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Abstract

The paper presents experimental and numerical results of steam transonic flows in Laval nozzles. The geome-
tries of half arc nozzles were used in testing. Subject to investigation was the behavior of shock waves in the
wet steam region. Due to high back pressure the shock wave was created in the divergent part of the nozzle,
and interaction with the nozzle walls caused instability in the flow. The experimental results were compared
with numerical calculations of steam condensing transonic flow.
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1. Introduction

In large output turbines, the state path usu-
ally crosses the saturation line in the penultimate
stages [1]. This means that at least last two stages
of the low-pressure turbine operate in the two-phase
region, producing much more than 10% of the total
power output. The liquid phase in steam turbines is
mainly created in the process of homogeneous and
heterogeneous condensation. The part of the hetero-
geneous condensation in liquid phase formation de-
pends on steam purity. For the purposes of the prob-
lems considered in this paper it was assumed that the
steam was perfectly pure.

The flow in the low-pressure steam turbine is com-
plicated and still requires thorough experimental and
numerical analysis to increase energy conversion ef-
ficiency. Low-pressure turbine blades are key com-
ponents in overall steam turbine design. A fully de-
veloped 3-D stage flow analysis can provide an op-
timum blade profile, capable of minimizing losses
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from shock waves caused by supersonic flow and
also from condensation shocks. The accuracy of
modern 3-D analysis as a prediction tool has im-
proved considerably and it can now account for non-
equilibrium condensation flows with different steam
wetness conditions and phase change variations.

However, more experimental research on steam con-
densing flow is required, especially for simple geom-
etry like Laval nozzles. The most of the experimen-
tal data used for validation of the numerical models
is relatively old [2—4] and does not include a pre-
cise investigation of shock wave behavior in the wet
steam regime. Usually, validation of the numerical
models against experimental data for nozzles did not
consider this problem [5-7].

The aim of this paper is to prove that the shock wave
in the wet steam flow may be responsible for insta-
bilities that are not observed in aerodynamic exper-
iments and calculations. The reason for that is the
presence of the thin liquid films on the solid walls
that are separated due to their interaction with the
shock wave.

The presented experimental and numerical research
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to the cooling tower

Figure 1: Steam tunnel with auxiliary devices: 1) Control valve,
2) By-pass, 3) Stop gate valve, 4) Stop gate valve at by-pass, 5)
Inlet nozzle, 6) Test section, 7) Outlet elbow, 8) Water injec-
tor, 9) Pipe, 10) Safety valve, 11) Condenser, 12) Suction line,
13) Throttle valve, 14) Desuperheater, 15) Condensate tank, 16)
Control system of condensate level, 17) Condensate pump, 18)
Discharge line, 19) Stop valve, 20) Water injector pump, 21)
Cooling water pump, 22) Condensate pump, 23) Pump

was carried out using the in-house facility and in-
house numerical CFD code.

2. Experimental facility

The experimental facility is part of the small steam
condensing power station located in the Institute of
Power Engineering and Turbomachinery of the Sile-
sian University of Technology. The steam tunnel fa-
cility (Fig. 1) was designed to perform experiments
for steam condensing flows in nozzles or linear cas-
cades [8]. Superheated steam with very stable pa-
rameters is supplied from the 1 MW, boiler. The
maximum steam mass flow rate is about 3 kg/s. The
parameters ahead of the test section are controlled by
means of a control valve and desuperheater, provid-
ing the steam with parameters corresponding to the
conditions prevailing in low-pressure turbine stages.
The total inlet pressure range is 70...150 kPa(a) and
total temperature range is 70...120 °C.

In the test section two half arc Laval nozzles were in-
stalled (Fig. 2). The D1 half nozzle is an arc nozzle
with critical throat height of 55.5 mm and wall curva-
ture radius of 700 mm. The second half nozzle, the
D2 nozzle, is also an arc nozzle with lower critical
throat height of 27.5 mm and wall curvature radius
of 525 mm. The width of the nozzles was 110 mm.

Figure 2: The photo (top) and the geometry (bottom) of the test
section with two half nozzles

The static pressure measurement in the nozzles was
carried out at a distance of 200 mm downstream from
the critical throat, along the center line of the noz-
zle width. The distance between pressure taps was
10 mm. Each measurement series lasted 30 seconds
and static pressure was measured with the frequency
of 400 Hz, which gave 12,000 samples. The accuracy
of the applied pressure transducers was +100 Pa.

Measurement accuracy within one series was calcu-
lated as the difference between the maximum and
minimum values plus the accuracy of the sensor.

3. Numerical model

The numerical calculations were performed using
TranCoFlow in-house CFD code based on URANS
equations coupled with two equations k — w SST vis-
cous turbulence for the vapor/liquid mixture [9, 10].
It is assumed in the numerical model that the two
phases are governed by the same pressure:

P=Dv=D (1)

The following relationships connect the liquid and
the vapor phase:
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where « is the volume fraction and y is the mass
fraction of the liquid phase. Mixture density p,, is
a function of vapor density p,, liquid density p;, and
a. Mixture enthalpy 4, is determined in a similar
way. Mass fraction y depends on the volume frac-
tion as well as on the ratio between the liquid and
the mixture density. For the presented problem its
value is approx. 10° higher than that of the volume
fraction.

The applied state equation for the gas phase takes
a very complex form and is practically useless for
direct application to CFD codes. In the presented in-
house CFD code the ’local’ real gas state equation is
used in a form similar to the virial equation of state
with one virial coeflicient [5]:

P _
R = 1Tep) = AT+ BTop, )

where p, v, T are pressure, specific volume and tem-
perature, respectively, R = 416.5 J/(kg K) is the gas
constant, z stands for the compressibility coeflicient
and polynomials A(T'), B(T') are of the second order.
The nucleation model presented in this study is the
homogenous one. In this kind of nucleation, con-
densation occurs without the influence of impurities
or surfaces. In the supersonic region, if the flow is
heated by latent heat of the condensation process,
its velocity decreases and its pressure increases. As
a result, a condensation shock (or rise in pressure)
occurs, which increases the flow entropy producing
local losses.
In the presented models, the homogeneous con-
densation phenomenon is modeled on the basis of
classical nucleation [11] and the continuous droplet
growth model [4].
The nucleation rate, i.e., the number of supercritical
droplets produced per mass unit of vapor per time
unit, is calculated from the relation obtained through
the classical nucleation theory. This relation is de-
rived from the assumption of a thermodynamic equi-
librium between critical droplets and vapor:

[200  35p0 dnrio
= o — - 4
Jrom = C - m o exp|—B 3T, “4)

where coeflicient C is the non-isothermal correction
factor proposed by Kantrowitz [12] (the isothermal
model assumption does not apply to vapor), which is
calculated from the relation:

-1
coli42 =t —hufh—h 1 (5)
v+1 RT, \RT, 2

and s is the surface tension, m the mass of a single
water molecule and S the correction factor (in the
presented calculations 5 = 1).
The radius of critical clusters r* was calculated tak-
ing into account the vapor state equation (Eq. 3). Fur-
ther behavior of critical droplets can be described by
appropriate droplet growth law. Once the droplets
are formed, they increase in size as vapor molecules
condense on their surfaces. The energy released in
condensation leads to a rise in the temperature of the
droplets, and hence the droplets become hotter than
the surrounding vapor during the condensation pro-
cess. Droplet growth is thus governed mainly by the
mass transfer towards the droplet and the energy flux
away from it. In pure vapor, however, due to the re-
lease of very high latent heat in the rapid condensa-
tion zone, droplet growth is dominated by the ther-
mal transfer rate.
The Knudsen number Kn plays a key role in the co-
efficient of the heat transfer due to the wide range
of the radii of the droplets. The Knudsen number is
the ratio of the mean free path of vapor molecules to
droplet diameter Kn = [/2r.
The size of droplets for vapor under low pressure
is much smaller than the mean free path of vapor
molecules. Therefore, droplet growth should be gov-
erned by considering the molecular and macroscopic
transport process (Hertz-Knudsen model). Problems
with the choice of condensation and accommodation
coeflicients make application of the Hertz-Knudsen
model very difficult for calculations. This diffi-
culty can be avoided by using the Gyarmathy droplet
growth model, which takes into account the diffusion
of vapor molecules through the surrounding vapor as
well as the heat and mass transfer, and the influence
of capillarity:

driom l A, r—rT,-T, 6)

dt  p,(1+3.18Kn) r* h,—h' (

In the presented models the phase change is repre-
sented by two mass sources, according to the rela-
tions:
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where I'; is the mass source of critical droplets of the
mass created due to the nucleation process, and I'; is
the mass condensation rate of all droplets per volume
unit of the two-phase mixture (kg/m?s) for homoge-
neous condensation, where n is the concentration of
liquid droplets per unit mass.

A typical approach used for the analysis of two-
phase flows is the single fluid (mixture) model, i.e.
the individual fluid phases are assumed to behave
as a flowing mixture described in terms of the mix-
ture’s properties. The applied single-fluid model
consists of two equations describing the formation
and growth of the liquid phase resulting from homo-
geneous condensation:

/ 0 mUm jYhom
B(Pma)thom) + ‘(p ’;].}I ) — rl + F2
o) (®)
0mNhom) 5(p mUmjlMhom) __
ot + (9xj - pmJ
where: .
P
Ep=hy——+ » tmjthm; )
pln

is the specific total internal energy of the mixture.
Pressure p has to be calculated from the relation for

the total energy of mixture E,,:
1

Numerical modeling was performed assuring the
grid independent solution, with the dimensionless
distance from the wall, y+~1...5. The unsteady cal-
culations were carried out with the constant time step
At =1078s.

4. Results

The boundary conditions for D1 nozzle at the in-
let correspond to total pressure with the value
of 96,000%>® Pa(a) and temperature of 108*02
°C. Back pressure at the nozzle outlet was about
40,000 Pa(a). Except for the total parameters
the static pressure measurements along the nozzle
straight wall together with Schlieren pictures were
carried out during the experimental campaign.

Fig. 3 shows a comparison of the static pressure dis-
tribution obtained from numerical simulation with
experimental data. The location of the condensation
shock is well modeled, as can be seen, whereas its
intensity is overpredicted in numerical calculations.
The shock wave for this case is located at the nozzle
outlet, behind the static pressure tubes. The location
of the shock wave is also well modeled using the ap-
plied CFD code (Fig. 4). The strong separation in the
place of shock wave interaction with the curve wall

p
Em_hv(p’pv)(l_yhom_yhel)_hl(p)(yhom+yhef)+p__Qumf“"rﬂs' Feficted in Fig. 4. Due to this separation a lot of

(10)

The relation for pressure is of course non-linear
due to the non-linear form of the applied equations
of state for vapor and liquid (Eq. 3), and is solved by
means of the Newton iteration method.

In this model, the volume of the condensate is
neglected. Thus, the density of the vapor phase is
calculated from the mixture density and the wetness
fraction only. Next, knowing the pressure and the
vapor density, the temperature of the vapor phase is
calculated from the equation of state (Eq. 3).

The liquid temperature is calculated from the relation
proposed by Gyarmathy [4]:

*

T = Ty(p) — (To(p) - T»’; = T,(p) - AT”; (11)

The system of URANS equations coupled with the
two equations turbulence model and equations (8)
was differentiated in space using the finite volume
method and integrated in time by means of the
Runge-Kutta method [7, 10].

coarse water downstream of the shock wave is cre-
ated. This might be a result of detachment of the
water film on the nozzle wall, but also on the side
wall made of polycarbonate. It affects the instability
of the shock wave.

Since the applied numerical algorithm does not
model water film formation or its behavior, the ef-
fects observed in experiment were not confirmed by
numerical simulation. The calculated distribution of
the wetness fraction (Fig. 5) shows partial evapora-
tion of the liquid phase on the shock wave, and in
the region where the coarse water was observed the
modeled liquid phase has minimal values.

In the case of nozzle D1 the unsteadiness observed
in the experiment does not affect the measured static
pressure upstream of the shock wave.

For D2 nozzle at the inlet total pressure was
112,500%>%° Pa(a) and temperature 111#°2°°C. Back
pressure at 50,000Pa(a) was higher than for D1 noz-
zle. These boundary conditions determine the loca-
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Figure 3: The static pressure distribution along straight wall of
the D1 nozzle, comparison of the numerical results (solid line)
with experiment (black dots)

0.2

e e

0.15 =

v
|

LNWRODNDO BNWBROO D

Figure 4: Calculated Mach number distribution (top) and
Schlieren pictures from experiment for D1 nozzle

tion of the shock wave further upstream than in the
previous case, which confirms the static pressure dis-
tribution depicted in Fig. 6.

The measured values of static pressure in the shock
wave vicinity have much higher error, calculated
as the sum of sensor accuracy and the difference
between maximum and minimum values measured
within 30 s with a frequency of 400 Hz. Condensa-
tion onset is well predicted in the numerical model,
compared with experimental data.

In the shock wave region there are big discrepancies
between the experimental results and calculations.
This is due to the applied numerical model, which
is not able to model the coarse water and water films

Figure 5: Calculated wetness fraction for D1 nozzle
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Figure 6: The static pressure distribution along straight wall of
the D1 nozzle, comparison of the numerical results (solid line)
with experiment (black dots)

on the solid walls. The position of the shock wave in
numerical modeling is very stable (Fig. 7).

The calculated wetness fraction for the D2 nozzle
(Fig. 8) confirms partial evaporation of the water on
the shock wave and the absence of the liquid phase
(in the form of coarse water observed in experiments)
in the strong detachment region behind the shock
wave in the area adjacent to the top wall.

5. Summary and conclusion

The paper comprises both experimental and numer-
ical results of a steam condensing flow in the Laval
nozzles. The effect of homogeneous condensation
and shock wave behavior in the wet steam region was
investigated.

The obtained experimental and numerical results led
to the following conclusions:

— 292 —



Journal of Power Technologies 93 (5) (2013) 288-294

o
o
o
I

0000000000 aaaaaas =
ChwbhooN®O LMwhOO D

___BERRCRN

Figure 7: Calculated Mach number distribution for D2 nozzle
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Figure 8: Calculated wetness fraction for D2 nozzle

1. The experiments investigating shock wave be-
havior in the wet steam region showed coarse
water formation in the detachment zone

2. The presence of coarse water behind the shock
wave is probably caused by water film separa-
tion on the nozzle walls and side walls

3. The effect of the corner between the nozzle wall
and side wall in the process of strong coarse wa-
ter formation has to be taken into account and
analyzed more deeply

4. The modeling of the steam condensing flows
with shock waves needs a much more sophisti-
cated numerical model including water film for-
mation and behavior

5. The applied numerical single-fluid model is able
to predict condensation onset properly, but this
model cannot properly model shock waves in
the wet steam region

6. The small discrepancy between the calculated
and measured static pressure distribution in the
vicinity of the condensation shock may be a re-
sult of steam impurities that contribute to the
mixed homo/heterogeneous condensation pro-
cess

Future experimental work will concentrate on a de-
tailed explanation of the phenomenon of coarse wa-
ter formation in the separation region caused by the
shock wave. This phenomenon could be crucial for
further research concerning the nozzle and in partic-
ular linear cascades.

The work on numerical modeling will focus on the
development of a two-fluid model that takes into ac-
count the velocity slip between liquid and gaseous
phases.
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