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Abstract

The self-excited flow oscillation due to supercritical heat addition during the condensation process in wet steam turbine is

an important issue. With an Eulerian/Eulerian model, the self-excited oscillation of wet steam flow in a supersonic turbine cascade is inves-
tigated. A proper inlet supercooling results in the transition from steady flow to self-excited oscillating flow in the cascade of steam turbine.
The frequency dependency on the inlet supercooling is not monotonic. The flow oscillation leads to non-synchronous periodical variation of
the inlet and outlet mass flow rate. The aerodynamic force on the blade varies periodically due to the self-excited flow oscillation. With the
frequency lies between 18.1—80.64 Hz, the oscillating flow is apt to act with the periodical variation of the inlet supercooling due to sta-
tor rotor interaction in a syntonic pattern, and results in larger aerodynamic force on the blade. The loss in the oscillating flow increases

20.64% compared with that in the steady flow.
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Steam turbine plays an important role in the
power generation industry. The wet steam flow in
large-scale condensing steam turbine and nuclear
steam turbine not only degrades the efficiency, but
also leads to water erosion of the blade, which puts
negative effect on the safety of the steam turbine.
The self-excited oscillation is one type of special phe-
nomenon in wet steam flow. It was firstly discovered
by Schnerr!’ in 1962 in slender nozzle flow of moist
air. Then in 1970 the self-excited oscillation in pure
steam flow was reported by Barschdorff and Filip-
pov[1 . The self-excited oscillation is caused by the
interactions between the condensation process and lo-
cal supersonic flow in wet steam.

In the one-dimensional flow, heat addition
makes the flow Mach number approach to the unit.
For the supersonic flow with Mach number M,, the
critical amount of heat Q. is required to return the
flow to sonic condition. In the isentropic flow in con-
vergent-divergent nozzle, the flow in downstream of
the throat is supersonic; however in the condensing
flow, the heat release during condensation process in
the divergent part of the nozzle returns the supersonic
flow to sonic condition, even to subsonic condition.
For a given nozzle, the condensation process and the

amount of heat addition Q to the supersonic flow are
determined by the inlet flow conditions. Subcritical
heat addition (Q< Q) will result in a small pressure
rise, the so-called “condensation shock”™, and the
flow is stable. For supercritical heat addition ( Q =
Q.), an aerodynamic shock is embedded in the zone
of rapid condensation, which is located in the down-
stream of the throat, and the flow is stable. In condi-
tion Q> Q ., the aerodynamic shock moves upstream
even close to the throat of nozzle. As a result, the
temperature before the rapid condensation zone rises,
and the condensation intensity is weakened, then
with the decreased heat release the condition leading
to aerodynamic shock is broken. The supercooling in
the condensing flow rises once more, and the above
cycle repeats.

[t can be seen that the self-excited oscillation is
caused by the interactions between the condensation
process and the local supersonic flow in wet steam.
Such condition exists in wet steam turbine; therefore
the self-excited flow oscillation is also likely to happen
in steam turbine. Dobkes et al.!?) conducted mea-
surements on the stress of the rotor blade in an exper-
imental steam turbine. They found that when the un-
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steady flow is observed in the turbine cascade, the
stress of the rotor blade increases 1.5—2 times. It
was concluded that the self-excited oscillation in the
turbine cascade takes place. Whirlow et al.l® ! ob-
served non-synchronous rotor blade vibrations in a
steam turbine, which may also be attributed to con-
densation induced oscillation in part of the cascade
passage.

For steam turbine, the self-excited oscillation
not only leads to vibration of blade, but also produces
additional losses besides the well-known non-equilibri-
um loss, such as the aerodynamic shock loss due to
supercritical heat addition and that caused by separa-

tion of boundary layer interacting with aerodynamic
shock.

The progress in study of the self-exited oscilla-
tion in wet steam turbine is slow for the complex na-
ture of this problem. Few experimental results were
published. Some researchers conducted numerical

simulations!4 %!,

However, most published papers
were limited to the study on the unsteady flows in
nozzles. Investigation on the oscillating flow in steam
turbine still requires more efforts. In this paper, the
stable limit of the wet steam flow and the self-excited
oscillation in a supersonic turbine cascade are numeri-
cally studied. The effects of flow oscillation on the
acrodynamic performance of the cascade and the char-

acteristics of the blade strength are also discussed.
1 Mathematical model

The condensing flow of wet steam can be treated
as a two-phase system: the water vapor in the mix-
ture of wet steam is the gaseous phase, and the liquid
phase is the collection of all the condensate water
droplets dispersed in the wet steam. For the homoge-
neous condensation in the transonic flow of wet
steam, the diameter of water droplet is smaller than 1
um. Therefore it is reasonable to neglect the velocity
slip between the water droplets and the water vapor,
and an Eulerian/Eulerian model can be established.
The conservation equations of mass, momentum, and
energy for the wet steam are

P .
‘éef+V'(ng)=—pm, (1)
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where p_ is the density of the water vapor, p the den-
sity of the mixture of wet steam, U the velocity vec-
tor, p the static pressure, E_ the total energy, %, the
total enthalpy and A the latent heat. The source
terms — pm, — pm U and — pm (h — hy) are intro-
duced to count the interactions between the gaseous
and liquid phases. Here m is the condensate mass rate
and expressed as

4nr? d
W _ e 2 4r
m=(1-Y)Jp, 3t dnr dt‘olN’ (4)
where p, is the density of water. The nucleation rate

J and the droplet growth rate j“; are determined by

the classical condensation theory and the same expres-
sions as published in Ref. [4] are adopted. In addi-
tion, the Virial equation for water vapor is employed
to make the equation set enclosure.

p = p,RT(1+ Bp_+ Cpp). (5)

In the above expression, B and C are the second
order and third order Virial coefficient respectively.

As noted previously, the velocity slip between
the gaseous phase and liquid phase can be neglected,
so only additional equations describing the quantity
and size of droplets are required for the liquid phase.
Let N denote the number of water droplets, r the ra-
dius, and Y the condensate mass fraction. The con-
servation law yields

A 4y (oND) = p,J, (6)

a_(él’_tﬁ+v, (pYU) = p7;1. (7)
After N and Y are solved, the radius r can be deter-
mined by the following equation

r= J3YCrpND. (8)

Now, with Egs. (1)—(3) and (6)—(8) the
wet steam flow with non-equilibrium condensation
can be solved. The finite volume method and the ex-
plicit time-marching technique are used. The second-
order upwind scheme is adopted in the spatial dis-
cretization. The dual time stepping method is applied
for the time dependent problem.

2 Validation of the model

The condensing flow with self-excited oscillation
in a convergent-divergent nozzle was simulated to val-
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idate the numerical model. Skillings et al. 15) conduct-
ed experimental investigation on the condensing flow
in the nozzle. The geometry of the nozzle is showed
in Fig. 1. The throat is located at x =0. Three posi-
tions marked as 1, 2 and 3 were set to record the
pressure time history. The axial distances from these
points to the throat are (¢, 91 and 30 mm respective-
ly. The flow conditions are: the total pressure p, =
35140 Pa, the total temperature T,=347.9 K, and
the flow at the exit section is supersonic. The grid

number is 200 X 60.

Fig. 1. Nozzle geometry.

The pressure distribution along the axis is
showed in Fig. 2. It can be seen that the flow is os-
cillating in the rapid condensation zone immediately
downstream the nozzle throat, which is caused by the
interactions between the condensation process and the
local supersonic flow as described previously.
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Fig. 2. The distribution of pressure along the axis.

The time history of pressure on points 1, 2 and 3
is showed in Fig. 3. The frequency f of the oscillat-
ing flow is given by the FFT (Fast Fourier Trans-
form) analysis and listed in Table 1. The calculated
frequency is 382.17 Hz, which agrees well with the
experimental value 380 Hz. The amplitude Ap of the
oscillating pressure in the rapid condensation zone is
also listed in Table 1. The experimental value on
point 3 is 2000 Pa, and the numerical simulation
gives 2034.93 Pa. It can be seen that the numerical
model properly predicts the characteristics of the self-
excited flow oscillation in this nozzle.

Table 1. The characteristics of oscillating flow on point 3
f (Hz) Ap{(Pa)
Exp. ! 380.00 2000.00
Cal. 382.17 2034.93
----- On point 1
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Fig. 3. Time history of pressure in the nozzle.

3 The self-excited flow oscillation in a super-
sonic turbine cascade

In large-scale steam turbine, the flow in the low-
pressure turbine stages is often in supersonic condition
near the blade tip. As noted previously, the self-ex-
cited flow oscillation is also likely to take place in su-
personic turbine cascade. With the numerical model
in section 1, the oscillating flow in a supersonic tur-
bine cascade is investigated. The geometry of the cas-
cade is given in Fig. 4. Three points marked as 1, 2
and 3 in the divergent part of the cascade passage are
set to monitor the oscillation parameters.

Fig. 4. Geometry of the supersonic turbine cascade.
3.1 The steady limit

Calculations were firstly implemented to deter-
mine the steady limit of the wet steam flow in this
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cascade. Keeping the pressure ratio po/ P, =0.38
constant ( p, is the downstream pressure of the cas-
cade), the inlet supercooling AT increases from
—0.8Kto 6.1 K, and the flow in the supersonic
cascade transits from steady to oscillating.

The dynamics of the self-excited flow oscillation
for the supersonic cascade is given in Fig. 5. As de-
scribed previously, the self-excited oscillation in wet
steam flow is a result of supercritical heat addition.
When the inlet supercooling AT is smaller than 1.1
K, the heat release in the condensation process is
smaller than the required critical heat addition and the
flow is steady. With the increase of inlet supercool-
ing, the self-excited oscillation takes place. It can be
seen that the frequency dependency on the inlet su-
percooling is not monotonic. An increase of inlet su-
percooling from 1.1 K to 3.1 K results in a decrease
of the frequency from 36.6 Hz to 18.1 Hz. After this
point the frequency increases to 80.64 Hz when the
inlet supercooling increases to 6.1 K.
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Fig. 5. Dynamics of self-excited flow oscillation for supersonic
cascade.

3.2 The effects of self-excited flow oscillation

In this section, the self-excited flow oscillation
with AT = 6.1 K is discussed. In order to clearly
evaluate the effects of the oscillating flow, the results
are compared with those in the steady flow with AT
= — 0.8 K. The following discussion is limited to
these two flow conditions.

In Fig. 6 the time history of Mach numbers on
points 1, 2 and 3 (see Fig. 4) is showed for the oscil-
lating flow. It can be seen that the Mach numbers on
point 1 and 2 are fluctuating between supersonic and
subsonic conditions, which is a typical characteristic
of the self-excited oscillation in wet steam flow caused
by the supercritical heat addition. A FFT analysis

gives the frequency f=80.64 Hz.
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Fig. 6. Time history of Mach number in the cascade.

Due to the periodical variation of the Mach num-
ber above and below unit at the throat section, it can
be inferred that the mass flow rate is varying periodi-
cally accordingly. Supposing that the cascade has unit
spanwise height, the time history of mass flow rate is
showed in Fig. 7. The periodical subsonic condition
at the throat section allows the oscillating pressure in
the rapid condensation zone to spread upstream. As a
result, the inlet mass flow rate varies periodically.
Though the time-averaged mass flow rates at the inlet
section and outlet section are identical, the variations
of mass flow rate at these two sections are not syn-
chronous. The difference indicates the periodical com-
pression and expansion of wet steam in the cascade

passage.
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Fig. 7. Time history of mass flow rate.

The effect of flow oscillation on the blade stress
in the wet steam flow is of interest from the view of
blade safety. Fig. 8 gives the aerodynamic force on
the blade exerted by the oscillating flow supposing
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that the cascade has unit spanwise height. The axial
force F, and the tangential force F, in a cycle are
plotted in this figure and compared with that in the
steady flow. The aerodynamic force in the steady
flow is 759.68 N; the maximum and the minimum of
the aerodynamic force in the oscillating flow are
788.50 N and 741.04 N respectively. The force on
the blade is periodically varied though the amplitude
is small compared with that in Ref. [2] mentioned
previously. It is worth noting that the present inves-
tigation was conducted on a single cascade, whereas
the measurement in Ref. [2] was implemented in the
turbine stages of an experiment steam turbine. Due to
the effect of wakes behind stator blades, the tempera-
ture at the inlet section of rotor is periodically vary-
ing, therefore the inlet supercooling in rotor cascade
varies accordingly relative to the angular speed of the
rotor, and the oscillating characteristic in the rotor
cascade may change essentially. For a rotor with an-
gular speed 3000 rpm, the frequency of the inlet su-
percooling is 50n Hz (n is the blade number) for the
rotor cascade. On the other hand, the frequency of
the self-excited flow oscillating lies between 18. 1—
80.64 Hz according to the present results. It is possi-
ble in a turbine stage that the periodical variation of
the inlet supercooling due to the stator rotor interac-
tion acts with the self-excited oscillation caused by the
supercritical heat addition in a syntonic pattern, thus
larger oscillating aerodynamic force on the rotor blade
will be obtained.
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Fig. 8. The aerodynamic force on the blade.

In Fig. 9 the entropy increase is given. The en-
tropy increase for the steady flow is 28.05 J/(kg-
K), and the time-averaged value for the oscillating
flow is 33.84 J/(kg-K). The loss in the self-excited
oscillating flow increases about 20. 64% compared
with that in the steady flow.
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Fig. 9. Entropy increase.

4 Conclusions

An Eulerian/Eulerian model has been developed
to investigate the unsteady wet steam flow with non-
equilibrium condensation. With this model, the self-
excited flow oscillation in a supersonic turbine cascade
is investigated.

The supercritical heat addition during the con-
densation process leads to unstable flow. With proper
inlet supercooling the steady wet steam flow transits
to self-excited oscillating flow. The frequency depen-
dency on the inlet supercooling is not monotonic. The
flow oscillation results in periodical variation of the
mass flow rate and the aerodynamic force on the rotor
blade, which put negative effect on the blade safety.
The entropy increase in the self-excited oscillating
flow is obviously higher than that in the steady flow.

References

1 Barschdorff D. and Filippov G. A. Analysis of special conditions of
the work of laval nozzles with local heat supply. Heat Transfer-Sol.
Res., 1970, 2(1): 76—87.

2 Dobkes A. L., Zil’ber T. M., Kachuriner Yu. Ya. et al. Study-
ing the Characteristics of wet steam in turbine flow sections. Ther-
mal Engineering, 1992, 39(1): 45—49.

3 Whirlow D. K., Meccloskey T. J., Davids J. et al. Flow instabili-
ty in low pressure turbine blade passages. ASME 84-JPGC-GT-14,
1984.

4 Guha A. and Young J. B. Time-marching prediction of unsteady
condensation phenomena due to supercritical heat addition. ImechE
paper C423/057. In: Proc. Conf. Turbomachinery: Latest devel-
opment in a Changing Scene. London, England, 1991, 167—177.

S Skiling S. A., Walters P. T., Moore M. J. A study of supercrit-
ical heat addition as a potential loss mechanism in condensing steam
turbines. IMechE paper C259/87. In: Proceedings of the Institu-
tion of Mechanical Engineers International Conference; Turboma-
chinery - Efficiency Prediction and Improvement. Cambridge,
England, 1987, 125—134.

6 Adam S. and Schnerr G. H. Instabilities and bifurcation of non-e-
quilibrium two-phase flows. J. Fluid Mech., 1997, 348(1): 1—
28.



