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ABSTRACT
This paper describes several attempts to optimize double
flow control devices (DFCD), which was invented by some of
the authors for achieving better film cooling performance of gas
turbine cooling holes. The device is a pair of protrusions with
the shape of hemi-spheroid attached to the turbine blade surface
just upstream of each of cooling holes. It was revealed through
the previous studies that the device was able to improve film
effectiveness dramatically. However, the device was optimized
under a low coolant-main flow density ratio condition, i.e.,
DR=0.85, therefore the device should be re-optimized for its
application to real turbine vanes and blades where high density
ratio conditions are expected.
In this study, we use CFD-based Taguchi Method to
optimize the shape and configuration of the device for the flow
with BR (blowing ratio) = 1.0 and DR=1.5. In the experiment,
we employ CO2 as the cooling air to achieve the flow condition
of DR=1.5, which also allows us to measure the film
effectiveness by use of PSP technique.
Keywords: Film cooling, Flow control, Taguchi Method, PSP
INTRODUCTION
In order to raise thermal efficiency of gas turbine, higher
turbine inlet temperature (TIT) is needed. Accordingly, TIT
tends to rise year by year. There is no doubt that the progress of
turbine cooling technology has greatly contributed to the
realization of higher TIT, and further advancement of the
cooling technologies is required for more efficient, reliable and
low-cost gas turbines. Among several cooling methods for
turbines, film cooling still has a great potential for the
advancement of gas turbines because it can directly shield the
turbine vane/blade surface from the hot gas so as to reduce the
net heat flux into the turbine metal to a large extent.
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A large number of relevant studies have been published
during the decades. Haven et al. [1] showed that Counter
Rotating Vortex Pair (CRVP) created by the ejection of cooling
air assists lift-off of the cooling air from the surface. Therefore,
in order to achieve better coverage of the cooling over the
surface (or film effectiveness), it is quite important to control
CRVP and many methods to control it have been proposed.
Apart from the variation of hole arrangement, most of the
methods of controlling CRVP can be classified into three types;
one is to modify hole exit shape, the other one is to change the
geometry around a cooling hole and the last one is to add some
devices upstream or downstream of a cooling hole. Speaking of
the third method using devices, Na et al. [2] and Barigozzi et al.
[3-4] observed the effect of ramp placed upstream of a cooling
hole. Na et al. [2] showed using CFD that the ramp improved
the lateral expansion of the cooling air. Barigozzi et al. [3-4]
experimentally revealed that the ramp promoted mixing of
main and cooling air. Sakai et al. [5] carried out CFD and
experiments on flat plate film cooling to investigate the effect
of bump downstream of a fan-shaped hole. As a result, they
found the bump improved film effectiveness due to Coanda
effect assisting the cooling air in attaching to the model surface.
Funazaki et al. [6] and Kawabata et al. [7] have achieved
considerable improvement of film effectiveness by installing
devices called FCD and DFCD upstream of a cooling hole. The
concept of FCD and DFCD is to add some protrusions on the
surface in order to generate longitudinal vortices called DeviceBased Vortices (DBV) that can control CRVP. They found FCD
and DFCD were very effective in increasing film effectiveness
because of DBV promoting the cooling air to attach to the
model surface and spread laterally. Also Kawabata et al. [8]
optimized DFCD using Taguchi method based on RANS
simulation. However, the optimization was executed only under
a low density-ratio condition.
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In this study, the authors carried out the shape optimization
of DFCD placed upstream of a cooling hole with round exit
shape on a flat plate under a high density-ratio condition
(DR=1.53). CFD-based Taguchi method was also used in the
device optimization. Aerodynamic and thermal performances of
the optimized DFCD model were also evaluated in the
experiment. This paper mainly focuses on the device
optimization process as well as aero-thermal performance of
the optimized device.
NOMENCLATURE
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Stern-Vollmer Coefficient
Blowing ratio
Density ratio
Diameter of cooling hole [mm]
Hole length [mm]
Molecular weight ratio
Hole pitch [mm]
Incoming flow Reynolds number based on hole
diameter(=U∞d/ν∞)
Temperature [K]
Turbulence intensity, %
Coordinates (streamwise, heightwise, lateral)
Incoming flow velocity [m/s]
Hole axis angle [deg]
Flow angle [deg]
Kinetic viscosity [m2/s]
Film effectiveness
Streamwise vorticity [1/s]
Intensity

methodology, the desired design is finalized by selecting the
combination that shows the best performance under given
conditions. Figure 1 illustrates the procedure of Taguchi
method [14][15]. In this study, the experiments are designed
according to some strict rules.
(1) Determine a control factor, a noise factor of DFCD.
The predicted optimization shape may greatly vary
according to the choice, so the noise factor is an
important parameter.
(2) Decide the level of each factor (e.g. DFCD's
Height=3mm, 4mm, 5mm).
(3) Choose an orthogonality array.
(4) Assign the value of each factor which is decided in step
(2) to the orthogonal array. Some DFCD shapes are
created in this step.
(5) Calculate the performance of each of the DFCD shapes
created in step (4). The performance used in this study is
area averaged film effectiveness.
(6) Choose an effective level in each control factor and
determine the most suitable shape of DFCD.
(7) Carry out several experiments using the optimized
DFCD derived by CFD and evaluate the optimizing
process.

Abbreviation
CRVP
Counter-Rotating Vortex Pair
DBV
Device-Based Vortices
DFCD
Double Flow Control Devices
PSP
Pressure Sensitive Paint
RH
Round Hole
Subscript
A
cl
L
∞, 2
dark
f
w
ref

Area-averaged
Centerline
Laterally-Averaged
Main flow, Secondary flow
dark current
fluid
wall
reference

OPTIMIZATION
Procedure of Taguchi Method
In this study, Taguchi method was adopted as optimization
technique. Taguchi method is a technique for designing and
performing experiments to investigate processes where the
output depends on many factors without having uneconomical
run of the process using all possible combinations of values.
Thanks to systematically chosen combinations of variables, it is
possible to separate their individual effects. In Taguchi

Fig. 1

Procedure of Taguchi method

Target of Optimization
Figure 2 shows a flow model around DFCD and a cooling
hole, where counter rotating vortex pair (CRVP) is generated.
DFCD generates streamwise vortices counter-rotating against
CRVP at the both sides of CRVP. These device-based vortices,
DBV, induce downwash over the cooling air, suppressing the
lift-off of ejected cooling air. Therefore, the shape and
arrangement of DFCD, which are likely to influence DBV, were
optimized in this study.
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Fig. 2

Table 1

Level of control factor

Table 2

L18 Orthogonal Array

Flow Model of DFCD

Control Factor
Figure 3 shows an example of DFCD upstream of the
cooling hole. The cooling hole with round hole exit, called RH.
The hole diameter d was 10 mm. The inclination angle of the
cooling hole was 30 degrees. The thickness of the test model
was 3d and the hole pitch p/d was 6d. DFCD consisted of two
protrusions with hemispheroid-like shape attached to the
surface with some inclination angle to the main flow. The shape
of DFCD was characterized by several design parameters A - G
shown in Fig.3. The allocated levels in each of the parameters
are indicated in Table 1. The level of control factors was chosen
on a basis of the work done by Kawabata et al. [8]. The
orthogonal array for the optimization was an L18 orthogonal
array. Therefore, 18 different types of DFCD were created for
examination. The factor level used in each case is shown in
Table 2, depicting all tested DFCD determined by L18 OA in
Fig.4.

Fig. 4

Fig. 3

DFCD geometry and control factor

DFCD geometry (for Taguchi method)

Flow Condition and Noise Factor
Mainstream Reynolds number based on cooling hole
diameter was 6,000 and the blowing ratio (BR=2ndU2nd／ U)
was 1.0 in this study. Also density ratio(DR=2nd／) was 1.53,
whose detail will appear in the following. In Taguchi method, it
is possible to realize a robust optimization by setting up noise
factor beforehand. In this study, inlet flow angle was selected as
noise factor. The reason of this selection was because the
change in the inlet flow angle was likely to influence DBV and
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accordingly film effectiveness. Two levels of inlet flow angle, ε,
0 and 5 degrees were adopted.
Data Analysis Method
The purpose of the optimization was to enhance areaaveraged film effectiveness as high as possible over the
downstream region of a cooling hole. Therefore, “bigger is
better” formulation (Equation (1)) was chosen in order to
calculate a signal-to-noise (S/N) ratio, where the signal means
the film effectiveness and the noise was the inlet flow angle. Y
is the area averaged film effectiveness of the region of 0≦x/d
≦20 and -3.0≦z/d≦3.0 in the domain, i is the case number
(Case1 to Case18), n is the number of noise factor and n=2 in
this study. In addition, Y´of each case was normalized by Y´
of the reference condition (without DFCD) of the same ε
(Equation (2)). The overall film effectiveness in each case was
defined by the Eq. (3) using Y of each ε.
1 1
1 
S / Ni  10 log  2
 2

n  Yi ,  0deg. Yi , 5deg. 
Y ´i ,
Yi , 
Yw / oDFCD,
Yi 

Yi ,  0 deg .  Yi , 5 deg .

Fig. 5

Computational Domain

(1)
(2)
(3)
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NUMERICAL METHOD
All numerical simulations were carried out with the
commercial CFD software ANSYS CFX 14.0 (ANSYS Inc.).
Due to the large number of test cases, all simulations executed
for the optimization were RANS simulation combined with the
SST turbulence model.
Computational Domain and Grids
Figure 5 shows the computational domain in this study. The
length and height of the domain were 31d and 6d. The origin
was on the trailing edge of the cooling hole exit on the surface,
and hole pitch was 6d.
An example of the computational grids used in this study is
shown in Fig. 6. The grid was generated using ANSYS ICEM
CFD 15.0. Tetra meshes were mainly used in most of the
domain, while prism meshes were also employed in order to
resolve a boundary layer near the wall region. In addition, the
spatial resolution in the vicinity of the wall surface was
enhanced to make a better prediction of DBV. It should be
mentioned that for each device selected the corresponding
computational grid was created following the same procedure.
Despite the difference in shape and arrangement of the device,
the number of elements in each computational grid is
approximately 16 million cells.

Fig. 6

Computational grid

EXPERIMENTAL SET UP
Test Facility
Figure 7 depicts the outline of the experimental apparatus.
In this study, we used a low-speed, open-circuit wind tunnel.
This tunnel was equipped with an optical transparent test
section of 150mm✕250mm cross-section and the air was
sucked by the downstream blower. There were a honeycomb
and screen layers upstream of the test section to make the air
flow uniform.
In the present study, CO2 was used as coolant gas to achieve
a realistic coolant and main flow density ratio encountered in
real gas turbines, which was DR=1.53. CO2 gas was supplied
from the gas storage tank into the plenum chamber below the
test model, passing through the thermal flowmeter. The flat
plate test model with cooling holes was attached to the sidewall
of the test section. The test model surface was coated with a
pressure sensitive paint (PSP) using an air brush. As will be
described in detail, the PSP was excited by the light from ultraviolet (UV) LED lamps so as to emit luminescence as shown in
Fig.8.
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Fig. 9
Fig. 7

Fig. 10
Fig. 8

Test model

Test apparatus

PSP Excitation View

Test model
Figure 9 shows the test model used in this study. It
consisted of two parts, the main part of the test model called
Base Block and replaceable plates with cooling hole called
Hole Block. They were made of ABS (Acrylonitrile Butadiene
Styrene) resin. Base block had 470mm✕220mm and 30mm
thick, which contained an opening to insert Hole Block from
the backside of the model. Figure 10 illustrates the geometries
of cooling hole with round exit shape, which is called RH. The
diameter d was 10mm and the axis angle was 30 deg.
Accordingly the hole length was L=6d.
As for the coordinate system, on the basis of standard
condition (ε=0deg.), the coordinate origin was placed at the
most downstream point of the hole exit shape, as shown in
Fig.10. Also, x coordinate was aligned with the mainstream
direction, y coordinate was normal to the model surface, z
coordinate was in the hole-pitch direction. In addition, DFCD
was glued on the test model surface at the predetermined
positions upstream of the film cooling hole. All devices tested
were manufactured by use of a 3D printer.

Hole Geometry

PSP measurement
In general, measurement methods for film effectiveness can
be divided into two; "hot methods" and "cold methods" [9]. Hot
methods are based on the measurement of temperature using
thermocouples, thermochromic liquid crystal, infrared camera
or temperature sensitive paint (TSP). The problem associated
with the methods is heat conduction that causes an error in film
effectiveness. On the other hands, cold methods such as PSP
technique can avoid this problem.
PSP is a fluorescent paint which basically consists of three
materials. One is the light-sensitive molecules that react to the
surrounding pressure. The second one is a polymeric binder that
glues PSP to the test model surface. The last one is a solvent for
dissolving the above-mentioned materials. In this study, PtTFPP
was adopted as light-sensitive molecules and PtBS was used as
a binder and toluene as a solvent. The paint was reported to
have an absorption peak at 400nm and an emission peak at
650nm. Excitation light was from ultra-violet LED (LEDH60
Hamamatsu Photonics) and images of PSP shedding the
emission light were taken with a 16-bit digital CCD camera
(BITLAN BU-51LN) mounted with a long-pass filter with
630nm cut off wavelength.
Figure 11 outlines the PSP measurement technique. When
PSP is exposed to ultra-violet light, the luminophores are
excited so as to emit fluorescence light whose intensity
becomes weaker as the oxygen concentration of the
surroundings increases. Since the oxygen concentration is
proportional to the partial pressure of oxygen, the emission
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light becomes brighter when the pressure around the PSP layer
drops. This nature of PSP enables the measurement of the film
cooling effectiveness, which is based on an analogy between
heat transfer and mass transfer. This analogy holds when
(molecular) Lewis number, a ratio of thermal diffusivity to
mass diffusivity, is of the order of unity. Eventually, the film
effectiveness can be calculated by Eq. (4). Note that Lewis
number can be replaced by turbulent Lewis number for
turbulent flows usually encountered in gas turbines.

Fig. 11



factors. The coupon painted with PSP, mounted in a vacuum
chamber, was exposed to the excitation light with the pressure
inside the chamber controlled by a vacuum pump so that the
calibration factors were determined. Fig.12 demonstrates an
example of the calibration data for different three temperature
conditions. These data were fitted with a curve of Stern-Volmer
equation, from which A, B and C in Eq. (6) were obtained.
Table 3

Images obtained in the experiment

Schematic view of PSP measurement

   
 

T  Twall C  Cwall PO2 air  PO2


T  T2
C  C2
PO2 air

mix

(4)

In addition to the partial pressure of oxygen, a molecular
weight ratio of two different gases should be taken into account
when a gas different from air, such as CO2, is used as coolant.
We have adopted Eq. (5) proposed by Charbonnier et al. [10] to
deal with this situation.

Fig. 12

(5)

Furthermore, PSP also has temperature dependence and this
can be a serious error source. In reality, the temperature change
observed during the present experiment was relatively small,
probably due to the use of a suction type wind tunnel in this
study. Moreover, the surface temperature of the test model was
monitored by a thermocouple and the calibration of PSP against
the pressure was performed under the same temperature of the
test model, which will be described in the following.
One of the important relations in PSP measurement is
Stern-Volmer equation as expressed in Eq. (6), which is a
relationship between the emission intensity of PSP and the
pressure,
I ref  I dark
I  I dark

 p
p
 A B
 C
p
pref
 ref

2




 ,

(6)

Calibration data

Post processing of Images
The captured images of PSP were post-processed as shown
in Fig. 13 to convert the image data into film effectiveness
distribution. The image processing consisted of the following
steps,
(1) A dark-current image was subtracted from the test image
and reference image.
(2) The test image was divided by the reference image by test
image in order to cancel any non-uniformity of irradiation
due to the unevenness associated with the coating and
lighting.
(3) The corrected image data were converted into the
distribution of pressure ratio by use of the experimentally
determined Stern-Volmer equation.
(4) Film effectiveness distribution was obtained by Eq. (5).

where Iref, I and Idark are the intensities of reference, target and
dark images as described in Table 3, A, B and C are calibration
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Fig. 13

Image procession

RESULT AND DISCUSSION
Numerical Results
Film effectiveness distribution
Figure 14 exhibits the film effectiveness distributions
obtained by the numerical simulation for all test cases at the
inlet flow angle ε = 0 deg. It is clear that the film coverage was
notably improved by use of Case03 and Case10 DFCDs. On the
other hand, the lateral spread of the coolant was hardly seen for
most of the cases except the above two cases, which was
because those poorly performing DFCDs failed to generate
vortices sufficient to control the ejected coolant in an effective
manner.
The film effectiveness distributions for ε = 5 deg are
displayed in Fig. 15. As a whole the inlet flow angle had some
favorable effects on the ejected coolant so that the film
coverage was considerably improved for several cases, for
example Case02 and Case12, while Case03, which exhibited
the best performance for ε = 0 deg, suffered from serious
deterioration in film coverage.

Fig. 14

Film effectiveness distribution (ε=0deg.)

Fig. 15

Film effectiveness distribution (ε=5deg.)

Streamwise vorticity
Figure 16 shows that contours of streamwise vorticity on yz
plane at x/d=5.0 for all test cases at ε = 0 deg, where the
streamwise vorticity was defined by Eq. (7).
w v
(7)
 

y z
In the vorticity contour of Case01 or Case04, for example,
that CRVP clearly appeared just downstream of the cooling
hole, while DBV could be identified in this contour unlike the
contours of Case02, Case03, Case10 or Case13. Since it is
thought that DBV induces intense downwash over the ejected
coolant so as to suppress the lift-off of coolant, the absence of
DBV can be a reason for the poor film coverage observed in
Fig. 16. Similar tendency was seen in the other cases such as
Case06 or Case07. However, even when DBV appeared at the
both sides of CRVP, there were the cases in which any
meaningful improvement of film effectiveness like in Case08 or
Case17. On the other hand, especially in Case03 and Case10,
CRVP became considerably small and weak in comparison with
the other cases, resulting in drastic improvement in film
coverage. In consideration of these findings, one can suppose
that the favorable impacts of DFCD are not just due to the
effects of DBV alone, but any other factor may exist, which is
now under investigation.
The contours in Fig. 17 are for ε = 5 deg. It should be noted
from the comparison between Figs. 16 and 17 that the increased
inflow angle tended to selectively augment a positive (counterclockwise rotating) vortex of CRVP as well as of DBV in size
for all cases, therefore in some cases such as Case05 and Case
08 the negative (clockwise rotating) DBV disappeared. It seems
from this finding that the inflow angle worked on the ejected
coolant like the effects of compound angle [13], destructing the
symmetry of CRVP and DBV. Generally speaking, the
destruction of vortex pair symmetry in CRVP may cause a
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favorable effect on the ejected coolant, while it’s rather unclear
that a loss of DBV symmetry in terms of size or position is
beneficial for improving the film coverage. Therefore, as
already mentioned, some cases exhibited considerable increase
in film coverage, such as Case02, Case05, Case12 and Case13,
on the contrary, some other cases like Case10 and Case03
showed drastic deterioration in film coverage.

the factors D (width) and F(distance between the two protrusion
centers) had significant impacts on S/N ratio compared to other
factors. According to the convention of Taguchi method, which
selects the highest price in each factor, the combination of A3B1-C2-D3-E3-F1-G1 was picked up as an optimization design.

Fig. 18

Fig. 16

Streamwise vorticity (ε=0deg.)

Fig. 17

Streamwise vorticity (ε=5deg.)

Response graphs for major factors

In order to validate the above-mentioned optimization
process, film effectiveness distributions downstream of RH
without any device (referred to as RH) and with the optimized
device (referred to as Optimal) were calculated for the two inlet
flow angles, as shown in Fig.19. Note that the CFD calculations
with and without the device for each flow angle were carried
out under almost the same computational grid and the same
boundary condition as those of the corresponding calculations
used in the Taguchi method. In the case of ε=0 deg, the ejected
coolant under the influence of the optimized DFCD expanded
wider than that without DFCD, leading to the drastic increase in
spanwise-averaged film effectiveness as will be shown in the
following. The coolant also spread laterally in a favorable
manner in the case of ε=5 deg. Therefore, it is clear that the
optimized DFCD surely increases film effectiveness in the
cases of ε=0 deg and 5 deg showing its robustness against the
variation of inlet flow angle, which is one of the characteristics
of the Taguchi method.
Figure 20 shows the area-averaged film effectiveness for
the cases with the optimized DFCD and with no device under
the same conditions. Note that the average values for the case
with no device became extremely low, which was because of
the wide spanwise area for the averaging (0≦x/d≦20, -3.0≦
z/d≦3.0). Area averaged film effectiveness increased by about
9 times for 0 deg and about 6 times for 5 deg. Although the
favorable effect of DFCD decreased slightly, the superiority of
DFCD was maintained.

Result of Optimization
Figure 18 shows the response graphs for major factors
obtained by CFD, where 18 cases of DFCD shape, noise factor
level was 2, meaning 36 cases actually calculated. This analysis
was to discover the control factors that influence the film
effectiveness to a great extent. It is clear from this figure that

Fig. 19
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Film effectiveness distribution
(RH vs Optimal): CFD

Fig. 20

Area-averaged film effectiveness
(RH vs Optimal): CFD

Experimental Results
Test condition
All test were conducted at Re=6,000 based on film cooling
hole diameter (d), where BR was 1.0 and 1.5. The flow velocity
and temperature at the duct entrance were about 10m/s and
300K, respectively. CO2 was used as coolant gas so that the
density ratio was 1.53. The boundary layer thickness confirmed
by hot-wire measurement was 2.4mm. The free-stream
turbulence intensity was about 1%. The measurement area was
0≦x/d≦20 and -3≦z/d≦3 (center pitch of the cooling hole
row). Experimental results on RH with no device and with
DFCD of the optimal shape are described in the following.
Adiabatic film effectiveness
Figure 21 illustrates the contour of the film effectiveness
over the one-hole pitch area obtained by the experiment. While
the case RH showed high film cooling effectiveness to the
downstream, there clearly appeared no cooling area in the span
direction. On the other hand, the case Optimal showed wider
film coolant coverage that lasted longer than the case RH,
meaning that the usefulness of DFCD was again confirmed
even for the high-density condition. For BR=1.5, the case RH
exhibited lower film cooling effectiveness due to the increase in
BR. This was because of the penetration of coolant. By the
application of DFCD, the film cooling effectiveness was
dramatically enhanced.
Figure 22 indicated laterally averaged film effectiveness
over one hole-pitch of each case (0≦x/d≦20). The case
Optimal showed much higher film effectiveness after 3.0≦x/d.
Especially for BR=1.5, the spanwise-averaged film
effectiveness became almost the same value as that of BR=1.0
over the entire area except near the hole.

Fig. 21

Film effectiveness distribution
(RH vs Optimal): EXP

Fig. 22

Spanwise-averaged film effectiveness

SUMMARY AND CONCLUSIONS
The authors carried out RANS-based shape optimization of
DFCD under the high-density ratio condition using Taguchi
Method with the inlet flow angle adopted as noise factor.
Some discussions based on the numerical results were made
on the film effectiveness distribution and streamwise vorticity.
By comparing all the calculated film effectiveness distributions,
it became clear that the film coverage was notably improved by
use of Case03 and Case10 DFCDs for ε=0 deg. In the case of
ε=5 deg, some test cases exhibited the film cooling
enhancement which was caused by changes of the vortex
structure of CRVP and DBV. The optimal device was then
developed from the CFD results and its performance was
checked by the comparison with the case RH. The optimal
device showed overwhelmed the case RH (with no device) at
ε=0 deg and 5 deg.
In the experiment, PSP measurement was made in the wind
tunnel test. It was also confirmed that the attachment of the
optimal DFCD just upstream of the cooling hole drastically
increased the film effectiveness even under the high Br
condition (BR=1.5). It could be possible for DFCD to be
effective at much higher blowing ratio conditions if the device
is re-optimized for those conditions.
To conclude, the authors would like to mention the
importance of experimental optimization as well as verification
in parallel to CFD-based optimization. This is because CFD,
especially RANS cannot be free from errors, limitations and
unknowns in nature, although Kawabata et al. have reported
that the optimal design determined by RANS simulation
happened to almost coincide with that determined by the
experiment [8]. Much work remains to be tackled in order to
attain more effective and robust devices.
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