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The purpose of this study is to obtain the optimal surface heating for a stationary cascade turbine blade in wet
steam flow by a genetic algorithm. The numerical method is conducted by employing two-dimensional
Navier-Stokes equations coupled with a SSTk —w turbulence model. Nucleation and droplet growth equations
are solved using the Eulerian-Eulerian approach. The numerical results show good agreement with well-
established experiments. Nozzle efficiency (NE), integral of local entropy changes at the outlet (ILE), mean
wetness at the outlet (MWO), mean momentum at the outlet (MMO), and cost price (CP) are objective functions.
The ultimate purpose is to minimize the (ILE), (MWO), and (CP) and maximize the (NE) and (MMO) together.
Since higher surface heating rates decrease MWO and MMO, while increasing ILE, CP, and NE based on opti-
mization results, there is an optimum for the surface heating rate to gain the best performance of steam turbines.
K

According to the numerical results, the optimum - is equal to 0.04467 (%). In the optimal case compared to the

non-heat case, NE and MWO are improved 0.26% and 19.94%, respectively. In addition, the ILE and MMO are

degraded 0.9%, 0.32%, respectively, and CP is estimated 0.0027 (=5-).

cm? h

1. Introduction

In many industrial pieces of equipment, such as nozzles [1], steam
turbine blades [2], and ejectors [3] are prone to the additional losses
impact enforced by condensation. In this regard, some researchers
investigated this phenomenon [4]. Wisniewski et al. [5] investigated the
impact of condensation models on the simulation of condensation phe-
nomena in wet steam transonic flow through a nozzle and the external
flow around an airfoil. Zhang et al. [6] evaluated the relationship of two-
phase heat transfer with the performance of the ejector in the
condensing flow regime under the primary steam superheating condi-
tion. Wen et al. [7] investigated the impacts of four different turbulence
models on the condensation behavior in transonic flows considering
shock waves. Their results indicated that the SSTk —w was a suitable
model to predict the non-equilibrium condensation and shock waves in
transonic flows. Zhang et al. [8] studied the impact of the impurities in
steam on the non-equilibrium condensation phenomenon. They used
sodium chloride (NaCl) to gain their goal because salt is a very common
steam impurity. Their results showed that the attendance of salt particles

decreased the outlet average liquid mass fraction and entropy
generation.

There are several methods to measure a multiphase flow system.
Walker et al. [9] reviewed different methods used to measure the
wetness content. Salmani et al. [10] suggested a method to predict
droplet radius and wetness fraction which was founded on Buckingham
Pi-theorem. Results indicated that their technique was a useful method
for simulating the real operation condition in wet steam devices.

A great number of researchers have used various methods to
decrease the liquid mass fraction and droplet size in industrial equip-
ment. Aghdasi et al. [11] proposed the optimum pitch to the axial chord
for a stationary cascade turbine blade. Their results demonstrated that
the wetness and average droplet radius were decreased in the optimal
case. Hoseinzade et al. [12] obtained the optimum of the trailing edge
rotation at the last stage of the steam turbine. Their results showed that,
in the proposed case, the liquid mass fraction and average droplet radius
were decreased. Kafaei et al. [13] injected hot steam in the turbine
blade. In the optimal case, the wetness fraction was decreased. Dolata-
badi et al. [14] utilized TOPSIS method to optimize the hot steam
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Fig. 1. The schematic of the cascade turbine blade and objective function.

injection for the nozzle. Their results indicated that the droplet radius,
losses, and liquid mass fraction were decreased by applying an optimal
injection. Dolatabadi et al. [15] used the suction method in the diver-
gent section of the nozzle to dehumidify and increase power-saving. The
wetness loss, power-saving, and erosion rate were their parameters.

A considerable number of researches have also been conducted on
the volumetric heating impacts. Vatanmakan et al. [16] investigated the
volumetric heating impacts on condensing steam flow in the turbine
blade cascade. Their results illustrated that, by applying appropriate
volumetric heating, the liquid mass fraction and entropy generation
were decreased. Hosseini and Lakzian [17] proposed a novel technique
based on entropy losses, economic cost, and wetness to optimize the
volumetric heating for the turbine blade cascade. Hoseinzade et al. [18]
applied volumetric heating to the converging section of the turbine
blade. A genetic algorithm was used to obtain a suitable rate of volu-
metric heating.

Surface heating has also been investigated to reduce the adverse
effects of liquid mass fraction in the low-pressure section of the steam
turbine, ejector, and nozzle. Han et al. [19] designed an end-wall fence
and heated it in a White cascade. Aerodynamic performance analysis,
dehumidification performance, entropy generation, and enthalpy drop
were investigated for different positions and heats of the end wall fence.
Han et al. [20] studied the impacts of stator blade surface heating, rotor,
and simultaneous heating on the condensation phenomenon. Their
study showed that heating the surface of the stator blade can satisfac-
torily prevent vapor condensation. Han et al. [21] investigated surface
heating in a steam turbine and analyzed wetness, entropy, enthalpy, and
Mach number, and suggested the amount of surface heating accordingly.
Jahani-Rahavard et al. [22] evaluated the effects of surface heating on
ejector performance. Their results showed that surface heating
decreased wetness. Han et al. [23] utilized surface heating for the
dehumidification of Moses and Stein nozzles.

With the great effort of the aforementioned studies, no attempt has
been done to optimize the surface heating for wet steam flow in turbine
blade cascade. The innovation of this study is the optimization of surface
heating with the use of the nozzle efficiency (NE), integral of local en-
tropy changes at the outlet (ILE), mean wetness at the outlet (MWO),
mean momentum at the outlet (MMO), and cost price (CP) and a genetic
algorithm. In this regard, two-dimensional Navier-Stokes equations
coupled with an SST k-0 turbulence model. Nucleation and droplet
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Table 1
Geometrical information for Bakhtar nozzle blade [24].

Chord Pitch Axial chord Inlet flow angle
35.76 mm 18.26 mm 25.27 mm 00
Table 2
Boundary conditions of cascade turbine blade [25].
Po, 172 kPa
To, = Ts(Po,)—8 380.66 K
Pout = 0.48Pp, 82.56 kPa
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Fig. 2. Computational mesh and boundary conditions schematic.

growth equations are conducted to simulate the viscous wet steam flow
through the turbine blade cascade. Fig. 1 indicates the schematic of this
study.

2. Geometry and boundary conditions

In this paper, the Bakhtar nozzle blade [24] is utilized. Table 1 shows
the information of this cascade.

Table 2 indicates the boundary conditions. Inlet and outlet condi-
tions are pressure types. Besides, the blades are fixed with no-slip con-
ditions. According to Fig. 2, the periodic boundary condition is used for
the inlet and outlet of the passage.

3. Governing equations

Simulation of condensing steam flow is conducted by the Eulerian-
Eulerian approach. Temperature (T), pressure (P), density (p), velocity
(C), a liquid mass fraction (f), and number of liquid droplets per unit
volume (1)) are the unknown variables and calculated as follows:

o Energy equation is used to calculate the temperature.
e Equation of state is utilized to compute the pressure.
e Density is computed by the continuity equation.
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e Velocities in two dimensions are calculated by solving the Navier-
Stokes equations.

e Two additional transport equations are utilized to compute the
droplet formation and mass transfer between the two phases.

3.1. Conservation equations

The steam flow assumed that viscous, turbulent, and compressible,
and conservation equations of mass, momentum and energy in two-
dimensional cartesian coordinates are defined as follows [26]:
6W+6F+0G76R+6S o
ot  ox dy ox Ody

Where W displays the vector of the independent variable, F and G
show non-viscous parameters, and S and R indicate viscous parameters
as shown:

p pC: PGy
pC, P +pCt pC,Cy
= F = ;
W= | pcc, |07 | Papct |S
L peo pCihy pCyhg
r 0 0
TX) O—X
= o .R= - 2
or or
_aycy +17,C, + K,E 0.C; +1,,Cy + K,a

Where, e, and hO show total energy and total enthalpy as follows:

C2
ey =¢€ + 7 (3)
CZ
ho = h+- “
=i ©®)

Furthermore, o, and o, represent normal stresses, and T,, and Ty,
show shear stresses as:

2 aC, aC, aC,
O = 3y (nga—y) e or ®)
2 (ac, aC, ac,
O = = (EJF ay) 275 )
ac, aC,
Ty = Tix = ,“eﬂ'< dy JFTX)) ®

The summation of the turbulent viscosity and molecular viscosity is
equal to effective viscosity (j). Besides, two-phase density is calcu-
lated as follows:

_ Py
pilfﬂ (C)]

Where $ is the liquid mass fraction. It is worth mentioning that two-
phase mixture properties are computed as follows [27]:

¢lv = ¢1ﬂ+ (1 - ﬂ)¢\

Where ¢ represents properties such as enthalpy and entropy. Besides,
two equations are utilized to compute 8 and 7 as follows [28]:

opp 0 _
“or Tox PCA =T (11)
dpn 0 _
o T P =l a2
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3.2. Nucleation and droplet growth equations

Phase change phenomenon in condensing steam flow includes
nucleation and droplet growth processes. The Gibbs free energy change
introduces the reversible work to form a single spherical droplet of
radius r from a supersaturated vapor without the existence of external
seeds [29]:

AG = —m,RT,LnS +4nr*c (13)

Where S indicates the supersaturation ratio as follows [29]:

o)

Where P shows vapor pressure and P(T,) represents saturation
pressure at vapor temperature. Furthermore, r* indicates a critical
radius. Besides, the critical Gibb’s free energy change is expressed as
AG”. It should be noted that AG™ and r* are calculated as follows [29]:

.4

AG' =Zar : (15)

Fo_ 20 (16)
pRT,LnS

It is worth mentioning that the surface tension equation is as follows
[30]:

T a7

T 6473

T
6o(T) = 235.8(1 — m)"”"’ {1 —0.625(1

By using this model in the theory of the Gibbs surface tension, the
error is increased. therefore, the Benson model [31] is utilized which
expressed as follows:

3/
6 =0y (1 \/; (18)

T 4.836r

According to the homogeneous condensation classical theory, the
liquid droplet fetus formation rate is expressed as follows [29]:

2 *2
p. | 20 4nr-o
Letassic = ci‘ . — 19
e = 4ep \ a3 3x7) (19)

A various number of corrections have been done to the homogeneous
condensation classical theory. It should be noted that Kantrowitz cor-
rections accuracy for non-isothermal impacts is satisfactory [29]:

1

1= ml classic (20)

Where 6 shows the non-isothermal correction factor, and it is
expressed as follows:

_ 2(]/ - 1) h]V

hyy
o+ (&r&r

RT

)( 0.5) 21

Also,I" is the mass generation rate per unit volume as follows [29]:
4 . or
r= Eﬂp,lr } + 4ﬂ,’p17]726—: (22)

Where, £ is the droplet growth rate:

or P y+1
ot hypn2mrT 2y

Gyarmathy approximation is utilized for very small droplets
(r < 1um) to compute droplet temperature T; as follows [29]:

)G (T = T,) (23)

= 1)~ 1) T @4)
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Table 3
Constant parameters of the state equation [32].
T T T2 7 72 by by b3 by bs
0.897 1500/T T/647.286 10,000 11.16 0.0015 942 x 1073 —488.2x 107° 1.722 1.5x 10°°
0 0 2} 0w
| Start | o (pw) +$ (pC;) = s (F“’$> +G,—Yy+D, +S, (29)
i J J
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Fig. 3. Flowchart of the optimization process consists of GA [11].

3.3. State equation

To estimate the vapor properties, the state equation is employed as
follows [32]:

=1+ sz\, +ng‘,2 (25)

P
p,RT

Where, B, and Bj illustrate virial coefficients, which are expressed as
follows:

T, _ H
B =bi(l+ ) 't bexp(r)[1 —exp(— 1) F 1 + bary (26)
1
B3 = by(12 — To)exp(—y,72) + bs 27)

Besides, other constant parameters of the state equation are reported
in Table 3.

3.4. Turbulence model

Various turbulent models have been stated to simulate the wet steam
flow field in steam turbines. Menter [33] showed that the accuracy of
the SSTk —® model for the whole domain is satisfactory. SSTk —® and
k —e models were compared by Rahimabadi et al. [34]. Their results
illustrated that SSTk —o predicts the flow field of wet steam more
accurately. The SSTk —o model is expressed as follows [33]:

%(pk) +a% (pkC;) = % <Fk%> +Gx — Y+ 5

J J

(28)

3.5. Erosion equation

The presence of liquid droplets at the last stages of turbine blades
causes erosion. Reduction of mechanical damages due to erosion is one
of the essential issues in designing the turbine. The erosion rate is
calculated by Lee et al. [35] with a model based on the droplet size,
material hardness, collision rate of droplet flow, and collision velocity of
the droplet. In this paper, an erosion rate ratio is defined as a dimen-
sionless parameter as follows:

5.1
() ——)
Cnon-hean case Tnon-heat case

Here, 8 shows the liquid mass fraction, m represents the mass flow
rate, C displays the droplet velocity, and r indicates droplet size.

p n

Pron-heat case” Mon-heat case

4.5

Err = ( (30)

4. Multi objective optimization

In the present study, there are five objective functions, namely:
nozzle efficiency (NE), mean wetness at the outlet (MWO), integral of
local entropy changes at the outlet (ILE), mean momentum at the outlet
(MMO), and cost price (CP). The final purpose is to minimize the (ILE),
(MWO), and (CP) and maximize the (NE) and (MMO) together. There-
fore, multi-objective optimization is utilized to gain the optimum sur-
face heating. Fig. 3 illustrates the flowchart of multi-objective
optimization. In this regard, the optimization toolbar of MATLAB soft-
ware has been utilized. The optimization procedure consists four steps
[11]:

Objective functions are given to the algorithm as inputs value.

e For the aforementioned objective functions, 5 curves are fitted.

e The variations range in the surface heating is specified. Then genetic
algorithm forms a population of this range.

e Based on the flowchart, the algorithm processes the results.

4.1. Defining objective functions

Nozzle efficiency (NE), mean wetness at the outlet (MWO), integral
of local entropy changes at the outlet (ILE), mean momentum at the
outlet (MMO), and cost price (CP) are objective functions of this study.
Next, the objective functions are explained as:

NE — .n‘1C2 _ exi.t kl:netl:c energy for wet flow condl:tl:on 1)
mg,,}.Cér’v exit kinetic energy for dry flow condition

MWO = % /‘ (W) dA (32)

ILE = /A pCsdA (33)

MMO = mC (34)

The average global cost price of fuel is 0.06 (5i+). Thus, the gener-

ation cost price of surface heating by fuel is as follows [36]:
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5. Numerical method

The stated numerical calculations were conducted with steady-state
Reynolds-averaged Navier-Stokes equations. Therefore, the Eulerian-
Eulerian approach is utilized to describe the two-phase flow proper-
ties. It is worth mentioning that an implicit density-based coupled solver
is utilized in the modeling of the flow field. Besides, the calculation of
the convective fluxes is based on the Roe method. Also, the SSTk —®
turbulence model is selected for simulating the turbulent flow. The finite
volume integration method is used to discretize the conservation
equations of the vapor and liquid phases. Finally, reaching 10~ for all
dependent variables is the convergence criterion of this study.
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5.1. Grid independence

Fig. 4 illustrates the static pressure distribution on the suction wall
for various grid sizes. The quasi-orthogonal mesh is selected, and the
grid size becomes smaller in critical regions. Based on this figure, the
fourth grid (12800) illustrates the shocks very well. Thus, the 12,800 is
selected as the optimum mesh size.

5.2. Validation

The experimental data of Bakhtar et al. [24] is used to validate the
numerical manner. Fig. 5-a shows a comparison of the numerical and
experimental data of the average droplet radius. There are some basic
points in this figure. Bakhtar et al. [24] measured the droplet size on the
mid line at the outlet of the blade, while in the present study, the average
droplet radius is reported on the pressure side, suction side and center
line, respectively just at the end of cascade; so the value of the droplet
average radius for the experimental and numerical method are 0.057
and 0.042, respectively. Therefore, the error is equal to 25%. This
amount of error can be seen in another previous study; for example, two
cases are presented in the Table 4. It means that there is a possibility that
a little laboratory study was done with an error in the measurement.

Fig. 5-b indicates the comparison of the numerical and experimental
data of the pressure distribution on suction and pressure sides. Based on
the Fig. 5-b, the flow pressure is decreased throughout the turbine blade
cascade until the first shock (namely condensation shock) on the suction
side happens. This shock occurs owing to the heat release between the
two phases. Then flow expands until the second shock (first aero-
dynamic shock) happens. According to the back pressure at the end of
the blade, the aerodynamic shock regulates the flow pressure. The po-
sition of this shock is at the end of the pressure side, and then it reflects

Table 4
Comparison of the numerical error in another previous study.
Numerical calculation Error
[371 0.032 43%
[38] 0.044 21%
Present study 0.042 25%

1
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Fig. 5. Validation of numerical method with experimental data of Bakhtar et al. [24]. (a) illustration of ADR, and (b) static pressure distributions.
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on the suction wall. Based on the Fig. 5-b, the flow pressure is reduced
further, and due to the reflection of aerodynamic shock, the second one
happens at the end of the blade on the suction wall. The numerical re-
sults indicate a good consistency with experimental data.

6. The effect of surface heating on wet steam flow

The presence of the liquid phase in the last stages of the steam tur-
bine leads to thermodynamic and mechanical losses. Surface heating is
an effective method to decrease the losses in the wet steam turbine. In
this section, the effects of surface heating on the parameters of the

present study are evaluated. Fig. 6 shows the impacts of surface heating
on the nozzle efficiency (NE), integral of local entropy changes at the
outlet (ILE), mean wetness at the outlet (MWO), mean momentum at the
outlet (MMO), and cost price (CP). As already shown in Fig. 6, NE, ILE,
and CP are increased by applying surface heating. On the other hand,
MWO and MMO are decreased by applying surface heating. It should be
noted that increasing the NE and MMO is favorable. Besides, decreasing
the MWO, CP, and ILE are desirable. Therefore, a genetic algorithm is
used to find optimal surface heating.
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Table 5

Comparison of the optimal and original amount of objective functions.
NE MWO ILE MMO CP
Improved Improved Degraded Degraded Degraded
0.26 % 19.94 % 0.9 % 0.32 % 0.0027 (
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7. Optimization results

This study aims to optimize the surface heating in which the objec-
tive functions included the nozzle efficiency (NE), mean wetness at the
outlet (MWO), integral of local entropy changes at the outlet (ILE), mean
momentum at the outlet (MMO), and cost price (CP). Therefore, multi-
objective optimization is used to optimize surface heating. One of the
essential points in solving multi-objective optimization problems is to
find the Pareto frontier. The Pareto frontier is plotted in terms of

Static temperature (K)
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Fig. 8. The impacts of the surface heating on the static temperature, (a) and (b) static temperature contours of original and optimal case, respectively, (c) and (d)
comparison of the static temperature on the suction side, pressure side and mid passage for original and optimal case, respectively.
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and (d) comparison of the average droplet radius on the suction side, pressure side and mid passage for original and optimal case, respectively.

objective functions. Fig. 7 shows the Pareto frontier of MMO-NE and ILE-
MWO. As shown in Fig. 7, there are three important points in the Pareto
chart. In this regard, IP, NIP, and OP are ideal points, non-ideal points,
and optimal points, respectively. Fig. 7-a shows pareto front of the MMO
and NE. The increment of aforementioned parameters is desirable. In
this regard, the IP point is obtained on the upper right side of the dia-
gram. On the other side, the MMO and NE are in its lowest amount and
therefore NIP point is not a desirable. Fig. 7-b illustrates pareto front of
the MWO and ILE. The decrement of aforementioned parameters is
desirable. In this regard, the IP point is obtained on the lower left side of
the diagram. On the other side, the MWO and ILE are in its highest
amount and therefore NIP point is not a desirable. The OP point is
selected as the nearest point to the IP point. It should be noted that OP
point refers to optimal surface heating [39]. Based on results, the
optimal surface heating is equal to 0.04467 (X%). Table 5 displays the

cm?

variation of optimal with the original case of objective functions. As can
be seen in this table, NE and MWO are improved by 0.26% and 19.94%,
respectively; besides, ILE and MMO, are degraded 0.9%, 0.32%,
respectively, and CP is estimated 0.0027 (ﬁ).

Fig. 9 (a-b) shows the ADR contours for the original and optimal
cases, respectively. The ADR diagram is plotted on the suction wall,
pressure wall (see Fig. 9-¢), and midline (see Fig. 9-d) for the original
and the optimal cases. By applying optimal surface heating, the average
droplet radius on the mid passage is reduced, and droplets on the suction
and pressure side are disappeared.

Next, the impact of surface heating on the static temperature is
investigated. Fig. 8 (a, b) illustrate the contours of static temperature.
Besides, the static temperature diagram is plotted on the suction wall,
pressure wall (see Fig. 8-c), and on midline (see Fig. 8-d) for the original
and the optimal cases. Based on Fig. 8, by adding optimal surface
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Fig. 10. The impacts of the surface heating on the nucleation rate, (a) and (b) droplet nucleation rate contours of original and optimal case, respectively, (c) and (d)
comparison of the droplet nucleation rate on the suction side, pressure side and mid passage for original and optimal case, respectively.

heating, the static temperature of the blades is increased. It should be
noted that the effect of surface heating on the centerline is negligible.
Next, the impact of surface heating on the nucleation rate is
analyzed. Fig. 10 (a-b) indicates the contour of the nucleation rate. The
nucleation rate diagram is plotted on the suction wall, pressure wall (see
Fig. 10-c), and midline (see Fig. 10-d) for the original and the optimal
cases. According to Fig. 8, by applying optimal surface heating, the

blade temperature is increased; therefore, it is expected that the nucle-
ation rate is decreased. According to Fig. 10, surface heating eliminates
nucleation rate on blade surfaces.

Fig. 11 (a-b) displays the liquid mass fraction contours. The wetness
fraction diagram is plotted on the suction wall, pressure wall (see
Fig. 11-c), and midline (see Fig. 11-d) for the original and the optimal
cases. Based on the results, by applying optimal surface heating, the
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Fig. 11. The impacts of the surface heating on the wetness fraction, (a) and (b) wetness fraction contours of original and optimal case, respectively, (c) and (d)
comparison of the wetness fraction on the suction side, pressure side and mid passage for original and optimal case, respectively.

average droplet radius on the mid-passage is reduced, and droplets on
the suction and pressure side are disappeared. Besides, according to
Fig. 10, by adding optimal surface heating, the nucleation on the surface
blades is eliminated. In this regard, the wetness fraction on the mid-
passage is diminished. The wetness fraction on the suction and pres-
sure sides is disappeared.

Finally, the impact of surface heating on entropy is evaluated. Fig. 12
(a-b) shows the contour of entropy. Besides, the entropy diagram is
plotted on the suction wall, pressure wall (see Fig. 12-c), and midline
(see Fig. 12-d) for the original and the optimal cases. It is worth
mentioning that applying surface heating to the flow increases the en-
tropy of both liquid and vapor phases. As a result, by applying optimal
surface heating, the entropy is increased. Based on optimization results,

10

the optimal surface heating doesn’t penetrate to midline but its effects
on wall significantly. So, it is obvious that the temperature of the blade
increases. On the other hand, increment of the temperature causes in-
crease the entropy. Entropy increment is an undesirable impact of
applying surface heating to the flow [20].

7. Conclusion

The aim of this paper is to propose the optimal surface heating for a
stationary cascade turbine blade. Nozzle efficiency (NE), mean wetness
at the outlet (MWO), integral of local entropy changes at the outlet (ILE),
mean momentum at the outlet (MMO), and cost price (CP) are objective
functions. Multi-objective optimization results show that the optimal
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Fig. 12. The impacts of the surface heating on the entropy, (a) and (b) entropy contours of original and optimal case, respectively, (c) and (d) comparison of the
entropy on the suction side, pressure side, and mid passage for original and optimal case, respectively.

value of surface heating is equal to 0.04467(X%). In the optimal case, erosion rate (Err) and average droplet radius (ADR) are decreased
compared to the non-heat case, the results are as follows: 51.15% and 10.29%, respectively.

e The nozzle efficiency (NE) and mean wetness at the outlet (MWO) CRediT authorship contribution statement
are improved 0.26% and 19.94%, respectively.

e The integral of local entropy changes at the outlet (ILE), mean mo- Jalal Salimi: Validation, Investigation, Software. Ali Reza Tey-
mentum at the outlet (MMO), are degraded 0.9%, 0.32%, respec- mourtash: Methodology, Writing — review & editing, Supervision.
tively, and cost price (CP) is estimated 0.0027 ( izzz ) Mohammad Reza Aghdasi: Validation, Investigation, Software.
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Esmail Lakzian: Methodology, Writing — review & editing, Supervision.

It should be noted that by applying the proposed surface heating,

11
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