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Film cooling is used in a wide range of industrial and engineer-
ing applications; one of the most important is in gas turbine cooling.
The intent of film cooling is to provide a layer of cool film between
the surface and the hot gas. Predicting film-cooling characteristics,
particularly at high blowing ratios where the film is likely to be
detached from the surface, is a challenge due to the complex three-
dimensional and possibly anisotropic nature of the flow. Despite the
growth of more sophisticated techniques for modeling turbulence,
such as large eddy simulation (LES), the most commonly used
methods in design are Reynolds-Averaged Navier Stokes (RANS)
methods that employ a two-equation turbulence model for speci-
fying the eddy viscosity. Although these models have deficiencies,
they continue to be used throughout industry because they offer
reasonable turnaround time as compared to LES or other methods.
This paper studies in detail two cases, one of high blowing ratio (off-
design condition) of 2.0 and low blowing ratio of 0.5, and compares
RANS-based computational fluid dynamics (CFD) results with ex-
perimental data for flow field temperatures and centerline, lateral,
and span-averaged film effectiveness for a 35-degree circular jet.
The effects of mainstream turbulence conditions, boundary layer
thickness, and numerical dissipation are evaluated and found to
have minimal impact in the wake region of separated films (i.e., they
cannot account for the discrepancy between measured and pre-
dicted CFD results in the wake region). Analyses of low blowing ra-
tio cases are in good agreement with data; however, there are some
smaller discrepancies, particularly in lateral spreading of the jet.
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in the comparisons throughout this paper. The first author would also
like to thank the NASA Glenn Faculty Fellowship Program for support
of this research.
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1. INTRODUCTION
The gas turbine engine has been the workhorse for the air-

craft propulsion and gas turbine power industries for decades
and over those years major advances have been made to en-
able higher thrust, greater firing temperatures, and improved
efficiency. These have come about as a result of innovative and
aggressive cooling schemes, materials that are capable of with-
standing higher temperatures, developments in coating technol-
ogy, and higher fidelity design and analysis tools. The need
for better performance continues and with it comes stringent
requirements for better cooling and improved predictive capa-
bilities. One of the most heavily relied upon methods of cooling
hot gas path components is film cooling, in which air from the
compressor is used to create a film of coolant between the hot
gas and the surface, as shown in Figure 1.

To be effective, this film needs to issue from the hole in such
a way that it remains attached to the surface in order to pro-
tect it. If the film “jets” or blows off into the mainstream, then
it is ineffective and the hot gases are able to penetrate to the
surface and reduce the turbine durability. In addition to remain-
ing attached, it is also desirable for the film to spread on the
surface upon discharging from the hole. Although components
have hundreds or more film holes, spreading is still necessary
to make sure that the entire surface is well cooled (including the
regions between rows of film holes). Therefore, being able to
predict accurately the spreading of the film and avoid jetting or
blow-off is critical to maintaining acceptable turbine durability
while increasing turbine performance, efficiency, and ultimately
fuel consumption.

The literature contains a wealth of information on film cool-
ing, starting from the most basic of geometries (the round film
hole) [1–5], to more complicated compound and shaped film
cooling hole [6–9]. to more exotic configurations [10], some
utilizing ramps or other trips upstream or downstream of the
hole [11, 12] in an effort to improve film cooling effectiveness.

The flat plate case has been studied most extensively both
numerically as well as experimentally. Thole et al. [2], Sinha
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318 L. A. EL-GABRY AND J. D. HEIDMANN

FIG. 1. Cross-section of a typical film-cooling hole.

et al. [4], and Pietrzyk et al. [3, 5] are among several researchers
who have studied experimentally the effects of blowing ratio,
momentum ratio, velocity ratio, and density ratio on film effec-
tiveness for a flat plate. Leylek and Zerkle [13] were perhaps one
of the earliest to model a row of plenum-fed film cooling holes
using computational fluid dynamics (CFD); they compared film
effectiveness to experimental data of [2] and turbulence intensity
was compared with the data of Pietryzk [5]. One critical param-
eter in film cooling is the blowing ratio, which is the ratio of
coolant to mainstream flow. At high blowing, the coolant tends
to lift off the surface, allowing the hot gas to penetrate, thereby
reducing the film effectiveness. It is at these conditions where
there is separated flow that Reynolds-Averaged Navier Stokes
(RANS)-based models have difficulty matching test data [10,
14] with discrepancy of factors of up to four locally [10]. Al-
though improvements in predictive abilities have been reported
using large eddy simulation (LES) [15], the turn-around time
for such models remains out of reach today for the gas turbine
designer in the typical design cycle.

The objective of this study is to exercise the RANS-based
methods to determine their shortfalls and abilities. There is often
some uncertainty that one must consider when comparing with

test measurements; these may be uncertainties in the turbulence
boundary conditions or the inlet profile and this work quantifies
the sensitivity of the numerical results to these experimental
uncertainties. There are also uncertainties introduced through
numerical dissipation of the discretization scheme employed
in the solver and the paper will evaluate the sensitivity of the
results to numerical dissipation as well. Once uncertainties are
accounted for and dissipation is considered, the RANS model’s
results and performance under different conditions are accessed
and shortfalls are identified.

2. EXPERIMENTAL DATA
The experimental work of Dhungel et al. [16], Thole et al.

[2], and Sinha et al. [4] will be used for comparison with CFD
results.

Dhungel et al. [16] used IR thermography to obtain detailed
heat transfer and film effectiveness for a row of cylindrical
film cooling holes, shaped holes, and a number of anti-vortex
film cooling designs that incorporate side holes. The case that
will be modeled and compared to is their “baseline” case; i.e.,
cylindrical film holes inclined at 30 degrees along the flow
direction, spaced at 3-hole diameters in the streamwise direction
(X/D = 3); the length of the hole is 4-hole diameters (L/D = 4).
Although measurements were made for four blowing ratios, the
case that will be compared to is that of a blowing ratio, density
ratio, and velocity ratio of unity and free stream turbulence
intensity of 2%. Reference [16] contains additional details on
the test facility, procedure, and results.

Thole et al. [2] measured air temperatures along the jet cen-
terline for round film holes inclined at 35 degrees along the flow
direction, spaced at 3-hole diameters in the streamwise direc-
tion (X/D = 3) with a length (L/D = 3). There were nine cases
reported; the case having the highest blowing ratio forms the
basis for much of the numerical study presented here. That case
has a blowing ratio of 2, density ratio of 2, and velocity ratio of
1, yielding a momentum ratio of 2. The highest blowing ratio
case was chosen as it represents a worst-case scenario where
the film is most likely to jet or lift from the surface. Sinha et al.
[4] measured centerline and span-averaged film effectiveness

FIG. 2. Computational domain showing block structured grid. (Color figure available online.)
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FILM COOLING CFD RESULTS 319

for the same geometry as Thole et al. [2] using the same test
facility at the University of Texas at Austin. The measurements
were made using thermocouples in contrast to Dhungel et al.
[16], which is a much later work that used IR thermography for
detailed surface measurements.

3. COMPUTATIONAL METHOD
The computational domain and method are described in detail

[14]. The domain consists of a plenum-fed cooling hole that
exits to the free stream. The free stream inlet is located 19-
hole diameters upstream of the film cooling hole leading edge
and the outlet is 30-hole diameters downstream to be consistent
with the experiment. Symmetry boundary conditions are applied
along the jet centerline and along the line of symmetry between
two adjacent jets. The solver requires the use of a multi-block
structured grid for this domain. The grid has a total of ∼1.5M
cells and 1.7M nodes. Near-wall clustering is used to enable wall
integration methods for modeling the viscous sub-layer; i.e., Y+
of 1 or less is maintained on all surfaces. Figure 2 shows the
extents of the domain and the grid. Figure 3a is a close-up of
the grid used to model the geometry of Dhungel et al. [16] and
Figure 3b is a close-up of the grid; an identical grid topology
was used in modeling the geometry of Thole et al. [2].

Non-dimensional total pressure and total temperature of unity
are applied at the free-stream inlet. The plenum inlet total tem-
perature and pressure and outlet pressure are varied in order to
match density ratio, velocity ratio, and blowing ratio. To match
the conditions of Dhungel et al. [16], the plenum pressure is
1.0392, plenum temperature is 0.95, and outlet pressure is 0.97,
yielding a density ratio of 1.05, blowing ratio of 1, and velocity
ratio of 0.95. Table 1 shows the plenum pressure, outlet pressure,
and plenum temperature for this and each test condition that will
be presented here. Note that Case 1 is a 30-degree cylindrical
film hole while holes in Cases 2 and 3 have a 35-degree incline.

The CFD code used in this study is Glenn-HT, an in-house
research code developed at the NASA Glenn Research Center
[17]. The code solves the Reynolds Averaged Navier Stokes
equations for compressible flow using finite volume discretiza-
tion that is second-order accurate in time and space. It uses the
low Reynolds number k- ω model of Wilcox [18] that integrates
to the wall and therefore no wall functions are used to model the
viscous sublayer. The analyses were carried out on the Columbia
cluster using 30 to 40 CPUs; Columbia is a 10,240-CPU SGI
Altix supercluster with Intel Itanium 2 processors.

4. RESULTS AND DISCUSSION

4.1 Comparison to Test Results of Dhungel et al. [16]
The first comparison made is to the film effectiveness results

of Case 1 of Dhungel et al. [16] for a blowing ratio of 1, den-
sity ratio of 1.05, and velocity ratio of 0.95. The jet Reynolds
number of the experiment is matched at 11,300. Figure 4 shows
a comparison between the CFD-predicted span-averaged film

FIG. 3. Grid for (top) 30-degree incline, L/D = 4 [16]; (bottom) 35-degree
incline, L/D = 3.5 [2].

effectiveness and that determined experimentally. Clearly, there
is a significant discrepancy between the CFD prediction and the
test data; on average, CFD is under-predicting span-averaged
effectiveness by up to a factor of 4 [10]. One possible cause
for the discrepancy is that the CFD is predicting the film to be
jetting and the mixing between the coolant and the freestream
is inadequately predicted by the CFD. The data set of Dhun-
gel et al. [16] does not include any detailed measurements of
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320 L. A. EL-GABRY AND J. D. HEIDMANN

TABLE 1
Test cases and corresponding plenum inlet and outlet conditions

Case Density Ratio Blowing Ratio Velocity Ratio Plenum Pressure Plenum Temp. Back pressure Reference

1 1.05 1 0.95 1.0392 0.95 0.97 [16]
2 2 2 1 1.16 0.53 0.94 [2]
3 2 0.5 0.25 0.96 0.53 0.94 [2], [4]

the flow field, making this argument speculative. This was the
motive for considering another dataset for use in comparison,
specifically one that includes measurements of the flow for the
case of a round cylindrical film cooling hole at high blowing
ratio. The case selected is from Thole et al. [2].

4.2 Baseline Analysis of High Blowing Ratio Case and
Comparison to Thole et al. [2]

The second comparison made is to the centerline air
temperature results of Thole et al. [2]. Figure 5 shows the
experimental results of Case 2 described in Table 1 having a
blowing ratio of 2, density ratio of 2, and velocity ratio of 1. The
freestream velocity is 20 m/s and the hole diameter is 12.7 mm
for a Reynolds number (Re = 25,400) based on jet diameter.
In the contour plots shown, X is streamwise distance and Y
is normal distance from the wall. By definition, dimensionless
temperature contours of 1.0 indicate coolant temperature and
contours of 0.0 indicate freestream temperature. The results in
Figure 5 show mixing between the freestream and the coolant
that extends up to Y/D of about 2 in the region downstream of
the cooling hole through X/D = 10.

Figure 6 shows the CFD prediction of the centerline tem-
peratures. Comparing Figure 6 with the experimental results of
Figure 5, one sees that the CFD was able to capture the vertical
extent of the mixing in this region fairly accurately; the CFD

FIG. 4. Comparison of measured and predicted span-averaged film effective-
ness for Case 1 [16] (M = 1.0, I = 0.95, DR = 1.05, VR = 0.95).

shows that the mixing region extends to about 2-hole diameters
from the wall as did the experimental results. There is, however,
a region of large discrepancy and that is the near-wall region
downstream of the cooling hole. The CFD results show high tem-
peratures in this region (theta of 0.1 and below),whereas the ex-
perimental results show lower temperatures (theta of 0.3 to 0.4).

Figure 7 shows streamline plots where the red streamlines
originate from the freestream inlet and the blue streamlines
originate from the coolant plenum. The streamlines are shown in
two separate figures to highlight different aspects of the flowfield
without cluttering the figure.

In Figure 7a, the red streamlines lie in contact with the wall
and the blue streamlines initiating from the coolant plenum are
lifted above the wall. This means that the CFD is predicted
as a jetted film hole, lifted from the surface, allowing hot gas
from the freestream to penetrate to the wall. Figure 7b shows
that some of those streamlines that initiate from the inlet of
the freestream flow around the coolant hole and mix with the
coolant stream. The path or trajectory of this mixing zone is
probably responsible for the temperature contours extending to

FIG. 5. Experimental dimensionless temperature contours along jet centerline
for Case 2 [2] (M = 2.0, I = 2.0, DR = 2.0, VR = 1.0). (Color figure available
online.)
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FILM COOLING CFD RESULTS 321

FIG. 6. CFD prediction of dimensionless temperature contours along jet cen-
terline for Case 2 (M = 2.0, I = 2.0, DR = 2.0, VR = 1.0). (Color figure
available online.)

a wall distance of 2D and the match between data and CFD in
predicting the vertical extent of the mixing zone. It is likely the
lack of mixing beneath the film cooling hole that accounts for
the mismatch between CFD and test measurements.

4.2.1 Effect of Freestream Inlet Turbulent Length Scale for
High Blowing Ratio Case

The next logical question is: What is the mechanism respon-
sible for this additional mixing in the wake of the film hole that is

FIG. 7. Streamlines showing mixing between coolant (blue) and freestream
(red) (M = 2.0, I = 2.0, DR = 2.0, VR = 1.0). (Color figure available online.)

missing from the CFD? Are there assumptions made in the CFD
model that are not true to the experiment? The second is perhaps
more straightforward a question to answer as it involves listing
the possible uncertainties in the model and seeing if changes in
those uncertain parameters influence the results. One such un-
certainty is the freestream turbulent length scale that is assumed
to be equal to one hole diameter. The length scale was changed
to 0.1-hole diameters and 10-hole diameters and the results for
the centerline temperature contours are shown in Figure 8. The
two extremes show only minor differences in temperature and
do not explain the lack of lateral mixing downstream of the
cooling hole.

FIG. 8. Effect of inlet turbulent length scale on temperature contours along jet centerline for Case 2 (M = 2.0, I = 2.0, DR = 2.0, VR = 1.0). (Color figure
available online.)
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322 L. A. EL-GABRY AND J. D. HEIDMANN

FIG. 9. Effect of inlet turbulent length scale on span-averaged film effective-
ness for Case 2 (M = 2.0, I = 2.0, DR = 2.0, VR = 1.0). (Color figure available
online.)

Although there are no test results reported on span-averaged
film effectiveness for this condition, it is interesting to see how
these modest differences in air temperatures affect film effec-
tiveness. This comparison is presented in Figure 9, where the
span-averaged film effectiveness for three different inlet turbu-
lent length scale assumptions is plotted.

One observation that can be made based on Figure 9 is that
even modest changes can cause some changes in the film effec-
tiveness. Overall the effectiveness is quite low at 0.1 and so slight
changes in effectiveness may appear large when considered in
terms of percentage. It is likely though that all the predictions
in Figure 9 are significantly lower than actual data had data
been collected at this condition. The second observation that
one can make based on Figure 9 is that there is an over-shoot in
temperature near the hole discharge that results in negative di-
mensionless temperatures which are not physical. This could be
due to numerical dissipation and is addressed later in this study.

4.2.2 Effect of Artificial Dissipation for High Blowing Ratio
Case

At this point, it is worthwhile revisiting a question asked
earlier and that is whether there is a mechanism responsible
for this additional mixing in the wake of the film hole that is
missing from the CFD? Figure 10 shows the vortex structures
for a normal jet in crossflow adapted by Peterson and Plesniak
[19] from Johnston and Kahn [20]. Peterson et al. [19] observed
what they termed DSSN “downstream spiral node” vortices that
are formed by the freestream wrapping around the jet and in-
teracting with the counter-rotating vortex pair. They appear to
have a tornado-type structure that could be responsible for the
near-wall mixing in the lateral direction between the freestream

FIG. 10. Vortex structures for a jet in crossflow [19].

and the jet. If the size of the structures is such that they can be
resolved through RANS methods, then perhaps by reducing ar-
tificial dissipation and using more accurate numerical schemes
one may be able to resolve these vortices. This, along with the
desire to eliminate the overshoot in temperature, prompted a
numerical study on the effect of reducing the artificial dissi-
pation on the results. The coefficient multiplied by the fourth
difference artificial dissipation is generally set to 1/32 and was
reduced to 1/64 and 1/128; Figure 11 shows the effect of re-
ducing the artificial dissipation on centerline temperature and
Figure 12 shows the effect on span-averaged film effectiveness.
It shows that by reducing the numerical dissipation it is possible
to reduce the overshoot in temperature. The case with the low-
est dissipation appears to have a higher effectiveness with the
largest difference occurring directly downstream of the jet. The
dimensionless temperature contours of Figure 11 when com-
pared to the experimental results in Figure 5 show that a large
discrepancy still exists in the wake region, meaning that the film
effectiveness is likely to still be severely underpredicted, as was
the case with Dhungel et al. [16].

4.2.3 Effect of Freestream Inlet Boundary Layer Thickness for
High Blowing Ratio Case

Using the lowest dissipation as the new baseline, the effect
of the inlet freestream boundary layer was evaluated. In the
experiment, Thole et al. [2] report a boundary layer thickness of
0.58 times the hole diameter. The earlier CFD results neglected
this initial profile. Figure 13 shows the velocity profile; the inlet
profile is shown in red, the dashed line representing a case with
no initial boundary layer thickness and the solid showing an inlet
boundary layer thickness δ99 of 0.58D. As the flow progresses
downstream, the boundary layer thickens and the blue lines show
the boundary layer thickness near the leading edge of the film
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FILM COOLING CFD RESULTS 323

FIG. 11. Effect of numerical dissipation on temperature contours along jet centerline for Case 2 (M = 2.0, I = 2.0, DR = 2.0, VR = 1.0). (Color figure available
online.)

hole. Although the inlet profiles start out significantly different,
they develop to profiles that are not drastically different at the
hole leading edge.

The effect of that boundary layer change on dimensionless
temperature along the jet centerline and span-averaged film ef-
fectiveness is shown in Figures 14 and 15, respectively. Fig-
ure 14a shows the dimensionless temperature contours for the
case of an inlet boundary layer thickness of 0.58D and Fig-

FIG. 12. Effect of numerical dissipation on span-averaged film effectiveness
for Case 2 (M = 2.0, I = 2.0, DR = 2.0, VR = 1.0). (Color figure available
online.)

ure 14b shows the contours for the case of no boundary layer at
the inlet. The effect of increasing the freestream inlet boundary
layer thickness on the film effectiveness is minor and cannot
explain the large discrepancy between CFD predicted and mea-
sured fluid temperatures along the jet centerline downstream of
the jet in the near-wall region.

4.3 Summary of Results for High Blowing Ratio Case
Case 1, for which detailed surface film effectiveness mea-

surements are available, showed CFD to under-predict film ef-
fectiveness. Case 2, for which there are detailed air temperatures

FIG. 13. Velocity profiles at the freestream inlet (X/D = −19) and near the
hole leading edge (X/D ∼ 0) for Case 2 (M = 2.0, I = 2.0, DR = 2.0, VR =
1.0). (Color figure available online.)
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324 L. A. EL-GABRY AND J. D. HEIDMANN

FIG. 14. Effect of freestream inlet boundary layer thickness on temperature contours along jet centerline for Case 2 (M = 2.0, I = 2.0, DR = 2.0, VR = 1.0).
(Color figure available online.)

along the jet centerline but no film effectiveness measurements,
showed that CFD results were under-predicting the mixing be-
tween the jet and the freestream in the wake region but quite
accurately predicting the lateral extent of the film and the mix-
ing along the jet shear layer. Variations in free stream turbulent
length scale resulted in some changes in the CFD prediction
but those changes were not nearly significant enough to bring
the CFD predicted temperature field in line with experiment
for Case 2. Reductions in the fourth difference artificial dissi-

FIG. 15. Effect of freestream inlet boundary layer thickness on span-averaged
film effectiveness for Case 2 (M = 2.0, I = 2.0, DR = 2.0, VR = 1.0). (Color
figure available online.)

pation changed the solution slightly; specifically, reducing and
eliminating the overshoot in temperature near the hole trail-
ing edge but resulting in no significant change to the overall
temperature field to bring the CFD in line with experimental
measurements. Likewise, changes in the boundary layer thick-
ness at the freestream inlet had minimal effect and were not
sufficient to remedy the deficiency between the CFD prediction
and measurements. All these are based on high blowing ratio of
2 and momentum ratio of 2.

4.4 Analysis of Low Blowing Ratio Case and Comparison
to Test Data (Thole et al. [2] and Sinha et al. [4])

The next case to be considered is Case 3 in Table 1 with a
blowing ratio of 0.5, density ratio 2, and momentum ratio of
0.125. The temperature contours along the jet centerline and the
centerline film effectiveness were shown to be in better agree-
ment with test data than the high blowing ratio cases presented
thus far [14]; the CFD predicts near-wall temperatures in the
range of 0.9 to 0.4, which is in line with the measurements, and
the lateral extent of the film is accurately predicted by CFD.
In addition to measuring temperatures along the jet centerline,
Sinha et al. [4] measured temperatures in the spanwise direction
and reported span-averaged film effectiveness. Figure 16 is a
comparison between the measured and predicted span-averaged
film effectiveness; it shows the CFD under-predicts the span-
averaged effectiveness. The fact that locally, along the jet cen-
terline, the prediction of film effectiveness is accurate while
the span-averaged effectiveness is less accurate suggests the
CFD is under-predicting the amount of spreading and mixing in
the spanwise direction. This is confirmed by considering local
lateral film effectiveness at various streamwise locations. Fig-
ures 17, 18, and 19 compare local lateral film effectiveness at
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FILM COOLING CFD RESULTS 325

FIG. 16. Comparison of measured and predicted span-averaged film effec-
tiveness for Case 3 [4] (M = 0.5, I = 0.125, DR = 2.0, VR = 0.25). (Color
figure available online.)

1-, 10-, and 15-hole diameters downstream of the hole trail-
ing edge, respectively. Near the hole, at one-hole diame-
ter downstream of the hole trailing edge, the agreement
between CFD-predicted local lateral effectiveness and the

FIG. 17. Comparison of measured and predicted local lateral film effective-
ness at 1-hole diameter downstream of hole trailing edge for Case 3 [4] (M =
0.5, I = 0.125, DR = 2.0, VR = 0.25). (Color figure available online.)

FIG. 18. Comparison of measured and predicted local lateral film effective-
ness at 10-hole diameters downstream of hole trailing edge for Case 3 [4] (M =
0.5, I = 0.125, DR = 2.0, VR = 0.25). (Color figure available online.)

test measurements is good (Fig. 17). As the flow moves
downstream, the experiment and CFD both show more
even film effectiveness in the lateral direction; however,
the lateral non-uniformity is greater in the CFD than the

FIG. 19. Comparison of measured and predicted local lateral film effective-
ness at 15-hole diameters downstream of hole trailing edge for Case 3 [4] (M =
0.5, I = 0.125, DR = 2.0, VR = 0.25). (Color figure available online.)
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326 L. A. EL-GABRY AND J. D. HEIDMANN

FIG. 20. CFD predicted film effectiveness distribution for Case 3 (M = 0.5, I = 0.125, DR = 2.0, VR = 0.25). (Color figure available online.)

FIG. 21. Comparison of centerline film effectiveness from experiment [22]
and CFD. (Color figure available online.)

measurements, suggesting there is an under-prediction in the
amount of lateral spreading between adjacent jets.

Figure 20 shows the CFD prediction of the surface film ef-
fectiveness. The black vertical lines show the locations that are
1-, 10-, and 15-hole diameters downstream of the hole trailing
edge where test measurements of the local effectiveness were
available for comparison. The CFD results that were presented
in Figures 16 through 19 are extracted from these surface results.

4.5 A Comparison Using a Commercial Code and the
k-epsilon Turbulence Model

The CFD results presented in detail thus far have been ob-
tained with the k-omega turbulence model; however, that is
not to say that only the k-omega model is deficient in predict-
ing these flows. Other RANS-based methods using other com-
mon turbulence models have also been shown to be inadequate,

FIG. 22. Comparison of U-velocity from experiment [21] and CFD. (Color figure available online.)
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particularly at high blowing when the flow is separated and the
film is detached. The reader may be interested in seeing how the
k-epsilon model performs for this type of flow. The k-epsilon
model is not implemented in the NASA research code used for
this study; therefore, a commercial CFD code (Fluent) is used to
model the following case. The experiment is a three-hole film-
cooling array; the details of the experiment are found in [21, 22];
the details of the numerical model including grid and solver are
in [23]. The CFD used wall integration methods and Yplus of
unity is maintained at all walls. The realizable k-epsilon model
is used for modeling turbulence. Figure 21 shows a comparison
of the film effectiveness at a blowing ratio of 2. Again, the CFD
is under-predicting effectiveness; the lack of mixing in the wake
of the jet in the CFD may be the cause of the mismatch. Fig-
ure 22 is a comparison of velocity contours along the centerline.
The CFD shows a larger region of low velocity in the wake of
the jet, which is less pronounced and more diffused in the ex-
periment. The lateral extent of the jet is well predicted and the
deceleration of the mainstream flow as it approaches the film is
present in both the CFD and the experiment.

5. CONCLUSIONS
A series of CFD models were developed to simulate flat

plate film cooling. Three data sets are presented for evaluating
the CFD predictions:

1. Detailed surface film effectiveness data of Dhungel et al.
[16];

2. Detailed centerline fluid temperature data for high blowing
ratio case of Thole et al. [2];

3. Low blowing ratio centerline fluid temperature data of Thole
et al. [2] in conjunction with centerline, local lateral, and
span-averaged film effectiveness data of Sinha et al. [4].

In addition, a fourth case using the realizable k-epsilon model
as implemented in a commercial CFD code is presented for a
high blowing ratio case of El-Gabry et al. [21] and Thurman
et al. [22].

The CFD is able to predict the vertical extent of the film-
affected region but under-predicts the vertical mixing in the
wake of the jet, which results in under-predicting the film effec-
tiveness for high blowing ratio and detached films. The effects
of numerical dissipation, variations in free stream inlet length
scale, and boundary layer thickness are evaluated and found to
have insufficient effect in improving predictions of fluid tem-
peratures in the wake region of detached films. Variations in
free stream turbulent length scale resulted in some changes in
the CFD prediction but those changes were not nearly signifi-
cant enough to bring the CFD-predicted temperature field in line
with experiment for Case 2. Reductions in the fourth difference
artificial dissipation changed the solution slightly, specifically
by reducing and eliminating the overshoot in temperature near
the hole trailing edge, but resulted in no significant change to
the overall temperature field to bring the CFD in line with ex-

perimental measurements. Likewise, changes in the boundary
layer thickness at the freestream inlet had minimal effect and
were also not sufficient to remedy the deficiency between the
CFD prediction and measurements.

At the low blowing ratio, the CFD predictions are in good
agreement with test measurements but suggest that there is insuf-
ficient mixing between adjacent jets even at low blowing ratios.
Overall, the major, commonly blamed culprits for the discrep-
ancies between data and CFD have proven to be insufficient in
accounting for the discrepancy, in particular for high blowing ra-
tios where the flow is separated. This study and the insensitivity
of the results to these factors highlights the need for advanced
model development required to improve the prediction capabil-
ity of RANS two-equation models, which continue to offer the
best options for industry due to the excessively long turnaround
time associated with more accurate methods like LES. In order
to develop advanced two-equation RANS-based models, addi-
tional measurements of fundamental turbulence quantities are
needed in the wake of the film hole to compare more fundamen-
tal fluid flow quantities and assess the degree of anisotropy in
the flow and its possible influence on the numerical predictions.

NOMENCLATURE
D diameter of film cooling hole
DR jet to mainstream density ratio = ρj/ρ∞
I jet to mainstream momentum flux ratio = ρjU

2
j /ρ∞U 2

∞
L length of film cooling hole
M blowing ratio = ρjUj/ρ∞U∞
T∞ mainstream inlet temperature
Tc coolant temperature
Taw adiabatic wall temperature
VR jet to mainstream velocity ratio = Uj /U∞
X streamwise location
Y vertical distance from wall
Z spanswise location
δ boundary layer thickness
η film effectiveness = (T∞ − Taw )/(T∞ − Tc)
θ dimensionless air temperature = (T − T∞)/(Tc − T∞)
ρ density
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