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ANDRZEJ KONORSK]

Thermodynamics of Rapid Non-Equilibrium Expansion of Two-Phase
Media

The dynamics of thermal processęs in non-equilibrium węt-steam flows has been analysed on
-*:e basis of a general model of multiphase media behaviour. The governing dynamic equations

:arę bęen derived and a method of determining additional exergy losses due to non-equilibrium
eiects, based on an introduced concept of predicted entropy increments has been suggested. An
a:all,sis of flow choking and methods of defining the critical parameters have been Presented. Two
;..mputationa1 methods have been developed and calculations of non-equilibriun flows around a Pro-
:le have been carried out,

1. Nomenclature

a - sound velocity, in general, ,I - coefficient in eq. (4,20),

a, - "frozen flow" sound velocity, ł - coefficients in eq. (4.17),

a, - sound velocity at zero lrequency, / - coefficients in eq. (4.2l),

a- - sound velocity at infinite frequency, ffi,ffi' - mass transfer coefficients in eq, (3.9),

ó - speciflc exergy per mass flow unit of the N - droplet concentration
mixture, n,n' - hęat transfer coefficients in ęq. (3.9),

:. c' - specific heat at const. pfessule (for gas P - mass force per volunle unit,

and liquid respectively), p - static presslire,

D - coefficient in eq. (4,20), ! - time derivative of the pressure,

E - flux of thermat energy per volume unit, Q - heat flux per volume unit,
e - thermal energy flux density (referred q - heat flux density (referred 'to droplet

to droplet surface unit), surface unit),
F - cross-section area per mass flow unit R - gas constant,

of the mixture, r - drag coefficient in eq. (3.13),

/ _ droplet surface alea pel mass flow unit ,§, §' - specific entropy (of gas and liquid resp,),

ofthemixture, .i - specific entropy per mass flow unit

ł,g' - rnass flux content (for gas and liquid ofthemixture,
respectively), i* - "predicted" entropy values per mass

lr - coefficiefi in eq. (4.20), flow unit of the mixtrrre,
lr _ specific heat of evaporation (condensa- T, T' - absolute temperature (of gas and liquid

tion), resp.),
:'. j - speciflc enthalpy (for gas and liquid, T" - satutation temperature,

resp.), t - time,

' Institute of Fluid-Flow Machinery, Polish Academy of Sciences, Gdańsk.
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388 A. iionorski

ł - velocity deviation,
D, D' - specific volume (of gas and liguid resp.),
w, ||' - absoiute velocity (of gas and liquid

resp.),

- path coordinate,

- mass flux per volume unit,

- mass flux density (referred to droplet
surface unit),

- dimensionless critical velocity aftęr
eq, (6.20),

- critical pressure ratio,

- finite increment,

- deviation from saturation temperaturę
(for gas and liquid resp.),

- exergy 1oss coefficient after eq. (5.23),

- isentropic exponent

- dimensionless critical velocity after eq,
(6.ż1),

p - root of eq. (4.t7),
p - droplet radius,

entropy source per volume unit,
droplet surface area pel volume unit,
steering functions in eq. (5.19),

entropy source per mass flow unit of
the mixture,
"predicted" entropy soulce per mass
flow unit of the mixture.

Subscripts
active period,
dissipation at the wa1l ("friction"),
external forcings (friction included),
external forcings (friction excluded),
critical flow conditions of the mixture,
critical flow conditions of the gas phase,

ordinal number of the droplet fraction,
number of droplet fractions,
relaxationa1 quantities,
saturation (equilibrium),
leading values.
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2. Introduction

Thermodynamical problems of multiphase media flows are associated with many scien-

tiflc and technological areas. One of their important application concerns the wet steam flow
in LP-steam turbines of both conventional and nuclear power plants,

The properties and the belraviour of wet vapour, which is a hetęrogeneous rnedium,

differ essentially from thosę of a homogeneous one-pha§e medium. Hęnce there arises

a nece§sity to examine the specific properties of thermal proces§ęs in such a medium and to
develop appropriate calculation procedure§.

The literature on this subject offers several treatments of variqus aspects of wet vapour
flow. However, the gęnerally adopted methods of approach are mostly insufficient for
the exact description ,and calculation of the run of thermal processes in a wet steam flow.

This is due to the occurrence of non-equilibrium effects in the medium; a considerable
relative rate of processes (e.g. rapid expansion) makes these ęffects particularly important.

This paper offer§ a brief presentation of the author's approach based on some of his

previous work§ on the dynamics of thermal pfocesses and multiphase flows (|6,7, 8, 9, 10,

11,12, 13)]. The two-phase medium will bę considered here as a dynamic sy§tem subject to
external forcings (disturbances), the action of which causes transient states of internal non-

-equilibrium in the medium. The resulting follow-up processes will be examined with the

purpose to describe their regularities and to develop effective methods oftheir calculation.
The applications of these methods lead to the following tasks: predicting the time-run

of rapid thermal processes in wet vapour flows, determining the choking flow conditions
and the critical cross-sections, calculation of the additional thermal losses due to internal
non-equilibrium in thę medium, dimensioning of the channels and nozzles for two-phase

flow.
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3. The Non-Equiliłlrium Morlel of a Two-Phase FIow

3.1. General Assumptions

The medium in question is wet vapour of an arbitrary substance consisting of a gaseous
phase (which is the carrier conponent of the medium) and drops of various dimensions
and physical parameters. Groups of drops having equal diameters and parameters, will be
cailed fractions of the liquid phase. Each of the sub-systems (phases or fractions) is consi-
dered as physically homogeneous and its thermal statę will be described by means of mass-
average parameters.

Drops of liquid afe assumed to be spherical and incompressible, their specific volume
to be neglected against the specilic volume of the gaseous phase

1;'<1:, (3.1)

The influence of capillary components on the thermal parameters will also be neglected.
A stationary one-dimensional flow of this medium through a duct of varying cross-

section aręa łviil be considered. In accordance to the one-dimensional character of the
fl.ow, tlre influence of the boundary layer dissipation ("wall friction") will be taken into
account as an al]propriate combination of the exchange of heat and mechanical work with
fictitious outer sources.

3.2. The Methołl of Process Dynamics Description

The two-phase medium described above will be treated as a dynamic system subject
to extćrnal forcings working at given time-rates. As for practical reasons the forcings
are acting upon the ga§eous (carrier) phase, the number of forcing functions which may work
:ndependently of each other, is connected with the number of free parameters defining the
state of this phase.

A two-phase medium at rest may be subject to the action of two forcings acting simul-
:aneously, a pertinent combination of which can bring about any physically possible
)rocess, These two forcings may be chosen to be the pressure variation and the variation
..l heat supply to the medium, thus defining two important particular cases:

- the adiabatic process (zero heat supply),

- the isobaric process (no pressure variation).
In a one-dimensional channel flow with thę state of its gas phase determined by three

,,;riables (velocity included) one more irrdependent forcing may act. As this forcing will
re chosen the exchange of mechanical work with an external §ource represented by an
e\ternal mass force acting upon the gaseous phase,

Another technically important way of defining forcings consists in thę choice of the varia-
iicln of cross-section area of the duct as a forcing function (the other forcings being the
erternal heat supply and the action of the external mass force).

The forcings working at finite time rates upon the gaseous phase cause transient states
.: internal non-equilibrium which consist in differences of thermal and kinematical para-
Tic -]l, bećtveen the gasęous phase and the Liquid droplets. This, in turn, leads to the oc-
_]-* j -:- 

".i the irręvęrsible internal mass-, energy- and momentum transfęr fluxes between
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the phases*acting towards equilibrium. The variations of these fluxes with time depend on
the structure of the medium (i.e. the size and concentration of the droplets) and on the
momentary values of the parameter differences between the phases. Thus the run of the

resulting follow-up process will be determined both by the course of interaction between

the phases and by the time-run of the forcings. Therefore in the description of the transient
processes in a multiphase medium the quantity of time appears as an independent variable
(unlike to the "thermostatic" procęsses where any instantaneous state can be fully determ-
ined by męans of the leading thermal parameters only, with no relation to time).

In the particular case when none ofthe forcings is acting the medium undergoes a ręlaxa-

tion process,,proceeding asymptotically towards equilibrium.
If the forcings act upon the medium during a finite period of time, at the end of this

period the medium will generally be in a non-equilibrium §tate; then a relaxation process

will start. Hence the whole process - the result of the action of forcings on the medium - may
be divided into an active period and a relaxation period. Accordingly the resulting
changes of parameters at a given moment may be regarded as consisting of an active and
a relaxation component.

The deviation from thermal equilibrium occurring in each sub-system (phase or droplet
fraction) will be expressed by the difference between its actual temperature and the saturation
temperature respective to the actual value of pressure; to describe the kinematical deviations
velocity diffęrences,between the gas phase and the respective droplet fraction will be used

6:T -T", ó-:T--T", u^:w-w'- (3.2l

(for m:1 ,2, ,.., n).

Thus the state of the flowing medium, containing n fractions of liquid droplets will be

defined by the set of parameters:

(3._1l

In this set of (3+3n) parameters there are (I+2n) non-equilibrium parameters.
We shall assume that the values of deviations from equilibrium are small compared to

their respective basic values

(3,4)

Balance equations will be written on the basis of mass flux contents of ęach of the com-
ponents (phases, fractions); allowing for velocity differences between the components
these mass flux contents are not identical with the ma§§ contents of thę respective com-
ponents occupying a fixed volume of the duct.

For the mass flux contents the obvious relation is valid:

|i" *,, lł,..,, lTl",

Zs-+g:t

and the total surface area of drops belonging to the m-th fraction - per mass flux unit of tłle
two phase mixture-is:

(-r.j
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J,_:3u,Ą, (3.6)
P-

i.:3:eas the concentration of these drops i.e. the number of drops per unit volume of the

: -:: is:

3 g*u' I
N_:ł.' - (3.7)

4Ttp; g u t_!:
w

r!-.: the total area of drops of thę m-th fraction per volume unit of the duct:

_ 3 7',nD' lm_a m- (3,8)

Pr0 U, U.
w

3.3. Transfer Processes Between the Phases

By virtue of the assumptions (3.4), which are satisfred within a wide range of cases of

:echnical flow processes, the possibility of spontaneous condensation may be excluded,

!! this kind of condensation practically occurs in strongly subcooled vapour onlY. Con-

.equently, heat- and mass transfer processes between the phases will take place on the Surface

. : the liquid drops,
Thę heat- and, mass flux densities (fluxes per unit area), directed towards the gas Phase,

:]C
y-:m'*3'^+m*6, q*:n;6'*+n-ó (3,9)

.ln the basis of the author's previous papers ([7, 8), where also the coefficients usęd here

:rave been calculated; the density of the thermal energy flux is then:

e^:q*ły*i". (3.10)

Taking into account eq. (3.8) the internal fluxes of mass, heat and thermal energY Per
unit volume of thę drict (connected with droplets of the m-th ftactjon) may bę written:

Y-:Q*!^, Q^:Q^Q-, E-:(D,ne^ (3,11)

and the total internal fluxes per unit volume:

,:Ęr-, Q:LQ., u_Ęu-. G.Iz)

Similarly, the force (representing intęrnal momentum transfer between the Phases) ex-

erted by the droplets of the ru-th fraction on the gas phase in a volume unit, will bę ex-

pressed as a linear function of the respectivę velocity deviation

P_: -T_lł* (3.13)

and the total intęrnąl forcę
P: T,P*. (3.14)
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The forms of the transfer equations given above are in accordance with the metlrods
used by the thermodynamics of irreversible processes in assessing the transfer fluxes as
linear functions of deviations from equilibrium. The mass- and heat transfer are coupled
phenomena, each of them being controlled by both deviations from thermal equilibrrum,
while the momentum transfer is a separate process. Using appropriate values of transfer
coefficients the above equations are valid for both molecular-kinetic and contineous-
mędium transport situations.

4. Two-Phase Flow Dvnamics

- 4.1. FIow Equations

For a one-dimensional flow of wet steam subject to forcings consisting in pressure varia-
tion p(t), external heat supply Q"(t) and external force action P"(l) working at arbitrarily
given time rates a complete set of equations governing the run of the flow process wilt be
written down. The conservation equations for the gas phase flow are:

and the conservation equations for a single drop

(4,|)

*ę):', *(t)-*:yw, + p ł p.,

-*l,'(, - f)] :, (,"*!) * Q + Q" + (p + p 
") 

w,

*(T l)^++nł'^e^:,,

(4.2,

(fot m:!,2,...,n).

In addition, the state eqrration of the gaseous phase and the
equation with regard of (3.1) will be needed

pu: RT ,

u^T
dT.:-".'' dp ."h

Enthalpy increases wi1l be treated as:

di:cdT, di':c'dT' ,

Clausius-Clapeyron

(.t._l ł

(4.ł,

(4.5l
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As thę flow is stationary the relations are valid (for tlre gas and liquid flow respectively):

393

Ąccordingly the action of forcings may be given as functions of time or of the channel

path coordinate as well.
Using the above equations and thę relations from chapter 3 a set ofequations governing

the flow of the two phase medium may be written in the form:

d d d ,d:w , .- -}1r- -.dt dx dt "'dx

o;: _u"|L",^+* o-,"],

dT" 0"Ę .

at: n P'

# 
: 
+|a2o ̂ , -+ | Q -n -ó * + (, _ }) l - a "f,

dó;_-rr'|,*,r*, T rl"Ę,
dt c, p. L"|.ó',+(mh+,)^6 )- 

"1.," i,

|::: -,"|g, ,^u,+ ź,,r,*' i-r"f,

U: _3r,nję-;a;lm^ó),
dt p^' ""

(4.6)

(4.7)

(4.8)

(4.9)

(4.10)

(4.II)

(4.12)

(4.I3)dp- 3p*dg-
dr:ń d, '

(where m:I,2,...,n).
The last equation (4.13) follows fromthe assumption made before, that mass transfer

:akes place on the surface of existing drops only.
The formula e @.7)-@.13) represent a set of (3 + 4il) equations, governing the variations

-.l as many parameters, (1 +2n) of them being non-equilibrium deviations. As can be seen,

:he variation of each param,eter is controlled both by the existing state of non-equilibrium
represented by the deviation values) and by the current values of forcing functions. By setting

ihese values offorcing functions equal to zero a description ofan isobaric-adiabatic ielaxa-
:ion process would be obtained.

As a consequence of the linearization of the expressions for the internal fluxes and of the

,-oupling betweęn heat-and mass transfer processes, the variation of any thermal parameter
jepends on both deviations from the equilibrium temperature whereas the change of the
rinematic parameters is controlled separately by the velocity-deviations.

Having determined the run of the flow parameters after the equations (a.}(a.13)
lhe value ofthe cross-section area as a function ofthe path-coordinate for a given quantity
rf the total mass flow can be found, thus solving the problem of dimensioning the duct.

{-'sing the valuęs of flow parameters calculated as shown above, the required area per unit



A. Konorski

Obviously, this quantity is the reciprocal of tlre flow density of the two_phase (i.e.
mixture) flow.

The set of equations (4.7)-(4.13) makes also possible taking into account the influence
of energy dissipation in the boundary layer at the walls. This influence shall be modeled by
with drawing the motion energy (by means of introducing an appropriate mass force) from
the flow and supplying to the flow the same amount of heat. The values of external heat-
and force actions in eq. (4.7)-(4.13) shall be then treated as:

mass flow of the two-phase medium at a given section will be:

F(x): R (l _ I g,^1*l)r,9.* j':
p (x] }v (x]

dÓ- _,. §/ r l. " 
U"Ę .,

- 
: Kmmom* km(n+ 1)Ó - h- P,

. (for m:1,2, ,.., n)
where the coefficients are:

k.*: -3: (!!Y)^, k^(.*t,,: _': (!ł)_,
-l3l)l, 

-^1ł+1.1 łl-- gc

(4.14)

(4.15)

(4.16)

(4.18)

Q":Qn"*Qo, P":PnnłP6,
where the wall dissipation ("friction") terms satisfy the condition:

aa:Paw
and the subscript ee denotes action from outside of the channel.

4.2. Dynamic Properties of Two-Phase F|ows

The functions determining the run of the deviations from equilibrium values can be writ-
ten down directly as follow-up functions of the forcings il the respective differential equa-
tions are treated as equations with constant coefficients, whiclr in the most cases is a reaso-
nable approximation. For example, the equations (4,9) and (4.10) shall be then written as a set
of (lr * 1) equations, governing the variation of the deviations from the thermal equilibrium:

(4.I7)
#, 

: ł k1,* t, -6Lł k(,* r)(,* r)6- : (, -

(+) _, kln+ t, 1.+ t1:# ł ę) _

be the

n- ll)

0

+ 1) 1

1)

l(k

l

Iu-

,..,7lł roots of the characteristic equation:

0 ... k, (n* r)

(kzr-P).., k, 1n*r1

Let pi (i:I,2,

k1,*r1, ... (k6+l(n+r)-l)

:0. (4.I9)
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The run of each of the temperature deviations is expfessed by a function of the form:

ó;(t): D,rór(O)expl;/-|

' n+I t

* frlu,, J 1(r)exp(- 1t,t)dt+Jil J 0"(l)exn(- p,t)dtfęxpltit, (4,20)

rhere D, H and ,I are coefficients,

From the form ofthis equation it can be seen that the state of non-equilibrium existing

ln the mędiu m at agiven moment depends not only on the momentary values of appropriate

parametęrs, but also on all the values taken on by these parameters previously during

:he whole past; hence any present thermal non-equilibrium state is a function of the historY
of states of the medium. Taking into account the known initial values of the Process it maY

re also said that any present state of the medium depends - apart from the initial conditions

_ both on the dynamic properties of the medium itself (represented here by the set of values

..r,) and on the history of extęrnal forcings (i,e. their time-run during the whole past),

This dependence on the past history has the character of a fading memory,

neaning that the influence of states further in the past is smaller than that of more recent

states, The said influence disappears in the limit case of infinitely remotę States,

In a similar way the equation (4. 11) yields a set of equations with constant coefficients

,:overning the variation of deviations from kinematical equilibrium i.e. velocitY differences:

l+ I n+ I,Ij=1 i=r

(4.2I)

,rhere the coefficients afe:

lor j*m

j:nl
(4.22)

The analysis of the solution of this set shows that the state of kinematical non-equili-

brium also displays the property of history-dependence and of fading memory of states

eristing in the past.

4.3. Relaxation Flows

After the active period ofthe process is finished i.e. after the forcings have ceased to act,

in the general case a relaxation proces§ starts, proceeding asymptotically towards equili-

brium.
With the choice of forcings assumed above (pressure variation, external heat suPPlY and

mass force) thę relaxation process in question bęcomes an adiabatic-isobaric relaxa-

du^_ i
*- ź,l,,,_,"(+-P"),

li: -l)"ri, l
- rm llr: - U" -7' 

I9^J
for
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tion. For determining the run of the deviation parameters during the ręlaxation period
equations @.I7) and (4.21), with the re§pective forcing values set equal to zęro are valid.
Thę influence of "wall friction" is to be disregarded (as an external action upon the me-
dium_1.

The change of parameters of the medium effected during the whole relaxation period,
i.e. until full equilibrium is reached, may be determined by writing down the conservation
equations for the actual statę of the flow (starting point of the relaxation) and for the fully
relaxed equilibrium flow. Making use of the assumption that the values of the deviation
parameters are small compared to the values of their respective basic parameters and setting
for the adiabatic-isobaric relaxation:

P:Pa, Ę:(Ę)o, (4.23)

the values of the relaxation increments of the flow parametefs are obtained as:

1(/9)ą=9n-n:-lc' Lg^óa+cgó++' s;u?"-+(E g-u^)'f, (4.24)
flmmm

Aw=wo-w: - Z s-r^

and the ręlaxation incremęnt of the cross-section area required for a mass ff.ow unit of the
two-phase medium (reciprocal of the flow density) calculated with the use of (4.14) is:

(4.25)

(1F)o=F^-":t
l# ł s;ó;*(+- t)oa *Ą 

Ę nr"-f, G,26\

If, instead of the pressure variation, the variation of cross-section area has been chosen
as a forcingfunctionranother kindofrelaxation process is to be considered: the adiabatic
constant-cross-section relaxation, producing respective values of pressure, tempera-
ture, velocity and mass contents increments.

5. Entropy Production anil Exergy Losses

5.1. The Entropy Sources

In a multiphase medium flow the irreversibilities are caused both by boundary lal-er
dissipation and by non-equilibrium interaction between the plrases, the latter cause being
sPecific to heterogeneous media, Basing on the principles of non-equilibrium thermody,na-
mics (e.g, [2]) the problems connectęd with two-phasę flow irreversibilities will be treatec
here after the methods suggested in ([9, 11]).

The Gibbs equations for the gas phase and each of the drop fractions (written in re-
ference to the mass flux unit of the medium) are:

d{gi):gudp+Td(gs)+(i-Ts)dg, i
d. (g' i' ),,: 79' i' ) 

^d 
p ł T! d (g' s' ),,, * (i' - T' s').d g 

^, J

for m:I,2,...,n,

(5 1)
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\\'ith the use of the energy conservation equations for each sub-sy§tem and of the ex-
pressions for inter-phase actions given in chapter 3 the following form is obtained:

(5,2)

39,|

d_
r'o, k s) :L f ̂

le ^ 
- y.(i - T s)] - g u Z r ^u,(t -?) * n, n 

" 
.

T^!ar(n', )*:f_ly^(i' - T's')-- e-]

for m:I ,2, ,,. ,n .

The rate of entropy increase per mass flux unit of the two-phase medium is:

dsdd"": 
;,(ss)+ L o,{o's')^. (5.3)

Taking into account that after eq. (4.15) the heat supply consists ofthe wall dissipation
:.eat and of the heat supplied from outside of the channel, the entropy increase rate may be

:rpressed as:

Here the first term on the right-hand side denotes the entropy source (per mass flux

-rit of the medium). i.e. the entropy production rate due to non-equilibrium interaction
]€t\\,een the phases whilst the second term is caused by the dissipation in the boundary
,:1er ("wall friction"). These two terms are responsible for the entropy production in the
,': .i thus defining its irreversibility. The third term is the entropy supplied to the flow
, _:: lrith the heat supply from outside.

T.le entropy source caused by the interaction between the gas phase and the droplets of
,- .,;-th fraction is:

.^:I.| ,^( ' _])- ,_('_J' -i;- Ę';\-l 
-nu ,*u,(, _'Ą . (5.5)-ill ,-L,-\T Til /n\- T - T; )] T'''.\' w/

After some rearrbngements and rejecting small quantities of higher orders this expres-
rir]ll takes the form:

di clD qu

dr:rl.TQo*" rQ,,".

,_:+|e^(ó*- ó)- y^(i'"ó*- i"ó)f -g!IP*u^.

(5.4)

(5.6)

As the quantities e, y and P are linear functions of the deviation values, the entropy
iource becomes a quadratic function of the deviations from equilibrium; the terms des-

--ribing the entropy production due to the coupled mass- and heat transfer phenomena are
separated from thę entropy production term caused by momentum exchange. Thę minus
sign before the last term is due to the assumęd notation (eq. (3,13)).

Tlre entropy source causecl by the interaction between the gaseous phase and, all the
iractions of droplets is

': Ę,-
(5.7)
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whilst the corresponding quantity of entropy source per unit volume (as used in the methods
of thermodynamics of irreversible processes) is after linearization

o:LEg;0)..
0D*

With the use of eq. (5.4), the entropy increment due
flow (interaction between the phases and "wall friction
can be wfitten as:

(5.8)

to irreversibilities in the two-phase
") during a limited period of time

/ś: (D(t)dt+ (5,9)

5.2, The Adiabatic-Isobaric Relaxation Entropy Increase

Principally the value of the relaxation entropy increment may be calculated by means

of determining the run of the deviation parameters during the relaxation process according
to the eqs. (4.17) and (4,21), and subsequently applying the defining formula:

/r": J a(t)dt.
tp

(5.10)

Taking into account the assumption that the relativę values of the deviation parameters

are small, the relaxation entropy increment (eft-ected during the whole relaxation period)
may be obtained directly. Defining the adiabatic-isobaric entropy increment per mass flux

1 IsubcooLed l

I
0 r:#,oQ)dt

^Ś^-g'.^s;+q-^s^aŚ.-9'.asi*9,as,
6§ _9'.45' +gr" 45

Fig. 1 . Adiabatic expansion of wet steam from an initial equilibrium state (scheme)
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_nit of the mędium as:

/Ę:(9'sj)ą*(gs")^ - ghs^- gs

.nd making use of eq. (4.24), the value of the relaxation entropy incremęnt is:

, (5.1 1)

Aś^: Ł|cgóz + c' I g^ó: +T,| g*uz- ą( 

' 
g-u-)2fR

Zl" m m m

(5.I2)

increment arisen during the
of the relaxation increment

(5.13)

of wet steam from an initial

(5.14)

(5,1 5)

Thę total entropy increment of the process consists of the
:ctive period of the process (calculated after eq. (5.9)) and

/ś:(A§)A+(/s)o.

The basic relations for an elementary adiabatic expansion
;,:uilibrium state are depicted schematically in Fig, 1.

5,-3. The Concept of.the "Predictełl Entropy Increments" for the Description of Irreversible Processes

As any thermal process is caused by the action of forcings which evokes non-equilibrium
.:aies in the medium, the occurrence of both entropy increments-the active and the relaxa-
::!rl,}al one - should also be considered as a result of the action of the forcings. The relaxation
ncrement remains "latent" at the time when the action of the forcings stops and its value
s defined by the then existing values of deviations from equilibrium. In fact, to any non-
:quilibrium state of the medium, an appropriate value of relaxation entropy increment
lav be attached (calculated after eq. (5.12) which will become real if the forcings stop
: l act at that very moment.

In the author's previous papers ([9, 1 1]) there has been introduced a concept of a pre-
::.-ted entropy incremęnt representing the total entropy increase which consists of the
":ctive" increment actually occurring within the cons.idered time interval and the associated
::ange of the relaxation increment /śo, which is also caused by the action of forcings ovet
._.e said time interval but which will become physically effective afterwards. Hence an infi-
:;tesimal change of predicted entropy will be expressed as:

Consequently, it can be assumed that there ęxists a source of "predicted entropy" which
:: acting in the medium:

dś*:adt+ 
!rou^> 

o,

".d_(,)^:@f 
dt(/sł).

ln the above equations only irreversibilities caused by interphase transfer have been taken
:nto account, disregarding tlre "wall friction" influence. As both influencęs may be regarded
:,_. be additive, tlris simplification is not essential for further developments.

For the ręlaxation process there is, evidently:

(')i:0 . (5,16)



A. Konors*i

0-

Fig.

U0

ż. Yariation of entropy increments during the plocess (schematic diagram); a) relaxation proce§s,

b) active part of the process (general case)

If the active period of a process lasts from l:0 to r, the following relation is valid:

tq

lrl*ęlat_ §aQlat.oo
(5.17)

. The above consideręd relations are pictured in Fig. 2.

On the basis of the defining eq. (5. 1 5), making use of (5.6) and (5, l2) and of the equations
governing the transfer proces§es and the run of deviation parameters dęrived in chapters
3 and 4, the source of predicted entropy can be expres§ed-after making the necessary
transformations-as a sum of products of the dęviations from equilibrium times the res-
pective steering functions:

O*(l) : Y (t). ó (t) + u Y 
^(t). 

ó 
^(tl 

+ 
Ę 

Y - (t). u *(t),

where the steering functions of the forcings associated with the respective deviations from
equilibrium are:

y (t) :*_, 
[(, -:f) a ca - a "(,)f,

Y-(t): -:ftoLi{O,

v ;(t) : -n }; 
n r[* or,, - o",,,] .

(5. 1 8)

(5.19)

With the help of the relations from chapter 4 it may be easily proved that thę runs of
both active entropy §ource a and of the predicted entropy source a* arę functionals of
the run of the forcings and of the dynamic properties of the medium, Thus both kinds
of entropy sources depend on the history of states or respective on the history of forcin_ss:

this dependence has the character of a fading memory.
Using the concept of predicted entropy increments the total losses arising in the medium

may be analyzed on the basis of the timę-run of the forcings. The total entropy increment
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ą '5.13)) 
may be presented as:

(5.20)

5.4. Exergy Losses

Tne losses of exergy occurring in the medium duę to irreversible interaction between
:_lr phases may be written down as:

t

/ś: A§ał /§a: l a*ętldt,
o

am: respectively:

(5.22)

v:ere Ę is the surroundings temperature.
For calculations of adiabatic expansion-or compression processes starting from an

*ilibrium state, exefgy loss coefficients defined as the ratio of exergy loss to the isentropic
:r::ralpy drop of an ideal reference proce§s (measured in the direction of the process-run)

",l.i11 
be introduced:

, _A6n , _/6olA- -. 9R- _')
Ai" /i"
r-r l r§-§,4-r9R.

5.5. Resu|ts of Exergy Loss Calculations

lb:T,/ś

Abn:7,7rn, A6o:7,7E^,

, (5.2I)

(5.23)

(5.24)

Ą series of calculations of a non-equilibrium adiabatic expansion of wet steam (starting

":_,rr an initial equilibrium state) have been carried out; the forcing has beęn assumed
:| : -3e 

a linear variation of prę§sure. A typical run of temperature deviations and entropy
ur,_ues in §uch a.case is shown in Fig. 3.

The initial state of the medium (HrO) at rest has been assrrmed as:

1(0):0.1 bar, 9'(0):0.1

.u|Trć, the expansion of this medium in a guide vane of the channel length of 200 mm has
lęl calculated assuming for each of the computational serięs subsequently a differęnt
ll:r of droplets of which the liquid phase is composed and repeating the calculations for
lt_1.;l§ valuęs of the expansion rate.

The results are shown in Fig. 4, where the exergy loss coefficient (showing the total
l ;s. caused by internal irręversibilities of the two-phase medium) has been plotted as a func-
:,;n of the expansion rates and of the droplet radii; it may be seen that these two parameters
linle a substantial influence on the value of the loss. The non-equilibrium exergy loss
_i-._,ulated here is additive to other losses occurring in the flow.

j5 ::ace I:]§lP z. 70 -'l2
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The growth of the exergy loss - here expressed by means of a local loss coefficient ((l) -
during the flow of the medium through the duct for two selected values of the exPansion

rate is shown in Figs. 5 and 6. On these diagrams the approximate period of time required

for the flow to reach the outlet of the guide vane is markęd as /t.
other series of calculations have also been made for wet steam expansion of a definite

magnitude of the pressure drop. For these calculations, two selected values of lP and two

vulrres of the droplet radius have been chosen and a broad range ofvariation ofexPansion

rates haye been considered. The contęnt of the relaxation loss in the total loss of exefgy

is shown on Fig. 7. In the limit case of an extremely slow expansion the value of this con-

tent is zero whereas in the limit case of extremely rapid expansion (step function of the

forcing) the total loss consists of relaxation losses only.

6. Flow Choking and Critical FIow Conilitions

6.1. Basic Equations

The appearance of the so called critical conditions ("flow choking") is one of thę most

characteristic features of compressible media flows. The theoretical interpretation of critical

flows in homogeneous one_phase media (perfect gases in particular) is generallY known

and their critical parameters are used as characteristic values in the description of simPle gas

dynamics, one of the most significant among them is the critical velocity which in gas

flows is in a well known way directly related to the velocity of sound in the medium.

In multiphase flows,. however, the physical nature of both choking conditions arising

and sound waves propagation are much more complex becausę of the heterogeneous

stfucture of the medium and of the internal non-equilibrium intęraction betweęn the Phases.

As these internal processes influence flow choking and sound propagation in different

ways, there is (in the general case) no direet relationship between these two Phenomena.

The problems of two-phase critical flows have been studied mostly from thę viewPoint

of evaporating liquid-vapour mixture flows through short nozzles and orifi.ces [4, 14, 16].

In this chapter thó author's approach considering the general case of a wet steam flow

will be presented, basing on [13],

For the flow ofthe gaseous phase subject to inff.uences caused by both external forcings

and internal fluxes from the liquid phase, the continuity equation is:

d, :dg *d'_4! ,wgDF

wherę the inciease of the gaseous mass flux contęnt is:

da uY
-:a- - 

dx .gw

Writing the gas state equation (a.3) in the differential form and making use of the gas

phase conservation equations (4,1) yjeld-after eliminating the derivatives (dT|dx) anó

|aplaĄ_tt" expression for the specific volume increase. With thę usę of (6.1) and (6.2r

(6.1)

(6.2\
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(6.6)

-Ąccording to these definitions the locations of both critical cross-§ections of the duct,
- e resPective critical values of the flow parameters, and of the critical flow-rate of the me-
jm are to bę determined.
It maY be easily shown (cp. t13]) that the equation (6.3) can be written in the form:

_,,:rg the quantity w" defined as:

PłPel_ _Wi
t-91)a:9:,'-]

p

405

::e following equation governing the flow conditions variation is obtained:

(,_:;)oI: _oL *|, *rrz' lo+o">f!fu _ę+ r)':ł, (6.3)

* here

o *:ł "p,
(6.4)

s the sound velocity in the gaseous phase considered approximately as a perfect gas; it
::a1' also be regarded as the propagation velocity of sound waves of infinitely high fre-
:_'JencY in the two-phase medium (owing to the freezing-up of interphase exchange processes
.: high time rates of pressure forcings i.e., at high frequencies).

6.2. Critical Conditions

The critical conditions of the two-phase flow (with the assumptions already made)
,iill be defined as a situation at which the mass flow density of the two_phase medium
"'kes on an extremal value whilst the derivative of the gas phase velocity is not equal to
::ro i.e.

(6.5)

The cross-section of the duct where the critical conditions occur will be called the critical
::Llss-Section and the values of the flow parameters existing at this cross-section-the critical
, .lues of the respective parameters.

Besides the definition (6.5) another characteristic situation of the flow wherę the mass
,-'lr-density of the gaseous component only ręaches its extremal value may be of

.terest, Thus the definition of the gas phase critical conditions is:

.Fx: F(xa):extr. , (!r:) _-'

(#)-,*o

(6,7)
dFdw

w(,-#)

w?:al (6.8)
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As can be sęen from eq. (6.7), the criterion (6.5) of the critical state is satisfied when

' 
:'*; thus w* is the critical velocity with respect to the two-phase flow choking conditions_

In a similar way, the critical velocity after the criterion (6.6)-(choking of the gaseous
comPonent flow) can be obtained, For this purpose the eq. (6.3) has to be slightly rear-
ranged making use of (6.2) and then written down in the form:

dg dF
(6.9)

with the ęritical velocity respective to the criterion (6.6) defined by;

P+PeI-_w
p

(,-:)+

'?n:O?"
(6.10)

Fig. 8. Determination of critical condi-
tions and the position of critical cross-

sections (scheme)

(rc-I)(Q+Q")
1_

p

F,(ą)

Wk

wxi

r*,

Taking into account that at the critical cross-section

,il:WK respective w:wKs

the expressions for the respective critical velocities may be written down as:

g(x)

--*--\
\<:- 'Frx) 

\
g(x) /

;,

\ \łva
i-\ 

"^r,l

<\-_

(6.11)
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q@ 2l, -@-I)(Q+Q)-a,'-Yf

, *n _- o *(p + p ) tł o'*(p + p 
")' 

+ ąi|i - @ - D (Q + Q)) 
.

ań 2lb-@-I)(Q+Q)]

(6,t2)

(6.13)

For flows in the positive direction of the co-ordinate axis the "plus" sign is valid.

As the quantities Y, Q and P are linear functions of the deviations from equilibrium,

.:e critical velocities may be expressed as depending on the values of the dęviation parameters
,:d on the run of the forcing functions:

wr:wx(ó,ó|,,u-,i,Q",Pn), 1 tu.rol
ł

Wyn:Węo(ó, ó',, U., b, Q". P"), J

The relations defining the critical flow conditions and the computational method of
_:lding the location of the critical cross-section are shown schematically in Fig. 8. Using
,;:table step-by_step procedures the run ofthe flow parameters is calculated and from
::eir values the quantities w* and w6nlledetermined for each step; the position of the critical
_:.lss-section isdistinguished by satisfyingthe condition(6.11).In adiabatic expansions of
:_-"o-phase media the critica| conditions of the gaseous phase flow (defined by eq. (6.6))

:,J!-ur always before the critical cross-section of the two-phase medium flow (eq. (6.5)),

It should be noted that according to the relations (6.14) and to previous considęrations

::,: r,alues of the critical velocity and critical parameters as well as the location of the critical
::.rss-sections also depend on the history of the flow displaying the property of "fading

:emory" of past states.

6.3. Limit Cases and Relations to Sound Velocity

There exist two important limit cases of two_phase medium expaltsion:

a. In the case of ag extremely rapid expansion all the interactions between the Phases
.:e "frozen" and, consequently, the expansion procęss obeys exactly the laws of Pure

;:s expansion with its critical velocity equal to the sound velocity in the gas (provided that

. .e influences of heat supply and wall friction have been excluded).

wK:wKg: ąf for p- (- oo). (6.15)

b. In the.case of extremely slow expansion the medium remains in the state of internal

:;.uilibrium during the whole process and the interphase fluxes have to be derived after

:... appropriate oothermostatic" relations.
The results ofthese derivations carried out in [10, 12, 13] show that in this case the

:::tical velocity is equal to the velocity of sound waves of extremely small frequencY

: thę two-phase medium;

w.:as for p+0, (6.16)
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where

-gh
hT1s

Rąh
is the "zero-frequency" sound velocity in a saturated

,": !
\

(6.t7)

(,-+

W*Ę1

.,)
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Reol process (qeneroL case)
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,c

Fig. 9. Critical expansion of the gaseous phase of a two-phase medium from an initial
equihbrium state (scheme)

However in the general case, as it has been derived in the author's previous paper [l2].
the sound velocity in a two-phase medium depends on the frequency of the sound (dispersion
of sound velocity). Although both the sound, velocity and the critical velocity are influenced
bY the irreversible interphase processes, there is no direct relation betweęn these trro
velocities. Therefore for the generai case:

os<}yK<4ó, arn{w6nŚa*, (6, l8 l

(6,19ł

and
4§<o<4@

whilst for the limit cases, eq. (6.15) and (6.16) are valid.
In Fig. 9 the expansion of the gaseous phase of the two-phase medium (starting from

an equilibrium state and proceeding, generally, into the subcooled vapour area) has been
shown on a temperature-entropy diagram.

I
lattrc!,icn Lile

as< o < a@
os< WK < aó
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6.4. Catculations of the Critica| Parameters

The values of ,the critical parameters - the critical vęlocity and the critical pressure

ratio_for various cases of adiabatic expansion of wet steam have been calculated. The

parameters of the initial equilibrium state of the medium at rest (zero initial velocity)

have been chosen as in the flow calculations of the preceding chapter 5 and the variation

of pressure ha's been assumed to be a linear function of time. Three separate series of cal-

culations have been carried out, each one based on the assumption of a different value

of the liquid drop radius. The purpose of the calculations has been to investigate the influ-

ence of the expansion rate and of the heterogeneous structure of the medium (represented

by the values of the drop radii) on the values of the critical parameters.

For the presentation of the results two dimensionless quantities have been introduced.

one of them is the ratio of the critical velocity to the velocity of sound waves of extremely

high frequency in the medium (or to the sound velocity ofthe gas phase only) at the actual

thermal state in the critical cross-section

4o9

Wy
qK- 

-,ań
^, _WxsqKo--," ą,^

(6.20)

rvhere a. is defined by eq. (6.4).

Wk

t11"_ 0.980
|q 06

0.960

0.940

0.920

0,840
10

Fig. 10, Dimensionless critical velocities (related to the maximal sound velocity in the
critica| cross-section) for wet steam expansion
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Fig. 11. Dimensionless critical velocities (related to the sound velocity in a "frozen"

gas flow) for wet steam expansion
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F ig. 12. Critical pressure ratio for non-equ ilibri u m wet steam expansion

The other dimensionless quantity is the ratio of the critical velocity to the sound velo-
city in the critical cross-section of the "frozęn" gas flow (the extremal non-equilibrium
process):

^wKlx:-,
ąJ

^ .WKs
ĄKa-- )' af

0.540

(6.21)
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$ here

(6.22)

On the basis of the obtained values the critical pressure ratio has been calculated as:

. Rg dT" Rg
!

'-F, dt'F,

l2"ą": |_R7(0).' Yrc+1 "

u_#or, p,:+.

RT" - dg'^ gRT" dw\_
rw * dt Fw2 dt

(6.23)

The results have been presented in Figs. 10, 1l and 12 as functions ofthe expansion
rate and of the assumed droplet radius. In these diagrams the functions referring to the

critical conditions of the two-phasę flow (definition 6.5) are shown by full lines whilst the

broken lines depict critical conditions for the gaseous content of the flow.

7. The Direct Methoil of Flow Calculation

There are, generally speaking, two kinds of problems in flow calculation:
a, The problem of dimensioning the duct, i.e., defining the sequence of cross-section

areas for a given variation of pressure and of other forcings along the path co-ordinate.
b. The reyerse problem consisting in the calculation of the run of all the flow parameters

along a duct of given dimensions, i.e., of a given variation of cross-section areas.

The way of solving the first problem (the "straight" one) follows immediately from the

equations derived in chapter 4. With the known parameters of the flow entering the channel
lincluding an assumption on the structure of the liquid phase, i.e,, the drop radii) the set

rlf equations (4.7) - (4.13) describes the run of the flow parameters along the duct and eq,,

r-1.14) yields the associated variation of cross-section areas per mass flow unit of the me-
dium. For computation a simple step-by-step method may be employed. The exergy loss

ior each step is most conveniently to be calculated after the "predicted entropy" increments
r-so that for thę whole duct only a simple summation of the values from each step is necessary
*ithout adding a relaxation value at the outlet).

In the case of the łeverse problem the given variation F(r) has to be treatcd as one of
:he forcings, replacing the variation of pressure; the other forcings remain the same as in
lhe preceding case. The sęt of equations (4.7) - (4.|3) then has to be rearranged by substi-
: uti ng:

dó

dt

gRT" dF (7.I)
Fzw dt

,,rith the help of the relations (3.5) and (a.6),
The course of the computation of the flow parameters and of the exergy losses follows

:he pattern of the preceding case (the appropriate procedure has been described, in de-

tails in Il0]).
It should be noted that for more precise calculations the values of the coefficients appe-

:ring in the equations have to be treated as dependent on the thermal state of the medium;

--,nsequently an adjusting procedure has to be built in into the computation of each step.
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8. The Intlirect Methorl of Flow Calculation

8.1. Description of the Method

In the author's previous paper [10] an indirect calculation procedure which is more
convenient particularly in casęs when similar calculations have to be repeated for various
assumptions has been developed. The method consists in splitting up the whole procedure
into two stages, the first of them being the calculation of an equilibrium process whilst
the second one takes account ofthe non-equilibrium effects and their influence.

With the forcings given as the pressure variation, external heat supply and mass force
action (the "straight" problem), the fi,rst stage of the procedure consists in calculating
the run of parameters for a full-equilibrium saturated wet steam flow including the influence
of energy dissipati.on in the boundary layer ("wall friction") which has been treated as an
external forcing upon the medlum. The appropriate set of equations for a step-by-step
calculation is:

* : -r'*'i:# lF+ - + #), -,4,
L,j=| p j

(8.1)

(8.2)

(8.3)

dT" 0"ą.
-:- 

D_dx hw''
dw

dx -'+(+,-,)
The resulting courses of these parameters along the path coordinate are to be used

in the second stage of the procedure as "leading values" (with the subscript "zetro"),
after which the coefficients in the dynamic equations and the physical constants will be
determined; they will also serve as a fi.rst approximation of their respective values:

po(x), ?io(x), g-o(x), wo(x), (8,4)

(8.5)

In the second stage the run of the deviations from equilibrium:

ó(x), ó^(*), u^(x)

is calculated on thę basis of the previously determined functions of the leading values
(8.4). The calculation of the deviation parameters is carried out by means of the sets of
equations (4.17) ań (4.2l), using them in such a manner as if the pressure variation po(ł)
were the only forcing acting upon the medium; the influence of the remaining external
forcings has already been accounted for indirectly through their effect on the leading
values determined in the first stage of the procedure.

After determining the deviation values at a cross-§ection, the values of the remaini_ng
flow parameters (previously expressed by their leading values calculated on the as,sumption
of a saturated wet steam flow) have to be adjusted to the non-equilibrium situation. In or-
der to do so, it is considered that the non-equilibrium flow parameters actually prevailing
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at a cross_section are related to the respective leading values of the equilibrium flow bY

satisfying the appropriate conservation equations; this is the same relationshiP which

exists between the actual values of the flow parameters and their values in an associated

relaxed flow. Consequently, with the use of eq. ę.2q and (4.25) the ręmaining values

of flow parameters are:

(8.6)

If further approximations are needed this part of the procedure may be rePeated using

the obtained uuń., in turn as the new leading values for the next approximation,
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Fig. 13. Schęme of the procedure of the_indirect calculation method for the reverse Prob-
lem of flow calculation
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Finally, at each step the required cross-section area per unit mass flux is d_etermined
after (4.14) as well as the increment of the exergy loss (calculated on the basis of the predic-
ted entropy change to avoid the addition of a separate relaxation loss at the outlet); the
exergy loss increments are subsequently summed up oyer the whole length of the duct.

If instead of the pressure variation the variation of the cross-section area is prescribed
(the reverse problem), the first stage consists in determining the run of the leading parame-
ters (8.4) under given conditions. In thę second stage ofthe procedurę po(x) is treated as
the only forcing and the calculations are carried out as in the "straight" problem with the
onlY one difference being that instead of (8.6) the adjustment of flow parameters has to
emPloy relaxation increments derived on the basis of adiabatic constant-cross_section
relaxation (with p l p). The method of calculation of the leyerse problem has been descri-
będ in detail in [10]. The course of the calculations is shown schematically in Fig. 13.

The indirect method of flow calculation has the advantage of a procedure simplification
without a decrease in exactness (which may be additionally improved by further approxi_
mations if necessary). It is particularly convenient when the same duct has to be calculated
for various assumptions concerning thę structure of the medium, the droplet radii, the
transfer coefficients etc.

8.2. Calculation of Flow Around a Guide Vane Profile

A series of computations have been carried out for a non-equilibrium flow of wet
steam around a prof,le of a LP-turbine guide vane type with the outline length on the
convex and concave side of 29O mm and 250 mm respectively. The parametęrs of the wet

ł{

0.20 0.15 c.10 a.05
x [ml ą_- CONVFX SlDt

0,10 0.15 0.20
Ct,|CAY| S/DE ------__---->x [rrl

Fig. 14. Distributionof the gas flow temperature (7r), leading temperature (76) and actual saturation
temperature (Ę) for a non-equilibrium wet steam flow around.the profile
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Fig. 15. Distribution of the dćviation from the equilibrium temperature in the gaseous phase for wet

] steam flow around the profile
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Fig. 16. Distribution of the
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in the liquid phase for wetdeviation from the equilibrium temperatur€
steam flow around the profile

Ńc;t-:: flov entering the guide vane (assamed to be in equilibrium) are:

p(0):0. 146bar, g(0):0.976, w(0):S3.6r7r.

i jrr :jrć profile in question the distribution of the static pressure of a gas 1low around

f,eg Tr:rr-_Ę resulting either from an aęrodynamic experiment or from known calculation
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,methods has been given. The flow along each of the sides has been treated as a one-dimen-
sional flow; the effects of boundary layer phenomena on the main stręam flow have been

neglected.
The medium has been assumed to contain one fraction of droplets; for each of the three

calculation series a different value ofthe droplet radius in the entering flow has been used,

For the calculations the described above indirect method has been employed.
The resulting distributions of gas flow temperature, leading temperature values and

saturation temperature in the actual non-equilibrium flow have been shown in Fig. 14.

As it can be seen, the small differences between the values of 79 and Ę account for the
good approximation obtained by the employed method.

The distribution of the values of the deviations frorn thę equilibrium temperature
have been shown in Figs. 15 and 16, for the deviations in the gaseous and liquid phase

respectively. From the diagrams the strong influence of the droplet size and of the local
pressure gradient is recognizable,

9. Final Remarks

From the dęrivations contained in this paper the specific properties ofnon-equilibrium
multiphase flows may be recognized, In the case of a wet steam expansion all the ręsults
are most substantially influenced by two main factors: the time-rate of the expansion (as

the forcing exerted upon the medium) and thę structure of the medium itself, i.e., the size
and the concentration of droplets, accounting for the (thermal and mechanical) inertia
and, consequently, for the dynamic properties of the medium.

The ęxactness of the calculation results depends mainly on.the correct assessment of the

transfer procęsses between the phases. The study of these processes - toitr theoretical
and experimental - is the focus point of a further development of the multiphase media
theory.
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Termodynamiczne problemy nierównowagowej ekspansji cąmników dwufazowych
(par wilgotnych)

s tre s zczeni e

Artykuł zawiera wyniki szeregu prac badawczych z dziedztny termodynamiki nierównowagowych
::zepływów lary wilgotnej, wykonanych ptzez autota. Wspólnym celem tych prac było opracowanie
-_.:od opisu dynamiki procesów cieplnych w czynnikach dwufazowych i opracowanie metod oblicze-
-- -.lv},ch, uwzględniających zjawiska braku równowagi wewnętrznej w czynniku. Jedno z istotnych zasto-
, :,,,, ań tego rodzaju metod dotyczy zagadnienia przepływów paly mokrej w turbinach parowych.

Zjańska braku równowagi wewnętrznej (termodynamicznej i mechanicznej) w czynniku ńelofa_
:: , 1,m pojawiają się w wyniku wymuszeń zewnęttzttych, działających ze skończoną szybkością (np.
,:.:ka ekspansja). Uwźgiędnienie wpływu tych ąiawisk przy obliczeniu przebiegu procesów prowadzi
:: polvażnych różnic w stosunku do stosowanych dotychczas tzw. quasi-statycznych metod obliczenio-

.i

Zawarte w pracy tozważania, opartę na metodach zbliżonych do metod stosowanych w termody-
-::--,,i;e procesów nieodwracalnych, prowadzą do opracowania nowego sposobu opi§u dynamiki proce-
,,_ ,i cieplnych w czynnikach wielofazowych; ten opis jest oparty na zaproponowanym modelu dynamiki
:::cniian w czynniku. Do istotnych własności tego modelu należy występowanie zalężności od historii

_:_lri, rvzględnie od historii wymuszeń. 'Ia zalężłlość ma charakter ,,zanikającej pamięci" stanówo istnie-
,.:r--h w przeszłości.

Zastosowania wyprowadzonych metod obejmują:

- wyzlaczanie przebiegu parametrów cieplnych i kinematycznych czynnika poddanego szybko
_, .iającym wymuszeniom (np. szybkiej ekspansji),

- \yyznaczaĄie krytycznych warunków przepływu, Wytycznych przekrojów i parametrów, z uw-
;; :1nieniem stanów braku równowagi,

- obliczanie dodatkowych,,dynamicznych" strat energetycznych, wywołanych brakiem równowa-

"" =::ce InlP z.70-72
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- wymiarowanie i ewentualnie optymalizacja kanałów przepływowych w układzie łopatkowym,
W celu obliczenia dodatkowych strat ,,dynamicznych" wprowadzono pojęcie ,,przygotowanych

przyrostów entropii", oparte na rozważeniu tzw. aktywnej oraz relaksacyjnej części procesu cieplnego.
Omówiono dwa rodzaje definicji warunków krytycznych w przepływie nierównowagowym i podano

wy§tępujące m. in. zależności. Podano sposób obliczania krytycznych wartości parametrów przepływu
oraz klyty czlych przekroj ów.

Zaproponowano dwie metody (,,bezpośrednią" i ,,pośrednią") przeprowadzenia kompletnych
obliczeń procesów przepływu pary mokrej w kanałach kierowniczych i łopatkowych oraz występujących
strat dodatkowych. Przedstawiono również sposób zastosowania tych metod do obliczania rozkładu
parametrów przepływu nierównowagowego po obu stronach profilu łopatki kierowniczej.

Tepłlo4ulrałruqecrfie npodJleMbl HepaBnoBecnofo pacrulłpenl|fl AByxóa3HhIx cpe.ł
(rrraxunrx lapoB)

PesrcN{e

B crarrć [peAcTaBJIeHbI pe3ynbTaTbl prAa lłccneAoBaTeJlbcxl-lx pa6or rłs o6nacrn TepMoAuHaMlKE
IIepaBHoB€cĘBIx rer{enlłft BlaxHoro napa, BBInonHeIrHlIx aBToporrł. O6rqeź IIeJIrro 3TIłx pa6or rałrrracr
paspa6orra MeToAoB oIIRcaHIł, AIłIraMIłKIł TenfloBblx npoqeccoB r gByx$asnrx cpeAax !ł pacqeTurĘ
MeToAoB, yqIłTBIBaIolĄ[x .nBfieulł.x BHyTpeEIrero HepaBI{oBecIn B cpeAe. O4rło ns Ba)KHbIx npuruerłexnfi
MeToAoB TaKoro poAa oTHocI,ITc.fi x npo6leue TeqeHuJł Blaxuoro napa B IIapoBBD( ryp6nrłax,

fiBnenrłł, BIIyTpeHIIero HepaBHoBecE, (repłro4rłHavnvecxoro u Mexalltrqec(oro) r rrłrroro$asxof,
cpeAe trofiBJulloTc;l B pe3yJlbTaTe BHeIItr{ID( rrrrłyxgenrłż, ,ąeźcrayrorur.o< c xorrewoż cxopocrrro (rłarp.
6rrcrpoe pacrrrnperłrłe). Ec.nu yrecrr BJIrrHIle grrłx .g'sleHnż e pacłórax xoAa llpoqeccoB, TorAa IIoJIy-
qaloTc, 3HalltrTeJlbHble pa3HocTtr I1o oTIlo[IeHIłIo K IIpI4MeIłgeMbrM ,4o cITx IIop T. Ha3. KBa3IłcTaTIłqecI@ł
pac!łeTHBIM MeToAaM.

flpe4craołerrrrrre n pa6ore paccyxAeHl{r, ocuoBźutHble Ha MeToAax npudluxerłnux K I\{eToAarą

IIpEMeIIreMbIM B TepMoĄIłHaMIłKe EeoTBpaTuMBIx ilpoqeccoB, BeAyT x paspa6orre HoBoIo cnoco6a om-
calntr, ,łtrIIaMIfiIł Te[JIoBBIx lTpoqecćoB r vrroro$aeurrx cpeAa.x; 9To ouucafifie ocIIoBaHo Ha llpeAnoxe*-
noż uo4erur gRIIaMIłKIl nperpaqend B cpeAe. K Baxrręńrrau croźcrsa}4 sroż łroAelrł Moxuo 3aqucJrrTL
norBJl€Hlte 3aBllcllMocTu oT IłcTopIłn cocrorrrra ,IJItr oT IłcTopIłu nsrrłyx4errrłfi. 9ra ga,sucavocTb IłMecT

xapaxTep,,troTyxaloqefi nalłrrrł" cocroxrrufi cyIqecTBoBaBtrJIłx B npoIuJIoM.
flpulrerrerłrłx BBIBeAeH}IrD( MeToAoB oxBaTbIBaIoT;

- o[peAeJreHlłe pacnpeAerleHilf TenJIoBbIx Ił xrłHeMąTIłqecKIłx trapaMeTpoB cpe,ubl, noABeprHyTol
6rrcrpo,4eżcrryroqtrM BrllryxAerrrłrrrł (rłanp. drrcrporrły pacmuperłuro);

- o[p€.ąeneHlłe xpńurvecxrłx yclonnż Teqenrr, rpIłTIłqecKIrx ceqeHnfi I4 IIapaJ\4eTpoB, c yqeTd
cocrogrrnź orcyicrrrłł paBHoBecE ;

- pacrieTbl go6aeovrłrx ,,,ąIłHaMtrqecKEx" srłeprerrłłecxlłx noTepb, BBl3BilIłI]bIx oTcyTcTBIłeM pasn(>
BecxĄ:'

- onpe,ąeJleHue pa3MepoB I4 Bo3MoxHa, oI1Tz1\{Ił3aqIł, [poToqHbx xaIIaJIoB a lonaro.iuoź ctrcTeuą
C qerrrro BbmoJIHeHIł, pacqeToB go6arovnrrx ,,Aurla.Mzttecrctrx" rrorepr BBeAeHo troHrT[e ,,qplrr>

ToBIeHHbIx npapocToB srrtpornłu", ocuoBauuoe lra paccyxAeuvrl T. :aa3. axrurrłofi rł perraxcaĘrłomd
,racreń Te[IIoBoro Epoq€cca.

O6cyxgarorcx AEa po,ąa o[peA€JIeHI,L KplłTrłqecrrx ycloBu:ft B flepaBnoBeclloM TeqeB}rE Ił trąo
IlIlcJIrIoTc, 3aBtrcIIMoQTIł, BblcT}afiarcĘłe MexAy HIłMIr. Onpe4e.lrxercx cuocoG pacqeTa xplłTnsecru
grłaqerłnż napaMęTpoB TeqeHIł, }ł KpIłTIłqecKrlx ceqeHLIź.

flpe,4rtararorc, ABa MeToAa (n,rrenocpegcrnerrrrrż" rł ,,nocpegcrnćnHrń") BBIIIoJIHeHŁ.g KoMTIJIexTBIn
pacqeToB llpoqeccoB TeqeHtr, BJIaxEoro rrapa B HatrpaBJIrIoEIIłx rł pa6ovrłx MexJlonaTolrHblx KaHźLE
n BBIcTyIIarc[łrx Ao6ąBotrHbx troTepb. flpegcrasrrerł ra.xxe cnoco6 npIłMeHeHLl, 9TIłx MeToAoB K pac|F-
TaM pac[peAenerłrłż napalłeTpoB llepaBlłopecnoro T€r.eHuR no o6erłIrł cTopoHaM npo!$rłlx EanpaBn Ional
JIoIIaTKIł.


