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Flow Choking and Maximal Flow
Wet Steam

Rate Calculation of Non-Equilibrium
Expansions*
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R - gas con§tant of gaseous vapour
r - drag coefficient,

T, T' - absolute temperature of the gase-
ous and liquid plrase, respecti-
vely,

l - time,
ł * interphase velocity deviłtion,

(,,slip"),
0,b' - specific volume (of the ga§eous

and liquid phase, respectively),
||, w' - flow velocity (of the gaseous and

liquid phase, respectively),
)Z - interphase ma§s transler flux per

unit volume,
a:cla - dimensionless critical gas phase

velocity,
r - ma§§ density of the two_phase

medium,
/ - indication of a supplemental quan-

tity in Chapt. 3.4,
ó, ó' - deviation from equilibrium tęm-

peratur€ (in the gaseous and liquid
phase, respectively),

The phenomenon of flow choking and'its influence on the maximal flow rate of non-equilibriumcxPanding w€t steam flows has been anaiysed. Calculation methods allowing various degrees of appro-ximation have been proposed. A numerical analysis ofchoking flows has beei carried out and the effectsof various factors on the choking parameters .nd on the maximal flow rate have been discussed.

, Nomenelałure

a - local sound velocity in the gas
phase, i

c - critical flow velocity of lhe gas
phase (formal value),

- specific hęat at constant.pre§§uFe.

- mass flow content of the gas
phase,

- mas§ flow content of the liquid
phase,

(:p

s

P-

p-
p:dpldł -

O

h - latent heat of phase change,
i, i' - specific enthalpy (of the ga§eous

and liquid phase, respectivety),
il, h' - mass transfer coefficients in eq.

(2.13),
fi, fr' - heat transfer coefficients in eq.

(2.13),

interphase momentum transfer
flux (mass force) per unit volume,
static pressure
pre§§ule increase velocity (:ng-
gative expansion rate),
interphase heat transfer flux per
unit votume,

' The PaPer has been completed as part of the research program ..Fundamentals of power
\{achiner!, and Equipment De§ign.. 1Problem No. MR- l. 26, efoup 05).

(3]
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x - isentropic exponent of the gas

phase,

p:|rl|o* - maximal flow rate coefficient,
p - droplet radius.

@ - total droplet surfacę per unit
volume of the medium.

tęference equilibrilrm flow,

critical condilions in non-equi-

librium flow,
critical conditions in equilibrium
flow.

Indices

0
k

0k-

1, Introdrrction

The phenomenon of flow choking determines the nraximal ffow rate and the outiet

paramet;rs of flow ducts; therefore the knowledge of choking flow data is of importance

ior designing and, dimęnsioning purposes,

choking conditions of single_pha§e gaseous media are describęd by the węll known

g"-Jva-i" theory, relating the choking flow parameters directly to those of sound wave

iropagation in the mediui. rn" nature of two-phase flows is essentially more complęx

duę to the heterogeneity of the medium, to the forming of various (not alwaYs fullY iredic-

table) flow patterns anj to interphase effęcts. Research studies on this subject, based both

on experimental work and analytical considerations, have been devoted for the Ęost

part to problems of evaporating liquid-vapour mixture flows through'orificęs or pipes

in 
"ono""tion 

with various flow patterns (ę,g, L2, 3, 4, 91),

In some of the recent papers generalized relations for several types of two_phase fiows

have been analyzed and calculation methods presented [1, 10, Iż, L3],

The present paper is concerned with analytical prediction and numęTical investigation

of choking conditions in expanding wet Stęam flows occurring e.g. ll,Ęm *:,: 
:"^,:::

turbines. Special attention is paid to effęots of interphase ńon_equilibrium states cauled

by rapid expansion. It should be noted that a decisive direct experimental investigation

on interphas€ processes seems at present extremely ir.nprobable in view of the highly dis_

persed liquid phase (tiny droplets),

The aim of the paper iu to d"velop calculation methods for the deterfuination of choking

fl.;;;;;;i"., u"o maximal flow iates 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, 8],

In order to reveal the most essential features of the phenonłena at hand and to obtain

feasible procedures a certain degree of idealization is inevitable, which on thę other hand

allorł,s a more distinct lelation to the framework of general thermogasdYńamics,

2. General Relations

The nerJium undęr consideration is węt steam consisting of a continuous gas phasc

and a liquid phase in the form of smal1 droplets assumed to be spherical and incompressible,

their Yolume nętigible as compared to the volume of the gaseous vapour, The dropiets

are ,jistributed ilregularl1, in the medium; due to the high degree of dispersion of the
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iiquid the influencę of the droplet§ upon the gas phase may be described by space-conti-
n Llous functions.

Let us consider a one-dimensional, stationary expanding flow of wet steam. The
ć\pansion-rąte (i,e. fhe velocity of static pressure decrease) may be given as an arbi-
trarily chosen function of time. Any wall effęcts will be neglected, thus the flow of
the medium as a whole may be considered adiabatic, the plessure variation being the only
external forcing working upon the medium and causing changes of its statę.

The pressure lariation causes primarily changes of thermal and liinematical parameters
ol the gas phase; the liquid droplets adjust themsęlves to the state of the surrounding va-
pour by means of interphase heat, mass and momentum transfer. Thus finite timę-rates
of pressure variation bring about states oF internal non-equilibrium betweęn the phases.

The bęhaviour of the two-phase medium is that of a medium with internal relaxation
undergoing a follow-up process and the momęntary values of its statę parameters be-
come history-dependent, displaying the property of ;,fading memory".

In a non-equilibrium flbw each of the phases flowing through a given cross-§ection
of a duct has different vęlocities and thermal parameters, neither of these parameters being
equal to thę value of the respective parameter in an equilibrium ffow. Using the saturation
temperature corresponding to the static pressiire of the medium as the equilibrium tem-
pęfatule, the state of non-equilibrium in the mędium may be descr,i.bed by means of de-
. iation parameters

ó:T -To, ó' :T' _ To, ll:w-,,.}p| (2.I)

]n the following thę values of the deviations from equilibrium will be regarded as small
compared to the respective ręference values

l -, l ] l

d| ó ll1,---l. ,-<l. l <<l.To To w'
(2,2)

This assumption excludes formation of new droplets byway of spontaneouscondensation;
thus the inierphase transfer processes take place un it,," ,u.ru.. of existing drops and a
ehange ol 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 ćomponent 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 valuęs are equal to the values of the respective transfęr fluxes from the
;cu:d droplets entrained in a given volume of the ffuid. Provided the functions describing
": -::::_.] sL}urces are known, the equą.$ions'of continuity, momentum and first law of
'l j-- ."]-. l;]jlics olsuch a flow can,bę written as follows (including simplifications stem-

- :'. Jiiumptions already made):

clw dr du

--;t,--D,Y,clt:O,}rru (2.3)
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w,dw +u, dp-u,w , P dt:O ,

di-u,dp-u,Q,dt=0

(2.4)

(2.5)

(2.7)

(2.8)

(2,9)

(2.t2)

:n",l 1i6 aquation ol state of the gaseous vapour -uy u. assumed approximately as that of
apcrfan la=

pu:RT. (2.6)

Tbt dlmination of §ome of the variables-from the equations (2,3) to (2.ó) yields after
siapk rransformations the equation governing the flow conditions

/ wz\dw dr / rc-l p.w\
(,_ ź/ ;: i+(y+ 4,: O_ 7).u,dt,

rłbcrs

":J;i
is r}c Ł-und lelocity ofthe gaseous vapour (considered as a perfect gas).

Equation (2 7) may be brought 

;'" }iT:r.
('- a/ ;: T

uiń the aid of the expression

ly
a

c2:a2 b-P,w (_
(2.10)

i-@-I)Q-aŻY
Thc flo*, conditions in a given cross-sęction of the duct will bę defined as critical if

tbe mass flox density in this cross-section reaches its maximal value (with non-zero de-

rivative of ńe ffow velocity). It may be seen that such a situation takes place when the

ff,ol łelocity, of the gaseou§ vapoul becomes equal to the value c dętermined by (2.10),

rłhich in itself is a function of the local pararneters of statę, of the two-phasę medium
(including the values of interphase transfer fluxes ascribed to this state) and of the locally
existing erpansion rate. Hencę, with

w: c:_ ck, w:wł(p*) (2.1 1)

the critical velocity i.e. the velocity of the gas phase at critical conditions of the two-phase
florł follo*s from:

2Li-@-I)Q-ązYf

with the sign ,,+." for the positive flow'diręction.
On the basis of the relations derived above it becomęs possible to outline a numericał

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 pressule value),
where the gas phase velocity reaches the value ce given by eq. Q.lz).
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Detailed derivation of the method is contained.in pteviou§papers of one of the authors
8]. The dependence of transfer fluxes on the deviation§ from equilibrium is introduced
the form

(2.t3)

with the appropriate coęfficients depending on thę state of the medium and on the content
and dispersion ofthe liquid phase, A set ofdiffęręntial equations dłrived in [7, 8] describes

L

,y
d

Cg

$z
'yto-z

Y G):a,|m, ó(t'l + nr'ó'(r)] ,1

Q @:O, |n, 61t1: n' 5'(,)], }

P(t): - r.u(t) )

,r=(:,)r

,,/ 
-,------__------,/ 
aFLOw DtREcrtON >

Pb) Poź Pt_ Pt/.,r, (P)
Fig. l. Determination of critical conditions (schematic sketch)

the run of all the thermal and kinematical parametęrs of thę medium in the course of the
expansion process. The idea of the numerical procedure (using the valuę of pressure as
the jndependent variable) is explained in Fig, l *).

Having determined the critical flow parameters, the maximal mass flow density of tĘe
two-phase flow may be found as:

(2.14)

In the absence of droplets in the medium eq. (2.12)teduces itself to the well known casę
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 evęn approximately in view of
former assumptions (for non-zero moisture flow content).

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

*) The equetions derived in [7, 8] take into account the presence of droplets having various sizes
and histories (multi-fraction łiquid phase) in the medium. In this paper, for the sake of simpiicity, the
liquid phase is regarded as containing uniform droplets i.e. all the droples flowing through a giveo
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" mcthod)
considers the gas phase flow as the relerence process, affected additionally by interphase
transfer fluxes. As the interphase proce§§e§ - according to their physical nature - are
evokęd by the deviations from equilibrium, the case of equilibrium expansion (which oc-
curs at extremely low expansion-rates) appears as a singularity and can not be solved using
the general set of equations; this impedes.the accurate c3lculation of technieally most
important cases of flows with'smali deviations from equilibrium. Another disadvantage is
that numerical procedures using step-by-step methodś often neęd very small step valuesn
rvhich leads to uneconomically long computation times.

In this chapter a męthod based on the ,,indirect" procedure of flow calculation will be
derived; thę ,,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, caicqlating the non-equilibrium effects. The reference
process is an equilibrium (saturated) florv, subject to the given expansion-rate p(l).

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

The use of the indirect męthod simplifies the procedure without decreasing the ac_
curacy. It is particularly convenient if the calculation of the same expansion procęs§ has to,
be repeated for various assumptions. The reference pro§ess appears as a simple border
case oF the ffow calculations.

In the following the pressure variation will be used as the main independent variable
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 steanr may be written down
folłowing simple derivations from well known formulae as in [6, 8]:

dToG) uoTo
- : . ,Plt),

at 11

(3.1}

(3 2\

(3:3)

(3.4)

(3.5)

-9oDo:_ 

-.p|t),
b'o

+:l+-,,(,-? #)]},rł,

dwnft)

dgoG) _ _!4!
dt dt

dt

duoQ)

dt
:('-#,) 6,u,,
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The flow of saturated wet steam may be also regarded as a gas phase flow with internal -

sources - in a§cordance with the pattern used in Chapter 2 (eqs. (2.3) to (2:r). Thęn the
appropriate source terms are given by the expressions:

roęą_!!.illt1.
'Wg (3.8)

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

0oh

(3.6)

(3,7)

(3.9)

frequency in the

(respectively the
1); the condition

(3 10)

Co:

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

The procedure of finding the location of the critical cross-section
critical pressure value) remains the same as described in chapter 2 (Fig.
(2.1 l) witl be written here as:

wg:cgźcg1, Wo:wo*,(por).

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

ff) : lr r, ó, () ł k, a ęą -u{ : 
il ęt1,

T :u,,ó,(t)+ k,,ó(/)+(1 +) r rUl

(3,1 1)

3,3. Calculation of the Deviation Parameters
\

The determination of the run of deviations from equilibriurn is based o3 the assumption
that their relaiive values are small (eq. 2.2).

Hence simPlified procedures allowing a §eparate calculation of thermal and kinematical
dęviations (as d result of decoupling heat and mass transfer from momentum transfer
processes) may be adopted.

Thę run of deviations from the equilibrium temperature is controlled by the set of
differential equations ([6, 8]):

'*:ffi*

(3,12)
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which can be solved numerically with the use of coefficients based on stat€ parameters of
the equilibrium'process:

(3.13)

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 proc€ss starts from an initial state of equilibrium the resulting solutions appear

in the form:

. -3uLm'h+n' -3u|mh+n 1f,tt:- , , klz ,ipocppocpt

. 3uo sL, , 3r'o g'o lkzt--' n , k22: 
-- 

-- n. 
IPocogo PrCrło )

ó'(t):6rll, Gr(t)exp (ort)ło2H2Gż(t)exi(ort), l
ó(r) : 6, o, H, G1 (t)exp (o, t) + b 2 o, H, G r(t) exp(o, t),t

where the forcing functions are:

t

G,(r)- J 
pQ)exp(- o^t)dt, (with m:1,2)

and the constants:

kr,+kr2 l i,:-
,,r:'"" )' t, ł{*rtł kr)' -4(k,, krr-krrkrr),

ot- ktt , oz-ktt
bt: ,-, bz:-, 

-,Ktz Ktz

rmf

o, : *{,_ r,,[, - t, - ", 
:,r'],l

H.: 'o [,-,,-ó,) żłl l' coo2(b2-ór)L h J)

In a similar way the iliffęrential equation governing the run of the velocity
(,,slip") may be written:

du( t| dw 
"( 

t)
-D.u(t',l* "' 

,
dt dt

where the coefficient D ręsults from the adopteó law of the drpplet drag
simplified solution, valid for proces§es starting from the initial eqriilibrium,

(3.14)

(3,15)

(3.16)

(3.17),

(3.1 8)

dęviation

, (3.19)

resistance. The
is:

(3.20)fa
u(r): -.*o1-Dr) l 

g}:: 
i!)exp|Dt)dt.

JWo
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3.4. Application of the Indirect Method to the Calcutation Procedure

The course ofth€ ęxpansion proce§§ is,calculatęd by subsequently solving the reference
equilibrium proces§ (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 nęcessary to derive appropriate expressions for thę
Sourc€ terms in eq. (Ż.I2).

Let us consider an element of the two-phase medium going over from a state of non,
-equilibrium into a corresponding equilibrium state ol the same piessure by means ol
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
referencę equilibriiłm process.

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

11

lw=w-wo:s'ou,

The souree functions in eq. (2.12) will be considered as sums of the respective referencę
source functions defined by eqs. (3.6) to (3,8) and supplemental terms representing non_
-equilibrium effęcts in thę flow:

(3.23)

The supplemęntal functions have to bę calculated on the basis of the already determined
run of .the deviation parameters.

The equations of the first law of thermodynamics of each of the component§ contained
in a two-phase medium element are:

, -1lg = g - 9 o: 7 k, o o ó + c'o 0'o 3'),

1 di q' L di
uaIqDdt

nrl:c, !ó(D
uo dt

Y (t):Y o.(t) + lY (t) ,\
QQ):QoG)+lQG),\
p(l):po11;* /p(t),)

(3,21)

(3.22)

_ (3.ż5)

(3.26)

(3.24)

Writing down the same equations for the reference equilibrium process and subtracting
thern resPectively from (3 ,24) the supplemental expressions lY and lQ may be obtained_
Their first approximations are:
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Subtracting from (3.27) the same expression writtęn for the referęnce procę§s and bearing

in mind that
(3.28)

(3.29}

(4.1}

Similarly the momentum, source function (i, e. mass force working upon the

may be expressed by

^ g' dw'P:_'- 
-.qu dt

wo-w -u-,/w

one arrives at the supplemęntal source term in the form:

g'o du(t)
AP(t):"uo dt

dpplt): ł =P:const.

4. Nurnerical rnvestigatioRs

4.1. Description of the Numerical Calculation Arrangement

The numerical analysis of critical two-phase flow conditions is based on the deriva-

tions presented abovę. The particular aim is to define the influence of non-equilibrium
elTects upon thę values of critical parametęrs and upon the maximal ff.ow-rate.

For the eva-luation of results the following characteristic parameters arę introduced:

the ratio of the critical velocity to the locai §ound velocity in the gaseous phase

ck
d:-

a

and the ratio of maximal mass-flow derlsity of the real non-equilibrium flolv to thę maxima

mass florv density of the reference equilibrium process

rk folP) tA)\

': ,ou: , o-ło*)l 
\ l'ź/

It should be noted that each of these two maximal flow densities takes place when the critical
plessule value of its respective flow process is ręached (i.e. in a duct flow the critical con-

ditions rvill 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 expansi,on proces§€§ arc

.assumed to take place at constant expansion rates:

gas phase)

" (3.27}

(4.3)

As the Iinite expansion rate is primarily responsible for capsing interphase non-equilibrium
the analysis ofa given process at various expansion-rates is most essential for the investiga-

tion of flow choking conditions.
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The initial statĘ of the medium is assumed to be at interphase equilibrium. It is also
as§umed that the,expansion proces§ §tarts at zero flow velocity (practically,-allowing for a
small inlet velocity, the thermal parametęrs have to be expressed in terns of the total
pressurę as the initial pressure value), Thus thę initial conditions are:

at p:p(a);
(4.4)

For detailed calculations 18 set*,of pirameters marking the initial statę of thę med.ium
have been chosen, these pararneters being: the initial pressure, the initial moisture mass-flow
content and the initial radius of droplets of which the liquid phase is made up.

Thę chosen initial values are:

P(0):0,1 ; 1,0; 10 bar,

' S'(O):0,05; 0,10; 0,15,

P(0):10-8 ; 10-7 m.

For each oFthese l8 initial situations process calculations havę been carried out on the
assumption of different expansion rates, covering the range:

-10>p> -108 bar/s,

The calculations have beęn carried out after the method described in Chapt. 3, using
step-by-step procedures to follow the course of the expansion.

, 4.2. R.esults of the Numerical Analysis

The analysis is preceded by critical parameter calcuiatiohs of referęnce equilibrium
procęsses in order to obtain comparative values. Figs. 2 and 3 show valuęs of the critical
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 nroisture content have
no physical significance since real expansion from an initial dry state cąnnot be consideręd
as an equilibriurn process; they appear in the diagrams as an indication of thęoretical
border cases.

The accuraey of deviation, parameter calculations has been chęcked by comparing
results obtained with the help of various calculation methods. In Figs. 4 and 5 the run ol
temperature deviations for a chosón erpansion process is depicted; the calculations have
been carried out using the method proposed in this papel, with and without additional
simplification, and compared with results given by the ,,direct" rnethod calculation. A slight
shift of the initial points of the curves showing diręct method results is due to the use of a
special starting procedure for this method.

Values of, the non-dimensional critical velocity resu|ting iiom calćulations of various
expansion proces§e§ are shown in Fig. 6, plotted as functiorrs of the expansion rate for

l3

w (0):g, ,l
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'arious initial conditions. The respective values of the equiiibrium processes are shown
aS asymptotic lines, corresponding to pło.

Further critical velocity valuęs al,e cont&ined in Figs. 7 to l0. As tiię leasibility of theindirect calculation melhor! is limited to small der,ńtlons from equiIibrium, the, rela,

ż Prace l\tLP z,77



l8 A. Konorski, S. Nahlik

1.00

^Crn- 
-ar, OU

0.96

0%

0.90

0a

086

0.a

0.82=

Fig. l0. Dimensionless critical gas_phase velocity (initial pressure 1 bar, initial droplet radius 10-8 m)
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Fig. 11, Maximal flow rate coefficients _ comparison of calculation results (fu1l lines _ indirect method
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tive deviation palameters have been checked for every calculated examPle; it has been found

that the temperaiure deviation of the gas phase is most substantially responsible for thę

-r""-"*"riiU.** effects. Thę lines of constdnt relative valuę of this deviation are depicted

in the diagram§ as an approrimate criterion for the expected acculacy lange"

Results of 
"u*purutivę 

oalculations of the maximal flow rate coefficient, obtained

with the use of the direct and the indiręct method are sho,wn in Fig. 11, It can be seen that
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I lu, 40- .10" .l0, 10e n9ExPanslb_ou- (p) [u. ]
flow rate coefficients (initial moi§ture flow content 0.1}

19

n 't.20
/,l - !3-' & ,-r,

1.16

1.14

.t.l2

,l.t0

Fig. 12. Maximal

u= I_

|.05

rxpaEą!_fułe_
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the difference of results increases substantially with the increase of the expansion rate i.e.
corresponding to increasing deviation from equilibrium.

Calculatęd values of maximal flow rate coefficients are shown in Figs 12 to 14, plotted
as functions of the exPansion ratę for various initial conditions. rnto the last two diagrams
the quantities of relative t€mperature deviations have been inserted; for reasons of clarity
they are shown aS Zonęs of approximately constant vaiues (instead of drawing bundlęs
of curves), thus marking areas of expected degrees of accuracy.
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5. Conclusions

The appearance of non_equilibfium effects in wet steam flows causes an increasę in

both critical velocity and maxima| flow rate above thę 1evel of their respective refęrence

florv 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 irrterphase non_equilibrium)

and on the medium internal inertia (which resists a quick adjustment to the changes caused

by the ęxternal forcing). trt may bę sęen from both analytical considerations and numerical

results that the internal inertia is stronger (and thus the non_equilibrium effects are more

likely to appeal even at Slower expansion_rates) when thę medium displays properties

impeding interphase transfer. Such properties are:

-coarser liquid phase dispersion (i-e. larger dtoplets),

-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 ofrron-

]equiiibrium flow therę is no such direct relationship, as has been pointed out in [7, 8],

The expansion rate valuęs in §team turbine guide vanes lie bętween 102 and 103 bar/s,

As the numerical results indicate, within this range a substantial increase of the maximal

flow rale is to be expected rather for flow plocesses having low initial prę§sure values;

therefore this phenomenon is ęssential for flow conditions which may be found in 1ast

§tages of condensing turbines. Tlre deg,-ee of liquid phase dispersion is also a decisive

parameter; it can bę seen from Figs 12 to 14 that the droplet radius has a strong influence

on thę maximal flow ratę.

Higher expansion ratęs may be expected in

of the state of the medium and of thę structure

stantial.

105
rąłe103 ,l04

Expansbn

blow-down pfocesses where the influence

of its liquid phase may bę even more sub-
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Within the range of practically applied expan§ion Tate yaluęs the accuracy of the in-
direct method calculations seems satisfactory as compared with thę more exact ,,direct''
method calculations. Tt is to be noted that calculation errors have a stronger effect on the
maximal flow rate coęfficient than on the critical velocity value.

Received by the Editor september l977.
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Obliczanie rnaksymalnej przelotności i krytycznych warunków w nierórynowagowych
przspływach par wilgotnych

s t reszcze nie

Praca PoŚwięcona jest okreŚlaniu krytycznych parametrów przepływu i maksymalnej przelotności
w nierównowagowych ekspandr"rjących przepływach par wilgotnych.

RozPatruje sięjednowymiarowe ustalone przepływy rozprężająceczynnika dwufazowego, w którym
faza ciekła rna postać małych kropel.

Na skutek skończonej szybkości rozprężaniai nienadążania zmian stanu cieplnego i szybkości krope1
za odPowiednimi zmianami stanu lazy gazowej powstaje stan braku równowagi wewnętrznej w czynniku;
wYwołLrje on ProcęSY wYmian'1 ciepła, substancji i pędu między fazami, przebiegające w kierunku przy_
wrócenia równowagi wewnętrznej.
. W rozdziale 2 PrzePrawadzono analizę powstawania krytycznych warunków przepływu przy użyciu

modelu PrzePłYwu fazY gazowej traktowanego jako przepływ gazu ze ,,źródłami wewnętrznymi'' i otrzy-
mano wzór (2.12) okreŚlający krytyczną prędkość przepływu. Opisano również zasady określania kry-
tycznych warunków przepływu (rys. 1).

W rozdziale 3 została wyprowadzona metoda.obliczania ktytycznych warunków przepływu i ma-

2l
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ksymalnej przelotności, oparta na tzw. ,,pośrednim" sposobie wyznaczania przebiegu parametrów

odchylenia od równowagi. Metoda ta unrożliwia wyzlaczenie różnic wartości odnośnych parametrów

w stosunku do ich wartości w porównawczym przepływie równowagowym.
Stosowalność proponorvanej metody obejmuje zakres technicznie ważnych przypadków przepłv-

lr,órr z niewielkimi odchyleniami od rólynowagi wewnętrznej.

W rozdziale 4 przedstawiono wyniki attalizy numerycznej dla szerokiego zakresu przypadków kry-
tl,czn1,,ch warunków przepływu.

Ęrl,niki obliczeń bezwymiarowej prędkości krytycznej w funkcji prędkości tozplężania przedsta-

rviono na rysunkach 6 do 10 dla różnych przyjęć dotyczących stanpw początkowych czynnika i struk-
tur; laz1 ciekłej.

Rl,strirki 1i do 14 przedstawiają wyniki obliczeń stosunku naksymalnej przelotnoŚci lozpatfywa-
nego przepływu do maksymalnej przelotności przepływu równowagowego.

Jak rvy,eika z przeptowadzonej analizy., powstawanie stanów braku równowagi termodynamicznej
porvoduje zwiększenie zaróvłno plędkości krytycznej, jak i maksymalnej przelotności.

Zrriększenie to występuje silniej w przypadku większych rozrzędzeńfazy gazowej i większych pro-

mieni kropel, z których składa się faza ciękła i związane jest z faktem skończonej szybkoŚci rozpręŻa,

nia.

Pacqer MaKc[MaJIbHofi flpoflycnnofi cnocodrrocTn n KpuTuttecnt{x ycJIoBilń

B_ HepaBEoBecHbIx TerleHilqx B,la)rHblx flapoB

Pe:roue

Pa§ora 11ocB_trilIeHa onpeAeJIeHI{Io KplłTuqecK]łx napaMęTpoB TeqeH,[l, IT MaKcnMaJIbHoż nponycrrioft

cnocoónocrx B HepaBIIoBecHBtx 3rcnaHAl{pyrclĘI{x TeqeHfirx BraxH},Ix napon. PacclłaTpl4Ba}oTcg oAHo-

11epgble ycTanoBr4Blln{ec, TeqeHl{fl o pacilMpenlłev gayxSa:aoż cpeAbl, B xoropoź :xLIAKafl (|ara rłueer

stlprry' .rte-rrlrX Kanefl b.

Bnx.:y orpaHrłYeHlroż cKopocTił pac[fipeHrD I4 HeycIIeBaeMocTI,I t43MeHeHrłft reEJlonoro cocTorIil{fi

!t ctsLrpocTtr KaIIeJIb 3a cooTBeTcTByIoIqLIMI{ I43MeHeHI4rMł cocTorHft, ra3onofi $a:r1 Bo3HI{KaeT cocToflHIIe

oTc\-TcTBIl, BHyTpeI{Hero paBHoBecrrq B cpeAe. 3ro cocroqHlłe B6I3bIBaeT npoqeccBl o6uega TeIIJIa, Maccbl

It B_\fił,_-Ibca Irłex,qy łlasaulr, HanpaBJIeHHIJle Ha oTBIcKaI]Ee BI]yTpeHHero paBHoBecl4-fl.

B pa:A. 2 nponegeu aHaJ]Ił3 Bo3HIlKTroBeIiil_fl KpI4Tr,{qecKIłx ycIoBLlź Teqeu]a, IIplł l{cllollb3oBaqilil
\foJe_u Teqenl4fl ra3oBoź (!alu, npzHrłMaeMoż B BIrAe TeqeHI4, ra3a c ,,BHyTpeHHIłMh l4cToqHrłravrł", florrY-
.łerra $opvyna (2.12), oupeAenqlotqa, (pl4Trłqecxylo cKopocTl TerteHuf,. Orrrłcarrrr TaKx€ npI{HIlIt[tł

onpe.]e.leHl.1rł xpIłTI4rIecKux ycnonrłft TeqęHIł, (prł§. 1),

B pasl. 3 *rpadorau MeToA paclleTa KpIłT]łuecKI{x ycrrornił TeqeHIł, Ił MaKcI4MaJlLHofi nponycxłrofi
cnocoóHocrn, ocnosaHHllń Ha T. Ha3. ,r[ocpęAcTBeHHotvt" cnoco6e onp€AęnęHlłf pacnpeAeJlenurr r7aPa,

\teTpoB oTKJIoHeH]ł, oT paBHoBecl4r. 3ror lłero,q IIo3BoJ]feT oITpeAenrTL pa3HI{IltI :rłaqegUł cooTBeTcTBY-

roIIBl\ trapaMeTpoB IIo oTrtolreHlłIo K 14x 3HaqeHIłlM B cpaBHI4BaeMoM TeqeHI4I4. flprłuerł-aelrocTb IIP€A-

;-IAf3€,\fofo MeToAa Bo3MoxHa B lrpeAeJlax TexHtłgecxu BaxHb]x cJTyrIaeB reveHrłż c He6oJIr,uI4Ml,{ oTKJIo_

HeHxa\fi{ oT BHyTpeHHero paBHoEecI.{,

B pa3f. 4 npeAcrae,leHbl pe3ynbTaTj,l ttl.lcleHHoro aHar'v,]a,a,1, llll4poxoro np€ĄeJra cflyqaeB XPl4 ltł-

vecxłoi yc:rosłfi TeqeHur. Pelynlrarrr pacrłeToB 6espasuepnofi rprł:rrvecxoń cropocTx s'óyłlxu}łłr cro-
pocT}r pacIIMpeHI4{ npeAcTaBJleHbI Ha prłc. 6 go 10 g;rr pasnrłłHb]x llpueMoB xaca}olurłxcrł HauaJrbHbtx

cocTorruli cpegbl Ił cTpyltTypbl xu,4roń (!asu. Ha puc. 11 4o 14 npegcraBJ]ęHbl pe3yJibTaTr,I pacqęToB

oTHouJeHEx lłarcrłuanrHoź nponycr<rrofi cnoco6nocrtł paccMaTpl4BaeMoro TęrłeH[r K MarctrMant HoŹ

npon_vcxHofi cnoco6uocrN paBnoBecHoro TeqeIłI4r. Kar c,re,Ąyer v3 IIpoBeAeHHoro aHaJTIł3a, Bo3HI'lKHo-

BeHIle cocTorHrł{ orcyrcrnrłx TepMoAl{HaMuqecKoro paBHoBecIIrł Bbl3bBaeT }tseJrIIłeHIre KaK xpIłTuT ecroń,
Tax rl MaKcllMallrrofi nponycruofi cnoco6goc.rł. 3ro ynenuveHtre o6T,rBn-reTc-fi cllJlbltee n cnyłae 6onn-
IJr_[x pa3pexenrłfi ra:onoż $a:rr u 6onsrrłlx paĘlycoB Kanenb, Ił3 xoTopbix cocToltT xIłnKa' $asa rr csn-
saHo c @arroM orpaHI,IyeHHoż cxopocTlł pacunpeHlłr.


