Energy Equip. Sys./ Vol. 5/ Nol/ March 2017/ 71-83

»

ENERGY%QUIPSYS

Energy Equipment and Systens

http://energyequipsys.ut.ac.ir
WWW.energyequipsys.com

Optimization of turbine blade cooling with the
aim of overall turbine performance enhancement

Authors

Seyyed Morte za Mousavi *
Amir Nejat ?

Farshad Kowsary #

#school of Mechanical Engineering,

College of Engineering, University
of Tehran, Tehran, Iran

Article history:

Received: 8 November2016
Accepted: 17 January2017

ABSTRACT

In the current work, different methods for optimization of turbint
blade internal cooling are invedgated, to achieve higher cycli
efficiency and output power for a typical gas turbine. A simple tw
dimensional model of C3X blade is simulated and validated w
available experimental data. The optimization process is performed
this model with two dfferent methods. The first method is a popul:
method used in previous works with two objectives i.e. 1
minimization of the maximum temperature and the maximur
temperature gradient on the blade. A new method is hereby propo
for optimization of turbine blade cooling, in which the coolant mas
flow rate is minimized subject to maximum temperature, ar
maximum temperature gradient remains lower than certain value
The overall turbine performance is estimated by a simple comparat
thermodynamic analysi®f the reference design and the representati
results obtained from the first and second method of optimization. I
concluded that while the first method of optimization allows highe
TIT for a typical turbine, the turbine output power and efficiencpuld
be lower than the reference design, due to high coolant mass flow |
in these candidate points. However, the optimum design point of
second method has higher power output and efficiency compared tc
other designs (including reference desigaj all values of compresso
pressure ratio. It is shown that implementation of the seco
optimization method can increase the efficiency and the output pow
of a typical turbine 4.68% and 17% respectively

Keywords GasTurbine, CFD Optimization,GeneticAlgorithm, Thermodynami@nalysis

1. Introduction
The gas

turbine performance

is high  described the film cooling as the introductic

dependent on turbine inlet temperature (T
that is limited by the maximum allowabl
temperature of material. Several coolir
methods are used to protect the turbine ble
from the hot gas stream. These cooli
methods can be categorized into film cooli
and internal cooling methods.Goldstein[1]
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of a secondary fluid along a surface expos
to a hightemperature environment to prote
the surface. Ito et gl2] studied the effects of
film cooling on a gas turbine blade ar
calculated the film cooling effectivenes
downstream of the film holes on surfac
with different curvatures. Han eal. [3]
described several internal cooling metho
such as jetmpingement cooling, p#fin
cooling, and rikturbulated cooling, with or
without the effects of roten.

While turbine blade cooling lowers th
maximum temperature,it increases the
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temperature gradient of a blade, which ha
negative effect on durability and lifetime
the material. In addition, the extraction of :
from the compressoifor cooling purpose
reduces the overall efficiency of a gas turbi
Brooks[4] investigated the effects of coolir
flow rate on characteristics of a modern ¢
turbine and demonstrated that each percer
air extraction results in two percent loss
power.

To further increase the power tput and
efficiency of gas turbines, some researct
optimized shape and location the cooli
passages with different objectives. The NA.
C3X blade and experimental results of Hylt
et al.[5] were mat popular for validation o
the numerical results. Nowak et aj6]
presented a twdimensional model of C3)
blade and optimized the location and déden
of cooling holes, in order to minimize a line
combination of maximum temperature a
temperature variance of the blade. La
Nowak and Wroblewski[7], [8] presentec
another optimization method for C3X blac
in which the objective function was a line
combination of maximum temperature a
maximum thermal stress of the blade. Ot
similar studies are by Nowak et al. on inter
cooling optimization in9], [10]. Mazaheri et
al. [11] and Nowak et al[12] conducted a
multi-objective optimization to reduce tt
maximum  temperature and maximt
temperature gradient simultaneously. Wan¢
al. [13] compared three different ho
configurations to minimize the avera
temperature of a blade, subject the!
condition of thermal stress being lower th
the maximum allowable stress of the materi

Most researchers optimized the cooli
configuration of a blade with an objective
minimization of temperature or temperatt
gradient at constant pressure, leoer, the
variation of coolant mass flow rate, which h
a direct impact on gas turbine performance
missed in the mentioned studies. In t
research, a new method is presented
optimization, wherein the objective is
reduce the coolant mass flaate, subject tc
maximum  temperature and maximt
temperature gradient values being less
equal to that of the base design. The loca
and diameter of cooling holes are optimiz
with both the presented method and the mt
objective method described ifl1], [12].
Finally, a simple thermodynamic model
used to compare the estimated turbine cy
efficiency and output power for the results
both optimization methods.
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Nomenclature

W non-dimensional wall distance

a mass flow rate (kg/s)

Y'Q  Reynolds number

0 6  Nusselt number

0 i Prandtl number

‘Q D cooling hole diameter

o axial chord of the blade

o) the thermal conductivity of steel

o) the thermbconductivity of air
convective heat transfer coefficiel

Q air enthalpy (only in the
thermodynamic analysis)

Y temperature

0 pressure

Y entropy

" the length of the temperature

S gradient vector

- the pressure ratio of the

v compressor

. the ratio of the coolant to

w compressor mass flow rates

0 specific work

n specific heat transfer rate

— gas turbine overall efficiency

Abbreviations

CFD Computational Fluid Dynamics

CHT Conjugate Heat Transfer

TIT Turbine Inlet Temperature

RANS Reynoldsaveraged Navier

Stokes
GA Genetic Algorithm
NASA National Aeronautics and Spas

Administration
2.Numerical model
2.1The Geometry

The twodimensional conjugate heat trans
(CHT) around NASA C3X blade is modelle
only once to validateand calculate the hei
transfer coefficient distribution around ti
blade. The solution domain for CH
simulation is depicted inFig.l. The heat
transfer and flow characteristics of coolil
holes are estimated byngirical correlations
for internal flow. Thus, the holes are not
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included in this domain. After simulation «
the flow around the blade and extraction
heat transfer coefficient along the bla
external surface, only the heat trans
problem in the solid domain should be solv
for different hole configurations in th
optimization process. The solid domain &
the geometrical parameters of the blade
cooling holes are shown Fig.2.

The C3X bladematerial is ASTM 31C
stainless steel with variable thern
conductivity which can be described in ter
of  temperature as v T8t p Y0
wBo p TLLB G &) Sutherland formulatior
is used to estimate the viscosity and ther
conductivity of air n different temperatures.

2.2Governing equations

The flow around the blade is assumed to
compressible and steady state wheas
turbulence and the effectsof gravity and
domain. In the case of turbulent flow,

Inlet

fluid domain

solid domain

momentum equations rex replaced by
Reynoldsaveraged NavieBtokes (RANS)
equations. The continuity and the RA"M
equations for fluid domain can be expres:
in tensor form as radiation is neglected. 1
energy equation along with continuity al
momentum equations should bdveal for the
fluid

Continuityequation— " 0 T 1)

Momentumequation — "6 6 —
T .16 16 ¢ 1o

T To To o To

RS

ro (2)
where the termd 6 in Eq.(2) should be
estimated by a proper turbulence model. -
energy equation should be solved for both
fluid and solid domains and it can |
expressed as

Outlet

Fig.1. Solution domain used for CHT simulation

el}————

c ——

Fig.2. Geometrical parameters of the C3X blade
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Energyequation— "6 Y

®3)

where theleft-hand side of this equation
equal to zero for the solid domain.

2.3Boundary conditions

The inlet and outlet boundary conditions
speci fied according
of Hylton et al.[5]. The coupled boundar
condition is used for fluigolid interface anc
the convective heat transfer of each hole
estimated by its corresponding temperat
and heat transfer coefficient. The details
boundary conditions for simulation a
presengd inTablel.

The heat transfer coefficient of each hi
can be calculated from the experimer
correlation of forced convection and Nuss
number of a tubgl4].
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T8t Y80 1 8 ()

006 &
where Re and Pr stand for Reynolds ¢
Prandtl numbers of fluid, respectively. TI
mass fow rate and the average temperature
each hole from run 157 are presented
Table2.

The reference values for mass flow rate :
heat transfer coefficient for each hole of 1
base configuration of C3X bladeeaknown.
However, by changing the diameter of ho
in optimization process, theé and Qvalues
should be recalculated according to the +
diameter. By assuming a constant press
drop for each hole and Dart¥eisbach
equation for pressure lo§E5], the mass flow
rate and heat transfer coefficient of each
can be estimated by

o 8 %)

a a
(@)

Tablel. Boundary conditions for conjugate heat transfer analysis

Location B.C. type Parameter value
0 fp T plowlpd
Main inlet Pressure inlet Yy Qpup
Qe 0 Q¢ iy®Pw
Outlet Pressure outlet 0 5 culmxc
6 U U0 ™
Blade external walls Coupled wall U A A
Q— Q%Y Y
1€
6 U U ™
Wall with Ty

Internal walls

Periodic surfaces

Convectiveheat transfel

’?’Q T_é "Q "Y "Y
N 0EEDAOQ

Translational periodic -

Table2. Dimension, mass flow rate and temperature of each coolant hole

[ A (mm) T (gl9 N (K)

1 6.3 0.0222 352.14
2 6.3 0.0221 354.54
3 6.3 0.0218 345.62
4 6.3 0.0228 346.72
5 6.3 0.0225 340.7
6 6.3 0.0225 366.21
7 6.3 0.0216 351.48
8 3.1 0.00744 376.24
9 3.1 0.00477 406.97
10 1.98 0.00256 446.69
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5 ()
equations, wheré and™Q are the referenc
values of mass flow rate and heat trans

coefficient, respectively.
2.4 Optimization

The main objective of this research is
compare different optimization methods 1
gas turbine blade cooly. The first method i
a multrobjective optimization suggested |
[11] and[12], in which the objective was t
minimize the maximum temperature and 1
maximum temperature gradient in the bla
The objective functions of the first methc
can be gpressed as

R @)
a Qe QGD%GA .,ﬁ

where no constraints existed and the coo
mass flow rate might increase during t
process. In this study, we offer anott
optimization method which appears to
more compatible with gas turbines cycla.
this method, the objective is to minimize t
coolant mass flow rate, subject to maximi
temperature and maximum temperat
gradient remaining lower than specific valu
The objective function and the constraints
the proposed (second) method can
expressed as

0 Q¢ QDA Q
o 7oz I A BTE
Yo & meﬁol» Aoy
where the values of A and B are selected
their respective values in the reference des

(8)

&
&

2.5Design variables

In the current work, location and diameter
the cwling holes are chosen as the des
variables. To reduce the number of the des
variables and to keep the holes inside
blade area, the location of the first two ho
are kept constant and the other holes
restricted to move only along a certaimrve.
This curve is a second order polynom
which best fits the initial location of holes .
displayed inFig.3. By using this curve, thi
location of each of eight holes can
specified by one variable, and addition to
10 variables for each hole diameter, there
be 18 design variables in total.

2.6. Thermodynamic modelling

A simple turbine with ideal Brayton cycle
assumed for estimation of the effects of -
coolant mass flow rate and the turbine tr
temperature on turbine performanckig.4
presents the -B diagram for this cycle
between arbitrary0 and 0 pressures. Thu
coolant air isextractedfrom the compressor

160 |-
140 |
i g
- _' .
120+ ,° X '-. X Constant location holes
| X . ——=#—— Variable location holes
B - ° ——e—— (C3X blade
100 |- ., .
B . .
N TR
L]
E 80 .'. n \-
>~ - L] A ‘ -~ A 2
- ‘q. M Y = 126.1 -0.3681*X -0.0167*X
60 |- L
i Y .
B .Q ",
B ]
40 i .b._;
= . ®
20 | ',
i AFY
I LYY
of 3
L1 L | . [ L1 .
0 50 100 150
x (mm)

Fig.3. The curve of possible locations for cooling holes
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(1l - x) 3
Combustor
Turbine )
o) 1
m(l—x)| -
4
Compressor ’
S

Fig.4. The ideal Brayton cycle with coolant air extractedrfroompressor outlet

outlet, so the mass flow rate at the combu:
and the turbine can be calculated by

a a ap w 9)
where & is the mass flow rate of th
compressor and x is the mass flow rate r:
of the coolant tahe compressor

In this cycle, the compressor intake conditic
are assumed to bé p®oO dGand Y

o 1ot The compressor outlet pressire is
related to compressor pressure rafia, By
considering a specific value for TITY), air
properties at all points of the cycle can
determined. The turbine specific output pov
and net output power can be calculated fror

0 P ®Q MQ (20)
0 0 0
p » Q

and the turbine efficiency can be expressec

0

N e (12)

p w Q Q Q Q

p 0@ 10

where the real air properties for all points i
calculated by the EES software for differe
cases.

3.Meshing and validation
3.1Mesh procedure

Unstructured mesh with boundary layer me
near walls is generated in all cases in |
research. Five different meshes with 5.8 ug
24.6 thousand elements are generated for
independence analysis and thelade
temperatures are compared Kig.5. The
results are almost the same for 11.5k
more elements, so this mesh configuratior
used for all cases in this research. 7
selected mesh, which has ttve smaller than
one near blade walls, is shownFig.6.

3.2Validation

Four different turbulence models are usec
perform CHT analysis and the temperat
distribution on the blade surface is calcula
by each model. The results are compared \
experimental data from Hylton et db] in
Fig.7. The data on the negative side of 1
horizontal axis represent theatd on the
suction side of the blade, and the oth
represent the pressure side data. It is obse
that the SSTII 7 model has the highe:
accuracy with maximum error of 6% ne
leading edge of the blade. The heat tran:
coefficient on the externaldde walls are
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09
0.88 |-
- —————— 5.8k elements
B 7.3k elements
0.86 - 11.5k elements
16.3k elements
0.84 i3 2 it 24.6k elements
'\
082}
= B
® 08
= B
0.78
076 . TSI
0.74
0.72f
B ! | ! L ! | L L 1 . - l .
075 0.2 0.4 0.6 0.8 1

x/c

Fig.5. Grid independence analysis

Fig.6. The computing mesh of fluid and solid domains with boundary layer elements

extracted with this model and used as
boundary condition for soliddomain in
optimization process.
4 Results and discussion

4.1Reference design

The coolant flow rate, blade maximu
temperature and blade maximgmadient are

variables of interest in this section. The valt
for these variables in reference desige
presented irmable 3. According to this table
the A and B values irkq. (8) are set to b
25000K/m and 685K respectively.

The contours of the blade temperature
temperature gradient in reference design
depicted inFig.8 (a) and (b), respectively
While the blade leading edge is the m
critical point for cooling in most blades,in

7
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i L] exp.
- - - - - k=
095 ————— RNG x—¢
- —— SS8Tk-o
- —mi—u— RSM
0.9
[ p -
; o
i Zarh (1
0.85 |- s N vy
: i /‘" \\ ] /
E i,
H

0.8

075F
B . ag® B
0.7 Ll LT P
i 1 1 1 1 I 1 I L I L
0'65-1 0.5 0 0.5 1

x/e
Fig.7. Validation of the results of differentroulence models with experimental data

Table3. Parameter values in reference design

Parameter Value Unit
a 0.17027 kg/s

I Aoy 682.924 K
I A@g 24090 K/m

Temperature Temperature.Gradient
Contour 1 Contour 1
684.391 24089.986
666.675 l 22089.379
648.959 . 20088.770
631.243 - 18088.162
613.527 . 16087.554
595.811 14086.945
578.095 12086.337
560.380 10085.729
- 542.664 8085.121
- 524.948 6084.512
507.232 4083.904
489.516 2083.296
471.800 82.687
[X] [m"-1 K]
(a) (b)

Fig.8. Contours bfield variables in reference design. (a) temperature and (b) temperature gradient



Seyyed Morteza Mousavi et al./ Energy Equip. Sys. / Vol. 5/No1/March 2017

this case, the maximum temperature
observed at the trailing edge area. This is
to high temperature of the coolant flowit
through the hole number 10. The temperai
gradient is higher near cooling holes, and
highest point is reached near the eighth hol

4.2.First method of optimization

A multi-objective genetic algorithm i
implemented in this method, with tf
objectives of minimizing the maximur
temperatureand the maximum temperatu
gradient of the blade. There is no constr:
on coolant mass flow rate, so the va
changes freely during the optimizatic
process. An initial population of 400 and
populationsfor the next generations are us
for optimizaion and the solution is converge
after 1655 observations. The objecti
functions of all observations are plotted
Fig.9 and the Paretofront is also displayed.

Four different points on the Pareto frare
selected as candidates for best design ¢
and represented by A to D on the chart.

The values for output functions of tf
candidate points are presentedlable4. All
candidates have a dimensionless coafaass
flow rate of greater than one, and they h:
different thermal characteristics at the T
equal to 818K. To find out the maximu
allowable TIT in each candidate design poi
the TIT for each candidate is increased, u
one of thel A@Y ori A @™ becomes
higher than 685K or 25,000K/m, respective
As shown inTable 4, in design point A the
maximum temperature gradient is alrec
higher than its value in reference design, t
the TIT cannot be increased in this case. T
point is removed from the candidate points
later sections of this research, and the turt
performances for the other three candide
arecompared for the rest of the candidates.

30000
“ A
i Tlan
| " o B ¢ - - ¢
-~ < . v *
g . o L. s .
2 ‘m * [ ] PO . N
e ‘m . . * L s
~ L ’.-. $ e, S . o .
= . e L, et e el
= FIIN P R -
-2 Am :{ '.é" "= et .\.s -
T 25000 - B ATV N LY L LR
= R - AN P P .«
H . K AR ) .
:'D B e;&'l. o ‘i .ﬁ' : . ::- M
et .fl'ﬁ" IR A I 3 2
= BE el ‘ " ¢ aglfgre? .‘0 LY Dt
- a ik g Lem s omed e
g R hs S et
g e, S e Ty e
g i . . #e- . ‘l-.
m " & $eo cE .
g " L S s
by ) N . ..
- B v e .'
£ ~ ‘n
E 20000 P D
-5 B Pareto front
2 = All observations
] Last generation
B ——#—— Candidate points
L L I L L I L
550 600 650 700

Maximum temperature (K)
Fig.9. Objective function space for first method optimization

Table4. The results of first method optimization for each candidate point

TIT=818K J< Max allowable TIT
. T H¢ T Hc ax allowabple
Cand_ldate Dimensionless] . Oﬂ ® 1|$ (K)
point r (K) (K/m)
A 1.789 583.102 25453.800 <818K
B 2.104 592.065 23511.700 843.238
C 1.869 605.067 21573.500 874.952
D 1.237 644.563 20291.800 859.581
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The temperature distribution for the desi
points B, C and D with #a TIT equal to 818K
are depicted ifrig.10. The design point B ha
the lowest coolant mass flow rate, so
higher temperature is anticipated.

4.3 Second method of optimization
In this method, the optimizatios performed
with the objective to minimize the coola

mass f_Iow rate in_ the same blade, w
constraints on maximum temperature and

o

Temperature
Contour |

! 650.000

627.500
605.000
582.500
560.000
537.500
| 515.000
492,500
470.000
| 447.500
L 425.000
402.500
380.000
[K]

Design-B
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maximum temperature gradient. The gent
algorithm with 400 initial population and €
population per next generan, is used to finc
the optimum design point and the soluti
converged after almost 1200 observatic
The first 400 points are generated randot
and many of them do not satisfy the probl
constraints. The objective function values .
sorted in ascenidg order for each generatic
and the convergence history of the object
function is displayed ifrig.11.

Design-C Design-D

Fig.10. Temperature contours for the three final candidate points

~
[6;]

-
I
aEms  ma

Dimensionless mass flow rate

200

4

00

600

8

00

Observation number
Fig.11 Convergence history of dimensionless mass flow rate

1000

1200
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The best design point with minimu
objective function and acceptable constre
values has a dimensionless mass flow rat
0.71, which means 29% reduction in cool
mass flow ate. The values of the desi
variables and output functions are preser
in Tableb.

The contours of the blade temperature
temperature gradient are illustratedRig.12
(@) and (b), respectively. The maximt
temperature gradient occurs around the hi
similar to other cases but the temperat
distribution is more uniform compared to t
reference design. The very small diametel
the eighth hole means that thamber of the
holes ismore than required for this blade.

4.4Thermodynamic analysis

The comparison of the turbine performance
different pressure ratios for the thr
candidate points in the first method, the res
of the second method and the reference de
have been shown iRig.13. In thereference
design, around 10% of the total mass flow r
is extracted for cooling purpose. Hence,

TIT and x values for the reference design
assumed to be 818K and 0.1, respectiv
The results of the first optimization meth:
have higher values offIT and x, but in
second method the x is minimized with t
constant TIT. The B and C design points
the first method have lower efficiency and

81

Table5. The optimization results of the second method

. Value . Value . Value
Variable (mm) Variable (mm) Variable (mm) Output Value
Q 6570 Q 5.823 @  46.456 D'megs'on less 0.710
Q 5.312 Q 0.685 W 51.860 i Aoy 682.739 K
Q 3.545 Q 3.521 w 61.003 I A [ 1 22435.100 K/m
Q 6.011 Q 2.444 w 63.421
Q 4,230 W 25.467 W 69.567
Q 5.922 W 35.697 w 73.816
Temperature Temperature. Gradient
Contour 2 Contour 1
S @ HS, :
6.620e+002 % 19077.572 -
6.505e+002 \ 17734.547 »
6.390e+002 16391.521 4
6.274e+002 15048495 .
- 6.159e+002 13705.471
6.044e+002 - 12362.445
5.929e+002 11019.420
5.813e+002 9676.396
5.698e+002 \ 8333370 .
5.583e+002 6990.346
- 5.468e+002 \ ) 5647.320 %
| 5.352e+002 \ . 4304.295 -
' 5.237e+002 2961.270
5.122e+002 L g 1618.245
5.007e+002 et 275.220 -
K] \ [m™-1K] -
| .
-
@ (b)

Fig.12 Results of second method optimization. (a) Temperature and (b) temperature gradient contours
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140

1
2 4 ] 8 10 12 14

power output compared to referenceiges
In the design point D, the turbine pow
output is increased but the efficiency t
slightly decreased compared to the refere
design. But, the optimized geometry in t
second method has the higher turb
efficiency and power output with respect
the reference design. So, the sect
optimization method is more convenient
the case of gas turbine blade cooli
optimization.

A typical gas turbine can perform at
pressure ratio of 12 or more. The turbi
performance of different designs at tl
pressure ratio is compared ifable 6. The
optimum design of the second optimizati
method increased the power output of
turbine by 17% compared to reference des
and also shows 4.68% higher efficiency. T
value will be even higher for a real gas turb
with 15% coolant mass flow rate, whe
reduction of 1% from coolant mass flow re
can increase the power output by %o

5.Conclusion

Different methods for optimization durbine

reference

1st method - B
 1st method - C
1st method - D
2Znd method

P

(@
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blade cooling are discussed and a
optimization method is offered for turbir
blade cooling with the aim of improving tt
overall turbine efficiency and output powe
The location and diameter of cooling passa
in a 2D model of C3X blade are optimiz
with two different methods. The first metho
which was a popular one in previogsearch,
is a multiobjective method to minimiz
maximum  temperature and maximt
temperature gradient in the blade. The sec
method is proposed in this paper and
objective is to minimize the coolant flow ra
required to keep the temperature ¢
temperature gradient lower than a spec
value. The performance of the optimt
designs of these two methods has b
compared by a simple thermodynan
analysis.

The proposed method in this resea
(second method) is superior to the fi
method in termsof time consumption an
certainty. It is mainly because a mul
objective optimization method requires mc
time to converge and the user must cho
between a series of design points at the Pe
front himself.

The s ec on dptimuentddsigndhas:

60

reference

55 1st method - B

+ 1st methed - C
— —— — lIst methoed - D
— — — —  2nd method

1 | T T I N NI N | T )
4 6 8 10 12 14

(b)

Fig.13. Turbine performance of different designs. (a) net power output and (b) turbine efficiency

Table6. Gas turbine performance of different designdzat

Case TIT (K) X t
reference design 818 0.1 72.3 34.83
1st methoeB 843.238 0.2104 36.1 17.69
1st methoeC 874.952 0.1869 60.5 25.34
1st methoeD 859.581 0.1237 82.1 33.84
2nd method 818 0.071 84.6 39.51
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increagd the turbine power output and
efficiency by 17% and 4.68%, respective

However, while the candidate points of fii
method allow higher TIT without any harm
blades, the turbine performance mic
deteriorate due to high coolant mass flow re
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