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THE EFFECT OF UNSTEADINESS ON FILM COOLING EFFECTIVENESS 

Jeffrey P. Bons, Richard B. Rivir', and Charles D. MacArthur 
Aero Propulsion and Power Directorate 

US Air Force Wright Laboratory 
Wright-Patterson AFB, Ohio 

David J. Pestian 
Aerospace Mechanics Division 

University of Dayton Research Institute 
Dayton, Ohio 

Abstract 

A unique feature of turbine rotor blade film 
cooling is the main flow unsteadiness caused by the 
upstream stator vanes. The combined effect of the 
vane inviscid flow field and the trailing edge wake 
results in a rapidly changing external pressure at the 
film cooled blade surface. Because the film flow 
through the cooling holes is usually unchoked, the 
varying external pressure results in a modulation of 
the mass flow through the holes. This study 
examined the effect of coolant flow modulation on 
the film effectiveness and the heat transfer 
downstream of a row of Aim cooling holes. Coolant 
oscillation frequencies and amplitudes were selected 
to match typical modem gas turbine engine conditions 
when represented in the appropriate non-dimensional 
forms. Time average blowing rate (the ratio of 
coolant mass flux to free stream mass flux) was varied 
from 0.6 to 1.5. Measurements were made of the flow 
velocity and temperature fields, the adiabatic film 
effectiveness, and the film cooling heat transfer using 
a constant flux heat transfer surface. Both the axial 
(streamwise) and lateral (cross stream) distributions 
of these quantities were measured from a single row 
of Gve circular holes angled at 60 degrees with respect 
to the surface normal. Frequency spectra taken from 
measurements of the fluctuating velocity were used to 
find the extent of the influence of the driving 
frequency downstream. The observed effect of the 
coolant flow oscillation was to decrease effectiveness 

in the streamwise direction, while having little or no 
influence on effectiveness in the cross stream 
direction. The rate of decrease of streamwise 
effectiveness is, however, a strong function of blowing 
rate, frequency, and amplitude of the fluctuations. 

Nomenclature 

d    film cooling hole diameter (1.905 cm) 
f    frequency (Hz) 
h    convective heat transfer coefficient (W/ir^K) 
H    shape factor (ö*/9) 
Lgx x turbulence length scale (cm) 
M  coolant blowing (mass flux) ratio: (PcUc/pfcUfc) 
Re Reynolds Number based on film cooling hole 

diameter 
T   static temperature (K) 
Tu x turbulence intensity (u'/U) 
U   time mean local streamwise velocity (m/s) 

fluctuating streamwise velocity component (m/s) 
streamwise distance measured from the 
downstream lip of the injection hole (m) 
vertical distance from the injection surface (m) 
spanwise distance measured from the center of 
the injection hole (m) 
displacement thickness (cm) 
Boundary layer momentum thickness (cm) 
reduced frequency (freestream velocity / coolant 
hole diameter/oscillation frequency) 
film cooling effectiveness: (Tw - Taw)/(TC-Taw) 

u' 
x 

y 
z 

e 
Q 
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Subscripts 

aw adiabatic wail 
c coolant fluid 
w at the wall 
nofc no film cooling 
fc film cooling 
fc free stream 
wfc wall with film cooling 

i 

Introduction 

The character of the flow into the axial turbine 
rotor blade row of a gas turbine engine is largely 
determined by the upstream nozzle guide vanes. The 
close spacing of vanes and blades subject the blades 
to a periodic potential flow field as well as a 
significant wake velocity defect from the often blunt 
vane trailing edges. Therefore, as the rotor blades 
pass behind successive vanes, an oscillatory surface 
pressure field is produced. In addition, if the turbine 
is transonic, shock waves from the vane row will 
cause added pressure fluctuations at the blade surface 

Many modern turbine stages employ film cooling 
to permit near stoichiometric combustor operating 
temperatures. Film cooling air is injected through 
rows of small (OJCmm diameter typical) holes in the 
blade surface. The coolant air is supplied from the 
compressor exit flow and is maintained at essentially 
constant pressure. As such, when the pressure on the 
"wetted" side of the blade oscillates (and if the flow 
in the film cooling hole is not choked) the coolant 
exit velocity fluctuates as well. These fluctuations are 
of significant magnitude and have been measured by 
Abhari (1991) in a blowdown turbine facility and by 
Rigby et al. (1990) in a turbine cascade with 
simulated guide vane wakes. 

The objective of the present study is to provide a 
more detailed characterization of the unsteady 
coolant injection phenomenon. A film cooling 
research facility was modified to permit oscillation of 
the injected film cooling over a constant heat flux flat 
plate. The Reynolds number based on the coolant 
hole diameter of 1.9 cm is approximately 20,000, 
typical for a turbine. The facility has the added 
feature that it can be supplied with freestream 
turbulence levels ranging from less than 1% to over 
17%. Freestream turbulence is another important 
feature of gas turbines which must be present to 
properly simulate the turbine aerodynamics and heat 
transfer. The film cooling jet is modulated with a 
speaker located in the side wall of the coolant supply 
plenum. The experimental facility has an oscillating 

film cooling inlet pressure rather than the oscillating 
freestream pressure found in the actual turbine, but 
the result is identical. The velocity ratio (coolant 
velocity / freestream velocity) varies sinusoidal at a 
constant frequency and amplitude. To properly 
model the engine environment, the jet was modulated 
at reduced frequencies (Q= freestream velocity 
/coolant hole diameter / modulation frequency and 
amplitudes typical of modern turbine rotors. Typical 
reduced frequencies which are of interest are in the 
range of 20 to 200. This translates to 5 to 50 Hertz 
for this large scale experiment Results for 5, 10 and 
20 hertz will be reported. 

The combined effect of these flow disturbances 
on the film cooling of the rotor blades is to force the 
mass flow rate through the blade surface cooling holes 
to be modulated at the vane passing frequency. 
Because the effectiveness of film cooling is governed 
by the rate at which the coolant jets mix with the 
hotter surrounding flow, the modulation of the jet exit 
flow is expected to influence the rate of mixing and 
therefore the performance of any specific film cooling 
design. 

Experimental Facility 

The measurements of this study were made in an 
open loop film cooling wind tunnel described in detail 
by Bons, et al. 1994. Figure 1 shows an overall view 
of the facility and a top view of the cooling hole 
arrangement and the heat transfer surface. The 
tunnel is supplied with a nominal 1.5 kg/s air flow 
from a blower located exterior to the laboratory. This 
air supply includes provisions for both heating and 
cooling the flow between 288 and 325 K, depending 
on the required experimental set points and local 
atmospheric temperature. The film cooling flow can 
also be heated 10-20 °C above the free stream. The 
main flow passes through a conditioning plenum 
containing perforated plates, honeycomb, screens, and 
a circular-to-rectangular transition nozzle. 
Downstream of the transition nozzle, at the film 
cooling station location, free stream turbulence levels 
of 0.7 % (+/- 0.05) can be achieved with velocity and 
temperature profiles uniform to within 1% at the film 
cooling station. Table 1 lists the characteristics of the 
flow at the film cooling station. 

Unsteady film cooling flow was provided by 
sinusoidal pulsing of the injected coolant. The driver 
for the coolant pulsation was a 25.4 cm diameter 150 
W audio speaker contained in the wall of the coolant 
supply plenum.   A Hewlett Packard 3312A Function 



Generator produces the sinusoidal wave and is then 
amplified using an MP Electronics Model 2250MB 
Power Amplifier. A schematic cross section of the 
plenum illustrating the speaker orientation is shown 
in the insert in Figure 1. 

Table 1. Flow Characteristics at x/d=Q. z/d=l .5 

No Turbulence Jet Generated 
Generation Turbulence 

(Velocity 
Data at v/d = 2.6 Ratio = 14) 
Tu (%) 0.7 to 0.96 17.3 
Lgx (cm) 7.73 

Data at v = 6 
U(m/s) 16.03 16.82 
Red 19085 20026 
u' (m/s) 0.59 3.16 
Tu (%) 3.68 18.79 
Lgx (cm) 8.05 
Lgx/d 4.23 
6 (cm) 1.22 1.26 
ö* (cm) 0.123 0.123 
9 (cm) 0.0927 0.0965 
H 1.33 1.27 
6/d 0.0487 0.051 
Re» 929 1015 

Instrumentation and Data Reduction 

The data presented in this report were taken using 
a single 4|im diameter tungsten hot wire and an array 
of thermocouples. The hot wire and a flow 
temperature thermocouple (0.33 mm bead diameter) 
located 0.5 cm downstream (and at the same y and z) 
from the hot wire probe are both mounted on a 
vertical traverse. A magnetically encoded linear 
position indicator (Sony model #SR50-030A) affixed 
to the traverse was used to determine the probe 
position to within 2.5u,m. National Instruments data 
acquisition and Labview software were used to 
acquire and process the hot wire and thermocouple 
voltages. 

Hot wire voltages were obtained using a TSI 
Model #IFA-100 anemometer and a National 
Instruments NB-MIO-16XL-18 A-to-D board. Each 
mean velocity measurement is obtained from the 
average of 1000 points taken at 200 samples per 
second, from which the fluctuating component of 
velocity,   u',  was  also   calculated.      The   velocity 

computation algorithm corrects for local variations in 
pressure, temperature, and humidity. 

Length scales were calculated by integrating to 
the first zero crossing of the autocorrelation 
coefficient function for the velocity obtained from the 
hot wire signal. Each length scale represents the 
average of 20 autocorrelations (each with 2048 
velocity data points taken at 2000 samples per 
second). 

The temperature measurements were made using 
a KAYE ice point reference junction which was 
multiplexed using an Hewlett Packard 3852 and 
measured with a Hewlett Packard 44701A integrating 
voltmeter with an integration period of 0.017 seconds 
for each sample. The referenced signal from the 
thermocouple used for flow temperature 
measurements was read using the NB-MIO-16XL-18 
A-to-D board. 

Film Cooling Effectiveness and Reduction in h 
Measurements 

The heat transfer measurements are run in 
reverse from typical engine conditions with the wall 
heated. The wall is operated as a constant heat flux 
surface for heat transfer measurements and as an 
adiabatic wall for film cooling effectiveness 
measurements. The wall is the highest temperature in 
the system. The film cooling temperature is the next 
highest temperature and the free stream the lowest 
temperature. Nominally greater than a 10°C 
differential is established between each of these 
temperatures. 

To calculate the film effectiveness, the facility 
was run without film cooling to determine the 
adiabatic wall temperature, Taw, for each setting of 
freestream turbulence. These results were reported by 
Bons et al., 1994 for turbulence levels of 0.9, 5, 12 
and 17%. The film cooling fluid temperature is 
determined by a thermocouple centered in the middle 
(z=0) film cooling hole. A 1.27 cm diameter ASME 
orifice is used to determine the mean velocity of the 
film cooling flow, Ufc. This average velocity, Ufo 
and the local freestream velocity, Ufe, were used in to 
determine the film cooling blowing ratio M as: 

M = (PcUc/pfcUfe) (1) 

When measurements of heat transfer are made the 
thin stainless foil surface is resistiveiy heated by 
passing a current through it. The power dissipated 
per unit area, the temperature distribution on the 
heated plate, and the free stream temperature are 
measured to allow calculation of the heat transfer 



coefficient When film cooling is added, this also 
adds a third temperature to the problem which must 
be accounted for. The percent reduction of the heat 
transfer coefficient with film cooling is calculated as: 

%Ah = (hBC&-hfe)nOO/(lwe*(Tfc-T(i))       (2) 

Measurement of the Forcing Amplitude for the Film 
Cooling Flow 

To measure the power of the pulsed signal 
introduced to the film cooling flow a Brüel & Kjxr 
microphone was inserted into the side of the film 
cooling plenum perpendicular to the axis of the 
speaker. The output from the microphone's power 
supply is measured using the NB-MIO-16XL-18 
board. The three signals connected to the A-to-D 
board are read sequentially (velocity, microphone, and 
the flow thermocouple). The signal from the 
microphone was monitored and maintained at 2 VAC 
throughout all tests involving pulsed film cooling. 
Using the microphone to measure the power of the 
modulated signal eliminates inconsistencies caused by 
inefficiencies of the speaker at different frequencies. 
The power spectrum results in this paper are the 
result from averaging SO power spectra of 4096 
samples evenly incremented over the 4760 data points 
taken at each measurement point. 

Uncertainty Analysis 
The experimental uncertainties are calculated 

based on knowledge of the instrumentation used and a 
simple root-mean-squared error analysis (Kline and 
McCIintock, 1953). This method assumes 
contributions to uncertainties arise mainly from 
unbiased and random sources. For the film 
effectiveness calculation, the uncertainties in 
thermocouple measurements come from two sources: 
the error of the thermocouple device and random 
fluctuations in the actual local temperature being 
sensed while at a constant operating point. The latter 
of these two is greater (± 0.11 8C) and yields an 
uncertainty in h of ± 0.008 at M=l, and ± 0.016 at 
M=0.5, (using a histogram of experimental results). 
The insulated test surface downstream of the film 
cooling injection point is considered to be essentially 
adiabatic. The ratio of the connective heat flux at the 
test surface to conduction along any path below the 
surface for typical flow conditions is of order 100. 
This indicates that the local temperature on the 
surface is dominated by the convection process and is 
an accurate indicator of film effectiveness and the 
heat transfer coefficient for the surface. Uncertainty 
in the velocity measurement stems primarily from the 

calibration fit accuracy. The error is within ± 1 J0% at 
flow rates of interest when compared to a co-located 
Kiel probe velocity measurement Due to the 05 cm 
streamwise displacement of the hot wire and the flow 
thermocouple, in regions of steep temperature 
gradients (near x/d=0), the temperature from the 
thermocouple which is used in the velocity 
computation algorithm is as much as 12 °C lower 
than the actual temperature at the hot wire probe. 
This results in a maximum additional error in U of 
2% very near the injection hole (decreasing rapidly 
with x/d), and was not corrected for. 

Results and Discussion 

Heat Transfer Characteristics for Low (0,1%} and 
High Turbulence (\1%\ No Film Coolinp 

The Stanton number shows a 20 % increase in the 
heat transfer due to the increase to 17 % in turbulence 
intensity in Figure 2 This amplitude is representative 
of the level encountered due to the wake crossing by 
the rotor. The low turbulence, 0.7% case shows 
agreement with the widely accepted correlation of 
Kays and Crawford (1980) for zero pressure gradient 
turbulent flat plate boundary layers to within 5% after 
a short starting length effect This represents the 
baseline case to which the film cooling and forced 
film cooling measurements will be compared. 

Centerline Adiabatic Film Cooling Effectivcm-i» »t 
Low Turbulence 

At low turbulence conditions (Tu=0.7%) when 
the film flow is forced there is an orderly attenuation 
of the film cooling effectiveness as the frequency is 
increased from 5 to 20 Hertz as is shown in Figure 3a. 
The decrease represents a reduction of effectiveness of 
nominally 30% over the zero forcing case at a 
blowing ratio of 1.0. The centerline film cooling 
reduction in the cases for a blowing ratio less than 1.0 
show a particularly large (4:1) reduction in the 
centerline effectiveness between the unforced and 
forced cases, Figure 3b. The blowing ratio of 1.0 
showed a higher maximum (Figure 3c) and also a 
higher effectiveness far down stream than the forced 
cases for the blowing ratios less than 1.0 and 1.5. 
Although the M=1.5 case is not shown, both velocity 
and temperature profiles indicate that there should not 
be much difference between the forced and unforced 
effectiveness curves for the 1.5 case as the forcing 
drops to about a 5% amplitude perturbation. 

Velocity   and   Temperature   Profiles   for   the   Low 
Turbulence Cases 



The axial velocity and the nns turbulence profiles 
are shown in Figure 4 at an x/d of 0. The forcing 
increases the velocity and the velocity gradient near 
the wall significantly for the blowing ratio of 0.6. 
The M=1.0 case shows an increase in the apparently 
separated film jet away from the wall. The M=1.5 
case shows very little effect on the mean velocity 
profile with a very small attenuation near the 
maximum with forcing. The rms profiles ail show an 
increase with an increase in frequency. The near wail 
rms velocity fluctuation for the 0.6 and 1.0 cases 
nearly doubles. 

The temperature ratio profiles are shown in 
Figure 5. The M=0.6 temperature profiles show a 
spread and a significant attenuation of 70% with 
forcing. As the blowing ratio is increased to 0.7 the 
attenuation is reduced to 65% (Figure 5a). At M=0.8 
the attenuation is further reduced to 60% (Figure 5b). 
All the resulting curves for the different forcing 
frequencies then collapse to a single profile as the 
blowing ratio is further increased. The M=1.0 
temperature ratio profiles (Figure 5c) maximum and 
their gradients at the wall show ordered decreases as 
the driving frequency changes from 0 to 20 to 10 
Hertz. The Ms 1.0 effectiveness profiles are ordered 
with the temperature and velocity gradients at the 
wall. Although not shown here, the M-1.5 
temperature profiles all collapsed to a single profile 
with and without forcing, within the accuracy of our 
measurements. No significant impact on the cooling 
effectiveness for the M=1.5 is expected since the 
modulation of the film flow is reduced to 5%.. 

As seen from Figures 5, the modulation results in 
enhanced mixing with the freestream thus reducing 
the maximum coolant temperature even at the first 
measurement station (x/d = 0). At the same time, the 
time averaged penetration of the coolant fluid into the 
freestream, Figure 4, increases with modulation. This 
effect has also been reported by Vermeulen et ai. 
(1990) for a normal jet in cross flow. The magnitude 
of these two effects varies with blowing ratio and jet 
modulation frequency and amplitude. The net result 
is a lower film effectiveness, as determined from the 
array of wall thermocouples downstream of the 
coolant hole. Wall thermocouples located laterally 
across the coolant path show no increase in spanwise 
diffusion attributed to the jet modulation. 

Heat Transfer Reduction with  Film Cooling and 
Forcing. Low Turbulence rTu=0.7%'> 

The percent reduction in the heat transfer 
(Equation 2, %A h) normalized by (Tfc-T&) is shown 
in Figure 6 for three blowing ratios, M=0.7, 1.0, and 

1.5. The M=0.7 case shows a large reduction in heat 
transfer on the centerline of the film cooling hole and 
is the only case that also shows a reduction in %A h 
on the midline between the film cooling holes. As the 
blowing ratio is increased the reduction of the %A h 
on the centerline is likewise reduced for increased 
blowing ratios. Lift off of the coolant flow is 
indicated in the M=1.5 curve by the initial negative 
values for the %A h. The mid line shows an 
augmentation of the heat transfer (- reduction of %A 
h) for the M=1.0 and 1.5 cases as the free stream is 
pumped down to the plate surface by the pair of 
counter routing vortices of the film 

Figure 7 shows forcing for the blowing ratio of 
0.7 and low turbulence. The reduction with forcing is 
quite large with over a 5:1 reduction for all blowing 
ratios. Just as with no forcing all midline %Ah*s are 
positive with forcing. Figure 8 shows the reduction in 
%A h for forced flows with low turbulence at a 
blowing ratio of 1.0. There is little difference 
between forced and unforced flows for Ms 1.0 or 
greater. The reduction in %A h effectively collapses 
to a single curve on the centerline with slightly less 
heating or augmentation after an x/d of 15. 

Heat Transfer Reduction with Film Cooling, fligjj 
Turbulence fTu=17%^ 

Figure 9 shows the heat transfer reduction with 
M=0.7,1.0, and IS for a free stream turbulence level 
of 17%. The M=0.7 centerline shows a >50% 
reduction at an x/d of 10 and a augmentation (-%Ah) 
of 100% of the unforced flow between the film 
cooling holes. The augmentation with the high 
turbulence level between the film holes, the midline, 
is reduced and lost at an increasing rate with x/d as 
the blowing ratio is increased above 1.0 when 
compared against the forced low turbulence case. 

Temperature and velocity profiles are virtually 
unchanged with the exception of the rms profile 
which is displaced by the change in free stream 
turbulence and the increased scale of turbulence 
which is as indicated in Table 1 4.23 *d. 

Power Spectra of Velocity Fluctuations 
Profiles of the forced flow were 'taken on the 

centerline of the center film cooling hole at x/d = 1, 9, 
and 18 for forcing frequencies of 5, 10 and 20 Hertz. 
Figure 10 shows the results of profiles of the 
measured power at the driving frequency for a 
blowing ratio of M=0.75. At x/d - 1, there are two 
power peaks which appear to represent the shear 
layers or edges of the film cooling jet The amplitude 
ordering of the 5 Hertz driver is reversed in these two 



peaks, with the 5 Hertz signal the laigest at the 
second peak. At an x/d =9 and 18 there are single 
peaks ordered in increasing amplitudes of 5, 20 and 
10 Hertz. There appears to be a possible phase shift 
at x/d=9 with the maximum of the 5 Hertz driver 
leading the 10 and 20 Hertz drivers, (occurring closer 
to the wall). The maximum of the 5 Hertz driver at 
the x/d=18 location clearly lags the maximum of the 
10 and 20 Hertz drivers, occurring at nearly twice the 
y location of the 10. and 20 Hertz drivers. 

Concluding Remarks 

The forcing of the film cooling flow by a periodic 
driver resulted in reductions in the film cooling 
effectiveness (70% at M=0.6) which were observed to 
be nearly equilivant to those observed with continuous 
random free stream fluctuations of similar amplitude. 
These reductions in film effectiveness became 
progressively smaller as the blowing ratio increased, 
65% at M=0.7, 60% at M=0.8. Since the drivers for 
the forcing film flows were maintained at a constant 
amplitude, the relative amplitude of the forcing flow 
decreased proportionately as the blowing ratio 
increased until at M=U the forcing amplitude was 
nominally down to 5% of the GIm flow velocity. 

The temperature profiles for forced GIm cooling 
flows and their near wall gradients mimic the 
reduction in film cooling effectiveness for blowing 
ratios less than 1.0. At M=1.5 the nondimensional 
temperature profiles have collapsed to a single profile 
with and without forcing. 

The %A h heat transfer reduction with film 
cooling and forcing for low turbulence was observed 
to be similar to the GIm cooling effectiveness results. 
Only the blowing ratio of 0.7 showed a reduction both 
on the centeriine as well as between the film cooling 
holes. 

The forcing power profiles through the boundary 
and film cooling layers indicated a pair of strong 
peaks near the film hole. The 5 Hertz drivers 
amplitude relative to the amplitude of the 10 and 20 
Hertz drivers was reversed for the twin peaks. The 5 
Hertz driver also showed a greater attenuation with 
downstream distance from the film hole and an earlier 
maximum closer to the film hole than did the 10 and 
20 Hertz forcing flows. 

The forced flows show a detrimental effect on 
GIm cooling flows comparable to that observed in non 
periodic high turbulence experiments at comparable 
amplitudes. Though the unsteadiness has an 
undesirable effect on GIm cooling, the results of 

increased mixing and penetration could make 
modulation a beneGcial technology for dilution jets in 
combustors and combustor liners. 
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