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Cooling Effectiveness for a
Shaped Film Cooling Hole at a
Range of Compound Angles
Shaped film cooling holes are a well-established cooling technique used in gas turbines
to keep component metal temperatures in an acceptable range. One of the goals of film
cooling is to reduce the driving temperature for convection at the wall, the success of
which is generally represented by the film cooling adiabatic effectiveness. However, the
introduction of a film cooling jet-in-crossflow, especially if it is oriented at a compound
angle, can augment the convective heat transfer coefficient and dominate the flowfield.
This work aims to understand the effect that a compound angle has on the flowfield and
adiabatic effectiveness of a shaped film cooling hole. Five orientations of the public
7–7–7 shaped film cooling hole were tested, from a streamwise-oriented hole (0 deg com-
pound angle) to a 60 deg compound angle hole, in increments of 15 deg. Additionally,
two pitchwise spacings of P/D¼ 3 and 6 were tested to examine the effect of hole-to-hole
interaction. All cases were tested at a density ratio of 1.2 and blowing ratios ranging
from 1.0 to 4.0. The experimental results show that increasing compound angle leads to
increased lateral spread of coolant and enables higher laterally averaged effectiveness at
high-blowing ratios. A smaller pitchwise spacing leads to more complete coverage of the
endwall and has higher laterally averaged effectiveness even when normalized by cover-
age ratio, suggesting that hole to hole interaction is important for compound angled
holes. Steady Reynolds-averaged Navier–Stokes computational fluid dynamics (CFD)
was not able to capture the exact effectiveness levels, but did predict many of the
observed trends. The lateral motion of the coolant jet was also quantified, both from the
experimental data and the CFD prediction, and as expected, holes with a higher com-
pound angle and higher blowing ratio have greater lateral motion, which generally also
promotes hole-to-hole interaction. [DOI: 10.1115/1.4041603]

Introduction

The addition of a shaped diffuser to a film cooling hole, shown
in Fig. 1, helps achieve the goal of increased coolant concentration
at the endwall by reducing the momentum of the coolant jet and
keeping it attached. There are many parameters of the shape of a
film cooling hole that can be changed in order to achieve optimal
adiabatic effectiveness. Another parameter that is often changed is
the compound angle, or the angle that the centerline of the film
cooling hole makes with the streamwise direction, as shown in Fig.
2. A large compound angle is particularly helpful in certain areas of
the airfoil like the leading edge, where high surface curvature does
not allow for sufficiently long film-cooling holes oriented in the
streamwise direction. Also, secondary flows around the airfoil can
influence the local direction of the mainstream flow, which may
result in a compound angled film-cooling hole even though it is
streamwise oriented with respect to airfoil coordinates.

Additionally, the pitchwise spacing of film cooling holes,
depicted in Fig. 2, is an important consideration. A smaller pitch
means more film-cooling holes in a given space and thus more
mass flow, but also provides more complete wall coverage.

This study examines the 7–7–7 shaped film cooling hole (Fig. 1
[1]) at a sweep of compound angles from 0 deg (CA0) to 60 deg
(CA60) for two film-cooling arrays with a pitchwise spacing of
P/D¼ 3 and 6. This work is intended to give a more complete
understanding of the physics of a compound angled shaped film
cooling hole, particularly at a wide range of compound angles and
blowing ratios.

Review of Relevant Literature

Decades of film-cooling heat transfer and flowfield research
have resulted in the well-established conclusion that film-cooling
holes with a shaped diffuser provide higher adiabatic effectiveness
than cylindrical holes, particularly at high blowing ratios [2].
Additionally, there has been a significant amount of work showing
that cylindrical holes with their centerline oriented at a compound
angle to the mainstream flow have higher adiabatic effectiveness
than those that are in-line [2–7].

Fig. 1 7–7–7 baseline shaped film cooling hole, developed by
Schroeder and Thole [1]
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Goldstein and Jin showed that increasing the compound angle
of a cylindrical hole helps the film cooling jet remain attached to
the surface at higher blowing ratios, and also spreads out the cool-
ant laterally, increasing the adiabatic effectiveness [7]. A promi-
nent reason for this improved coolant spread on the endwall is the
unique flowfield of a compound angled jet in crossflow. A
streamwise-oriented film cooling hole that is interacting with the
mainstream flow develops a canonical counter rotating vortex pair
(CRVP) [2], the formation and effects of which are well known.
When the jet is oriented at a compound angle, the mainstream
flow wraps around the coolant jet, creating a weak windward vor-
tex and a strong leeward vortex, which gains preponderance as the
jet moves downstream [5]. The asymmetry of these vortices can
be quantified by the circulation in downstream planes, where the
vorticity of the leeward vortex is positive and windward is nega-
tive. Aga et al. found that as compound angle is increased for a
cylindrical hole, the circulation also increases, and decays in the
streamwise direction with a momentum-ratio-scaled distance
parameter [5]. While this vortex has the advantageous effect of
spreading coolant laterally, it also impinges hot mainstream gas
on the endwall surface. Therefore, as the streamwise vortex gets
stronger and more asymmetric, the heat transfer coefficient aug-
mentation increases. In fact, since there is little change in adia-
batic effectiveness with increasing compound angle, but an
increase of heat transfer coefficient augmentation, there is an
overall increase in heat flux to the part (often described as a
decrease in net heat flux reduction) [5].

Adding a shaped diffuser to a cylindrical hole oriented in the
streamwise direction decreases jet penetration into the main-
stream, increases lateral spread of coolant on the endwall, and
decreases the strength of the CRVP [1,2,8,9]. Haydt et al. showed
that the adiabatic effectiveness of various shaped film cooling
holes has a peak at a certain “optimal blowing ratio”, which
occurs when the core of the film cooling jet has about the same
velocity as the mainstream flow [10]. This leads to a weak shear
layer between the jet and crossflow, and therefore, a weaker
CRVP.

Since both a shaped diffuser and a compound angle are advan-
tageous to film-cooling effectiveness, the combination of the two
(a compound angled shaped hole, CASH), is a natural area of con-
centration for designers and researchers. Most work in this area
has concentrated on comparing a streamwise-oriented shaped hole
to a CASH at a large compound angle, with no smaller compound
angles in between. Additionally, often only the adiabatic

effectiveness is reported, without an accompanying study detail-
ing the heat transfer augmentation, which Aga et al. showed was
very important for compound angled holes [5]. A few studies have
shown the adiabatic effectiveness of a CASH at a large compound
angle [3,11–13], and those that compared these results with a
streamwise-oriented shaped hole found that the CASH had
slightly higher adiabatic effectiveness, particularly at higher
blowing ratios where there was less tendency for mainstream pen-
etration. Gao et al. found that adiabatic effectiveness increased
over the range of M¼ 0.4-1.5 for CASH [14]. Brauckmann and
Wolfersdorf examined a shaped hole at compound angles of
0 deg, 30 deg, and 45 deg and found that as compound angle
increased there was very little change in adiabatic effectiveness,
but there was an increase in heat transfer augmentation [15]. Sen
et al. also found that CASH have higher heat transfer augmenta-
tion, relative to a streamwise-oriented cylindrical hole [16].

Schmidt et al. [3] looked at the adiabatic effectiveness of a row
of CASH at P/D¼ 3 and 6. At P/D¼ 3, there was very little
change in adiabatic effectiveness over the range of momentum
flux ratios tested. At the large pitch size, the CASH holes were
able to maintain high effectiveness, relative to the baseline
streamwise-oriented cylindrical hole, but there was much less
hole-to-hole interaction than there was with the smaller pitch [3].

In this study, the film cooling holes will be fed with a quiescent
plenum condition, but in many applications in the gas turbine,
film cooling holes are fed with a coolant crossflow supply. Ditt-
mar et al. found that for a CASH with a large expansion angle of
14 deg oriented at a compound angle of 35 deg, coolant crossflow
in-line with the compound angle direction is advantageous to film
cooling effectiveness [17]. McClintic et al. came to the opposite
conclusion using a more moderately expanded 7–7–7 film cooling
hole (the hole shape used in this study) oriented at a compound
angle of 45 deg [18]. The 7–7–7 hole in a counter crossflow con-
figuration had higher spatially averaged adiabatic effectiveness
than for the in-line crossflow configurations, particularly at higher
velocity ratios. The adiabatic effectiveness in both cases
decreased as the crossflow velocity increased [18].

This study aims to fill a gap in the literature by providing adia-
batic effectiveness for a CASH at a sweep of compound angles
and two pitchwise spacings, so that the impact of increasing flow
asymmetry on adiabatic effectiveness can be determined.

Experimental Facility

A schematic of the wind tunnel used for this study is depicted
in Fig. 3 and was validated by Eberly et al. [19]. This closed-loop
wind tunnel facility uses air as the working fluid and consists of a
low density mainstream loop and a high-density coolant loop. The
mainstream flow is driven by an axial fan and its temperature,
which is measured by a thermocouple rake, is held uniformly at
room temperature by a bank of electrical heating elements and a
water chiller. The velocity of the mainstream flow is held constant
at 10 m/s and is measured by a Pitot probe. The secondary coolant
loop draws air from the mainstream flow via a hermetically sealed
blower. In order to avoid frost, the air in the tunnel is dried down
to less than 0.5% relative humidity using a vent dryer filled with
solid desiccant. The air in the coolant loop is run through a heat
exchanger with liquid nitrogen in order to reduce the temperature
and increase the density. Downstream of the heat exchanger, the
evaporated nitrogen is added to the flow of air, and then, the total
coolant flow rate is measured by a Venturi flow meter. The
amount of added nitrogen is negligible in comparison to the mass
fraction of nitrogen in the coolant air. After the flow meter,
the coolant flow enters the quiescent plenum, and three flow con-
ditioning screens are used to ensure flow uniformity at the film
cooling hole inlets. Several thermocouples and pressure taps
inside of the plenum are used to measure the temperature and
pressure of the coolant.

The test section consists of a low conductivity (k¼ 0.029 W/m K)
Dow Styrofoam plate use to approximate an adiabatic endwall

Fig. 2 A shaped film cooling hole oriented at different com-
pound angles, left, and at different pitchwise spacings, right
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condition. As the mainstream flow enters the test section, a suction
loop removes the incoming boundary layer, and a new boundary
layer develops on the Styrofoam endwall and is transitioned to tur-
bulence by a trip wire located 35 diameters upstream of the
film cooling hole trailing edge. The boundary layer for this test sec-
tion was measured by Schroeder and Thole [1] at low freestream
turbulence of Tu¼ 0.5%. The measurement of the turbulent
boundary layer was at x/D¼�5.4 and the reported average values
are h/D¼ 0.16, H¼ 1.45, Reh¼ 670, Re*¼ 315, ReD¼ 3800, and
us¼ 0.5 m/s [1].

Depending on the pitch, five (P/D¼ 6) or nine (P/D¼ 3) holes
are drilled into the hatches, which are then installed into the test
section. Low-temperature silicone is used to seal the hatches in
the endwall plate, and spackle is used to create an aerodynami-
cally smooth surface on the seams. The diameter of the holes in
this study is 6.78 mm, a pitch of either P/D¼ 3 or 6, an inclination
angle of 30 deg, L/D¼ 6, and Lm/D¼ 2.5. The baseline shaped
7–7–7 hole developed by Schroeder and Thole was used for this
study [1], and is shown in Fig. 1.

Temperature is measured on the adiabatic Styrofoam endwall
by a FLIR T650sc infrared camera. Images are taken at an angle
through an infrared transmissible material in the lid of the test
section and are dewarped using an in-house MATLAB script.
Temperatures are corrected via an in situ camera calibration using
surface copper block thermocouples, performed for the range of
temperatures tested.

Uncertainty Analysis

The experimental uncertainty was found for blowing ratio, den-
sity ratio, and adiabatic effectiveness by using the propagation of
measurement uncertainties analysis outlined by Figliola and
Beasley [20]. All calculations were done using a confidence inter-
val of 95%.

Uncertainty in the blowing ratio is primarily driven by the bias
uncertainty of the mainstream Pitot probe transducer and the

Venturi flowmeter (60.25% of full-scale flow, and verified by
separate tests with a laminar flow element in series), and is 65%
for all blowing ratios. The uncertainty in the density ratio is less
than 60.01 for all cases and is due to the experimental uncertainty
of the plenum and mainstream thermocouples. The total uncer-
tainty in adiabatic effectiveness was estimated to be dg¼60.034.
This is largely due to a bias uncertainty of dgb¼60.027, which is
the same for each test and which is caused by scatter in the in situ
infrared camera calibration and the bias uncertainty of the
plenum thermocouples. The precision uncertainty for the tests is
dgb¼60.020.

Repeatability was confirmed by retesting a hatch and also by
comparing two different hatches with an identical film cooling
configuration. The maximum difference in area-averaged effec-
tiveness was 0.005, and the maximum difference in laterally aver-
aged effectiveness was 0.011, which is within the precision
uncertainty of the measurement.

Periodicity was good for all cases, but only when comparing
individual coolant jets. Since there is a significant lateral motion
of the coolant jets in the spanwise direction, the traditional
method of calculating laterally and area-averaged effectiveness in
a rectangular, streamwise-oriented downstream region is ineffec-
tive at capturing the true performance of these compound angled
holes. This occurs because of the finite width of the test section
and the finite number of film-cooling holes in an array; thus, the
lack of coolant at the edges of the test section corrupts the later-
ally averaged effectiveness. Instead, the maximum effectiveness
value was found for each downstream x/D location for each hole.
This was defined as the “path” of each coolant jet. To generate a
representative average coolant jet path, the paths of the center
three holes were averaged. The laterally averaged effectiveness
for a hole was then calculated by averaging the effectiveness over
the width of a pitch centered at any given path location. Figure 4
depicts the two methods. The dashed white lines show the rectan-
gles centered around a hole which are traditionally used as the
regions to calculate averaged effectiveness. The solid black line is

Fig. 3 Closed-loop wind tunnel facility
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the path of the coolant jet, and the dashed black lines are each a
half pitch on either side of the path, representing the area over
which the results in this paper were averaged. The z/D direction
indicated in white is the fixed spanwise direction relative to the
hole trailing edge, while z0/D is a relative spanwise coordinate sys-
tem in the same direction as z, but centered around the path of
maximum effectiveness. In other words, z0/D¼ 0 is at the point of
maximum effectiveness for a given x/D location. Figure 5 shows a
comparison between the two methods, where solid lines are calcu-
lated using the white lines from Fig. 4 and dashed lines are calcu-
lated using the black lines. There is slightly better periodicity
between the dashed lines especially downstream of x/D¼ 15,
within precision uncertainty of the measurements, because the
effect of the limited number of holes does not influence the aver-
ages. The laterally and area-averaged effectiveness results shown
in sections below are the result of an average of holes 2, 3, and 4.

Computational Setup

Steady computational fluid dynamics (CFD) simulations for
this study were run using the realizable k–e turbulence model in
ANSYS FLUENT, using a computational mesh generated in Point-
wise. The mesh is shown in Fig. 6 with labeled boundary condi-
tions. Due to the lateral motion of the compound angled jet, the
side boundary conditions were periodic. The inlet velocity profile
was calculated using TEXSTAN (to provide profiles of turbulent
kinetic energy and dissipation rate) and was matched to the meas-
ured boundary layer upstream of the holes in the experimental test
section. The mesh was found to be grid independent, and the
results of the grid independence study are shown in Fig. 7. A grid
size of about 4� 106 cells and a yþ <1 on all walls was used for
all of the cases presented below.

All cases were run for 1000 iterations with first-order discreti-
zation, and then for 3000–5000 iterations with second-order dis-
cretization. Convergence was confirmed through laterally
averaged effectiveness monitors on the endwall surface, and point
temperature monitors a diameter above the surface, in a manner
similar to Haydt et al. [21]. A case was considered converged if
the monitors held within 1% change over 500 iterations.

Discussion of Results

Constant Blowing Ratio, Varied Compound Angle. In this
section, the effect of compound angle variation is examined for
the 7–7–7 hole held at a constant blowing ratio, all at DR¼ 1.2
and P/D¼ 6. Figure 8 shows the laterally averaged effectiveness
for all five compound angled cases at a low blowing ratio of
M¼ 1.0. At this blowing ratio, the CA30 case has the lowest
effectiveness, and the CA45 and CA60 cases have the highest.
However, the effectiveness for all cases is similar, suggesting
that compound angle does not have a profound effect on laterally
averaged effectiveness at this low blowing ratio. The contours in
Fig. 9, however, show more clearly how a compound angle affects
the local adiabatic effectiveness of the 7–7–7 shaped hole.

As the compound angle increases, the contour levels do not
extend as far downstream, but the width of the jet increases. For
the CA30 case, it appears that the jet width has not increased
enough to counteract the lower contour levels downstream, which
is why it has the lowest effectiveness. The CA45 and CA60 cases,
however, are very wide, and show evidence of complete coolant
coverage of the endwall due to jet-to-jet interaction. The nonzero
contour levels upstream of and surrounding the hole outlet could
be caused by conduction or also by a secondary flow feature at the
leading edge of the hole. The Styrofoam is very thin between the
upstream wall of the film cooling hole diffuser and the endwall
surface, which might cause conduction in this region to be non-
negligible. However, the obstruction created by the ejection of the
film cooling jet often results in a horseshoe vortex at the leading
edge of the hole, which would increase mixing right at the leading
edge. A study by Wright et al. which compares IR thermography
and pressure sensitive paint (PSP), found that there was a nonzero
effectiveness upstream and surrounding the film-cooling outlet

Fig. 4 The CA30 hole has good periodicity when averaged
based on the path of the jet (black lines), rather than a rectangle
(white lines)

Fig. 5 Laterally averaged effectiveness for the case shown in
Fig. 4. Solid lines are rectangularly averaged, and dashed lines
are averaged based on the path of the coolant jet.
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even during an isothermal PSP measurement where there is a no
thermal conduction [22]. The size of this obstruction relative to
the mainstream flow is increased as the compound angle is
increased, which might explain why there is a higher effectiveness
level around the hole at the larger compound angle cases.

The differences in the cases in Fig. 9 can also be quantitatively
shown by the pitchwise lateral spread of effectiveness at a given
x/D location downstream. Figure 10 shows this lateral spread for
x/D¼ 5, which is depicted as a white dashed line on Fig. 9. This
figure shows local adiabatic effectiveness, averaged over three
holes, for each case versus the lateral distance z0/D, where z0/D¼ 0

is defined as the maximum effectiveness location for each case, or
the path depicted in Fig. 4. This figure shows the advantage of a
compound angle. As the compound angle increases, the peak in
effectiveness decreases, but the profile becomes wider, and there-
fore, more spread out across the entire surface. This is especially
clear at the midpitch (z/D¼�3 and 3), where the CA0–CA30
cases have almost zero effectiveness, as compared to the increas-
ing levels from CA45 to CA60.

At a higher blowing ratio of M¼ 3.0, the effect of compound
angle on adiabatic effectiveness is more clear, as seen in the

Fig. 6 Computational domain made in Pointwise for simulated cases run in ANSYS FLUENT

Fig. 7 Grid independence study for the 60 deg compound
angled hole at M 5 2.0 Fig. 8 Laterally averaged effectiveness for all five compound

angled cases at M 5 1.0
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laterally averaged effectiveness curves in Fig. 11. At this blowing
ratio, a streamwise-oriented CA0 7–7–7 hole has the lowest later-
ally averaged effectiveness, and the effectiveness increases with
compound angle, with CA45 and CA60 having about the same
effectiveness. This is consistent with the literature, which has
shown that compound angled holes, either cylindrical or shaped,
have higher effectiveness than streamwise-oriented holes at high
blowing ratios.

Once again, this increase in effectiveness at high compound
angles is due to the widening of the jets and the jet-to-jet

interaction promoted by the significant lateral motion. This can be
seen from the adiabatic effectiveness contours in Fig. 12. Many
other trends from the M¼ 1.0 cases are repeated here, such as
increasing jet width, nonzero contour levels upstream of the holes,
and contour levels that do not extend as far downstream as com-
pound angle increases. One notable difference is that high contour
levels for the CA15 case extend farther downstream than for the
CA0 case, which is indicative of a coolant jet that is keeping cool-
ant closer to the wall and remaining attached to the surface farther
downstream. This shows that even a mild compound angle of
CA15 can reduce jet liftoff at higher blowing ratios.

Fig. 9 Adiabatic effectiveness contours for all compound
angles at M 5 1.0

Fig. 10 Local adiabatic effectiveness versus lateral distance,
z’/D, for all compound angle cases at M 5 1.0

Fig. 11 Laterally averaged effectiveness for all five compound
angled cases at M 5 3.0

Fig. 12 Adiabatic effectiveness contours for all compound
angles at M 5 3.0
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As with the lower blowing ratio case, there is increased lateral
spread of the coolant as the compound angle is increased, as
shown in Fig. 13. This figure shows local adiabatic effectiveness
versus the lateral distance, where z0/D¼ 0 is the location of the
maximum effectiveness level. The data presented are at a down-
stream location of x/D¼ 5, which is depicted with a white dashed
line in Fig. 12. A common trend for high compound angles at both
blowing ratios is that despite lower maximum effectiveness, the
coolant is more spread out across the surface, and the effective-
ness does not go to zero at the midpitch.

Constant Compound Angle, Varied Blowing Ratio. In this
section, the effect of blowing ratio is examined on a 7–7–7 shaped
hole at a constant compound angle, all at DR¼ 1.2 and P/D¼ 6.
Figure 14 shows the effect of blowing ratio on two holes, the
streamwise-oriented CA0 case and the largest compound angle
CA60 case, in terms of laterally averaged effectiveness. As was
established by Schroeder and Thole [1], the effectiveness of the
original 7–7–7 hole decreases as blowing ratio increases from
M¼ 1.0, shown in solid lines. The CA60 case does not have the
same trend, showing once again that compound angled holes are
able to maintain higher effectiveness than streamwise-oriented
holes at high blowing ratios. The effectiveness just downstream of
the trailing edge decreases at higher blowing ratios, but due to jet-
to-jet interaction and the lateral motion of the jets, the laterally
averaged effectiveness downstream increases as compared to
M¼ 1.0.

The adiabatic effectiveness contours for the CA60 case, shown
in Fig. 15, further show the compound angled hole behavior with
a change in blowing ratio. At each blowing ratio, there is that
aforementioned region upstream of the film cooling hole outlet
that has a nonzero effectiveness level. From these contours, it
appears that this region extends farther upstream as the blowing
ratio increases. As blowing ratio increases, the size of the obstruc-
tion created by the coolant jet would also increase, promoting
more mixing upstream of the hole. In the Wright et al. PSP study,
the upstream region of nonzero effectiveness also grew with
increasing blowing ratio [22].

While the behavior of these jets might be similar upstream of
the hole, downstream of the trailing edge there are some signifi-
cant differences due to the blowing ratio. As blowing ratio

increases, the jets narrow, especially as compared to M¼ 1.0, and
there is increased lateral motion. Since the blowing ratio is set
based on the metering section diameter, the vector of the coolant
velocity is in the direction of the compound angle. Thus, as the
compound angle increases, there is a growing lateral component

Fig. 13 Local adiabatic effectiveness versus lateral distance,
z’/D, for all compound angle cases at M 5 3.0

Fig. 14 Laterally averaged effectiveness for all blowing ratios
of the 0 deg (solid lines) and 60 deg (dashed lines) cases

Fig. 15 Adiabatic effectiveness contours for the CA60 hole at
all blowing ratios
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and a shrinking streamwise component to the coolant jet’s core
velocity. Therefore, for a high compound angle, increasing blow-
ing ratio does not significantly increase the streamwise component
of the jet’s velocity, whereas it is directly related for streamwise-
oriented holes.

Lateral plots of the local adiabatic effectiveness, shown in
Fig. 16, also shows the narrowing of the film cooling jets at higher
blowing ratios. These effectiveness curves are for each blowing
ratio case and are plotted versus the lateral distance z0/D, where
z0/D¼ 0 is the location of maximum effectiveness at x/D¼ 5. The
maximum effectiveness peak is roughly the same for the lowest
and highest blowing ratios. Also, despite the narrowing of the con-
tours at high blowing ratios, the local effectiveness at the midpitch
increases from M¼ 2.0 to M¼ 4.0. This suggests that the signifi-
cant lateral motion of the coolant jets at high blowing ratios are
encouraging jet-to-jet interaction, which leads to more complete
coverage of the endwall in coolant.

The behavior of the CA60 holes at high blowing ratios is espe-
cially stark when compared with the lateral local effectiveness
plots for a streamwise-oriented hole (CA0), shown in Fig. 17, also
at x/D¼ 5. As the blowing ratio increases, the jet becomes nar-
rower and the peak effectiveness decreases due to increasing lift-
off of the jet. Also, since there is no lateral motion of the jet, there
is no interaction, and the effectiveness goes to zero at the mid-
pitch. In terms of adiabatic effectiveness, the compound angled
holes have a clear advantage at high blowing ratios. They have
reduced jet liftoff at high blowing ratios, they spread coolant later-
ally, and they promote interaction between jets which leads to
complete endwall coverage.

The aforementioned benefits of compound angled holes at high
blowing ratios have been established in the literature, but in most
of those studies, only one large compound angle was tested. Pre-
sumably, there is a regime for holes with compound angles near
0 deg where effectiveness decreases with increasing blowing ratio
(as for the axial 7–7–7 hole) and also a regime of holes with high
compound angle which see increasing or similar effectiveness at
high blowing ratios, but where does the transition occur? Fig. 18
shows the area-averaged effectiveness for all of the P/D¼ 6 holes
tested, at all blowing ratios, and also the CA45 7–7–7 data from
Anderson et al. [23]. Area-averaged effectiveness is averaged
from x/D¼ 3 to 15, over the width of a pitch centered on the path

of maximum effectiveness. Precision uncertainty is dg¼60.02,
and is indicated in Fig. 18 by error bars. The horizontal axis of
Fig. 18 is the streamwise component of blowing ratio, which is
the blowing ratio multiplied by the cosine of the compound angle.

From this plot, the transition between the two aforementioned
regimes seems to occur somewhere between compound angles
of 30 deg and 45 deg. In the “streamwise-oriented regime”
(CA0–CA30), the effectiveness decreases with increasing blowing
ratio, and in the “compound angled regime” (CA45–CA60) the
effectiveness remains more constant as blowing ratio increases.

One reason why small compound angled holes might act simi-
larly to a streamwise-oriented hole is because so much of the cool-
ant jet’s velocity is still oriented in the streamwise direction.
When plotted via the streamwise component of blowing ratio, the
streamwise-oriented regime collapses to a downward sloping
curve. This result is analogous to the optimal blowing ratio result
shown in Haydt et al. [10], where the area-averaged effectiveness
scaled with a blowing ratio that accounts for the shear interactions
between the coolant jet and the mainstream flow. In this case, the
effectiveness for the CA0, CA15, and CA30 holes is scaling with
the shear interactions between the mainstream flow and stream-
wise component of the coolant jet velocity.

Fig. 16 Local adiabatic effectiveness versus lateral distance,
z’/D, for all blowing ratio cases of the CA60 hole

Fig. 17 Local adiabatic effectiveness versus lateral distance,
z’/D, for all blowing ratio cases of the streamwise-oriented
7–7–7 hole

Fig. 18 Area-averaged effectiveness for all P/D 5 6 cases, and
a CA45 case from Anderson et al. [23], plotted versus the
streamwise component of blowing ratio
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Even when scaled in this manner, the large compound angles of
CA45 and CA60 do not collapse to the curve and exhibit different
behavior. Therefore, beyond CA30 there are prominent secondary
effects that are changing the flowfield from what is traditionally
expected from a film cooling jet in crossflow. These secondary
effects are effective in spreading the coolant laterally and prevent-
ing jet liftoff at high blowing ratios.

Effect of Pitchwise Spacing. In addition to the cases tested at
a more typical pitchwise spacing of P/D¼ 6, a smaller pitch of
P/D¼ 3 was tested in order to understand the effect of pitchwise
spacing on adiabatic effectiveness. Due to the size and orientation
of the CA60 hole, a pitch of P/D¼ 3 was not possible as it
resulted in overlapping film cooling holes. Thus, the largest com-
pound angle presented in this section is CA45.

At a low blowing ratio of M¼ 1.0, the laterally averaged effec-
tiveness is lower for the CA30 and CA45 cases as compared to
the CA0 and CA15 cases, as shown in Fig. 19. The adiabatic
effectiveness contours for these cases are shown in Fig. 20. The
CA0 and CA15 contours show discrete jets with contour levels
extending far downstream, while the CA30 and CA45 contours
show full jet merging but contour levels that do not extend very
far. These correspond to higher and lower laterally averaged
effectiveness, respectively. It is a surprising result, given the
advantageous jet-to-jet interaction observed by the P/D¼ 6 holes
at high compound angles. However, with a smaller pitch, there is
now a larger obstruction to the mainstream flow caused by the
ejected coolant jets. For the CA30 and CA45 cases, the coolant
jets cover the entire area across the pitch normal to the main-
stream flow direction. This increases the shear interaction with the
mainstream flow and leads to greater mixing of the coolant. How-
ever, it should be noted that even though high contour levels do
not extend very far downstream, the entire pitch is covered in
coolant due to the jet interaction, and thus, the laterally averaged
effectiveness is only 15% lower downstream. Also, even though
these closely space holes cover a large lateral extent of the wall,
the effectiveness is much lower than a slot flow at a similar blow-
ing ratio, as measured by Bittlinger et al. [24].

At a higher blowing ratio of M¼ 3.0, the laterally averaged
effectiveness, shown in Fig. 21, increases from CA0 to CA15 and
then decreases as compound angle increases further. This is also
clear from adiabatic effectiveness contours shown in Fig. 22.

Even at a small pitch, the streamwise-oriented CA0 hole has a
tendency to separate at this higher blowing ratio. That tendency is
reduced by the addition of a slight compound angle of 15 deg and
that is why the laterally averaged effectiveness increases, the

Fig. 19 Laterally averaged effectiveness for all P/D 5 3 com-
pound angle cases at M 5 1.0

Fig. 20 Adiabatic effectiveness contours for all P/D 5 3 com-
pound angle cases at M 5 1.0

Fig. 21 Laterally averaged effectiveness for all P/D 5 3 com-
pound angle cases at M 5 3.0
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contours widen, and the contour levels extend farther downstream.
As compound angle increases beyond that, the aforementioned
shear mixing occurs due to the large obstruction provided by the
coolant jets. However, the effectiveness levels remain very high
downstream thanks to the advantageous jet interaction and also
the increased amount of coolant near the endwall.

Compound angled holes with the larger pitchwise spacing pro-
duced better lateral coolant coverage and jet attachment as blow-
ing ratio increased. This is true for a smaller pitchwise spacing as
well, as seen in the laterally averaged effectiveness plots in
Fig. 23. For the streamwise-oriented hole (CA0), the effectiveness
decreases immediately downstream of the trailing edge as the
blowing ratio increases. This is consistent with the trend of the
7–7–7 hole at its design conditions [1]. However, CA0 has high
effectiveness far downstream for high-blowing ratios, perhaps a
result of the interaction between the CRVPs driving the coolant
back toward the surface. The CA45 hole, on the other hand, has
increased effectiveness with increasing blowing ratio for the entire
downstream distance. Adiabatic effectiveness contours for the
CA45 hole, shown in Fig. 24, at these four blowing ratios show
why the increase in laterally averaged effectiveness is occurring.
As blowing ratio increases, the lateral motion of the jets is
increased, jet-to-jet interaction is increased, and the contour levels
extend farther downstream due to the presence of more coolant
near the endwall.

Compound angled holes with this smaller pitchwise spacing of
P/D¼ 3 very clearly provide high levels of effectiveness at low
and high blowing ratios, but practically speaking, there are disad-
vantages to closely spaced film cooling holes in a gas turbine. A
smaller pitchwise spacing means more holes would ultimately
exist on a film cooling array, which would increase cost of manu-
facture, increase the amount of cooling air required, and decrease

the structural integrity of the part. Therefore, it is important to
know how these smaller pitched holes perform relative to a hole
array with large pitchwise spacing, on a per unit wall basis. In
order to determine this, the area-averaged effectiveness can be
scaled by the breakout width, tb (defined in Fig. 2), divided by the
pitch. This tb/P parameter shows how much physical space the
film cooling outlet is taking up on the pitch. When this normalized
area-averaged effectiveness is plotted for all considered hole cases
versus blowing ratio, as seen in Fig. 25, it is clear that P/D¼ 3

Fig. 22 Adiabatic effectiveness contours for all P/D 5 3 com-
pound angle cases at M 5 3.0

Fig. 23 Laterally averaged effectiveness for a CA0 streamwise-
oriented hole (solid lines) and a CA45 hole (dashed lines) at all
blowing ratios, both with P/D 5 3

Fig. 24 Adiabatic effectiveness contours for the P/D 5 3 CA45
hole at all blowing ratios
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holes are performing better than P/D¼ 6 holes, on a relative basis,
especially at high blowing ratios. Also, effectiveness is much less
of a function of blowing ratio for P/D¼ 3 holes than for P/D¼ 6.

Figure 26 compares effect of pitchwise spacing on adiabatic
effectiveness contours for three cases from Fig. 25. These adia-
batic effectiveness contours for the CA0 holes at M¼ 1.0, and the
CA45 holes at M¼ 3.0, showcase two examples where the pitch-
wise spacing did not have a big influence on the normalized adia-
batic effectiveness. The contours for the CA30 holes at M¼ 4.0
show an example where pitchwise spacing significantly changed
the relative performance.

For the CA0 holes at M¼ 1.0, both pitchwise spacings exhibit
wide contour levels that extend far downstream, indicating good
jet attachment. The CA45 holes at M¼ 3.0 both show strong lat-
eral motion of the jets, and good jet-to-jet interaction which leads
to complete endwall coverage in both cases, albeit at different
effectiveness levels.

In both of these examples, both the low and high pitch spacings
exhibited advantageous qualities that have been shown to lead to
high effectiveness. Alternately, for the CA30 holes at M¼ 4.0,
only the smaller pitchwise spacing has jet-to-jet interaction, which
leads to it having much higher relative performance. This case is
more representative of the comparison between large and small

pitch, since many of the compound angled holes did not experi-
ence jet interaction and complete endwall coverage at a P/D¼ 6,
but every single hole with a P/D¼ 3 did. This is the clear advant-
age of a small pitchwise spacing for compound angled holes.

Lateral Motion of Coolant Jets. For streamwise-oriented
holes, the maximum effectiveness is generally coincident with the
metering section centerline, with some exceptions for coolant sup-
ply crossflow or meter-diffuser offsets [21], for example. This is
not the case for compound angles, since the spanwise component
of coolant velocity ejected from the hole drives the coolant jet in a
spanwise direction. Thus, the path of the coolant jet can be traced
by finding the point of maximum adiabatic effectiveness for every
downstream x/D location. The path of some of the P/D¼ 6
compound angle cases is plotted in Fig. 27 in terms of the lateral
distance z/D versus the streamwise distance x/D. Note that here,
z/D is fixed to the plate coordinate system. The extent of the plot’s
y-axis is 12 diameters or two full pitches. The location of maxi-
mum effectiveness was found for the middle three holes (holes 2,
3, and 4 from Fig. 4), and those three paths were averaged and
rounded to the nearest z/D location based on 0.1D intervals (0.1D
was approximately the spatial resolution of the IR measurement).
The paths in Fig. 27 correspond to the contours shown in Figs. 9
and 12 for the M¼ 1.0 and M¼ 3.0 cases. As expected, the lateral
motion of the coolant jets increases with increasing compound
angle and increasing blowing ratio. For the M¼ 3.0 case of the
CA60 hole, the coolant jet travels more than a full pitch in the lat-
eral direction over a streamwise distance of 25 diameters.

The lateral motion of the holes with a smaller pitchwise spacing
of P/D¼ 3 was also determined in the same manner as outline
above. The paths for these holes are plotted in Fig. 28 in terms of
the lateral distance z/D versus the streamwise distance x/D. The
y-axis has the same scale as Fig. 27, but in this case represents
four full pitches. Comparing Fig. 28 to Fig. 27 makes it clear that
there is significantly more lateral motion for a smaller pitchwise
spacing at the higher blowing ratio. The CA45 P/D¼ 3 hole at
x/D¼ 20 has about twice the lateral motion than the P/D¼ 6 hole
at the same location. Beyond that point, it leaves the field of view
for the original IR image, so the path could not be calculated any
further. The increase in lateral motion for a smaller pitchwise
spacing could be a result of the complete obstruction of the main-
stream flow at the leading edge of the film cooling holes. Since
the mainstream has to flow over the top of the coolant jets instead
of in-between at the midpitch, it has less influence on changing
the direction of the jet. Thus, the lateral component of the jet
velocity is better maintained as the jet moves downstream. This
increased lateral motion is also responsible for the significant lat-
eral spread and jet mixing that occurs for the smaller pitched
holes.

Fig. 25 Area-averaged effectiveness normalized by breakout
width over pitch for all cases tested, plotted versus blowing
ratio. Precision uncertainty is indicated by size of symbols.

Fig. 26 Adiabatic effectiveness contours for selected exam-
ples with the same compound angle and blowing ratio, but dif-
ferent pitch

Fig. 27 Paths of coolant jet maximum g for selected P/D 5 6
cases
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Comparison With Computational Fluid Dynamics. CFD
simulations were also run for all of the tested cases, and some pre-
dictions are presented below. CFD was not able to capture the
exact levels of local, laterally averaged, or area-averaged adia-
batic effectiveness, but it did capture the major trends in the
experimental data. A concurrent study by Haydt and Lynch [25]
measured the flowfield for the same cases shown in this study, and
there was good agreement in the major flow features between the
CFD and particle image velocimetry measurements.

Figure 29 shows CFD solutions for a sweep of compound
angles, all at M¼ 2.0. Walls are contoured with adiabatic effec-
tiveness, and isosurfaces are shown for a q-criterion value of
5000. q-Criterion is the second invariant of the velocity gradient
tensor, and is defined as
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where the first term in parentheses represents the swirl in the flow
and second term represents the shear in the flow. A positive value
for q-criterion shows a region of the flow where there is swirling

motion, such as the core of a vortex (regardless of the direction of
vorticity) and a negative q-criterion shows regions of shear. For
clarity, a comparison between q-criterion and vorticity is shown in
Fig. 30 for the three cases depicted in Fig. 29. This figure shows
filled contours of normalized x-vorticity overlaid with a line con-
tour for q-criterion¼ 5000. This level of q-criterion indicates the
regions inside of the CA0, CA30, and CA60 jets where the flow is
swirling due to the presence of vortices.

In Fig. 29(a), the symmetric CRVP is visible for the CA0 case
at the edges of the jet. As the compound angle increases, the flow-
field becomes more asymmetric, resulting in a single large region
of swirling flow for the CA60 hole. Also visible from the q-
criterion isosurfaces is the horseshoe vortex that forms at the lead-
ing edge of the film cooling hole due to the obstruction of the
coolant jet. This is likely responsible for mixing the mainstream
and coolant at the leading edge, resulting in nonzero effectiveness
levels upstream of the hole.

For the compound angled holes, it appears that the region of
vorticity is formed right at the leading edge of the hole. Inside of
a cooling hole, there is a separation region at the metering section

Fig. 28 Paths of coolant jet maximum g for selected P/D 5 3
cases

Fig. 29 CFD simulations for a sweep of compound angles at M 5 2.0. Contours of adiabatic effectiveness and isosurfaces of
q-criterion at a value of 5000.

Fig. 30 CFD simulations for a sweep of compound angles at
M 5 2.0, x/D 5 0. Contours of normalized x-vorticity overlaid
with a line contour of q-criterion 5 5000.
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inlet which leads to a strong jet at the top of the metering section.
This high momentum jet is ejected from the hole at the leading
edge and is immediately wrapped up into the streamwise vortex.
The core of the coolant jet is then lifted up and away from the sur-
face by that vortex. Lower momentum coolant inside of the hole
is ejected closer to the trailing edge, where it remains attached to
the endwall. A secondary region of vorticity is formed due to this
trailing edge coolant ejection, but that region of vorticity does not
extend very far downstream.

Figure 31 shows two CFD results for the CA15 and CA45 holes
at P/D¼ 3 and M¼ 1.0. This figure also shows contours of adia-
batic effectiveness and an isosurface of q-criterion of 5000, in
addition to streamtraces originating in the film cooling plenum.
This figure shows why the larger compound angled holes had
slightly lower effectiveness at P/D¼ 3. The CA45 hole,
Fig. 31(a), creates a more complete obstruction to the mainstream
flow. The complete obstruction is such that some coolant leaves
the trailing edge of the hole and is not turned at all by the main-
stream flow, but rather wrapped up in the neighboring hole’s
streamwise vortex (see streamline paths from central hole in
Fig. 31(a)). Alternately, the mainstream flow is able to flow
around the CA15 jet and the swirling flow region does not extend
as far downstream. The streamtraces for the CA15 hole indicate
that the coolant is redirected downstream by the mainstream flow
and remains close to the wall providing high effectiveness.

Conclusions

A sweep of compound angles was tested at a range of blowing
ratios and two pitchwise spacings, with accompanying CFD simu-
lations. The experimental results for adiabatic effectiveness indi-
cate that an increasing compound angle increases the lateral
spread of coolant on the endwall. At low blowing ratios, there is
little change in the laterally averaged effectiveness, but at a high
blowing ratio, holes with a compound angle exhibit better attach-
ment, increased lateral spread, and higher laterally averaged
effectiveness.

Higher compound angles enable higher blowing ratios, since
the streamwise component of blowing ratio is reduced. To this

point, for holes with a compound angle less than or equal to
CA30, area-averaged effectiveness decreases with an increasing
streamwise component of blowing ratio, defined as the cosine of
blowing ratio. The CA45 and CA60 holes’ area-averaged effec-
tiveness was relatively insensitive to blowing ratio.

A hole with a smaller pitch of P/D¼ 3 has higher effectiveness
than that same hole with a pitch of P/D¼ 6, and this applies for
all compound angles and blowing ratios, even when normalized
by coverage ratio. This is due to the advantageous jet-to-jet inter-
action that occurs for the close spacing. Jet mixing downstream is
also very advantageous to the P/D¼ 6 holes.

Of the P/D¼ 3 cases, CA30 and CA45 had the lowest effective-
ness, due to the coolant jets creating a complete obstruction to the
mainstream flow, which resulted in a strong shear layer and signif-
icant mixing.

CFD indicates the existence of a large region of high vorticity
on the leeward (right) side of the coolant jet’s trace on the end-
wall. Further investigation into the heat transfer augmentation for
these holes is very important in order to understand the net heat
flux reduction.
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Nomenclature

A ¼ hole cross-sectional area
AR ¼ area ratio, Aexit/Ainlet

cf ¼ skin friction coefficient
CASH ¼ compound angled shaped hole
CRVP ¼ counter-rotating vortex pair

D ¼ diameter of film cooling holes
DR ¼ density ratio, qc=q1

H ¼ shape factor, d�=h
k ¼ thermal conductivity
L ¼ hole length

M ¼ blowing ratio, qcUc=q1U1
_mc ¼ coolant mass flow rate
P ¼ pitch, lateral distance between holes
q ¼ q-criterion, second invariant of velocity gradient tensor,

Eq. (1)
Re ¼ Reynolds number (Re� ¼ d99 � us=v1,

Reh ¼ U1 � h=�1, ReD ¼ U1 � D=�1,
Rec ¼ Uc � D=�c)

t ¼ hole breakout width
T ¼ temperature

Tu ¼ freestream turbulence intensity, urms=U1
urms ¼ root-mean-squared velocity

us ¼ friction velocity, U1
ffiffiffiffiffiffiffiffiffi
cf =2

p
U1 ¼ mainstream mean velocity

x ¼ downstream distance measured from hole trailing edge
y ¼ vertical distance from surface
z ¼ spanwise distance measured from center hole
z0 ¼ spanwise distance measured from the point of maximum

effectiveness for each jet

Greek Symbols

a ¼ hole injection angle
b ¼ compound angle
d ¼ expansion angle for diffuser

d� ¼ displacement thickness
d99 ¼ 99% boundary layer thickness
dg ¼ experimental uncertainty in effectiveness

dgb ¼ bias uncertainty in effectiveness
g ¼ local adiabatic effectiveness ðT1 � TawÞ=ðT1 � TcÞ

Fig. 31 CFD simulations for the CA15 and CA45 holes at
M 5 1.0, contoured with adiabatic effectiveness and with an iso-
surface at q-criterion of 5000
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h ¼ momentum thickness
� ¼ kinematic viscosity
q ¼ fluid density

Subscripts

aw ¼ adiabatic wall
b ¼ breakout
c ¼ coolant, at hole inlet

diff ¼ diffuser
exit ¼ exit plane of the film cooling hole
fwd ¼ forward expansion of diffuser
inlet ¼ inlet plane of the film cooling hole

lat ¼ lateral expansion of the diffuser
m ¼ metering section
1¼ mainstream

Superscripts

�¼ laterally averaged
% ¼ area averaged
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