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Introduction

F ILM cooling is one of the most heavily used cooling methods in
gas turbines. Film-cooling holes are machined through the

surface of turbine airfoils, and coolant air is bled from cavities within
the airfoil, through the film holes, to form a protective layer between
the airfoil external surface and the hot gas. At high blowing ratios, the
coolant can jet or blow off, allowing the hot gas to cover the surface,
resulting in reduced effectiveness. There are many design options
presented in the open literature that attempt to reduce the jetting
effect at the high blowing ratio. Bunker [1] reviews more than
30 years worth of literature on shaped film cooling alone. In shaped
film holes, the cross section of the hole expands at the exit to the
freestream, thereby decreasing the velocity of the jet and lowering its
trajectory, enabling it to lay closer to the surface.

Detailed descriptions of theflow structures within the film-cooling
hole, obtained experimentally and numerically [2], show several
vortex structures, including the counter-rotating kidney pair of
vortices. This vortex pair is responsible for the downwash of hot gas
from the freestream down toward the wall, thereby reducing the
effectiveness. In an attempt to counter those vortices, a concept was
developed at NASA JohnH. Glenn Research Center [3] that includes
the use of cylindrical side holes that are fed from the main film-
cooling hole. There are also concepts put forth to increase film
effectiveness by adjusting the conditions outside of the hole, such as a
ramp upstream of the hole [4] or a geometric obstacle downstream [5]
to increase mixing between the coolant and the freestream.

Whatever means are used to increase effectiveness, be it through
changes in the coolant-hole geometry or changes in the upstream
or downstream conditions, it is often desirable to evaluate these
concepts numerically before embarking on experimental validation.
Therefore, it is important for the gas-turbine heat-transfer design
community to be able to have design tools capable of predicting
performance or film effectiveness for simple as well as complex
geometries. There are many numerical studies of film cooling; too
numerous to list here. The bibliography alone of film-cooling
computational fluid dynamics (CFD) works through 1996, compiled

by Kercher [6], is in excess of 10 pages, and from 1996 through the
present, there are at least that many (if not more) published works on
film-cooling CFD. There remains a significant challenge, and that is
at high blowing ratios. Reynolds-Averaged Navier–Stokes (RANS)-
based CFDmodels underpredict film effectiveness severely; in some
regions, by up to a factor of four [3]. Although large-eddy simulation
(LES) has shown promise in capturing wake vortex structures and
mixing, these methods have a long turnaround time, making them
unsuitable for typical design cycles. The objective of this study is
to use RANS-based CFD methods to analyze film cooling at high
blowing ratios and compare numerical predictionswith experimental
data to identify shortcomings of these models in predicting film-
cooling flows.

Experimental Data for Comparison

Table 1 shows the plenum pressure, outlet pressure, and plenum
temperature for each test condition analyzed. The ratios refer to
jet to mainstream (i.e., density ratio� �j=�1, blowing ratio�
�jUj=�1U1, and velocity ratio�Uj=U1).

Case 1 is a 30-deg cylindrical film hole with a density ratio, a
blowing ratio, and a velocity ratio of roughly one. The plenum
pressure and temperature and the back pressure were adjusted to
match the density ratio, blowing ratio, and velocity ratio. The test
results include local and span-averaged film effectiveness. Details
on this case can be found in [7].

For cases 2 through 4, the test data of Thole et al. [8] and Sinha
et al. [9]will be used for comparisonwithCFD results. Thole et al. [8]
measured air temperatures along the jet centerline for round film
holes inclined at 35 deg along the flow direction, with spacing of
three-hole diameters (X=D� 3) with a length of L=D� 3. There
were nine cases reported; the case having the highest blowing
ratiowas selected for comparison. Case 2 is the highest blowing-ratio
case reported [8] and was chosen because it represents a worst-case
scenario in which the film is most likely to jet or lift from the surface.
The test data available for case 2 include fluid temperatures along the
centerline of the jet; there is no film-effectiveness data available for
this high-blowing-ratio case.

Sinha et al. [9] used the same test facility at the University of Texas
at Austin as Thole et al. [8] but made different measurements. Sinha
et al. [9] measured film effectiveness. Case 3 is a film-cooling hole at
a low blowing ratio of 0.5, a density ratio of 2, and a velocity ratio of
0.25. The pressure boundary conditions used to match the test data
are shown in Table 1. The centerline air temperatures for case 3 are
found in [8], and the centerline and span-averaged film effectiveness
were measured by Sinha et al. [9]. Case 4 is at an intermediate
blowing ratio of 0.78 and was selected because it represents the
highest blowing ratio for which there is both fluid temperature data in
[8] and film effectiveness data in [9].

Computational Method

The computational domain extends from the freestream inlet,
located 19 hole diameters upstream of the film-cooling-hole leading
edge to be consistent with the experiment. The outlet is located
30 hole diameters downstream. Symmetry boundary conditions are
applied along the jet centerline and along the line of symmetry
between two adjacent jets. The plenum extents in the streamwise
direction are chosen to match the experimental test setup. The height
of the freestream channel is 10 hole diameters, for which an inviscid-
slip boundary condition is applied.

A multiblock structured grid was used for this domain. Near-wall
grid clustering is used to enable modeling of the viscous sublayer,
usingwall integration techniques. The first cell height is 1E � 3 hole
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diameters, which yields a dimensionless Y� of one or less at all
walls. The stretching ratio is less than 1.2. There are 56 nodes across
the film-cooling hole, and 40 nodes are in the spanwise direction
(which is half a pitch). The grid has a total of�1:5 million cells and
1.7million nodes. Grid independencewas verified in a prior study [7]
for one of the cases, and the same grid topology was then used for all
grids generated for this study. Figure 1 shows the extents of the
domain and the grid, and Fig. 2 is a close up of the grid near the film
hole exit.

The CFD code used in this study is Glenn-HT, an in-house
research code developed at the NASA John H. Glenn Research
Center. Details on the Glenn-HT code are in [10]. The code solves
the RANS equations for compressible flow using finite-volume
discretization that is second-order accurate in time and space. It uses
the low Reynolds-number k–! model of Wilcox [11], which
integrates to the wall; therefore, no wall functions are used to model
the viscous sublayer.

Results and Discussion

High-Blowing-Ratio Case Comparison

The CFD underpredicts the film effectiveness considerably for
case 1 (also shown in [7]). Case 2 is also at high blowing; however,
there is no film effectiveness reported in the test measurements.
Figure 3a shows the experimental results for centerline temperatures,
and Fig. 3b shows the CFD results.

In the contour plots shown, X is the streamwise distance and Y is
the normal distance from the wall. Dimensionless temperature is
given by �� �T � T1�=�Tc � T1�; by definition, contours of 1.0
indicate coolant temperature and contours of 0.0 indicate freestream
temperature. Comparing Fig. 3b with the experimental results of
Fig. 3a, one sees that the CFD was able to capture the vertical extent
of the mixing accurately; the CFD shows that the mixing region
extends two hole diameters from the wall, as did the experimental

results. However, there is discrepancy in the near-wall region down-
stream of the cooling hole; CFD results show high temperatures in
this region (� of 0.1 and below), whereas the experimental results
show cooler temperatures (� of 0.3 to 0.4).

Low-Blowing-Ratio Case Comparison

The next case to be considered is case 3 in Table 1. This case is
chosen because, in addition to the measurements of the temperature
field along the jet centerline, there are also measurements of film
effectiveness. Figure 4a shows the experimental dimensionless

Table 1 Test cases and corresponding 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 Dunghel et al. [7]
2 2 2 1 1.16 0.53 0.94 Thole et al. [8]
3 2 0.5 0.25 0.96 0.53 0.94 Thole et al. [8]Sinha et al.[9]
4 1.2 0.78 0.65 0.999 0.82 0.933 Thole et al. [8]Sinha et al.[9]

Fig. 1 Computational domain showing block structured grid.

Fig. 2 Close up of viscous grid near the hole exit.

Fig. 3 Case 2: a) experimental [8] and b) numerical predictions of

dimensionless temperature contours along jet centerline.
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temperature contours along the jet centerline for case 3, and Fig. 4b
shows the CFD predictions.

TheCFDpredicts near-wall temperatures in the range of 0.9 to 0.4,
which is in line with the measurements in Fig. 4a. The lateral extent
of the film is accurately predicted by the CFD model, which shows
the film extending to one hole diameter from thewall. However, there
is a difference in the contour lines near the wall. The lines of the
experiment suggest smaller gradients in temperature near the wall
(the lines are more vertical), whereas the CFD shows contour lines
that are more angled and indicative of larger temperature gradients in
the wall-normal direction.

Figure 4c shows the comparison between the measured and CFD-
predicted centerline film effectiveness, which is defined as the ratio
of difference between the freestream and adiabatic wall temperature

to the difference between the freestream and coolant temperature
(i.e., ��T1 � Taw�=�T1 � Tc�). The agreement between the
measured and CFD-predicted centerline film effectiveness is good,
which is consistent with the good agreement between the measured
and predicted temperature contours along the jet centerline in
Figs. 4a and 4b.

Intermediate-Blowing-Ratio Case Comparison

Up to this point, results have been presented for a high-blowing-
ratio case in which the film is detached from the surface and a low-
blowing-ratio case in which the film remains attached to the surface.
Case 4 offers an intermediate blowing ratio. CFD predictions of the
temperature contours at the jet centerline are compared with data
from Thole et al. [8], and film effectiveness at the centerline is
compared with measurements of Sinha et al. [9].

Figure 5a shows the measured fluid temperatures along the jet
centerline [8], and Fig. 5b shows the CFD predictions for the same
case. Figure 5b suggests that the CFD is overpredicting the extent of
the film-effected region from the wall. It also shows larger gradients
of temperature in the wall-normal direction, which was also evident
in Figs. 4a and 4b, but it is now even more pronounced at this higher
blowing ratio. There is fair agreement in the magnitude of the fluid
temperatures in the near-wall region in the wake of the jet; the test
results in Fig. 5a show near-wall temperatures ranging from 0.6 to
0.4, and the CFDpredicts temperatures ranging from0.5 to 0.6 in this
same region.

The CFD prediction of centerline film effectiveness is shown in
Fig. 5c, along with experimental measurements. The CFD predicts a
constant decrease in effectiveness along the streamwise direction,
with little variation as compared with the test measurements that
show higher variability. This is, perhaps, a consequence of the
difference in the contour line pattern, whereas the CFD contour lines
in Fig. 5b are nearly horizontal with the flow (meaning a fairly
uniform near-wall temperature distribution), the test results show
contours that are not horizontal, suggesting greater mixing in the
wall-normal direction in the wake region.

Figure 5d shows the comparison between the measured span-
averaged film effectiveness [9] and the CFD-predicted effectiveness,
which are in excellent agreement despite the differences in the
centerline temperature contours. This could be due to the good
agreement in themagnitude of near-wall temperature predictions and
the fact that spanwise averaging washes out differences in local
effects.

Conclusions

A series of CFDmodels were developed to simulate flat-plate film
cooling, with particular interest in high-blowing-ratio cases in which
the film is detached from the surface. Four data sets were used in
evaluating the CFD predictions, which collectively include mea-
surements of fluid temperatures along the centerline and some mea-
surements of centerline and spanwise-averaged film effectiveness.

For high-blowing-ratio cases, the CFD underpredicts the mixing
in the wake region of the jet. The CFD is able to predict the vertical
extent of the film-effected region, but it underpredicts the vertical
mixing in the wake of the jet, which results in underpredicting the
film effectiveness for high-blowing-ratio detached films.

For the low-blowing-ratio case, the flow is not separated; there-
fore, the predictions of fluid temperatures along the centerline agree
well with test measurements. Consequently, the CFD-predicted film
effectiveness along the jet centerline is also in good agreement with
test data.

At the low and intermediate blowing ratio, the CFD contours of
fluid temperatures along the centerline are nearly horizontal with the
flow, meaning a fairly uniform near-wall temperature, whereas the
test results show contours that are not horizontal, suggesting greater
mixing in the wall-normal direction in the wake region. At the
intermediate blowing ratio, this difference is more pronounced than
at the lower blowing ratio and results in overprediction of the
centerline film effectiveness. Nevertheless, on a spanwise-averaged
basis, at the intermediate blowing ratio, the CFD predictions of film

Fig. 4 Case 3: a) experimental [8], b) numerical prediction of

dimensionless temperature contours along jet centerline, and c) com-

parison of measured and predicted centerline film effectiveness [9].
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effectiveness are in good agreement with test measurements, despite
the overprediction at the centerline.

Overall, the results of this study suggest that the wake of the jet
represents an area of challenge for the RANS-based CFD models
evaluated,more so at high blowing ratios inwhich the jet is separated.
The highly unsteady nature of separated flows is difficult to capture
with steady or maybe even unsteady RANS (URANS) models,
which could also average out the unsteady features as a result of
the ensemble averaging or Reynolds averaging. Turbulence models
are formulated to model the Reynolds stress terms, which are in
themselves averages of fluctuations, and so it is possible that, even
with URANS methods, the turbulence models could still be ineffec-
tive. Despite the shortcomings, RANSmethods remain important, as
they are more practical than LES, for instance, in terms of use in
design. Therefore, efforts to address the modeling/validation gap
between experiment and CFD results should continue. This will
require additional field data; particularly, measurements of the flow-
field in the wake of the film, including not only temperatures but also
velocity and turbulence fluctuations along spanwise and streamwise
planes to fully characterize the mixing and identify the specific root
cause of the validation gap (for example, anisotropy, unsteadiness, or
other factors).
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