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Effect of Pulsed Film Cooling on
Leading Edge Film Effectiveness
Detailed film effectiveness measurements have been made on a cylindrical leading edge
surface for steady and pulsating flows. The film hole is off centered by 21.5 deg from the
centerline and angled 20 deg to the surface and 90 deg from the streamwise direction.
Two jet-to-cross-flow velocity ratios have been considered: VR�1 and 2, which corre-
spond to blowing ratios of 1 and 2, respectively. The pulsating frequency is 10 Hz and the
duty cycle is 50%. Comparisons between film effectiveness with a pulsating film and a
continuous film show that for the same blowing ratio, the effectiveness of the film drops
by a factor of 2 when the flow is pulsed. Hotwire measurements are made to characterize
the pulsating velocity waveform at the exit of the film exit and verify the integrity of the
pulse. The variation in the measured surface adiabatic wall temperature over the pulsing
duration is very small, suggesting a large thermal inertia that keeps the wall surface
largely unaffected by the time scale of the pulsations; this holds true for both blowing
ratios tested. �DOI: 10.1115/1.4003653�
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Introduction
Cooling in gas turbines is achieved through internal cooling

assages fed by compressor air with heat transfer enhancements
uch as turbulators, pin fins, and others. The most relied upon type
f cooling in the hot section of the turbine is film cooling.

In film cooling, the mainstream flow is the hot combustion
ases that flow over the surface of the blade or vane. The cooling
ow is air that is extracted at a particular stage of the compressor
nd directed to internal cooling passages within the blade or vane,
roviding convective heat transfer on the internal walls of the
irfoil before moving from the internal passage through the wall
f the blade or vane and mixing with the mainstream hot gas to
ool the external surface of the airfoil. It is desired that the film-
ooling flow lay on the surface to form a protective layer of film
etween the wall and the hot gas.

The flat plate case has been studied extensively numerically as
ell as experimentally. Thole et al. �1�, Sinha et al. �2�, and Sen et

l. �3� are among several researchers who have studied experi-
entally the effects of blowing ratio, momentum ratio, velocity

atio, and density ratio on film effectiveness for a flat plate. Leylek
nd Zerkle were perhaps one of the earliest to model a row of
lenum fed film-cooling holes using computational fluid dynamics
CFD� �4�; they compared film effectiveness to experimental data
f Ref. �2� and turbulence intensity was compared with the data of
ietryzk et al. �5�. These studies focused on the round film-
ooling hole, which continues to be the most commonly used due
o its ease of manufacturing.

Film-cooling research is not restricted to flat plates only nor is
t restricted to circular holes only. Although circular round holes
re most commonly used, they become ineffective at high blowing
atios and more complex hole designs have been developed in-
luding shaped film-cooling holes �6�, an antivortex variant on the
ircular hole �7�, and others.

Curvature effects are considered when applying film cooling to
he leading edge of an airfoil. Ekkad et al. �8� presented detailed
usselt number and film effectiveness for a cylindrical leading

dge model with a row of film cooling; they studied the effects of
reestream turbulence and used air and CO2 as coolant to vary the
oolant to mainstream density ratio. Lin and Shih �9� used CFL3D,
research CFD code, to predict film effectiveness around a cylin-
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drical film cooled leading edge and found that the CFD computa-
tions underpredict jet spreading and attribute the errors to the
assumption of isotropic turbulence in the model

The question of pulsating flow and its impact on jets was in-
vestigated by Abhari �10� in the context of studying the effect of
rotor-stator interactions on film cooling. Abhari used a time-
accurate multiblade row CFD model to predict the Nusselt num-
ber around a film cooled blade with experimental results. The
time-averaging of the unsteady CFD results agrees better with test
data and yields higher Nusselt number than steady state calcula-
tions, suggesting that there are periods in which the film-cooling
flow is varying as a result of rotor-stator interactions’ loading and
unloading the pressure side of the airfoil. In other words, Abhari’s
findings suggest that under actual conditions, the film coolant flow
is not continuous but rather is pulsed.

Pulsing has also been investigated as a technique to control
flow separation with less flow on a low pressure turbine �11� and
seems to yield results as favorable as continuous jets �12� in terms
of reducing wake losses and proving to be a viable technique for
LPT separation control.

The question of how pulsating the flow affects heat transfer and
film effectiveness remains somewhat disputed. Coulthard et al.
experimentally evaluated the effect of pulsed film cooling on film-
cooling effectiveness �13� and heat transfer �14� for a single row
of cylindrical film-cooling holes and essentially. The conclusion
from the two-part study is that pulsing was not found to be highly
effective and that a continuous jet at a low blowing ratio yields the
highest overall effectiveness. They considered a range of blowing
ratios, pulsing frequencies, and duty cycles and found that at
lower frequencies, pulsing tended to reduce effectiveness while
pulsing at high frequencies helped improve film effectiveness in
some cases. The authors suggest that the improvement at higher
frequencies may be due to the fact that the valve does not fully
close when pulsed at high frequencies. Nevertheless, the highest
overall effectiveness was achieved with continuous jets at a blow-
ing ratio of 0.5. Ekkad et al. �15� considered the effect of pulsating
the film coolant flow on film effectiveness and heat transfer for a
single film hole on a cylindrical leading edge over a range of
frequencies, duty cycle, and blowing ratio and found that at low
blowing ratio �0.75�, the effect is almost negligible while at higher
blowing ratios �1.5 and 2.0�, pulsing increases the film effective-
ness. The basic conclusion �15� was that pulsing is effective in

improving heat transfer, which is different from the conclusion of
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oulthard et al. �13,14� but as the authors point out that the ge-
metry is different, one is a flat plate and the other is a circular
eading edge.

The conclusions from CFD results for pulsed film cooling do
ot always concur either. Muldoon and Acharya �16� used direct
umerical simulation �DNS� to model a cylindrical film-cooling
ole issuing from a flat plate and reported improved film effec-
iveness when the flow is pulsed at a blowing ratio of 1.5 over the
ontinuous film. This is in line with the findings of Ekkad et al.
15�. Kartuzova et al. �17� evaluated 14 different CFD cases for
ylindrical film holes and film holes with laterally diffused exit to
tudy cooling of flat plates and showed that for the cylindrical
ole, the pulsed jet yields lower film effectiveness than the steady
ase. Although they cited that there were cases where pulsed jets
elped increase effectiveness over the steady state condition, they
oncluded that pulsation did not overall bring great benefit to film
ooing.

The current study will investigate a film-cooling hole on a cy-
indrical leading edge and compare continuous and pulsating
ows at 10 Hz, 50% duty cycle. The focus is on high blowing
atios �1.0 and 2.0� since it presents the severe condition where jet
ift-off is most likely to occur. High blowing ratios can arise by
esign �to avoid hot gas ingestion� and they may also result from
uctuations due to rotor-stator interactions �10�. Some changes to

he test apparatus are made in order to reduce capacitance effect,
nd detailed time-accurate measurements of film effectiveness are
ade in an effort to answer the question: Does pulsating flow

mprove effectiveness? Is there any variation of effectiveness over
he duration of pulse or is the flow pulsation decoupled from wall
emperature?

Experimental Setup
Figure 1 shows the apparatus that was used in this study. It

onsists of an open-loop subsonic wind tunnel with a temperature-
ontrolled freestream and a temperature-controlled coolant loop.
he coolant air, supplied by a compressor, passes through an air
lter and a pressure regulator then through a rotameter used to
onitor the flow rate before passing through two identical sole-

oid valves that pulse the flow entering the leading edge model. A
arker-Hannifin IOTA ONE pulse driver was used to control the
olenoid valves to synchronously open and close over a set period
f time to vary the pulsing frequency and duty cycle.

The leading edge model is a half-cylinder in cross flow with a
lunt after-body. The half-cylinder is 8.89 cm in diameter �D� with
height of 36.4 cm. The cylindrical leading edge is made of foam
hile the after-body and other support structure are made of

Fig. 1 Experimental apparatus
lexiglas. The leading edge model has a single film-cooling hole

41005-2 / Vol. 134, JULY 2012
of 4.76 mm diameter �d� located 21.5 deg from the leading edge,
angled 20 deg to the surface, and 90 deg from the streamwise
direction. The film coolant hole to leading edge diameter ratio is
�d/D� 0.054 and the hole length to hole diameter ratio was L /d
=11.69.

By definition, adiabatic film effectiveness is the ratio of tem-
perature difference between the freestream and adiabatic walls to
the difference between the freestream and the coolant, i.e.,

� =
T� − Taw

T� − Tc

The freestream and coolant temperatures were measured using
a thermocouple, and the adiabatic wall temperature was measured
using infrared �IR� thermometry. A ThermaCAM SC3000 NTS IR
camera was used and temperatures were calibrated using two em-
bedded wall thermocouples on the leading edge. The camera has a
temperature resolution of �2°C �18� and a pixel count of 256
�250 pixels. The IR camera was angled at 30 deg to view the
curved surface. Additional calibration was used to translate the flat
camera image to the curved geometry being viewed. A simple
geometric scaling was used in the spanwise and streamwise direc-
tions using images of a scale for the calibration. The camera was
used to capture images at a rate of 60 frames per second �note that
the coolant flow pulsing frequency for the tests is 10 Hz�.

A similar setup has been used previously for other film-cooling
research �15,19�. Some modifications were made to the setup in-
cluding removing the sump tank from the circuit and placing the
solenoid valve used to pulsate the coolant flow to a location di-
rectly upstream of the model. This minimizes the capacitance ef-
fect of the sump tank, thereby reduces the valve-jet time lag and
ensuring a high integrity pulsating flow. The sump tank was used
previously to steady the flow through the rotameter to measure the
flow. In the current study, the coolant velocity is measured directly
using a hot wire, and the velocity measurements are used to es-
tablish the set point for the flow. In addition, the hot film probe
was replaced by a hot wire probe to yield better frequency re-
sponse, and the solenoid valve and connection lines to the model
were heavily insulated. These changes combined to yield a sharp
pulsating velocity waveform, as shown in Fig. 2.

The freestream velocity was set to 10 m/s for all test cases,
yielding a Reynolds number based on leading edge diameter of
roughly 60,000. A turbulence generating grid was placed upstream
of the model, resulting in a freestream turbulence intensity of

Fig. 2 Blowing ratio pulse waveform
4–5%. The experimental uncertainty in film effectiveness is

Transactions of the ASME
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7.0%; the details of the estimation of uncertainty are reported in
ef. �15�, which uses the same test apparatus and instrumentation.

Results and Discussion
Measurements of adiabatic film effectiveness were made for

our test conditions, as shown in Table 1. In all cases, the pulsing
requency was set to 10 Hz and the duty cycle is 50%. The varia-
ion in adiabatic wall temperature over the period of the pulse is

inimal. Figure 3 shows the raw IR temperature data over the
uration of the pulse �50 ms on and 50 ms off�, and the lower left
mage shows the time-averaged raw IR temperatures. There is

inimal variation in the measured temperatures over time and the
all temperatures are essentially steady.
Figure 4 shows the local adiabatic film effectiveness at a jet to
ainstream velocity ratio of 2 for the case of pulsating and con-

inuous �steady� coolant flows. The streamwise x-coordinate �from
he leading edge to the trailing edge� starts at the leading edge of
he film hole. The spanwise y-coordinate starts at the top of the
lm hole. The contour plots of local film effectiveness show that

he continuous film yields higher overall effectiveness and extends
urther in the streamwise �X/d� direction.

Similarly, Fig. 5 shows the local film effectiveness for a veloc-
ty ratio of 1. Once again, the steady film coolant is more effec-
ive, yielding higher adiabatic effectiveness and covering more of
he surface.

Table 1 Test conditions

est run Velocity ratio Blowing ratio Type

2 2 Pulsating
2 2 Continuous
1 1 Pulsating
1 1 Continuous

Fig. 3 Variation of raw IR tempera

period

ournal of Turbomachinery
Figure 6 shows the adiabatic film effectiveness at two stream-
wise locations, X /d=1 and X /d=2, for the pulsating and steady
films at a velocity ratio of 2. The solid darker lines are the instan-
taneous adiabatic effectiveness at X /d=1 �film hole edge�; there
is minimal variation with time �all the lines appear colocated�.
Further downstream at X/d of 2, all the lines fall on top of one

e data over duration of one pulse

Fig. 4 Adiabatic film effectiveness distribution „VR=2…
tur
JULY 2012, Vol. 134 / 041005-3
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nother supporting the observation made earlier in discussing the
aw IR temperatures in Fig. 3 and that the wall temperatures and
herefore effectiveness are essentially steady over the duration of
he pulse. This figure also shows that on average the steady film
ields double the effectiveness of the pulsating film for these
ases in which the duty cycle is 50%.

The same conclusions on the ineffectiveness of the pulsating
ow can be seen at a velocity ratio of 1, as shown in Fig. 7, which
resents line plots of film effectiveness at the streamwise locations
/d=1 and 2. The darker dashed lines represent instantaneous

ffectiveness at X/d 1 and the dashed lighter lines the instanta-
eous effectiveness at X/d of 2. The pulsating flow shows less
ffectiveness. Furthermore, the peak effectiveness shifts further
ownstream when the blowing ratio is increased, suggesting that
he coolant is washed out by the freestream as a result of the lower

omentum of the coolant. The conclusion again is that on the
urface, the results are independent of time; however, there is
lightly more variation in the instantaneous peak film effective-

Fig. 5 Adiabatic film effectiveness distribution „VR=1…

ig. 6 Local film effectiveness at discrete streamwise loca-

ions for VR=2

41005-4 / Vol. 134, JULY 2012
ness near the edge of the cooling hole. Similarly, the film effec-
tiveness is nearly doubled at the peak when the steady coolant is
used.

One may want to compare the solid lighter line in Fig. 7 �steady
VR=1� to the dashed lighter line in Fig. 6 �pulsating VR=2� since
both have the same mean velocity. The peak effectiveness with the
pulsating flow at VR=2 is 0.16 and the peak effectiveness with
the steady flow at VR=1 is 0.26 and the effectiveness is generally
lower for the pulsating film even when considered on a mean
basis.

Span-averaged film effectiveness is plotted in Fig. 8 for the four
cases considered in this study. The span is defined as the range
5�y /d�−2 �i.e., two hole diameters upstream of the film hole
and five diameters downstream�. Results show that for continuous
flow, increasing the blowing ratio from 1 to 2 decreases the film
effectiveness by about 0.05 �or by roughly 40%�. Pulsating the
flow at a blowing ratio of 1 yields nearly identical results to dou-
bling the blowing ratio �particularly starting at X/d of 2.5�. In the
case of the high blowing ratio �M=2�, pulsating the flow does not
improve effectiveness either but further decreases it.

3.1 Comparison With Other Data in Open Literature. The
results of this study have led to the conclusion that pulsating the
coolant flow for the conditions tested leads to lower film effec-

Fig. 7 Local film effectiveness at discrete streamwise loca-
tions for VR=1
Fig. 8 Span-averaged film effectiveness

Transactions of the ASME
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iveness. Some researchers have reached the same conclusions
13,14,17� while others have reached the opposite �15,16�. The
losest case in terms of geometry to which the current work can
e compared is the work of Ekkad et al. �15� who investigated the
ffectiveness and heat transfer of a cylindrical leading edge with a
ompound angle film hole of the same dimensions and orientation.
heir study considered a broader range for the blowing ratio, duty
ycle, and frequency than the present work, which focuses on the
ore severe high blowing ratio condition. However, there are

ome overlapping cases to which the present work can be
ompared.

Figure 9 shows the span-averaged film effectiveness for a con-
inuous film at a blowing ratio of 1 as compared with the current
redictions. Furthermore, Fig. 10 is a similar comparison with the
esults of Ekkad et al. �15� at a blowing ratio of 2. Pulsating is at
0 Hz, 50% duty cycle. Note that the “span” over which the
veraging occurs may vary slightly since there is only a single
ole and no pitch dimension, for instance, to establish a common
eference for span-averaging. According to Ref. �15�, “the span-
ise region encompasses about 1.5 distances between the holes.”

Fig. 9 Comparison with Ekkad et al. †15‡ for M=1
Fig. 10 Comparison with Ekkad et al. †15‡ for M=2

ournal of Turbomachinery
Based on hole diameter and angle of the film hole, the span region
was estimated to be roughly 0�y /d�5, where 0 is the topmost
edge of the film hole. In order to compare with the data in Ref.
�15�, the span region was redefined for purposes of plotting Figs.
9 and 10.

In these figures, the near-hole results were eliminated from the
comparison. The first observation is that the effectiveness overall
whether the film is pulsating or continuous is higher in the results
from Ref. �15�. This could be due to slightly different freestream
conditions but more likely due to the selection of the region over
which to perform span-averaging. The magnitude in itself is not of
utmost importance in this discussion where the interest is on the
effect of pulsating the flow. The results of Ekkad et al. �15� show
a shift or increase of roughly 0.03 in effectiveness as a result of
pulsating for a blowing ratio of 1 �Fig. 9� and the same shift of
0.03 at a blowing ratio of 2 �Fig. 10�. The current results show a
decrease of roughly 0.05 in effectiveness at a blowing ratio of 1
�Fig. 9� and a decrease of 0.02 in effectiveness as a result of
pulsating.

An alternative comparison is to plot the data of Ref. �15� in the
same style and format as Fig. 8 of the current study. This is shown
in Fig. 11 and presents a striking resemblance but reversal to Fig.
8. The resemblance is that there are basically three levels of ef-
fectiveness; the highest level per Fig. 11 is obtained with a pul-
sating film at a blowing ratio of 1. The lowest level of effective-
ness is a continuous film with a blowing ratio of 2. Furthermore,
the overlap in line plots occurs for a blowing ratio of 2 steady,
which gives the same results according to this data set as a steady
blowing ratio of 1. The results of the current study in Fig. 8 show
that the highest effectiveness is with a steady film at a blowing
ratio of 1 and the lowest is a pulsating film at a blowing ratio of 2.
Moreover, the overlap is between the continuous films at a blow-
ing ratio of 2, which yields the same effectiveness as pulsating
film at a blowing ratio of 1. Seeing this figure with its similarities
and differences led to re-examining and repost processing the cur-
rent results multiple times to ensure that this finding is not merely
an error in handling data sets but is genuinely so.

4 Conclusions
The intent of pulsating the film-cooling flow is to achieve simi-

lar effectiveness with less coolant. The hot wire measurements of
the coolant velocity show that the integrity of the pulse waveform
was well maintained and there the placement of the solenoid

Fig. 11 Results only of Ekkad et al. †15‡ to compare effect of
pulsing
valves directly upstream of the model was effective. Time-

JULY 2012, Vol. 134 / 041005-5
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ccurate measurements of the surface temperature were obtained
nd show minimal to no change over the period of the pulse,
uggesting that the thermal inertia is large and the adiabatic wall
emperature is essentially steady. The film effectiveness results
resented here show that for the cases considered, pulsating the
ow reduced the effectiveness when compared with a continuous
lm flow at the same blowing ratio. This finding is in agreement
ith conclusions made by some researchers on the effect of pul-

ating but differs from the conclusions of others, suggesting that
here is need for further investigation to fully understand when
ulsating enhances film effectiveness and when it does not.
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