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Improvement of Turbine Vane
Film Cooling Performance
by Double Flow-Control Devices
This study deals with the studies of the effect of double flow-control devices (DFCDs) on
turbine vane film cooling. Aiming for improving film effectiveness, two semispheroid
DFCDs per pitch were attached to the vane surface upstream of the cooling hole.
Although the DFCDs were successfully applied to the flat-plate film cooling in the previous study, the applicability to the turbine vane was to be investigated. In order to observe
the flow field in detail, Reynolds-averaged Navier–Stokes (RANS) simulation was conducted first. The DFCDs were installed upstream of each cooling hole of the pressure
and suction sides of the vane to investigate the effect of the device position. In this paper,
the effects of blowing ratio and cooling hole pitch were also investigated. The results
obtained by CFD showed that the vortex generated from DFCD suppressed lift-off of the
secondary air. As a result, the film effectiveness became significantly higher than that
without DFCD condition. Moreover, the improvement in the film effectiveness by DFCD
was observed by both of the pressure and suction sides of the turbine vane. Based on the
findings through RANS simulation, adiabatic effectiveness and total pressure loss coefficient measurement were performed in a linear cascade test facility. The experiment confirmed that the film effectiveness was improved when DFCDs existed.
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1

Introduction

In order to raise thermal efficiency of gas turbine, higher turbine inlet temperature (TIT) is needed. Since higher TIT increases
the thermal load to its hot-section components, reducing their life
span, very complicated cooling technology such as film cooling
and internal cooling is required especially for HP turbine vanes
and blades. Among several cooling methods, film cooling is a
very effective one because the cooling air injected onto the blade
surface form a protective layer between the surface and hot mainstream gas. However, because of limited amount of cooling air
permitted in a gas turbine especially in aero-engine, the development of new technologies for turbine cooling needs to be explored
in order to minimize the cooling air consumption.
One of the research trends in turbine cooling technology is providing flow-control structure around cooling holes. Barigozzi et al.
[1,2] observed that film effectiveness was improved by use of a
ramp combined with various cooling hole shapes. Lu et al. [3]
applied trenches to cooling holes with conventional round hole
exit shape and carried out cooling performance comparisons
between fan-shaped hole and the cooling hole with trench. Different trench depths were examined with two trench widths. It was
found that an optimum trench depth exists at 0.75D, whereas shallow and deep trenches do not show good performance. Rallabandi
et al. [4] installed steps upstream of the cooling hole and observed
the film cooling effectiveness using pressure-sensitive paint (PSP).
Sakai et al. [5] clarified the flow structure and temperature field
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when putting bumps on the downstream of a cooling hole experimentally and numerically. Kawabata et al. [6] proposed a
protrusion-type flow-control device (FCD) installed onto the
upstream surface of the cooling holes to increase the film effectiveness. They examined the aerothermal effects of the device
height as well as off-set distance between the hole centerline and
the device. It was confirmed that the tall device provided higher
film effectiveness due to a strong vortex structure generated by the
device. Funazaki et al. [7,8] proposed double flow-control devices
(DFCDs) which adopted two FCDs per one cooling hole. Figure
1(a) shows a flow model around DFCDs and a cooling hole. A
counter-rotating vortex pair (CRVP) is generated by the interaction of the mainstream and the secondary air injected from the
cooling hole. This CRVP promotes lift-off of the secondary air
from the surface. On the other hand, DFCDs generate opposite
rotation vortices against CRVP. The secondary air tends to attach
to the surface due to the downwash induced by the device-based
streamwise vortices (DBV). Despite a number of the preceding
researches mentioned above, most of the researches have dealt
with the flat-plate film cooling, and the applicability of the proposed methods in real turbine vanes or blades is often investigated.
This research aims at observing the effect of DFCDs attached
to a turbine vane airfoil model. As one of the relevant studies,
Sundaram and Thole [9] examined the trenches and bumps on the
cooling hole of the vane endwall. They showed that comparatively
short bump did not produce a major impact on effectiveness,
although a tall bump showed some enhancement in effectiveness.
Besides, comparatively detailed research has been carried out
about turbine vane airfoils with trench [10–12]. DFCDs are again
like the previous study [7] chosen for investigation in the present
work. Figure 1(b) shows the film cooling effectiveness distribution obtained by the flat-plate film cooling model at blowing
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Fig. 3 Test model and IR camera location

Fig. 1 Flow model and the performance of DFCD [7]: (a) flow
model of FCD and (b) film cooling effectiveness distribution for
cylindrical hole (blowing ratio 5 1.0, flat-plate)

ratio ¼ 1.0. When the blowing ratio was high, lift-off was suppressed dramatically by the FCD. This study is an attempt to
investigate experimentally and numerically whether similar favorable effects of DFCDs will appear when they are applied to turbine vanes and blades.

2

Experimental Setup

2.1 Experimental Apparatus. The linear cascade and wind
tunnel used for this research was the same as the previous study
[13]. In this wind tunnel, the mainstream was supplied with the
centrifugal blower. In order to obtain a uniform flow, two screens
and honeycomb were applied inside the wind tunnel. Figure 2
shows the test section consisting of six-vane cascade. Pitchwise

traverse measurements were carried out using a Pitot tube to
ensure nonuniformity of incoming flow at the test section entrance. The deviation of the measured total pressure was 60.5%.
The test section duct was built using acrylics plates, with cross
section 580 mm (width)  117 mm (height). Secondary air was
supplied from a compressor and split into different four channels.
The heater and the Azbil Corp. (Tokyo) CMS series mass flow
meter were installed in each channel. The test vane with cooling
holes is the third from the right in this figure. In this research,
since the wall temperature of the test vane was measured by IR
camera (NEC Avio), Asahi Kasei Engineering Corp. (Tokyo) IRtransparent polyolefin window (thickness of 0.5 mm) was attached
to the tip side of the test model. Three IR cameras were installed
diagonally on the upper side of the measurement windows. Figure
3 shows the location of the IR camera. Since the suction side of
vane has a large curvature, two IR cameras were used for the suction side measurement in the test section. The Pitot tube was
equipped 2.0Cax upstream and 0.25Cax downstream of the trailing
edge.
2.2 Test Vane and DFCD Configuration. Figure 4(a) and
Table 1 show the test vane configuration and geometric parameters. The vane has four rows of film cooling holes. Two rows of
cooling holes are at suction and the rest of them are at the pressure
side surface. The diameter of the cooling hole (d) is 1.1 mm. As
for the pitch (p) of the cooling hole, 3.0d and 4.5d were investigated. In this research, the coordinate system along the test model
surface (sp and ss) was defined. The origin position is the mechanical stagnation point on the leading edge, and the trailing edge is
sp/sp,max ¼ ss/ss,max ¼ 1.0. Figure 4(b) shows the observation area
of each of IR cameras. The spanwise observation area extends
over the 25% span height of the vane around the midspan. The
positions and measurement areas of IR camera are shown in
Fig. 3. The test vane was produced by a 3D printer (Stratasys
Objet 30 Pro), where high-temperature material RGD525 was
used. The thermal conductivity of the test model is 0.22 W/(m K).
Figure 5 and Table 2 show the DFCD configuration and installation positions. The basic shape of DFCD was chosen from the
study of Funazaki et al. [7]. Since the height of DFCD(h) has
strong influence on DBV, two models are employed in this study.
One has original height (0.5d) and the other one has doubled
height (1.0d). The inclination angle of cooling hole varies from
row to row. Therefore, the sizes of L also vary in each position.
The detailed information on the angle cannot be disclosed, which
is because it is a company’s proprietary information.
2.3 Experimental Method

Fig. 2 Test section
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2.3.1 Static Pressure Coefficient Measurement. The following equation defines the static pressure coefficient in this study:
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Cp ¼

Pt;in  Ps
2

(1)

0:5qV out

where V out is the averaged exit velocity measured by a Pitot tube
on the traverse line located at the outlet position (x ¼ 1.25Cax).
2.3.2 Film Cooling Effectiveness Measurement. In the heat
transfer measurement, the pressure side measurement and the suction side measurement were performed separately. Therefore, the
heated air was supplied to Plenum1 and Plenum2 for the measurement of SS1 and SS2, while the air supplied to Plenum3 and Plenum4 for the measurement of PS1 and PS2. The performance of
film cooling was evaluated by means of adiabatic film cooling
effectiveness as is given by Eq. (2). Tw, T1, and T2 are the wall
temperature, mainstream temperature, and secondary air temperature, respectively. T1 and T2 were measured by thermocouples at
the mainstream inlet region and the midspan position of each plenum. Recovery effect was not included because the mainstream
was at a low speed. Because of the low heat conductivity, the
measured wall temperature can be regarded as almost adiabatic
one. To ensure this wall condition, the measurement was terminated after 20 s passed, which was to prevent the influence of heat
conduction inside each of the cooling holes from appearing on the
vane surface. Therefore, the backside heat conduction effect was
not considered when calculating the film cooling effectiveness.
Although some heat conduction cannot be excluded the film cooling effectiveness especially near the cooling hole, as defined by
the following equation, it is valid over most of the measurement
area:
g¼

Fig. 4 Test vane configuration: (a) cooling hole configuration
and (b) the observation area of each of IR cameras
Table 1 Test vane details
Inlet flow angle
Outlet flow angle
Actual chord length (C)
Axial chord length (Cax)
Vane pitch
Vane span height

Fig. 5

0 deg
70 deg
129.5 mm
62.3 mm
115.9 mm
117.7 mm

2.3.3 Aerodynamic Loss Measurement. In this research, the
aerodynamic loss was measured for each test vane. In this measurement, all cooling holes were covered by thin tapes. The baseline loss coefficient was defined as follows:

DFCD configuration

Table 2 Geometric specification of film cooling holes

PS1
PS2
SS1
SS2

Position (x/Cax)

L

a (deg) (rough value)

0.34
0.80
0.15
0.62

2.0d
3.3d
1.3d
1.5d

20–25
10–15
50–55
30–35
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(2)

Blowing ratio (BR ¼ q2U2/q1U1) was defined by the average
blowing ratio of each cooling hole row in this measurement. Furthermore, BR has been set to be the same in all the cooling hole
rows, when U1 was calculated from static pressure coefficient
measurement result. U2 was calculated from the mass flow rate of
the secondary air and hole area. When the film cooling effectiveness was measured, the suction and pressure sides were measured,
respectively. Note that the suction side was measured with the IR
camera of view1 and view2 at the same time.
In order to measure the surface temperature, the IR camera had
to be installed at an angle as shown in Fig. 3. Therefore, an IR
image obtained from the IR camera was deformed. Thus, the IR
image had to be transformed into rectangular coordinates in order
to evaluate the temperature data. Colban [14] executed the image
transformation to rectangular coordinates by obtaining a grid
image on a test vane surface. In this study, the model surface was
marked with grid points every 2% in the direction along the surface (0.02ss,max or 0.02sp,max) and every 5% span in the vane span
direction, respectively. Temperature image and grid point were
collated, and the image was converted into an image in rectangular coordinates by an in-house program.

fb ¼

Row name

T1  Tw
T1  T2

Pt;in  Pt;out
2

(3)

0:5qV out

where Pt,out is a total pressure measured by the Pitot tube on the
traverse line located at the outlet position.
2.3.4 Test Condition. The Reynolds number in this study,
based on the actual chord length and an averaged exit velocity, is
497,000. The flow velocity and temperature in the duct entrance
were about 17 m/s and 300 K, respectively. Inlet midspan freeNOVEMBER 2016, Vol. 138 / 111005-3
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Table 3

Test conditions

p

BR

H

DR

Aerodynamic

3.0d
4.5d

0.0

0.5d
1.0d

1.0

Thermal

3.0d
4.5d

0.5
1.0

0.5d
1.0d

0.9

stream turbulence intensity was about 0.5%, measured by a hotwire probe. The blowing ratios examined were 0.5 and 1.0. The
density ratio, DR, was 0.9 and 1.0 for the thermal and aerodynamics measurements, respectively. Table 3 shows the test conditions
employed in this research.
2.3.5 Uncertainty Analysis. The accuracy of the measurement
was determined by performing uncertainty analysis using the
methodology of Moffat [15]. The accuracy of the pressure transducer was 60.25%. The uncertainty of an inlet velocity was about
62.2%. The uncertainty of a blowing ratio was 2.8% in the lowest
blowing ratio condition. In the aerodynamic investigation, the
uncertainty of the static pressure coefficient and total pressure loss
coefficient were about 61.6% and 62.1%, respectively, around
the peak region of the coefficient.
It is usually preferred that the surface temperature is viewed
vertically from an IR camera. However, because the IR camera is
installed diagonally against the measurement surface, it is thought
that the measured temperature is lower than the actual temperature
in some areas. Therefore, the angular dependency of the measured
temperature was checked using an isotemperature flat-plate.
When a measurement angle was 60 deg from the normal direction,
the measurement temperature dropped by about 1 K from an
actual temperature. To maintain the measurement accuracy, the
suction surface measurement area was divided into two parts
whose separation point was at ss/ss,max ¼ 0.24. This area division
ensures the measurement angle less than 60 deg, leading to view
angle error less than 1 K. The uncertainty of the film cooling
effectiveness was evaluated in consideration of the mainstream

Fig. 7 Static pressure coefficient distribution (BR 5 0.0)

temperature, secondary air temperature, and wall temperature,
since the reference wall temperature assumed in this analysis corresponded to the case of g ¼ 0.5. The uncertainty of the film cooling effectiveness was found to be 63.9%.

3

Numerical Simulation

In this study, CFD approach was employed to check whether
DBV occurs on the test vane. A commercial software, ANSYS CFX
13, was used in this study. RANS approach using shear-stress
transport two-equation model was employed. Figure 6 shows the
computational domain simulating the flow field including 1 pitch
cooling hole and the mesh. The span height of the domain
( ¼ cooling hole pitch) was 6d. This cooling hole pitch was larger
than the experimental condition. This is because the mesh creation
is difficult when DFCDs and the spanwise boundaries are very
close to each other at p ¼ 3.0d and p ¼ 4.5d conditions. In this
case, although the development of DBV in the spanwise direction
cannot be correctly simulated because of the enlarged span length,
the main tendencies of DBV can be expected to be deduced from
the numerical data.

Fig. 6 Computational domain and mesh

111005-4 / Vol. 138, NOVEMBER 2016
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The mainstream flow velocity and temperature measured in the
thermal experiment were specified at the mainstream inlet boundary condition. The mass flow rate and temperature were imposed
at the secondary air entrance. Although some effects of the cross
flow might have appeared in the measurement, they are not considered in the present simulation because the velocity of the cross
flow spanwisely varies along the plenum due to the cooling air
injection and hard to be reproduced in this study. The periodic
boundary condition was used for vane and cooling holes pitch
direction. When the cooling holes have compound angles, a simple application of periodic boundary condition in the spanwise
direction may not be appropriate. In this research, since there was
no compound angle in every film cooling hole, the periodic
boundary condition was able to be applied.

4

Results and Discussion

4.1 Static Pressure Coefficient. Figure 7 shows the static
pressure coefficient distribution at BR ¼ 0.0 obtained by the
experiment and CFD. In the figure, each red arrow shows the position of each cooling hole row. The local velocity for computing
BR is based on this data. The CFD result and the experimental
result were mostly in agreement. Because the mesh quality near
the trailing edge was low, the calculated Cp does not match the experimental result near the trailing edge.
Fig. 8 Film cooling effectiveness distribution and vortex core
region at BR 5 0.5: (a) suction side and (b) pressure side

Although the tetrahedral elements were mainly used for the
computational grid, the prismatic elements were also used in order
to resolve the boundary layer in the near wall region. From the
mesh dependency test, it was found that about 9  106 cells in this
domain were adequate, where 8  106 cells were used for the one
vane passage and 1  106 cells were used for the plenum and film
holes region. The value of y þ for the computational point of
the first cell above the wall was less than unity so that the wall
function approach was not applied on the wall in RANS.

Fig. 9

4.2 Flow Fields Around DFCD (CFD Results). Figure 8(a)
shows the film cooling effectiveness distribution and isosurfaces
of Q-criterion on the suction side at BR ¼ 0.5. Q-criterion means
the second invariant of the velocity gradient tensor. Upper two
surfaces are without and with DFCDs (h ¼ 0.5d) condition results,
respectively. The result with DFCDs condition indicated that the
cooling pattern is more uniform than without DFCD condition.
The isosurfaces of Q-criterion clearly show the vortex core of
DBV like Fig. 1(a) generated from DFCDs. Figure 8(b) shows the
pressure side result. The effect of DFCDs was also confirmed in
the pressure side. However, there is noncooled area due to a concave curvature which is likely to promote lift-off of the secondary
air.

Film cooling effectiveness distribution (p 5 3.0d, BR 5 0.5): (a) suction side and (b) pressure side
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Fig. 10 Film cooling effectiveness distribution (p 5 3.0d, BR 5 1.0): (a) suction side and (b) pressure side

Fig. 11 Film cooling effectiveness distribution (p 5 4.5d, BR 5 0.5): (a) suction side and (b) pressure side

4.3 Film Cooling Effectiveness (Experimental Result).
Figure 9 shows the film cooling effectiveness distribution at
p ¼ 3.0d, BR ¼ 0.5. In ss/ss,max ¼ 0.24, the contour is discontinuous slightly because of the uncertainty of two IR cameras. In the
Area1, some change in film cooling effectiveness distribution happened due to the existence of DFCDs. The film cooling effectiveness distribution expanded in the spanwise direction as h became
large. However, the damping of film cooling effectiveness in the
ss direction also became large. Kawabata et al. [6] and Nakata
111005-6 / Vol. 138, NOVEMBER 2016

et al. [16] indicated that the RMS velocity fluctuation increased
when DFCDs were equipped on the flat-plate film cooling. This is
because the mixing of the mainstream and secondary air is promoted by DBV. In contrast, although the film cooling effectiveness distribution expanded in the spanwise direction by the
application of DFCDs, the damping in the ss direction was not
observed at Area2. Since the pressure side has a concave curvature, the secondary air from PS1 separates from the model surface
without DFCD condition. When DFCDs were installed, the
Transactions of the ASME
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Fig. 12 Film cooling effectiveness distribution (p 5 4.5d, BR 5 1.0): (a) suction side and (b) pressure side

Fig. 13 Spanwise-averaged film cooling effectiveness: (a) p 5 3.0d condition and (b) p 5 4.5d condition
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secondary air tended to attach to the model pressure side, but
rapid downstream decay of film cooling effectiveness was similarly observed on the suction side. In the trailing edge area, the
cooling performance decreases with DFCD condition by the effect
of mixing.
Figure 10 shows the film cooling effectiveness distribution at
p ¼ 3.0d, BR ¼ 1.0. In the Area1, the cooled area became small
due to the lift-off of secondary air when there was no DFCD. This
is because the momentum ratio of the secondary air and the mainstream was increased. As in the case with DFCD, the uniform
cooling pattern was formed in the ss and spanwise direction. As h
becomes higher, the lift-off was more suppressed. Furthermore,
unlike the BR ¼ 0.5 condition, the downstream decay of the film
cooling effectiveness was not observed. Because the Area2 is
comparatively flat, it had good film coverage at DFCD condition.
Moreover, DBV increased the local film cooling effectiveness
near cooling holes. In the pressure side, as mentioned above, the
secondary air is likely to lift off, compared with the case of
BR ¼ 0.5. By the effect of DFCD, the lift-off of secondary air was
also suppressed. While the local film cooling effectiveness
increased with h at the suction side, the change in the film cooling
effectiveness by h was not observed at the pressure side. It is probably because the lift-off control by DFCD was less effective due
to the influence of the concave curvature of the pressure side.
Figure 11 shows the film cooling effectiveness distribution at
p ¼ 4.5d, BR ¼ 0.5. In this condition, because the cooling holes
had a wider pitch, nonuniform cooling pattern was formed. In the
Area1, the expansion of the film cooling effectiveness distribution
caused by DBV was limited near the cooling holes. Although uniform cooling patterns in the spanwise direction were observed in
h ¼ 1.0d, damping of the ss direction was large. In the case of
h ¼ 0.5d, DFCD was the most effective at Area2 as shown in the
cooling pattern. As for the pressure side, the uniform cooling pattern was hard to be formed compared with the suction side.
Figure 12 shows the film cooling effectiveness distribution at
p ¼ 4.5d, BR ¼ 1.0. In the Area1, since the damping of the film
cooling effectiveness of the ss direction was small, DFCD was
more effective compared with BR ¼ 0.5 condition. In p ¼ 4.5d,
the film cooling effectiveness distribution was not so uniform as
p ¼ 3.0d condition. Because there was a concave curvature in the
Area2 and the secondary air attached to the model surface comparatively, the cooling pattern became uniform by h ¼ 1.0d DFCD.
Although the film cooling effectiveness distribution spread in the
sp direction in pressure side, the difference from BR ¼ 0.5 condition was small.
Figure 13(a) shows the spanwise-averaged film cooling effectiveness at p ¼ 3.0d condition. At BR ¼ 0.5, the effect of DFCD in
the Area1 and Area2 was different. Although the film cooling
effectiveness distribution expanded in the spanwise direction by
DFCD, the average value of without DFCD condition was the
highest at the Area1. In the Area2, the averaged film cooling
effectiveness near the cooling hole increased by DFCD. However,
the effects of DFCD were very limited and there were few advantages by DFCD installation. Also about the pressure side, the
effect of DFCD was observed only over some areas. For high BR,
unlike BR ¼ 0.5, the amount of increase in film cooling effectiveness of DFCD was large. The results of two conditions with
DCFD were almost identical in the Area1. This is because the
effect of DBV becomes restrictive due to the concave curvature
promoting separation of secondary air in the Area1. On the other
hand, in the Area2 with the comparatively flat surface, the film
cooling effectiveness increased as h became large. Unlike
BR ¼ 0.5, the effect of DFCD has been observed in the downstream region. As for the pressure side, the film cooling effectiveness of DFCD condition was high in all the areas. A significant
difference of the film cooling effectiveness by h was not observed
compared with the suction side result.
Figure 13(b) shows the spanwise-averaged film cooling effectiveness at p ¼ 4.5d condition. As the hole pitch expanded, the
film cooling effectiveness decreased overall. The interference of
111005-8 / Vol. 138, NOVEMBER 2016

Fig. 14 Baseline loss coefficient: (a) p 5 3.0d condition and (b)
p 5 4.5d condition

DBV in the spanwise direction was altered compared to the
p ¼ 3.0d, but there was no change in the basic trend of the averaged film cooling effectiveness. Funazaki et al. [7] proved that the
condition with DFCD at p ¼ 4.5d exceed the condition with DFCD
at p ¼ 3.0d in terms of the averaged film cooling effectiveness, leading to the improvement of film cooling effectiveness and the reduction in the number of cooling holes at the flat-plate film cooling.
However, in this research, the above-mentioned tendency was not
observed under p ¼ 4.5d conditions. Therefore, the effect of DFCD
became less effective compared to the flat-plate model film cooling.
4.4 Aerodynamic Loss (Experimental Result). Figure 14(a)
shows the loss coefficient distributions of without and with DFCD
vanes at p ¼ 3.0d. The wake width on the suction side for the
cases with DFCD vane was larger than that of without DFCD
vane, while the wake on the pressure side exhibited comparatively
small change. This seems to originate in mixing being promoted
by DBV. On the other hand, in the case of the 4.5d pitch
(Fig. 14(b)), the variation of wake width was reduced compared to
the p ¼ 3.0d case. Therefore, it is suggested that the number of
DFCDs in the spanwise direction has remarkable influence on the
aerodynamic loss.

5

Conclusions

The effects of double flow-control device on the turbine vane
film cooling were experimentally and numerically studied. In this
study, the aerothermal performance was investigated by changing
the height of DFCD, the cooling hole pitch, and the location, and
the following conclusions were acquired:
(1) It was clearly shown by CFD that DBV was generated from
DFCDs even when DFCD was installed in the curved
Transactions of the ASME
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surface. This DBV has made secondary air expand in the
span direction as found in the previous research of the past
flat-plate film cooling with DFCD.
(2) Because the suction surface has a convex curvature, the
secondary air is likely to attach to the model surface. The
effect of DFCD increased with the height of DFCD on the
suction surface. Particularly, in a high BR, the film cooling
effectiveness was increased effectively due to DBV. However, because DFCD promote mixing of the mainstream
and secondary air, the improvement of film cooling effectiveness was limited in the leading edge region at low BR
condition.
(3) On the pressure side, the effect of the height of DFCD is
not clearly observed compared to the suction side. Because
the secondary air easily separates on the concave surface,
which was because the effect of DBV is not pronounced.
(4) The aerodynamic loss changes according to the height and
installation location of DFCDs.
In the future, it is necessary to optimize the shape and configuration of DFCD in terms of aerothermal performance.
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Nomenclature
BR ¼
C¼
Cax ¼
Cp ¼
d¼
DR ¼
h¼
L¼
p¼
P¼
Re ¼
sp ¼
ss ¼
t¼
T¼
V¼
x, y, z ¼
a¼
g¼
q¼

blowing ratio (¼q2U2/q1U1)
actual chord length
axial chord length
static pressure coefficient
diameter of film cooling hole
density ratio (¼q2/q1)
height of DFCD
distance of cooling hole and DFCD
cooling hole pitch
pressure
Reynolds number based on actual chord length and exit
velocity
coordinate along the pressure side surface
coordinate along the suction side surface
pitch of the cascade
temperature
velocity
Cartesian coordinates
inclination angle
film cooling effectiveness
density

Abbreviations
CRVP ¼ counter-rotating vortex pair
DBV ¼ device-based vortex

Journal of Turbomachinery

DFCD ¼ double flow-control device
FCD ¼ flow-control device

Subscripts
in ¼
out ¼
s¼
t¼
w¼
2¼
1¼

inlet (x ¼ 1.25Cax)
exit (x ¼ 0.25Cax)
static quantity
total quantity
adiabatic wall
secondary air
mainstream
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