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KEYWORDS Abstract. In the present paper, an in-house CFD code is developed using Roe scheme to
simulate a condensing two-phase flow in blade to blade passage of a steam turbine. Effects
of condensation on the flow field of steam turbine rotor tip section are investigated for
different outlet pressures. Firstly, comparison is performed between results of wet and dry
cases. Then, effects of outlet pressure variations on the flow field are studied. Finally, effects
of condensation on different specifications of the flow field (total pressure loss coefficient,
entropy generation, and deviation angle) are investigated. Also, the mechanism of flow
deviation in the cascade flow field is described. Condensation has a great influence on
the behavior of the flow field based on the numerical results of this paper. It changes
the outflow direction, and consequently the flow entering to the next blade deviates from
its on-design condition; thus, additional losses are produced. For example, the value of
deviation angle reaches 7.62° for wet case and exit Mach number M. = 1.45. Also, there
are stagnation pressure loss and entropy generation due to non-equilibrium condensation
that reduce the efficiency of the steam turbine.
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1. Introduction susceptible to additional losses due to the presence of
a second liquid phase [1]. Thermodynamic irreversible
losses, generated with non-equilibrium conditions, are
significant at low-pressure stages, since the efficiency is
reduced by approximately 1% for every additional per-
cent of wetness [2]. On the other hand, condensation
can cause some permanent damages, like mechanical
erosions on the blade surface.

In the tip section of the last stages of steam
turbines, complicated phenomena could be observed
due to high velocity and excessive expansion rate of
the flow. Firstly, formation of shock and expamnsion
waves at the trailing edge can affect the behavior of the

In a steam power plant, power is extracted from
expanding steam in three stages, namely High Pressure
(HP), Intermediate Pressure (IP), and Low Pressure
(LP) turbines. During the expansion process in the
LP turbine, the steam cools down; at some stages,
droplet nucleation occurred and a two-phase vapor-
liquid mixture appeared. Wet stages in the steam
turbines are less efficient compared to those running
with superheated vapor.

The study of low-pressure turbine stages is of par-
ticular interest, since they produce the largest portion

of the power (actoss all of the stages), and yet are flow field. On the other hand, when the flow reaches a
specified supercooling degree, suddenly nucleates and
*  Corresponding author. Tel.: +98 21 64543423; condensation shock are formed in the supersonic flow.
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phase can change the flow properties in the turbine
stage; then, aerodynamics of the flow field with respect
to dry flow can vary completely.

Research studies on the low-pressure turbine
stages have great importance due to widespread usage
of the steam turbines for power generation. Commence
of wide studies in two-phase vapor-liquid flows dates
back to the 1970s when Mecdonald [3] presented the the-
ory of homogeneous nucleation. He studied this phe-
nomenon in two thermodynamic and kinetic aspects.

In the next years, some experimental and nu-
merical results related to two-phase condensing flows
were presented. Moore et al. [4] performed one of
the earliest experiments related to condensation in
nozzles. Then, some experiments were performed on a
cascade of turbine to study the phenomena associated
with spontaneous condensation by Skillings [5,6]. He
studied the effects of inlet superheating and outlet
Mach number on the trailing edge shock structure.
Bakhtar et al. [7-9] carried out some experiments to
study two-phase nucleating steam flow in a blade
passage. Also, they performed a comparative study
of the treatment of two-dimensional nucleating flows
using Runge-Kutta and Denton’s methods [10].

In 1984, Young [11] presented a theoretical in-
vestigation of chocking in steady, one-dimensional,
non-equilibrium wet steam in the nozzles. Then, he
presented a method to solve the governing equations
of wet steam flow in two and quasi-three dimensional
turbine cascades [12]. The mixture conservation equa-
tions were solved in a Fulerian reference frame, and
droplet phase was computed by integrating the relevant
equations along true streamlines in a Lagrangian ref-
erence frame. White and Young [13] presented a time-
marching method to predict unsteady phenomena in
condensing steam flows. In 2000, White [14] developed
a numerical method for the prediction of condensing
steam flow within compressible boundary layers. Then,
White and Hounslow [15] presented a new method for
modeling droplet size distributions within condensing
steam flows. Also, White [16] presented a comparison
of modeling methods for polydispersed wet-steam flow.

In recent years, Gerber [17] used the classical
theory of nucleation and proposed a new numerical
model (Eulerian-Lagrangian) to solve the two-phase
compressible flows in steam nozzles and turbine blades.
Then, Gerber and Kermani [1] presented a pressure-
based Eulerian—Eulerian multi-phase model for non-
equilibrium condensation in transonic steam flow. In
2007, Gerber and Mousavi [18] investigated the ef-
fectiveness of the Quadrature Method Of Moments
(QMOM) in representing droplet size distributions
present in the low-pressure steam turbine stages. Ha-
lama et al. [19] used an in-house code for simulating
two-phase condensing steam by adding Giles’s match-
ing algorithm using Lax-Wendroff method.

Single- and two-fluid models for steam condensing
flow modeling were presented by Dykas and Wrob-
lewki [20]. In 2012, they presented the computational
results of the wet steam flow through the Laval nozzles
for low and high inlet pressures [21]. Also, an effective
method of determination of water vapor properties was
presented in the case of expansion in the nozzle at high
pressures. Recently, Hamidi and Kermani [22] investi-
gated numerical solution of a compressible two-phase
two-component moist-air flow with and without shock
waves. They used the equilibrium thermodynamic
model to study the condensation in a one-dimensional
nozzle.

In 2016, Bagheri-Esfe et al. investigated effects of
non-equilibrium condensation on deviation angle and
efficiency in a steam turbine stage [23]. Also, they
studied effects of surface roughness on deviation angle
and performance losses in wet steam turbines [24].

According to the literature review, it is concluded
that several research studies have been conducted to
simulate two-phase condensing flows using different
numerical methods. But, few researchers have in-
vestigated effects of non-equilibrium condensation on
aerodynamics of the flow field in the steam turbines.

In the present paper, an in-house CFD code is
developed using Roe scheme to simulate condensing
two-phase flow. Effects of condensation on aerodynam-
ics and different specifications of the cascade flow field
are investigated for various outlet pressures. Also, the
mechanism of flow deviation in the cascade flow field is
described. This study gives a practical understanding
of the condensation effects on the performance of steam
turbine stages operating at subsonic/supersonic flow
regimes.

2. Governing equations

Assumptions used in the present study of the two-
phase flow are as follows: Slip velocity between droplets
and vapor is ignored due to infinitesimal radius of the
droplets, condensation is homogenous, and condensing
steam flow is assumed to be adiabatic and inviscid.

In transonic two-phase flows passing around the
steam turbine blades, contribution of the viscous
losses is negligible in comparison to other loss sources
(aerodynamic and thermodynamic losses). Hence,
utilization of inviscid solvers is accurate enough to
simulate transonic two-phase flows in the steam tur-
bines [23].

Two-dimensional governing equations consist of
Euler equations for the mixture and transport equa-
tions for parameters of droplet spectra (Qg, @1, and
@-2) and are shown in full conservative form as [25]:

oW +0,F +9,G = S, (1)

where W is the conservative vector, F' and G denote the
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horizontal and vertical flux vectors, respectively, and S
is the source term. These parameters are calculated as
follows:

W = [p, pu, pv, pes, px, pQ2, pQ1, pQo) ",

F = [pu, pu®
+ P, puv, puey, pux, puQs, puQy, puQo)”,

G = [pv, pvu, pv*
+ P, pveq, pox, prQa, pr@Q1, prQo] ",

5 =10,0,0,0, %m“fle + 4w pQarpy, 73]
+2pQui, reJ + Qoprt, 17 (2)

where P, e;, and x are pressure, total emergy per
unit volume, and wetness fraction, respectively. Also,
p denotes the mixture density; u and v are velocity
components for both vapor and liquid.

The Hill’s moments are defined as follows [26]:

N
Qo =N, Q1=Zﬁ'7 Q2=ZT$7
1=1 3

x <107°

07
=\ S ¥

with r denoting the average radius, r; the radius of ith
droplet, and N total number of droplets per unit mass
of mixture. The limit value 1079 is chosen to stabilize
the numerical algorithm [25].

Based on the classical homogeneous nucleation
theory, the number J of new condensed droplets per
unit volume and per second is computed as [27]:

Je 2(y=1) h h 1
J= l 7 ¢ = (v=1) hyg fo 2 . @)
1+¢ (v+1) R.T, |R.T, ~ 2
20 p? dnrio
Ja = . - = ,
! wm% Pl xp ( 3kBTv)
20
c = y 5
" R, T, In(P/Ps) (5)

where ¢, hy,, and «y are correction parameter, latent
heat of evaporation, and specific heat ratio of the vapor,
respectively. m, is molecular weight of the vapor and
o is surface tension. In Eq. (5), kg, 7., and Ps denote
the Boltzmann constant, critical radius, and saturation
pressure, respectively. In Eq. (2), radius growth rate is
obtained by [28]:

, P +1
r= ’y CP(TZ - Tv)7 (6)
hfgpl 27TR1,T1,
20T
Ty =Ts— 71— (7)
fgPim

where T; and Ts denote droplet and saturation tem-
peratures, respectively. For the present low pressure
computation, the ideal gas equation of state has suffi-
cient accuracy. Hence:

P=p,R,T,=(1—-x)pR,T,. (8)

In this paper, the entropy of mixture is computed as
follows:

s= (¢, InT, — R,In P) — (X;fg)7 (9)

where ¢, is specific heat capacity at constant pressure.
Different properties of the vapor and liquid (e.g.,

internal energy, and enthalpy) are determined using
empirical equations [27].

3. Numerical discretization

As shown in Eqgs. (1) and (2), the governing equations
consist of Euler equations for the mixture and four
additional equations for the droplets. Eq. (1) is written
in generalized coordinates as follows:

oW,  OF | 9G,
at ' ag " o

= S,. (10)

The conservative and flux vectors in generalized coor-
dinates can be connected to those in physical space
using:

w o
J

le 9 F1:7F+7G7

Gi="Fr+la 5=

. 7 (1)

in which &, &, 7., and 7, are metrics, and J is the
Jacobian of transformation.

3.1. Temporal discretization
Using a forward Euler scheme for the time derivative,
Eq. (10) is written in a semi-discrete form as:

wprtt —wp OF\" oG \" ..
T+ <a£ + 5777 = ST (12)

The value of W[*** is obtained from Eq. (12), then the
primitive variables (p,u, v, e;) at the new time step (n+
1) will be determined. Since this equation is explicit in
time, stability of the solution is governed by the CFL
condition [29].
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3.2. Spatial discretization

In the Roe scheme, the inner and outer flow conditions
are determined using either the first, second, or third-
order upwind biased algorithm. Extrapolation of the
primitive variables, such as pressure, velocity, and
temperature from the cell centers to the cell faces, is
performed by the MUSCL strategy [30]. To determine
the variables at the east face of the control volume (E),
the following relations are used:

1
ap = qi; + 1[(1 - K)Awq+ (1+ k)Agq],

1
ap = Giy1,; — Z[(l —Kk)Aprq+ (L +k)Agrq], (13)

where L and R denote the left and right sides of each
cell face, as shown in Figure 1; and ¢ represents either of
the four primitive variables, i.e. ¢ € {P,T,u,v}. Also,
k =1 and 1/3 correspond, respectively, to the second
order and the third order upwind-biased algorithms. In
Eq. (13), Awq = qij — ¢i-1,5, Apq = Giy1,j — ¢,5, and
AEEq = Qiy2,; — Git1,j- For the first order algorithm,
L and R side values of the primitive variables at the
E-face are determined from: ¢k = ¢; ; and ¢% = gi11,;.
A similar formula can be written for the inner (L) and
outer (R) values at the north face of the control volume.

The van Albada flux limiter is used for damping
the spurious numerical oscillations in high resolution
computations, written as [31]:

ap = qi; + %[(1 - K)Awq+ (1+ k)Agq],

08 = tirns — 210~ MAppg+ (L4 K)ARg. (14

The limiter function ¢ is defined by:
i s = 2(Awq)(Apq) +6
M (Awg)? + (Apg)? 48

(15)

Grid line

.........

Control volume

Figure 1. Arbitrary configuration of grid lines with the
corresponding cell-vertex control volume allocated to each
node.

where ¢ is a small value for preventing indeterminacy
in regions of uniform flow, i.e., in and around Ay ¢ =
An entropy correction method is used to avoid
expansion shocks in the regions where the eigenvalues
become equal to zero. The relevant equation is written
as:
22 2
S\HEW _ A + & ’
2e

Al <e,

¢ = 4max [07 (S\—AL)7()\R—f\>]7 (16)

where A" and A® are the eigenvalues determined at the
inner and outer flow conditions, respectively. Also, \is
the eigenvalue of the flux Jacobian matrix determined
at Roe’s averaged condition [32].

The numerical flux using Roe scheme is obtained
from the following formulae:

East face:
po_Xpr gy _1 50| g0
b =5 (FE+FE) —52’)\]3 ‘mE . a7
k=1
North face:
_1 L300 570
Gy =5 Gk +GE) - 3 3|\l T,  (19)
k=1

where A is the eigenvalue of the flux Jacobian matrix,
T is the corresponding eigenvector, and dw is the wave
amplitude vector. More details of Egs. (17) and (18)
can be found in [33].

4. Results and discussion

The geometry under study is a rotor tip section of a
steam turbine, taken from [34]. Figure 2 shows this
geometry and computational domain between blades.
The blade section has a very large stagger (I') of
63.27°. Chord length of the blade (C) and pitch length
of the cascade (p) are equal to 43 mm and 37 mm,
respectively. Also, the inlet flow angle (53) is —38°.
Moreover, inflow stagnation pressure and temperature
are set to 99 kPa and 382 K, respectively. As shown in
Figure 3, size of the grid is specified as 498 x 65 after
grid-independency test. This grid is used for numerical
simulation and illustrated in Figure 4 with the close-up
near the leading and trailing edges.

4.1. Validation

To validate the present in-house code, the experimental
data reported by Bakhtar and Mahpeykar [7] have
been used. The boundary conditions for the current
numerical simulation have been chosen as identical
to those in the experimental test, such as the inflow
direction () is —38° and the inflow stagnation pressure
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Figure 2. Geometry of the rotor-tip section and the
computational domain [34], where p is pitch length, C is
chord length, 3 is flow angle at the entrance, 1" is stagger
angle, and 0 is deviation angle.
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Figure 3. Grid independency test: Distribution of
pressure ratio (P/Po;) on the blade surface.

and temperature are set to 99.9 kPa and 360.8 K,
respectively. At the inlet section, the wetness frac-
tion x = 0; at the outlet section, the back-pressure
P, = 42.7 kPa. Comparison of the pressure ratio on
the suction and pressure surfaces between numerical
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Figure 4. Grid used for numerical simulation (498 x 65)
with the close-up near the leading and trailing edges.
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1.1} +  Experiment, Bakhtar et al. (1997)
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Figure 5. Validation: Comparison between numerical
and experimental results [7]; distribution of pressure ratio
on the pressure and suction surfaces. The present
computation is performed with grid size of 498 x 65.

and experimental results is shown in Figure 5. As
observed in this figure, good agreement exists between
the results, and position of the condensation shock is
captured well.

4.2. Comparison between wet and dry cases

According to the numerical results, characteristics of
the flow (such as pressure and Mach number) are
almost identical for the wet and dry cases, when the
flow in the passage is subsonic. Also, the value of mass
flow rate related to P, = 60 kPa (subsonic outflow)
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for dry and wet cases is determined as 1.95 kg/s and
1.944 kg/s, respectively, with the difference between
them being less than 0.4%.

Flow passing through the blade passage can be
modeled by a converging-diverging nozzle as shown in
Figure 6. The convergent part of the nozzle consists of a
passage taken from pressure surface (line DE) and some
parts of suction surface (line AB), while the divergent
part of the nozzle consists of the trailing edge stream-
line (line EF) and some parts of the suction surface (line
BC). Because some parts of the suction surface (BC)
are located in the divergent part of the nozzle, this
surface has more expansion rate in comparison to the
pressure surface. Thus, condensation rate and wetness
fraction near the suction surface are more than pressure
surface. The flow passing through the divergent section
of the blade experiences large expansion rate; thus, in
the supersonic outflow cases, an oblique shock is formed
at the trailing edge of the blade to match the outlet
pressure.

For better understanding of the deviation an-
gle, we consider two separate streamlines near the
blade surface (Figure 7). As shown in this figure, the
streamlines a-b and c-d pass near the suction and
pressure surfaces, respectively. They have the same
value of stagnation pressure at inlet boundary, namely
(Po)in, but their stagnation pressure value differs at
the trailing edge. Flow direction at the trailing edge
of the blade depends on the values of (Fp),s and
(Py)e,p (stagnation pressure at the trailing edge near
the suction and pressure surfaces). As shown in
Figure 8(a), flow passes tangent to the camber line at
the trailing edge when (Fp)e,s = (Fo)e,p. In the steam
turbines, flow over the suction side experiences further
stagnation pressure losses with respect to that of the
pressure side, as it passes a sequence of condensation-
and aerodynamic-shocks over the suction side; thus,
(Py)e,s < (Py)e,p. In this condition, the stream line at

Figure 6. Schematic representation of
converging-diverging nozzle in blade to blade domain.

(Po)in @
C

Figure 7. Representation of the streamlines near the
blade surface.

(Po)e.p > (Po)e.s

f0=deviation angle

(Po)in . (Po)inf

(2) (b)
Figure 8. Different conditions for the flow direction at
the trailing edge of the blade: (a) Flow passes tangent to
the camber line at the trailing edge when (Fp).,s =
(Po)e,p, and (b) flow deviates at the trailing edge toward
the suction surface when (Pp)e,s < (Po)e.p-

the trailing edge turns toward the suction surface. In
fact, this turning of the streamline at the trailing edge
is called deviation angle (Figure 8(b)).

Comparison between results of wet and dry cases
related to supersonic outflow (P, = 30 kPa) is shown in
Figure 9. In wet case, due to condensation and released
latent heat, Mach number variation and flow expansion
are less than dry case.

4.3. Effects of outlet pressure variations on
the flow field

Figure 10 presents comparison of the results in the

passage for different subsonic outlet pressures. As

shown in Figure 10(a), expansion of flow near the

suction surface is more noticeable than the pressure
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Supersonic outflow (P, = 30 kPa)

Mach: 0.00 0.14 0.27 0.41 0.55 0.68 0.82 0.95 1.09 1.23 1.36 1.50

Figure 9. Comparison between results of wet and dry
cases for supersonic outflow (F, = 30 kPa); Mach number
contours.

surface. Hence, a supersonic pocket is formed near
the maximum thickness over the suction surface. Also,
reduction of the outlet pressure increases the size of
the supersonic pocket formed on the suction surface.
Contours of wetness fraction for subsonic outflows are
illustrated in Figure 10(b). As observed in this figure,
the value of wetness fraction close to the suction surface
is more than pressure surface due to higher rate of flow
expansion.

When flow in the passage is subsonic, information
of outlet pressure reduction is propagated upstream.
This information obligates upstream to increase the
mass flow rate through the passage. Also, distribution
of pressure, Mach number, and other flow characteris-
tics in the passage varies. As shown in Figure 11, mass
flow rate, 7, increases with exit Mach number (M,) in
subsonic cases.

Comparison of contours in the passage between
blades for different supersonic outlet pressures is illus-
trated in Figure 12. For the supersonic outlet cases, if
the outlet pressure decreases, the flow field will change
so that the outlet pressure is met. For these cases,
eigenvalues of the flux Jacobian matrix are positive;
thus, information is not propagated upstream of the
flow. Hence, reduction of M, does not change the mass
flow rate through the passage in supersonic outflow
cases as shown in Figure 11.

For flow passing through a converging-diverging
nozzle with heat transfer, the following can be
shown [35]:

Subsonic outflow, wet case

P, = 60 kPa P, = 65 kPa

Py, = 70 kPa

Mach: 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10
(a)

P, = 60 kPa P, = 65 kPa P, =70 kPa

=
0.003
0.005
0.008
0.010 —
0.020 —
0.023 —
0.025
0.028
0.030

0 )

s 3

S o
(b)

Figure 10. Comparison of contours in the passage for
different subsonic outlet pressures: (a) Mach number
contours, and (b) wetness fraction contours.

dA+(1+7M2)><Cj—‘§ (M2_1)><%_0 19)
) )

It is worthwhile to note that in the case of no heat
transfer to the nozzle (i.e., dg = 0), Eq. (19) is
reduced to the isentropic flow equation in the nozzle.
As pointed earlier, flow in the blade to blade passage
can be simulated such as a nozzle (Figure 6). For
dg > 0, using Eq. (19), it is concluded that the sonic
line (M = 1) occurs downstream of the throat (in the
diverging portion of the nozzle where dA > 0).

In the two-phase condensing flows, the latent heat
is taken from a portion of the vapor that is going to
condense and moves toward the vapor phase. Hence, it
assumes that heat is supplied to the flow from external
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Wet

i (kg/s)

1.88 1 1 1 1 1 1 1
0.8 0.9 1.0 1.1 1.2 1.3 1.4

M.

Figure 11. Variations of mass flow (71) rate with exit
Mach number (M.) for dry and wet cases.

sources and the sonic line appears downstream of the
throat. This is illustrated in Figure 12(a). Also,
according to Eq. (19), it can be seen that the Mach
number distribution corresponds to the value of latent
heat (dg > 0) and area variation (dA) in the passage.

Position of the condensation shock formed on the
suction surface is shown in Figure 12(b). Condensation
shock is a rapid release of heat from a portion of vapor
that is going to condense toward the core vapor. Hence,
the core vapor experiences a rapid temperature rise like
a shock. Just on this shock, condensation occurs and
wetness fraction increases. This phenomenon occurs
only in the supersonic region. Condensation shock
has two important effects on the flow field. Firstly,
pressure and temperature of the flow increase after this
phenomenon; condensation shock changes the oblique
shock angle formed at the trailing edge.

Sequence of condensation and evaporation phe-
nomena over the suction side of the blade is depicted in
Figure 12(b). As shown in this figure, wetness fraction
decreases across the oblique shock due to evaporation
of the droplets.

There are two important mechanisms for adapting
the outlet pressure reduction in the supersonic out-
flows:

- Decrease in the oblique shock angle. When the
outlet pressure decreases, the oblique shock becomes
weaker and its angle reduces; thus, pressure incre-
ment of the flow across the oblique shock decreases;

- Increase in the divergence angle of the trailing edge
streamline. This leads to increase in the expansion
rate of the flow in the divergent portion of the
passage.

Figure 13 illustrates situation of oblique shock and
streamline at the trailing edge for different supersonic

Supersonic outflow, wet case

P, = 30 kPa P, = 40 kPa P, = 45 kPa
o (2] o w0 © o] @D — N < 0 ~ o0 o
Mach: @ = & © S & © ® & S = a o« =»
o o o =2 L= 1 o o (=] o — — — — —
(a)
P, = 30 kPa P, = 40 kPa P, = 45 kPa

Condensation shock

Condensation

Evaporation

T 77 7T
0 =) 0 o 0 =) 0 =) 0 o 0 =)
«~8 3 £ § § 8 8 § 8 8 8 §
1=} o < S IS < S S IS o S )

Figure 12. Comparison of contours in the passage for
different supersonic outlet pressures: (a) Mach number
contours, and (b) wetness fraction contours.

outlet pressures. As shown in this figure, reduction
of back-pressure reduces the oblique shock angle and
increases the divergence angle of the trailing edge
streamline.

4.4. Effects of condensation on the
spectfications of the flow field
In the previous sections, effects of condensation on the
pressure, Mach number, and wetness fraction contours
in the flow field were investigated. Now, effects of
this phenomenon on different specifications of the flow
field are studied. Total pressure loss coefficient (w),
entropy generation (), and deviation angle () are
three important parameters studied here for a better
investigation of the condensation phenomenon. w and
¢ are computed using the following equations:
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Supersonic outflow, wet case

Py, = 30 kPa

P, = 40 kPa

P, = 45 kPa

[ N O N I |
S O O S O S &8 S S 4 - A=A

Figure 13. Representation of oblique shock and
streamline at the trailing edge for different supersonic
outlet pressures.

APy /(Py.in—Py)

w=

0.04 = -

——

0.00 1 ] ] 1 ] ] ]

Figure 14. Variations of total pressure loss coefficient (w)
with exit Mach number (M.) for dry and wet cases.

_ (P )in - (P )e _ AP
Y B (P, = (B = (P, (20)
o =35, — 8, (21)

where subscripts “in” and “e” indicate inlet and exit
sections, respectively.

Figures 14 and 15 plot the values of w and ¢ as
a function of exit Mach number (M,) for wet and dry
cases. It can be seen that the values of w and ¢ for
wet case are larger than those in dry case; w and ¢ also
increase with M..

The prevailing feature in a non-equilibrium flow

& (J/kg.K)

1 1 1 1
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Figure 15. Variations of entropy generation (¢) with exit
Mach number (M.) for dry and wet cases.

is that the temperature of the phases differs. This
difference in temperature is the source of irreversible
heat transfer between phases. Subsequently, the en-
tropy generation rate throughout the flow field becomes
relatively substantial and is usually referred to as
thermodynamic losses.

For wet case, there are thermodynamic losses in
addition to aerodynamic losses of shock waves, and
condensation shock is formed in the supersonic outflow
cases. Thus, the values of w and & for wet case are
larger than those in dry case. For example, according
to Figures 14 and 15, it can be seen that for M, = 1.45,
the values of w and ¢ for wet case are, respectively,
254% and 67% more than those in dry case.

As observed in Figures 14 and 15, the values of
w and ¢ for supersonic outflow cases are more than
subsonic cases due to higher value of thermodynamic
losses and formation of the oblique shock in supersonic
outflows. For example, due to the increase of M, from
0.9 to 1.45, the values of w and ¢ increase by 171% and
233%, respectively, in wet case.

Figure 16 plots the values of deviation angle 6 as
a function of M, for dry and wet cases. As observed in
this figure, the value of deviation angle for wet case is
more than dry case. Also, the value of deviation angle
increases with M,. For instance, due to the increase
of M, from 0.9 to 1.45, the value of deviation angle
increases by 408% in wet case. This is due to higher
value of condensation rate and formation of oblique
shock in the supersonic outflow case. As shown in
Table 1, due to increase of M, from 0.9 to 1.45, the
value of Y. (wetness fraction at exit plane) increases
by 223%. Thus, stagnation pressure loss on the suction
surface for M, = 1.45 is more than M, = 0.9; hence,
supersonic outflow cases have larger value of deviation
angle in comparison with the subsonic cases.
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Table 1. Variations of exit wetness faction with back-pressure and exit Mach number for wet case.

P, (kPa) 70 65 45 40 30
M. 0.74 0.82 1.14 1.24 1.45
Flow regime Subsonic  Subsonic  Subsonic  Supersonic  Supersonic  Supersonic
at exit plane
(X)e 0.006 0.009 0.013 0.025 0.031 0.042

Deviation angle 6 (deg.)

M.

Figure 16. Variations of deviation angle (0) with exit
Mach number (M.) for dry and wet cases.

It is worthwhile to emphasize from practical point
of view that as a result of condensation, the flow direc-
tion changes in the steam turbines, and consequently,
the flow entering to the next blade deviates from its on-
design condition; thus, additional losses are produced.
For example, the value of deviation angle reaches 7.62°
in wet case and M, = 1.45.

5. Conclusions

In this paper, an in-house CFD code has been devel-
oped using Roe scheme to study effects of condensation
on flow field of the steam turbine rotor tip section for
subsonic/supersonic flow regimes. Based on results of
the paper, the following conclusions can be drawn:

e The suction surface has more expansion rate in com-
parison to the pressure surface. Thus, condensation
rate and wetness fraction near the suction surface
are more than those near the pressure surface;

e For supersonic outflow cases, decrease in the oblique
shock angle and increase in the divergence angle of
the trailing edge streamline are the two mechanisms
for adapting the outlet pressure reduction;

e For supersonic outflow cases, total pressure loss
coefficient, entropy generation, and deviation angle

are more than the subsonic cases. That is due to
higher value of condensation rate and formation of
oblique shock in the supersonic outflows;

e Condensation shock has two important effects on

the flow field. Firstly, it increases the pressure
and temperature of the flow. Also, condensation
shock changes the oblique shock angle formed at
the trailing edge. Thus, this phenomenon can affect
downstream aerodynamics of the flow field;

e As a result of condensation, the aerothermodymics

of the flow field changes. It changes the outflow
direction from its on-design condition and causes
the flow to enter to the next blade to deviate from
its on-design condition, hence, produces additional
losses. This subject should be considered in the
design process of the blades after the nucleation zone
in the steam turbines.

Also, there are stagnation pressure loss and
entropy generation due to non-equilibrium conden-
sation that reduce the overall efficiency of the steam
turbine.

Nomenclature

A Area

C Chord length

Cp Specific heat capacity at constant
pressure

Cp Pressure coefficient

e Total internal energy per unit volume

F Horizontal flux vector

F Inviscid flux vector in £ direction

G Vertical flux vector

Gy Inviscid flux vector in 7 direction

H, Total enthalpy

htg Latent heat of evaporation

J Jacobian of transformation

J New condensed droplets per unit
volume and per second

kg Boltzmann constant

M Mach number

My Molecular weight of the vapor

N Total number of droplets per unit mass

of mixture
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