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ABSTRACT

This paper proposes to use a blackbox optimization to obtain the optimal volumetric heating required
to reduce the wetness at the last stages of steam turbines. For this purpose, a global multiobjective
optimization is utilized through the automatic linking of genetic algorithm and CFD code, where the
blackbox function evaluations are performed by CFD runs. The logarithm of number of droplets per
volume (LND), the droplet average radius (DAR), and the integral of local entropy (ILE) at the end
of the cascade (after the condensation location) are minimized, while the volumetric heating rate is
the optimization parameter. The Eulerian—Eulerian approach is implemented to model the two-phase
wet steam turbulent flow and the numerical results are validated against well-established experiments.
Since higher volumetric heating rates reduce DAR and LND, while increase ILE, according to opti-
mization results, there is an optimum for the volumetric heating rate to reach the best performance
of steam turbines. For case studies presented in this work, the optimal volumetric heating rates of
5.21 x 108 and 4.67 x 108 W /m? are obtained for two different cases of supersonic and subsonic out-
lets, respectively. Particularly, these rates improve DAR by 45.7% and 57.5%, and LND by 6.0% and
7.8% for respective cases.

1. Introduction

The expansion of steam flow at the last stages of steam tur-
bines brings in the non-equilibrium state of the flow. Con-
sequently, a two-phase flow is formed, where the droplets
are typically known as one of the major sources of thermo-
dynamic and mechanical losses. Throughout the literature,
there exist a plethora of researches attempting to identify and
reduce these losses in steam turbines with investigations on
the classical nucleation theory of droplets. Bakhtar et al. [1]
discussed the classical theory of the homogeneous nucle-
ation of droplets and its application in predicting condensa-
tion in steam nozzles. They described the treatment of two-
dimensional nucleating steam flows using two different time-
marching numerical schemes. Xu and Yuan [2] proposed an
online applicable approach based on equivalent overall ef-
ficiency models to monitor the exhaust steam wetness frac-
tion. Wrdblewski and Dykas [3] used the method of mo-
ments to reconstruct of the water droplet size distribution
and model the liquid phase evolution in the flow through
the de Laval nozzle. Tang et al. [4] presented a visualiza-
tion experimental study of the condensing flow regime in the
transonic mixing process of steam ejectors. Sinha et al. [5]
and Hagmeijer et al. [6] presented models of droplet growth,
based on the kinetic theory of gases which is referred to as
the Hertz—Knudsen relationship. Dykas et al. [7] conducted
an experimental study of condensation flow in a nozzle, pro-
viding accurate experimental data for the homogeneous nu-
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cleation, which is widely used to validate the numerical re-
sults in nozzles. Other studies on the non-equilibrium con-
densation flow inside nozzles can be found in the works
of, e.g., Dykas and Wréblewski [8] that presented a two-fluid
model for solving the governing equations of viscous vapor
and inviscid liquid phases, Patel et al. [9] that included tur-
bulence models in the nucleation and droplets growth phe-
nomena, and Senguttuvan and Lee [10] that considered the
effect of different nozzles’ geometries.

Bakhtar and Zidi experimentally [11] and theoreti-
cally [12] studied the condensation steam flows in a steam
turbine to analyze the axial pressure distribution on the suc-
tion and pressure sides of the blade, and also to measure
the droplet average radius. The results, which are consid-
ered as a well-known reference in many other researches,
showed that the theoretical pressure distribution are in agree-
ments with the experimental results, whereas the droplet ra-
dius prediction that is less consistent with the experimen-
tal data. Yousif et al. [13] numerically and experimentally
investigated homogeneous non-equilibrium condensation in
a transonic steam flow at a low-pressure turbine cascade.
Their numerical results showed that in the case of the tran-
sonic flow, the condensation zone occurs downstream of the
throat and is not accompanied by an increase in the pressure,
whereas in the experimental results there was no evidence of
this condensation. Gerber and Kermani [14] used a multi-
phase Eulerian—Eulerian pressure-based model for transonic
turbulent steam flow, with the application in investigating
large multi-stage turbines in which the wetness arises un-
der non-equilibrium conditions. Nikkhahi et al. [15] inves-
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Nomenclature

A Area (m?)

a Constants of entropy equation (kJ/kg K')
B, Second virial coefficient (m? /kg)

B, third virial coefficient (m®/kg?)

by, b,, by Constants of equation of state (m?/kg)
by, bs Constants of equation of state (m®/kg?)
o Specific heat of liquid (J/kg K)

C, Specific heat at constant pressure (J/kg K)
C, Specific heat at constant volume (J/kg K)
DAR Droplet average radius (pm)

G Gibbs free energy (J/kg)

H Total enthalpy (J/kg)

h Enthalpy (J/kg)

1 Droplet nucleation rate (1/m?s)

ILE Integral of local entropy (W/K)

K, Boltzmann constant (J/K)

K, Conduction coefficient (W/m K)

k Turbulence kinetic energy (m?/s?)

L Total length of blade cascade (m)

LND log,o(Number of droplets per volume) (1/m?)
M, Mach number (-)

M, Molecular mass (kg/mol)

m, Liquid mass (kg)

P Pressure (Pa)

(0] Volumetric heating rate (W /m?)

q Heat flux (W/m?)

R Gas constant (J/kg K)

r Droplet radius (m)

7 Average radius (m)

S Supersaturation ratio (-)

s Entropy (J/kg K)

S, Constant of entropy equation (J/kg K)

T Temperature (K)

T, Reference temperature (K)

t Time (s)

u Velocity (m/s)

v, Average volume of droplets (m?)

w Mass fraction (-)

X Length parameter of blade cascade (m)
X Coordinate (m)

) Dimensionless symbol

Greek letters

a Constant of equation of state (K)
a, Constant of equation of state (-)
B Liquid mass fraction (-)

r Mass generation rate (kg/m? s)

n Number of droplets per volume (1/m?)
0 Non-isothermal correction factor (-)

p Density (kg/m?)

o Liquid surface tension (N/m)

T Viscous stress tensor (Pa)

Tos T1s Ty Constants of equation of state (-)
¢ Properties of mixture (-)
10} Specific rate of dissipation (1/s)

Subscripts and superscripts

d Droplet

/ Liquid

mix Mixture (liquid—vapor)
out Outlet flow

sat Saturate

v Vapor

* Critical

tigated the effect of back-pressure change on the two-phase
in the two-dimensional model of turbine cascade using the
Eulerian—Eulerian approach. Their results showed that the
highest condensation occurs on the suction walls and is re-
duced by with decreasing the downstream pressure.

The importance of volumetric heating in reducing the
performance losses of steam turbines is studied in recent
years. Mahpeykar et al. [16] applied volumetric heating
to the convergence part of a one-dimensional convergent—
diverging nozzle and studied the steam condensation flow
parameters as well as the entropy generation. They observed
that by adding appropriate volumetric heating, the nucle-
ation rate and supercooling temperature could be signifi-
cantly reduced. Amiri Rad et al. [17] analytically analyzed
the effect of the static inlet pressure and the volumetric heat-
ing on the two-phase supersonic flow in a one-dimensional
convergent—divergent nozzle. Aliabadi et al. [18] studied the
injection of hot steam into the wet flow at the inlet of the
turbine cascade. Their results indicated that the hot steam
injection reduces the erosion rate and condensation losses
due to the reduction of droplets. In addition, they showed
that changing the position of injection can reduce the affects
of pressure changes, wetness fraction, and Mach number on
the pressure and suction walls, implying that there is an opti-

mal location for the hot steam injection. In another research,
Vatanmakan et al. [19] numerically investigated the effect of
different volumetric heating rates on the entropy generation
and wetness fraction. They showed that the wetness frac-
tion is decreased by increasing the volumetric heating, while
the entropy generation first reveals a decreasing trend fol-
lowed by an increasing pattern. Hosseini and Lakzian [20]
also added volumetric heating to the fluid flow in the con-
vergent part of the turbine. Their results showed that by
increasing the volumetric heating rate, the wetness fraction
and economic cost of power generation are changed. Based
on their results, there is an optimal volumetric heating that
minimizes the wetness and, hence, the economic cost. Other
investigated factors in reducing the thermodynamic loss of
steam turbines are, e.g., the surface roughness of blades [21],
employing different divergence angle [22], droplet spray-
ing [23], different rates of expansion and injection of water
droplets [24], and existence of wetness at inlet [25].

The application of optimization techniques, particularly in
the sense of genetic algorithm (GA) [26], in wet steam flow
simulation is also of interest. Keisari and Shams [27] used a
multiobjective GA to find an optimal geometry for the noz-
zle. The objectives of this optimization were the droplet ra-
dius and wetness fraction. Mirhoseini and Boroomand [28]
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used GA to find the optimal hot steam rate to reduce the wet-
ness in nozzles, considering that adding the hot steam to wet
flow reduces the wetness fraction. Rahim Abadi et al. [29]
utilized the GA technique to obtain an optimal geometry for
3D nozzles and 2D turbine blades in order to reduce the wet-
ness at the end of the passage by considering the droplet nu-
cleation rate and maximum droplet radius as the most impor-
tant factors. Trigg etal. [30] also presented an automated GA
to find an optimal geometry for turbine blades, considering
different characteristics of the flow as objectives.

This paper proposes to apply an optimal rate of volumetric
heating to the convergent section of the stationary blade cas-
cades to reduce the losses at the last stages of steam turbines.
To achieve this, it is proposed to minimize the logarithm of
number of droplet per volume (LND), the droplet average ra-
dius (DAR), and the integral of local entropy (ILE), all mea-
sured at the end of the blade cascade, in a multiobjective op-
timization. Herein, the volumetric heating rate is considered
as the design variable. For this purpose, a blackbox opti-
mization procedure through the automatic linking of the GA
algorithm and the CFD code is utilized, in which the func-
tion evaluations are performed by means of CFD runs. Here,
blackbox refers to the problems for which a close-form an-
alytical expression relating the objective values and the de-
sign variables does not exist [31], mainly due to the fact that
the objective functions are evaluated externally in a different
solver or simulation package (see, e.g., [32]). The objective
functions in such problems are often expensive to evaluate,
which may consist of executing thousands of command lines
(e.g., in a CFD code) to complete a single iteration. Other
meta-heuristic optimization techniques like, e.g., neural net-
work [33] and particle swarm optimization [34] may also be
employed in such blackbox optimization procedure, but they
have not been considered here. To the best of our knowledge,
until very recently, the automatic linking of the optimization
process with CFD codes has not been performed for finding
the optimal value of volumetric heating in turbine blades.
Since increasing the volumetric heating leads to the reduc-
tions of DAR and LND and the increase of ILE, according to
the results of the optimization process, there will be an op-
timal value for the volumetric heating rate to reach the best
performance of the steam turbine.

The remainder of this paper is organized as follows.
Section 2 starts with some preliminaries regarding the prob-
lem. In Section 3, the governing equations of the wet steam
flow are reviewed, followed by the steps of the optimiza-
tion procedure in Section 4. The implementation details of
the numerical analysis as well as validation against well-
established data are presented in Section 5. The effects of
volumetric heating on the wet steam flow is numerically in-
vestigated in Section 6, and the optimization results are il-
lustrated in Section 7. Section 8 presents some discussions
on results and, finally, Section 9 draws some conclusions.

2. Preliminaries

Figure 1 shows the model problem that involves the sta-
tionary cascade of the steam turbine blade consisting of
two converging and diverging parts. The steam flow passes
through the cascade between the two turbine blades and
reaches the Mach number of M, = 1 at the throat. Then, the
flow is condensed after the throat and, finally, leaves the pas-
sage. The inlet and outlet boundary conditions are pressure
type and the blade walls are fixed and have the no-slip bound-
ary conditions. The inlet and outlet zones are considered as
continuous with periodic boundary conditions in order for
the flow to be better simulated. The Eulerian—Eulerian ap-
proach and the SST k—w turbulence model, developed by
Menter [35], are used to analyze the two-dimensional vis-
cous wet steam flow. The mentioned turbulence model is
based on the turbulence kinetic energy, k, and the specific
rate of dissipation, w. It accounts for wall effects and is
suitable for both near- and far-from-the-wall regions. Thus,
the turbulence model shows a good accuracy in predicting
the condensation shock in two-phase wet steam flows (see,
e.g., [36]).

W, Y
e ¢ Genetic ™,

¥ .-="* Algorithm, ¥ __

Inlet flow

periodic

Figure 1: The geometry of the blade turbine, flow passage, and
the optimization loop, with objectives measured at the end of the
passage.

As shown in Figure 1, it is presumed that the volumetric
heating is added to steam flow in the convergent part of the
blade and before the throat. The volumetric heating has par-
ticular effects on the steam flow, e.g., increases the vapor
and saturation temperatures, while decreases the supercool-
ing temperature of the vapor. As a result, the average tem-
perature of the vapor at the throat does not reach the value of
the supercooling temperature, and the condensation shock is
delayed. Consequently, the shock location is gradually trans-
mitted to the downstream. Furthermore, adding the volumet-
ric heating to the flow in the converging part of the cascade,
makes the average temperature of the droplets (i.e., liquid
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phase) to be higher than the adiabatic case after the conden-
sation shock. It leads to the evaporation of some droplets
and, hence, reduction of the droplet growth, which reduces
wetness fraction and values of DAR and LND at the blade
outlet.

Although adding the volumetric heating improves the
DAR and LND factors, it leads to the increase of the local
entropy (and, thus, the value of ILE), which is an undesir-
able factor in the steam turbines. Accordingly, the optimal
amount of volumetric heating rate should be found in order
to reach the best performance of the turbine. For this pur-
pose, a multiobjective optimization procedure is performed
with the values of DAR, LND and ILE (measured at the end
of the passage) as the objective functions. The required rate
of volumetric heating is then considered as the design vari-
able. The optimization problem can be summarized as fol-
lows.

Find the rate of volumetric heating Q,
which minimizes DAR, LND, and ILE, (1)

subject to boundary conditions.

3. Governing equations

The two-dimensional Navier—Stokes equations, assuming
the compressibility and viscosity of the condensed steam
flow is used and the Eulerian—Eulerian model is employed.
In addition, the liquid mass fraction, the number of droplets
and the entropies of both vapor and liquid phases are calcu-
lated. The equations represented in this section are used to
obtain the objective functions, namely DAR, LND, and ILE.

3.1. Conservation Equation
The general forms of conservation equations of mass, mo-
mentum, and energy are written as follows [37]:

dp 0 _

P ox, (pu;) =0,
E(P”j)"‘ ' (puu;) =—$j+§lj, 2)
0 0 _% o
a(pHH a—xj (pu;H) = ox, + ox, (wi7;)

where H =h+ %uiui is the total enthalpy, and
q; = —K, 0T /0x is the heat flux.

In all equations, the properties of saturated vapor are cal-
culated based on the properties of both vapor and liquid
phases as [9]

Gmix =0+ =P, 3)

where ¢ refers to the properties such as enthalpy, entropy,
specific heat, and thermal conductivity. The following equa-
tions are used for the liquid phase coefficients with liquid

mass fraction f and number of droplets per volume # as [38]:

7} d
> (rB) + ox, (pu;p) =T,
C))

0 0
o5 P+ = (puin) = pI ,

1

where I', I, and p are mass generation rate per unit volume,
droplet nucleation rate and density, respectively. The as-
sumptions of these equations include

o the steam pressure is considered as the pressure of the
mixture flow;

e the steam temperature is the same as the mixture tem-
perature;

e the volume of droplets is assumed to be negligible;
e the condensation is homogeneous;

e the droplet growth is based on the droplet average ra-
dius.

3.2. Droplet nucleation rate and growth model

According to the pressure—temperature thermodynamic
diagram, when the superheated steam undergoes a quick
isentropic expansion, it deviates from its thermodynamic
equilibrium state and enters to the non-equilibrium phase
that is typically referred to as the supercooled state. This
phase change depends on various factors, e.g., the vapor sat-
uration temperature, the supercooled vapor temperature, and
the flow regime. The liquid phase density at this state is ob-
tained by

&)

and the Gibbs energy released from the supercooled vapor
is [38]

AG = —-m,RT,In S + 4zr’c,, (6)

where S represents the supersaturation ratio and is obtained
by dividing the flow pressure by the saturation pressure at
the vapor’s temperature, that is

P
S = . 7
P (Ty) @

The thermodynamic equilibrium enforces the supercooled
vapor to have a phase change and start nucleating. When the
clusters are reached at their final amount and no longer grow,
the critical Gibbs free energy variations are [38]

16763
! iﬁr*zar , 8)

AG" = ——— =
pRT,InS 3
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Table 1

Constant parameters of the equation of state, employed in Egs. (17) and (18).

7 () 7 (-) 7 (-) a (K) () b, (m3/kg) b, (m3/kg) by (m3/kg) b, (mﬁ/ng) bs (mé/kgz)
0.89780  1500/T T/647.286 10000 11.16  0.0015 942 x 1073 —488.2x 107 1.722 1.5x10°°
Table 2

Constant parameters employed in Eq. (19) for entropy calculation.

a, (kJ/kgK") a, (kJ/kg K?) ay (kJ/kg K3)

a, (kI/kg K*)

a5 (kJ/kg K®) ag (kJ/kg K©) s, (kI/kg K)

0.89780 1500/T T /647.286

10000

11.16 0.0015 970.12

being r* the Kelvin—Helmholtz critical droplet radius de-
fined as a function of the droplets’ surface tension and den-
sity, as well as the supersaturation ratio [39], that is

g ©)

" T ) RT,nS
According to the classical theory of nucleation, the
droplet nucleation rate is obtained by the critical radius and

surface tension of droplets as shown in, e.g., [40]

2 %2

P, | 20, 4rr*co,
T =g -2 (— ) 10
classic q. Py ”M,,31 eXp 3KbTu ( )

and then corrected by the non-isothermal correction coeffi-
cient, 6, in the following form [41]

1
I= H_elclassic 4 (11)
given
0= 2(00 =1 hmix (hmix _ l) (12)
y+1 RT\RT 2

Based on the classical nucleation theory of droplets, the
mass generation rate is calculated as the summation of the
increased mass caused by both the existence of droplets and
the generated droplets given by [40]
or
o’
noting that the rate of radius variation over time (i.e., the
droplet growth rate) is

or _ P y+1

ot p . pN2mT 2V

and T} and T, are the droplet and vapor temperatures, respec-
tively, obtained from the saturation temperature as

= %ﬂp,[r*S + 47zp111f2 (13)

C,(T, - T,). (14)

Ty =T, ~ (T,

N sat

—TU)’T. (15)

Finally, the number of droplets per unit volume is given
as
_ i
A=Ppi/ PV’

where V,;, = 4773 /3 is the average volume of the generated
droplets.

n (16)

3.3. Equation of state
The equation of state describing the relation between the

pressure, temperature, and the density of the vapor is given
by (see, e.g., [42])

P =p,RT (1+ Byp, + B3p?) , 17)

where B, and Bj; are the second and third virial coefficients
expressed as

B2 = b] (1 +T/tx1)_l
+ byexp(e)) [1 = exp(=z)] /> 77/ + byry, (18)
B3 = b4(T2 - To) exp(—(szz) + bS .
with constants tabulated in Table 1.
3.4. Entropy calculation

The entropy of the liquid and vapor phases are calculated
as (see, e.g., [42])

T
N C/ In{ — N
TD
6
s, = / > a2 |dT
i=1

dB,
- R lnpU+ B2+Tﬁ Po

(g, +7B) 2
+§ 3+ d_T Pyl t+ 8¢

where T}, is the reference temperature and the other con-
stants of the entropy equation are tabulated in Table 2. Given
the entropies of the liquid and vapor phases, the entropy of
the two-phase flow is then obtained using Eq. (3).

19)

4. Optimization process

As stated earlier, three parameters of droplet average ra-
dius (DAR), logarithm of number of droplets per volume
(LND), and the integral of local entropy (ILE), measured
at the end of the cascade, are considered as the objectives
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Figure 2: Flowchart of the blackbox optimization process consists of three blocks: GA (main part), connector, and CFD codes.

that should be reached at minimum values through a mul-
tiobjective optimization process. Based on the formulation
represented in Section 3, the objectives are defined as

DAR::l/r»dA,
A Ja

LND := L / log,o(n) dA, (20)
A J4

ILE :=/pusdA, measured at X = L,
A

where X =0 ~ L is the length parameter, being L the to-
tal length of the blade. In order to perform the global op-
timization process, the CFD code as a blackbox function is
employed that is automatically linked to the GA code. More
precisely, this procedure consists of three different parts (see
Figure 2), namely the multiobjective GA code (main part),
the CFD code, and the connector code that automatically
links the other two parts. In this loop, the input of the CFD
code is determined by the GA part (referred to as the popu-
lation). The problem is then numerically solved by the CFD

code and the integrated data is stored as the output of so-
lution. This output is identified and analyzed as the rargets
(i.e., objectives) of the multiobjective GA, followed by the
next input in the next iteration (referred to as the generation),
and the loop continues until the desired convergence in re-
sults is reached. The connector code, meanwhile, is rewrit-
ing the required lines in the CFD code and also reads the
output file. More details regarding the steps of performing
the optimization process is demonstrated in Figure 2.

Since evaluating the objective functions at each iteration
entails solving a CFD problem, which is performed outside
the optimization code, the whole process is typically referred
to as the blackbox optimization. The main advantages of this
algorithm is that it can be linked to a variety of CFD codes
in different applications. Herein, two sets of iterative proce-
dures are considered, one in terms of population/generations
of the GA algorithm, which is checked by a stall criteria (typ-
ically measured by a residual), and the other inside the CFD
run for solving the problem of the wet steam flow, which is
checked by the convergence of the solution.
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S. Implementation prerequisites

5.1. Implementation details

In this paper, the numerical solution is adopted by using
two-dimensional Reynolds averaged Navier-Stokes (RANS)
equations. The conservation equations governing the solu-
tion field (which includes the steam mixture consisting of
the liquid and the vapor phases) is described by using the fi-
nite volume integration method. In this regard, an Eulerian—
Eulerian approach is employed by using the SST k—w turbu-
lence modeling. When simulating with Eulerian—Eulerian
method, it is not necessary to determine the flow path from
one cell to another. Thus, knowing the conditions of the fluid
leaving the cell is not required. It facilitates the solution of
equations. It is confirmed by other researches that this ap-
proach provides acceptable results in wet steam flow simu-
lations (see, e.g., [43]).

The effects of volumetric heating are investigated by
testing with different heating rates in the range of
0.0 ~ 8.0 x 108 W/m?. The volumetric heating has differ-
ent effects on the characteristics of the flow as will be dis-
cussed in Section 6. Then, by performing the optimization
loop, the optimal volumetric heating rate is obtained con-
sidering the three objectives of DAR, LND, and ILE (see
Section 7). This optimal value is compared with the adia-
batic case (i.e., without volumetric heating).

The global optimization toolbox of MATLAB environ-
ment is implemented for performing the genetic algorithm
and automatically connecting the CFD code and the opti-
mization procedure. CFD simulations are performed by AN-
SYS Fluent. The simulations are density-based and the wet
steam model is employed based on the Eulerian—Eulerian
approach. The droplet nucleation rate and growth model are
also implemented by this commercial fluid simulation soft-
ware. The computations are conducted on a 2.30 GHz In-
tel Xeon E5 CPU with 20 processors and using 64 GB of
RAM, where 19 processors are allocated to run the CFD
block (see Figure 2) and one processor for the GA and con-
nector blocks.

5.2. Grid dependence study

In order to find the suitable grid for flow simulation, a
mesh study with different grid sizes is conducted and the
computed values of static pressure on the suction and pres-
sure walls through the blade length are plotted in Figure 3.

The importance of using the pressure graph is in the fact
that the suction side can well represent the condensation
shock. Herein and in the following, the chord ratios of
X/L=0and1 are denoting the inlet and outlet of the
cascade, respectively. Testing with different grid sizes indi-
cates that the grid of 18 X 200 can be selected, considering
that finer grids do not show a significant change is results.

Pressure
0'9; \ \
|- Suctmn
0.8 f—-—-- — 28 %288 Grids
_ [ — — — 22%*244 Grids
< | — === 18 * 200 Grids
g L e 10 * 150 Grids
SN )
i V‘\
0.67 /r
05 AN
i N "/\/
i 4
A I N N T T T FEEE e N !

0 01 02 03 04 05 06 07 08 09
X/L (-)

Figure 3: Grid dependence study for the results of the static pres-
sure on suction and pressure walls of the cascade.

5.3. Validation

In order to validate the accuracy of the numerical mod-
eling, the simulated values of pressure and droplet average
radius throughout the cascade are compared in Figure 4 with
the well-established experimental data of Bakhtar et al. [44].
Herein, two different practical cases are considered: the su-
personic outlet flow with P,/ P, = 0.48, and the subsonic
outlet flow with P,,/Py = 0.57. The results of pressure
show a good consistence with the experimental data. For the
droplet radius, only the experimental data at the end of the
cascade is checked that shows an acceptable accuracy (note
that this is a common difference between experimental and
numerical results as reported in, e.g., [20]).

6. Effect of volumetric heating on wet steam
flow

Before proceeding with the optimization results, it is es-
sential to study in detail the effect of volumetric heating
on the flow characteristics. Section 2 briefly described the
trend that the flow encounters by adding the volumetric heat-
ing. It is important to consider that when the steam flow
passes through the throat, the velocity reaches at M, =1
and the temperature decreases. If the decreasing temperature
reaches the supercooling temperature of the vapor, the flow
enters to the thermodynamic non-equilibrium phase and be-
gins to condense. This section investigates the effect of vol-
umetric heating on the first case study (i.e., the supersonic
outlet). In Figure 5a, the construction and growth of droplets
in the diverging part of the cascade is illustrated for the adi-
abatic case (i.e., without volumetric heating). Adding the
volumetric heating to the flow lowers down the supercooling
temperature at the throat, and therefore, delays the conden-
sation (see Figure 5b). Moreover, the average temperature
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Figure 4: Result validation against experimental data of [44] for the static pressure and droplet average radius. Two practical cases:
(ab)P,/P,=048and T, =T,, — 8K, (c,d) P,,/ Py =0.57 and T, = T,,, — 8 K. The reported values are on the suction and pressure

walls of the blade throughout the cascade.

of the droplets becomes higher than the adiabatic case, re-
sulting in evaporation of some droplets. By increasing the
heating rate to 8.0 X 108 W/m?, the supercooling tempera-
ture becomes negative, and by definition, we have a super-
heated steam flow, so that the condensation shock does not
happen as demonstrated in Figure 5c. The effect of differ-
ent rates of volumetric heating on the droplet radius on the
centerline of the passage is illustrated in Figure 5d. This fig-
ure reveals that the location of formation of first droplets
is moved from X /L =~ 0.75 for the adiabatic case toward
the outlet of the passage for higher volumetric heating rates.
Additionally, the value of DAR = % / T | x/1=1 dA as one
of objective functions is reduced. It can also be seen that
for Q > 6.0 x 108 W/m?, the droplet radius and its growth

is negligible.

Figure 6 investigates the effect of increasing the volumet-
ric heating rate on the pressure distribution. It is important
to note that because of the geometry of the blade, the pres-
sure is reduced throughout the passage, until the conden-
sation shock happens. This shock is observed as the first
pressure rise in the flow (see point 1 in Figure 6d and point
1* as its counterpart on the centerline in Figure 6e). This
pressure rise is due to the heat transfer between droplets
and vapor. The pressure then decreases further until the
first aerodynamic shock happens in order to adjust the pres-
sure in accordance with the large back-pressure at the end
of the blade. The aerodynamic shock is first observed near
X /L =1 on the pressure side and then reflected on the suc-
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Figure 5: (a,b,c) Contours of droplet average radius throughout the cascade for Q = 0.0 (adiabatic case), Q = 4.0 x 103 W/m?, and
0 = 8.0 x 108 W/m?. (d) The effect of different volumetric heating rates on the distribution of droplet average radius over the centerline
of the passage. The construction and growth of droplets are delayed by increasing the rate of Q. Note the negligible droplet radius for

0 > 6.0x 108 W/m?.

tion side (points 2 and 3, respectively). Whereas, the corre-
sponding points of the reflected shock on the centerline are
points 2* and 3*. After further decrement of pressure (due
to the geometry of the blade), the second aerodynamic shock
happens on the suction side near the passage outlet (point 4).
It is clear that the reflection of this shock on the centerline
(point 4*) can be observed after X /L = 1.

Figure 6 also illustrates the effect of volumetric heating on
the pressure distribution. It can be seen that by adding the

volumetric heating, the location of the condensation shock
is moved toward the downstream and its magnitude is also
decreased. For Q > 6.0 x 108 W/m?, no pressure increase
can be observed at point 1 on the suction side, denoting
the fact that no droplets are constructed (as already shown
in Figure 5). However, a greater aerodynamic shock is ob-
served in this case to adjust with the back-pressure at the
outlet.

In the next step, the effect of volumetric heating on
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Figure 6: (a,b,c) Contours of static pressure distribution throughout the cascade for Q = 0.0 (adiabatic case), O = 4.0 x 103 W/m?, and
QO = 8.0 x 10® W/m?. The effect of different volumetric heating rates on the pressure distribution are shown over the suction and pressure
sides (d), and on the centerline of the passage (). Note the corresponding positions of the condensation, aerodynamic and reflected shocks

on pressure graphs in parts (d) and (e).

the wetness fraction (f) is analyzed. Wetness fraction is
generally defined as the mass fraction of liquid droplets
in the two-phase flow. The wetness fraction contours of
different cases with Q = 0.0 W/m?, 4.0 x 108 W/m?, and
8.0 X 103 W/m? are plotted in Figure 7. According to fig-
ure, it is clear that by increasing the volumetric heating
rate, the wetness fraction in the diverging part of the cas-
cade decreases, resulting in a lower wetness at the end of

the passage (see Figure 7d). Referring to Eq. (16), which
relates the wetness to number of droplets (#), the impor-
tance of studying this graph lies in the fact that the value
of LND = % fA logo(m) |X/L=1 d A is reduced by increas-
ing the rate of Q.

Finally, it should be pointed out that adding volumet-
ric heating to the flow generally increases the temperature.
Therefore, as expressed in Eq. (19), the entropy of both lig-
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for Q = 0.0 (adiabatic case), Q = 4.0 x 1038 W/m?, and

0 =8.0x 108 W/m?2. (d) The effect of different volumetric heating rates on the wetness over the centerline of the passage. Note the

negligible wetness fraction for Q > 6.0 x 108 W/m?.

uid and vapor phases increases. When the condensation
shock happens and the liquid droplets start growing, since
the entropy of the liquid phase is smaller than that of the va-
por phase, the entropy of the mixture reveals a decreasing
trend. Nevertheless, by increasing the heating rate, the en-
tropy of the flow increases throughout the passage, which is
not a desirable trend in steam turbines. Figure 8 depicts the
effects of volumetric heating on the entropy contours as well
as the entropy distribution over the centerline.

Based on the different effects that adding the volumet-
ric heating can have on the flow, herein, the trends of the
objectives (i.e., DAR, LND, and ILE) as a function of Q
are summarized. As stated earlier, increasing the volumet-
ric heating rate leads to the reductions of DAR and LND,
while increases the ILE. Since the latter is not a desirable
outcome, reaching a compromise in the values of the ob-
jectives is needed to find the best (i.e., optimal) rate for Q.
Therefore, conducting a multiobjective optimization is es-
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Figure 8: Effects of different volumetric heating rates on the entropy contours (a,b,c) and the entropy distribution over the centerline (d).

sential, which is investigated in Section 7.

7. Optimization results

Considering the effects of volumetric heating on the flow
and also taking into account that higher heating rates en-
tail additional cost of power generation, finding an optimal
value for Q is essential. For this purpose, a blackbox mul-
tiobjective optimization is performed, where the objective
functions are evaluated through a set of CFD runs for which
the respective inputs are automatically controlled by the op-
timization loop (see Figure 2). The optimization process is
based on the genetic algorithm and is performed under the

settings tabulated in Table 3.

Figure 9 demonstrates the convergence of the optimiza-
tion process for the supersonic outlet case. The convergence
rate is measured in terms of the average distance between
individuals (i.e., different values of O selected by the GA al-
gorithm) versus the number of generations (i.e., iterations).
The convergence criterion is in accordance with the residual
error threshold reported in Table 3.

The optimized values of DAR, LND, and ILE as objec-
tive functions and the optimal rate of volumetric heating as
the design variable are reported in Table 4 for two case stud-
ies with supersonic and subsonic outflows. Accordingly, the
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Table 3
Parameter settings of the multiobjective optimization process.

Parameter Value

Design variable range, Q (W/m?) [0.0,8.0] x 10%
Maximum No. of iterations of the optimization (-) 150

Residual error threshold of objective functions (%) 1x107*
Maximum No. of iterations of CFD solution (-) 12,000
Convergence threshold of CFD solution (%) 1x10°°

Table 4

The optimized values of DAR, LND, and ILE, the optimal rate of volumetric heating Q, the total required heating rate, and the heating

transfer area for different cases of supersonic and subsonic outflows.

P,/P, DAR Improved LND Improved ILE Degraded  Volumetric heating  Total heating  Heat transfer
) (um) by (1/m* by (kW/K) by rate Q (W/m?) * rate (KW) * area (m?)
0.48 0.022  45.7% 15.88 6.0% 7.39 4.6% 5.21 x 108 90.64 1.74 x 10~
0.57 0.018 57.5% 15.53 7.8% 7.78 8.8% 4.67x 108 81.25 1.74 x 10~
* The heating rates are reported for the unit width of the blade.
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personic outlet under the optimal volumetric heating is in- 0 0L 02030 B8 (_)‘“ 0.7 08 09 1
vestigated. First, the saturation temperature Ty, i.e., the (b)

temperature at which the flow undergoes a phase change is
considered. The saturation temperature is directly related to
the flow pressure and experiences the same changes as the
pressure by adding the volumetric heating to the flow. As

Figure 10: The pressure distribution (a) and saturation tempera-
ture (b) on the suction and pressure sides under the adiabatic and
optimal heating cases. Note the smaller condensation sock and
transformation of its location toward the passage outlet.
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Figure 11: The supercooling temperature contours of the adiabatic and optimal cases (a,b), and the distribution of the supercooling
temperature on the suction and pressure walls (c) and over the centerline of the flow passage (d).

shown in Figure 10a for the pressure, the steam flow reveals
a very slight condensation shock under the optimal volumet-
ric heating, which is almost the identical to the case of sat-
uration temperature in Figure 10b. As it can be seen in the
figure, compared to the adiabatic case, the saturation tem-
perature observes a bigger decrease after the throat and near
the suction and pressure sides.

The supercooling temperature is also dependent on the
saturation temperature Ty, and the steam temperature T,,.
As shown in Figure 10, applying the optimal volumetric
heating to the flow leads to a larger drop in the pressure,
resulting in a large decrease in the saturation temperature.
Since the supercooling temperature is dependent on the dif-
ference between the static temperature of the steam and
its saturation temperature, the large decrease of the sat-

uration temperature under the optimal volumetric heating
rate implies a large decrease of the supercooling tempera-
ture, which can be observed in Figure 11. As depicted in
Figures 11c and 11d, the supercooling temperature signifi-
cantly changes on the suction and pressure walls as well as
the centerline. The graphs indicate the supercooling temper-
ature is negative under the optimal volumetric heating case.
According to the definition of the supercooling temperature,
its negativity connotes that the flow changes into a super-
heated vapor preventing the condensation. It can be seen that
under the optimal volumetric heating rate, the supercooling
temperature reaches at lower maximums both on the walls
and over the centerline. All the maximum values are also
moved toward the downstream, resulting in a lower wetness
in the flow through the cascade.
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Figure 12: The contours of droplet nucleation rate (/) for the adiabatic and optimal cases (a,b), and the distribution of the droplet nucleation
rate on the suction and pressure walls (c) and over the centerline of the flow passage (d). Since the supercooling temperature is negative on
the pressure side almost throughout the entire passage (see Figure 11c¢), the droplet nucleation rate on the pressure side under the optimal

volumetric heating rate is negligible and not represented.

Figures 12a and 12b show the contours of the droplet nu-
cleation rate (/') in both the adiabatic and optimal cases. In
the adiabatic case, the droplet nucleation rate is higher at
and after the throat, from the suction to the pressure sides.
Interestingly, as shown in Figure 12c, in the optimal case,
the droplet nucleation rate shows a lower maximum over the
suction side that is observed closer to the outlet of the pas-
sage. The same trend is also observable over the centerline in
Figure 12d. Moreover, the droplet nucleation rate is negligi-

ble on the pressure side due to the fact that the supercooling
temperature on the pressure side is negative almost through-
out the entire passage (see Figure 11c), leading to a totally
lower wetness fraction.

The wetness fraction as one of the most important charac-
teristics of the two-phase wet steam flow is investigated and
shows a remarkable improvement under the optimal volu-
metric heating rate. Figure 13b illustrates the wetness frac-
tion computed under Q = 5.21 x 108 W/m? for the super-
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Figure 13: The contours of wetness fraction () for the adiabatic and optimal cases (a,b), and the distribution graphs of the wetness fraction
on the suction and pressure walls (c) and over the centerline of the flow passage (d). Note that the wetness fraction is almost zero over the

pressure wall.

sonic outlet case. Figure 13a again represents the adiabatic
wetness contour for a better comparison. As demonstrated
in Figure 13c, under the optimal Q, the wetness fraction is
almost zero on the pressure side and has a very small value
on the suction side and over the centerline (see Figure 13d)
at the end of the passage.

Inasmuch as the wetness fraction and droplet nucleation
rate are both reduced in the diverging part of the cascade un-
der the optimal volumetric heating rate, the droplet average
radius, 7, also demonstrates a decreasing trend under the op-
timal rate of Q. Figures 14a and 14b compares the contours

of droplet average radius for the adiabatic and optimal cases.
The adiabatic case is represented again for a better compar-
ison. As indicated in Figures 14c and 14d, the droplet ra-
dius are significantly diminished on the suction and pressure
sides as well as over the centerline. It can be inferred from
these figures that the objective, DAR, that is obtained by the
area integral of 7 at the passage outlet (i.e., at X /L = 1)
is well minimized by performing the proposed optimization
process.

The next studied characteristic of the flow is the number
of droplets per volume (). The second objective function
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Figure 14: The contours of the droplet average radius (7) for the adiabatic and optimal cases (a,b), and the distribution graphs of the
droplet average radius on the suction and pressure walls (c) and over the centerline of the flow passage (d). Note that 7 is very small (almost
zero) over the pressure wall, which is in a good agreement with the graphs of the droplet nucleation rate (Figure 12) and wetness fraction

(Figure 13).

that is minimized in the presented research is the value of
LND, obtained at the end of the passage using Eq. (20).
More precisely, the number of droplets per volume over
the flow area at the passage outlet is integrated in the sim-
ilar manner as DAR. According to Figure 15, the number
of droplets per volume decreases under the optimal volu-
metric heating rate. Additionally, the location at which the
first droplets are constructed is also transformed toward the
downstream. Referring to Figures 15¢ and 15d, the num-
ber of droplets on the pressure side shows a significant re-
duction, while it is not very well decreased on the suction

side and over the centerline. However, considering that the
average radius of droplets are very small and the wetness
fraction is well reduced under the optimal heating rate (see
Figures 13 and 14), one concludes that in spite of existence
of droplets, their radius is extremely small, which results in
minimizing the losses of the steam turbine.

Finally, the local entropy of the flow under the optimal
volumetric heating rate is investigated. As already stated in
Section 6 and also depicted in Figure 8, application of vol-
umetric heating to the converging part of the cascade in-
creases the local entropy of the flow compared to the adi-
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Figure 15: The contours of number of droplets per volume (#) for the adiabatic and optimal cases (a,b), and the distribution graphs of # on
the suction and pressure walls (c) and over the centerline of the flow passage (d). Note that although droplets still exist under the optimal
volumetric heating rate, their average radius is extremely small (see see Figure 14).

abatic case. The reason is the increase of the temperature
of both liquid and vapor phases of the steam. The increase
of the entropy is an undesirable effect of adding volumetric
heating to the flow. Therefore, by defining ILE as an objec-
tive function that integrates the local entropy at the end of
the passage, the best volumetric heating rate is found under
which the local entropy of the flow increases in a reason-
able manner while the wetness and the respective losses de-
crease. Figures 16a and 16b compare the entropy contours
for the adiabatic and optimal cases. The graphs of entropy
distribution on the suction and pressure sides and also over
the centerline are demonstrated in Figures 16c and 16d. It
should be noted that after the condensation is occurred, the

entropy of the flow shows a decreasing trend since the lower
entropy of the droplets reduces the total entropy of the mix-
ture.

8. Discussions

Based on the results obtained during the course of this
research, some explanatory remarks regarding the current
case study are in order:

e The implementation of the Eulerian—Eulerian method
facilitates the solution of equations in contrast to the
Eulerian—Lagrangian approach since it does not require
to determine the flow path from one cell to another in
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Figure 16: The contours of the local entropy of the steam flow for the adiabatic and optimal cases (a,b), and the entropy distribution graphs
on the suction and pressure walls (c) and over the centerline of the flow passage (d).

the context of finite volume analysis. However, the
disadvantage of the Eulerian—Eulerian method com-
pared to the Eulerian—Lagrangian approach is that the
integration of droplet growth in a cell is not performed
along the flow line (i.e., actual droplet motion path),
which may deteriorate the approximation of droplet
radius.

e The SST k—w turbulence model has a high require-
ment for wall treatment. Nevertheless, Taking into ac-
count the complexity of the simulation of two-phase
two-dimensional turbulent flow through a curved ge-
ometry and also the iterative nature of the optimization

process, considering a very fine grid near the walls en-
tails higher computational costs. Moreover, as stud-
ied by Menter et al. [45] and the references therein,
for complex industrial flows, obtaining low values of
"dimensionless distance of node to wall" is an exces-
sive requirement and cannot be satisfied for all walls
in most occasions. Finally, the numerical results pre-
sented in the current research showed a good accuracy
compared to well-established experiments, justifying
the adequacy of the employed grid.
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9. Conclusions

In this research, the two-dimensional two-phase wet steam
turbulent flow through stationary cascades of steam turbines
is analyzed. In order to reduce the losses due to the persis-
tent wetness, by means of applying the volumetric heating
to the convergent section of the passage, the logarithm of
number of droplet per volume (LND), the droplet average
radius (DAR), and the integral of local entropy (ILE), mea-
sured at the end of the blade cascade, is minimized. For this
purpose, a multiobjective optimization process is employed,
where the volumetric heating rate is the design variable. To
achieve this, the use of a blackbox optimization procedure
is proposed through the automatic linking of the GA algo-
rithm and the CFD code, in which the function evaluations
are performed by means of CFD runs. Since increasing the
volumetric heating leads to the reductions of DAR and LND
and the increase of ILE, an optimal value for the volumetric
heating rate can be obtained to reach the best performance of
the steam turbine with a lower wetness in the flow and with a
reasonable cost increase for the additional heating. Based on
the results obtained for the model problem under two prac-
tical working conditions, the wetness (measured in terms of
number and average radius of droplets) as well as the conse-
quent losses at the last-stage turbine cascades can be reduced
by adding the volumetric heating rates of 5.21 x 10% and
4.67 x 108 W/m? for supersonic and subsonic outlet cases,
respectively. Adding these heating rates to the convergent
part of the blades amount to the improvement of DAR by
45.7% and 57.5%, and LND by 6.0% and 7.8% for respec-
tive cases.

As future work, it is proposed to find not only the opti-
mal rate of volumetric heating, but also the optimal values
of other influential parameters, e.g., the hot steam injection
and blade geometry, to further improve the performance of
the steam turbines.
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