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ABSTRACT 
Modern land-based gas turbine engines require higher 

turbine inlet temperatures to achieve their performance 
targets.  Simultaneously, aggressive combustor emissions 
requirements necessitate the efficient use of turbine cooling 
air, even when it is not chargeable to engine performance. 
This paper therefore presents the results of an experimental 
study on nozzle pressure side film cooling and associated 
phantom cooling on the endwall, aimed at minimizing the 
coolant usage to achieve the required component durability. 
Phantom cooling is utilizing spent airfoil cooling to provide 
additional benefit to the endwall, particularly near the pressure 
side and downstream from the airfoil trailing edge, without 
penalizing the airfoil surface film cooling.  The measurements 
for this experiment were conducted in a high speed linear 
cascade, which consists of three nozzle vanes and four flow 
passages.  The nozzle test model was scaled up from a 
practical design, which features a film cooling design that 
intentionally enhances phantom cooling on the endwall.  Film 
cooling effectiveness on the pressure surface and phantom 
cooling effectiveness on the neighboring endwall were 
measured using a Pressure Sensitive Paint (PSP) technique. 
Cooling was supplied through a leading edge cavity, mid-
chord cavity or both.  Two dimensional film cooling and 
phantom cooling effectiveness distributions on the airfoil 
surface and endwall surface are presented for up to six MFR 
(Mass Flow Ratio) values for each test case.  Then the cooling 
effectiveness distributions are spanwise- or pitchwise-
averaged along the axial direction and comparisons are made 
to show the effect of MFR and film cooling location.  An area-
averaged film cooling effectiveness and phantom cooling 
effectiveness are also provided.  The results indicate that the 
pressure side film cooling and endwall phantom cooling 
effectiveness increase significantly with MFR. The combined 
injection shows higher overall effectiveness, as expected. 

INTRODUCTION 
More effective cooling schemes are necessary to meet the 

higher turbine inlet temperatures required by today’s gas 

turbine applications.  Therefore, in order to fully utilize the 
limited cooling air, the secondary cooling effect of the spent 
film cooling air – “phantom cooling” is introduced.     

Phantom cooling has been proved to be beneficial on the 
nozzle suction side by the endwall local film cooling and inlet 
film cooling (Zhang and Yuan, 2012; Zhang et al., 2015). 
They suggested that the phantom cooling effectiveness on the 
airfoil suction side could be a significant cooling design factor. 
On the other hand, airfoil film cooling also results in phantom 
effect on the neighboring endwall surface (Zhang and Yuan, 
2013; Zhang et al., 2014). They indicated that the phantom 
cooling can be used to cool the endwall surface near the 
pressure side of the airfoil, which is a challenging area due to 
the complicated flow field and difficult access of cooling 
supply.   Later, the phantom cooling study has been extended 
to the endwall downstream of the trailing edge (Liu et al., 
2018).   The endwall surface near the pressure side of the 
airfoil and the trailing edge extended area can be cooled by 
introducing the trailing edge discharge slots and pressure side 
film injections.  

In the present paper, the nozzle airfoil pressure side film 
cooling and associated phantom cooling on the endwall were 
studied.  The test was conducted on a scaled up nozzle model 
simulating a real design, which features a six rows of 
showerhead, three rows of pressure side and three rows of 
suction side film cooling holes.   Different from a typical film 
cooling design, the row labelled PS2 has a half row of 30° 
compound angle holes pointed toward the upper endwall and 
the row labelled PS3 has a half row of 30° compound angle 
pointed toward the lower endwall.  A similar design was 
adopted for the pressure side trailing edge slots, which have 
20° compound angle pointed to the upper span for the top five 
slots and 20° compound angle pointed to the lower span for 
the bottom five slots.  The design intent is to enhance the 
secondary cooling effect on the nozzle endwall. 

The objectives of current study are:  (1) to measure 
detailed film cooling on the pressure surface by showerhead 
film cooling combined with pressure side injections and 
trailing edge slots.  (2) to measure phantom cooling 
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effectiveness on the endwall surface induced by showerhead 
film cooling combined with pressure side injections and 
trailing edge slots discharge. 

TEST FACILITY AND INSTRUMENTATION 
The test was conducted in a five-bladed linear cascade as 

shown in Figure 1. The mainstream air is supplied by a four-
stage centrifugal compressor that could deliver mass flow rate 
as high as 5 kg/s and the available pressure can be as high as 
170 kPa.  A turbulence gird is installed 61 cm upstream from 
the nozzle leading edge.  With 1.27 cm grid width and 5.1 cm 
spacing, it generates a nominal turbulence intensity of 12.0 % 
at the nozzle inlet, measured by hot-wire anemometry. The 
test nozzle is removable and is placed in the middle of cascade. 
The phantom cooling effect by the leading edge showerhead, 
pressure side film cooling, and trailing edge slot discharge are 
measured from the endwall. The phantom effect from the 
suction side is not included because the previous study (Zhang 
et al., 2014) shows the effect is insignificant. Some important 
cascade dimensions are listed in Table 1. 

The cross section of the instrumented nozzle is shown in 
Figure 2; two internal channels were used to provide the 
cooling air through leading edge, suction side, pressure side, 
and trailing edge. The X/C values for PS1, SS1 and SS2 are 
0.183, 0.201 and 0.523, respectively.  The pressure side 
discharge slots are near the trailing edge of the vanes. 

Detailed hole geometries are listed in Tables 2 to 4.  Mass 
flow rate ratio (MFR) is used to quantify the amount of 
cooling flow, which is defined as the ratio of the coolant mass 
flow to the passage mass flow.  Table 5 lists the corresponding 
blowing ratio for each location of given MFR, which was 
calculated based on cooling air supply pressure.  

 

Figure 1 Schematic of Nozzle Scaled Warm 
Cascade Test Rig 

 
Table 1.  Cascade Geometry 

Contour blade height (cm) 13.97 (inlet) 10.16 (exit) 

Chord length (cm) 14.92 

Pitch (cm) 13.14 

Inlet angle (°)  0 

Exit angle (°) 72.8 

Exit aspect ratio 0.78 

Cascade width (cm) 52.55 (inlet) 12.89 (exit) 

 

Figure 2 Geometry of The Film Cooling 
Instrumented Test Nozzle 

 
Table 2.  Film Cooling Geometry for Leading Edge 

Cavity 
Name Dia., cm P/D θ,  α,  β,  L/D 

SH 0.102 4.5 30 90 0 6 

SS1 0.102 3.5 0 50 0 3.92 
SS2 0.102 4.0 0 35 0 5.23 

SS3 0.102 4.0 0 35 0 5.23 

PS1 0.112 3.5 0 35 0 4.36 

 
Table 3.  Film Cooling Geometry for Mid-Chord 

Cavity 
Name Dia., cm P/D θ,  α,  β,  L/D 

PS2 0.112 3.5 0 30 30 5.23 

PS3 0.112 3.5 0 30 -30 5.23 
       
 Height, cm Width, cm     

Slot 0.5588 0.1524  0 ±20  

 
Table 4.  Blowing Ratio for The Given MFR 

MFR 1.5% 2.0% 2.5% 3.0% 3.5% 4.0% 
SH 0.0913 0.734 1.425 2.162 2.85 3.55 
PS1 0.406 0854 1.392 1.954 2.477 3.015 

PS2&3 0.354 0.604 0.864 1.275 1.664 2.086 
Slot 0.862 1.145 1.459 1.731 2.221 3.024 
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EXPERIMENTAL TECHNIQUE AND DATA 
REDUCTION OF PSP 

The PSP experimental techniques, fundamental theory 
and capability of dealing with heavier coolant to mainstream 
density ratio are well explained in a review paper (Han and 
Rallabandi, 2010).  PSP shows a promising measurement as 
compared to various steady state measurement techniques 
(Wright et al., 2005). Unlike other heat transfer methods, 
adiabatic film effectiveness can be readily obtained 
downstream from the film cooling holes by PSP.  This mass 
transfer technique was initially introduced by Solar Turbines 
Inc. (Zhang and Fox, 1999); it is a method based on the 
oxygen-quenched photoluminescence.  The oxygen partial 
pressure on the painted surface is inversely proportional to 
emitted intensity due to oxygen quenching. Both air and 
nitrogen were heated to the freestream temperature before 
feeding into the cooling plenum. Using the heat and mass 
transfer analogy, the film cooling effectiveness can be 
expressed as a ratio of oxygen concentration measured by 
PSP.  
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T∞ stands for the mainstream temperature, Taw refers to the 
adiabatic wall temperature, and Tc is the cooling air 
temperature; while C∞ stands for the oxygen concentration of 
the mainstream and Cmix refers to the oxygen concentration of 
the nitrogen/air mixture . When the molecular weight of the 
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Four images were taken at each view of film cooling 
distribution to correct the background noise: a dark image 
(light off, mainflow off); a reference image (mainflow off, 
light on); an air injection image (mainflow on, light on, air 
injection); and a nitrogen injection image (mainflow on, light 
on, nitrogen injection).  

Calibration was performed between 344 K and 356 K and 
pressures ranging between vacuum and 150 kPa, covering the 
range expected during the experiments. At each pressure, 
emission intensity is recorded and a relationship between 
intensity and pressure is established. 

FLOW CONDITIONS AND UNCERTAINTY ANALYSIS 
Flow measurements were performed prior to the current 

study in order to meet the flow condition requirements.  Figure 
3 shows the nozzle model surface Mach number distribution 
on the mid-span, which was calculated based on surface static 
pressure measurements using pressure taps installed in the 
mid-span of the test model.  This study was conducted at the 
mainflow condition as listed in Table 5.  Inlet velocity, inlet 
and exit Reynolds numbers and Mach numbers were 
calculated based on the measured temperature, flow rate and 
pressures in the experiment.  The Reynolds number is in a 
typical range for mid-size industrial and aero gas turbines.  
Although the Mach number is slightly lower than real engine 

condition, this is not considered as a factor for the current 
phantom cooling study. 

 
Table 5.  Freestream Flow Conditions 

V1, m/sec. Ma1 Ma2 
 

Re1 Re2 

34.7 0.08 0.63 281,000 1,594,000 

 

 

Figure 3 Measured Surface Mach Number 
Distribution at Test Nozzle Mid-Span 

 
An uncertainty analysis was performed based on a 

confidence level of 95% (Kline and McClintock, 1953).  The 
mainstream velocity is kept constant within 1%. The 
uncertainty of the pressure measurement (using PSP) in the 
current study was 4.8% and that for the film effectiveness 
(also deducted from PSP measurements) at the nominal 
condition was 10.0%.  The net film effectiveness variation 
() was calculated as 0.04 for the worst case.  

PRESSURE SURFACE FILM EFFECTIVENESS – 
LEADING CAVITY INJECTIONS ONLY 

For the film cooling measurement, the film cooling 
effectiveness distributions on the airfoil pressure surface are 
shown in Figure 4.  The cooling air was supplied to the leading 
edge cavity only, which will provide cooling to the 
showerhead, three rows of shaped hole on the suction side and 
first row of shape hole on the pressure side.  In this study, the 
camera position is fixed, viewing the whole airfoil pressure 
side, including the entire leading edge.  One view is required 
for the film cooling measurements, although it is slightly 
skewed.  Based on Table 4, the blowing ratios for the 
showerhead increase from 0.0913 to 3.55 for MFR 1.5% to 
4.0% and the blowing ratios for PS1 injections increase from 
0.406 to 3.015, respectively.  The wide spread of blowing ratio 
results in significant change in film cooling effectiveness 
distribution.  By examining the contour maps in Figure 4, the 
overall film cooling effectiveness on the pressure side 
increases with MFR significantly for all studies.  At a low 
MFR of 1.5%, the low blowing ratio of showerhead induces 
low mass flow and low cooling momentum; as a result, almost 
no trace of film cooling effectiveness is observed upstream 
from the PS1 injection location.  The blowing ratio for PS1 is 
also low, but is higher than that for the showerhead; hence low 
film effectiveness downstream from the PS1 injection is 
discovered.  For MFR of 2.0%, there is low film cooling 
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effectiveness zone at the leading edge.  The effectiveness zone 
downstream from the PS1 becomes wider and the value 
becomes higher.  From MFR of 2.5% to 4.0%, the film cooling 
effectiveness zone downstream from the leading edge merges 
with that from the PS1 injection, and the high effectiveness 
zone immediately downstream from the PS1 increases in size 
and value.  The film cooling effectiveness in the leading edge 
region increases with the MFR more significantly for all the 
studies, due to the drastic increase in blowing ratio.     

To quantitatively examine and to compare the film 
cooling effectiveness on the pressure surface, Figure 5 shows 
the spanwise averaged film cooling effectiveness distribution 
for the leading cavity injections.  Since the camera view 
covers part of the leading edge on the suction side, the average 
distribution starts from a negative X/Cax value.  As discussed 
earlier, the averaged film cooling effectiveness increases with 
MFR for all the test cases.  From MFR 1.5% to 2.5%, the 
effectiveness increment is more significant compared to that 
for MFR from 2.5% to 4.0%.  At the locations of PS2 and PS3, 
although there is no flow in or out of the holes, the average 
film effectiveness reduces slightly due to the existence of the 
holes; at the trailing edge slots location, there is a slightly 
increase in average film cooling effectiveness due to existence 
of the slots.  This difference will be further studied in the 
future research effort. 

 

Figure 4 Film Cooling Effectiveness – Leading 
Cavity Injections Only 

 

Figure 5 Spanwise Averaged Film Cooling 
Effectiveness – Leading Cavity Injections Only 

PRESSURE SURFACE COOLING EFFECTIVENESS – 
MID-CHORD CAVITY INJECTION ONLY 

The film cooling effectiveness distributions for the mid-
chord cavity injections are shown in Figure 6.  The cooling air 
was supplied to the mid-chord cavity only, which will provide 
cooling to two rows of cylindrical holes on the pressure side 
and the trailing edge slots.  Based on Table 4, the blowing 
ratios for the PS2 and PS3 increase from 0.354 to 2.086 for 
MFR from 1.5% to 4.0% and the blowing ratios for the trailing 
slots injection increases from 0.862 to 3.024, respectively.  
Since PS2 and PS3 have round hole exit, jet lift-off could 
happen at higher MFR values.  As a result, the overall film 
cooling effectiveness doesn’t increase with the MFR clearly.  
At a low MFR of 1.5%, the jets still attach to the surface; 
therefore the highest effectiveness immediately downstream 
from the injections is observed.   As MFR increases from 1.5% 
to 3.0%, the overall effectiveness decreases due to jet lift-off.   
Effectiveness starts to increase slightly from MFR=3.0% to 
4.0% due to the film cooling reattachment on the concave 
pressure side surface.  At the mid-span location, there is a 
stripe of high effectiveness zone due to the overlap of PS2 and 
PS3 at the mid-span location.  For trailing edge slots 
injections, there is no clear trend for all the MFR studies.  It 
can be assumed that at the trailing edge slot region, the film 
effectiveness reaches the highest value even at low MFR of 
1.5%; therefor further increase in the MFR would not further 
enhance its effectiveness value.   

The film cooling distribution trend is shown clearly in 
spanwise averaged effectiveness in Figure 7.  The pattern of 
decreasing effectiveness with MFR indicates that the jet lift-
off happens from MFR of 1.5% and up.  With the increase in 
MFR or blowing ratio, jet lift-off is getting severe.  In the 
meantime, due to the increase in the mass flow, the average 
film effectiveness after the reattachment increases with the 
MFR, resulting the crisscross pattern of the averaged 
distribution lines. 

 

Figure 6 Film Cooling Effectiveness – Mid-Chord 
Cavity Injections Only 
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Figure 7 Spanwise Averaged Film Cooling 
Effectiveness – Mid-Chord Cavity Injections Only 

PRESSURE SURFACE COOLING EFFECTIVENESS – 
COMBINE INJECTIONS 

The film cooling effectiveness distributions for the 
leading edge and mid-chord cavity combined injections are 
shown in Figure 8.  The cooling air was supplied to both 
cavities separately with individual flow controls.  The forward 
part of the distribution is similar to that for the leading edge 
cavity injection only cases in Figures 4 and 5.  Downstream 
from the PS3 injection location, compared to mid-chord cavity 
injection only cases in Figure 6, the overall film effectiveness 
increases with the MFR in general.  The film cooling 
effectiveness downstream from the PS3 increases 
significantly from MFR 1.5% to 2.0%.  For higher MFR cases, 
film cooling effectiveness continues to increase and covers the 
entire span.  The overall film effectiveness increases with the 
MFR continuously for all the MFR studies, although the 
increase is less pronounced for high MFR cases.     For trailing 
edge slots injections, there is no clear trend for all the MFR 
studied by examining the contour distributions, similar to that 
for mid-chord injections only. 

The film cooling effectiveness distribution trend is shown 
clearly in the spanwise averaged effectiveness in Figure 9.  
Although immediately downstream from PS3 injection the 
distribution for MFR 1.5% is higher than all other 
distributions, the pattern for the jet lift-off is no longer applied.  
The averaged film effectiveness distribution increases with the 
MFR significantly from 1.5% to 3.0%, then the increase 
become less significant from 3.0% to 4.0%.  The distributions 
for MFR 3.5% and 4.0% are almost the same, suggesting 
further increase in mass flow and cooling momentum won’t 
further enhance the combined film cooling effectiveness.  
With the leading cavity injections, jet lift-off from PS3 is 
compensated by the film cooling carried over from 
showerhead and PS1.  However, downstream from the trailing 
edge slot injection, the film effectiveness doesn’t change with 
the MFR, similar to that for the mid-chord injections only. 

 

Figure 8 Film Cooling Effectiveness – Combined 
Injections 

 

 

Figure 9 Spanwise Averaged Film Cooling 
Effectiveness – Combined Injections 

PHANTOM COOILNG EFFECTIVENESS 
DISTRIBUTION – MID-CHORD INJECTIONS ONLY 

In a typical nozzle cooling design, showerhead and 
pressure side film cooling are applied.  The phantom cooling 
effect on the neighboring endwall was studied by injecting 
cooling air through pressure side film cooling holes or trailing 
edge slots (Zhang et. al., 2014; 2018).  In this study, the 
measurement is to verify a particular design that utilizes 
phantom cooling to cool the endwall surface near the pressure 
side.  The current design is to enhance endwall phantom 
cooling by featuring the pressure side cylindrical film cooling 
holes and the trailing edge slots with compound angle toward 
both endwalls.  Figures 10 shows that the phantom cooling 
effectiveness distributions for mid-chord injections only 
increases with the MFR continuously.  It starts from 
downstream from the PS3 near the pressure side of the airfoil 
and extend far beyond the airfoil trailing edge.  The effect of 
the pressure side hole injections and the trailing edge slot 
injection can be clearly distinguished.  As MFR increases, the 
zone becomes wider and the effectiveness value increases 
significantly due to the greater cooling air momentum.  At 
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MFR of 3.5%, the phantom cooling coveres the entire 
pitchwise distance downstream from the trailing edge.   

Figure 11 shows the pitchwise averaged phantom cooling 
effectiveness distribution along the axial direction.  Different 
from the film cooling distribution, phantom cooling induced 
by pressure side injections increase with the MFR for all the 
cases studies.  From MFR 3.0% to 3.5%, the increase is even 
more pronounced for PS3 injection.  Downstream from the 
airfoil trailing edge, the averaged phantom cooling 
effectiveness increases with the MFR constantly.  Note that 
the test data is based on only one vane injection; in reality, the 
averaged effectiveness downstream of the trailing edge should 
be much higher considering the neighboring airfoil injections. 

 

Figure 10 Endwall Phantom Cooling Effectiveness – 
Mid-Chord Cavity Injections Only 

 

Figure 11 Pitchwise Averaged Effectiveness 
Distribution – Mid-Chord Cavity Injections Only   

PHANTOM COOLING EFFECTIVENESS 
DISTRIBUTION – COMBINED INJECTIONS 

Figures 12 shows the phantom cooling effectiveness 
distributions for the leading edge and mid-chord combined 
injections for MFR from 2.0% to 3.5%.  For MFR of 2.0%, 
the distribution is similar to that for the mid-chord injection 
only case; phantom cooling due to the leading edge injections 
is almost zero.  From MFR 2.5% to 3.5%, phantom cooling 
due to the leading edge cavity injections can be observed 
upstream from the PS3 injections.  Downstream from the PS3 
injections for MFR from 2.0% to 3.5%, the distribution is 
similar to that for mid-chord injections only cases, but the 
values are higher and zones are wider due to cooling air 
carrying over from upstream.   

Figure 13 shows the pitchwise averaged phantom cooling 
effectiveness distribution along the axial direction.  The effect 
of the leading edge cavity injection is clear but not significant.  
Downstream from the PS3 injection, the combined phantom 
cooling effectiveness is slightly higher than that for mid-chord 
injection only.  This suggests that the phantom cooling on the 
endwall is dominated by the mid-chord injections.   

 

Figure 12 Endwall Phantom Cooling Effectiveness – 
Combined Injections   
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Figure 13 Pitchwise Averaged Effectiveness 
Distribution – Combined Injections   

AREA AVERAGED FILM COOLING AND PHANTOM 
COOLING EFFECTIVENESS DISTRIBUTION 
COMPARISON 

Figure 14 shows the comparisons of area averaged film 
cooling effectiveness on the pressure side among the three test 
cases.  For leading edge cavity injections, the area averaged 
film cooling increases with the MFR significantly from 1.5% 
to 2.5%, then continues to increase until 4.0%.  For the mid-
chord injection, the area averaged film cooling effectiveness 
does not show a clear trend due to the jet lift-off and 
reattachment.  For the combined injections, the film 
effectiveness increases with the MFR significantly from 1.5% 
to 3.0%, then stays almost unchanged until 4.0%.  This 
suggests that by further increasing the MFR or blowing ratio 
from a high value, film cooling effectiveness will not increase 
significantly.   

Figure 15 shows the comparison of area averaged 
phantom cooling effectiveness on the endwall for mid-chord 
injection and combined injections.  Different from the 
averaged film cooling effectiveness, the area averaged 
phantom cooling effectiveness increases with the MFR 
continuously for all MFR studies.  The combined injections 
result in higher overall phantom cooling effectiveness. 

Figure 14 Area Average Film Cooling Effectiveness 
Distribution Comparison 

 

 

Figure 15 Area Average Phantom Cooling 
Effectiveness Distribution Comparison 

CONCLUSIONS 
Nozzle airfoil pressure side film cooling and endwall 

phantom cooling effectiveness distributions for a particular 
cooling design were measured using the PSP methodology in 
a scaled warm cascade.  In this study, the cooling was supplied 
to the leading edge cavity, the mid-chord cavity and both. 
Nozzle pressure surface film cooling effectiveness and 
endwall surface phantom cooling distributions, spanwise 
averaged film cooling effectiveness and pitchwise averaged 
phantom cooling effectiveness distributions were presented 
and discussed.  Comparison was made to show the effect of 
injection location and MFR.  The main conclusions can be 
summarized as follows: 

1. Nozzle pressure side film cooling due to showerhead 
and pressure side multi-row injections were studied.  
In general, film effectiveness increases with MFR 
and combined injection results in higher 
effectiveness compared to individual injections.  At 
high MFR, further coolant increasing would not 
result in further effectiveness enhancement. 

2. The associated phantom cooling on the neighboring 
endwall were studied.  The mid-chord cavity 
injections results in significant phantom cooling 
effectiveness; on the other hand, the effect of leading 
edge injections is insignificant.  Combine injections 
results in higher overall phantom cooling 
effectiveness as compared to mid-chord injections 
only.  Phantom cooling on the endwall increases with 
the MFR for all case studies. 

3. The design intent was verified.  As compared to 
previous design (Liu et al., 2018), endwall phantom 
cooling could be enhanced by using half row of 
compound angled film cooling holes and trailing 
edge slots. 

NOMENCLATURE 
Symbols 
C chord length, cm; oxygen mass concentration 
D film hole diameter, cm 
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L length of film hole, cm 
LD leading edge 
m mass flow, kg/s 
MD mid-chord  
MFR mass flow ratio, mc/m∞ 
Ma Mach number 
P pitch value, cm; pressure, kPa   
PS pressure side 
Re Reynolds number, ρVC/μ 
SH showerhead 
SS suction side 
T temperature, °K 
V velocity, m/s 
X streamwise distance, cm 
Y pitchwise distance, cm 
α incline angle to the surface tangent, ° 
β compound angle to the streamwise direction, ° 
η film effectiveness 
μ dynamic viscosity, Ns/m2 
ρ density, kg/m3 
θ incline angle to the spanwise direction, °  
 
Subscripts 
1 cascade inlet 
2 cascade exit 
aw adiabatic 
ax axial 
c coolant condition 
mix mixture condition 
∞ free stream condition 
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