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ABSTRACT ARTICLE HISTORY
Pre-swirl system is installed to minimize energy loss between the stationary and rotating parts of ~ Received 9 September 2020
turbine secondary air system. Although various optimization studies were conducted to increase the Accepted 26 October 2020
pre-swirl efficiency, most of the studies were focused on a hole type pre-swirl nozzles. In this study, a KEYWORDS

vane type pre-swirl nozzle was optimized to increase mass flow rate and temperature drop for given Adiabatic effectiveness;
boundary conditions. The system performance was analyzed by 3D CFD and the objective functions discharge coefficient; MOGA;
were used to maximize the discharge coefficient and the adiabatic effectiveness. After sensitivity ~ pre-swirl system; secondary
analysis, seven design variables were chosen on the three planes of nozzle span-wise direction. The air system; vane type nozzle
OLHD method was used to obtain the initial scattered test points, and the additional ones were sup-

plied by the ALHD method. The Kriging model was constructed as the surrogate one, and refined

iteratively until satisfying the convergence criteria between the estimated point and the CFD result.

The optimized model improved the span-wise uniformity of the flow path and the discharge coef-

ficient was increased by 2.57%, whilst the adiabatic effectiveness remained nearly constant. The

performance was also analyzed for pressure ratio and off-design points, with the optimized model

showing better performance at all boundary conditions.

Nomenclature 7 Coefficient of viscosity (N-s/m?)
. . . . 2

A Pre-swirl nozzle throat area (m?) v Kinematic viscosity (m”/s) )

b Outer radius at the cavity (m) w Turbulence eddy frequency (s™')

c Velocity in absolute frame of reference (m/s) g ﬁdlablatlc elﬂfeétlverfless d/

Cp  Discharge coeflicient of the pre-swirl system ngular velocity of rotor (rad/s)

Cpn Discharge coeflicient of the pre-swirl nozzle

Cw  Non-dimensional mass flow rate (= #/ub) Subscript

Cp Static pressure coefficient . .

. 0 Pre-swirl nozzle inlet
p Specific heat at constant pressure (J/ kg-K) . P 1 . 0
k Turbulence kinetic energy (m?/s?) re-s.w1r nozz. e outlet
. 2 Receiver hole inlet

m Mass flow rate (kg/s) ]

, Radius (m) 3 Receiver hole outlet

P Pressure (N/m?) rel Relative frame of reference

Regp Rotational Reynolds number (= Q-b?*/v1) $ itatllc

T Temperature (K) t ota

) Circumferential velocity (m/s)

w Velocity in relative frame of reference (m/s) 1. Introduction

yt Non-dimensional wall distance ) ) )
The recent trend in modern gas turbine operation

Greek involves increasing compressor pressure ratio and TIT
(Turbine Inlet Temperature) to improve turbine effi-

B Swirl ratio (= vo/ 2-7) ciency and the generated power. Currently commercial

Y Specific heat ratio 08 H class industrial gas turbines have a TIT up to 1650°C.

At Turbulent flow parameter (= Cw-Re, ) For such a system to operate reliably, it is necessary
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to improve the secondary cooling flow path design for
efficient cooling of the turbine components.

To this end, within the operating conditions specified
to meet the target performance, the secondary air sys-
tem should be designed primarily for supplying cooling
air with appropriate pressure, temperature, and mass flow
rate to each row of the turbine blades. In this case, a pre-
swirl system is installed for reducing energy loss of the
cooling air moving from the stationary to rotating parts.
By inducing a flow angle in advance, the pressure loss
can be minimized to maintain both pressure and mass
flow rate as high as possible in the rotating cooling path.
In addition, because of the relatively high circumferential
velocity of the cooling air, the relative total temperature
at the rotating parts is decreased. Hence, a well-designed
pre-swirl system can help reducing the amount of cooling
flow, and ultimately, can improve turbine performance.

Efficiency of the pre-swirl system is analyzed by tem-
perature drop and mass flow rate. Wilson et al. (1997)
conducted both experimental and numerical study on a
direct-transfer pre-swirl system in which the pre-swirl
nozzles and the receiver holes were mounted at the same
radial location. By measuring the flow field and temper-
ature distribution in the receiver hole, it was confirmed
that the temperature drop of the cooling air was increased
as the swirl ratio was increased. Ditmann et al. (2002)
experimentally investigated the relationship between the
geometries of receiver holes and flow energy loss in a
direct-transfer pre-swirl system. Experimental data were
compared with CFD (Computational Fluid Dynamics)
results for various receiver hole geometries, as well as the
pressure ratio. In addition, the discharge coeflicient of the
pre-swirl system, which is the ratio between the actual
mass flow rate and the ideal one, was defined at each
measurement point based on a theoretical formula and a
loss factor due to friction or mixing. The discharge coeffi-
cient of the hole type pre-swirl nozzle was affected by the
number of receiver holes and the circumferential velocity
component of the fluid. The pre-swirl system discharge
coefficient was between 0.7 and 0.8.

Since the location and design method of the pre-swirl
system used to achieve the design requirements for each
gas turbine model are different, extensive research has
been performed to optimize the design parameters and
to incorporate them into gas turbines. There are typically
four components of a pre-swirl system: inlet duct, pre-
swirl nozzle, cavity and receiver hole. Numerous studies
on each component have been carried out. For the inlet
duct, the effect of the internal support structure and
shape optimization were studied to improve performance
(Kim et al., 2018; Lee et al., 2018). Compared with the
original model, the new design for the internal struc-
ture and pre-swirl nozzle showed improvement in the

discharge coeflicient and adiabatic effectiveness. On the
other hand, the direct-transfer pre-swirl system showed
a small change in system efficiency with cavity shape
(Bricaud et al., 2007; Ditmann et al., 2002). Studies on
the shape of the receiver hole have also been carried out
(Bricaud et al., 2007; Didenko et al., 2012; Ditmann et al.,
2002). The ratio of the nozzle throat area to the receiver
hole inlet area was the most influential shape parame-
ters, and system efficiency was highest for the full annulus
outlet without receiver holes.

Among the components of the pre-swirl system,
research on the pre-swirl nozzle has been the most preva-
lent. Depending on nozzle shape, it can be classified into
a hole or vane type, and the vane type nozzle shows a
relatively higher performance. In early work, CFD val-
idations for hole type nozzles were widely conducted
because of their simple geometries. However, recently, a
variety of performance improvement studies have been
conducted on the shape of the vane type nozzle. Kim et al.
(2018) studied various shapes of aerofoil for pre-swirl
nozzles. A basic vane type nozzle which generally has bet-
ter performance than a hole type nozzle, was designed.
The performance curves of pre-swirl system with dif-
ferent number of nozzles, i.e. different throat areas, for
various boundary conditions were also provided in the
study.

Several creative designs have been applied to the vane
type nozzle in many studies. Javiya et al. (2011) inves-
tigated three types of pre-swirl nozzles: the simple hole
type, the aerodynamically designed hole type, and the
vane type. The discharge coefficient and temperature
drop were compared, with the vane type nozzle show-
ing the best performance in both parameters. Liu et al.
(2016) proposed a new concept VSH (Vane Shaped Hole)
nozzle with increased solid width and sharp trailing edge
compared to the general cascade vane type nozzle and
compared its performance to that of conventional mod-
els. Lee et al. (2018) arranged VSH nozzles at regular
intervals between general cascade vane type nozzles to
minimize energy loss from the internal support struc-
ture at the inlet duct. Kim et al. (2017) suggested a new
pre-swirl nozzle configuration with a splitter. The authors
showed that the aerodynamic loss and swirl ratio could be
increased by adjusting the position of a splitter installed
between the cascade vane type nozzles.

For both hole type and vane type nozzles, shape opti-
mization has been studied to improve pre-swirl perfor-
mance. Ciampoli et al. (2007) performed shape opti-
mization for the outlet diameter and the flow path of
hole type pre-swirl nozzles. The SA (Simulated Anneal-
ing) algorithm was used as an optimization method
and the results were compared with those of the
DHC (Dynamic Hill Climbing) algorithm and the RSM
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(Response Surface Model) methodology. It was found
that the optimal solution using RSM showed a higher dis-
charge coefficient, which was 0.83 without considering
the rotating effect. Lee et al. (2019) optimized the hole
type nozzle using the OLHD (Optimal Latin Hypercube
Design) method and a genetic algorithm. It was shown
that the discharge coefficient of the optimal model was
31.7% higher than that of the initial model by optimiz-
ing the angle of convergence and reducing the blockage
effect.

To improve the efliciency through various shape
parameters, many studies have been conducted on the
validation of CFD methodology and experimental results
(Park et al., 2019; Ramezanizadeh et al., 2019). However,
most of the gas turbine pre-swirl nozzle studies were con-
centrated on the hole type pre-swirl system. In this study,
3D optimization of a vane type nozzle was conducted to
compare the results in terms of discharge coefficient and
adiabatic effectiveness. In addition, the pre-swirl perfor-
mance change under off-design conditions was analyzed.

2. Theoretical approach
2.1. Discharge coefficient (Cp)

The discharge coefficient is a non-dimensional indica-
tor of the performance of the pre-swirl system applied by
Ditmann et al. (2002). It represents the ratio of the mass
flow rate to the theoretical one. The discharge coeflicient
goes to 1 as the pre-swirl system efficiency increases. High
pre-swirl efficiency also means that the cooling mass

@ Pre-swirl nozzle inlet

flow rate supplied to the nozzle throat area increases.
The discharge coeflicient were defined for the number of
measurement locations shown in Figure 1.

Equation (1) describes the discharge coefficient at the
nozzle outlet (Cpy), whilst Equation (2) shows the dis-
charge coefficient of the entire pre-swirl system (Cp).

i
Cpn = (1)
2 +1
APy | 2y (Q)V_(Q)T
~RToyt Y= ot 0t
13
Cp = (2)
2 v+l
apy | 2v | (B)Y _ (P)7
e[ () - ()]

For comparing mass flow rates for various turbines sizes,
non-dimensional mass flow rate Cy was introduced in
Equation (3). The mass flow rate at 1 and 3 (as shown
in Figure 1) could be slightly different due to cavity seal
leakage.
1y ms3
CIW = — Or C3W =

= — (3)
u1b u3b

As the discharge coefficient represents the flow efficiency
at a particular nozzle throat area, mass flow rate could
decrease even though the discharge coefficient increases,
if throat area is decreased. Hence, the mass flow rate as
well as the discharge coefficient should be considered for
analyzing the performance of an actual system.

\

Stationary
domain

@ Pre-swirl nozzle outlet

Cavity

@ Receiver hole inlet

Rotating
domain

—

@ Receiver hole outlet

Figure 1. Schematic view of the pre-swirl system.
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2.2. Adiabatic effectiveness (6)

The temperature drop performance of a pre-swirl system
was evaluated using adiabatic effectiveness 6 (Karabay
et al, 1999), which is shown in Equation (4). This
non-dimensional number is derived from the equation
between work to air and kinetic energy, which represents
the ratio of enthalpy change to rotational kinetic energy.

9 — Cp|T2t,rel - T1t|
%rZQZ

(4)

Adiabatic effectiveness means that the pre-swirl system
is efficiently achieving the total temperature drop in the
rotating coordinate system, and adiabatic effectiveness
and swirl ratio have a linear relationship in all the sec-
tions. When the adiabatic effectiveness becomes 1, the
swirl ratio also becomes 1. Note that the swirl ratio 8
shown in Equation (5) is defined as the ratio of the cir-
cumferential velocity of the flow at the outlet of the pre-
swirl nozzle to rotational speed of the turbine disk at the
same radius.
Vo

B = o (5)
Rotational speed of the turbine disk and the circumfer-
ential velocity of the flow at the outlet of the pre-swirl
nozzle coincide when the swirl ratio is 1, which is the best
operating condition for minimizing pressure drop, whilst
ensuring minimum relative total temperature.

3. CFD methodology
3.1. Numerical analysis and validation

In this study, to analyze the behavior of fluids under
steady state conditions, the solution of the RANS

?IIA

Outer
shroud

Annular
Sealing air chamber £
/
NI/ N\ }%
\ "7 g

%
_

b=216mm - .
Receiver holes

.

— W

Stator

N
%\\ N Polycarbon
A
Pre-swirl N - Rohacell
nozzles NN
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a=145 mm ‘N Aluminium
—
10 mm
(@

Figure 2. Test rig and computational domain (Javiya et al., 2012).

- Rotating part
- Stationary part

(Reynolds-Averaged Navier-Stokes) equation was obtai
ned using a CFD tool ANSYS CFX 2019 R3. The
SST (Shear-Stress Transport) k- turbulence model was
applied as the turbulence model (Javiya et al., 2012),
which is suitable when the numerical analysis of the flow
inside a rotating region is complicated and the viscous
region of the wall must be considered.

The initial code validation of this study was conducted
based on the data reported from open literature contri-
butions. The experiment data conducted at University of
Bath, UK were compared with CFD results, along with
applying the same boundary conditions. The sketch of
the test rig and computational domain are shown in the
Figure 2.

The cover-plate pre-swirl system experiment was con-
ducted with an inner radius a = 145mm and outer
radius b = 216 mm. The pre-swirl nozzles were com-
posed of 24 holes, and 20° inclined to the circumfer-
ential direction. The radial location of the nozzles was
r = 160 mm and its diameter was 7.1 mm. 60 receiver
holes were located at r = 200mm with a length-to-
diameter ratio of 1.25. For more details, Bath experimen-
tal setup can be found in Javiya et al. (2012). Referring
to the recently studies, the computational domain was
extended tangentially 30° including two pre-swirl nozzles
and five receiver holes instead of annular slots. Periodic
condition was applied at each tangential side and frozen
rotor interface was applied between the stationary and
rotating domains.

The radial distribution of the swirl ratio for fixed
boundary conditions and the swirl ratio according to var-
ious boundary conditions were shown in Figure 3 (Da
soghe et al,, 2018; Kusbeci & Chew, 2018). In Figure
3(a), the experimental data and the CFD result showed

Outlet

e

Receiver holes

z
Cavity

v

Pre-swirl nozzles

(®)
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(a) Radial distribution of swirl ratio at center line of the
receiver holes, Reg = 0.78%X 106, A = 0.369

Figure 3. Comparative analysis of swirl ratio.

a tendency to fit quite well, and the largest discrepancy
(26%) was captured around r/b = 0.85. This area was
similarly calculated in previous studies and was consid-
ered to be due to the weakness of the RANS turbulence
model which generally underestimates jets spreading and
mixing. On the other hand, in the case of Figure 3(b),
which compared the averaged swirl ratio on the interface,
showed very similar results for each boundary condi-
tions, and the average error was 3.69%.

Based on the above results, Hanyang University con-
ducted an experiment on the direct-transfer pre-swirl
system to verify the discharge coefficient, and compared

Radial Inlet
diffuser flow path

Seal leakage
outlet 1

Upstream
pipe

Receiver hole rotor disk

Downstream pipe

&0

0.8

Swirl ratio (/)

0.6

0 CFD
4 Exp. data, Javiya et al. 2012

*
L 3l
L 3|

0.4

0.2

LIS L L e e |
L 3l
L 3l
L 3l

oo o o o b b )
0 5000 10000 15000 20000 25000 30000

Non-dimensional mass tlow rate (Cpp)

(=4

(b) Swirl ratio distribution at various boundary conditions

it with the CFD results. The test rig used in the experi-
ment is shown in Figure 4.

Test rig was designed 1/2 of the actual machine size
using the similarity law, and 60 vane type pre-swirl
nozzles and 68 receiver holes were installed. Fixed sen-
sors which measured pressure and temperature were
equipped at pre-swirl nozzle inlet, pre-swirl nozzle out-
let, and receiver hole outlet. Total mass flow rate and seal
leakage could be checked by measuring the mass flow
rate at inlet and outlet of the system. Radial span of pre-
swirl nozzle was 30 mm and the parameter range tested
in the experiment was 0.6 < Ay <1.34, 0.4 x 10 <
Rey < 1.5 x 10°, and 0.67 < B < 1.82. In this test rig,

Pre-swirl nozzle stator disk

Motor
Seal leakage l

outlet 2

Pressure and
temperature
Pitot tubes ( X3)

Seal leakage
flow hole (x4)

Figure 4. Hanyang University direct-transfer pre-swirl system test rig.
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Figure 5. Result of experiment and CFD (a) Lee et al. (2020), (b) Lee et al. (2019).

experiments were conducted for each nozzle model
and boundary conditions, and the results are shown
in Figure 5.

As a result of comparative analysis of the experimen-
tal data and numerical analysis, overall reasonable results
were obtained. In both graph, the discharge coefficient
increased as the pressure ratio increase due to the com-
pressibility effect.

3.2. Geometrical configurations

The base vane type pre-swirl nozzle, designed based on
NACAO0010, has constant cross-section. The secondary
air system was designed as a direct-transfer pre-swirl sys-
tem in which 60 pre-swirl nozzles and 68 receiver holes
were located at the same radius from the center of rota-
tion. To derive the design parameters of the vane type
pre-swirl nozzle, seven independent shape parameters
were defined for each of three cross-sectional planes in
a span-wise direction, as shown in Figure 6.

The defined shape parameters were inlet angle, leading
edge radius, stagger angle, exit angle, unguided turn-
ing angle, and trailing edge radius. Among eleven of the
shape parameters considered by Pritchard (1985) for gas
turbine vane shape, the design variables were defined
by excluding the uncontrollable variables, including the
constraints and dependent variables given in the over-
all system. In addition, the stagger angle was added as a
shape parameter to provide a high circumferential veloc-
ity component at the nozzle outlet.

Computational analysis was performed to analyze the
discharge coefficient of the vane type pre-swirl nozzle
as shown in Figure 7. Only one axisymmetric 3D flow
path was calculated, by applying the periodic condition to
decrease the calculation time. The fluid domain consisted

Leading edge —
radius

Inlet
wedge angle

(Throat)

Flow direction

d

_— Shroud

_
Midspan
_, Hub
Unguided
/ o turning
AR Fo— angle
angle
(Axial chord)
Trailing edge Exit angle

radius

Figure 6. Vane design parameters.

of a stationary part (a pre-swirl nozzle) and a rotating one
(a receiver hole).

3.3. Gridindependency

As shown in Figure 8, the girds used around the vane
type pre-swirl nozzle were generated as block-structured
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Figure 7. Computational domain of the pre-swirl system.

NS
s:«ggh

Figure 8. Computational grids for numerical analysis.

hexagonal grids using ANSYS TurboGrid, and other
analysis domains consisted of tetrahedral and prism
grids. In the nozzle region where the shape was modified
for optimization, the same number of hexahedral grids
were re-meshed by the batch files even if the design vari-
ables had been changed. A sufficient number of hexago-
nal layers were generated in order to resolve the boundary
layer on the near-wall of the analysis region accurately.
The maximum y* was less than 1 at the all domain
through inflation layers.

WAYAVAN
."V VA‘)V

- Interface : Frozen Rotor

20

Figure 9 shows the grid independency test to deter-
mine the number of grids for the fluid domain, where
the error was less than 0.1% for 6 million or more grids.
As a result, 8.2 million grids were generated in total: 6
million in the pre-swirl nozzle domain and 2.2 million
in the remaining ones. Based on the RMS (Root Mean
Square) values, the solution convergence for all residuals
was satisfied at less than 1 x 1074, Also, for all domains,
mass flow rate and angular momentum imbalance were
less than 4 x 107>,
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Figure 9. Grid independency test.

3.4. Boundary conditions

Calibrated ideal gas was applied as the working fluid,
which properties were corrected using the characteris-
tics of ideal gas (Kim et al., 2016). The entire system
was modeled with four separate domains, with the GGI
(General Grid Interface) and the frozen rotor methods
being used for the interface between the stationary and
rotating parts (Benim et al., 2004). Since the pre-swirl
system shows an irregular flow field at the nozzle out-
let and a large velocity distribution in the circumferential
direction, the frozen rotor interface is suitable for analy-
sis of the pre-swirl system. To create a periodic annulus
interface to calculate the rotating receiver hole domain,
one axial plane in the cavity domain was selected as the
frozen rotor interface. The walls in the cavity adjacent
to the rotating domain were treated as rotating walls to
simulate the rotating disk. Dependency of the inlet turbu-
lence quantities was checked, and the difference between
each results was insignificant. Therefore, the turbulence
intensity was assumed to be 5%.

Boundary conditions were applied in consideration of
the fluid properties given to SAS (Secondary Air Sys-
tem) from the total system design. The inlet conditions at
the entrance of the pre-swirl system were 20 bar of total
pressure and 700 K of total temperature which were dis-
charged from the compressor. The outlet condition was
16.53 bar of static pressure, and the disk rotating speed
was 3600 rpm. Except for the periodic ones, the walls
were set to no-slip and were adiabatic. The summarized
boundary conditions are shown in Table 1.

4. Optimization
4.1. Defining optimization problems

In order to conduct the optimization process efficiently,
the nozzle throat area change was limited to+1% of

Table 1. Boundary conditions of the pre-swirl system.

Inlet Outlet

Total pressure Total temperature Static pressure

20 bar 700K 16.53 bar
Seal leakage in Seal leakage out
0.006 kg/s 0.003 kg/s

the initial design value. In this study, since the constant
static pressure (p3s) boundary condition was applied to
the receiver hole outlet, the objective function could be
re-defined as a relation of the mass flow rate (), static
pressure (p15) and total temperature (T¢). Given a con-
stant rotating speed and receiver hole outlet pressure with
fixed throat area of pre-swirl nozzle, the discharge coef-
ficient at the outlet of pre-swirl nozzle (Cpy) and that of
the entire pre-swirl system (Cp) have a linear relation-
ship. Hence, in this study, the discharge coefficient and
adiabatic effectiveness at the pre-swirl system outlet were
used as the objective functions.

Objective.

Max. System discharge coefficient (Cp)

Max. System adiabatic effectiveness (9)

Constraint.

|[Ainitial — Al < 0.01 X Ajpisial

A commercial optimization tool PIAnO was used for
the design of experiment, surrogate model construction,

| Base model |
v
| Sensitivity analysis |
v
r‘ Select design variables / space |
Select design of experiment
(OLHD) -
v

Assess performance of
sample points
(CFD)

2

Construct surrogate model
(Kriging method)

Adding additional sample points

1 (ALHD)
| Explore design space (MOGA) |
| Obtain candidate design |
* No

Verify candidate point
(Run CFD on candidate point)

Satisfies error
condition?

YES

| Finish the process |

Figure 10. Flow chart of the optimization process.
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Figure 11. Sensitivity analysis of the discharge coefficient and the adiabatic effectiveness.

and optimization, the lattermost process being shown in
Figure 10.

4.2. Sensitivity analysis of design variables

As shown in Figure 11, sensitivity analysis of each vari-
able was performed by defining the upper and lower lim-
its of the shape parameters. The stagger and exit angles,
having large effects on the shape of the flow path, were
limited to & 3% of the initial value and the remaining
design variables were constrained to £ 5% of this value.
The results of the sensitivity analysis for each design vari-
able are shown in Figure 7, where the variation of the
discharge coeflicient and adiabatic effectiveness for each
design variable are shown. The stagger and exit angles
had the biggest effects on the discharge coefficient and

the adiabatic effectiveness. In addition, to confirm the
optimization tendency of the design variables with non-
significant sensitivity, the hub unguided turning angle
was selected as an additional parameter. It showed a rel-
atively high sensitivity among the less sensitive design
variables. The design boundary was defined within the
range of 4% except unguided turning angle in the hub.
The final design parameters and non-dimensional design
boundaries are shown in Table 2.

4.3. Design of experiment

As the design optimization is computationally expensive,
itis essential to select appropriate test points for minimiz-
ing the resources required in this respect. In this study,
the OLHD (Optimal Latin Hypercube Design) method

Table 2. Selected design variables and normalized design space.

Design variables Lower bound Initial value Upper bound
Shroud Stagger angle 0.969 1 1.031
Exit angle 0.963 1 1.038
Midspan Stagger angle 0.969 1 1.031
Exit angle 0.963 1 1.038
Hub Stagger angle 0.969 1 1.031
Exit angle 0.963 1 1.038
Unguided turning angle 0.667 1 1.333
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was used to obtain the test points efficiently and 54 ini-
tial test points were selected for seven design variables
(Lee et al., 2013). The OLHD method maximizes the
variance of the test points and improves the bias of the
test points, thus overcoming a disadvantage of the LHD
(Latin Hypercube Design) method. That is, an efficient
approximation model with fewer test points can be con-
structed with the OLHD method. In addition, to improve
the reliability of the approximation model constructed
with the OLHD method, 10 additional test points were
added incrementally using the ALHD (Augmented Latin
Hypercube Design) method. In order to complement the
initial test points, the ALHD method was used to improve
the space-filling function for the test points. In this man-
ner, a reliable response surface can be generated for the
interaction of the variables (Montgomery et al., 2009;
Myers et al., 2004).

4.4. Surrogate model

A surrogate model was constructed based on the com-
putational analysis results of the selected test points, and
the Kriging model was used as this model. The Kriging
model is composed of the global model and the local-
ized deviation as one of the interpolation methods. It is
suitable for numerical calculation because of its high reli-
ability of approximation for a second-order (or higher)
non-linear system (Ahmed & Qin, 2009). The response
surface of the stagger and exit angles with respect to the
discharge coefficient are shown in Figure 12.

Discharge coefficient (Cp)

Figure 12. Kriging model of hub stagger angle and hub exit
angle with respect to the discharge coefficient.
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Figure 13. Pareto optimal solution graph.

4.5. Optimal point

The MOGA (Multi-Objective Genetic Algorithm) was
used to derive the optimum point based on the surro-
gate model. Like the GA (Genetic Algorithm), MOGA
uses the mathematical algorithms of natural genetic
evolution, but whilst simultaneously optimizing one or
more objective functions. In this algorithm, various solu-
tions can be determined according to the selection cri-
teria of the optimum solution to find a representative
set of Pareto optimal solutions. The goal of this opti-
mization process is to ensure the quantity of trade-offs
within a range that can satisfy each objective function,
and to find a single solution that meets the subjective
preferences of the decision maker (Fonseca & Fleming,
1993).

According to the MOGA result, as shown in Figure 13,
the Pareto optimal solution graph was derived and a sin-
gle optimal solution was chosen by the decision maker.
A higher weighting factor was given to the discharge
coefficient because the system performance was far less
sensitive to the adiabatic effectiveness than the discharge
coefficient.

Figure 14 shows the pre-swirl system discharge coef-
ficient between the candidate point of the Kriging sur-
rogate model and the calculated CFD result. Two refine-
ment steps were conducted and 10 test points were added
at each step to find the global optimal point. The opti-
mization process was terminated when the error between
the two values was less than 0.5%. When the refine-
ment was repeated, both the candidate point and the
CFED result increased whilst the error between the two
decreased. After applying the ALHD method to improve
the surrogate model, the changes of optimal design values
of each variable for the initial optimization (OLHD) and
the refined ones (ALHD) were obtained, as shown in
Figure 15.
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Figure 15. Normalized optimum points in design space in accordance with the refinement steps.
Table 3. Normalized optimal design variables. Table 4. Optimization results.
Shroud stagger angle 0.999 Hub stagger angle 0.991 Initial model Opt. model A (%)
Shroud exit angle 0.986 Hub exit angle 0.975
Midspan stagger angle 0.992 Hub unguided turning angle 1.127 G 0896 0.919 257
Midspan exit angle 1.01 Cw 31867 32752 278
: 6 0.965 0.961 —0.41
B 1.009 1.006 —0.3
5. Result

5.1. Optimization

The derived optimal design values of each variable are
shown in Table 3, where non-dimensional numbers are
used to show relative dimensions compared to each
dimension of the initial model. The optimized and initial
models are simultaneously shown in Figure 16.
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m CFD result

Initial Initial Opt.

r Candidate point

Figure 14. Comparison of the candidate point of Kriging model
and CFD result.

The optimized discharge coefficient (Cp) and adia-
batic effectiveness (6), for the given properties at the
pre-swirl system outlet, are shown in Table 4, along
with the dimensionless mass flow rate (Cy) and swirl
ratio (8).

As a result of optimization, the system exit discharge
coefficient increased by 2.57% compared with the initial
model. The difference in the nozzle throat area between
the optimized and initial model was kept within 0.1%.

Optimized model

---------- Initial model

7 / S pape-...

Concave span

Figure 16. Comparison of the initial and optimized models.
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Figure 17. Radial distribution of (a) swirl ratio and (b) static pressure coefficient.

Whilst the adiabatic effectiveness decreased by 0.41%, the
swirl ratio remained higher than 1 and the relative total
temperature at the system outlet increased only by 0.13 K.
This is due to the high weighting factor applied to the
discharge coefficient, which implies improved pre-swirl
system performance.

Compare with the initial model, in the hub and the
shroud, the vane cross-section was optimized to have
a smaller camber. On the other hand, in the midspan
section, the optimized vane had a larger one. Also, as
the chord length of the optimized vane was shorter in
the hub and midspan than the shroud, the trailing edge
of the vane had a concave shape in the span-wise direc-
tion (Figure 16). Unlike the hub and the shroud, there
is no extra wall loss in the midspan such that the flow
loss in the midspan was the smallest amongst the three
locations.

In Figure 17(a), B decreased as r/b increased for the
optimized model. Because of the centrifugal force, the
losses of circumferential velocity component increased as
r/b increased. Therefore, B of the hub side was the high-
est to compensate for losses by using the shortened chord
length of vane. In midspan, the relatively low 8 could be
seen for the optimized model because the camber was
smaller and the chord was longer. In shroud, 8 decreased
due to the reduced camber whilst maintaining the chord
length.

In addition, the optimum length of the chord in the
hub was shorter than the midspan and tip section. This
helped in reducing pressure loss in the boundary layer of
the hub wall, which is shown in Figure 17(b). Static pres-
sure at pre-swirl nozzle outlet was expressed as a pressure
coefficient (Cp), and the low Cp means high static pres-
sure at pre-swirl nozzle outlet which means less energy
losses.

Ps - Pls

Cp=+——
%pgzrz

(6)

Figure 18 shows the flow structure near the hub, shroud,
and nozzle wall. Contours of Mach number were colored
on five axial planes, and 3D streamlines were included to
illustrate the flow structure near the walls and tips on the
freestream flow field. The streamlines and velocity dis-
tributions along the walls showed the similar trajectories
until they reach the trailing edge, where the flow finally
turns to the center position of flow path. Comparing the
region near the trailing edge, it could be seen that the
streamlines originated from the shroud showed a large
part of the discharged flow enters the centre region of
the flow path. In addition, this flow structure appeared
more strongly in the optimized model. Due to the shape
of trailing edge and midspan, the optimized model had a
concentrated flow to the centre of flow path. This flow
structure could minimize the energy losses of the flow
into the receiver hole after the pre-swirl nozzle outlet.
The discharge efficiency was maximized by minimizing
the flow in the area exceeding the receiver hole diameter,

and concentrating the flow to the center of the receiver
hole.

5.2. Performance analysis

Through the improvement of the flow structure made
by the optimization process, the optimized shape could
have a more uniform flow distribution in the span-
wise direction. The axial velocity contour of both
models at the pre-swirl nozzle outlet is shown in
Figure 19.

Since the same boundary conditions were applied
to the system, an increase and uniform distribution of
the axial velocity meant a decrease of the energy loss
in the pre-swirl nozzle region. This can be said to be
the effect of increasing the nozzle camber of the hub
and shroud to reduce the flow path where the wall
loss occurs, and extending the flow path by decreasing
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Figure 18. Flow field and velocity streamlines near the wall.
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Figure 19. Axial velocity contour at the pre-swirl nozzle outlet.

the camber of the midspan where has relatively small
wall loss.

To analyze the energy transfer occurring around
the different nozzle wall shapes, turbulence eddy fre-
quency (w) was studied. Turbulence eddy frequency is
the rate at which turbulence kinetic energy (k) is con-
verted into thermal internal energy per unit volume
and time.

€
kp*

Where ¢ is turbulence dissipation rate and B* is a
model constant. Turbulence energy is absorbed as inter-
nal energy by breaking the eddies gradually until it is con-
verted into heat by viscous forces. The increase in inter-
nal energy is distributed between microscopic kinetic
energy and microscopic potential energy. Also a mech-
anism of increasing internal energy in a closed system
is the doing of work on the system such as mechan-
ical form by changing pressure, volume, or by other
perturbations.

w =

(7)

(b) Optimized model

(a) Initial model

(b) Optimized model
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Figure 20. Turbulence eddy frequency on the pre-swirl nozzle
wall.

As shown in Figure 20, around the pre-swirl nozzle
region, optimized model showed high turbulence eddy
frequency on the walls. The high turbulence eddy fre-
quency caused high internal energy to the system, and
this appeared as an increase in pressure at the system out-
let which is one of the mechanical form of the internal
energy.

5.3. Off-design performance

All optimization processes were conducted for a single
design point, at which the discharge coeflicient of the
optimized system was increased by about 2.57% over
that of the initial system. In this study, to analyze the
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performance of various boundary conditions on the opti-
mized model, performance analysis was conducted for
six pressure ratio values and various different ambient air
temperatures.

As shown in Figure 21, compared with the initial
model, the optimized one showed an increased discharge
coefficient at all pressure ratio conditions with negligi-
ble difference in adiabatic effectiveness. Based on these
result, the mass flow rate of the optimized model could be
the same as that of the initial one even when the pressure
ratio is decreased by 1.19%.

The performance of the pre-swirl system considering
the ambient air temperature of the gas turbine is shown
in Figure 22 and 23.

Normalized boundary conditions of the system for
each ambient temperature is represented in Table 5.
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Figure 23. Adiabatic effectiveness and density at the optimized

model outlet at various ambient air temperature conditions.

Table 5. Pre-swirl system inlet total pressure at different ambient
temperature.

Ambient temperature [°C] -20 15 39 55
Normalized inlet total pressure 1.14 1 0.95 0.86
Normalized inlet total temperature 0.94 1 1.08 1.1

As ambient air temperature changed at a fixed sys-
tem pressure ratio, the discharge coefficient of both the
optimized and initial models remained almost constant.
However, the actual mass flow rate tended to decrease ata
high temperature due to the difference in air density. Fur-
thermore, as the temperature increased and the density
decreased, the adiabatic effectiveness tended to increase
because of the increased air volume and circumferential
velocity at the nozzle outlet. There were very small dif-
ferences between the adiabatic effectiveness of the initial
model and the optimized one for all the design points
considered.

6. Conclusion

In this study, the geometries of a vane type pre-swirl noz-
zle were optimized using CFD and optimization meth-
ods. Performance analysis was also carried out for various
boundary conditions. The design parameters for the vane
were selected, and seven design variables were chosen
through sensitivity analysis. OLHD and ALHD meth-
ods were applied to obtain test points for constructing a
reliable surrogate model. The optimization was carried
out until the difference between the candidate point pre-
dicted by the Kriging model and the CFD result was less
than 0.5%, with a total of 76 test points being used.

The hub and shroud cross-sections of the optimized
model had a smaller camber than for the initial one.
In contrast, in the midspan section, the optimized vane
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had a larger camber than the initial one. In addition, as
chord length of the vane was varied with span-wise direc-
tion, the trailing edge of the vane had a concave shape in
that direction. This helped the pre-swirl system to have
more concentrated flow to the center of flow path and
uniform axial velocity distribution formed at the nozzle
outlet, allowing a higher mass flow rate to the receiver
hole. With the optimized model, the adiabatic effective-
ness decreased slightly, whilst the discharge coefficient
increased significantly.

In addition, the mechanism of increasing system pres-
sure according to the change of system internal energy
and turbulence eddy frequency near the walls was ana-
lyzed.

The off-design analysis using various boundary con-
ditions such as pressure ratio and ambient temperature,
the optimized model showed higher performance than
the initial one for all conditions. It was found that the sys-
tem discharge coeflicient was increased by 2.57% without
a large loss in adiabatic effectiveness, in the optimized
model when compared to the initial one. The loss of adia-
batic effectiveness will be minimized if the constraint on
the circumferential velocity of the nozzle outlet can be
kept tighter.

An optimization method and its process have been
shown using CFD methodology. However, this study
was conducted without experiments data for optimized
model and temperature parameters. To improve the con-
fidence of study, additional experiment for the optimized
model and unsteady analysis will be conducted in the
future study.

The authors believe that the optimization process pro-
posed here would also be useful for designing pre-swirl
systems of gas turbine engines.
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