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Transonic Film Cooling Effectiveness from Shaped Holes

on a Simulated Turbine Airfoil

Tetsuji Furukawa* and Phillip M. Ligrani®
University of Utah, Salt Lake City, Utah 84112-9208

The performance of film cooling on a simulated transonic, turbine airfoil is investigated using an experimental
apparatus designed especially for this purpose. A symmetric airfoil with the same transonic Mach number distri-
bution on both sides is employed. Mach numbers along the airfoil surface range from 0.4 to 1.24 and match values
on the suction surface of airfoils from operating aeroengines. Film cooling holes are located on one side of the
airfoil near the passage throat where the freestream Mach number is nominally 1.07. Three different film cooling
configurations are investigated with density ratios of about 1.4-1.6 over a range of blowing ratios, momentum
flux ratios, and pressure ratios. These include single rows of 1) cylindrical holes with simple angle orientations,
2) laid-back-fan-shaped holes with simple angle orientations, and 3) laid-back-fan-shaped holes with compound
angle orientations. New spatially resolved and spatially averaged effectiveness data and discharge coefficients are
provided for these hole geometries with airfoil suction surface geometry, flow conditions, and boundary-layer
development that simulate engine operating conditions. The highest local and spatially averaged film cooling
effectiveness magnitudes are generally obtained with laid-back-fan-shaped holes oriented with compound angles,
followed by laid-back-fan-shaped holes oriented with simple angles, which are then followed by round, cylindrical

holes oriented with simple angle orientations.

Nomenclature

area

discharge coefficient

airfoil chord length

diameter of the film cooling hole entrances
momentum flux ratio, p.U?/p,, U2

ratio of specific heats

Mach number

blowing ratio, p.U./puUny

mass flow rate

pressure

gas constant

temperature

time- and spatially averaged velocity

= streamwise coordinate measured from downstream
edge of film cooling holes

spanwise coordinate measured from spanwise
centerline of center film cooling hole

= local adiabatic film cooling effectiveness,
spanwise-averagedadiabatic film cooling effectiveness
density
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Subscripts

adiabatic wall value

injectantor film coolant value at exit planes of film
cooling holes

ideal isentropic value

local freestream value

aw =
C =

ideal
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I. Introduction

N recent years, researchers, manufacturers, and designers have

devotedincreasedattentionto the thermal performance of shaped
film cooling holes on turbine airfoils in gas turbine engines. This
is because these holes often provide higher levels of thermal pro-
tection compared to round, cylindrical shaped holes. Investiga-
tions of the thermal performance of shaped holes consider a va-
riety of film hole geometries, including conical-diffused holes,'?
diffused-trapezoidal shaped holes,’ square holes,* shaped-inclined
slots,’ forward-diffusedholes,t—'* laterally diffused (or fan-shaped)
holes,”~%!1:14=1% and forward laterally diffused (or laid-back-fan-
shaped) holes.!>!5=23 A number of these studies consider shaped
holes oriented with compound angle orientations 2-¢:%10:14:18.22 Qp]y
four consider shaped film hole geometries with simulated turbine
airfoil geometry'®!*? or high Mach number flow conditions along
a flat plate.'”

Of these investigations, Reiss and Bolcs'® investigate cylinder,
leading-edgefilm cooling from fan-shapedholes and laid-back-fan-
shaped holes with compound angle orientations. Teng and Han'®
and Brandt et al.”> consider film cooling on turbine airfoil suction
surfaces with laid-back-fan-shapedholes with simple angle orien-
tations. Only the experimental study by Gritsch et al.'” is conducted
with high subsonic and supersonic Mach numbers that approximate
the conditions that exist in operating engines with transonic tur-
bine components. Mainstream Mach numbers are 0.3, 0.6, and 1.2,
and coolant passage Mach numbers are O and 0.6. Three differ-
ent types of single holes are employed, each with a simple angle
orientation. Constant pressure gradients are used in the freestream
flow along the flat plate test section. With this arrangement, higher
effectiveness values are generally produced by holes with laid-
back-fan shapes (and simple angle orientations) than by cylindrical
holes and fan-shaped holes (both also with simple angle orienta-
tions).

The present study employs a test section especially designed for
measurements of local and spatially averaged adiabatic film cool-
ing effectiveness distributions and discharge coefficients from film
cooling holes located on the simulated suction surface of a turbine
airfoil. A symmetric airfoil is employed with the same transonic
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Mach number distribution on both sides. Mach numbers along the
airfoil surface range from 0.4 to 1.24 and match values on the suc-
tion surfaces of airfoils from operating aeroengines. Film cooling
holes are located on one side of the airfoil near the passage throat
where the freestream Mach number is nominally 1.07. Three differ-
ent film cooling configurations are investigated with density ratios
of about 1.4-1.6 over a range of blowing ratios, momentum flux ra-
tios, Mach number ratios, and pressure ratios. In each case, a single
row of holes is employed. Thus, new suction surface film cooling
effectiveness data and discharge coefficients are provided beyond
that provided by earlierinvestigators.In particular, the present study
is the first one to investigate the performance of rows of laid-back-
fan-shaped holes, with and without compound angle orientations,
with airfoil suction surface geometry, flow conditions, freestream
pressure gradient, and boundary-layer development that simulate
transonic engine operating conditions.

The only other existing experimental study of similarly shaped
holes at high Mach numbers utilizes a single hole (with a simple
angle orientation) in a near-zero pressure gradient.!” The two other
related studies, which employ turbine airfoils, both utilize laid-back-
fan-shaped holes with simple angle orientations, and either low-
speed, incompressible flows'® or low subsonic Mach numbers.?®
Thus, the experimental data in the present paper are new and differ-
ent from results presented elsewhere, because data are given down-
stream of arow of laid-back-fan-shapedholes with simple angle ori-
entations and a row of laid-back-fan-shapedholes with compound
angle orientations. Film cooling data at transonic flow conditions
are important because data at subsonic conditions cannot be used
to simulate physical phenomena, such as shock waves. This makes
the data from the present paper unique and valuable for the design
of gas turbine blade components, as well as for the further develop-
ment of more widely applicable numerical models and prediction
schemes.

II. Test Section and Film Cooling Hole Geometries

A schematicdiagramof the nonturningairfoil cascade test section
is shown in Fig. 1a. The test section is made up of two acrylic side
walls and top and bottom walls made of steel and acrylic. The two
side walls are flat, whereas the top and bottom walls are contouredto
form a converging-diverging shape that produces the desired Mach
number distribution along the symmetric test airfoil. Because sig-
nificant flow turning is not included, the camber curvature, present
in many cascades with multiple airfoils, is not present.

A schematic diagram of the cross section of one symmetric air-
foil tested is shown in Fig. 1b. This is constructed especially for
this study using electrodischarge machining (EDM) and other pre-
cision machining techniques. The airfoil chord length ¢ is 7.62 cm.
The effective pitch is 5.08 cm. This pitch value is based on the lo-
cations of the top and bottom walls relative to the airfoil and the
fact that each induces a static pressure variation along its length,
which is similar to that midway between two adjacent blades.>*
Lexan (or polycarbonate) inserts are used to produce a test surface
with low conductivity (0.188 W/mK), which models an adiabatic
surface. Note that the film cooling holes are also contained in these
inserts to provide a continuous test surface for surface temperature
measurements. The trailing edge of the symmetric airfoil is a 1.14-
mm-radius round semicircle, designed to produce the wake flows
of turbine airfoils employed in operating engines. The symmetric
airfoil shape is employed to provide sufficient interior space for a
plenum for film cooling injection, while maintaining appropriately
scaled injectionhole diameterand trailing-edgethickness. Note that
the convex curvature of the airfoil (relative to the camber line) is an
exact match to that employed for suction surfaces in an operating
transonic turbine. Geometric dimensions of the contoured test walls
and airfoil are given by Jackson et al.>*

Figure 1b also shows thata step is included along the plenum wall
in the plenum just upstream of the film cooling hole entrances. This
step acts 1) to direct flow from the plenum so that it is perpendicular
to the streamwise (or bulk flow) direction at the entrances to the
film cooling holes and 2) to spread the cross flow uniformly over the
entrances of all of the film holes. This perpendicular film injectant
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Fig. 1 Schematic diagrams: a) test section; b) test airfoil, cut-away
side view; and c) test airfoil, three-dimensional view.

(with Mach numbers from 0.2 to 0.5 at the entrances of the holes) is
employed to create an injectantinlet flow condition,which s similar
to that which exists in many operating transonic turbines. Figure 1c
then shows the overall airfoil plenum arrangement.

The geometric characteristics of the three hole configurations
studied are shown in Figs. 2a-2c. In this and other figures, the
following acronyms are used for cylindrical simple-angle holes
(CYSA), laid-back-fan-shapedholes with simple angle orientations
(LBFS-SA), and laid-back-fan-shapedholes with compound angle
orientations (LBFS-CA). In the present study, for each hole geom-
etry, one row of 21 holes is employed with 3.5d spanwise spacing
at a location 3.73 cm or 0.49c¢ from the airfoil leading edge. The
entrance diameter and length to entrance diameter ratio of all three
types of holes are the same, 0.680 mm and 5.5, respectively. Table 1
gives the injectant flow conditions for all three film hole configura-
tions. For each film hole geometry, the injectant Reynolds number,
based on hole inlet average velocity and inlet hole diameter, then
ranges from about 4 x 10° to about 2.6 x 10*.

The present test section is useful and advantageous over cascade
arrangements with multiple airfoils and significant flow turning be-
cause 1) the test section produces Mach numbers, nondimensional
pressure variations,Reynolds numbers, passage mass flow rates, and
physical dimensions that match values along airfoils in operating
engines; 2) the airfoil provides the same suction surface boundary-
layer development (in the same pressure gradient without flow turn-
ing) as exists in operating engines;3) film cooling performance data
are obtained on airfoil surfaces without the complicating influences
of vortices present near airfoil leading edges, in the blade passages,
and along airfoil pressure surfaces®: 4) results obtained with the
arrangementare not configuration dependent; 5) only one airfoil is
needed to obtain representative flow characteristics;and 6) most of
the airfoil surface is accessible to infrared thermography for optical,
surface temperature measurement. Thus, the present experiment is
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Table 1 Experimental conditions

Hole
geometry m Pe/Pm Pre/Pm Uc/Un 1 M./ My,
CYSA 0.46 1.29 1.14 0.17 0.36 041
CYSA 0.56 1.39 1.19 0.22 0.40 0.47
CYSA 0.69 1.44 1.29 0.33 0.48 0.57
CYSA 0.81 1.48 1.40 0.44 0.55 0.66
CYSA 1.02 1.55 1.64 0.66 0.65 0.81
LBFS-SA 041 1.25 1.10 0.14 0.33 0.35
LBFS-SA 0.57 1.47 1.19 0.22 0.39 0.47
LBFS-SA 0.68 1.48 1.26 0.31 0.46 0.55
LBFS-SA 0.75 1.44 1.37 0.39 0.52 0.64
LBFS-SA 1.02 1.49 1.72 0.69 0.68 0.86
LBFS-CA 043 1.27 1.11 0.15 0.34 0.36
LBFS-CA 0.49 1.36 1.15 0.18 0.36 0.42
LBFS-CA 0.59 1.48 1.20 0.24 0.40 0.48
LBFS-CA 0.69 1.54 1.27 0.31 0.45 0.56
LBFS-CA 0.80 1.51 1.38 0.42 0.53 0.65
LBFS-CA 0.86 1.56 1.46 0.47 0.55 0.71
LBFS-CA 1.01 1.53 1.65 0.67 0.66 0.82
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Fig. 2 Film cooling hole geometries.

designed to investigate suction surface film cooling from shaped
holes with and without compound angle orientations, while match-
ing Reynolds numbers, Mach numbers, pressure gradients, passage
flow rates, boundary-layer development, and physical dimensions
of airfoils in operating engines.

III. Experimental Apparatus and Procedures

A. Transonic Wind Tunnel

A schematic diagram of the Transonic Wind Tunnel (TWT) is
shown in Fig. 3. The blowdown-type facility consists of two main
parts: 1) compressorand storage tanks and 2) wind tunnel. The wind
tunnel consists of five major subsections: 1) flow rate and pressure
level management apparatus; 2) plenum tank; 3) inlet ducting and
test section; 4) plenum, exit ducting, and ejector; and 5) control
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1. Compressor 21. Manual Valve
2. Storage Tanks 22. Resistance Heater
3. Octopus Collection Manifold 23. Fire Brick
4. Pressure Regulator 24. Manual Valve
5. Pressure Relief Valve 25. Manual Valve
6. Manual Valve 26. Rotameter
7. Pressure Relief Valve 27. Dessicant Air Dryer
8. Mass Flow Valve 28. Coalescing Filter
9. Monitor 29. Sonic Orifice Plate
10. VCR 30. Pressure Regulator
11. IR Camera 31. Particulate Filter
12. Pitot Tube 32. Manual Valve
13. Resistance Strip Heaters 33. Compressed Air Supply
14. Strip Heater Control Panel 34. Liquid Nitrogen Tank
15. Flow/Internal Heater Control Panel 35. Heater Tank
16. Test Section 36. Data Acquisition Unit
17. Outlet Piping 37. Thermocouple Wires
18. Insulated Hose 38. Air Tubing
19. Manual Valve 39. Pressure Transducers
20. Automatic Valve 40. Computer
Fig. 3 TWT including film injection system.
panel?* A Gardner Denver Company model RL-1155-CB compres-

soris used to pressurizethe array of eighttanks, whose total capacity
volumeis 11.9m*. A VanAir VAS93039 model D16-5 Deliquescent
desiccant dryer, a Pall Corporation SEHG-4882-207 oil filter, and
two Permanent Filter Corporation 13846 particulate filters are lo-
cated just downstream of the compressor to remove particulatesand
moisture from the air. A Fisher pressure regulator with a 6X4 EWT
design sliding gate valve, a Fisher-type 667 diaphragm actuator, a
3582 series valve positioner,and a Powers 535 one-quarter DIN pro-
cess controllerare used to regulate the pressurein the test section as
the storage tanks discharge. A plenum tank, a 30.48-cm-i.d. pipe, a
circular-to-squaretransition duct, a nozzle, and the test section then
follow.

The freestream turbulence intensity at the test section inlet is
measured with a single-wire hot-wire probe to be about 0.5%. As
mentioned, the data presented at this low value of freestream turbu-
lence intensity are valuable for design and for the development of
numerical predictionschemes. Transonic data at such conditionsare
also valuable because they must be in hand before measurements at
higher freestream turbulence intensity levels are understood. Rela-
tive humidity at the test section inlet is typically 20-30%. In spite
of these values, no significant condensation of vapor is presentnear
the film cooling hole exits. The test section is connected to a large
92.71 x 91.44 x 91.44 cm plenum with square plastic and rubber
flanges at its inlet. The plenum diffuses high-speed air from the
test section exit into a reservoir of low-velocity air. This plenum is
then connected to two ducts that are subsequently connected to the
atmosphere.



FURUKAWA AND LIGRANI 231

B. Secondary Air Injection System and Mainstream Air Heating

The injection system is also shown in Fig. 3. From the building
air supply, the air used for film cooling first enters a Norman Filters
5-um ABS particulate filter, a Fairchild 10282 pressure regulator,
a sonic orifice, a Wilkerson M16-02 FOOB E95 coalescing filter, a
Wilkerson X03-02-000AJ96 Desiccantdryer,a Dwyer Model RMC
series rotameter, and a pressure relief valve. For every experimental
test condition, the injectant mass flow rate measured with the sonic
orifice is in excellentagreement with the flow rate measured with the
rotameter. The dryers and filters are required to avoid frost buildup
because a Xchanger Inc. TV-050 heat exchanger uses liquid nitro-
gen to cool injectant air to temperatures as low as —120°C. Also
employedto heat the mainstream flow is a Leister model D8 A type
10,000“S” electrical heater. With this arrangement, ratios of coolant
to freestream density p./p, from 1.4 to 1.6 are easily achieved.
The film injectant experimental conditions are given in Table 1, as
mentioned.

C. Pressure and Temperature Measurements

As tests are conducted, Validyne Model DP15-46 pressure trans-
ducers (with diaphragms rated at either 345 or 1380 kPa) and cali-
brated copper-constantanthermocouplesare used to sense pressures
and temperatures at different locations throughoutthe facility. Sig-
nals from the transducers are processed by Celesco Model CD10D
carrier demodulators. All pressure transducer measurement circuits
are calibrated using a Wallace and Tiernan FA145 bourdon tube
pressure gauge as a standard. A United Sensor PLC-8-KL pitot-
static probe with an attached copper-constantan thermocouple is
used to sense total pressure, static pressure, and recovery tempera-
ture at the inlet of the test section during each blowdown. From these
data, the Mach number, total temperature, and static temperatureare
determined at the inlet of the test section.

D. Local Adiabatic Film Cooling Effectiveness Measurement

Coolant stagnation temperatureis determined from measurement
of the coolant recovery temperature just upstream of the coolant
plenum using a calibrated copper-constantan thermocouple. With
knowledge of the Mach number in this passage, the coolant stagna-
tion temperature is then determined, after the measured temperature
is corrected for time lag errors due to the finite size of the thermocou-
ple junction. All adiabatic effectiveness experiments are repeated
twice to verify the consistency and repeatability of the results.

Spatially resolved temperature distributions along the airfoil sur-
faceare determinedusing infraredimaging in conjunctionwith ther-
mocouples, energy balances, digital image processing, and in situ
calibration procedures. To accomplish this, the infrared radiation
emitted by the Lexan surface of the airfoil is captured using a
VideoTherm 340 Infrared Imaging Camera, which operates at in-
frared wavelengths from § to 14 wm. Temperatures, measured using
calibrated, copper-constantan thermocouples distributed along the
Lexan surface adjacent to the flow, are used to perform the in situ
calibrations simultaneously as the radiation contours from surface
temperature variations are recorded.

This is accomplishedas the camera views the test surface through
a custom-made, cylindrical zinc-selenide window (which transmits
infrared wavelengths between 6 and 17 pm). This is installed just
above the airfoil in the top contoured wall of the test section. Re-
flection and radiation from surroundinglaboratory sources are min-
imized using an opaque shield that covers the camera lens and the
zinc-selenide window. Three to four thermocouple junction loca-
tions are presentin any field viewed by the camera. The exact spatial
locations and pixel locations of these thermocouple junctions and
the coordinatesof a 5 x 5 cm field of view are known from calibra-
tion maps obtained before measurements. During this procedure,
the camera is focused and rigidly mounted and oriented relative
to the test surface in the same way as when radiation contours are
recorded. With these data, gray scale values at pixel locations within
video taped images from the infrared imaging camera are readily
converted to temperatures. Because such calibration data depend
strongly on camera adjustment, the same brightness, contrast, and

aperture camera settings are used to obtain the experimental data.
The in situ calibration approach rigorously and accurately accounts
for these variations >

Images from the infrared camera are recorded as 8-bit gray scale
images on commercial videotape using a Panasonic AG-1960 video
recorder. Images are then digitized using NIH Image version 1.60
software, operated on a Power Macintosh 7500 computer. This is
done about 12.0 s after each blowdown begins because the film and
freestream flows are established and to obtain data when the test
surface approximates an adiabatic surface condition. Subsequently,
software is used to determine coordinate locations along the target
surface. This software also converts each of 256 possible gray scale
values to temperature at each pixel location using calibration data
and then determines values of local adiabatic film cooling effective-
ness. Contour plots of local surface temperature and surface effec-
tiveness are prepared using DeltaGraph version 4.0 software. Each
individual image covers a 300 x 300 pixel area. Additional details
on infrared imaging procedures are provided by Sargent et al.>

E. Data Acquisition System

Voltages from the carrier demodulators and thermocouples
are read sequentially using Hewlett-Packard HP44222T and
HP44222A relay multiplexer card assemblies, installed in a
Hewlett-Packard HP3497 A low-speeddataacquisition/controlunit.
This system provides thermocouple compensation electronically
suchthatvoltagesfortype T thermocouplesare givenrelativeto 0°C.
A Hewlett-Packard HP362 series computer processes signals from
all transducers and thermocouplesto give pressure and temperature
readings, as well as other flow parameters.

F. TWT Qualifying Characteristics

At the inlet of the test section, the total pressure and static pres-
sure show excellent spatial uniformity?* Total pressure and static
pressure values vary by less than 1.38 kPa (or 0.7% of p,,) as
measurements are made at nine different probe locations. Mach
numbers determined from these data then vary by less than 0.002.
Steady conditions are maintained in the test section for 45-s-long
time intervals2* Such characteristics are not only due to the TWT
design, but also to the excellent performance characteristics of the
TWT pressure regulator and its controller.

G. Experimental Uncertainties

Uncertainty estimates are based on 95% confidence levels and de-
termined using proceduresdescribedby Kline and McClintock?® and
Moffat.” Mach number uncertainty is £.002. Uncertainty of tem-
peraturesis +0.15°C. Pressure uncertaintyis +0.25 kPa. Discharge
coefficient Cp uncertainty is £.035, for a typical nominal value of
Cp =0.80. Spatial and temperature resolutions achieved with the
infrared imaging are about 0.05 mm and 0.8°C, respectively. This
magnitude of temperature resolutionis due to uncertainty in deter-
mining the exact locations of thermocouples with respect to pixel
values used for the in situ calibrations. Local adiabatic film effec-
tiveness uncertainty is then about +0.015, or about £6.0%, for a
nominal effectivenessvalue of 0.25. These local effectivenessuncer-
tainty values are slightly higher within about 1.0d of the hole exits
due to some three-dimensional effects within the polycarbonatein
the vicinity of the holes.

IV. Experimental Results

A. Test Section Flow Characteristics

The airfoil Mach number distribution is measured using a sym-
metric airfoil with 11 pressure taps located along the midspan line
of the airfoil at various positions along its length. Eight of these taps
lie on the top surface of the airfoil, and three taps are located on
the bottom surface of the airfoil. Figure 4 shows measured Mach
numbers along the airfoil surface, which range from about 0.4 to
1.14. Trailing-edge shock wave angles and total pressure changes
indicate that the experimental Mach number at the airfoil trailing
edge is about 1.24. Figure 4 also shows that values from both sides
of the airfoil are in agreement. From these data, the mainstream
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Fig. 4 Freestream Mach number distribution around the test airfoil;
here, x is measured from the airfoil leading edge.

Reynolds number, based on blade chord and flow conditions near
the airfoil leading edge, is about 1.0 x 10°,

Schlieren images presented by Jackson et al.>* show a pair of
trailing-edgeoblique shock waves when flow is passing through the
test section. From these results, it is evident that 1) the only shock
waves present in the test section (with no film cooling) are a pair
at the trailing edge of the symmetric airfoil, and these do not re-
flect off of the top and bottom walls of the test section and 2) the
trailing-edge shock waves remain stationary and in place for the en-
tire test sequence. The angle produced by the strong oblique shock
waves at the airfoil trailing edge is about 73 deg (measured from the
airfoil symmetry plane). This value and measured total pressures
downstream of the oblique shock waves are in good agreement with
theoretical values for a 5-deg flow deflection angle. The positions
and shapes of these oblique shock waves also show good qualita-
tive agreement with numerically computed, spatially resolved Mach
number distributions, also presented by Jackson et al.* Note that
thisagreementand the agreementshown in Fig. 4 are presentin spite
of the fact that these two-dimensional numerical predictions, which
are used to design the test section do not account for the boundary
layers on the side walls of the test section.

1.24

B. Discharge Coefficients
Discharge coefficients are determined using

Cp = n[Migea 68

where the ideal mass flow rate is given by

Mideal k P M,
A - R (k+1)/2(k=1) )
VT \ {1 + 1k — 1)/21m2}

Here, A is the total cross-sectional area of the holes at their round
inlets and M. is the isentropic Mach number of the injectant at the
exits of the film cooling holes. This Mach number is determined
using the isentropic relation based on the ratio of the stagnation
pressure in the injection plenum p,. and the static pressure at the
exits of the film cooling holes p,,.

Discharge coefficients for the CYSA holes from the present study
are compared to ones from Jackson et al.>* in Fig. 5. Jackson et al.>*
employ the same plenumarrangementas in the present study, except
thatthe step on the plenumwall justin frontof the film hole entrances
(showninFig. 1bforthe presentconfiguration) is not present. In both
cases, the hole exits are located on the suction surface of a turbine
airfoil, where the freestream Mach number is nominally 1.07. In
addition, the injectant enters the plenum from one side, and the
other side of the plenum is closed for both investigations, as shown
in Fig. 1¢. For the comparison data,”* arow of 21 holes is employed
with length-to-entrancediameterratio of 2.26,4 d spanwisespacing,
and an inclination angle of 35 deg. In the present study, the same
number of holes are employed with length-to-entrance diameter

1
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c.06 ) 2
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0.4 - “
A @ no freestream cross flow
0 2 = Afreestream flow
: +no freestream cross flow**
Xfreestream cross flow?*
0 T , T
1 1.25 1.5 1.75 2
Ptc/Pm

Fig. 5 Discharge coefficients, both with and without freestream cross-
flow, as dependent on coolant-to-freestream pressure ratio for CYSA
holes, including comparisons with data from Jackson et al.2*

ratio of 5.5, 3.5d spanwise spacing, and an inclination angle of
30 deg.

Figure 5 shows that the present C, data are lower than the Ref. 24
datawhen comparedat the same pressureratio, regardlessof whether
or not freestream crossflow is present. These differences are mostly
due to the effects of the step (located just in front of the hole en-
trances) in the plenum, which is used in the present study, but not
in the investigation by Jackson et al.* The C), differences are due
in only small part to the different CYSA film hole geometries em-
ployedin the two studies. With no freestream crossflow present, the
step then results in two different phenomena:

1) There is a small region of separated, recirculating flow just
outside of the holes near their entrances.

2) The step acts to funnel the plenum flow near the hole en-

trances so that injectant velocities near these locations are signifi-
cantly higher than if no step is present.
These higher approach velocitiesresultin a larger region of recircu-
lating, separated flow, which is present within the entrance region
of each film hole. This enlarged separated flow zone and the in-
creased velocities as the flow turns (relative to the hole axis) then
give greater losses of total pressure. This leads to lower discharge
coefficients for the present configuration (with the step) as the flow
advects through the holes.

Both the present C, data and the Cp data from Jackson et al.,>*
measured for CYSA holes with freestream crossflow, are lower than
data measured with no freestream crossflow in Fig. 5. Freestream
crossflows oftenresultin reduced discharge coefficients.2® However,
the reductions observed in Fig. 5 are greater than those expected
when a plenum condition with zero Mach number is employed near
the hole entrances and a freestream with finite Mach number is
presentat the holeexits. This is becausea true plenumconditiondoes
not exist at the hole entrances in the present study, as mentioned.
Instead, the nonuniform variation of injectant velocity from local
jetting near the hole entrances gives local Mach numbers as high as
about 0.5 at the highest blowing ratios investigated.

According to Hay et al.,”®?* discharge coefficients decrease (at
particular values of the p,./p,, pressureratio) either as the injectant
crossflow Mach number increases, or as the angle between the in-
jectant direction and the freestream direction becomes larger. This
is consistent with Cp results from the present investigation with
freestream crossflow. Note that the present overall plenum geom-
etry (with flow entering only from one side) induces flow that is
perpendicularto the mainstream direction. However, the addition of
the step, located in the plenum just upstream of the hole entrances
(mentioned earlier), intensifies this effect when freestream cross-
flow is also present. This is because the step causes the injectant
to be locally accelerated and further constrained (or funneled) in a
direction perpendicularto the external freestream flow. As a result,
pressure losses are augmented as the injectant flow first turns to en-
ter the holes, passes through the holes, then turns again as it exits
the holes, and encounters the mainstream crossflow. This then gives
more pronounced separation zones compared to the arrangement
employed by Jackson et al.>* As a result, compared to the Jackson
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Fig. 6 Discharge coefficients as dependent on coolant-to-freestream
pressure ratio for CYSA, LBFS-SA, and LBFS-CA holes: a) with no
freestream crossflow and b) with freestream crossflow.

et al. data, total pressure losses are greater, and Cp, decreases are
larger on a percentage basis relative to the data measured with no
freestream crossflow.

Discharge coefficients, measured at different injectant to free-
stream pressure ratios, are presented without and with freestream
external flow in Figs. 6a and 6b, respectively. Data are given for
all three hole configurations, CYSA, LBFS-SA, and LBFS-CA.
Comparing Figs. 6a and 6b reveals that C, data with freestream
crossflow approachthe data with no freestreamcrossflow as p;./p,,
increases (for each of these hole geometries). Thus, the influences of
freestream crossflow on discharge coefficients are reduced at higher
pressureratios as the overall level of injectantmomentum increases,
an observation also made in other investigations 242830

With or without freestream external flow, Figs. 6a and 6b also
show that the LBFS-CA discharge coefficient data are higher (when
compared at the same pressureratio) than the CYSA dataand LBFS-
SA dataat most values of p,./p,, examined. The LBFS-SA data are
then slightly higher than the CYSA data for all p,./p,, in Fig. 6a
(when no freestream crossflow is present), and for p,./p,, > 1.3 in
Fig. 6b (with freestream crossflow). Such behavior means that the
most important effect influencing these Cp magnitudes is the inter-
nal injectant crossflow condition. The flared hole shaping normally
increasesdischargecoefficient values because of its action in diffus-
ing the injectant flow and increasing pressure recovery. According
to Figs. 6a and 6b, this effectis largest when freestream crossflow is
presentand p,./p,, > 1.3. However, because the cylindrical section
before the flare (for the LBFS holes) is less than two hole diameters
in length, thereis not adequateroom for the injectantflow to reattach
before it reaches the flared portion of the holes. This then reduces
the diffusing action of the flared geometry*® and results in smaller
discharge coefficient increasesrelative to CYSA holes.

The present LBFS-CA discharge coefficient data are then higher
than the LBFS-SA data because more turning of the flow is required
in the latter case as the injectant enters the holes. The coolant cross-
flow and the hole axis are oriented perpendicularto each other with
LBFS-SA holes, which means that no velocity component of the
internal crossflow exists in the direction of the hole axis, and the
coolant must turn 90 deg to enter the hole. Figures 6a and 6b illus-
trate this behaviorregardless of whether or not freestream crossflow
is present. Such large changes with the internal crossflow conditions
are tied to the existence,size, and location of a separatedregionat the
entrance of each film cooling hole. This separation zone, which is
the presentat the upstreamedge of each hole, increasesin size as the
angle between the hole axis and the approachinginjectantincreases.
This then gives increased pressure losses and lower C, magnitudes
for LBFS-SA holes compared to LBFS-CA holes. In addition, with
freestreamcrossflow (Fig. 6b), increasingangleof orientationmeans
that higher p,./p,, values are needed before discharge coefficients
flatten out into a plateau region.?’

Note that, in contrastto results described by Hay et al.,”® Hay and
Lampard,’® and others, M,, and p,, are held constantat the hole exits
in the presentinvestigationas the coolant mass flow rate is changed.
Consequently,as p;./p, is varied with the present plenum arrange-
ment, the injectant Mach number in the plenum near the hole en-
trances and M. (the isentropic Mach number at the hole exits) both
change (see Table 1). This is then similar to the injectantbehaviorin
operating turbine airfoils, where the injectant crossflow Mach num-
ber and the p,./p,, pressure ratio can not be varied independently
of each other.

C. Local Adiabatic Film Cooling Effectiveness Distributions

Because the present measurements are made in a transonic envi-
ronment, the local adiabaticfilm cooling effectivenessis determined
using an equation of the form

_ (wa — Trm)

Here, T,,, is the freestream recovery temperature at the location of
the film cooling holes. This is determined from test section inlet
stagnation temperature, the recovery factor for turbulent boundary
layers, and the local freestream Mach number at the location of the
film cooling holes. The temperature T;. in Eq. (3) is the coolant
stagnation temperature.

Distributionsof the local, surface adiabatic film cooling effective-
ness for LBFS-CA, LBFS-SA, and CYSA hole geometries are pre-
sented in Figs. 7a-7c¢ for p./p,, of 1.44-1.51. These data are given
for blowing ratios m of 0.81 for CYSA holes, 0.75 for LBFS-SA
holes, and 0.80 for LBFS-CA holes. In all three cases, the effective-
ness data are given as dependent on normalized spanwise distance
z/d and normalized streamwise distance x /d . Freestream flow di-
rection is from top to bottom in each image, and the downstream
edge of the film cooling holes are located at x /d = 0. Darker regions
in each image representareas of lower adiabatic surface temperature
and higherlocal adiabatic film coolingeffectiveness.The unevenna-
ture of the contours in each plot results from the limited resolution
of the camera in resolving surface temperatures over very small
distances (because the holes are so small relative to the distance
to the camera, which must be located outside of the test section)
and because each effectiveness distribution is determined from an
instantaneous infrared image.
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Fig. 7 Local, surface adiabatic film cooling effectiveness distributions
for m=0.75-0.81 and p./p. =1.44-1.51: a) LBFS-CA, b) LBFS-SA,
and c¢) CYSA holes.
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The CYSA data in Fig. 7c show high local values of adiabatic
effectiveness just downstream of each film cooling hole. However,
relative to the size of each hole, each of these highly augmented
effectivenessregionsis quite small and is contained within a strip of
higher effectivenessthat extends in the streamwise direction down-
stream of each hole. Note that these higher surface effectiveness
distributions are slightly skewed to one side of each hole at x /d
from O to 5 because the injectantapproacheseach hole entrancein a
cross stream direction. Such high effectiveness regions are limited
in spatial extent because of the liftoff of the largest film concentra-
tions from the test surface as it emerges from each CYSA injection
hole. Lower effectivenessvalues between 0.1 and 0.2 are then found
between the film cooling holes near x /d =0. As the injectant be-
comes more diffuse, effectiveness values are then more uniform
across the span of the test surface, ranging from 0.12 to 0.25 near
x/d=10.

Regions with high values of adiabatic film cooling effectiveness
are spread over much larger portions of the test surface downstream
of the LBFS-SA holes in Fig. 7b. Here, regions with effectiveness
magnitudes greater than 0.35 are about the same size as the exit
areasof theselaid- back-fan-shapedholes. Effectivenessmagnitudes
between 0.2 and 0.3 are then present between the film cooling holes
near x /d =0. Values then range from 0.12 to 0.25 near x /d = 10.
Even though the diffusing action of the flared hole geometry is
reduced somewhat because the cylindrical section before the flare is
less than two hole diametersin length (as mentioned), Fig. 7b shows
that the shaping employed still leads to improvements in surface
effectivenessdistributions. This is due to the action of these holesin
lowering the injectant momentum at the hole exits and in spreading
more injectant closer to the test surface and over larger spanwise
surface areas as it exits the holes. As for the CYSA holes, Fig. 7b
indicates that the injectant from LBFS-SA holes is skewed to one
side of each hole because the injectant crossflow is perpendicularto
the hole axis.

Figure 7a then shows that additional benefits in protection result
when the shaped holes are arranged with compound angle orienta-
tions. This is because the compound angles give increased lateral
spreading and greater injectant concentrations near the surface,'*3!
which gives importantbenefits when employed in combination with
shaping, which gives less jet penetration, lower velocity gradients,
and more flow diffusion.'* The overall result is more spanwise uni-
form spreading of the largest injectant concentrationsalong the test
surfacejustdownstreamof the holes. Effectivenessmagnitudesthen
range between 0.3 and 0.4 between the film cooling holes near
x/d =0,and between0.15t00.25 near x /d = 10. The highesteffec-
tiveness values are then about the same as for the LBFS-SA holes.
LBFS-CA improvements relative to the LBFS-SA holes are then a
result of more uniform effectiveness distributions around and just
downstream of the compound angle oriented holes.

D. Spanwise-Averaged Adiabatic Effectiveness Distributions

Spanwise-averagedadiabatic effectivenessare determined by av-
eraging local adiabatic effectiveness distributions, such as the ones
in Figs. 7a-7c from z/d =—17.74 to +17.74, which covers the
middle 10 holes in each infrared image. Spanwise-averaged adia-
batic effectiveness data for the CYSA holes, LBFS-SA holes, and
LBFS-CA holes are given in Figs. 8a-8c, respectively. Perpendicu-
lar injection data from Gritsch et al.!” are included in Figs. 8a and
8b for comparison. Data from Bell et al.'* are given in Fig. 8a for
comparison and show agreementwith the presentdata for a blowing
ratio of about 0.7.

In Fig. 8a, the lowest spanwise-averaged effectiveness distribu-
tion for CYSA holes is present for a blowing ratio m of 0.46. The
highest spanwise-averaged effectiveness distribution is then mea-
sured at a blowing ratio of 1.02. In between, spanwise-averaged
adiabatic effectiveness values become higher as the blowing ratio
increases and lower as streamwise distance increases. This trend
with blowing ratio is different from some other CYSA data,'* in
which an injectant plenum condition is employed or the injectant
approachesthe holes parallelto the hole axis. However, the observed
trend is consistent with data from Ref. 17 for x /d > 2, wherein the
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Fig. 8 Spanwise-averaged,surface adiabaticfilm cooling effectiveness
distributions: a) CYSA, b) LBFS-SA, and ¢) LBFS-CA holes.

injectantapproachesthe hole entrances with a coolant Mach number
of 0.6 in a direction that is perpendicularto the hole axis.

Note that the effectiveness data from the present study are higher
than the ones reported by Gritsch et al.!” in Fig. 8a for a number of
reasons. Most important, a row of holes is employed in the present
study, which causes larger film concentrationsto interact with each
other, and to remain nearer the surface, than when a single hole is
employed, as is done in the Gritsch experiment. Another important
difference between the present data and those from Ref. 17 relates
to the freestream conditions. The data from the latter study are ob-
tained with a constantfreestream Mach number of 0.6, and no shock
waves developin the vicinity of the hole exits. Here, the local Mach
number at the locations of the holes is nominally 1.07, which re-
sults in one or more oblique shock waves just upstream of or in
the immediate vicinity of the holes.?> According to Ligrani et al.,*?
with perpendicularfilm injection at the hole entrances (as employed
here), the addition of shock waves act to decrease magnitudes of lo-
cal and spanwise-averaged effectiveness (compared to flows with
no shock waves). Thus, the differences between the present data
and the Gritsch et al.!” data would be even larger if the present
data are obtained at their constant freestream Mach number of 0.6.
Other differences in the plenum arrangements and flow conditions
employed in the two studies may result in some additional 5 differ-
ences. However, these are smaller than those due to hole number
and shock wave effects. Note that the Gritsch et al.'” data are cho-
sen for comparison because this is the only other known study that
considers LBFS holes at higher Mach numbersin the vicinity of 1.0.

The LBFS-SA hole data in Fig. 8b also show increasing  values
ateach x /d locationas m increasesfrom 0.41 to 1.02. Notice that the
locations of maximum spanwise-averaged effectiveness shift from
x/d=1.0 to 3.0 as the blowing ratio increases from 0.41 to 1.02.
Spanwise-averaged effectiveness values at each blowing ratio then
decrease with increasing x /d downstream of these local 7 maxima.
Such trends are consistent with LBFS-SA hole configuration data
reported by Gritsch et al.!” for a perpendicular injection plenum
condition. Notice that the m = 0.5 LBFS-SA data from Ref. 17 (ob-
tained with a M,, = 0.6 and a coolantcrossflow Mach numberof 0.6)
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are just slightly lower than the present data for m =0.57 in Fig. 8b.
Whenm = 1.02, the present data show the same trend as the Gritsch
m = 1.0 data, but they are about 0.5 effectiveness units higher. As
mentioned, such differences are mostly due to the different number
of holes employed across the test surface in the two studies, that s,
1 and 21. This illustrates that experimental conditions and configu-
ration geometries are rarely matched precisely when different film
cooling studies are compared to each other. Different geometries,
test configurations, and flow conditions give differentresults, which
means that comparisons are not likely the same when any of these
parametersis changed.Here, the film coolinghole configurationsin-
vestigated are unique because they are consideredin transonic flows
with oblique shock waves, a favorable pressure gradient, and suc-
tion surface geometry and boundary-layerdevelopment that match
those in operating engines. No other investigation known to the
present authors addresses the behavior of shaped, compound angle
hole configurations under such conditions.

The LBFS-CA spanwise-averaged effectiveness data in Fig. 8c
also increase with blowing ratio m at each x /d location, where m
ranges from 0.43 to 1.01. The locations of the maximum spanwise-
averaged effectivenessare located around x /d = 1.5 for each blow-
ing ratio consideredin this range. Effectiveness values then become
lower (for each m value) as the streamwise distanceincreasesdown-
stream of these 7 maxima.

Spanwise-averaged adiabatic effectiveness values for all three
hole geometries (CYSA, LBFS-SA, and LBFS-CA) are compared
to each other at fixed blowing ratios in Figs. 9a-9c. Data are given
for m of 0.68-0.69 in Fig. 9a, 0.75-0.81 in Fig. 9b, and 1.01-1.02
in Fig. 9c. In Fig. 9c (at the highest blowing ratio of 1.01-1.02),
spanwise-averaged effectiveness values measured downstream of
the LBFS-CA holes are higher than the data measured downstream
of the CYSA holes and the LBFS-SA holes when compared at the
same x /d. The LBFS-SA data then lie between the CYSA data and
the LBFS-CA data. This is because the momentum of the LBFS-SA
film distributions are reduced by the expanded hole exits, which
causes the jets to not penetrate as far into the main flow and to stay
closerto the surface at farther downstreamlocations compared to the
CYSA produced films. Spanwise-averaged effectiveness values for
LBFS-CA holesare higherthan the ones for LBFS-SA holesbecause
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Fig. 9 Comparisonsofspanwise-averaged,surface adiabaticfilm cool-
ing effectiveness distributions for CYSA, LBFS-SA, and LBFS-CA
holes: a) m =0.68-0.69,b) m =0.75-0.81, and ¢) m =1.01-1.02.

of increased lateral spreading and greater injectant concentrations
near the surface over longer streamwise distances.

Somewhat different trends are evident in Fig. 9b for m =0.75-
0.81. Here, at smaller x/d < 2, the spanwise-averaged LBFS-SA
data are in agreement with the spanwise-averaged LBFS-CA data.
However, as these film cooling flows advectdownstream, the advan-
tages of the compound angles become apparent as the LBFS-CA
data become significantly higher than the LBFS-SA data. This is
a partial consequence of the interactions and film and mainstream
momentum fields, as well as the different vortex structuresthat form
on either side of the film concentrationsfrom the two types of holes.
Two vortices with about the same strengths, but opposite directions
of rotation, form on either side of the film concentrations from the
LBFS-SA holes. The upwash region between these two vortices
then more readily advects film concentrations away from the test
surface (giving lower spanwise-averaged 7 values) than when the
two counter-rotating vortices, which are significantly different in
size and strength, form around the LBFS-CA film concentrations.

The lower 7 values downstream of the CYSA holes, compared
to those downstream of the LBFS-SA holes in Fig. 9b, are also
strongly related to the momentum fields produced and the vortex
pairs that form. Of particular importance are the strong, counter-
rotating vortices that form on opposite sides of the CYSA produced
film concentrations.Because of vortex inductionand the small span-
wise distance between the two vortices, the action of their secondary
flow is particularly effective in advecting large film concentrations
away from the test surface at small x /d (Ref. 33).

Such differencesbetween i values downstream of the CYSA and
LBFS-SA holes continue to persist at m of 0.68-0.69 in Fig. 9a.
Here, LBFS-CA and LBFS-SA data show reasonable agreement at
most all x/d values, with higher magnitudesthan the ones measured
downstream of the CYSA holes at x /d < 8-9.

The effects of blowing ratio on spanwise-averaged adiabatic ef-
fectiveness values are shown in Figs. 10a and 10b at x/d =1.0
and 5.0, respectively. Note that values become higher for all three
hole geometries as the blowing ratio increases. In Figs. 10a and
10b, spanwise-averaged adiabatic effectiveness values for LBFS-
SA holes at both x/d are about the same as values for the CYSA
holes at a blowing ratio of 0.41, but then become higher as the
blowing ratio increases. Spanwise-averagedadiabatic effectiveness
for LBFS-CA holes are then generally higher than the values pro-
duced by both the CYSA holes and the LBFS-SA holes for most
of the m values considered. Such behavior illustrates the increases
in protection that are provided by the LBFS-CA holes compared
to LBFS-SA and CYSA configurations at small x /d , especially at
higher blowing ratios near 1.0.

Similar conclusions are reached after inspection of the 1 data
presented as dependent on momentum flux ratio / in Figs. 11a and
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Fig. 10 Variations of spanwise-averaged, surface adiabatic film cool-
ing effectiveness distributionsfor CYSA, LBFS-SA,and LBFS-CA holes
with blowing ratio m: a) x/d =1.0 and b) x/d = 5.0.
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Fig. 11 Variations of spanwise-averaged, surface adiabatic film cool-
ing effectiveness distributionsfor CYSA, LBFS-SA,and LBFS-CA holes
with momentum flux ratio I: a) x/d = 1.0 and b) x/d =5.0.

11b. Here, differences in spanwise-averaged effectiveness values
between the three hole geometries become greater as I increases
from about 0.3 to 0.7. Figures 10 and 11, thus, indicate that nei-
ther blowing ratio nor momentum flux ratio are adequate param-
eters, by themselves, for scaling spanwise-averaged effectiveness
data produced by different shaped-hole configurations in transonic
flow.

V. Summary

Film cooling adiabatic effectiveness distributions and discharge
coefficients are presented for blowing ratiosfrom 0.41to 1.02,Mach
numberratios from 0.3 to 0.9, coolant stagnationto freestream static
pressure ratios from 1.1 to 1.7, and density ratios from 1.4 to 1.6.
These are measured using a symmetric turbine airfoil with three
different film cooling hole configurations located just downstream
of the passage throat where the freestream Mach number is nomi-
nally 1.07: 1) CYSA, 2) LBFS-SA, and 3) LBFS-CA. The entrance
diameter and length-to-entrance-diameter ratio of all three types of
holes are the same, 0.680 mm and 5.5, respectively. The University
of Utah TWT is employed for the tests. This blowdown facility pro-
vides excellent test section inlet uniformity, steady flow properties
over time intervals as long as 45 s, and a Mach number distribution
over the airfoil ranging from 0.4 to 1.24, which matches the distri-
bution on the suction surfaces of airfoils from operating transonic,
first turbine stages in gas turbine engines.

Local and spanwise-averaged surface adiabatic film cooling ef-
fectiveness distributions are measured using infrared imaging pro-
cedures. According to these data, the highest local and spanwise-
averaged valuesof effectiveness,for the presentexperimentalcondi-
tions and test section geometry, are producedusing the combination
ofhole shaping and compoundangles. The expandedhole exits from
shaping result in reduced magnitudes of injectant momentum at the
exits of the LBFS film holes. This gives lower velocity gradients,
which causes the injectant not to penetrate as far into the main flow.
The compound angles employed with the LBFS-CA holes give in-
creased lateral spreading of the injectant, which causes the largest
concentrationsof the injectantto remain closer to the surface at lo-
cations farther downstream. This produces more spanwise uniform
injectantand surface effectiveness distributions.

Note that discharge coefficients are also highest with LBFS-CA
holes compared to the other two hole geometries considered. These
data, as well as the effectiveness data, are strongly influenced by
the injection plenum condition, the vortices that form around the
injectant concentrations, as well as the shock waves that form near
the hole exits in the transonic external flow environment. A plenum
conditionis not present upstream of the holes because the injectant
approachesthe hole entrancesin a direction that is perpendicularto
the hole axes with local jetting. Here, local crossflow Mach numbers

may be as highas 0.5. A small stepin the injectionplenumis believed
to accentuatethis jetting effect. As aresult, discharge coefficients for
LBFS-CA holes are higher than ones from LBFS-SA holes because
more flow turningis required at the entrancesof the LBFS-SA holes.

Overall, these data illustrate the importance of obtaining film
cooling data under conditions that simulate those in operating en-
gines. Data obtained under subsonic conditions, or with slightly
different experimental conditions or geometry, may not be accu-
rate or applicable when complicated hole geometries are employed
in high-speed, transonic, compressible flows with oblique shock
waves, a favorable pressure gradient, suction surface geometry, and
suction surface boundary-layerdevelopment.
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