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A Film-Cooling Correlation for
Shaped Holes on a Flat-Plate
Surface
A common method of optimizing coolant performance in gas turbine engines is through
the use of shaped film-cooling holes. Despite widespread use of shaped holes, existing
correlations for predicting performance are limited to narrow ranges of parameters. This
study extends the prediction capability for shaped holes through the development of a
physics-based empirical correlation for predicting laterally averaged film-cooling effec-
tiveness on a flat-plate downstream of a row of shaped film-cooling holes. Existing data
were used to determine the physical relationship between film-cooling effectiveness and
several parameters, including blowing ratio, hole coverage ratio, area ratio, and hole
spacing. Those relationships were then incorporated into the skeleton form of an empiri-
cal correlation, using results from the literature to determine coefficients for the corre-
lation. Predictions from the current correlation, as well as existing shaped-hole correla-
tions and a cylindrical hole correlation, were compared with the existing experimental
data. Results show that the current physics-based correlation yields a significant im-
provement in predictive capability, by expanding the valid parameter range and improv-
ing agreement with experimental data. Particularly significant is the inclusion of higher
blowing ratio conditions (up to M �2.5) into the current correlation, whereas the existing
correlations worked adequately only at lower blowing ratios �M �0.5�.
�DOI: 10.1115/1.4002064�
Introduction
Demands for increased power output from gas turbine engines

nd decreased fuel consumption have caused engine designers to
ncrease combustion exit gas temperatures, which in turn leads to

rise in efficiency and increased power output following from
nalysis of the Brayton cycle. Cooling the exposed combustor and
ownstream turbine surfaces has subsequently become a critical
ssue because of increased thermal loads, with external film-
ooling being a particularly significant topic. Because film-
ooling uses bleed air from high-pressure stages in the compres-
or, the use of more coolant lowers the overall engine efficiency
y reducing the core mass flow. Additionally, pumping losses are
lso increased with higher coolant flow. Clearly there is a trade-
ff, and the goal of film-cooling engine designers has been to
educe the amount of coolant used, while at the same time increas-
ng the cooling efficiency. One approach to increase coolant effi-
iency is to alter the geometry of a film-cooling hole from a stan-
ard cylindrical shape to one with a diffused exit shape. There are
number of variations of the shaped cooling hole, but perhaps the
ost common varieties are the fan-shaped �laterally expanded�

nd the laidback fan-shaped �fully expanded� hole. The fan-
haped features an expansion in the lateral direction, while the
aidback fan-shaped hole includes an additional forward expan-
ion.

Goldstein et al. �1� first showed the benefits of shaped-hole
ooling over round holes. Their flow visualization studies showed
hat coolant exiting a fan-shaped hole stays attached to the surface
t a much higher blowing ratio than for a round hole. By expand-
ng the jet as it exits the hole, the effective momentum at the
jection location is reduced. The reduced jet momentum in turn
llows the coolant to remain attached to the surface, providing
ore efficient cooling. An additional benefit of fan-shaped cool-
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ing noted by Goldstein et al. �1� is increased lateral spreading,
resulting in coolant distribution over a larger surface area.

Cooling schemes in current gas turbine engines are extremely
complex, requiring a large effort and much iteration to design �2�.
Additionally, three-dimensional finite element analysis �FEA� and
computational fluid dynamics �CFD� predictions are costly and
time intensive, especially when the location of cooling holes and
other cooling features changes from iteration to iteration. For this
reason, empirical correlations for information such as film-cooling
effectiveness and heat transfer coefficients are an essential tool for
engine designers.

There has been a number of film-cooling effectiveness correla-
tions published for cylindrical cooling holes. However, despite the
extensive use of fan-shaped holes in industry, there have been no
definitive correlations published for shaped holes, although some
commonly used skeleton correlations—where the coefficients are
determined from data—are suggested by Bunker �2�. A number of
fan-shaped-hole studies currently exist in the open literature, ex-
amining the effects of blowing ratio, momentum ratio, density
ratio, turbulence intensity, surface angle, lateral expansion angle,
forward expansion angle, hole spacing, coverage, area ratio, en-
trance length, and the approaching boundary layer. This study has
taken available data sets from the open literature, as well as an
unpublished data set contributed by one of the co-authors, and
developed a correlation for laterally averaged adiabatic film-
cooling effectiveness downstream of a single row of fan-shaped
holes with low freestream turbulence and a negligible freestream
pressure gradient. The goal of the correlation was to encompass as
large a range as possible of certain relevant parameters, as deter-
mined from an analysis of the available literature. Based on a
survey of the effects of relevant film-cooling parameters from the
literature, the following parameters were identified and included
into the present correlation; blowing ratio, hole spacing, coverage,
and area ratio.

2 Past Studies
Adiabatic film-cooling effectiveness is essentially a nondimen-
sional temperature, defined as
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��X,Z� =
Tad�X,Z� − Tjet

T� − Tjet
�1�

here Tad�x ,y� is the adiabatic surface temperature, Tjet is the jet
oolant temperature, and T� is the freestream temperature. To-
ether with the heat transfer coefficient, one can use � to predict
etal surface temperatures. Furthermore, � is typically described

n terms of laterally averaged �, averaged across the lateral di-
ension Z:

�̄�X� =
1

�Z� ��X,Z�dZ �2�

n the case of a slot, � at the centerline is equivalent to �̄.
A number of early correlations were derived theoretically �as

ummarized by Goldstein �3�� for two-dimensional slot film-
ooling. The heat sink approach modeled the injected fluid as a
eat sink that subsequently lowered the temperature in the down-
tream boundary layer. A mass and energy balance was then per-
ormed on the developing turbulent boundary layer, assuming it
as composed of entrained mainstream flow and injected coolant.
turbulent boundary layer profile was then used to predict the

mount of entrained freestream gas at a given location down-
tream. Heat sink models all yielded equations for film-cooling
ffectiveness of the form

�̄ =
C1

C2 + C3�0.8 �3�

here C1, C2, and C3 are some combination of constants and fluid
roperties �depending on the particular development�, and � is a
istance scaling parameter of the form

� = � X

MSe
�	�2

��

Re2
−0.25

�4�

The heat sink models did not include any consideration for how
he coolant affected the velocity boundary layer, such as thicken-
ng and separation. Those models were also meant for two-
imensional, continuous, tangential slot injection, which has a
undamentally different interaction with the mainstream gas than
nclined discrete hole injection. In general, two-dimensional heat
ink models typically overpredict film-cooling effectiveness for
iscrete holes, especially in the near-hole region �X /D�10� and
t higher blowing ratios.

The heat sink model was also applied to three-dimensional
lm-cooling injection through a single discrete hole by Ramsey et
l. �4�, giving the following equation for film-cooling effective-
ess,

��X,Z� =
MU�D

8��X/D + 0.5�
exp	− 0.693� Z

Z1/2
�2
 �5�

his model gives the temperature distribution in both the stream-
ise and lateral directions. Again, as with other heat sink models,

he three-dimensional model performs well only at low blowing
atios where there is no jet lift-off. This model performs poorly for
redicting effectiveness for more than one hole if the hole spacing
s small enough such that adjacent jet interaction occurs.

An experimentally developed correlation for a single row of
ylindrical holes based on blowing ratio and hole geometry was
resented by L’Ecuyer and Soechting �5�. In the development of
heir correlation, they defined three separate flow regimes based
n the flow rate through the hole; the mass addition regime, the
ixing regime, and the penetration regime. The mass addition

egime was characterized by increased effectiveness due to an
ncrease in thermal capacity. The mixing regime was characterized
y a trade-off between added thermal capacity and increased
oolant/freestream mixing and penetration. The penetration re-
ime was dominated by excessive penetration and subsequent
hermal diffusion of the coolant resulting from the large amount of

urbulent mixing. The injection angle was determined to affect the
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onset of transition into the penetration regime, but did not have an
effect on the decay of effectiveness, which was determined to be
proportional to the following expression far downstream of the
hole,

�̄ 	 � X

MSe
�−0.5

�6�

Paramount to the development of the model by L’Ecuyer and
Soechting �5� was the location of the peak level of film-
effectiveness. The peak level of effectiveness occurs at the ejec-
tion location in the mass addition regime. However, for the mixing
and penetration regimes, wherein jet separation normally occurs,
this location occurs at some distance downstream, with the loca-
tion dependent on the blowing ratio. L’Ecuyer and Soechting �5�
used a constant thermal diffusivity model �moving energy sink
solution� to accurately predict effectiveness behavior in the mass
addition and mixing regimes. A decaying thermal diffusivity
model was developed that handled the penetration regime. This
correlation has been shown to work well in the mass addition and
mixing regimes, although larger uncertainties have been noted in
the penetration regime because of insufficient data from the litera-
ture.

Baldauf et al. �6� also presented a correlation for streamwise
oriented cylindrical holes on a flat plate to predict laterally aver-
aged film-cooling effectiveness at a given downstream distance.
They split the flow interaction into two regions: a near ejection
region where the coolant behaves as a single jet and a region
further downstream dominated by adjacent jet interaction. Again,
the concept of a location of maximum effectiveness, which may or
may not be at the ejection location depending on the blowing
ratio, was used in the correlation development. The correlation
presented by Baldauf et al. �6� was rather extensive and included
the effects of blowing ratio, momentum flux ratio, turbulence in-
tensity, surface angle, and hole spacing. Overall, this correlation
works well for cylindrical hole injection.

The behavior of fan-shaped film-cooling holes has been shown
in the literature to be fundamentally different than that of cylin-
drical holes. Shaped holes on flat plates with negligible freestream
pressure gradient do not undergo separation until they reach a
blowing ratio of between 3 and 4, at which point a narrowing of
the coolant footprint is seen on the surface, but the peak effective-
ness still occurs at the hole exit location. The current study at-
tempts to draw parallel between the public fan-shaped data sets
and develop a unique physics-based correlation for laterally aver-
aged adiabatic film-cooling effectiveness for fan-shaped holes.

3 Discussion of Relevant Parameters
An excellent review of relevant parameters affecting shaped-

hole film-cooling is offered by Bunker �7�. For the development of
the correlation presented in this study, a number of those param-
eters are discussed and evaluated in Secs. 3.1–3.8. Based on that
discussion, several parameters have been excluded from the cor-
relation for reasons ranging from negligible effects within the in-
terested range to insufficient data in the open literature to another
parameter offering a better collapse of the data.

3.1 Effect of Blowing Ratio „M…. The blowing ratio for a
shaped hole is defined in the same manner as for a cylindrical
hole, with the jet velocity being taken at the metering area. Equa-
tion �7� gives the definition for blowing ratio,

M =

jetUjet


extUext
�7�

where 
jet is the coolant density, Ujet is the average coolant veloc-
ity in the cylindrical entrance length of the hole, 
ext is the exter-
nal fluid density, and Uext is the local external velocity at the exit
location. It should be pointed out that the effective blowing ratio

at the hole exit is defined by Eq. �8�,
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Meff,exit = M/AR �8�

here AR is the cross-sectional area ratio from the hole exit to the
ole inlet.

Another parameter similar to blowing ratio, which also de-
erves mention, is the momentum flux ratio, defined as

J =

jetUjet

2


extUext
2 �9�

here J is the ratio of the momentum of the jet relative to the
omentum of the freestream gases. In the development of this

orrelation, both M and J were considered as potential variables.
owever, the data collapsed much better using M than with J. For

his reason, the data reduction in this study has been performed
sing M, even though J is considered a significant parameter in
escribing the performance of a film-cooling hole.

As discussed earlier, the behavior of shaped holes differs from
hat of cylindrical holes. Cylindrical holes yield an increase in
lm-cooling effectiveness up to a blowing ratio of nearly 0.5
higher M values for higher density ratios�, above which point
hey begin to separate and the effectiveness decreases with blow-
ng ratio �6�. Figure 1 shows the results from the unpublished
haped-hole data set. Eight blowing ratios ranging from 0.2 to 4.0
re shown for the same hole shape. Clearly, shaped holes do not
xhibit the same behavior as cylindrical holes and can sustain
ncreases in effectiveness up to blowing ratios in the range from
.0 to 4.0. The increase in �̄ is not proportional, however, to
ncreases in blowing ratio, and is reduced at higher blowing ratios.
his dependency suggests a relationship between �̄ and blowing

atio of the following form:

�̄ 	 Mn �10�

here n�1 yields a smaller increase in �̄ for a given n=0.5 at
igher M.
The other important difference between shaped and cylindrical

ole cooling that can be tied to the blowing ratio is the location of
eak effectiveness. For cylindrical hole cooling, once the jet sepa-
ates �M �0.5�, the location of peak �̄ migrates downstream from
he hole exit location. In contrast, in the conditions considered for
his model—flat plate, low freestream turbulence, and negligible
reestream pressure gradient—the location of peak M =1.5 for
haped-hole cooling is located at the hole exit for a much larger
ange of M �Fig. 1�. Goldstein et al. �1� performed flow visualiza-
ion for a shaped hole with no freestream flow �M =��. They
howed that while the core of the shaped-hole jet was located
lightly off the wall, there was still some cooling that remained

ig. 1 Effect of blowing ratio on � for shaped holes „AR
3.9,P /D=6.5, t /P=0.48… †12‡
ttached to the wall, which indicated that total separation did not
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occur for shaped-hole cooling. This observation simplifies the ap-
proach for the correlation, in that it is not necessary to separate the
correlation into separate regimes based on peak �̄ location, such
as the methods developed by L’Ecuyer and Soechting �5� and
Baldauf et al. �6� for cylindrical holes.

3.2 Effect of Downstream Distance „X ÕD…. The relevant
geometrical parameters necessary to describe a shaped hole are
illustrated in Fig. 2. Not all of the parameters shown in Fig. 2
were accounted for explicitly in the correlation. Some were ne-
glected based on past results, some were not incorporated due to a
lack of relevant literature, and some were indirectly incorporated
through other parameters. Perhaps the parameter for which the
relationship is most obvious is the distance downstream from the
hole, nondimensionalized with the hole throat diameter �X /D�. As
discussed previously, separation is generally not a factor for
shaped holes, so the location of peak �̄ occurs at the hole exit
location �indicated in Fig. 2 where X=0�.

Downstream of the hole, �̄ is observed to decay according to
the following relationship:

�̄ 	
1

�X/D�n �11�

where n=0.8 for slot ejection, as shown by Goldstein �3�, and n
=0.5 far downstream of the hole for cylindrical hole cooling, as
shown by L’Ecuyer and Soechting �5�. Similarly, the value of n
for shaped-hole cooling is expected to lie in the same range.

3.3 Effect of Hole Length „L ÕD…. Figure 3 shows data from
the study of Gritsch et al. �8� for three data sets with L /D=7.5,
9.5, and 11.5, all with a blowing ratio of M =1.5. No difference
can be seen among the three data sets in Fig. 3 outside of the
experimental uncertainty. The work of Gritsch et al. �8� showed
that for shaped holes, the overall length of the hole had essentially
no effect on �̄ in the range 7.5�L /D�11.5. Perhaps the more
relevant length parameter would be the entrance metering length,
Lm, because this is the development length for the jet prior to
expansion. Lutum and Johnson �9� concluded for cylindrical holes
�where L=Lm� that the flow development was essentially complete
after five hole diameters, showing little effect on performance for

Fig. 2 Illustration of shaped-hole geometrical parameters
L /D�5. It is common for a shaped hole to have L /D�5, since
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hey are used primarily in situations with shallow surface angles
��30 deg�. Furthermore, the data sets considered for the corre-
ation all have L /D6. Therefore, the effect of L /D on �̄ can be
eglected for the development of the correlation.

3.4 Effect of Surface Angle „�…. The surface angle of the
ole ��� also affects cooling performance. For shallower surface
ngles, coolant is less likely to migrate away from the surface,
ncreasing cooling efficiency. However, there are two issues with
hallower surface angles: machining difficulty and higher pressure
osses with increased L /D. The most common surface angle used
s 30 deg, with relatively few variations except in the leading edge
egion on turbine vanes. Furthermore, all of the data used for the
orrelation development had �=30 deg. The correlation has
herefore been limited to shaped holes having surface angles of
=30 deg.

3.5 Effect of Coverage Ratio „t ÕP…. The ratio of the hole
reakout length �t� to the distance between adjacent holes �P� is
eferred to as the coverage ratio �t / P�. Assuming adiabatic condi-
ions and no mixing between adjacent jets, the coverage ratio
epresents a theoretical limit for maximum �̄ at the hole exit lo-
ation �X /D=0�. The near-hole region typically has the largest
onduction errors due to convection inside the hole and is there-
ore the most difficult region in which to obtain accurate �̄ data.
or this reason, experimental �̄ values are sometimes greater than
/ P at the hole exit. Furthermore, the assumption is also made that
he hole is not overly diffused, causing jet separation inside the
ole and leading to an effective jet width less than t at the hole
xit. Jet separation inside a shaped hole would also promote mix-
ng and lead to ��1 at the hole exit, an undesirable situation. So
n the adiabatic mixing-limited situation where �=1 across the
ole breakout and �=0 between adjacent holes, the following
oundary condition for the correlation must hold:

�̄�X/D = 0� =
t

P
�12�

3.6 Effect of Area Ratio „AR…. As described by Bunker �7�,
here are generally four types of shaped holes: a laterally ex-
anded hole �fan-shaped hole�, a forward expanded hole �laidback
ole�, a laterally and forward expanded hole �laidback fan-shaped
ole�, and a conically diffused hole. For each of the hole desig-
ations, the hole can be defined in terms of the lateral expansion
ngle ��1� and the forward expansion angle ��2�, as shown in Fig.
, or in the case of the conically diffused hole, a single expansion

ig. 3 Effect of L /D ratio on � for shaped holes „M=1.5,AR
3.5,P /D=6.0, t /P=0.49… †8‡
ngle ���. The values of these angles depend on the specific ap-
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plication and location of the cooling hole. A general rule-of-thumb
is that the expansion angle should not be large enough to yield an
overexpanded diffuser, which acts nominally like a separated jet.
There is no study available, which offers a systematic examination
of the effects of these two expansion angles on the film-cooling
performance. However, the combined effect of both expansion
angles is intrinsically linked to the more general variable of area
ratio.

The area ratio of a shaped hole is given by

AR =
Aexit

Ain
�13�

where Ain is the cross-sectional inlet area and Aexit is the cross-
sectional area at the hole exit defined at the leading edge of the
hole breakout �illustrated in Fig. 2�. The area ratio is a more
general way to account for the expansion angles, �1 and �2, of the
shaped hole. It is also important to note that by changing the
expansion length of the hole �L−Lm�, it is possible to have the
same expansion angles, �1 and �2, while having a different AR.
Gritsch et al. �8� examined the effects of varying the area ratio of
shaped holes, while keeping other relevant parameters constant.
Their study described the area ratio as the potential of the geom-
etry to diffuse the coolant and reduce the momentum of the jet
exiting the hole. Figure 4 shows some of the results from the
study by Gritsch et al. �8� for three area ratios �AR=2.5, 3.5, and
4.2� and three blowing ratios �M =0.5, 1.5, and 2.5�. Figure 4
shows that as M increases, the lowest AR yields lower �̄. The
expectation is that in the limit as AR is reduced to 1, �̄ will
continue to drop until it equals that for cylindrical holes.

3.7 Effect of Hole Spacing „P ÕD…. The nondimensional hole
spacing, P /D, is another important parameter that affects �̄. For
large P /D, where there is no hole-to-hole interaction, a closer
hole spacing results in an increase in �̄. Figure 5 shows the results
for hole spacings of P /D=4.0, 6.0, and 8.0 presented by Gritsch
et al. �8� for a blowing ratio of M =1.5. As illustrated in Fig. 5, at
the same conditions and geometry but for a lower P /D, the re-
sulting �̄ is higher. The hole coverage ratio �t / P� was the only
parameter not maintained for the three cases in Fig. 5 �0.32
� t / P�0.65�. However, t / P has the largest effect in the near-hole
region �X /D�10�, so the difference in �̄ between the three cases
was largely attributable to the hole spacing, P /D. The resulting

¯

Fig. 4 Effect of area ratio on � for shaped holes „P /D
=6.0, t /P=0.43… †8‡
relationship between P /D and � is then written as
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�̄ 	
1

�P/D�
�14�

owever, when the hole spacing is reduced to the point where
djacent hole interaction occurs, the additional cooling benefit is
o longer strictly inversely proportional to hole spacing, as given
y Eq. �14�. The data presented by Gritsch et al. �8� suggest that
here exists a value for P /D somewhere in the range 4� P /D

6, below which hole-to-hole interaction occurs and the super-
osition relationship between �̄ and P /D would no longer be
alid.

3.8 Other Effects. There are several other parameters that
ffect film-cooling performance. Saumweber et al. �10� showed
hat freestream turbulence up to 11% has only a marginal effect in
educing film-cooling effectiveness, with decreasing influence for
igher blowing ratios. The freestream turbulence level has been
eft out of the correlation due to the small effect. Additionally, the
ata used to determine coefficients for the present correlation all
ad low freestream turbulence levels �TI=0.2–4.0%�.

Gritsch et al. �11� showed that film-cooling performance was
ffected significantly by increasing the external Mach number.
ransonic external flow causes a significant alteration of the flow
eld, resulting in higher effectiveness than the subsonic case. Al-

hough higher Mach numbers occur in some regions near turbine
ane and endwall surfaces, the present correlation has been lim-
ted to subsonic external flow with Ma�0.3.

Density ratio is also known to have an effect on film-cooling
erformance. However, all of the studies included in the correla-
ion development have engine-representative values �1.7–2.0� and
he density ratio is therefore excluded from the correlation.

Final Correlation Form
In previous correlations for cylindrical holes, the parameter �

given in Eq. �4�� has been used to reduce �̄. An alternative form
f Eq. �4�—not including the effects of viscosity or hole Reynolds
umber—is given by

� =
X

MSe
�15�

ith Se defined as the equivalent slot width for a row of holes. The

ig. 5 Effect of hole spacing on � for shaped holes „M
1.5,AR=4.2… †8‡
quivalent slot width is defined as
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Se =
Aexit

P
�16�

and is simply the exit area, Aexit, divided by the hole spacing, P. It
is possible to rewrite Eq. �16� in terms of the nondimensional
parameters AR and �P /D�,

Se =
�D

4

AR

P/D
�17�

where the constant � /4 comes from the substitution of Ain
=� /4·D2. Substitution of Eq. �17� into Eq. �15� and rearrange-
ment yield the following definition of � in terms of nondimen-
sional parameters,

� =
4

�

X

D

P

D

M · AR
�18�

The relationships between relevant parameters and �̄ were dis-
cussed in Secs. 2–4. �̄ was shown to decrease with distance
downstream of the hole, X /D. �̄ increases with M, with the influ-
ence growing weaker as M approaches M =4.0. �̄ was also as-
sumed to increase with AR, especially for lower AR up to AR
=3.5, where Gritsch et al. �8� showed that AR no longer has a
noticeable effect on �̄. The hole spacing, P /D, was shown to have
an inverse effect on �̄, yielding higher �̄ at lower P /D. Finally,
the coverage ratio of the hole, t / P, was chosen as the adiabatic
boundary condition for �̄ at the hole exit, assuming there was no
significant mixing within the hole or between adjacent holes. Tak-
ing these relationships into account, a predictive correlation for �̄
can be assumed of the form

�̄ =
1

P/t + C1MC2�C3
�19�

The correlation shown in Eq. �19� reduces to �̄= t / P at X /D=0.
The extra MC2 is included to take into account the fact that the
influence of M on �̄ becomes weaker as M is increased. All of the
other nondimensional parameters are included into Eq. �19� such
that they affect �̄ as discussed above. The coefficients C1, C2, and
C3 are now determined from existing data sets that incorporate
variations in the parameters that have been included into the cor-
relation.

5 Discussion of Data Sets
In all, there were four independent studies from which data

were used to determine the coefficients in Eq. �19�. As discussed
previously, these studies were also used to determine the physical
relationships between �̄ and the different parameters. The four
studies were Gritsch et al. �11�, Saumweber et al. �10�, Gritsch et
al. �8�, and an unreleased study �12�. Altogether, the studies
spanned a range of parameters fairly representative of what would
be seen on a turbine airfoil. Table 1 shows the range of parameters
encompassed by each study, and gives an idea of the overall scope
of the correlation. In all, there were 57 individual data sets in-
cluded into the correlation development. The ranges of the param-
eters spanned typical engine values, including 0.2�M �4.0,
2.50�AR�4.70, 4.00� P /D�8.00, and 0.31� t / P�0.75.

5.1 Data Set 1: Unpublished. The first study, which was
taken in 1995, was previously unreleased and contributed by one
of the co-authors �12�. The data was taken in the wind tunnel
facility at the Turbulence and Turbine Cooling Research Labora-
tory �TTCRL�, which is described in detail by Sinha et al. �13�.
Tests were performed in a large-scale, closed-loop wind tunnel on
a flat-plate for a single row of holes. The test plate was made from
Styrofoam to ensure an adiabatic surface.

The TTCRL data represented eight data sets taken at blowing

ratios from 0.2 up to 4.0. The coolant air was cryogenically cooled
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Downloa
sing liquid nitrogen to obtain a density ratio of 2.0. The turbu-
ence intensity at the inlet to the test section was less than 0.3%.
he approaching boundary layer was manipulated with a suction
nd trip wire to match airfoil boundary layer parameters of Re�2
360 and �2 /D=0.045. Effectiveness measurements were made
sing an infrared camera, which was calibrated using surface ther-
ocouples.

5.2 Data Set 2: Gritsch et al. The next study that was used to
evelop the correlation was done by Gritsch et al. �11� and was
erformed at the Universität Karlsruhe. Adiabatic effectiveness
easurements were taken using an infrared camera on a flat plate

or a single row of holes. The test plate was made from Tecapek,
high temperature plastic with a low thermal conductivity. The

ests were performed in a continuous flow wind tunnel facility, at
nternal Mach numbers of Main=0.0, 0.3, and 0.6 and external

ach numbers of Ma�=0.3, 0.6, and 1.2. However, only the tests
erformed with Main=0.0 and Ma�=0.3 were used for the corre-
ation development. The mainstream turbulence level at the inlet
o the test section was less than 2%. Three blowing ratios of M
0.5, 1.0, and 1.5 were tested for both fan-shaped and laidback

an-shaped holes.

5.3 Data Set 3: Saumweber et al. Tests by Saumweber et al.
10� were performed using the same geometries and facilities as
he study by Gritsch et al. �11�. Three different mainstream inlet
urbulence intensities were investigated by Saumweber et al. �10�,
ncluding TI=3.6%, 7.5%, and 11%, although only the TI=3.6%
ase was used for the correlation development. Blowing ratios of

=0.5 and 2.5 were reported for fan-shaped and laidback fan-
haped geometries at the low freestream turbulence level. The
xternal Mach number for those tests was Maex=0.3, while the
ensity ratio was DR=1.7.

5.4 Data Set 4: Gritsch et al. The final study that was used
or the correlation was performed by Gritsch et al. �8�. This was
he most extensive study in terms of the range of parameters that
ere investigated. A total of 16 configurations were tested by
ritsch et al. �8�, 13 of which were included in the development
f this correlation. Tests were performed in a continuous flow
ind tunnel facility on a flat plate for a single row of holes. The
oles were machined into a low thermal conductivity polyure-
hane foam material. Blowing ratios of M =0.5, 1.5, and 2.5 were

Table 1 Range of para

Study Hole shape M �

�12� LFS 0.2–4.0 30

�11� FS 0.5–1.5 30
LFS 0.5–1.5 30

�10� FS 0.5–2.5 30
LFS 0.5–2.5 30

�8� LFS 0.5–2.5 30
LFS 0.5–2.5 30
LFS 0.5–2.5 30
LFS 0.5–2.5 30
LFS 0.5–2.5 30
LFS 0.5–2.5 30
LFS 0.5–2.5 30
LFS 0.5–2.5 30
FS 0.5–2.5 30

LFS 0.5–2.5 30
FS 0.5–2.5 30

LFS 0.5–2.5 30
LFS 0.5–2.5 30
eported for each configuration. All of the tests were run at a
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density ratio of DR=1.7, with an inlet mainstream turbulence in-
tensity of TI=4%, and an external Mach number of Maex=0.3.

6 Correlation Comparisons

6.1 Existing Correlations. In order to determine the efficacy
of the current correlation proposed by this study, comparisons
were made to existing correlation forms. Four correlation forms
were given by Bunker �2� as representative of those used in in-
dustry for both cylindrical and shaped holes. These are listed be-
low:

�̄ =
C1

�C2
�20�

�̄ =
C1

C2 + �
�21�

�̄ =
C1 Rejet

0.2

�0.8 �22�

�̄ =
C1

1 + �0.8 �23�

where the scaling parameter � was defined by Eq. �15�. The film-
cooling jet Reynolds number, Rejet, used in Eq. �22� is defined by
Eq. �24�,

Rejet =

jetUjetSe

�jet
�24�

The correlation in Eq. �23� as shown by Bunker �2� actually in-
cludes an additional coefficient �C2�. However, the correlation
matches the data much better by using only the single coefficient.
Therefore, the second coefficient has been omitted for the
comparison.

The coefficients for each of the correlations mentioned by Bun-
ker �2� were also determined by using the shaped-hole data sets
summarized in Table 1. For completeness, the results of the cur-
rent correlation were also compared with the cylindrical hole cor-
relation of Baldauf et al. �6�, just to stress the importance of in-

ters for each data set

�1 �2 AR P /D t / P

10 10 3.90 6.5 0.48

14 0 3.00 5.5 0.55
14 15 3.10 5.5 0.55

14 0 3.00 4.0 0.75
14 15 3.10 4.0 0.75

6 2 3.50 6.0 0.49
7 4 3.50 6.0 0.49
7 11 3.50 6.0 0.49
4 8 4.20 4.0 0.65
4 8 4.20 6.0 0.43
4 8 4.20 8.0 0.32
2 4 2.50 6.0 0.31
4 2 2.50 6.0 0.37
4 0 2.50 6.0 0.39
7 2 4.20 6.0 0.57
9 0 4.20 6.0 0.63
4 4 3.50 6.0 0.43
8 3 4.70 6.0 0.63
me
cluding the specific hole geometry into the predictive correlation.
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6.2 Determination of Coefficients for Each Correlation.
he determination of the coefficients for each of the five correla-

ions given in Eqs. �19�–�23� was done using the linear regression
echnique. First, each correlation equation was linearized to either
one variable equation,

Y = A + BX �25�
r a two variable equation,

Z = A + BX + CY �26�
he linearization of Eqs. �19�–�23� is summarized in Table 2. The

inearized variables, X, Y, and Z were then calculated for each of
he 57 data sets. The linearized coefficients A, B, and C were
etermined using linear regression for either one variable �Eqs.
20�–�23�� or two variables �Eq. �19��. Finally the correlation co-
fficients C1, C2, and C3 were calculated from the relationships
hown in Table 2. A summary of the final correlation coefficients
omputed based on the data sets is listed in Table 3 for each
haped-hole correlation.

Once the coefficients for each correlation had been determined,
t was necessary to determine how well each correlation predicted
he available data sets. Values of �̄ were predicted for each of the
7 data sets using the current correlation in Eq. �19�, the four
orrelations given by Bunker �2� in Eqs. �20�–�23�, and the cylin-
rical hole correlation laid out by Baldauf et al. �6�.

The results for two data sets �8� �configuration B at both M
0.5 and 2.5�, along with the predictions for that blowing ratio
nd geometry configuration from each correlation, are shown in
igs. 6 and 7. Also listed in Figs. 6 and 7 are the coefficients of
etermination �R2� for each correlation prediction. The coefficient
f determination is a statistical parameter that shows how much of
he variation in the dependent variable is accounted for in the
ariation of the independent variable�s� by the regression equation
r, alternatively, the proportion of the variability in the data that is
ccounted for by the model. Basically, it is a measure of how well
he regression equation predicts the data. The choice of R2, which
escribes a well-predicted data set, seems somewhat arbitrary. In-
eed, there is no standard value, which is widely accepted, and the

Table 2 Linearization of eac

quation Correlation Form

�19� �̄ =
1

P/t + C1MC2�C3
Z=A+BX+CY ln	 1

�̄

�20� �2� �̄ =
C1

�C2
Y =A+BX

�21� �2� �̄ =
C1

C2 + �
Y =A+BX

�22� �2� �̄ =
C1 Rejet

0.2

�0.8
Y =AX

�23� �2� �̄ =
C1

1 + �0.8
Y =AX

able 3 Correlation coefficients for the correlation equations
19…–„23…

Equation C1 C2 C3

�19� 0.1721 �0.2664 0.8749
�20� �2� 1.1930 0.5809 –
�21� �2� 5.5605 �8.2863 –
�22� �2� 0.2014 – –
�23� �2� 2.1200 – –
ournal of Turbomachinery

ded 24 Aug 2011 to 130.203.215.70. Redistribution subject to ASM
degree of acceptability ultimately depends on the application and
desired accuracy. For the purpose of this study, R2 is primarily
used to compare the current model to the other pre-existing cor-
relations in terms of wellness-of-fit, not as an overall measure of
the model’s predictive accuracy. It is simply intended to indicate
whether or not the current model has made an improvement in
predictive capability. Therefore, a value of R2=0.7 shall be used

orrelation equation „19…–„23…

X Y A B C

P

t



ln�M� ln��� ln�C1� C2 C3

ln��� ln��̄� ln�C1� −C2 –

�
1

�̄

C2

C1

1

C1

–

Rejet
0.2

�0.8
�̄ C1 – –

1

1 + �0.8 �̄ C1 – –

Fig. 6 Correlation predictions versus low blowing ratio data
from Gritsch et al. †8‡ „M=0.5,AR=3.5,P /D=6.0, t /P=0.49…

Fig. 7 Correlation predictions versus high blowing ratio data
h c

Z

−

–

–

–

–

from Gritsch et al. †8‡ „M=2.5,AR=3.5,P /D=6.0, t /P=0.49…
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s a cut-off value in this study to determine whether or not a data
et is well predicted or poorly predicted, and to determine the
cceptable parameter ranges for the model.

It is necessary to look at the correlations for both low and high
lowing ratios. Figure 6 shows the results of each correlation at
=0.5 for geometry configuration B from the study by Gritsch et

l. �8�. Altogether, four of the correlations �Eqs. �19�, �20�, and
23� and Ref. �6�� seem to give good predictions for that particular
ata set. In fact, if the data for X /D�10 is omitted from the R2

alculation, then R2 for the Baldauf et al. �6� cylindrical hole
orrelation is just as good as the current correlation �R2=0.988
ompared with R2=0.991�. Even the Bunker �2� correlation equa-
ion �21� yields a marginal prediction of the data when using only
ata in the range X /D�10 to calculate R2 �R2=0.602�.
Although there seems to be a number of good predictions at

ow blowing ratios, Fig. 7 shows that there is a much larger dis-
repancy at high blowing ratios. Figure 7 shows the results of
ach correlation for the same geometry at a blowing ratio of M
2.5. At the high blowing ratio, only the current correlation �Eq.

19�� yields R2�0.7. There are a number of reasons for the poor
redictions of the other correlations at the higher blowing ratios
ith the main reason being that they do not correctly model the
hysical situation. None of the models proposed by Bunker �2� is
onstrained by the boundary condition that �̄= t / P at X /D=0,
hich is why they all yield a large overprediction in �̄ as X /D

pproaches the hole. The cylindrical hole correlation severely un-
erpredicts �̄ for high blowing ratios, the reason being the funda-
ental differences in the flow physics for shaped and cylindrical

ole cooling. Above M =0.5, cylindrical cooling holes exhibit de-
reases in �̄, while shaped cooling holes continue to show in-
reases in �̄ up to blowing ratios of between M =3 and 4.

6.3 Correlation Parameter Limits. The final step in deter-
ining a film-cooling correlation for shaped holes is to establish

he ranges for each nondimensional parameter for which the cor-
elation is valid. Figures 8–10 show the R2 for all 57 data sets for
he current correlation �Eq. �19�� plotted versus the parameters M,
/ P, and AR / �M · P /D�. The applicable nondimensional parameter
anges for the current correlation were determined by noting
hich data sets had R2�0.7. For example, in Fig. 8, data sets for
hich M �2.5 all have R2�0.7. Therefore, an upper limit was
laced on the parameter M for the current correlation at M =2.5.
he shaded regions in Figs. 8–10 indicate the limits that were
etermined for that parameter. All data sets excluded by the
haded regions have been plotted as filled-in symbols in all three
gures, meaning that all dark symbols lie outside the limits for at

ig. 8 R2 values versus blowing ratio for each data set „Eq.
19……. The shaded region indicates the correlation limit for the
arameter M.
east one parameter. Ultimately, it is desirable to determine non-
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dimensional parameter limits, which would exclude all data sets
for which R2�0.7 and include all data sets for which R2�0.7
�note that values for which R2�0 were plotted as R2=0 in Figs.
8–10�.

From Fig. 8, it is clear that the current correlation is not valid
for M �2.5 because for all cases with M �2.5, R2�0.7. Simi-
larly, Fig. 9 indicates that for large coverage, t / P�0.65, the pre-
diction of the current correlation was not well predicted. Figure 10
shows the R2 values versus the combination of parameters
AR / �M · P /D�, which was found to be a particularly limiting com-
bination of nondimensional parameters. Although the point
AR / �M · P /D�=3.0 has a high R2 value, Fig. 10 clearly shows
most of the R2 values are less than 0.7 when AR / �M · P /D�
�1.17.

A similar examination was done for Eqs. �20�–�23� and the
cylindrical hole correlation of Baldauf �6�. In order to illustrate
how well each correlation did overall for predicting all of the data
sets, Figs. 11–15 show R2 values for each of the Bunker �2� cor-
relations and the Baldauf �6� correlation plotted versus
AR / �M · P /D�. As compared with the current correlation �Eq.
�19�� shown in Fig. 10 where only a relatively few �12 out of 57
total� data sets are below the line indicating R2=0.7, each of the
other correlations had a higher number of poorly predicted data
sets as illustrated by Figs. 11–15.

Results for the nondimensional parameter limit investigation

Fig. 9 R2 values versus coverage ratio for each data set „Eq.
„19……. The shaded region indicates the correlation limit for the
parameter t /P.

Fig. 10 R2 values versus the parameter AR / „M ·P /D… for each
data set „Eq. „19……. The shaded regions indicate the correlation

limits for the parameter AR / „M ·P /D….
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re shown in Table 4 for each correlation equation. Overall, the
urrent correlation equation �Eq. �19�� has the widest ranges on
lowing ratio �M� and hole coverage �t / P�. Although Eq. �23� has
wider numerical range for AR / �M · P /D� than the current corre-

ig. 11 R2 values versus the parameter AR / „M ·P /D… for each
ata set „Eq. „20… †2‡…. The shaded regions indicate the correla-
ion limits for the parameter AR / „M ·P /D….

ig. 12 R2 values versus the parameter AR / „M ·P /D… for each
ata set „Eq. „21… †2‡…. The shaded regions indicate the correla-
ion limits for the parameter AR / „M ·P /D….

ig. 13 R2 values versus the parameter AR / „M ·P /D… for each
ata set „Eq. „22… †2‡…. The shaded regions indicate the correla-

ion limits for the parameter AR / „M ·P /D….

ournal of Turbomachinery
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lation, more of the data sets are clustered in the lower range of
AR / �M · P /D� than in the higher range of AR / �M · P /D�. For this
reason, the number of data sets excluded from the range of
AR / �M · P /D� for the current equation �8 data sets� is actually
lower than for Eq. �23� �22 data sets�. Therefore, the current cor-
relation has the largest overall ranges of applicability across the
various nondimensional parameters incorporated into the correla-
tions. Furthermore, the combination of parameter limits suggests
that the correlations are not valid for regimes with interaction
between adjacent jets, and that the parameter AR / �M · P /D� seems
to be a reasonable way to identify the jet interaction regime, when
taking AR / �P /D� as a kind of coverage intensity.

In addition to examining the nondimensional parameter limits

Fig. 14 R2 values versus the parameter AR / „M ·P /D… for each
data set „Eq. „23… †2‡…. The shaded regions indicate the correla-
tion limits for the parameter AR / „M ·P /D….

Fig. 15 R2 values versus the parameter AR / „M ·P /D… for each
data set „cylindrical hole correlation †6‡…. The shaded regions
indicate the correlation limits for the parameter AR / „M ·P /D….

Table 4 Valid shaped-hole parameter limits for each
correlation

Equation M t / P AR / �M · P /D�

�19� 0.2–2.5 0.31–0.65 0.17–1.17
�20� �2� 0.5–2.5 0.31–0.65 0.27–1.17
�21� �2� 0.2 – 3.0
�22� �2� 0.5–1.5 0.57–0.65 0.47–1.57
�23� �2� 0.2–2.5 0.32–0.65 0.38–3.00

Cyl. hole �6� 0.5–0.6 0.31–0.65 0.83–2.10
JANUARY 2011, Vol. 133 / 011002-9
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or each correlation, it is useful to examine just how many of the
ata sets used for developing the correlations fit into the ranges
isted in Table 4. Table 5 lists the number of data sets, which fall
nto the nondimensional parameter limits for each correlation.
able 5 also lists the percentage of those included data sets, which
re then well predicted �R2�0.7� by that correlation. Ultimately, a
ood correlation would have a high number of included data sets
s well as a high prediction percentage within the assigned limits.
he current correlation has the highest number of included data
ets, and—aside from Eqs. �21� and �22� which only have 1 and 7
ncluded data sets respectively—it also has the highest prediction
ercentage.

Current Correlation Predictions
It is now necessary to take a closer look at the predictive capa-

ility of the current correlation in relation to the relevant nondi-
ensional parameters that were discussed earlier. Figure 16 shows

he TTCRL data for blowing ratios of M =0.6, 1.5, and 2.5 com-
ared with the predictions from the current correlation. Also listed
re the R2 values, all of which indicate statistically legitimate
redictions. The most notable deviation is a slightly higher pre-
iction for low X /D values.

Figure 17 offers a comparison between the current correlation
nd the data sets for variation in coverage ratio. Overall there was
ery good agreement, as each prediction had R2�0.7. The predic-
ion has been extrapolated to the hole exit to show the boundary
ondition that �̄= t / P at X /D=0. In some cases, the data show
igher �̄ values near the hole exit, which was most likely a result
f conduction errors associated with the data.

A comparison of the current correlation to data sets with varia-
ions in AR is shown in Fig. 18. The correlation matched the AR
ata from Gritsch et al. �8� well for X /D�10. Notice the slight
ncrease in �̄ with AR from the correlation on Fig. 18. The depen-

able 5 Valid shaped-hole parameter limits for each
orrelation

Equation
No. of data sets

within limits
Equation prediction within limits

�%�

�19� 46 93.5
�20� �2� 36 86.1
�21� �2� 1 100
�22� �2� 7 100
�23� �2� 30 73.3

Cyl. hole �6� 18 67.7

ig. 16 Comparison of current correlation predictions „Eq.
19…… with experimental data for a range of blowing ratios „AR

3.9,P /D=6.5, t /P=0.48…

11002-10 / Vol. 133, JANUARY 2011
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dence of �̄ on AR was built into the correlation to account for the
assumed low AR behavior, even though the results of Gritsch et al.
�8� do not show an AR dependence above AR=3.5.

Finally, a comparison of the correlation to data from Gritsch et
al. �8� for variations of hole spacing is shown in Fig. 19. Once
again, the data are well predicted by the model as evidenced by
high values of coefficient of determination. The correlation over-
predicted �̄ values for X /D�10 for the closest hole spacing
�P /D�4�. This was most likely a result of the effect discussed to
earlier, whereby adjacent hole interaction occurs for close hole-to-
hole spacing, causing an ineffective use of coolant and lowering
�̄. As this effect was not accounted for in the correlation, over-
prediction of �̄ is expected for P /D�6.0.

8 Conclusions
The earliest film-cooling correlations were made for continuous

slot cooling configurations. The slot correlations were then ex-
trapolated to discrete hole film-cooling with cylindrical holes. Ad-
vances in film-cooling technology have led to the extensive use of
shaped �noncylindrical exit� holes in turbine applications. Despite
the widespread use of shaped holes in industry, an extensive cor-
relation for predicting adiabatic film-cooling effectiveness was not
present in the literature, compared with the number of correlations
for both slot cooling and cylindrical hole film-cooling. A correla-

Fig. 17 Comparison of current correlation predictions „Eq.
„19…… with experimental data for a range of coverage ratios „M
=1.5…

Fig. 18 Comparison of current correlation predictions „Eq.
„19…… with experimental data for a range of area ratios „M

=1.5,P /D=6.0, t /P=0.43…
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ion for predicting adiabatic film-cooling effectiveness down-
tream of a single row of shaped holes on a flat-plate surface with
ow freestream turbulence, an engine-representative density ratio,
nd a negligible freestream pressure gradient has been developed
n this study.

There are fundamental differences in the flow behavior between
an-shaped film-cooling and cylindrical hole injection. Cylindrical
ole injection is characterized by jet separation above a blowing
atio of 0.5 and a location of peak film-cooling effectiveness
ownstream of the hole ejection in the separated regime. Con-
ersely, fan-shaped film-cooling never achieves complete separa-
ion, undergoing only partial separation at blowing ratio near and
bove 3–4.

From examining the results of previous studies, the nondimen-
ional parameters of blowing ratio, area ratio, coverage ratio, and
ole spacing were identified as the most relevant to include into
he correlation. The correlation that was developed in this study
as compared with existing forms that are used in industry, as
ell as to a cylindrical hole correlation. Based on those compari-

ons, the current model can be taken as an improvement on the
redictive capability for adiabatic film-cooling effectiveness
ownstream of a row of shaped holes. Additionally, the nondi-
ensional parameter limits for which the previous correlations
ere valid for shaped holes have been expanded with the current

orrelation. While many of the existing models offer satisfactory
redictions of film-cooling effectiveness at lower blowing ratios
M =0.5�, a particular achievement of the current model is the
xtension to higher blowing ratios �up to M =2.5�.
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omenclature
A � cross-sectional area

A, B, C � linearization equation coefficients
AR � area ratio

C � coefficient for the correlation
D � hole throat diameter

DR � density ratio
J � momentum flux ratio
L � length of hole

M � blowing ratio
Ma � Mach number

ig. 19 Comparison of current correlation predictions „Eq.
19…… with experimental data for a range of hole spacings „M
1.5,AR=4.2…
ournal of Turbomachinery
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n � arbitrary exponent
P � hole pitch

R2 � coefficient of determination
Re � Reynolds number in the metering section of

the hole
S � slot width
t � width of hole at trailing edge of hole breakout

T � temperature
TI � turbulence intensity
U � velocity
X � distance downstream of the hole exit

X, Y, Z � linearization equation variables
Z � distance perpendicular to hole centerline

Greek
� � surface inclination angle
� � boundary layer thickness
� � adiabatic film-cooling effectiveness
� � dynamic viscosity
� � film-cooling scaling parameter

 � density
� � expansion angle for a shaped hole

Subscripts
� � freestream conditions
1
2 � one-half of the maximum value
1 � lateral expansion angle for a shaped hole

1, 2, 3 � coefficient subscripts
2 � film-cooling jet or forward expansion angle

ad � adiabatic surface
in � the hole inlet location
jet � the coolant jet

e � equivalent �slot width, S�
eff � effective
ext � external

exit � the hole exit location �defined in Fig. 2�
m � metering length

Overbar
– � lateral/pitchwise average
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