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Flow and Drop Size Investigations of Wet Steam at Sub- and Supersonic
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List of symbdls

cross-section area of the nozzle [m?2],
frozen local sound speed [m/s], thermal

accomod. coefficient,

concentration [m~3],

specific heat capacity at constant pressure
[J/kg K1,

diffusion coefficient between vapor and
carrier gas [m?2/s],

increase of condensate mass fraction due
to nucleation,

increase of condensate mass fraction due
to droplet growth,

condensate mass fraction, eq. (15, 16)
[kg/ke],

nucleation rate [m—3s-'],
Boltzmann’s constant [J/K],

Knudsen number,

latent heat of condensation or sublima-
tion [J/kgl,

mean free path of molecules [m],

local Mach number,

molecular mass [kgl,

mass flow (in eq. (4): from environment
to cluster; elsewhere: through nozzle)
[kg/s],

number of molecules in cluster; total
number of droplet classes existing at pre-
sent,

pressure [N/m?2, bar],

constant, R=28314.3

J/kmol K,

Velocities with the Theory of Homogeneous Condensation**

r dropletradius [m],

s supersaturation (s=p/py),

7= temperature [K, °C],

i time [s],

v molecular volume [m?3],

% co-ordinate along the nozzle axis [ml,
S nozzle height at throat [m],

Z number of clusters within a droplet class,

o heat transfer coefficient [W/m2K],

B mass transfer coefficient [kg/N s],

y isentropic exponent,

7 dynamic viscosity [kg/ms],

6 preexponential factor in non-isothermal

nucleation theory,

A thermal conductivity [W/m K],

i mole mass [kg/kmol],

P mass density [kg/m3],

o) surface tension [N/m, dyn/cm].
Superscripts

— averaged the values of vapor and carrier

gas by mixture rule (but for 1 see list of
symbols),

* — at the throat; critical, i.e. corresponding

to Kelvin-Helmholtz equation, eq. (1).

Subscripts
¢ — condensate,
e — origin position of.clusters,
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i — index of droplet class, v — vapor,
n — forming nucleus, 0 — supply parameters; initial,
s — saturation, i.e. state at the vapor-liquid oo — flat interface (r= o).

coexistence line,

Introduction

Spontaneous condensation of water vapor in rapid expansions of superheated or sa-
turated steam is still under investigation. While the droplet growth and the gasdynamics
of nozzle flow with condensation are well understood, fundamental uncertainties exist
in the physical conception of nucleation theories in their classical treatment [1, 2] or the
statistical mechanical formulation [3]. Briefly, a possible motion of critical clusters, the
concept of curvature dependence of the surface tension and the mass accomodation coe-
ficient should be recalled.

We do not attempt to verify the one or the other condensation theory. Rather, the pur-
pose of this investigation is to show, that consistently applied Volmer’s nucleation rate
equation together with suitable droplet growth and gasdynamic equations describes the
expansion of condensing water vapor without any further empirical factors like friction
or sticking coefficients or even a curvature dependence of the surface tension of small
clusters, where statements of investigators diverge [4 - 7]. A detailed analysis of the wetness
problem, blade erosion, efficiency and flow stability in turbine stages implies the knowledge
of a calculation algorithm, which shows the practical relevance of this work.

Nonisothermal nucleation rate equation

The classical nucleation theory [1, 2] and [8] treats the equilibrium distribution of mo-
tionless critical clusters with radius r*, ‘

e 20(T)v, , 0

kTIn( - >
p(T)

within a vapor phase, multiplied by the collision rate of monomers from the kinetic theory
of gases. The results of several authors differ slightly, but with the formulation of Volmer
the well known result is

J=(2mo'(T)/1r)% (_p_)z - {_411:;'*20'(T)}. @)

0, kT kT

This expression is derived assuming macroscopic, motionless droplets of critical radius r*,
which are in thermodynamic equilibrium with the vapor, i.e. an isothermal process is con-
sidered. : ' _

Howeyver, critical clusters containing only few water molecules cannot be assumed to
stay motionless in space because of their Brownian motion, and recent treatments of nucle-
ation theory use as a model a cluster, which has rotational and translational degrees of
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freedom and which is free to move in a certain volume, a concept, which may correspond
to the flow process in nozzles. So far, no correlation between the statistical mechanical
theories and experimental observations in steam condensation could be achieved [9].

Moreover, the isothermal model assumption does not apply for the spontaneous con-
densation in a pure vapor. Here the latent heat of condensation from growing nuclei has
to be removed by collisions of vapor molecules with clusters and the nucleation rate is
decreased with respect to eq. (2). A correction term was derived by Eeder et al. [10],
which yields for steam condensation

y+1
6—
(p+1D+2(—D{LIR/W) T)—0.5—(1—2 In(0)/0 In(T)) In(s)} *

and it was shown [11] that uncertainties in steam nozzle condensation are reduced by using
eg. (2) together with eq. (3). This will be discussed here systematically.

(3

Droplet growth and droplet spectra

Once clusters of the critical size have been established within a subcooled vapor, their
further behaviour as a function of supersaturation, droplet size and thermodynamic pro-
perties can be described by suitable droplet growth laws. The size of droplets with critical
radius after eq. (1) at nozzle flow conditions usually are much smaller than the mean
free path of the vapor molecules (Knudsen numbers Kn=1/2r>>1). Therefore, their growth
to equilibrium conditions with the vapor can only be ascertained by considering molecular
and macroscopic transport processes, depending on the droplet size.

Difficulties with the choise of suitable condensation coefficients [12] can be avoided by
using Gyarmathy’s [13] droplet growth law, which takes into account diffusion of vapor
molecules through the surrounding gas as well as heat and mass transfer, and the influence
of capillarity. This law covers continuum and free molecular flow conditions.

With

dr
i it 4
m=p.4nr - 4)
and
- dr= dr. dt 1 dr
Fsie i me ) G as i 4)
dx didx [ R :|’dt
i

we use a more detailed form of this droplet growth equation* for steady, one-dimensional
nozzle flow of steam
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The diffusion term 1/8-p, in eq. (6) vanishes for p=p, i.e. pure water vapor.

For numerical solutions of eq. (6) an initial or starting radius r;,; is needed and diffe-
rent model assumptions are suggested by authors. A droplet of critical radius r* from eq.
(1) is in equilibrium with the surrounding vapor and dr*/dt=0 per definitionem, see eq.

\ rx) /

*from eq.(12)

droplet radius r{x)

flow direction x

Fig. 1. Growth of critical clusters

(6) for r=r*. The underlying assumption is shown in Fig. 1. A zero growth rate of critical
nuclei can be avoided by empirically chosing r;,;,=r*+ Ar. This again is a very delicate
parameter for calculations of steam condensation, because droplet growth starts far ahead
of the actual “condensation zone’ within the nozzle near saturation condition, s=x1.
Condensate mass fraction increase due to nucleation, dg’, first dominates but is soon out-
stripped by mass fraction increase due to growth, dg’’. The avoidance of empirical factors
for initial radii or accomodation factors in the droplet growth equation therefore decreases
uncertainties.

* From a private communication with Dr. G. Gyarmathy, Brown, Boveri & Cie, Baden, Switzerland,
we learned, that for detailed calculations the factor 1.59 in eq. (51) of his original paper has to be replaced
by two expressions, derived from kinetic theory and implicit given in eq. (7) and (8).
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Nucleation as given by eq. (2) is a growth process through droplet classes from mono-
mers, dimers etc. until critical nuclei are reached at r*, containing #* molecules. The cri-
tical droplets still have a “growing tendency’ [9] and the critical growth rate can be deri-
ved from eq. (2).

Therefore the growth rate of critical clusters in the steady state of formation corres-
ponds to the rate, at which clusters grow from r(#*)—r(n* 4+ 1). This yields

r,,*+1=rn*+dr:=. (10)
The rate of formation then is given by
2 *
e (11)
CEtnt) "o
where C(n*) is the equilibrium distribution of critical clusters.
The growth rate of critical nuclei evaluated from egs. (2) and (3) is therewith

# > e
Loale 1\/20_00L. (12)
dx (R >7 p.) \kT )N ©m 4nr’
Mly—T
©

Instead of eq. (6), which yields dr*/dx=0, the growth of just born nuclei is calculated
from eq. (12) as far as this gives a greater dr/dx.

To get closer to the physical reality, instead of an “average droplet size”” a spectral
distribution of droplet sizes is taken into account. Herewith the slower rate of condensa-
tion on larger drops originated at a position earlier within the nozzle and more rapid rates
on smaller clustars at downstream positions are regarded explicitly.

For this purpose, all droplets originating in an interval x,, x,+4x, are collected in
a “droplet class” with an initial size averaged over the small range Ax, only, where Ax,/y*
<1 (y* is the height of the nozzle throat). An averaging algorithm is used for the product
J(x,)-A(x,)-Ax,, which signifies the number of nuclei originating in the volume 4 (x,)-4x,
per unit time, and for the initial radius r,, which corresponds to the critical radius. The
algorithms are

Zi = {J (xei) A (x.ei) Axei}average =
:% {J(xe) A(xe) = 2J(xe+%Axe) A (xe -+ %Axe) i J(x:: +Axe)A (xe+ Axe)}iAxei (13)

and
1 {r*(x)J (x.) A
rOi"’E r ('xe (xe) (xe)+
+2r%(x,+34%,) I (x,+34x,) A (x,+214x,)+
+ ¥, + Ax,) J (x,+Ax,) A(x,+4%.)}; 4%, (14)
where i=1,2...., n is the index of the droplet class, and 7 is the total number of classes.

The radius of each of these classes is integrated separately, and its contribution is added
to the increasing mass of condensate.
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Calculation of flow parameters

The calculation of flow parameters within the nozzle follows the basic ideas outlined
by Oswatitsch [14]. The equations are derived under the usual assumptions for one-di-
mensional nozzle flow:

— the vapor phase is considered as perfect gas,

— the volume and compressibility of the condensate is neglected,

— the variations of state proceed in a quasi-static manner, friction and coagulation
of droplets are insignificant.

From the basic equations of state, continuity, momentum and energy, we derive a sys-
tem of differential equations which is applicable for a mixture of a vapor and an inert gas
and for a pure vapor as well

dg 4npc(T){ Zn: <Z r (X)2

dx  m >+ ro (x)BJ(x)A<x)l (15)

dp yM? il

=p erEie era bl
dx (1—9) A dx
(1—g)—yM>+(-DM> — —
{ ddl ‘
e al 1y
i
GBS laa e D S Lodal e
10 i g di\e T : g dL\|(1—g)dx
¢, dT & 4T
b
dT 1— -1 1d L © g
e e (1—g9) (v )___p+ . i Cp _g_ : 17
dax 1_g dL yooopde Vol gy L6l g)dx
¢, d
d Iidp g ok ddg 1 dF
A (18)
dx pdx p,(1—g)dx T dx
and
dM t—g) I dp & 1 dT | I g
Mo b : (19)
dx yM?2 pdx 2 T dx g = g)dx

Here p is the density of the two phase mixture with p(1 —g), the density of the gas phase
only. For a vapor-inert gas mixture, 1/z and ¢, of the gas phase have to be evaluated from
mixing laws.

The condensate mass fraction g=m,/m and the derivation dg(x,, x) depends on the
position x, in the nozzle, where a droplet was born with initial s ize ro(x,), and the calcula-
tion coordinate x. Therefore evaluation of dg requires an integration of number and size
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of all droplets for all values of x,=x,, until x,=x, where x,; is the nozzle location, where
nucleation occurs first. Isentropic expansion of the steam is assumed ahead of the initial
point of calculations upstream of the actual condensation zone in the nozzle.

Operating modes of steam nozzle

Convergent-divergent steam flow channels can operate in different flow modes [15].
In experiments with steam condensation zones usually appear in the supersonic part of the
nozzle, where flow without and with a steady shock wave is observed. Unstable flow has
been reported [15, 18] and operating modes with subsonic throat conditions will be discus-
sed later.

1. Subcritical heat addition

If all flow parameters vary continuously in the zone of spontaneous condensation,
we have subcritical heat addition by the condensation process. We will discuss the applica-
tion of the above derived calculation algorithm on the results of several authors and on
our own pressure measurements on two different nozzles (Appendix).

The calculation of nozzle flow parameters requires the knowledge of an effective area
distribution rather than the geometrical nozzle contour. We obtain 4=A(x) from the
measured pressure distribution for an expansion of superheated steam without condensa-
tion in the test section, assuming isentropic flow.

For the comparison of calculations with experimental results an empirical factor I is
inserted in eq. (2)

Jexp i F 9 JVo]mer £ (20)

2 ; x/y*

70 80 90 100 mm

X

Fig. 2. Variation of matching factor I' to achieve best correspondence between

calculation and experiment. (Exp. 2 - 19 and 2 - 20 in nozzle 2, Barschdorff and
Ludwig 1972)
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I'=Jxp/Jiheory 18 Vvaried until best agreement between the experimental and the theoretical
pressure distribution is obtained, Fig. 2. By applying the here described computation al-
gorithm, a rather small correction, I'=1 to 10, to eq. (2) yields excellent agreement to
measured pressure curves.

102 T 57 2 b R T T 7 R o e e o § T
L T J |
0%+ H % i
® e
e I
5 &n -
=
s
> 0T } J
ﬁf::‘ A-71
i E Yy 2 T
[ 2 X
10 5= ®-4 ]
I—Gyarmathy and Meyer [19], different nozzles, - H-5 %
2—Petr [20], = 5
3—Stein and Moses [21], = Lt = 1 - _' e L
4—Barschdorff and Ludwig, nozzles 1 and 2, 310 107’ 3107 10° 3-10°
5—Barschdorff, shock tube [22] pressure in Wilson point D bar

Fig. 3. Correction factor I'= Jexpl Jineory VEISUS static pressure in the Wilson point, corresponding to
the maximum in supersaturation. (Jexp: nucleation rate from eq. (20), where theory and experiment
are matched, Fig. 2. Jineor,: nNonisothermal nucleation rate from eq. (2) and eq. (4)

However, this good agreement is obtained only for low initial stagnation pressures
P0<0.5 bar or for Wilson pressures Pwitson<0.3 bar, Fig. 3 and 7. Here, an analysis of
steam nozzle expansions of three other authors [19 - 21] and data from shock tube expe-
riments [22] show a systematical deviation of Jexp/Jineory fOT higher pressures and tempera-
tures. This can be explained by the real gas behaviour of the steam, assuming the theory
of homogeneous nucleation and the basic gasdynamic equations to be valid*. At high
pressures, the actual steam temperature for a given static pressure is lower than computed
from the equation of state for a perfect gas

R
p=p(1—g); i (2D

Calculated condensation zones therefore are shifted downstream in the nozzle, requiring
larger values for I” to match computed and measured pressure distributions. This points
in the right direction for the correction factor I".

A second test is carried out via droplet growth calculations. Gyarmathy, Lesch [18]
reported detailed droplet size measurements using a laser light absorption technique.
Fig. 4 shows the computed development of the droplet spectra as well as the mass averaged
droplet radius for the corresponding nozzle contour and initial conditions. The spectrum

* High pressure condensation experiments qualitatively show the same pressure distributions as
low pressure steam nozzle flow [26].
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Fig. 4. Computed development of drop size distribution in a Laval nozzle. (Experimental data from
Gyarmathy, Lesch [23]. Measured mean radius was approximately 0.14-10~6 m)

Bable

Selected data of analysed experiments

Number Mass average droplet
Ao Refer- of : Po fo  |Dwitson |Pwitson | radius (10-°m) at the
ence experi- | [bar] | [°C] | [bar] | [°C] end of the nozzle
ments ; measured | calculated
| |
Peitr - [20] - 35 170.0| 1.19 1 66.7 0.1 0.095
Gyarmathy :
and Lesch [23] 1.03 | 125.0| 0.38 38.6 | 0.12-0.15 |0.077 - 0.113
Stein [21] 258 | 0.537] 99.65| 0.194| 18.0 — 0.005
Gyarmathy [19] 119 | 491 [169.0 | 1.87 | 77.5 | 0.033 - 0.046 0.055
and Meyer 108 | 0.621 |119.0 | 0.185| 17.4 |0.014 - 0.02 0.02
951121055 7175.0580.515 475 0.1 -0.15 {0.093 - 0.115
Barschdorff 1-03 078 [123.0 | 0.236| 21.4 - 0.012
and Ludwig 1-16 | 1.16 |119.8 | 0.465| 41.4 — 0.027
2-36 | 1.45 |134.2 | 0.539| 46.6 -~ 0.035
2-08 | 0.78 |108.0 | 0.318| 32.9 — 0.026
2-26 | 0.41 93:3 4 0.157| 16.3 — 0.012
2= 100003700 905 i 0L Al (21377 — 0.011
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envelope shows a characteristic peaked shape due to the rapid formation of new droplets
‘upstream the Wilson point, while it changes to a steady function during further droplet
growth. A good agreement of mean radii is found, which is also obtained for similar data
by Petr [20] (table 1) and it corresponds to the range given by Walters [24].

2. Supercritical heat addition

Solutions for shock waves are not included in the one-dimensional theory for flow
with heat addition by condensation. Eq. (15) yields for the condensate mass fraction
g=0 and the Mach number M—1 a singularity of the type dp/dx=p-(0/0) which can be
solved with I’Hospitals rule or by linearization.

If the heat produced by condensation exceeds certain values, the local Mach number
in the supersonic part of the nozzle again decreases and a steady normal shock wave occurs.
The theory was modified for this flow type by including the equations for a normal, adia-
batic shock wave, and numerical solutions are found by iterative methods [15, 16]. Calcula-

T
A/A* o

N
A/A*

(3
&l — ; T —dms?
: 25
Wi i .y - +10%° 1004
e el o
110" 10,02
H7—0

Fig. 5. Calculated flow parameters along the nozzle axis; condensation at supersonic speed
1—isentropic flow, po=0.41 bar, 1o=104.6°C (Exp. 2-24), 2— subcritical heat addition by condensation, po=0.41 bar, 70=93.3°C
(Exp. 2-26), 3 —supercritical heat addition by condensation, po=0.41 bar, #,=82.7°C (Exp. 2-312



Flow and Drop Size Investigations of Wet Steam... 251

ted shock positions are found to be close to the measured cnes. Fig. 5 shows the computed
fow parameters for typical experiments with sub- and supercritical heat addition™. It can
be seen, that due to the temperature, pressure and density increase in the shock wave the
nucleation rate J nearly drops out and only few new droplets are born downstream of the
aerodynamic shock wave.

3. Unstable flow with condensation

For nearly saturated initial conditions of the steam unstable flow patterns are observed.
Shock waves are formed and move upstream through the nozzle throat in a strict periodic
manner. Frequencies between 580 and 903 Hz were measured in a slender nozzle with cir-
cular profils [25]. Problems related to this flow process are the stability limit for pulsating

flow and the frequencies observed for different initial conditions and curvatures of the nozzle

contour. Resonant vibration phenomena could cause dangerous operating conditions
for turbine rotor and stator blades. Also, nozzle mass flow is reduced in this operatlng mode,
which should be avoided in turbine cascades.

4. Condensation with subsonic throat conditions

In turbine cascades, homogeneous nucleation is assumed to occur at subsonic veloci-
ties. Due to the work performed at the rotor blades steam attains highly supersaturated
conditions without being accelerated to supersonic speeds. Condensation then may take
place in convergent flow channels and the arising questions deal with flow stability, feed-
back of condensation on nozzle flow, erosion and efficiency of the flow process. Theoretical
solutions of this flow regime are discussed now, which however have not yet been success-
fully simulated in steam flow channels**. If the calculations are started out with initially
supercooled conditions, the condensation zone occurs upstream of the effective nozzle
throat. There the flow speed is subsonic but increases to supersonic values in the divergent
nozzle section due to further heat addition by condensation.

In the numerical solutions, however, this yields a singularity of eq. (15) like in the solu-
tions for the adiabatic shock wave. It is of the \type dpldx=p-0/0 for g>0, M <1 and eq.
(15) can be linearized, if numerator and denominator approach zero simultaneously.
Two typical solutions exist which do not represent the real behaviour of a Laval-type
nozzle flow at supercritical pressure ratios:

— if the numerator faster tends to zero, not sufficient heat is produced to fully expand
the flow. Supersonic flow is not achieved;

— if the denominator faster approaches zero, this leads to a solution dp/dx— oo,
which is physically not meaningful.

* Numerical calculations were performed on he UNIVAC 1108 computer, co mputer center Uni-
versity of Karlsruhe.

#* Tn our laboratory nozzle experiments with initially supercooled steam are planned for the near
future.
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Therefore, at a fixed nozzle location upstream the condensation zone the Mach number
and the other depending flow parameters iteratively are changed and the computation
is repeated. The procedure quickly converges against the one and only solution for flow
with condensation at subsonic velocities with given supercooled initial conditions. Two
typical examples are shown in Fig. 6.

Fig. 6. Calculated flow parameters along the nozzle axis; condensation onset at subsonic speed
1 —isentropic flow, po=1 bar, 1,=190°C, 2—slightly supercooled stagnation state, po=1 bar, t,=95°C, 3—largely supercooled
stagnation state, po=1 bar, 7,=385°C

Different from condensation at supersonic speeds here pressure, temperature and Mach
number deviate from isentropic values upstream from the actual condensation zone and
initial steam nozzle conditions, not stagnation values, are altered. In general, the whole
flow field in a nozzle is influenced and the mass flow rate is decreased if condensation
occurs at subsonic velocities. The condensation zone is not characterized by marked pressu-
re disturbances especially for a larger subcooling. At locations ahead of the condensation
zone, deviations from isentropic values become more significant with increasing supercoo-
ling. Less supercooling produces deviations near the throat similar those well known from
supersonic experiments.
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Conclusions

Nucleation rate calculations and their application to steam expansions in different
environments prove, that the nonisothermal theory of homogeneous nucleation by Feder
et al. [10] quantitatively predicts supersonic nozzle flow of condensing steam at low pressu-
res. By properly taking into account the growing tendency of critical clusters as well as the
spectral distribution of droplet sizes and their different growth rates, uncertainties
in computed nucleation rates are reduced from the often cited 1017 to one order of magni-
tude or less without the aid of corrections for a unknown curvature dependence of surface
tension, friction factors or mass accomodation coefficients.

For low pressure steam flow in supersonic nozzles, the computed parameter of state va-
riations, the mass averaged droplet radii and stability limits for pulsating flow can be
predicted with adequate accuracy, compared with measurements. However, the analysis
shows that great care has to be taken when high pressure steam flow with homogeneous
condensation is treated as a perfect gas. The identical data reduction and computational
scheme, applied to steam expansions of different authors in a pressure range 0.1 bar <
<po<4.9 bar (40 bar) clearly points out, that the application of the perfect gas equation
of state is limited to pressures pyien<0.5 bar. This might not be relevant for purely fluid-
mechanics calculations for turbine stage designing, not taking into account the condensa-
tion process.

Steam expansions with saturated or slightly supercooled initial conditions show strong
pressure and Mach number gradients in the transonic nozzle section and this leads to
unstable flow patterns. These are dangerous operating modes, which can induce resonant
blade vibrations. Highly supercooled steam however expands ‘“smoothly” without major
pressure disturbances and the flow should stabilize again.

The described theory treats sub- and supersonic flow of condensing steam at low pressu-
res and can be included in turbine stage designing. It yields informations on questions
concerned with the spectral distribution of drop sizes, thermodynamic losses and aerody-
namic feedback of the condensation process on flow parameters.

Appendix A

Matching factor to nucleation theory

A series of experiments in a given nozzle, performed with constant initial stagnation pressure po
but different temperatures can be correlated to computed pressure distributions with one value for the
correction factor I” within a small error limit. This is relevant for practical analysis of steam expansions,
where initial conditions are given, but the static pressure at which condensation will start is not known
a priori. Fig. 7 shows the correction factor I” versus the stagnation pressure for a series of experiments
of different authors.
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Appendix B
Experimental procedure

Nozzle experiments were performed in the steam tunnel of the Institut fiir Thermische Stromungs-

maschinen, Universitdt Karlsruhe, W. -Germany. The tunnel provides facilities for the regulation of
initial pressures and temperatures, maximum stagnation pressure is 2.0 bar. The test section is a two-
dimensional flow channel with a width of 50 mm. As nozzle contour we used symmetrical circular pro-
files with a radius of R, =584 mm for nozzle 1 and R, =1027 mm for nozzle 2. The height in the throat
was y*=60 mm for both nozzles.
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Fig. 8. Measured pressure distributions, nozzle 2 (Exp. 2-34 to 2 -44)
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Fig. 9. Measured pressure distributions, nozzle 2 (Exp. 2 - 23 to 2 - 33)

The static pressure distribution is measured with a movable centerline pressure probe, reaching
from the low subsonic into the supersonic part of the nozzles. An electric pressure transducer and a dis-
placement pickup was used to record the pressure traces on a x-y-recorder as a continuous slope.
Simultaneously, the flow field was observed by a differential interferometer to obtain quantitative densi-
1y results and to determine the exact position of shock waves, not marked from pressure measurements
alone. The measured static pressure distributions for nozzle 2 and constant stagnation pressures po=
=1.45 bar and po=0.41 bar, respectively are given in Fig. 8 and 9. The pressure distribution for the
experiment po=0.41 bar, 7,=79.5 °C (Fig. 9) indicates unstable flow. Measured pressure distributions
for nozzle 1 are given in [15].
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Badanie przeplywu i wielkosci kropel w mokrej parze wodnej przy predkosciach
pod- i naddzwigkowych za pomoca teorii jednorodnej kondensacji

Streszczenie

Szczegolowe obliczenia przeptywu pary mokrej przy projektowaniu stopni turbinowych bardzo
rzadko uwzgledniaja teorie nukleacji w procesie ekspansji, a to ze wzgledu na niepewny wynik jej za-
stosowania. Istnieje jednak mozliwo$¢ postugiwania sie teoria potwierdzona eksperymentem. W ten
sposdb mozna okreSli¢ nieizotermiczna homogeniczna nukleacje, wzrost kropel, ci$nienie, gestosé
i funkcje rozkladu kropel zar6wno w stacjonarnych, jak i niestacjonarnych rezimach kondensujacej
si¢ pary przy przeplywie przez dysze de Lavala.

Badania wykazaly, iz réwnanie stanu gazu doskonatego moze by¢ zastosowane do pary mokrej
bez wigkszych bledoéw jedynie dla bardzo niskich ci§niefi statycznych p<0,5 bar. Ekspansja nasyconej
lub nieznacznie przechtodzonej pary prowadzi do silnych gradientow parametréw w obszarze transso-
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nicznym co powoduje niestacjonarnos¢ przeptywu. Obliczenia wykazuja, ze dla wyzszych przechtodzen
zmiana parametréw stanu powinna by¢ lagodna, a przepltyw winien sie stabilizowaé przy kondensacji
zachodzacej w poddzwickowe] czesci.

I/Iccne;(onanue TEYCHUS M PasMEpOB Kalieib BJIAXKHOIO BOJSHOIO Iapa IpH O3BYKOBBIX
H CBEPX3BYKOBBIX CKOPOCTSIX HPH INOMOIIN TEOpHH OI[HOPOI(HOﬁ KOHOeHCANHH

Pe3rome

HeyBepeHHOCTh NPUMEHEHWS] TEOPUH BO3HUKHOBEHHS 3apOIBINIeH KOHIEHCAIHMM W SKCIAHCHH BO-
ISHOTO Mapa sBJISIETCS NPUYMHOM TOTO, YTO B METOLAX NPOCKTUPOBAHMS TypPOMHHBIX CTYIECHEN MOYTH HE
YIUTHIBAFOTCS PACYETHI AJIS BIAXHOTO Iapa. OIHAKO HOCIEH0BATEIBHOE IIPUMEHEHUE HER30TEPMIAIECKOHR
TEOpUH OLHOPOLHOTO BOSHUKHOBEHHS 3aPOIBIIIEH KOHICHCAMU M AJITOPUTMA BO3PACTAHUSA Kalelb, I03=
BOJISICT ONPENeNIUTh NABICHNUS, INIOTHOCTH M PACIPENCIICHAE Kallellb, a TAKXKE KaK YCTOWYMBEIX, TAK K HEY-
CTOMYMBBIX PA00YMX MOMIOB TEYEHUS KOHIEHCUPYIOMIErOCs BOASHOTO Napa B comniax Jlapams. Pe3ynbTaTer
DacYeTOB CXOIHBI C PE3yJbTATAMY SKCIEPUMEHTOB. B pe3ysibTaTe IPOBENCHHBIX MCCIIENOBAHNIL JOKA3aHO,
9TO NIPYMEHCHUE YPABHCHMS COCTOSHHS IJIs MIEANBHOTO Ta3a, 0e3 3HAYMTENHHBIX PACYETHBIX OIMHOOK,
JOIyCTHMO OTHOCHTEJILHO BIIAXXHOCTH Iapa, OOHAKO TOJBKO B NMANA30HE OYEHD MAJBIX JOKAIBHBIX 3HA-
HCHUI CTATHYECKOr'o AaBinenus P< 0,5 6ap. Pacmmperne HACBIIIEHHOTO WM HE3HAYNTENLHO IIEPEOXTAKICH-
HOT'O BOJSHOTO Tlapa XapaKTEePH3YeTCs OONBIINMU TPAJAUCHTAMHU NADAMETPOB TE€YEHMS. B CBEPX3BYKOBBIX
YCIIOBHSIX, YTO MPUBOAUT K PASBHTHIO HEYCTOMYMBOTO TeueHWsl. PacueThl, BEIOJHEHHbIE IJIs CHILHO mEpe-
OXJIRXACHHOTO Mapa, YKAa3bIBAIOT HA CHUCXOINHUTENIEHBIE W3MEHEHHsI MApaMEeTPOB COCTOsHHS. Ilpy KOH-
ICSHCAIMY, IPOUCXOMAMIEN IPH JO3BYKOBBIX CKOPOCTSX, TEUCHUE NOJKHO CTAOHIM3APOBATHCS.
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