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ABSTRACT 
Gas turbine components can withstand gas temperatures 

exceeding the melting point of the alloys they’re made of due to 
increasingly effective cooling methods. Increasing the operating 
temperature of a gas turbine is key to improving its power 
density and exhaust heat for steam or combined-cycle efficiency. 
In the turbine, the component that experiences the highest gas 
temperature is the vane directly downstream of the combustor; 
the most complex flow field in a vane occurs near the endwall. 
In this study, an experimental investigation is carried out to 
determine the effect of coolant injection angle and mass flow 
ratio on film effectiveness on the endwall using the pressure 
sensitive paint technique for various configurations of jump 
cooling hole configurations. Two rows of angled holes are 
upstream of an uncooled vane in a three-vane linear cascade. 
Injection angle including compound angle is varied from 20 to 
60 and coolant to mainstream massflux ratio is varied from 0.5% 
to 3%. Contours of endwall surface film effectiveness are 
presented along with span-averaged film effectiveness. CFD 
models of the cascade are developed using a commercial solver 
to predict film effectiveness for some of the test conditions and 
comparisons are made between the experimental and numerical 
results. The CFD models provide further insight into the flow 
field and explain trends observed in the experiment by 
understanding the interaction of jump coolant flow with the 3D 
endwall mainstream flows. 

* The American University in Cairo, New Cairo, Egypt

INTRODUCTION 
The nozzle guide vane is directly downstream of the 

combustor and as such experiences the highest temperatures 
within the turbine hot gas path. Increasing combustor exit 
temperatures to increase gas turbine output and performance 
requires that turbine components are cooled. With advances in 
combustion design, not only are higher temperatures achieved 
but a flatter more uniform temperature profile is achieved which 
means that the end walls are as highly stressed thermally as the 
mid-span and actually more stressed because of the presence of 
the filet and the highly three-dimensional nature of the flow at 
the end wall.  

One of the most effective means of cooling hot gas path 
components is film cooling where a coolant is injected at some 
angle (or compound angle) into the flow path with the purpose 
of providing a protective layer of film between the surface and 
the hot gas. Film cooling is the subject of hundreds if not 
thousands of papers and the effects of geometry and coolant 
conditions have been studied exhaustively. There are several 
parameters that affect the behavior of the film and determine 
whether it will attach the surface and serve its function 
effectively or whether it will detach from the surface and mix 
with the mainstream rendering it ineffective for heat transfer 
purposes and detrimental in terms of stage aerodynamic 
performance. These parameters include the blowing ratio, 
momentum ratio, density ratio, and geometric parameters like 
injection angle. Their influence on the aerodynamics, heat 
transfer, and film effectiveness for simple flat plate geometries 
is well documented [1–9]. Day et al. [10] studied the 
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aerodynamic performance of NGV and correct parameterization 
of coolant density and found that momentum flux ratio is the 
most appropriate parameter for characterizing the behavior of 
film cooling rather than blowing rate. 

The aerodynamics at the endwall of the vane is complicated 
and numerous papers have focused on the loss mechanisms and 
vortex structures at the endwalls. The study of Langston et al. 
[11] is one of the earliest papers to investigate endwall flows; 
they used ink for flow visualization and also measured velocity 
and pressure along the passage. Gregory-Smith et al. [12] also 
made measurements in a cascade to calculate the vorticity in the 
passage. Sieverding [13], Langston [14], Simon et al. [15], and 
Acharya et al. [16] offer thorough survey papers highlighting the 
results of turbine endwall aerodynamics and heat transfer 
studies. The dominant endwall flow structures include: the cross-
passage flow from the PS to the suction side (SS) and the 
horseshoe vortex resulting from the upstream boundary layer 
hitting the LE of the vane. Velocity differences in the boundary 
layer between the endwall and mainstream gas create an adverse 
pressure gradient. This static pressure gradient causes a 
downwash of mainstream gas onto the endwall surface and the 
junction of the vane. After impinging at LE the flow separates 
forming a horseshoe vortex with SS and PS legs. The PS leg 
intensifies with passage pressure gradient to form passage 
vortex. In addition, there are three “corner” vortices: between the 
PS surface and the hub, between the SS surface and the hub, and 
between the LE surface and hub. 

Research on film cooling in the end wall has also been a 
subject of research. El-Gabry et al [17] studied the aerodynamics 
of hub cooling in an annular sector cascade and used CO2 gas as 
coolant to trace the coolant flow path and found that coolant had 
migrated to the suction side and radially based on CO2 
concentrations at 110% chord. Zhang et al [18-20] studied effect 
of film cooling on endwall heat transfer considering the effect of 
hole diameter [20] on film effectiveness and the effect of airfoil 
showerhead cooling on endwall film effectiveness [21]. They 
also studied the effect of real geometry back-facing step 
upstream to simulate actual engine geometry at the inlet to the 
vane [18] on endwall film effectiveness. 

The present study focuses on film cooling in the endwall 
region of the nozzle guide vane; experimental data for endwall 
film effectiveness downstream of two rows of film holes (jump 
cooling) is measured using PSP techniques for various injection 
angles and coolant mass flow rates. Computational Fluid 
Dynamics models are developed to simulate the experiment in 
an attempt to explain the flow field that yields the endwall film 
effectiveness results. Though the research is abundant on effect 
of injection angle on film cooling, there are few studies that look 
at the influence on real engine geometry particularly with on a 
contoured endwall which results show heavily influences the 
path of not only the mainstream but the coolant and can prove 
beneficial or inconsequential depending on the specifics of the 
design.  

 

NOMENCLATURE 
C   chord length, cm 

Oxygen mass concentration 
D   film hole diameter, cm 
L   length of film hole, cm 
m   mass flow rate, kg/s 
M   blowing ratio, 𝜌"𝑉" 𝜌$𝑉$ 
MFR  mass flow ratio, 𝑚" 𝑚$ 
Ma   Mach number 
p   pressure, kPa; 
P   pitch value, cm 
PS   pressure side 
PSP  pressure sensitive paint 
SS   suction side 
Re   Reynolds number, ρVC/µ 
T   temperature, K 
V   velocity, m/s 
X   streamwise distance, cm 
Y   pitchwise distance, cm 
 
η  film effectiveness 
µ  dynamic viscosity, Ns/m2 
ρ  density, kg/m3 
 
Subscripts 
1   cascade inlet 
2   cascade exit 
aw   adiabatic 
c   coolant condition 
∞  free stream condition 
mix  mixture condition 

TEST FACILITY AND INSTRUMENTATION 
The tests were performed in a linear cascade using a high 

speed wind tunnel shown schematically in Figure 1. The test 
facility is described here briefly and more details can be found 
in Zhang and Fox [21] and subsequent studies [18-20].  

 

 
Figure 1. Test facility schematic 
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A four-stage centrifugal compressor supplies mainstream air to 
the wind tunnel. The air is filtered and passes through a control 
valve, a venturi meter, a flow straightener, a converging nozzle 
and a rectangular duct before it enters the linear cascade test 
section. A turbulence grid is installed 61 cm upstream from the 
nozzle inlet, with 1.27 cm grid width and 5.1 cm spacing; this 
generates turbulence intensity of about 6.0% at the cascade inlet. 
The mainstream mass flow rate supplied by the wind tunnel can 
be as high as 4 kg/s with pressure reaching 0.16 MPa.  

 The linear cascade consists of three airfoils and two curved 
sidewalls, resulting in a total of four flow passages. The top 
endwall is flat and the bottom endwall is contoured, resembling 
engine hardware. The airfoil used in these tests is uncooled with 
the exception of two rows of jump cooling holes upstream of the 
leading edge on the hub endwall as shown in Figure 2.  

 

 
Figure 2. Jump cooling film injection geometry 

 
The mainstream flow temperature is about 350K. The inlet 

Mach number is 0.1 and exit Mach number is 0.7 nominally. The 
Reynolds number is 283,000. 

Two rows of film cooling holes were placed upstream of the 
vane leading edge; the distance between the center of the first 
row and the vane leading edge is 28.5 mm (~15 hole diameters). 
The spanwise and streamwise distances between the holes are 
the same, P/D of 3.0. The length to diameter ratio of the hole is 
2.0 at an injection angle is 30°. The injection angle is varied from 
20° to 60° while the plate thickness is fixed (therefore the length 
to diameter ratio will vary with injection angle). 

Nitrogen gas and compressed air were used for the film 
cooling fluid and were supplied by pipelines into the test cell. 
They were introduced into the distribution plenums through a 
pressure regulator, a heater, and a turbine flow meter. Heat loss 
is minimized and the temperature difference between the 
mainflow and the secondary flow is kept below 0.5 K. 

FILM EFFECTIVENENESS USING PSP 
Pressure Sensitive Paint (PSP) is used for measuring film 

effectiveness. PSP is a coating consisting of luminescent 
molecules in an oxygen-permeable binder. The oxygen binder 

attenuates the intensity of the image and since oxygen 
concentration is directly related to the partial pressure of air at a 
given temperature, the pressure can be determined based upon 
the luminescence of the molecules.  

Nitrogen gas was heated to the temperature of the freestream 
to eliminate any temperature effects and used as the coolant gas. 
Nitrogen acts as a tracer gas as it dilutes the oxygen of the main 
flow; the mass concentration of the nitrogen/air mixture 
downstream from the point of injection was measured to obtain 
film effectiveness by using the mass transfer analogy as 

 

𝜂 = ()*(+,-
()

  

[1] 
where C∞ is the oxygen concentration of the main stream (about 
21%) and Cmix is the oxygen concentration of the air/nitrogen 
mixture (between 0 to 21%).  

A CCD camera was mounted above the window to view the 
vane surfaces. Three halogen lamps were used as the light source 
for the camera. Images of luminescence intensity distribution on 
the vane surface were recorded by the CCD camera and 
compared with calibration data to obtain surface pressure and 
film effectiveness distributions. The uncertainty in the surface 
pressure distribution was about 5% and the uncertainty of the 
film effectiveness at nominal condition was 10%-12% [19-21]. 
The uncertainty calculation assumes a linear relationship 
between the intensity ratio of the image and the ratio of oxygen 
partial pressures. This is done twice as film effectiveness is a 
ratio-of-ratios. A worst-case uncertainty in surface temperature 
for each image is assumed. At zero film effectiveness, the 
uncertainty is found to be +/- 0.06. 

FLOW EXPERIMENTAL RESULTS 
Figure 3 shows the surface Mach number distribution on the 

test model mid-span, calculated based on surface static pressure 
measurements using surface pressure taps. The lowest Mach 
number is at the stagnation point and the highest Mach number 
is on the suction side at the throat. Along the pressure side, the 
Mach number increases steadily from the stagnation point 
towards the trailing edge whereas on the suction side, the Mach 
number increases rapidly up to the throat and then remains fairly 
constant downstream of the throat due to effects of adverse 
pressure gradients. 
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Figure 3. Mach number distribution at test nozzle mid-span 

FILM EFFECTIVENESS EXPERIMENTAL RESULTS 
The parameters varied in the experimental study are mass 

flow ratio of the coolant to mainstream flows and the injection 
angle. The baseline plate had an injection angle of 30-degrees; 
the coolant mass flow ratios tested are 0.5, 1.0, 1.5, 2.0, 2.5, and 
3.0%. In addition to the baseline angle of 30-degrees, four other 
injection angles were studied: 20, 40, 50, and 60-degree angles.  

Figure 4 shows film effectiveness contours on the endwall 
at mass flow ratios ranging from 0.5% to 3.0% for coolant 
injection angle of 30 degrees. Increasing the mass flow of 
coolant increases the film effectiveness throughout the endwall 
surface. At the lower mass flow ratios, the film effectiveness 
appears to be higher along the suction side edge of the endwall 
surface. This doesn’t appear to be the case at higher mass flow 
ratios where the contour bands are more vertical indicating that 
the decrease in effectiveness is from front to aft and not from 
suction to pressure side.  

 

 
Figure 4. Film effectiveness for 30-degree coolant injection 

 

 
Figure 5. Pitchwise Average effectiveness for 30-degree coolant 

injection 
 

Figure 5 is the pitchwise averaged film effectiveness on the 
endwall surface obtained by averaging the contours in figure 3 at 
fixed streamwise locations. At the low mass flow ratio, the 
effectiveness drops precipitously along the stream wise 
direction. Increasing the coolant mass flow elevates the overall 
level of effectiveness and reduces the rate at which the 
effectiveness decays in the streamwise direction. The 
relationship between MFR and effectiveness is highly non-
linear; increasing the MFR from 0.5 to 1.0 to 1.5 yields 
significant improvements in effectiveness; however, increasing 
MFR from 1.5 to 2.0 yields no difference. Likewise increasing 
the coolant MFR from 2.0 to 2.5 yields an increase in 
effectiveness; however further increasing the coolant mass flow 
ratio from 2.5 to 3.0 does not change the effectiveness.  

The coolant injection angle is varied and the endwall film 
effectiveness measurements results are presented in Figures 6 – 
13. Figure 6 and 7 show the contours and pitchwise average 
results at injection angle of 20 degrees. Figures 8 and 9 are the 
results for injection angle of 40 degrees, figures 10 and 11 for 
50-degree injection, and figures 12 and 13 are the results for 60-
degree coolant injection. 
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Figure 6. Film effectiveness for 20-degree coolant injection 

 
Figure 7. Pitchwise Average effectiveness for 20-degree coolant 

injection 
 

The findings for 20-deg injection (Figures 6 and 7) are 
similar to the baseline: contours in Figure 6 suggest that film 
effectiveness is higher along the suction side surface particularly 
at low MFR. Figure 7 also shows the same finding as Figure 5: 
increasing the mass flow ratio generally increases the 
effectiveness however the increase is non-linear meaning that 
increasing the mass flow ratio 0.5% at low MFR has an impact 
on effectiveness but at other conditions a 0.5% increase has little 
to no effect.  

The same findings hold true across the range of injection 
angles measured: increasing mass flow ratio increases pitchwise 
average effectiveness nonlinearly and at low MFR the there is 
generally higher localized effectiveness along the suction side 
edge of the endwall surface (figures 8-13).   

 

 
Figure 8. Film effectiveness for 40-degree coolant injection 

 
Figure 9. Pitchwise Average effectiveness for 40-degree coolant 

injection 

 
Figure 10. Film effectiveness for 50-degree coolant injection 

 

 
Figure 11. Pitchwise Average effectiveness for 50-degree 

coolant injection 
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Figure 12. Film effectiveness for 60-degree coolant injection 

 
Figure 13. Pitchwise Average effectiveness for 60-degree 

coolant injection 
 
One observation that can be made is that at the low injection 

angles of 20- and 30-degrees, the decrease in effectiveness in the 
streamwise direction is more pronounced than at higher injection 
angles where there is lower effectiveness but greater uniformity 
on the endwall surface. 

COMPUTATIONAL FLUID DYNAMICS (CFD) MODEL 
A CFD model was developed to simulate the experimental 

setup and explain the findings. The computational domain 
includes the four-passage cascade starting from the inlet of the 
test section where the inlet total pressure is measured to the exit 
of the section where the exit static pressure is measured. Figure 
14 shows the computational domain and boundaries. A mass 
flow inlet is used for the mainstream and coolant and a pressure 
outlet boundary condition is used at the cascade exit. The coolant 
temperature is 294K and the mainstream inlet temperature is 
350K. A temperature difference between the coolant and 
mainstream is necessary in the CFD simulation in order to obtain 
an adiabatic film effectiveness. The temperature difference will 
result in a non-unity density ratio; however, research shows that 
the effect of density ratio is secondary in terms of its effect on 

film effectiveness compared to other parameters such as mass 
flow ratio [22]. The exit pressure is 0.9 bar. The coolant injection 
angle was varied to simulate the experimental cases of 20, 30, 
40, 50, and 60-degree injection.  

 

 
Figure 14. Computational domain and boundary conditions 

 
The automated polyhedral volume mesh generation utility 

within Star CCM+ is used for generating the grid. A polyhedral 
mesh is preferred to a tetrahedral mesh for automated mesh 
generation. Tetrahedral elements can become too elongated and 
reducing the accuracy; this is particularly true at sharp corners 
within the domain. Polyhedral elements are less sensitive to 
stretching; they are also bounded by many neighboring elements 
which makes gradient approximation more accurate as compared 
to tetrahedral elements which have four neighboring cells. A 
prismatic layer is applied at all walls to resolve near-wall 
gradients; the first prism layer height is selected to yield a y+ of 
about 1.0 to enable the use of wall integration methods for 
resolving the viscous sublayer. There are a total of about 35M 
cells in the model. A grid independence study was carried out in 
which the volume mesh was reduced by a factor of 2 and 
increased by a factor of 2 and results presented here are grid-
independent. Figure 15 shows the endwall and airfoil surface 
mesh and details of the volume mesh of the coolant hole. 
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Figure 15. Computational grid 

 
The solver is a finite volume solver segregated flow solver 

that solves the mass and momentum equations sequentially to 
find pressure and the three components of velocity. The pressure-
velocity coupling uses the SIMPLE algorithm. The gas is 
assumed to be ideal and the model is solved steady. The solver is 
second order accurate. Turbulence is modeled using the k-omega 
SST turbulence model. Two other turbulence models were 
considered: the Wilcox k-omega model and a low Reynolds 
number k-epsilon model. The difference between the CFD 
results was minimal (i.e. less than the experimental uncertainty 
in film effectiveness) as shown in Figure 16. 

 
Figure 16. Effect of turbulence model on pitchwise-averaged 

film effectiveness 

CFD RESULTS 
In order to validate the CFD model, the Mach number 

distribution at midspan is compared to the experimental results. 
Figure 17 shows loading on the center aifoil at axial locations 
non-dimensionalized by chord length. Results are comparable. 

 
Figure 17. Comparison of CFD results for midspan Mach 

number and test results 
 

The endwall film effectiveness contours for the baseline test 
plate are obtained using CFD and compared with the 
experimental results presented earlier in Figure 4. The 
experimental data is on the left of Figure 18 and the CFD for the 
equivalent condition is on the right from MFR 0.5, 1.0, 1.5, 2.0, 
and 2.5%. Clearly the results are not periodic; the black outline 
is the region within the CFD that is to be compared with test data. 
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Figure 18. Comparison of CFD results for endwall film 
effectiveness contours and test results 

 
The CFD model captures the overall trend with MFR: the higher 
the MFR the higher the film effectiveness generally speaking. 
The experimental results however show that at low MFR there is 

higher effectiveness along the SS edge but at the higher MFR 
that is not the case and the spread along the pitchwise direction 
is more or less uniform. The CFD fails to show this distinction 
and continually shows the SS  

Figure 19 is a comparison of pitchwise average film 
effectiveness for the baseline plate with 30-degree coolant 
injection at the various mass flow ratios modeled. Solid lines 
represent the experimental data and dashed lines the CFD 
prediction; error bars are included for the experimental. The CFD 
results over-predict film effectiveness slightly particularly in the 
far downstream.  

 
Figure 19a. Pitchwise average film effectiveness comparison 

with test data MFR = 0.5% 

 
Figure 19b. Pitchwise average film effectiveness comparison 

with test data MFR = 1.0% 
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Figure 19c. Pitchwise average film effectiveness comparison 

with test data MFR = 1.5% 
 

 
Figure 19d. Pitchwise average film effectiveness comparison 

with test data MFR = 2.0% 
 

Figure 20 is another way of looking at the results in a 
comparative fashion: this figure shows the experimental results 
are identical for MFR of 1.5 and 2.0% whereas the CFD predicts 
a slightly higher effectiveness at the higher MFR. 

The effect of injection angle was studied by considering the 
condition of mass flow ratio of 1.0% and varying the injection 
angle for that one flow condition. Figure 21 shows film 
effectiveness contours at injection angles of 20, 30, 40, 50, and 
60 degrees and Figure 22 shows the pitchwise averaging of those 
contour plots.  

 

		
Figure 19e. Pitchwise average film effectiveness comparison 

with test data MFR = 2.5% 
 

 

 
Figure 20. Alternate presentation of pitchwise average film 

effectiveness comparison with test data 
 
The CFD overpredicts the pitchwise averaged film 

effectiveness but tends to capture trends fairly well except for 
one case: the 40-degree injection angle. Experimental results 
show that angle to yield the lowest effectiveness, lower than the 
50- and 60-degree jets. However, the CFD shows that the higher 
the injection angle the lower the effectiveness and predicts the 
40-degree jet to have effectiveness values that are higher than the 
50-degree jet but lower than the 30-degree injection. The test 
measurements were repeated to check their validity and the 
results were highly repeatable.  

Figure 23 shows velocity contours near the film injection 
and show how the coolant interacts with the mainstream and also 
with the shape of the endwall contour.  

At low injection angles, the film not only stays to the surface 
closer upon injection but its path is well guided by the contoured 
endwall. At high injection angle, the film is directed towards the 
mainstream air at injection and the contoured endwall does 
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nothing to guide the flow as shown by the blue region of very 
low velocity at the corner which grows with injection angle 
meaning the flow is unguided and perhaps separated from the 
wall. The contouring plays a significant role in determining the 
film trajectory in addition to traditional film cooling parameters 
such as injection angle and momentum ratio and such. 

 

 
Figure 21. Effect of injection angle on film effectiveness 

(experimental data on top, CFD results on bottom) 
 

 
Figure 22. Effect of injection angle on pitch-wise averaged film 
effectiveness (experimental data on left, CFD results on right) 

 
 

 
Figure 23. Flow field near film injection 

 

CONCLUSIONS 
Experimental results for the film effectiveness on the 

endwall of a linear vane cascade with two rows of jump cooling 
holes upstream of the leading edge has been presented alongside 
CFD simulations of the experiments. Results show that 
increasing mass flow ratio for the 30-degree injection increases 
the film effectiveness; however, the relationship between MFR 
and spanwise average film effectiveness is non-linear: in some 
cases an increase in coolant mass flow results in significant 
increase in film effectiveness whereas at other mass flow 
conditions a similar increase in coolant flow does not yield a 
significant increase in film effectiveness. 

Increasing injection angle from 20 to 60 degree shows a 
decrease in film effectiveness, except for the 40-degree injection 
angle which does not follow this trend and has the lowest 
effectiveness of all the cases measured.  

At low mass flow ratio, the endwall contours appear to 
decrease in the axial direction and likewise the spanaverage film 
effectiveness drops sharply along the flow direction. At high 
coolant mass flows, the contour lines within the passage show a 
cross-passage variation with higher effectiveness along the 
suction side edge of the passage. 

CFD results appear to be insensitive to the choice of 
turbulence model among the three models that were evaluated in 
the study. CFD simulations are able to capture the overall trends 
in span-averaged film effectiveness but fail to explain the 
anomalous case of 40-degree injection; the CFD results do not 
predict 40-degree injection to yield the lowest film effectiveness 
results; they predict the highest injection angle of 60 degrees to 
yield the lowest film effectiveness. Further study is ongoing to 
explain and understand this discrepancy. CFD results of velocity 
contours near the injection point, show a strong interaction with 
the contoured endwall influencing the film coolant flow path 
upon injection. Therefore vane jump cooling designs need to 
account for the interaction of film not only with the mainstream 
flow but with the contoured endwall and its influence. 
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