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ARTICLE INFO ABSTRACT
Keywords: This study has used shape optimization by the genetic algorithm to gain the suitable pitch to axial chord ratio for
Wet steam flow a cascade turbine blade. The innovation of the present paper is the modification of the Zweifel coefficient for the
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Wetness fraction
Isentropic efficiency

wet steam flow passing through the steam turbine cascade. Wetness fraction (WF), average droplet radius (ADR),
momentum (MO), pressure loss (PL), and isentropic efficiency (IE) at the exit of the cascade turbine blade in wet
steam flow are selected as the objective functions. The ultimate goal was to minimize the wetness fraction,
average droplet radius at the outlet of the blade, and pressure losses of the passage and maximize the efficiency
and momentum at the outlet together. The Navier-Stokes equations,SSTk — turbulence model, and the Eulerian-
Eulerian approach are applied for modeling the condensing flow. The agreement gained between the numerical
results and the experimental results is satisfactory. A pitch to axial chord ratio of Pi/AC = 0.76 is suggested, and
the modified Zweifel coefficient for wet steam flow in the cascade is proposed Czz = 0.62. In the optimal case,
the wetness fraction and the average droplet radius at the outlet decrease 3.59% and 1.94%, respectively, and the
momentum increases 7.28%. In addition, the optimal case compares with original case, the isentropic efficiency
decreases 2.48% and the pressure losses increases 2.15%.

Joseph et al. [5] described a numerical approach to calculate the ther-
modynamic loss related to non-equilibrium condensation for the nozzle
and turbine cascade. The thermodynamic loss was calculated utilizing
the variation in entropy owing to condensation. Wroblewski and Dykas
[6] presented a model intended for the condensing steam flow through
the de Laval nozzle to reconstruct the size of a water droplet. Results
illustrated a better agreement for suggested model with an experimental
data on the static pressure distributions. Cao et al. [7] indicated that
parameters of flow field and location of vortex impressed the droplet
size, number of droplets, and condensation location of the steam tur-
bine. The energy losses due to rotor blade profile and droplet size were
studied by Sengupta and Bhattacharya [8]. Salmani et al. [9] proposed
an innovative method to predict droplet radius and wetness fraction
regarding roughness in the turbine blades. Their method was founded on
Buckingham Pi-theorem and merely the use of dry vapor data.

Today, various methods have been stated to reduce the wetness and
losses in steam turbines and nozzles. Fizik et al. [10] studied the effects
of variation in the rate of expansion and the divergent angle of a turbine
blade. They obtained suitable conditions with minimum thermodynamic
losses by the criterion of entropy generation. Alekseev et al. [11]

1. Introduction

Finding the optimal pitch to chord ratio of steam turbines has been a
challenging task ever since because it has an essential effect on effi-
ciency and losses. In addition, the last stages of the steam turbine are
associated with condensation. This phenomenon leads to the attendance
of a liquid phase which results in thermodynamic and mechanical losses.
It should be noted if the wetness fraction is increased by one percent, the
efficiency will decrease as well [1]. Therefore, the perception of the
condensation phenomenon is greatly useful in the design process. A
plethora of studies are conducted on the phenomenon of condensation.
Dykas et al. [2] evaluated the non-equilibrium condensing steam flow of
transonic in half arc nozzles and stator blades which were located in the
last stage of the steam turbine. Dykas et al. [3] experimentally investi-
gated the condensation of steam flows in a non-equilibrium state which
occurred in a linear rotor blades cascade. Their studies goal to prepared
an experimental data for validation of the numerical methods in the wet
steam flow. Walker et al. [4] reviewed the various techniques to mea-
sure the wetness content including the liquid film and moisture content.
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Nomenclature

A area

AC axial chord

ADR average of droplet radius
ADRR  average of droplet radius ratio
By,B3 virial coefficients

Cc velocity magnitude

Cx, Cy,C, velocity components

Cs isentropic velocity

Czr Zweifel’s coefficient

C specific heat of liquid

(o specific heat at constant pressure
C, specific heat at constant volume
ey total energy

G Gibbs free energy

ho total enthalpy

I droplet nucleation rate
IE isentropic efficiency

IER isentropic efficiency ratio
Ky Boltzmann’s constant

K: thermal conductivity

k turbulence kinetic energy
my liquid mass

M, molecular mass

MO momentum at outlet
MOR momentum ratio

p pressure

Pi pitch

PL pressure losses

PLR pressure losses ratio

qc condensation coefficient
R gas constant

r droplet radius

r average radius

S supersaturation ratio

T temperature

t time

Vy average volume of droplet
w average wetness fraction
WF wetness fraction

WEFR wetness fraction ratio

X axial length of the blade
X,y, 2  cartesian directions

Greek letters

ay, 0 inlet and outlet angles
B liquid mass fraction

r mass generation rate

n number of droplets per volume
p density

T viscous stress tensor

u dynamic viscosity

o liquid surface tension
Subscript

d droplet

4 gas

i isentropic

l liquid

v liquid-vapor

mix mixture (liquid-vapor)
S saturation

v vapor

Superscript

* critical

presented the experimental results of the impact of intra-channel liquid
film suction of the wet steam turbine blade. Their results demonstrated
that the number of droplets was decreased by this method. Fizik et al.
[12] numerically investigated the effect of the attendance of wetness at
the inlet of stationary turbine blade cascades. Their results demonstrated
that attendance of moisture at inlet significantly reduced the super-
cooling degree and nucleation process was delayed. Ding et al. [13]
studied the impact of surface roughness and operation back pressure of
condensing steam flow on entropy generation and exergy destruction in
turbine blades. Their results indicated that turbulent viscosity and
intermittency were influenced significantly by roughness. Based on their
results, by increasing the average height of roughness, the total entropy
generation and exergy destruction were increased as well. Zhang et al.
[14] optimized the structure of novel dehumidification to decrease the
wetness loss and improve the efficiency of a steam turbine.

The injection is one of the most challenging methods in which the
researchers are interested. Aliabadi et al. [15] investigated the water
spray injection at the inlet of the turbine blade cascade to control the
two-phase heat transfer. Their results showed that the total two-phase
heat transfer and condensation losses were reduced by droplet injec-
tion. Also, Aliabadi et al. [16] utilized hot steam injection to reduce the
rate of erosion and condensation loss. Their results indicated that by
injecting hot steam, blade corrosion rate and condensation loss were
reduced due to the reduction of droplets. Mirhoseini and Boroomand
[17] assessed the effect of hot steam injection on converging-diverging
nozzles. The genetic algorithm approach for multi-objective optimiza-
tion was utilized to obtain suitable injection values.

Volumetric heating is a common method for decreasing the losses of
the wet steam turbine. Vatanmakan et al. [18] evaluated the impacts of

various rates of volumetric heating on wetness fraction and entropy
generation in steam turbine cascade. They proposed appropriate volu-
metric heating which reduced the corrosion and entropy generation.
Hosseini and Lakzian [19] introduced a method to optimize the volu-
metric heating which was applied to the converging section of the steam
turbine. Reduction of entropy losses, economic cost, and wetness were
the objectives of their optimization. Hosseinzade et al. [20] utilized a
genetic algorithm to optimize volumetric heating for the steam turbines;
the optimal volumetric heating for the reduction of the wetness was
provided at the end of the study.

Researchers are interested in reducing the losses through shape
optimization. The last stage of a 100 Hz industrial gas turbine blade was
optimized by Sui et al. [21]. The parameters of their study were the
number of blades and axial chord to blade height. They suggested a
fewer blades number with longer cord for designing the last stage blade
to gain higher efficiency and good strength. Mahrooghi and Lakzian
[22] illustrated that the performance of Wells turbines can be substan-
tially enhanced by adding guide vanes, endplate, or end ring to the base
blade. The proposed blade improved the efficiency and torque coeffi-
cient and decreased the pressure drop coefficient. Trigg et al. [23] uti-
lized GA to propose a systematic approach for obtaining optimal blade
profile with minimum losses. Keisari and Shams [24] utilized the genetic
algorithm to optimize the shape of the wet-steam nozzle. Their results
showed that the size and number of droplets were improved by 5.61%
and 10.7%, respectively. Yang et al. [25] investigated the impact of the
trailing edge cutback on the performance of the blade. They suggested
the 14% cutback of the trailing edge which improved the blade perfor-
mance. Rahimabadi et al. [26] used the genetic algorithm approach to
shape the optimization of turbine blades. Maximum droplet radius and
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Fig. 1. Schematic illustration of the turbine blade, flow passage, optimization
loop based on the change in the pitch width, and objective function at the end
of the passage.

Table 1
Geometrical specifications for the turbine blade cascade [37].

Chord Pitch Axial chord Inlet flow angle
35.76 mm 18.26 mm 25.27 mm 00
Table 2
Boundary conditions of turbine cascade blade [38].
Po, 172 kPa
To,, = Ts(Po,) -8 380.66 K
Pout = 0.48P, 82.56 kPa

rate of droplet nucleation were the objectives of this optimization. Their
results demonstrated that their method improved the turbine blade ef-
ficiency up to 2.1%. Han et al. [27] studied the effects of the non-
axisymmetric end wall of the turbine blade cascade on steam parame-
ters. Their results indicated that the non-axisymmetric end wall
decreased the droplet size.

In the design of the steam turbine, the optimization of the ratio of
pitch to chord for blades is one of the most essential concerns of re-
searches. Zweifel [28] in an experimental study, proposed the optimal
ratio of pitch to chord for dry steam turbine blades and showed the effect
of pitch changes on the magnitude of losses. Dossena and D’Ippolito [29]
investigated the effect of three incidence angles, six Mach numbers, and
three pitch to chord ratios, on the development of secondary flows of
turbine cascades. Their results indicated that stagger angle and pitch to
chord ratio caused wide impacts on the cascade losses. Walker and
Hesketh [30] optimized the low-reaction steam turbine blades by
changing the pitch to chord ratio. Results showed that if the blades are
spaced well apart, the profile losses will decrease, but, the secondary loss
will increase. Segawa and Shikano [31] proposed an optimal reaction
blade of a steam turbine that operates on a high-pressure condition.
Pitch to chord ratio, a radius of leading-edge, turning angle and
maximum blade loading location were the control factors of that study.
Results denoted that stage efficiency was increased by about 1.5% with
an optimum blade. A highly loaded rotor cascade, which had an increase
of pitch to chord ratio by 14% without deterioration of performance, has
been developed by Segawa and Shikano [32]. Teia [33] suggested a new
supersonic loss model to produce a more efficient design of a compact
turbine. Their results illustrated that pitch to chord ratio had a
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significant effect on the shock system. Mesbah et al. [34] evaluated the
effect of geometric parameters involving, the blade aspect ratio and
pitch-to-chord ratio in a stator cascade of an axial turbine. Their results
showed that as the pitch-to-chord ratio increased from 0.7 to 0.75, the
total energy losses were reduced by 12.2 %. Then by increasing the
pitch-to-chord ratio from 0.75 to 0.8, the total energy losses increased by
6 %. Flidr et al. [35] evaluated the kinetic energy loss and the secondary
loss in two cascades with different pitch to chord ratio (t/c = 0.6 and
0.9), respectively. Lengani et al. [36] investigated the proper orthogonal
decomposition (POD) which had been applied to a large dataset
explaining the profile losses of low-pressure turbine. They used two
cascades with two Zweifel numbers. Their results could be beneficial to
decrease the number of simulations.

To the best of our knowledge, no attempt was reported to optimize
the pitch to axial chord ratio in turbine blade cascade in wet steam flow
based on (wetness fraction (WF), average droplet radius (ADR), mo-
mentum (MO), pressure loss (PL), and an isentropic efficiency (IE)) and
Zweifel’s criteria. Therefore, in this study, the effects of variations of the
pitch to axial chord ratio in turbine blade cascade in wet steam flow are
studied. The innovation of the present study is the modification of the
Zweifel coefficient for the wet steam flow passing through the steam
turbine cascade. In this regard, The Navier-Stokes equations,SSTk —@
turbulence model, and the Eulerian-Eulerian approach are applied for
modeling the condensing flow. In addition, a multi-objective method is
used for the optimization process. For this purpose, wetness fraction
(WF), average droplet radius (ADR), momentum (MO), pressure loss
(PL), and an isentropic efficiency (IE), all calculated at the exit of the
blade, are introduced as a criterion for proposing the optimal cases.
Moreover, Fig. 1 shows the schematic of the present study.

2. Introducing geometry and boundary conditions

In the present study, the nozzle blade of Bakhtar et al. [37] is used. In
addition, more information about this cascade is presented in the
Table 1.

The boundary conditions are expressed in Table 2. Pressure type is
considered for inlet and outlet boundary, and blades’ sides are fixed and
followed by no-slip conditions. The periodic boundary conditions are
also utilized at the inlet and outlet of the passage. Fig. 2 illustrates the
geometry and boundary conditions.

3. Governing equations

The Eulerian-Eulerian approach is employed to model the
condensing steam flow. The two-phase flow is simulated utilizing the
two-dimensional viscous compressible Navier-Stokes equations and
energy equation, combined with nucleation and the droplet growth
equations.

3.1. Conservation equations

Conservation equations of mass, momentum, and energy for viscous
compressible condensing steam flow in two-dimensional cartesian co-
ordinates can be written as follows [39]:
6W+6F+6G70R+6S o

o ox dy ox ody

In the above-mentioned equations, W shows the independent vari-
able vector, F and G indicate non-viscous terms, S and R denote viscous
terms as shown:

p PG PCy
_ | pCs | P+pC, | pCCy
W= pCy = pC.Cy 6= p +pr2
peoy pCihy pCyhy
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Fig. 2. Computational grid and the boundary conditions of the cascade turbine blade.

0 0
Txy Oy
S = o, ,R= . 2)

or oT
0,Cy + 75 Ci + k@ 0:C +7,,C, + K,a
In the above expressions, P, p, K; C, Cy, ey, and h, represent pressure,
density, heat transfer coefficient, velocity components in x and y di-
rections, total energy, and total enthalpy, respectively.

CZ
e =et+ &)
C2
hy = h+=- “
c=c+c 6]

In addition, o,, o, are normal stress, and t,,, T, are shear stress as:

2 [oC. aC, aC,
o= *3"%( ox *@) Mgy ©
2 [dC, aC, ac,
%*‘?WCE+EJ+WWa' @)

ac, ac,) ®

””‘:’”:”fﬂ<ay+§

Effective viscosity (p ) is the sum of turbulent viscosity (p,) and
molecular viscosity (). It is worth mentioning that two-phase density is
based on the liquid phase and vapor phase and is calculated as follows in
which g is the liquid mass fraction.

. pv
/’—1,/} (C)]

It should be noted that the conservation equations are calculated
with respect to the properties of the two-phase mixture as [40]:

bu = ¢p+ (1= p)b, 10

here ¢ indicates properties such as entropy, enthalpy, thermal conduc-
tivity, and specific heat. In addition, liquid mass-fraction, , and the
number of droplets per unit volume, 7, were solved as follows [41]:

opp 0 _
o tag Cp =T (1)
opn 0 _
o Tax PCm =l 12

where I' represents mass generation per unit volume, I denotes the rate
of droplet nucleation, and p indicates the two-phase density. In addition,
n displays the droplets number as follows:

- B
= apv®

y

13

where, V; is average droplet volume. With the assumption that the
droplets are spherical, V; is expressed as follows [42]:

4
V, = §ﬂ73 14)

3.2. Nucleation and droplet growth equation

Condensation of steam flow leads to phase change phenomenon
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Table 3
Constant parameters of the state equation.
7o T T2 7 Y2 by by b3 by bs
0.897 1500/T T/647.286 10,000 11.16 0.0015 942 x 1073 —488.2x 10°° 1.722 1.5x 10°°

which involves nucleation and droplet growth processes. To form
droplets, if the molecular clusters overcome the free critical energy
obstacles, spontaneous condensation occurs. The variation of the Gibbs
free energy can be written as [41]:

AG = —m,RT,LnS + 4nr°c (15)
where S shows the supersaturation ratio and it is defined as [43]:
P
(= 1
s=(5m) (o)

where P represents vapor pressure and Ps(T,) indicates saturation
pressure at vapor temperature. According to thermodynamic equilib-
rium, there is a critical radius, r*, that must be achieved to form a stable
core from supercooled vapor. In addition, the variation of critical Gibb’s
free energy is defined as AG". In this regard, by derivatizing Eq. (15), the
AG" and r" are calculated as [44]:

%2

AG” =3mo 17)
20

_ 18
" T pRT,LnS (18)

The classical theory of homogeneous condensation expresses the
formation rate of the liquid droplet embryos from a supersaturated
steam as follows [45]:

2 )
p; | 20 4nr o
Lotassic = qc— exp(—
e =4 p \ a3 (k7.

where q, indicates the coefficient of condensation, which is assumed to
be one,K, represents the Boltzmann constant, M, shows the molecular
mass and o expresses liquid surface tension. A plethora of corrections
have been conducted to the classical nucleation theory. Among them,
Kantrowitz corrections have good enough accuracy for non-isothermal
effects [39]:

1

Ic lassic
(1+6)

19

(20)

where 0 illustrates the factor of non-isothermal correction and it is
defined as follows:
2(7/ — 1) hlv

DN

huy
RT

—-0.5) @D

where y denotes the specific heat ratio and h;, presents the enthalpy of
evaporation.
I' shows the rate of mass generation per unit volume as follows [41]:

o

4 3
I'=_—nplr 4+ 47‘[p,7]720t

3 (22)

where 7 indicates the average droplet radius, and Z denotes the rate of
the droplet growth:

or P y+1
o hwp 27T 2y
For very small droplets (r < 1um), Gyarmathy approximation is

utilized to calculate droplet temperature T;, in terms of vapor temper-
ature T,, saturation temperature T; and droplet radius r which can be

)Cp(Tl - Tv) (23)

written as [44]:

7= 1)~ (1) - T~ (24)

3.3. Equation of state

In the present study, the equation of state is utilized to estimate the
vapor properties as follows [46]:

P

=1+8B Bsp,? 2
PRT +Byp, +Bsp, (25)
here,B, and B3 denote virial coefficients which are explained as:

T, _ s
B =hill+) 't bexp(r))[1 — exp( — 1) Fri 4 b3y (26)
1
Bs = by(t2 — 79)exp(—y,72) + bs 27)

In addition, other constant coefficients of the virial equation are
indicated in Table 3.

3.4. Turbulence model

SSTk —w approach is used to model the turbulent wet steam flow for
the turbine blade. Menter [47] investigated the effect of using this tur-
bulent model in two regions near the wall and far from the wall. The
results indicated that the mentioned model has good accuracy in the
above regions. Rahimabadi et al. [26] indicated that SST k-o in com-
parison with k-¢ model, predicts the wet steam flow field for Moore’s
“Nozzle A” and Dykas’s turbine blade cascade more accurately. The
mentioned model includes turbulence kinetic energy k and specific
dissipation rate w, which are expressed as follows [47]:

0 d 0 ok

5 (pk) + e (PkC;) = o (Fkaij) +Gg — Y+ S (28)
0 0 2 0w

5 (pw) +0—M(pr,-) =0 (Fw(Tx) +Gy—Yy+Dy+S, (29)

where I'y and I',, indicate the effective diffusion coefficients of k and w.
Gx denotes the turbulent kinetic energy of average velocity gradient and
G,, represents the rate of specific loss. In addition, Yy and, Y,, show the
turbulence loss, S, and Sy demonstrate the specific loss rate and its
source terms for turbulence kinetic energy equations, respectively, and
D,, is cross-diffusion.

3.5. Zweifel’s criteria

There is an optimum pitch to chord ratio for turbine cascade blades
that brings a minimum overall loss. If the pitch of the blades is selected
small, the blades guide the flow greatly, but the friction losses will be
high. On the other hand, with the same blades spaced well apart, friction
losses are small, but, due to poor flow guidance, the losses regarding the
flow separation are large. In this regard, Zweifel proposed his criterion
to find the optimum pitch to chord ratio of turbine blades which is
expressed as follows [28]:

cos

06,.Czr =2 sin(a, — az) (30)

0
cosa,
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Fig. 3. Flowchart of the multi objective optimization process [49].

Table 4
Settings of the multi-objective optimization parameters.

Parameter Value

Design variable range [0.6, 0.88]
Maximum No. of iterations 2000
Residual error 1x10°°

- Axta.lchord _ A_C 1)
pitch Pi

where a; and a; indicate the inlet and outlet flow angle. In addition, oy

denotes the axial strength of the blade. Zweifel found from several ex-

periments on turbine cascades that for minimum losses the value of Czr

was approximately 0.8.

4. Multi-objective optimization

In some engineering problems, several incompatible objectives need
to be discussed simultaneously. On the other hand, single-objective
optimization and ignoring other objectives will yield unacceptable re-
sults [48]. In this regard, multi-objective optimization is based on an
evolutionary algorithm which is a logical and perfect manner to obtain a
suitable solution for the system [49]. Fig. 3 shows the flowchart of
present study using the genetic algorithm method. In this paper, MAT-
LAB software optimization toolbar has been used. According to the
proposed flowchart, five objective functions including: wetness fraction

Applied Thermal Engineering 211 (2022) 118445
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Fig. 4. Comparison of the static pressure distribution on the suction side for
different grids size of the original case.

Table 5
Grid independence for different cases of the present study.
Pitch (mm) Pitch/Axial chord Grid size
Case 1 15.26 0.6 40 x 226
Case 2 16.26 0.64 44 x 226
Case 3 17.26 0.68 46 x 226
Original case 18.26 0.72 48 x 226
Case 4 19.26 0.76 50 x 226
Case 5 22.26 0.88 54 x 226

rate (WFR), average droplet radius rate (ADRR), isentropic efficiency
rate (IER), pressure loss rate (PLR) and momentum rate (MOR) are given
to the algorithm as optimization inputs; Then, for the five stated
objective functions, the five curves are fitted and the equations of the
objective functions are determined. In the next step, the range of
changes in the independent variable (Pi/AC) is determined and the ge-
netic algorithm forms a population of this range. Then, according to
flowchart, the algorithm processes the results. Table 4 presents the
setups of the multi-objective optimization parameters of the genetic
algorithm.

4.1. Defining objective functions

Wetness fraction (WF) [50], average droplets’ radius (ADR) [20],
isentropic efficiency (IE) [51], pressure loss (PL) [51], and outlet mo-
mentum (MO) [51] are chosen as the objective functions of the present
study. The ultimate goal is to minimize the wetness fraction, average
droplet radius at the outlet of the blade, and pressure losses of the
passage and maximize the efficiency and momentum at the outlet
together. Next, the objective functions are explained as:

ADR = l/‘ rdA (32)
AJa
WF ! / wdA (33)
=— | w
A Ja
Po; — Py,
pr=to=le 34)
Py — P,
C3dA
E— dnP (35)

T Cl [, pedA
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Fig. 5. Comparison of the numerical results of wet steam flow through turbine cascade blades: (a) the average droplet radius and (b) pressure distributions on the
suction side, pressure side, and mid passage with experimental data [37].
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Fig. 6. Effect of pitch variation on the non-dimensional parameters (ADRR: average of droplet radius ratio, IER: isentropic efficiency ratio, PLR: pressure losses ratio,
WFR: wetness fraction ratio, MOR: momentum ratio) at the end of the passage.

MO = / pC2dA

A2

Dimensionless parameters are utilized in the numerical analysis to

show the general trends in the numerical results. Therefore, to make the
objective functions of the problem dimensionless, objectives are divided
by the original case, as follows:

WF
WFR =

WFE original

(36) ADRR = zﬁfyw (38)
PLR = % (39)
IER = j’i — (40)
“r MOR = % (41)
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Fig. 7. Effects of pitch variation on the nucleation rate for: (a) case 1, (b) original case, (c) case 5, and (d) on the centerline for different cases.

Table 6

Optimization limits of variables in the present study.

Variables Upper bound Lower bound
WFR 1.01 0.84

ADRR 1 0.81

PLR 1.27 1

IER 1 0.90

MOR 1.28 0.70

5. Numerical method

In this study, numerical calculations are performed with compress-
ible and steady-state two-dimensional Reynolds-averaged Navier-Stokes
(RANS) equations. The solution methodology of flow solving algorithm
was based on an implicit density-based coupled solver. Furthermore, an
appropriate description of nucleation and droplet growth is necessary
for the analysis of two-phase condensation flow in a cascade turbine
blade. Therefore, the Eulerian-Eulerian model is employed for descrip-
tion of two-phase condensation flow in the cascade. The criteria of
convergence are below 10~ for all dependent variables.
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Table 7
Optimized values of the objective functions (IER, PLR, MOR, ADRR, WFR) and comparison with original case
WEFR Improved ADRR Improved MOR Improved PLR Degraded IER Degraded
0.964 3.59% 0.980 1.94% 1.246 7.28% 1.021 2.15% 0.975 2.48%

Average droplet radius

0.05
0.045
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005
0

(a)

Average droplet radius

0.05
0.045
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005
0

(b)

0.03

0.025

e
o
5

0.015

ADR (microns)

0.01

0.005

Original case (Suction side)
Original case (Pressure side)
Optimal case (Suction side)
Optimal case (pressure side)

e,

-

L

-

]
.
¢
i’
:
1
*
*
§
1
A
A
3
3
'
L]
L]
L]
L]
L]

04 05 06 07
X/AC

(c)

0.1 0.2 0.3

0.8 0.9 1

Fig. 8. Effects of the pitch variation on average droplet radius for: (a) original case, (b) optimal case, (c) suction and pressure side for optimal and original cases.

5.1. Grid independence study

To obtain the optimal mesh size, a grid independence study is per-
formed. Fig. 4 indicates the pressure distribution on the suction side

increasing the density of grids does not change the result. Therefore, the
grid with 48 x 226 nodes is obtained as the suitable grid size. In addi-

Table 5.

through the original blade. Based on Fig. 4, the grid independence is
conducted by considering four different grids. According to this figure,
the third grid (48%226) indicates condensation shock very well and

tion, the grid independence for other cases is conducted and tabulated in
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Fig. 9. Effects of the pitch variation on the wetness fraction for: (a) original case, (b) optimal case, (c) suction and pressure side for optimal and original cases.

5.2. Validation

Validation is conducted to confirm the numerical method used in the
present study. It is worth mentioning that, Bakhtar et al. [37] in the
experimental study, measured the pressure distributions on surfaces and
average droplet radius at the end of this blade, respectively. Fig. 5-a,
compares the numerical results of average droplet radius on the suction
and pressure side with experimental data which is measured at the outlet
of the blade. Fig. 5-b, shows the pressure distribution of the numerical
and experimental data on the suction and pressure side. It should be
noted that the pressure is expanded throughout the passage, until the
condensation shock occurs. This shock is beheld as the first pressure rise
due to the heat transfer between vapor and droplets. Then pressure

10

reduces until the aerodynamic shock occurs. This shock regulates the
pressure in accordance with the back-pressure at the outlet of the blade.
The aerodynamic shock is beheld near X/AC = 1 on the pressure side and
then reflected on the suction side. The flow is expanded further until the
second aerodynamic shock occurs at the outlet of the blade on the suc-
tion side. According to the pressure diagram, the pressure on the suction
side expands more than pressure side, so nucleation and droplet growth
occurs earlier than pressure side. The numerical wet steam results show
a good consistency for the pressure distribution and average droplet
radius.
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6. The effect of pitch variation on wet steam flow

In this study, the effects of variation of pitch to chord ratio on the
objective functions are investigated. As already illustrated in Fig. 6, the
results of pitch variation on wetness fraction ratio (WFR), average
droplets’ radius ratio (ADRR), momentum ratio (MOR), pressure loss
ratio (PLR), and isentropic efficiency ratio (IER) are provided. Fig. 6
display that the original case (Pi/AC = 0.72) has the most efficiency and
the most minor loss.

Based on Eq. (34), the momentum is function of mass flow rate and
velocity. Results show that the momentum depend on mass flow rate and
velocity has negligible effect on momentum. If the blade pitch increases,
more mass flow rate will pass through the passage and consequently the

(c)

Fig. 10. Effects of the pitch variation on the static pressure for: (a) original case, (b) optimal case, (c) suction and pressure side for optimal and original cases.
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momentum also increases and vice versa. Therefore, the momentum is
directly related to the blade pitch to chord ratio.

Wetness fraction depend on average droplet radius and number of
droplets. According to Fig. 6, the wetness fraction ratio (WFR) and
average droplet radius ratio (ADRR) have same trend except in case (3).
The reason is increasing the number of droplets in case (3).

Fig. 7 displays the impact of pitch variation on the nucleation rate. If
the blade pitch increases, the expansion rate will decrease and conse-
quently the nucleation rate delays and vice versa. According to Fig. 7, it
is clear that with an increase in pitch to chord ratio, nucleation location
goes downstream.
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7. Optimization results with genetic algorithm

The purpose of this study is to optimize the pitch to chord ratio in
which the objective functions included the wetness fraction (WF),
average droplet radius (ADR), pressure loss (PL), momentum (MO), and
isentropic efficiency (IE); therefore, a genetic algorithm is utilized to
optimize the pitch to chord ratio. The upper and lower limits of pa-
rameters for this study are provided in Table 6.

After optimization, the genetic algorithm proposed Pi/AC = 0.76. In
this case, the Zweifel coefficient is Czr = 0.62. In the other words,
Zweifel [28] in an experimental study proposed the optimal ratio of
pitch to chord for dry steam turbine blades and the innovation of the
present study is the modification of the Zweifel coefficient for wet flow.

Table 7, shows the variation of objective functions. Based on the
results, the wetness fraction, average droplet radius, and momentum at
the outlet of blade improved 3.59%, 1.94%, and 7.28% respectively.
Besides, the isentropic efficiency and pressure loss degraded 2.48% and
2.15%, respectively.

Fig. 8-a-b show the average droplet radius contour in the original
case and optimal case, respectively. Moreover, the average droplet
radius diagram is provided on the suction side and pressure side in
Fig. 8-c for the original case and optimal cases. According to Fig. 7, the
nucleation location goes downstream due to increase the pitch to chord
ratio, therefore, droplets have less time to grow. It can be inferred from
the Fig. 8-c that with an increase one millimeter in blade pitch, droplets
generate later. Therefore, droplet radius in the blade outlet is smaller
than the original case.

Fig. 9-a-b denote the contour of wetness in the original case and
optimal case, respectively. Furthermore, the wetness diagram is pro-
vided on the suction side and pressure side (see Fig. 9-c) for the original
and the optimal cases. As already shown in Fig. 7, by increasing the
blade pitch by one millimeter, nucleation is delayed. On the other hand,
according to Fig. 8, droplet radius size is also reduced. Therefore, it is
expected that wetness is reduced by increasing the blade pitch.

Fig. 10-a-b demonstrate the pressure contour in the original and the
optimal case, respectively. Also, pressure diagram on the suction side,
and the pressure side is shown in Fig. 10-c for the original and optimal
cases. If the blade pitch increases on millimeter, the expansion rate will
decrease and consequently the location of condensation and aero-
dynamic shocks change.

8. Conclusion

In this paper, the effects of pitch variation on the condensing steam
flow parameters are investigated in the stationary cascade of turbine
blades. Wetness fraction (WF), average droplet radius (ADR), mo-
mentum (MO), pressure loss (PL), and isentropic efficiency (IE) at the
outlet are objective functions. The genetic algorithm is utilized to opti-
mize the ratio of pitch to axial chord. Finally, the following results were
obtained:

e The optimum pitch to axial chord ratio is obtained (Pi/AC = 0.76).

e In the optimal pitch to axial chord ratio, the Zweifel coefficient is
equal to Czrp = 0.62.

e In the optimal case, the wetness fraction and the average droplet
radius at the outlet decrease 3.59% and 1.94%, respectively, and the
momentum increases 7.28%.

e In the optimal case, the isentropic efficiency decreases 2.48%, and
the pressure losses increase 2.15%.
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