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ABSTRACT

A large-scale model of an inclined row of film cooling
holes is used to obtain detailed surface 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 3
hole diameters apart and inclined 30° from the surface. The
length to diameter ratio of the coolant holes is about 18.
Measurements include film effectiveness using IR
thermography and near wall thermocouples, heat transfer
using liquid crystal thermography, flow field temperatures
using a thermocouple, and velocity and turbulence guantities
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. This first part of the two-part paper
presents the detailed velocity component and turbulence
stresses along the centerline of the film-cooling hole and at
various streamwise locations.

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
experimental research on flat plate geometries. The effect
of injection angle, blowing ratio, 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 freestream 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 reattaches 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 cooling
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 ratio, the film effectiveness for detached jets
does not appear to scale with any parameter. For attached
jets, however, effectiveness scaled with mass flux ratio.

Injection angle is an important parameter in
controlling the jet detachment in addition to momentum
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ratio. Foster et al [4] studied the effect of injection angle (35,
55, and 90-degree incline) on flow velocities and film
effectiveness using a Pitot tube for mapping streamwise
velocities at a blowing ratio of 1.4. Later, Kohli et al [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 different 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 simplest 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 extensively [6-9]. Foster et
al [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. Pietrzyk et al [7-9]
studied the hydrodynamics of film cooling for an array of 35-
degree inclined holes (spacing of 3D and length of 3.5D) 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 subject 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 CFD for detailed design or evaluation non-
conventional concepts. Complex CFD models requiring
weeks to run are still out of reach for the mainstream design
community. Therefore, there is motivation to “model”
turbulence and other physics because that is what offers
reasonable turnaround time for analyses today. The intent of
the research is to obtain data that would enable the
development of numerical models and the validation of CFD
codes.  This includes detailed results on the wvelocity
components 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. 5, 7, 9, 12, 13] it is limited in one way or another.
Either data is limited to hydrodynamics only or surface
results only or the blowing ratio is low meaning that the film
is fully attached and therefore not the most challenging case
for numerical predictions.  Andreaopolous et al [12]
measured mean and turbulent velocity components using a
triple-wire probe for a 90-degree jet injection (less relevant
for film cooling) and showed that the turbulent kinetic energy
and turbulent stresses were closely related to the mean
velocity gradient. Kohli et al [13] look at the momentum
terms but also made simultaneous velocity and temperature

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 produces 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 hotwire probes are used to
obtain the three-dimensional velocity components 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 resolution test data for
CFD model development and validation.

NOMENCLATURE
D diameter of film cooling hole
DR jet to mainstream density ratio =p; /Pm

| jet to mainstream momentum flux ratio

=pUi/p U2
L length of film cooling hole
M blowing ratio =,0jU,»/,Dono
n number of samples of hot wire velocity data (based

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

T,  mainstream inlet temperature

T.  coolant temperature

U velocity component in streamwise direction
U*  normalized U-velocity = U/U,,

u’  fluctuations in streamwise velocity U

u”* normalized rms U-velocity fluctuations

Z(uinstantaneousi _uavg)z

n
uv  turbulent shear stress (x, y correlation)
uv™ normalized shear stress = uv/U2
uw  turbulent shear stress (x, z correlation)
u'w™ normalized shear stress = uw /U2
\Y velocity component in spanwise direction
v’ fluctuations in spanwise velocity V
v*  normalized rms U-velocity fluctuations

_ \/2(”instantaneousi_vavg)z

n

VR  jet to mainstream velocity ratio =U, /Uw

W velocity component in wall-normal direction
* fluctuations in wall-normal velocity W

S
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w™  normalized rms U-velocity fluctuations

\/Z(Winstantaneousi_waug)z

n
streamwise distance from hole leading edge

X

Y spanwise distance from hole centerline

z vertical distance from tunnel floor (flat plate surface)
p density (average)

Subscripts

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

EXPERIMENTAL APPARATUS AND PROCEDURES

The apparatus, shown in Figure 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/sec) and the Reynolds number based on freestream
velocity and coolant hole diameter is 11,000. The test section
is a square section 20.32x20.32-cm (8x8-inch) and 86.36 cm
(34 inch) in length. The freestream turbulence intensity at
the inlet of the test section is about 4%.

/j model N1

3 feed tubes coolant ===—p—al 3 flow meters

flow
conditioner

=== mainstream

Fig 1. Wind tunnel test apparatus

The film-cooling model (Figures 2 and 3) is a large-scale
(~ 30X) model to enable high spatial resolution near the film
coolant 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 section of the tunnel such that the heat transfer
surface forms the wind tunnel floor. The cooling holes have
a diameter D = 1.9 c¢cm (0.75 inch), spacing Y/D=3, and are
angled 30 degrees 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 exit
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.

Fig 2. Photograph of test model

L, W

Mainstream flow ——

Coolant flow
Fig 3. Schematic of film cooling model

For the thermal tests [14], the coolant is chilled 30-
40°F below the freestream temperature; however, for the
hotwire measurements presented here, the coolant and
freestream are maintained at ambient temperature.
Measurements are obtained for a density ratio DR~1,
velocity ratio VR = 1 to 2, blowing ratio M = 1 to 2, and
consequently a momentum flux ratio | = 1 to 4, nominally.

Instrumentation. A Pitot tube is used to measure the
freestream 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 is acquired at a
rate of 50 kHz for 3 seconds.

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 (aka 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-
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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 positioned in the
wind tunnel such that the wires are at a 45° 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 relations to deduce the two components of
velocity.

The uncertainty in the velocity fluctuations and
Reynolds stresses depends on several factors, such as probe
type, calibration, orientation, flow angles, etc. [15][16] 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 1 and 2 are the Reynolds Averaged Navier Stokes
equations  obtained by substituting the Reynolds
decomposition into the governing equations of mass and
momentum, respectively, and ensemble averaging the result.

dp  OpU; 0 [1]

ot + 6xl-

at | ox  ox (“ ax; p”f”‘> ax, Tot 2]

The turbulent stresses are the pw;u; terms in Equation 2.
These six Reynolds stresses are generally “modeled” using
various turbulence 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 spatial 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 was 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 measurement volumes of the
two probes used in this study, but the differences 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 predictions evaluated for code validation. The
turbulence quantities that are measured and reported are:
the normalized root-mean square of the velocity

fluctuations (Fxms | Zrms and Zrms ) ang the normalized
Uo ' Uco Ueo

shear stresses (3~ and = ).

Figure 4 shows the non-dimensional 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 non-dimensional U-velocity
contours for a nominal blowing ratio of 2 at four
streamwise locations: roughly 2, 4, 6, and 8 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 alsocan see the kidney vortex
imprint on the contours and the counter-rotating vortex
pair.

U 06070809 1 111213141516171819 2 2122

Zd

0 4

X/d

Fig 4. U-velocity contours along jet centerline at
BR ~ 2; dots show measurement locations
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Yd : Yid bad < Y

Fig 5. Velocity vectors and U-velocity contours at
X/d~2,4,6,and 8 at BR ~ 2

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 parameter at the four streamwise locations.
Figure 6 suggests that the highest fluctuations up to and
exceeding 25% of the freestream velocity are along the jet-
freestream interface or shear layers. There is also elevated
turbulence in the wake region of the jet but the highest levels
are at the shear layers both upstream and downstream of the
injection. Consistent with the centerline values, Figure 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.

[ |

u*: 004006008 01 012014016 0.18 0.2 022024026 0.28

Zid

4
Xid
Fig 6. Turbulent fluctuations u’ along jet centerline
at BR~2
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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 Figures 6 and 7,
though perhaps slightly lower. A difference that may be
noteworthy is in the wake region around the centerline of
the jet: in Figures 6 and 7, the U-component was elevated
in this nearwall wake region (intensity in excess of 22%)
whereas the W-component in Figures 8 and 9 is relatively
lower near the wall (intensity of about 10%). This
difference 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.

[ TIET 7 7 [

w* 004006008 01 0.12 014 0.16 0.18 0.2 022 0.24 0.26 0.28

Zd

0 — 2 X:;dl I 6 — 8
Fig 8. Turbulent fluctuations w’ along jet

centerline at BR ~ 2

I |

w* 004006008 0.1 012014 0.16 0.18 0.2 022 0.24 0.26 0.28

nnL P -

Fig 7. Turbulent fluctuations u’ at X/d ~ 2, 4, 6, and 8
atBR~2

via

Flg 9. Turbulent fluctuatlonsw at XId 2, 4 6
and 8 at BR ~ 2

Due to symmetry the V-component of velocity along
the jet centerline is negligible. The V-component is the
hole-to-hole component of velocity. The fluctuations in the
V-component are also small. Figure 10 shows the intensity
of the fluctuations in V at the four streamwise locations.
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D

Fig 10. Turbulent fluctuations v’ at X/d ~ 2, 4:~6, and

8atBR ~2

Up to this point, the results presented have been for the
velocity components and the velocity fluctuations which are
an indication of the turbulence intensity in the three
directions. Figures 11 and 12 present the normalized shear
stress uw/UZ2 along the jet centerline and at the four
streamwise locations while Figure 13 shows the uv/U2
stress at the four streamwise locations. Unlike the turbulent
fluctuations which have no direction (i.e. intensity only) the
shear stresses can be either positive or negative. Figure 11
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
Figure 11 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 13 shows the turbulent shear stress
uv/UZ to be roughly of the same order of magnitude as
uw/UZ. It is unclear why the stress is always positive and
somewhat unsymmetrical about the centerline, but could be
due to a small flow disturbance.

uw*: -0.03 -002 -001 0 001 002 003

Z/id
o

0

0 2 4 6 8
X/d

Fig 11. Turbulent stress u’w’ along coolant jet
centerline at BR ~ 2

uw 003 -0.02 001 0 001 002 003

Flg 12 Turbulent stress uw/U2 at X/d ~ 2, 4 6,and 8
at BR~2

Fig 13. Turbulent stress uv/U? at X/d ~ 2, 4, 6, and
8atBR~2

Figures 14 through 23 focus on the lower blowing
ratio case and offer velocity and turbulence results at a
nominal blowing ratio of 1. The results for this case are
shown at centerline and at the streamwise location X/d of
4.

The velocity contours in Figure 14 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.

U 06 065 0.7 0.75 08 085 09 095 1 105 11 11512 125

0 2 4 6 8
X/d

Fig 14. U-velocity along jet centerline at BR ~ 1
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The streamwise plane in Figure 15 shows that the
counter-rotating vortex pair appears closer to the wall than
was the case for the high blowing ratio.
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Fig 15. Vectors and U-velocity contours at X/d ~ 4
atBR~1

The velocity fluctuations in all three directions (Figures
16 through 20) are lower than at the higher blowing ratio.
The centerline contours (Figures 16 and 18) also suggest
elevated fluctuations in the shear layers as was the case at
high blowing ratio but more pronounced there.

[ TTIT T [ T el

u*: 0.04 0.06 0.08 0.1 0.120140.16 0.18 0.2 022 0.24 0.26 0.28

B
N
e 0 l I 2 4 6 I 8
X/d
Fig 16. Turbulent fluctuations u’ along jet centerline
atBR~1

25 026

Zid
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-1 .5‘ I -1 -0.5 0 0.5 1 1.5
Yid

Fig 17. Turbulent fluctuations u’ at X/d ~ 4 at BR ~
1
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Zid

4
X/d
Fig 18. Turbulent fluctuations w’ along jet

centerlineat BR ~ 1

Copyright © 2011 by ASME



25 028

024
i 022
i 02
. 018
L 0.16
2 014
B 012
I 04
E 008
L 006
1.5 004
]
N
1
05
ol v b v v 0 0 )
1.5 -1 -0.5 0 0.5 1 15

Fig 19. Turbulent fluctuations w’ at X/d ~ 4 at BR~ 1
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Fig 20. Turbulent fluctuations v’ at X/d ~ 4 at BR~ 1

Figures 21 and 22 show the normalized shear stress
uw/UZ% 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 22
does not show as strong a negative stress as the centerline
data suggests should be at this location, which could be due
to a probe misalignment. Figure 23 shows the normalized

uv/UZ% component of the turbulent shear stress. The
magnitude of this component of stress is low and it appears
to be somewhat symmetric, which is different than at the
high blowing ratio (Figure 13).

u'w':

B [ [ ] [ ]

-0.004 -0003 0002 0001 O 0001 0002 0003 0004

Zd
n
T

Fig 21. Turbulent stress u’w’ along jet centerline
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Zid
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Fig 22. Turbulent stress u’w’ at X/d ~ 4 at BR ~ 1
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Fig 23. Turbulent stress u’v’ at X/d ~4 at BR ~ 1

COMPARISON WITH PRIOR ART

The authors are unaware of an identical data set to
compare with directly. There are either differences in the
geometry (injection angle, length of feed hole, etc) or
differences in the flow conditions (blowing ratio, density
ratio, velocity ratio, freestream turbulence, etc). However an
attempt was made to make a comparison with data from [7]
that is 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 streamwise components of velocity
for a mass flux ratio of 0.5. The film hole is at 35 degrees
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 comparison,
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 [7]), the injection angle is 30 degrees and
the L/D of the hole is 18.

Comparing Figure 24 (Figure 6a of [7]) for nearfield
turbulence level at a density ratio of 1, mass flux ratio of 0.5
with Figure 16 shown earlier, we find that there are
similarities. Pietrzyk shows intensities of up to 18% in the
shear layer, which is similar to Figure 16. Furthermore, there
appears to be two peaks in the turbulence 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 Figure
16. Note however that the Pietzyk turbulence in Figure 24 is
based on u and w fluctuations whereas Figure 16 in the
current paper is based on u only.

pilpo=10 M=05

Fig 24. Nearfield turbulence levels (reproduced
from Fig 6a of [7])

A second comparison can be made to Figure 25
(Figure 7a of [7]) for the nearfield turbulent shear stress
that is plotted in Figure 21 of this paper. 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 values of shear stress along with
the negative values. The features at the hole leading edge
and trailing edge are also present in both data sets.

Fig 25. Nearfield turbulent shear stress
(reproduced from Fig 7a of [7])

Therefore, the results from the current study are
similar to prior art in magnitude for both the turbulent
fluctuations and Reynolds stress as well as some of the
features.

SUMMARY AND CONCLUSIONS

Hotwire anemometry is used to measure the velocity
components and turbulence fluctuations and stresses in a
large scale film cooling model at two nominal blowing
ratios of 2 and 1. Experimental 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 free stream 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 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 blowing ratio. The highest
turbulence stresses occur along the shear layer between the
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jet and the freestream, both on the upstream interface and
downstream wake layer. The normalized stresses uw /U2
and uv/UZ are at least one order of magnitude lower than
the intensity of the velocity fluctuations and in the case of the
uv /U2 there appears to be asymmetry in the results but with
the values being as small as they are this asymmetry is
inconclusive. The detailed results are presented methodically
and comprehensively with the goal of providing a test bank
of data for CFD model development and validation.
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