Rate Calculation of Non-Equilibrium
Wet Steam Expansions*

The phenomenon of flow choking and'its influence on the maximal flow rate of non-equilibrium
expanding wet steam flows has been analysed. Calculation methods allowing various degrees of appro-
ximation have been proposed. A numerical analysis of choking flows has been carried out and the effects
of various factors on the choking parameters and on the maximal flow rate have been discussed.

Nomenclature

a — local sound velocity in the gas R — gas constant of gaseous vapour
phase, \ r — drag coefficient,
¢ — critical flow velocity‘ of the gas T, T — absolute temperature of the gase-
phase (formal value), - ous and liquid phase, respecti-
¢, — specific heat at constant ‘pressure, vely,
g9 — mass flow content of the gas t — time,
phase, u — interphase velocity deviation
g’ — mass flow content of the liquid (,,slip”),
phase, v, v’ — specific volume (of the gaseous
h — latent heat of phase change, and liquid phase, respectively),
i, i’ — specific enthalpy (of the gaseous w, w' — flow velocity (of the gaseous and
and liquid phase, respectively), liquid phase, respectively),
m, m’ — mass transfer coefficients in eq. Y — interphase mass transfer flux per
(2.13), s unit volume,
n,n’ — heat transfer coefficients in eq. a=c/a — dimensionless critical gas phase
(2:13), velocity,
P — interphase momentum transfer 1" — mass density of the two-phase
flux (mass force) per unit volume, medium,
p — static pressure, 4 — indication of a supplemental quan-
p=dp/dt — pressure increase velocity (=ne- tity in Chapt. 3.4,
gative expansion rate), d, 0’ — deviation from equilibrium tem-
O — interphase heat transfer flux per perature (in the gaseous and liquid
g unit volume, o phase, respectively),

* The paper has been completed as part of the research program ‘‘Fundamentals of Power
Machinery and Equipment Design* (Problem No. MR. I. 26, group 05).

3]



4 - A. Konorski, S. Nahlik

kx — isentropic exponent of the gas Indices
D 0 — reference equilibrfum flow,
p=Ty/Tox — maximal flow rate coefficient, k — critical conditions in non-equi-
p — droplet radius, librium flow, :
@ — total droplet surface per unit 0k — critical conditions in equilibrium
volume of the medium. flow.

1. Introduction

The phenomenon of flow choking determines the maximal flow rate and the outlet
parameters of flow ducts; therefore the knowledge of choking flow data is of importance
for designing and dimensioning purposes. 7

Choking conditions of single-phase gaseous media are described by the well known
gasdynamic theory, relating the choking flow parameters directly to those of sound wave
propagation in the medium. The nature of two-phase flows is essentially more complex
due to the heterogeneity of the medium, to the forming of various (not always fully predic-
table) flow patterns and to interphase effects. Research studies on this subject, based both
on experimental work and analytical considerations, have been devoted for the most
part to problems of evaporating liquid —vapour mixture flows throughk orifices or pipes
in connection with various flow patterns (e.g. [2, 3, 4, 9)). ' 3

In some of the recent papers generalized relations for several types of two-phase flows
have been analyzed and calculation methods presented [1, 10, 12, 13].

The present paper is concerned with analytical prediction and numerical investigation
of choking conditions in expanding wet steam flows occurring e.g. in flow ducts of steam
turbines. Special attention is paid to effects of interphase non-equilibrium states caused
by rapid expansion. It should be noted that a decisive direct experimental investigation
on interphase processes seems at present extremely improbable in view of the highly dis-
persed liquid phase (tiny droplets).

The aim of the paper is to develop calculation methods for the determination of choking
flow parameters and maximal flow rates and to-‘present numerical analysis results of non-
-equilibrium choking flow data. The general approach is based on analytical derivations
and models developed in previous papers of one of the authors [6, 7 3]

In order to reveal the most essential features of the phenomena at hand and to obtain
feasible procedures a certain degree of idealization is inevitable, which on the other hand
allows a more distinct relation to the framework of general thermogasdynamics.

2. General Relations

The medium under consideration is wet steam consisting of a continuous gas phase
and a liguid phase in the form of small droplets assumed to be spherical and incompressible,
their volume negligible as compared to the volume of the gaseous vapour. The droplets
are distributed irregularly in the medium; due to the high degree of dispersion of the -
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liquid the influence of the droplets upon the gas phase may be descrlbed by space- contl-
nuous functions.

Let us consider a one-dimensional, stationary expanding flow of wet steam. The
expansion-rate (i.e. the velocity of static pressure decrease) may be given as an arbi-
rarily chosen function of time. Any wall effects will be neglected, thus the flow of
the medium as a whole may be considered adiabatic, the pressure variation being the only
external forcing working upon the medium and causing changes of its state.

The pressure variation causes primarily changes of thermal and kinematical parameters
of the gas phase; the liquid droplets adjust themselves to the state of the surrounding va-
pour by means of interphase heat, mass and momentum transfer. Thus finite time-rates
of pressure variation bring about states of internal non-equilibrium between the phases.
The behaviour of the two-phase medium is that of a medium with internal relaxation
undergoing a follow-up précess and the momentary values of its state parameters be-
come history-dependent, displaying the property of ;fading memory”.

In a non-equilibrium flow each of the phases flowing through a given cross-section
of a duct has different velocities and thermal parameters, neither of these parameters being
equal to the value of the respective parameter in an equilibrium flow. Using the saturation
temperature corresponding to the static pressure of the medium as the equilibrium tem-
perature, the state of non-equilibrium in the medium may be described by means of de-
viation parameters

o=T [ -1 > : 2.1
In the following the values of the deviations from equilibrium will be regarded as small

compared to the respective reference values

’

‘<<1’
0

u : -
—1. (2:2)
i

f-—T—i<<1,

This assumption excludes formation of new droplets by way of spontaneous condensation;
thus the interphase transfer processes take place on the surface of existing drops and a
change of moisture content in the course of the process brings about a respective change
of the droplet size.

In accordance to the assumptions made above the flow of the two-phase medium
may. also be regarded as a flow of the sole gaseous component in which heat, mass and
momentum sources are acting. These internal sources represent the action of interphase
transfer processes upon the gaseous phase, hence they are described by space-continuous
functions and their values are equal to the values of the respective transfer fluxes from the
liguid droplets entrained in a given volume of the fluid. Provided the functions describing
" miernal sources are known, the equations of continuity, momentum and first law of
ynamics of such a flow can-be written as follows (including simplifications stem-

the assumptions already made): :

lw dI’ d
s el sl . (2.3)
W ap
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wrdw+v-dp—v-w-Pdt=0, 24
di—v-dp—v-Q-dt=0 2.5)

and the sguation of state of the gaseous vapour may be assumed approximately as that of
a perfect gas
pv=RT. (2.6)

The elimination of some of the variables from the equations (2.3) to (2.6) yields after
simple transformations the equation governing the flow conditions ,

w2\ dw dI k—1  P-w (
1—7 _=T+ Y+?*Q'— a2 'U'dt, : (2.7)

a” ) w
where ,
a=\/l;:v (2.8)

Eguation (2.7) may be brought into the form:
" % S

2
w \dw dI’ :
(1 - T) - 2.9)
with the aid of the expression

55 =P -

- . (2.10)
p—(x—1D)Q—a’Y

The flow conditions in a given cross-section of the duct will be defined as critical if
the mass flow density in this cross-section reaches its maximal value (with non-zero de-
rivative of the flow velocity). It may be seen that such a situation takes place when the
flow welocity of the gaseous vapour becomes equal to the value ¢ determined by (2.10),
which in itself is a function of the local parameters of state of the two-phase medium
(including the values of interphase transfer fluxes ascribed to this state) and of the locally
existing expansion rate. Hence, with

w=c=c¢, w=w(p) (2.11)

the critical velocity i.e. the velocity of the gas phase at critical conditions of the two-phase
flow follows from: :

& —aPiVa’P +4p[p—(x—1)Q—a’Y] (2.12)

a 2fp—(xk-D0-0"Y]
with the sign ,,+" for the positive flow direction.
On the basis of the relations derived above it becomes possible to outline a numerical
calculation method of critical flow parameters; in general such a method will consist in

determining the location of the cross-section of the duct (or the respective pressure value),
where the gas phase velocity reaches the value ¢, given by eq. (2.12).
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Detailed derivation of the method is contained in previous papers of one of the authors
[7, 8]. The dependence of transfer fluxes on the deviations from equilibrium is introduced
in the form :

Y()=2@ -[m-o(t)+m'd'(1)],

QW)= [n-6()=n'8'(1)], : (2.13)
P(t)=—r-u(t)

with the appropriate coefficients depending on the state of the medium and on the content
and dispersion of the liquid phase, A set of differential equations derived in [7, 8] describes

c
w
a

e
ol
}_

//‘

Cx

plo) Pk B B (D

Fig. 1. Determination of critical conditions (schematic sketch)

the run of all the thermal and kinematical parameters of the medium in the course of the
‘expansion process. The idea of the numerical procedure (using the value of pressure as
the independent variable) is explained in Fig. 1%*).
Having determined the critical flow parameters, the maximal mass flow density of the
two-phase flow may be found as:
rk=<w> . (2.14)
gv/k :

In the absence of droplets in the medium eq. (2.12) reduces itself to the well known case
of a perfect gas flow. The same result may be obtained by a formal introduction of an
extremely high expansion-rate, thus creating a border-case of ,frozen” interphase
transfer; in reality, however, this case cannot be attained even approximately in view of
former assumptions (for non-zero moisture flow content).

Another border-case is the equilibrium flow which will be described in the next chapter.

*) The equations derived in [7, 8] take into account the presence of droplets having various sizes
and histories (multi-fraction liquid phase) in the medium. In this paper, for the sake of simplicity, the
liquid phase is regarded as containing uniform droplets i.e. all the droples flowing through a given
cross-section are of the same size. This limitation is not substantial for further considerations.
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3. The Indirect Method of Critical Flow Determination
3.1. Main Features of the Method

The method outlined in the previous chapter (which may be called a »»direct” method)
considers the gas phase flow as the reference process, affected additionally by interphase
transfer fluxes. As the interphase processes — according to their physical nature — are
evoked by the deviations from equilibrium, the case of equilibrium expansion (which oc-
curs at extremely low expansion-rates) appéars as a singularity and can not be solved using
the general set of equations; this impedes the accurate cglculation of technically most
important cases of flows with'small deviations from equilibrium. Another disadvantage is
that numerical procedures using step-by-step methods often need very small step values,
which leads to uneconomically long computation times.

In this chapter a method based on the ,,indirect” procedure of flow calculation will be _
derived; the ,,indirect” method has been outlined in the author’s previous papers [6, 8].
According to this method the calculation is split up into determining the run of the re-
ference process and, subsequently, calculating the non-equilibrium effects. The reference
process is an equilibrium (saturated) flow, subject to the given expansion-rate p(z).

The determination of non-equilibrium effects, which is in its first approximation based
on state parameters obtained from the reference flow calculation, may be carried out with
a chosen degree of simplification.

The use of the indirect method simplifies the procedure without decreasing the ac-
curacy. It is particularly convenient if the calculation of the same expansion process has to
be repeated for various assumptions. The reference process appears as a simple border
case of the flow calculations.

In the following the pressure variation will be used as the main independent varlablc
in the calculation procedures. As an auxiliary variable the value of time will be used.

3.2. The Equilibrium Reference Process

The set of equations governing the flow of saturated wet steam may be written down
following simple derivations from well known formulae as in [6 81

dTo(t) Uo To

2 Sl : (3.1)
dWo(‘) govo

e p(1), (3.2)

dg[)(t)_ c’To_ 5 ot v =
7 —[T g°<l mTo)]ﬂ“) L
490(0) _ _ dgo(t) (3.4)

di 7 St :

dvo(t)_ = h vo

. _<1 pr0> 5. (3.5)
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The flow of saturated wet steam may be also regarded as a gas phase flow with internal -
sources — in accordance with the pattern used in Chapter 2 (egs. (2.3) to (2.5)). Then the
appropriate source terms are given by the expressions:

ofE; -0

i [1—%( . +67]j>] i p(t), _ (3.6)

0
. = a7
' 0o(1)= (ﬁ——l) p(). . -

do - . : =

Po(t)=w—'p(t)- (3.8)

e :

The critical velocity of the equilibrium reference flow may be found immediately with
the use of (2.12):

h
o - . (3.9)
7 c,, 6h\ h
e
h ! 0T,) pv,

The above value is equal to the velocity of sound of extremely low frequency in the
two-phase medium.

The procedure of finding the location of the critical cross-section (respectively the
critical pressure value) remains the same as described in Chapter 2 (Fig. 1) the condition
(2.11) will be written here as: ,

Wo=cCo=cCor, Wo=wo(por). (3.10)

Hence the maximal flow density of the saturated wet steam flow is:

F"":(‘WJ : (3.11)
7 gv ) ok :

3.3. Calculation of the Deviation Parameters

The determination of the run of deviations from equlhbrlum is based on the assumption
that their relative values are small (eq. 2.2). ‘

Hence simplified procedures allowing a separate calculation of thermal and kinematical
deviations (as a result of decoupling heat and mass transfer from momentum transfer
processes) may be adopted.

The run of deviations from the equilibrium temperature is controlled by the set of
differential equations ([6, 8IE

do'(t)

—dt_iz ki 8'() +ky,

@szn 6'(t)+k225(t)+<

(3.12)

oy
— p(t
; )cpp()

dt
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which can be solved numerically with the use of coefficients based on state parameters of
the equilibrium “process:

—3vgm'h+n'  —3u, mh+n
ki = ey T : 7 5
Po Cp Po Cp (3.13)
v, g, 3. g
ey ol
Po€p 9o : PoCp Yo

A further simplification may consist in assuming the values of coefficients and all para-
meters of state appearing in the above equations as approximately constant. If the ex-
pansion process starts from an initial state of equilibrium the resulting solutions appear
in the form: : '

d'(t)=0,H, G (t)exp(o, t)f'”“z H,G,(t)exp(a,1), (3.14)
8(1)=b 0, H,; G,(t)exp(a,1)+b,0, H, G, ()exp(a, 1),
where the forcing functions are:
. :
G.()= [ p()exp(—o,t)dt, (with m=1,2) (3.15)
0 <
and the constants:
ki +k 1 , 3
: 0r2= 2tV k) =4k kar =i kay), (3.16)
: sk s By (3.17)
- ki, ’ : ki, =
= T
H,= - [1_(1_[32).C_PJ] =
Cpo-l(bzﬂbl) h (318)

- Uy ¢, Ty
H—— —— l (1-b)- " |
? cpaz(bz—bl)[ by ]

In a similar way the differential equation governing the run of the velocity deviation
(,,slip”) may be written:
du(t)

de(tls - e - (3.19)
dt dt 7

where the coefficient D results from the adopted law of the droplet drag resistance. The
simplified solution, valid for processes starting from the initial equilibrium, is:

(D)= —exp(—D1) J g;f”“ p(Hexp(D)dt. / (3.20)
0
B 0
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3.4. Application of the Indirect Method to the Calculation Procedure

The course of the expansion process is calculated by subsequently solving the reference
equilibrium process (Chapt. 3.2) and then defining the run of the deviation parameters ‘
(Chapt. 3.3). In order to apply this method to the pattern of determining the critical flow
conditions (as shown in Fig. 1) it is necessary to derive approprlate expressions for the
source terms in eq. (2.12).

Let us consider an element of the two-phase medium going over from a state of non-
-equilibrium into a corresponding equilibrium state of the same pressure by means of
adiabatic-isobaric relaxation. ,

A description of such a change will yield relations between a momentary state of the
medium undergoing a real non-equilibrium process and the corresponding state of the
reference equilibrium process.

Writing down the equations of the thermal energy balance and of the balance of total
flow energy between the two corresponding states, the supplementary increases of the gas
phase flow content and of the gas phase velocity will be obtained (with the use of simplifying
assumptions already made):

-

: 1 :
AgEy—go=7(6,goé+c;g’05’), ; (321

AW=EW—wo=gou. (3.22)

The source functions in eq. (2.12) will be considered as sums of the respective reference
source functions defined by egs. (3.6) to (3.8) and supplemental terms representing non-
-equilibrium effects in the flow:

Y(1)=Y,(t)+4Y (1),
0()=0,(1)+4Q (1), (3.23)
P(1)=Po(t)+ AP(1).

The supplemental functions have to be calculated on the basis of the already determined
tun of the deviation parameters.

The equations of the first law of thermodynamics of each of the components contamed

in a two-phase medium element are:

ldi g L dr .

—- -0 - = = (0 V) 3.24

= 0 - ‘(Q ) (3.24)

Writing down the same equations for the reference equilibrium process and subtracting

them respectively from (3.24) the supplemental expressions 4Y and 4Q may be obtained.
Their first approximations are:

e ds(t) do'(t)
T e o 4395
AY (1) govoh[cpgo dt fcpgé o :l ( )
oo = | (3.26)

vy dt
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Similarly the momentum source function (i. e. mass‘force working upon the gas phase)
may be expressed by
Sy ! soats tr ‘
pet : - 30T
gv dt - 4
Subtracting from (3.27) the same expression written for the reference process and bearing
in mind that ‘ ' '
Wo—W =u—Aw - O

one arrives at the supplemental source term in the form:

dal ;
e o iy
vy dt o e

4. Numerical Investigations .

4.1. Description of the Numerical Calculation Arrangement

The numerical analysis of critical two-phase flow conditions is based on the deriva-
tions presented above. The particular aim is to define the influence of non-equilibrium
effects upon the values of critical parameters and upon the maximal flow-rate.

For the evaluation of results the following characteristic parameters are introduced:
the ratio of the critical velocity to the local sound velocity in the gaseous phase

et = (4.1)

and the ratio of maximal mass-flow density of the real non-equilibrium flow to the maxima
mass flow density of the reference equilibrium process

I _Fk(pk) e 7(4.2)

Lo Ibk (Pox)

It should be noted that each of these two maximal flow densities takes place when the critical
pressure value of its respective flow process is reached (i.e. in a duct flow the critical con-
ditions will be reached at different cross-sections of the duct).

In order to facilitate the assessment of the main factors causing non-equilibrium effects
additional assumptions are adopted. Thus the calculated cases of expansion processes are
assumed to take place at constant expansion rates: '

dp

—d'tzpzconst. 43)

()=
As the finite expansion rate is primarily responsible for causing interphase non—eQuilibrium
the analysis of a given process at various expansion-rates is most essential for the investiga-
tion of flow choking conditions. :
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The initial state of the medium is assumed to be at interphase equilibrium. It is also

assumed that the expansion process starts at zero flow velocity (practically, allowing for a

small inlet velocity, the thermal parameters have to be expressed in terms of the total
pressure as the initial pressure value). Thus the initial conditions are:

at p=p(0); w(0)=0, : ;
0(0)=6'(0)=0, E ey
u(0)=0. !

For detailed calculations 18 sets of parameters marking the initial state of the medium
have been chosen, these parameters being: the initial pressure, the initial moisture mass-flow
content and the initial radius of droplets of which the liquid phase is made up.

~ The chosen initial values are:

p(0)=0,1; 1,0; 10 bar,
g'(0)=0,05; 0,10; 0,15,
p(0)=107%; 107" m

For each of these 18 initial situations process calculations have been carried out on the
assumption of different expansion rates, covering the range:

> ~10>p> —10° bagfs.
The calculations have been carried out after the method described in Chapt. 3, using
step-by-step procedures to follow the course of the expansion.

4.2. Results of the Numerical Analysis

The analysis is preceded by critical parameter calculations of reference equilibrium
processes in order to obtain comparative values. Figs. 2 and 3 show values of the eritical
pressure ratio and dimensionless critical velocity of saturated wet steam expansions from
various initial conditions; as is obvious the results are independent of the expansion rate
(which is meant to be extremely slow). The curves for zero initial moisture content have
no physical significance since real expansion from an initial dry state cannot be considered
as an equilibrium process; they appear in the diagrams as an indication of theoretical
border cases. -

The accuracy of deviation; parameter calculations has been checked by comparing
results obtained with the help of various calculation methods. In Figs. 4 and 5 the run of
temperature deviations for a chosen expansion process is depicted; the calculations have
been carried out using the method proposed in this paper, with and without additional
simplification, and compared with results given by the ,,direct’” method calculation. A slight
shift of the initial points of the curves showing direct method results is due to the use of a
special starting procedure for this method.

Values of the non-dimensional critical velocity resulting from calculations of various
expansion processes are shown in Fig. 6, plotted as functions of the expansion rate for
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various initial conditions. The respective values of the equilibrium processes are shown
as asymptotic lines, corresponding to pRO. ’

Further critical velocity values are contained in Figs. 7-to 10. As the feasibility of the
indirect calculation method is limited to small deviations from equilibrium, the rela-

2 Prace IMP z. 77
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Fig. 11. Maximal flow rate coefficients — comparison of calculation results (full lines — indirect method
results, dotted lines — direct method results)

tive deviation parameters have been checked for every calculated example; it has been found
that the temperature deviation of the gas phase is most substantially responsible for the
non-equilibrium effects. The lines of constant relative value of this deviation are depicted
in the diagrams as an approximate criterion for the expected accuracy range.

Results of comparative calculations of the maximal flow rate coefficient, obtained
with the use of the direct and the indirect method are shown in Fig. 11. It can be seen that
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Fig. 13. Maximal flow rate coefficients (initial droplet radius 107 m)

the difference of results increases substantially with the increase of the expansion rate i.c.
corresponding to increasing deviation from equilibrium. '

Calculated values of maximal flow rate coefficients are shown in Figs 12 to 14, plotted
as functions of the expansion rate for various initial conditions. Into the last two diagrams
the quantities of relative temperature deviations have been inserted; for reasons of clarity
they are shown as zones of approximately constant values (instead of drawing bundles
of curves), thus marking areas of expected degrees of accuracy.

z*
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5. Conclusions

The appearance of non-equilibrium effects in wet steam flows causes an increase in
both critical velocity and maximal flow rate above the level of their respective reference
flow values.

The increase of critical velocity or maximal flow rate depends quantitatively on the
value of the expansion rate (which is the external forcing evoking interphase non-equilibriun)
and on the medium internal inertia (which resists a quick adjustment to the changes caused
by the external forcing). It may be seen from both analytical considerations and numerical
results that the internal inertia is stronger (and thus the non-equilibrium effects are more
likely to appear even at slower expansion-rates) when the medium displays properties
impeding interphase transfer. Such properties are:

— coarser liquid phase dispersion (i.e. larger droplets),

—lower gas phase density (cases with lower initial pressure).

As it is known, in the border case of , frozen-transfer” flow the critical velocity is
equal to the sound velocity in the gas phase whilst for the equilibrium flow it equals the
,,zero-frequency” sound velocity in the two-phase medium. In all remaining cases of non-
-equilibrium flow there is no such direct relationship, as has been pointéd out in [7, 8].

The expansion rate values in steam turbine guide vanes lie between 102 and 103 bar/s.
As the numerical results indicate, within this range a substantial increase of the maximal
flow rate is to be expected rather for flow processes having low initial pressure values;
therefore this phenomenon is essential for flow conditions which may be found in last
_ stages of condensing turbines. The degree of liquid phase dispersion is also a decisive
parameter;'it can be seen from Figs 12 to 14 that the droplet radius has a strong influence
on the maximal flow rate. ,

Higher expansion rates may be expected in blow-down processes where the influence
of the state of the medium and of the structure of its liquid phase may be even more sub-
stantial. :
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Within the range of practically applied expansion rate values the accuracy of the in-
direct method calculations seems satisfactory as compared with the more exact ,,direct”
method calculations. It is to be noted that caleulation errors have a stronger effect on the
maximal flow rate coefficient than on the critical ;/elocity value.

Received by the Editor September 1977,
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Obliczanie maksymalnej przelotnosci i krytycznych v;'arunkéw W mieréwnowagowych
przeplywach par wilgotnych

Streszczenie

Praca poswigcona jest okreslaniu krytycznych parametrow przeptywu i maksymalnej przelotnosci
w nierbwnowagowych ekspandujacych przepltywach par wilgotnych.

Rozpatruje si¢ jednowymiarowe ustalone przeplywy rozprezajace czynnika dwufazowego, w ktorym
faza ciekla ma posta¢ matych kropel. :

Na skutek skonczonej szybkosci rozprezania i nienadazania zmian stanu cieplnego i szybkosci kropel
za odpowiednimi zmianami stanu fazy gazowej powstaje stan braku rownowagi wewnetrznej w czynniku;
wywoluje on procesy wymiany ciepta, substancji i pedu miedzy fazami, przebiegajace w kierunku przy-
wrocenia rownowagi wewnetrznej.

W rozdziale 2 przeprowadzono analize powstawania krytycznych warunkéw przepltywu przy uzyciu
modelu przeptywu fazy gazowej traktowanego jako przeplyw gazu ze ,,zrédlami wewnetrznymi® i otrzy-
mano wzor (2.12) okreslajacy krytyczna predkosé przeptywu. Opisano rowniez zasady okreslania kry-
tycznych warunkow przeptywu (rys. 1).

W rozdziale 3 zostala wyprowadzona metoda-obliczania krytycznych warunkow przeptywu i ma-
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ksymalnej przelotnosci, oparta na tzw. ,,posrednim’ sposobie wyznaczania przebiegu parametrow
odchylenia od réwnowagi. Metoda ta umozliwia wyznaczenie roéznic wartosci odnosnych parametr(’)\x"
w stosunku do ich wartosci w poréwnawczym przeplywie réwnowagowym.

Stosowalno$¢ proponowanej metody obejmuje zakres technicznie waznych przypadkéw przeply-
woéw z niewielkimi odchyleniami od roynowagi wewnetrzne;j.

W rozdziale 4 przedstawiono wyniki analizy numerycznej dla szerokiego zakresu przypadkow kry-
tycznych warunkow przeptywu.

Wyniki obliczen bezwymiarowej predkosci krytycznej w funkcji predkosci rozprezania przedsta-
wiono na rysunkach 6 do 10 dla réznych przyje¢ dotyczacych standw poczatkowych czynnika i struk-
tury fazy cieklej. '

Rysunki 11 do 14 przedstawiaja wyniki obliczen stosunku maksymalnej przelotnosci rozpatrywa-
nego przeplywu do maksymalnej przelotnosci przeptywu réwnowagowego.

Jak wyaika z przeprowadzonej analizy, powstawanie stanéw braku rownowagi termodynamicznej
powoduje zwiekszenie zaréwno predkosci krytycznej, jak i maksymalnej przelotnosci.

Zwickszenie to wystepuje silniej w przypadku wigkszych rozrzedzen fazy gazowej i wigkszych pro-
mieni kropel, z ktérych sktada sie faza ciekta i zwiazane jest z faktem skonczonej szybkosci rozpreza-
nia.

Pacuer MaKCHMAJILHON NPONYCKHOH CIIOCOGHOCTH H KPHTHYECKHX YCJIOBUM
B HEPABHOBECHBIX TCUCHHAX B/IAXKHBIX IAPOB

Peszrome

PafoTa TMOCBSIICHA OTPEACICHUIO KPUTHYCCKUX IAPAMETPOB TEYEHHMs] M MAKCUMABHON NPOMyCKHOU
CIIOCOOHOCTH B HEPABHOBECHBIX SKCIAHAUPYIOLIMX TEYCHMSIX BIIAXKHBIX mApoB. PaccmMaTpuBaroTICs OOHO-
MepHBIC VCTAHOBHBIINECS TEYEHMS C pacumpenueM nByxdasHolf cpensl, B KOTOpo# xkuzkas dasza uveer
©OpMYy MEIKHUX Kalellb.

Bsuay OTrpaHMYEHHON CKOPOCTH DACIIMPEHUS M HEYCHEBAEMOCTU W3MEHEHUA TEMIOBOTO COCTOSMMAS
1 CKODOCTH KaIlellb 38 COOTBETCTBYIOIIUMMU U3MCHEHUSIMU COCTOSIHYS Fa30B0M (asbl BO3HUKACT COCTOSHUE
OTCYTCTBUS BHYTPEHHETO DABHOBECHS B CPeZie. DTO COCTOsIHME BHI3BIBAET NMPOLECCHl 0OMEHA TeIld, MACCh!
M BMIYIsCA MEKAY (Gazamu, HAMPABIEHHBIE HA OTHICKAHME BHYTPEHHETO PAaBHOBECHS. 2

B pa3n. 2 mpoBeneH AaHAIM3 BO3HMUKHOBEHUS KPUTUYCCKMX YCJIOBWIA TEUCHWsI TIPHU HUCHOJIL30BAHUIE
MOZeTH TeYeHus Ta30BO a3k, IPIHIMAEMON B BUIE TEYEHNS Ta3a C ,,BHyTPEHHUMM ucTounuKkayvm’ . TTony-
sena dopmyna (2.12), ompemensirolias KPUTHYECKYIO cxbpocTL Teuenust. Ormucanbl TAKXKE IIPUHIUIIHL
OmpeneacHNsT KPUTHHECKUX YCIOBHM TeueHus (puc. 1).

B pasza. 3 BeIpaboTaH METOJ pacyeTa KPUTUYECKHX YCIOBUM TCUEHUS U MAKCHMAaJIbHON TPOTIYCKHOM
CIOCOOHOCTH, OCHOBAHHBIA HA T. HA3. ,,MIOCPEACTBEHHOM™ CIOCOOE ONPEMCIICHUS PACIpelEIICHus napa-
METDPOB OTKJIOHEHHUS OT PABHOBECUS. DTOT METOJ MTO3BOJISIET ONPEACIIATh PA3HULBLI 3Ha4Y€HUI COOTBETCTBY -
FOITMX MapaMeTpoB IO OTHOLIEHWIO K MX 3HAYEHUSM B CpaBHUBaeMOM Tedenuu. IlpumMensiemMocTs mpea-
JIAraeMoro METO/IA BO3MOXHA B IPEJeIaX TEXHUYECKU BAXKHBIX CIIy4aeB TEUEHWI ¢ HEOONBIIMMY OTKIIO-
HEHWSMH OT BHYTPEHHETO PABHOBECHS. .

B pasza. 4 npencrasiienbl pe3ysibTaThl YACICHHOTO aHAIM3a U IIMPOKOTO Mpeesia Ciy4yaes KpuTu-
YECKHX YCIOBHUI TeueHwus. Pe3ynbTaThl pacueToB 0e3pasMepHON KPUTHYECKOM CKOPOCTH B (QYHKLMH CKO-
POCTH DAacuIMpeHHs] MPEACTaBIeHb! HA puc. 6 go 10 s pas’nuyHBIX OPUEMOB KACAIOUIMXCSI HAYaJIbHbIX
COCTOSIHHIT CPENbl M CTPYKTYpPHI Xumkoi ¢asel. Ha puc. 11 mo 14 mpepcraBieHbl pe3yibTaTbl pacucTon
OTHONICHWA MAaKCUMAJIBHON TIPOIYCKHOM CHOCOBHOCTH PACCMATPUBAEMOTO TCUCHMS K MAKCHMAIBHOK
IPOIYCKHON CIOCOOHOCTH paBHOBECHOTO TeueHus. Kak cimenyer W3 IPOBENEHHOTO aHAM3a, BO3ZHMKHO-
BEHWE COCTOSIHUI OTCYTCTBUSI TEPMOIMHAMUYECKOTO DABHOBECHS BBI3HIBAET YBEIMYEHUE KAK KPUTUYECKOI,
TaK ¥ MakCHMajbHOI MPOIYCKHOM CIOCOOHOCTH. DTO yBENUYEHUE OOBSIBISIETCSI CHIIBHEE B Cliydae 60JIb-
IIFEX Pa3peRenyit Ta30B0it Gasbl ¥ GOBIINX PAAMYCOB Kanesb, M3 KOTOPBIX COCTOUT xmikas daza u CBs-
3aHO C (AKTOM OTPAHMYCHHOU CKOPOCTH DPACIIHPEHHS.



