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Detailed Velocity and
Turbulence Measurements
in an Inclined Large-Scale Film
Cooling Array
A large-scale model of an inclined row of film cooling holes is used to obtain detailed sur-
face and flow field measurements that will enable future computational fluid dynamics code
development and validation. The model consists of three holes of 1.9-cm diameter that are
spaced three hole diameters apart and inclined 30 deg from the surface. The length to di-
ameter ratio of the coolant holes is about 18. Measurements include film effectiveness using
IR thermography and near wall thermocouples, heat transfer using liquid crystal thermog-
raphy, flow field temperatures using a thermocouple, and velocity and turbulence quantities
using hotwire anemometry. Results are obtained for blowing ratios of up to 2 in order to
capture severe conditions in which the jet is lifted. For purposes of comparison with prior
art, measurements of the velocity and turbulence field along the jet centerline are made
and compare favorably with two data sets in the open literature thereby verifying the test
apparatus and methodology are able to replicate existing data sets. In addition, a computa-
tional fluid dynamics model using a two-equation turbulence model is developed, and the
results for velocity, turbulent kinetic energy and turbulent dissipation rate are compared
with experimentally derived quantities. [DOI: 10.1115/1.4023347]
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Introduction

Film cooling is a critical aspect of hot gas path component
design, without which it would be impossible for parts to survive
the gas temperatures that exceed operable limits of the latest in
material and coating technology. The importance of cooling and
film cooling in particular has been the motivation of a vast body
of research on the topic and thousands of papers and articles on
the subject.

Goldstein [1] reviewed 25 years of early analytical and experi-
mental research on flat plate geometries. The effect of injection
angle, blowing ratio (BR), density ratio, and momentum ratio
were investigated for a circular film cooling hole. Thole et al. [2]
varied mass, velocity, and density ratio for a row of inclined jets
and measured the flow temperatures along the film centerline and
at various streamwise locations; results show that the thermal field
characteristics can be best scaled using the ratio of coolant to free-
stream momentum flux. At low momentum flux, the cooling jet
remains attached upon ejection. At moderate momentum flux
ratios, the film starts out detached at the hole exit and then reat-
taches to the surface. At higher yet momentum flux, the film exits
the hole detached and remains detached from the surface. Sinha
et al. [3] studied the effects of the same parameters on film cool-
ing effectiveness using surface mounted thermocouples along the
jet centerline and at spanwise locations. It is interesting to note
that unlike the temperature field, which scales with momentum ra-
tio, the film effectiveness for detached jets does not appear to
scale with any parameter. For attached jets, however, effective-
ness scaled with mass flux ratio.

Injection angle is an important parameter in controlling the jet
detachment in addition to momentum ratio. Foster and Lampard
[4] studied the effect of injection angle (35-, 55-, and 90-deg
incline) on flow velocities and film effectiveness using a Pitot
tube for mapping streamwise velocities at a blowing ratio of 1.4.
Later, Kohli and Bogard [5] used laser Doppler velocimetry to
study the effect of injection angle (55- and 35-deg incline) at a
fixed density ratio of 1.6 on the velocity fields and also presented
results on the thermal field and adiabatic effectiveness for the dif-
ferent injection angles.

The density ratio of the coolant to mainstream flow accounts
for density differences in turbine engine conditions where the
coolant is at a significantly lower temperature than the hot gas
and, therefore, at a higher density. Under lab conditions, the sim-
plest density ratio to evaluate is unity, which is not representative
of engine conditions. To achieve higher density ratios, one can
cryogenically cool the coolant stream or use a denser gas than air
for the coolant. The effect of density ratio has been studied exten-
sively [6–9]. Foster and Lampard [6] used a mass transfer analogy
and reports streamwise variation of film effectiveness at the hole
centerline to study the effect of velocity and density ratio. Pietr-
zyk et al. [7–9] studied the hydrodynamics of film cooling for an
array of 35-deg inclined holes (spacing of 3 D and length of 3.5
D) at a blowing ratio of 0.5 using LDV measurements to measure
the velocities and turbulence field at a density ratio of 2 [7] and a
density ratio of 1 [8].

Despite the wealth of knowledge that already exists on the sub-
ject of film cooling flows, the modeling and prediction of such
flows continues to present a challenge [10,11], and the gas turbine
heat transfer design community continues to rely on empiricism
for “conventional” designs and perhaps some computational fluid
dynamics (CFD) for detailed design or evaluation nonconven-
tional concepts. Complex CFD models requiring weeks to run are
still out of reach for the mainstream design community. There-
fore, there is motivation to “model” turbulence and other physics
because that is what offers reasonable turnaround time for analy-
ses today. The intent of the research is to obtain data that would
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enable the development of numerical models and the validation of
CFD codes. This includes detailed results on the velocity compo-
nents and turbulence stresses, particularly at difficult-to-predict
conditions of high blowing. Although there exist test data on
turbulence and velocity in the open literature (e.g., Refs.
[5,7,9,12,13] it is limited in one way or another. Either data are
limited to hydrodynamics only or surface results only or the blow-
ing ratio is low, meaning that the film is fully attached and, there-
fore, not the most challenging case for numerical predictions.
Andreopoulos and Rodi [12] measured mean and turbulent veloc-
ity components using a triple-wire probe for a 90-deg jet injection
(less relevant for film cooling) and showed that the turbulent ki-
netic energy and turbulent stresses were closely related to the
mean velocity gradient. Kohli and Bogard [13] looked at the mo-
mentum terms but also made simultaneous velocity and tempera-
ture measurements to look at turbulent transport of heat and
momentum; however, the mometum ratio for that case is 0.16 and
the blowing ratio is 0.4, which produce a film that is fully attached
and relatively easier to predict.

To obtain measurements for validation, a large-scale test facility
is needed in order to obtain the spatial resolution to resolve the
shear layers and wake region and other complex highly three-
dimensional regimes associated with detached films. Various hot-
wire probes are used to obtain the three-dimensional velocity com-
ponents and turbulent stresses along the centerline and at various
streamwise planes. In addition, we report in a companion paper the
thermal field and surface film effectiveness obtained from the same
test rig at identical test conditions and locations as the velocity, and
turbulence measurements thereby offering a plethora of high resolu-
tion test data for CFD model development and validation.

Experimental Apparatus and Procedures

The apparatus, shown in Fig. 1, consists of an open-loop wind
tunnel with a temperature-controlled coolant loop. The tunnel is a
suction type tunnel that draws air from the room and passes it
through screens, grid, and filters prior to entering the test section.
The freestream velocity is 9.1 m/s (30 ft./s) and the Reynolds num-
ber based on freestream velocity and coolant hole diameter is
11,000. The test section is a square section 20.32� 20.32 cm
(8� 8 in.) and 86.36 cm (34 in.) in length. The freestream turbu-
lence intensity at the inlet of the test section is about 4%. The inlet
velocity profile, measured without any coolant feed, is shown in
Fig. 2. The boundary layer thickness, d99 is 1.27 cm (0.5 in.); this
is the distance from the wall where the velocity is equal to 99% of
the freestream velocity.

The integral length scale (macroscale) is a measure of the larg-
est eddy size in a turbulent fluid and is calculated using Eq. (1)
(Roach [14]). The dissipation scale (microscale) is a measure of
the average dimension of the eddies responsible for the dissipation
of turbulent energy and is calculated using Eq. 2 (Roach [14]). At
the inlet in the freestream, the integral length scale was found to
be about 3 mm (which is roughly the size of the wire mesh
upstream of the test section). The dissipation length scale at the
freestream inlet was found to be 0.5 mm. The lengths scales are
obtained from an energy spectral analysis; the details of which are
in Ref. [15].
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The film-cooling model (Figs. 3(a) and 3(b)) is a large-scale
(�30X) model to enable high spatial resolution near the film cool-
ant hole. It consists of a three-hole array of film cooling holes that
are fed by three long tubes. The model is inserted into the test sec-
tion of the tunnel such that the heat transfer surface forms the
wind tunnel floor. The cooling holes have a diameter D¼ 1.9 cm
(0.75 in.), spacing Y/D¼ 3, and are angled 30 deg from the
streamwise direction. The coolant was fed through a manifold to
three separate flow meters, then through 45 cm of hose and 30 cm
of acrylic tube, in an attempt to generate fully developed flow at
the hole exit. The coolant flow path from flow meter to hole exitFig. 1 Wind tunnel test apparatus

Fig. 2 Wind tunnel inlet velocity profile

Fig. 3 (a) Photograph of test model; (b) schematic of film cool-
ing model
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was nearly twice the required entrance length (L/D> 23 for the
high blowing ratio case) for turbulent flow. The entire coolant
path was insulated.

For the thermal tests [16], the coolant is chilled 17–22�C below
the freestream temperature; however, for the hotwire measure-
ments presented here, the coolant and freestream are maintained
at ambient temperature. Measurements are obtained for a density
ratio DR�1, velocity ratio VR¼ 1 to 2, blowing ratio M¼ 1 to 2,
and consequently, a momentum flux ratio I¼ 1 to 4, nominally.

Instrumentation A Pitot tube is used to measure the free-
stream velocity at the inlet of the wind tunnel. Thermocouples are
used to measure coolant and freestream temperatures. Velocity
and turbulence are measured using a single wire and a two-wire
hotwire system for obtaining components. The hotwire is powered
by a constant temperature anemometry system, and data are
acquired at a rate of 50 kHz for 3 s.

The hotwire is calibrated in situ in the wind tunnel test section
with the coolant flow turned off and the wire positioned normal to
the flow direction. The tunnel velocity is varied between 0 to
45.7 m/s (150 ft./s), and the voltage across the wire is recorded
and correlated to the measured velocity using a fourth-order
polynomial.

For the two-wire (also known as cross-wire, X-wire) probes, a
similar procedure is followed. Two different X-wire probes are
used; one is used to measure U- and V-components of velocity,
and the other is used to measure U- and W-components. In both
cases, the two wires are separated by some distance and crossed to
make an “X” shape. To calibrate the X-probe, the probe is posi-
tioned in the wind tunnel such that the wires are at a 45 deg to the
mainstream flow direction; the coolant flow turned off, and the
tunnel velocity is varied across the same range 0 to 45.7 m/s
(150 ft./s). The voltage for both wires is recorded and correlated to
the velocity as measured by the Pitot tube. Since the wires are at a
known angle to the flow, it is possible using trigonometric rela-
tions to deduce the two components of velocity.

The uncertainty in the velocity fluctuations and Reynolds
stresses depends on several factors, such as probe type, calibra-
tion, orientation, flow angles, etc. [17,18]. The measurement
uncertainty for these experiments was calculated to be less than
4% for mean velocities and 5% for fluctuations. The Reynolds
stress uncertainties were typically less than 15% but were as much
as 25% in some of the high turbulence regions.

Experimental Results and Discussion

The three components of velocity are measured, and several
(but not all) turbulent stresses are measured. Equations (3) and (4)
are the Reynolds-averaged Navier–Stokes equations obtained by
substituting the Reynolds decomposition into the governing equa-
tions of mass and momentum, respectively, and ensemble averag-
ing the result.

@q
@t
þ @qUi

@xi
¼ 0 (3)
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The turbulent stresses are the qujui terms in Eq. (4). These six
Reynolds stresses are generally “modeled” using various turbu-
lence models. Some models are more simplistic than others, and
all models inherently make some assumptions. The intent of this
paper is to measure the turbulent quantities as well as the velocity
components at a large scale so as to provide results with the spa-
tial resolution needed for numerical code and model development
and validation.

The velocity and turbulence results are presented as contours
along the jet centerline, at four streamwise locations for blowing
ratio of 2 and at one streamwise location for blowing ratio of 1.

Data were normalized, but slight inconsistencies may exist
between the contours along the centerline and at the various
streamwise locations due to data being taken on different days.
No attempt was made to correct for differences in the measure-
ment volumes of the two probes used in this study, but the differ-
ences in the U-component of velocity was generally within the
measurement uncertainty. Thus, only the U-component from the
L-probe (measuring the U- and W-components) will be presented.
The detailed results are presented in a methodical manner that
would facilitate other comparisons such as future numerical pre-
dictions evaluated for code validation. The turbulence quantities
that are measured and reported are: the normalized root-mean
square of the velocity fluctuations (u0rms=U1, v0rms=U1, and
w0rms=U1) and the normalized shear stresses (uv=U2

1 and
uw=U2

1).
Figure 4 shows the nondimensional U-velocity contours along

the jet centerline for a nominal blowing ratio of 2. The grid points
show the measurement locations of the hotwire probe. The high
velocity core extends 1.5 hole diameters from the wall. The jet is
lifted from the surface and the wake region is at nearly freestream
velocity suggesting that the mainstream wraps around the coolant
jet and passes in the wake, similar to a cylinder in crossflow.
Upstream of the jet injection, there is a region of lower velocity
(down to 0.6 of the freestream) suggesting that the mainstream
flow decelerates as it approaches the coolant jet.

Figure 5 shows the nondimensional U-velocity contours for a
nominal blowing ratio of 2 at four streamwise locations: roughly
two, four, six, and eight hole diameters from the jet leading edge.
Superimposed on the contours are velocity vectors obtained from
the two different X-probes. The streamwise contours confirm that
the jet is lifted from the surface. One also can see the kidney vortex
imprint on the contours and the counter-rotating vortex pair.

Figure 6 shows the root mean square of the turbulent fluctuations
of the U-velocity based on the standard deviation of the U-velocity
signal from the L-probe crosswire. Figure 7 shows the same param-
eter at the four streamwise locations. Figure 6 suggests that the
highest fluctuations up to and exceeding 25% of the freestream ve-
locity are along the jet-freestream interface or shear layers. There is
also elevated turbulence in the wake region of the jet, but the high-
est levels are at the shear layers both upstream and downstream of
the injection. Consistent with the centerline values, Fig. 7 shows
that there is a region of high intensity at the jet-freestream interface,
but there also appears to be moderately high turbulence in the wake
of the jet.

Figure 8 shows the turbulent fluctuations of the W-component
(i.e., z-component) of velocity based on the standard deviation of
the W-velocity signal from the L-probe crosswire along the jet
centerline for a nominal blowing ratio of 2. Figure 9 shows the
same quantity at four streamwise planes. There are higher stresses
in the shear layer, and overall the intensity of the W-fluctuations
is comparable to the U-fluctuations in Figs. 6 and 7, though per-
haps slightly lower. A difference that may be noteworthy is in the

Fig. 4 U-velocity contours along jet centerline at BR�2; dots
show measurement locations
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wake region around the centerline of the jet: In Figs. 6 and 7, the
U-component was elevated in this nearwall wake region (intensity
in excess of 22%) whereas the W-component in Figs. 8 and 9 is
relatively lower near the wall (intensity of about 10%). This dif-
ference between the U- and W-components indicate that in the
nearwall wake region, the turbulence is anisotropic and may
explain the deficiency in turbulence models that assume isotropy.

Figure 10 shows the turbulent fluctuations of the V-component
(i.e., y-component) of velocity based on the standard deviation of
the V-velocity signal from the crosswire that measures U and V

concurrently along the jet centerline for a nominal blowing ratio
of 2. Figure 11 shows the same quantity at four streamwise planes.
This component is more uniform and lower in magnitude than the
u- and w-components.

Up to this point, the results presented have been for the velocity
components and the velocity fluctuations that are an indication of
the turbulence intensity in the three directions. Figures 12 and 13
present the normalized shear stress uw=U2

1 along the jet center-
line and at the four streamwise locations while Fig. 14 shows the
uv=U2

1 stress at the four streamwise locations. Unlike the turbu-
lent fluctuations that have no direction (i.e., intensity only) the
shear stresses can be either positive or negative. Figure 12 shows
the highest magnitude to be at the shear layers between the jet and
freestream; a positive correlation is along the freestream side of
the jet and a negative one is on the downstream wake interface.
The streamwise contours in Fig. 12 also show the high stress
region at the shear layer, and at X/d of 4, it is possible to see both
the positive and negative regions. Figure 14 shows the turbulent
shear stress uv=U2

1 to be roughly of the same order of magnitude
as uw=U2

1. It is unclear why the stress is always positive and
somewhat unsymmetrical about the centerline but could be due to
a small flow disturbance.

Figures 15 through 24 focus on the lower blowing ratio case
and offer velocity and turbulence results at a nominal blowing ra-
tio of 1. The results for this case are shown at centerline and at the
streamwise location X/d of 4.

Fig. 6 Turbulent fluctuations u0 along jet centerline at BR�2

Fig. 7 Turbulent fluctuations u0 at X/d�2, 4, 6, and 8 at BR�2

Fig. 5 Velocity vectors and U-velocity contours at X/d�2, 4, 6, and 8 at BR�2
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The velocity contours in Fig. 15 show a stronger deflection of
the jet; however, the film still does not appear completely attached
at this blowing ratio. The core extends slightly less than one hole
diameter from the wall, and as with the high blowing ratio case, it
appears that the freestream decelerates as it approaches the jet to a
value that is 0.6 of the freestream velocity.

The streamwise plane in Fig. 16 shows that the counter-rotating
vortex pair appears closer to the wall than was the case for the
high blowing ratio.

The velocity fluctuations in all three directions (Figs. 17
through 21) are lower than at the higher blowing ratio. The center-
line contours (Figs. 17 and 19) also suggest elevated fluctuations
in the shear layers as was the case at high blowing ratio but more
pronounced there.

Figures 22 and 23 show the normalized shear stress uw=U2
1

along the jet centerline and at the streamwise location X/d of 4. As
with the higher blowing ratio, there appears to be a negative and a
positive direction to the stress and the highest intensity is along
the shear layer, both the freestream side and the wake side of the
jet. The magnitude, however, is significantly lower; it is at least
one order of magnitude lower than the high blowing ratio case.
Figure 23 does not show as strong a negative stress as the center-
line data suggest should be at this location, which could be due to
a probe misalignment. Figure 24 shows the normalized uv=U2

1
component of the turbulent shear stress. The magnitude of this
component of stress is low, and it appears to be somewhat sym-
metric, which is different than at the high blowing ratio (Fig. 14).

Comparison With Prior Art

The authors are unaware of an identical data set to compare
with directly. There are either differences in the geometry (injec-
tion angle, length of feed hole, etc.) or differences in the flow con-
ditions (blowing ratio, density ratio, velocity ratio, freestream
turbulence, etc.). However, an attempt was made to make a com-
parison with data from Ref. [7] that are marginally similar to the
test setup in the current study. This reference mainly reports
results for a density ratio of 2 and measures vertical and stream-
wise components of velocity for a mass flux ratio of 0.5. The film

Fig. 8 Turbulent fluctuations w0 along jet centerline at BR�2

Fig. 9 Turbulent fluctuations w0 at X/d�2, 4, 6, and 8 at BR�2

Fig. 10 Turbulent fluctuations w0 along jet centerline at BR�2

Fig. 11 Turbulent fluctuations v0 at X/d�2, 4, 6, and 8 at BR�2

Fig. 12 Turbulent stress u0w0 along coolant jet centerline at
BR�2
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hole is at 35 deg and the L/D of the hole is 3.5 (i.e., a short hole).
There is one data set presented at a density ratio of 1 for compari-
son, with blowing ratio of 0.5. Note that the present work has a
mass flux ratio of 1 and 2 (which is higher than the highest case
presented in Ref. [7]), the injection angle is 30 deg and the L/D of
the hole is 18.

Comparing Fig. 25 (Fig. 6(a) of Ref. [7]) for nearfield turbu-
lence level at a density ratio of 1, mass flux ratio of 0.5 with
Fig. 17 shown earlier, we find that there are similarities. Pietrzyk
shows intensities of up to 18% in the shear layer, which is similar
to Fig. 17. Furthermore, there appears to be two peaks in the tur-
bulence level at the hole exit, one at the leading edge and one at
the trailing edge of the hole indicative of the turbulence intensity

due to shearing. These two peaks also appear in the current results
in Fig. 17. Note, however, that the Pietrzyk turbulence in Fig. 25
is based on u and w fluctuations whereas Fig. 17 in the current pa-
per is based on u only.

Fig. 13 Turbulent stress uw=U2
‘ at X/d�2, 4, 6, and 8 at BR�2

Fig. 14 Turbulent stress uv=U2
‘ at X/d�2, 4, 6, and 8 at BR�2

Fig. 15 U-velocity along jet centerline at BR�1

Fig. 16 Vectors and U-velocity contours at X/d�4 at BR�1
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The nearfield turbulent shear stress in Fig. 22 can be compared
with Fig. 26 (Fig. 7(a) of Ref. [7]). The shear stress is of a similar
order of magnitude reaching �0.007 in both data sets. The current
study, however, shows a larger range, including more positive val-
ues of shear stress along the shear layers. The features at the hole
leading and trailing edge are also present in both data sets.

Though the interest in this study is high blowing ratio film cool-
ing, an additional measurement at a low blowing ratio (M¼ 0.4) is
made for purposes of comparison with Kohli and Bogard [13].
There are slight differences in geometry (the injection angle is
35 deg instead of 30 and L/D is 4 instead of 15); however, the
results are of the same order of magnitude and show similar trends.
Figure 27 is a comparison of the freestream velocity and turbulent
shear stress, respectively. In both cases, the low velocity region
extending to about 0.5 D from the wall and the turbulent shear

stress is in the same range �0.001 to �0.005 (Fig. 28). Note in the
current study, X is the distance from the hole leading edge, whereas
in Ref. [13] X is the distance from the hole trailing edge.

Comparison With Numerical Simulation

The study set out to collect detailed data that would be used in
the validation and development of computational fluid dynamics

Fig. 17 Turbulent fluctuations u0 along jet centerline at BR�1

Fig. 18 Turbulent fluctuations u0 along jet centerline at BR�1

Fig. 19 Turbulent fluctuations w0 along jet centerline at BR�1

Fig. 20 Turbulent fluctuations w0 at X/d�4 at BR� 1

Fig. 21 Turbulent fluctuations v0 at X/d�4 at BR� 1

Fig. 22 Turbulent fluctuations v0 at X/d�4 at BR� 1
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models. This section presents a comparison of the results with a
3D CFD model developed using a commercial CFD code (Fluent)
and one of the available low-Reynolds numbers turbulence model.
The comparison here will be brief; additional details on the model
and additional comparisons can be found in NASA reports [19].
Here, the focus will be on comparing the turbulence results, which
is particularly challenging since turbulence models are isotropic
and the results presented in this paper clearly indicate anisotropic
Reynolds stresses.

The model consists of 1� 106 cells. The near-wall spacing is
such that yþ at the walls is roughly equal to 1. The Reynolds-
averaged Navier–Stokes (RANS) equations are solved using an
implicit scheme. The k-e turbulence model is used for turbulent
closure of the RANS equations and it is integrated to the wall.
The case presented here is at a nominal blowing ratio of 2.

Figure 29 compares the dimensionless velocity contours along
the centerline of the jet. The CFD shows a larger region of low ve-
locity in the wake of the jet, which is less pronounced and more
diffused in the experiment. The lateral extent of the jet is well pre-
dicted and the deceleration of the mainstream flow as it

approaches the film is present in both the CFD and the experi-
ment. Figure 30 is a comparison of the velocity contours at the
four streamwise planes. The kidney vortex imprint is clearly pres-
ent in both the CFD results. The gap between the vortex and the
floor is also present meaning that both the CFD and the experi-
ment indicate the jet is lifted. Again, the CFD is far less dissipa-
tive than the experiment.

One of the areas of uncertainty within CFD-modeling is the tur-
bulence. The two-equation CFD model used in this simulation sol-
ves two transport equations, one for turbulent kinetic energy (k)
and one for turbulent dissipation (e) and defines a turbulent viscos-
ity in terms of k and e. The Boussinesque approximation is then
employed to relate turbulent viscosity to turbulent shear stress and
close the RANS equations. The model is isotropic and the data are
anisotropic; the experimental result for turbulent kinetic energy
uses the u-, v-, and w-components as shown in Eq. (5).

TKE ¼ 1

2
u0�ð Þ2þ v0�ð Þ2þ w0�ð Þ2

h i
(5)

Fig. 23 Turbulent stress u0w0 at X/d�4 at BR�1

Fig. 25 Nearfield turbulence levels (reproduced from Fig. 6(a) of Ref. [7])

Fig. 24 Turbulent stress u0v0 at X/d�4 at BR�1

Fig. 26 Nearfield turbulent shear stress (reproduced from Fig. 7(a) of Ref. [7])
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Figure 31 is a comparison of the experimental and CFD prediction
of turbulent kinetic energy; both the CFD and the experimental
results are nondimensionalized by the square of the inlet velocity.
The CFD and experiment agree that the highest turbulence levels
are along the shear layers and the magnitude of the turbulence is
roughly the same. The CFD, however, continues to show high lev-
els of turbulent kinetic energy downstream and in the wake,
whereas the experiments suggest lower levels of energy, indicat-
ing that the CFD may be underpredicting the dissipation.

Figure 32 is a comparison of the turbulent dissipation rate pre-
dicted by the CFD and that determined experimentally using Eq.
(6). An alternate approach to calculating the dissipation rate from
the experiment is to use the strain rates from the experiment. This
alternate has some inherent challenges and errors; first the data
although highly resolved lack the resolution needed for calculat-
ing local velocity gradients or strain rates that is most accurate in
the limit as the spacing goes to zero, which is certainly not accu-
rate with experimental data as it would be with a CFD computa-
tion with uniform small grid spacing. Also, turbulent viscosity
using strain rate is applicable to isotropic turbulent flows where
the stress is proportional to the strain rate and the constant of pro-
portionality is the turbulent viscosity. In the data, it is clear that
the flow is not isotropic, and therefore, different turbulent stresses
would result in different turbulent viscosities or different dissipa-
tion rates, making it impossible to compare with a two-equation
RANS CFD model that assumes isotropy. In order to compare
with the CFD, we used the turbulent kinetic energy and the inte-
gral length scale (both of which were determined experimentally
using hotwire measurements) and used Eq. (6) to relate them to
the dissipation and thereby allow for a side-by-side comparison
with the CFD.

� ¼ Cl
k

3
2

l
(6)

where Cl ¼ 0:09 and l is the local integral length scale measured
using hotwire.

Summary and Conclusions

Hotwire anemometry is used to measure the velocity compo-
nents and turbulence fluctuations and stresses in a large-scale film
cooling model at two nominal blowing ratios of 2 and 1. Experi-
mental surveys are presented at the centerline of the jet and at
streamwise locations. The velocity contours clearly show that the
jet is lifted and the vectors and contour at the streamwise planes
show the distinct kidney vortex that is often noted and attributed
to the reduced effectiveness of the film as the vortex pair pushes
the hot gas from the freestream down towards the wall. The jet is
deflected more at the lower blowing ratio of 1, but the film is still
not completely attached. Velocity fluctuations in the freestream

Fig. 28 Turbulent shear stress along jet centerline (a) Kohli
[19] Fig. 7(a), (b) test results

Fig. 29 Turbulent kinetic energy contours along jet centerline
(a) experiment, (b) CFD

Fig. 27 Normalized velocity U=U‘ along jet centerline (a) Kohli
[19], (b) test results
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Fig. 30 Velocity contours streamwise locations X/d 5 2, 4, 6, and 8 (a) experiment, (b) CFD

Fig. 31 Turbulent kinetic energy contours along jet centerline
(a) experiment, (b) CFD

Fig. 32 Turbulent dissipation rate along jet centerline (a)
experiment, (b) CFD
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direction are significant and can be up to 30% of the freestream
velocity and are, thus, significant for the case of high blowing and
about half that intensity for the low blowing. In the wall-normal
direction, the fluctuations are also significant and locally in some
regions exceed 25% of the freestream velocity. The fluctuations in
the hole-to-hole direction are smaller at about 10% intensity for
the high blowing ratio case and about half that for the lower blow-
ing ratio. The highest turbulence stresses occur along the shear
layer between the jet and the freestream, both on the upstream
interface and downstream wake layer. The normalized stresses
uw=U2

1 and uv=U2
1 are at least one order of magnitude lower

than the intensity of the velocity fluctuations and in the case of the
uv=U2

1 there appears to be asymmetry in the results, but with the
values being as small as they are this asymmetry is inconclusive.
A set of low blowing ratio test measurements are made in order to
compare with data in the open literature and the comparisons are
favorable verifying the experimental apparatus and methods are
able to replicate prior art. Finally, a CFD model is developed with
a commercial code that uses a two-equation turbulence model for
closure and the results for velocity, turbulent kinetic energy, and
turbulent dissipation rate are compared with experimentally
derived measurements. The detailed experimental results are pre-
sented methodically and comprehensively with the goal of provid-
ing a test bank of data for CFD model development and
validation.
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Nomenclature

D ¼ diameter of film cooling hole
DR ¼ jet to mainstream density ratio ¼ qj=q1

I ¼ jet to mainstream momentum flux ratio ¼ qjU
2
j =q1U2

1
L ¼ length of film cooling hole

M ¼ blowing ratio ¼ qjUj=q1U1
n ¼ number of samples of hot wire velocity data (based on

sampling frequency and time)
Re ¼ Reynolds number based on hole diameter and inlet

conditions
T1 ¼ mainstream inlet temperature
Tc ¼ coolant temperature
U ¼ velocity component in streamwise direction

U� ¼ normalized U-velocity¼U=U1
u0 ¼ fluctuations in streamwise velocity U

u0� ¼ normalized rms U-velocity fluctuations

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ðuinstantaneousi

�uavgÞ2

n

q
uv ¼ turbulent shear stress (x, y correlation)

u0v0� ¼ normalized shear stress¼ uv=U2
1

uw ¼ turbulent shear stress (x, z correlation)
u0w0� ¼ normalized shear stress¼ uw=U2

1
V ¼ velocity component in spanwise direction
v0 ¼ fluctuations in spanwise velocity V

v0� ¼ normalized rms U-velocity fluctuations

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ðvinstantaneousi

�vavgÞ2

n

q
VR ¼ jet to mainstream velocity ratio ¼ Uj=U1
W ¼ velocity component in wall-normal direction
w0 ¼ fluctuations in wall-normal velocity W

w0� ¼ normalized rms U-velocity fluctuations

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ðwinstantaneousi

�wavgÞ2

n

q
X ¼ streamwise distance from hole leading edge
Y ¼ spanwise distance from hole centerline
Z ¼ vertical distance from tunnel floor (flat plate surface)
q ¼ density (average)

Subscripts

avg ¼ average
rms ¼ root mean square
1¼ freestream (or mainstream)
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