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Abstract

Bulk flow pulsations, in the form of sinusoidal variations of static pressure and streamwise velocity, are
investigated as they affect film cooling from round, simple angle holes in a turbulent boundary layer. Such
pulsations are important to turbine airfoils and end walls in gas turbine engines because similar pulsations are
induced by potential flow interactions and passing families of shock waves. Distributions of adiabatic film cooling
effectiveness, iso-energetic Stanton number ratio, and film cooling performance parameter are presented for different
pulsation frequencies, blowing ratios, freestream velocities, and hole length-to-diameter ratios. A correlation is given
for the onset of protection reduction as it depends upon these parameters. The most important reductions to film
cooling protection result as the pulsation frequency increases at the smallest length-to-diameter ratio and smallest

blowing ratio tested. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

In recent years, new efforts have been devoted to in-
vestigations of the effects of large-scale bulk flow pul-
sations on film cooling as applied to the turbine
surfaces of gas turbine engines [1-15]. This is because
of the recognition that passing families of shock
waves, potential flow interactions, and passing wakes,
which result from the relative motion of adjacent blade
rows, can have important detrimental effects on the
protection nominally provided by the cooling films. In
addition, detailed experimental data illustrating the in-
fluences of these phenomena are needed for the design
of gas turbine blade components, as well as for the
development of more widely applicable numerical
models and prediction schemes.
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Rigby et al. [1] use an array of rotating bars to
simulate nozzle guide vane shock waves and wakes,
and examine their effects on an array of turbine blades
placed in a linear cascade just downstream. Significant
effects of the unsteadiness are apparent on film cooling
from two separate rows of holes placed on a blade suc-
tion surface. However, the film cooling from holes
placed on the pressure surface are only slightly affected
by the imposed unsteadiness. In an investigation of
rotor heat transfer in a short-duration blow-down tur-
bine test facility, Abhari and Epstein [2] indicate that
families of passing shock waves and potential flow in-
teractions cause the time-averaged heat transfer rate to
increase by 12% on the suction surface downstream of
two rows of holes with blowing ratios from 0.96 to
1.24 (compared with values measured with no pul-
sations). Increases of 5% are observed on the pressure
surface downstream of three rows of holes with blow-
ing ratios from 1.1 to 1.52. Juhany and Hunt [3],
Kanda et al. [4], Abhari [5], and Garg and Abhari [6]
provide additional data which illustrates the dramatic
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Nomenclature

C, correlation constant

Cy discharge coefficient

d injection hole diameter

/ injection hole length

m time-averaged blowing ratio, pcite/pootloo
n pulsation frequency

q, surface heat flux with no film cooling

q" spanwise-averaged surface heat flux with
film cooling

Rey, coolant Reynolds number, du./v

Re freestream Reynolds number, Xuoo/v

Sre injectant Strouhal number, 2mn//u,

Srso free-stream Strouhal number, 27716 /uiqo

Sr. modified Strouhal number, Sr./m®® (I/d)*°

Sty local iso-energetic Stanton number

Sty spanwise-averaged iso-energetic Stanton
number

St, baseline Stanton number with no pulsa-
tions and no film cooling

T temperature

T spanwise-averaged temperature

time-averaged freestream velocity
time-averaged and spatially-averaged injec-
tant velocity

N
3

o

X streamwise coordinate measured from
downstream edge of film cooling holes

X streamwise coordinate measured from
boundary layer trip

z spanwise coordinate measured from span-

wise centerline of test surface.

Greek symbols

n local film cooling effectiveness, (Taw— Too)/

B (Tc_ Too)

n spanwise-averaged film cooling effective-
ness, (Taw — Too)/(Te — Two)

p density

0 dimensionless coolant temperature,
(Tc_Too)/(Tw_Too)

0 boundary layer thickness
kinematic viscosity.

Subscripts

aw adiabatic wall value

c injectant or coolant at exit planes of holes
ideal value

00 freestream

w wall value.

influences of shock waves and/or potential flow inter-
actions on film cooling. In one of these investigations
[5], time-averaged magnitudes of unsteady surface heat
flux are predicted on the pressure surface of a rotor
blade which are 230% greater than steady-state predic-
tions. These are attributed to reductions of adiabatic
film effectiveness by as much as 64%.

Another recent study includes flow visualization
results obtained downstream of round, simple angle //
d = 4 film cooling holes over a range of blowing ratios
when bulk flow pulsations are imposed. Two distinct
types of injectant flow behavior are observed, quasi-
steady, and non-quasi-steady, which are separated by
magnitudes of Sr. less than or greater than 1-2 [7].
Quasi-steady film distributions are the same as the
steady distributions which would exist at the same in-
stantaneous flow conditions. With non-quasi-steady
film behavior, multiple pulsations are imposed on the
injectant over the time period required for it to pass
through a film hole, and alterations to time-averaged
film effectiveness and film cooled boundary layer struc-
ture are often larger than when quasi-steady behavior
is present [7—10]. Other recent investigations examine
the effects of bulk flow pulsations on film cooling from
two rows as holes [11], from different length injection
holes at different blowing ratios [12], from spanwise

oriented holes [13], and from holes with compound
angle orientations [14]. Of these studies, Seo et al. [12]
show that bulk flow pulsations have more significant
effects on film cooling either as //d decreases, or as the
time-averaged blowing ratio m decreases. These investi-
gators indicate that the largest changes are mostly due
to spreading of injectant concentrations over larger
volumes compared to non-pulsation distributions.

The present study also examines the effects of vari-
ations of static pressure and streamwise velocity
imposed throughout a turbulent boundary layer film
cooled with a single row of simple angle film cooling
holes. The experimental test conditions thus model the
same modes of unsteadiness which are imposed near
turbine airfoil surfaces from potential flow interactions
and passing families of oblique shock waves. The hole
geometries and experimental conditions employed are
different from ones covered in previous investigations
[7-14], and include length-to-diameter ratios of 3 and
4. These values are investigated to illustrate the
changes which occur with such a small //d change, and
because similar //d values are used in operating tur-
bines. With these and other data from the literature
[7-14], a new correlation is developed and presented
giving the experimental conditions which accompany
the reductions in the protection which occur as bulk
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Fig. 1. Schematic diagram of experimental apparatus.

flow pulsations are imposed on film cooled boundary
layers. The correlation is based on different types of
experimental results [7-14], including measured distri-
butions of adiabatic film cooling effectiveness, iso-ener-
getic Stanton number ratio, and film cooling
performance parameter given in the present paper for
a variety of imposed pulsation frequencies, injectant
and freestream Strouhal numbers, blowing ratios, and
freestream velocities.

2. Experimental apparatus and procedures

Like a number of other recent experiments [7—14],
the present experiment is also conducted on a large
scale, with low speeds, flat plate test sections, and con-
stant property flows to isolate the interactions between
the film cooling, imposed bulk flow pulsations, and
boundary layer.

2.1. Wind tunnel

The wind tunnel is open-circuit, subsonic, and
located in the Convective Heat Transfer Laboratory of
the Department of Mechanical Engineering of the
University of Utah. A centrifugal blower is located at
the upstream end, followed by a diffuser, a header con-
taining a honeycomb and three screens, and then a
16:1 contraction ratio nozzle. The nozzle leads to the
test section which is a rectangular duct 3.05 m long
and 0.61 m wide, with a top wall having adjustable
height to permit changes in the streamwise pressure
gradient. The zero pressure gradient employed here is
set to within 0.002 inches of water differential pressure
along the length of the test section, both with and
without pulsations. Flow at the test section inlet shows
excellent spatial uniformity and a freestream turbu-

lence level less than 0.1% at a freestream velocity of
10 m/s. A 5 mm high, 30 mm wide trip is placed at the
beginning of the test surface to insure that the bound-
ary layer is fully turbulent.

A schematic of the test section, including the coordi-
nate system and film injection apparatus, is shown in
Fig. 1. The downstream edge of the injection holes is
1.050 m downstream of the trip, and surface measure-
ment stations are subsequently located at x/d of 3.87,
8.42, 15.3, 24.4, 36.6, and 42.7. Corresponding free-
stream Reynolds numbers, based on streamwise dis-
tance (from the trip) and a freestream velocity of 10 m/
s, range from 578,000 to 1,100,000.

2.2. Film cooling injectant system

Five film cooling holes are placed in a single row
with spanwise spacing of 3 hole diameters. Each hole
is oriented in a streamwise/normal plane (i.e. with a
simple angle orientation) at a 35° angle from the test
surface. Hole diameter is 2.22 cm, giving //d ratios of
3.0 and 4.0, and J/d of 1.23 at x/d=—10.7 at a free-
stream velocity of 10 m/s. Ratios of displacement
thickness to hole diameter, and momentum thickness
to hole diameter at the same x/d and u., are 0.191,
and 0.136, respectively. The air used for the film first
flows through a regulating ball valve, followed by an
air filter and dryer system, a Dwyer rotometer, a dif-
fuser, and finally into the injection plenum chamber.
The air is cleaned and dried using a Wilkerson high ca-
pacity dryer with Wilkerson type DRP-85-060 desic-
cant and two coalescing filters, PSB Industries 74635-
25 and Wilkerson F16-04-FOOB-C97. The regulating
valve and rotometer provide means to control the film
cooling flow rate, and the injection chamber provides
means to heat the injectant above ambient tempera-
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ture. The plenum measures 0.51 m long by 0.51 m
wide with a height of 0.38 m.

Discharge coefficients are determined using an
equation given by

Cy :pcﬁC/pci[‘Ci (1)

where p. is the static density at the exits of the film
cooling holes, p.; is the ideal injectant density based on
plenum stagnation temperature and static pressure at
the film hole exits, and u, is the ideal injectant velocity
based on p.; and the difference between plenum stag-
nation pressure and static pressure at the hole exits [15].

2.3. Adiabatic film cooling effectiveness measurements

Local magnitudes of the adiabatic film cooling effec-
tiveness are deduced from measurements of coolant
static temperature, freestream static temperature, and
temperatures measured along an adiabatic test surface.
Surface temperatures are measured at discrete locations
using 150 calibrated Omega, type STC-TT-T-36-72,
copper-constantan thermocouples, each consisting of a
36-gage wire with a soldered 2 mm diameter junction.
The adiabatic surface is constructed of 101.6 mm thick
of Dow Chemical Corp. Duramate Styrofoam which
has a thermal conductivity of 0.027 W/m K, and a
smooth plastic film layer with minimal surface imper-
fections placed next to the air stream. The thermo-
couples are oriented into six streamwise rows of
twenty-five thermocouples in each row, with a span-
wise spacing of 8.3 mm from z/d=-7.5 to z/d = 1.5.
Each thermocouple is installed from the back of the
styrofoam so that each junction is located about
0.1 mm just beneath the test surface.

Voltages produced by the thermocouples are
measured and acquired using Hewlett-Packard
HP44422 T thermocouple cards, installed in a Hewlett-
Packard HP3497A data acquisition controller and a
Hewlett-Packard HP3498A extender. The data acqui-
sition system is connected to a Hewlett-Packard model
A2240B type 362 computer used for collection and
processing of data. A Pentium 200 MHz personal com-
puter and the programs DeltaGraph 4.0, Microsoft
Excel '97, and Microsoft Word ’97 are used for ad-
ditional processing and plotting of experimental data.
As data are acquired, the injectant is heated using the
etched foil heaters, with power levels controlled using
a variac, to give an average plenum temperature of
50°C. Twenty-five 5 values for each of the six stream-
wise locations are averaged to determine 5 [15]. The
experimental uncertainty of # is about +5.5%.

2.4. Iso-energetic Stanton number measurements

A second test surface is employed for measurements

of the iso-energetic Stanton number. On the surface a
thin, smooth sheet of 0.2 mm thick stainless steel foil
is located next to the air stream. Copper—constantan
thermocouples, 126 in number, are located directly
beneath the stainless steel foil, arranged in 6 stream-
wise rows of 21 per row, spaced spanwise 12.7 mm
apart at z/d = 5.87 to z/d=—5.87. Thermocouple wire
leads are embedded in a liner under the stainless steel
foil. Data reduction procedures include corrections for
the temperature drop through the foil and the thermal
contact resistance between the foil and the thermo-
couples. Directly under the liner is an Electrofilm 2.0
kilowatt model P/N 116473-2 etched foil heater
encased in capton, and used to provide a constant heat
flux over the surface. A 1.27-cm sheet of acrylic sup-
ports the smooth foil surface, thermocouples and foil
heater. Beneath the acrylic sheet, 10.16 cm of poly-
styrene foam are used to insulate the surface and
reduce conduction losses. All these layers are enclosed
in an acrylic case and insulated with Halstead black
foam insulation to further minimize conduction losses.
The height of the test surface is adjustable to insure
that it is flat and level next to the air stream.

For the acquisition of baseline data with no film
cooling, injection holes are plugged and covered with
thin plastic tape. When data are acquired either with
or without film cooling, power is supplied and con-
trolled to the foil heater using a Powerstat type 1368
variac so that the average temperature at the locations
of the 126 thermocouples is 55°C. Determination of
convective heat flux magnitudes requires the measure-
ment of power to this heater, determination of gross
conduction losses from the test surface, and determi-
nation of spanwise and streamwise conduction losses
and gains along the steel foil. With this arrangement,
an iso-energetic condition is produced wherein the free-
stream and injectant flows are at the same temperature.
The same data acquisition and processing system
(described earlier) is again used to acquire and process
thermocouple voltages and other measured quantities.
Twenty-one St,/St, values for each of the six stream-
wise locations are averaged to determine St;/St,. The
experimental uncertainty of St;/St, ranges from +4.0
to +6.0%. The experimental uncertainty of ¢”/q,
ranges from +3.0 to +8.0%. Additional details are
provided by Bell [15].

3. Generation of bulk flow pulsations

Static pressure pulsations are produced in the test
section using an array of rotating vanes located at the
exit of the test section and driven by a system of
chains, sprockets, and an electric motor, as shown in
Fig. 1. Each vane is 51.0 mm wide, 3.5 mm thick, and
0.610 m long. These give pulsation velocity amplitudes
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Table 1
Injectant, freestream, and pulsation experimental conditions
Uoo (M/S) m Pe/Poo UefUso 1 ld n (Hz) Sre (I/d = 3) Sre (I/d = 4) Sry (I/d = 3) Sr (I/d = 4)
10 0.4 0.93 0.425 0.17 3,4 0, 8, 20 0, 0.79, 1.97 0, 1.05, 2.63 0, 0.15, 0.38 0, 0.11, 0.28
10 0.7 0.93 0.736 0.51 3,4 0, 8, 20 0, 0.45, 1.14 0, 0.61, 1.52 0, 0.06, 0.16 0, 0.05, 0.12
10 1.0 0.93 1.080 1.09 3,4 0, 8, 20 0, 0.31, 0.77 0, 0.41, 1.03 0, 0.03, 0.09 0, 0.03, 0.06
4.3 1.0 0.93 1.06 1.04 3,4 0, 8, 20 0, 0.73, 1.84 0, 0.98, 2.45 0, 0.08, 0.20 0, 0.06, 0.15

in the freestream of about +11% of the time-averaged
freestream velocity at n = 20 Hz, and about +17% of
the time-averaged freestream velocity at n = 8 Hz. The
vanes are positioned so that when one vane is parallel
to the test section all vanes are parallel to the test sec-
tion. This approach is used because: (i) the shutters
oscillate the static pressure without significant total
pressure variations [16,17], (ii) static pressure pul-
sations produce the most important disruptions to the
flow rates, trajectories, and distributions of the film
coolant [7-15], (iii) much higher frequencies of
pulsation can be produced than with many other
methods [17], and (iv) deterministic sinusoidal vari-
ations of static pressure can be produced at selected
frequencies [16].

Freestream Strouhal number St,, = 27nd /i ranges
from 0 to about 0.6, and gives the ratio of the bound-
ary layer time scale to the pulsation time scale. Values
greater than 1 indicate that multiple pulsations are
imposed over the time interval required for first order
boundary layer adjustment to a large-scale temporal
change. Coolant or injectant Strouhal number Sz, =
2nnl/u. ranges from 0 to 2.6, compared to 0.2 to 6.0
for film cooling holes on operating turbines [10]. The
coolant Strouhal number represents the ratio of the
time required for the coolant to pass through the injec-
tion holes to the pulsation time scale. Values greater
than 1 indicate that multiple pulsations are imposed
on the film cooled boundary layer during the time
required for the coolant to enter and exit the film
holes [7].

4. Experimental conditions

Injectant, freestream, and pulsation experimental
conditions are summarized in Table 1. The ratio of
injectant to freestream density p./ps, is 0.93 for all
data. Injection Reynolds number du./v then ranges
from 2800 to 6800. Injectant flow rates are thus always
high enough to insure that turbulent flow is present at
the injection hole exits without any sort of trips placed
in the injection holes. Values of the modified Strouhal
number Sr,, also given in Table 1, are discussed at the
end of this paper.

5. Baseline data comparisons

The present measurements downstream of //d = 3
holes (with no pulsations) are compared to results
from Pedersen et al. [18] and Eriksen and Goldstein
[19] in Fig. 2. The spanwise-averaged adiabatic film
cooling effectiveness data in Fig. 2a are obtained at
about the same density ratio as the Pedersen et al. [18]
data. Good agreement is seen for a time-averaged
blowing ratio, m, of 1.0. The present data for m=0.7
are then also in agreement since they lie between the
m=0.515 and m=1.05 Pedersen et al. [18] data.

The present iso-energetic Stanton number ratio data
in Fig. 2b for m=1.0 are slightly higher than the
m=0.99 Eriksen and Goldstein [19] data when com-
pared at the same x/d. When m=0.7, St;/St, data
from the present study lie between the m=0.49 and
m=0.99 data of Eriksen and Goldstein [19]. In both
cases, trends and approximate magnitudes of the two
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Fig. 2. Comparisons of: (a) spanwise-averaged adiabatic film
cooling effectiveness distributions with measurements of
Pedersen et al. [18], and (b) spanwise-averaged iso-energetic
Stanton number ratios with measurements of Eriksen and
Goldstein [19].
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Fig. 3. Discharge coefficient variations with injectant
Reynolds number at different blowing ratios and imposed pul-
sation frequencies, (a) //d = 3, and (b) //d = 4.

Sts/St, data sets are in rough agreement. The small
differences may be due to different freestream turbu-
lence levels or different //d.

6. Experimental results
6.1. Discharge coefficients

Figs. 3a, b show discharge coefficients as a function
of injectant hole diameter Reynolds number, Re,, for
different blowing ratios and imposed pulsation fre-
quencies for //d = 3 and [/d = 4 holes, respectively. As
any one of these different parameters (//d, Rey, n) is
changed, the greatest alterations to discharge coef-
ficient magnitudes occur as the imposed pulsation fre-
quency is altered. C,; decreases as the pulsation fre-
quency increases when compared at the same Rey, pc/
Poo, M, and I/d. Thus, unsteady static pressure vari-
ations (produced by the imposed pulsations) produce
important changes to the injectant in the film cooling
holes. Increased restrictions to film cooling flow rates
result as pulsation frequency increases, especially as
the separated flow region near the entrance of the hole
is perturbed [12]. This is consistent with somewhat
higher discharge coefficients with //d = 4 holes than
with the //d = 3 holes. When //d is constant and Re,
increases, changes due to varying pulsation frequency

0.4

1/d=3 n=0Hz

0.31
0.2

]l

0.1+

3l

m u

031 . 04 109 n=20Hz
- -5 07 100
T 0.2 —- 10 100
] = 10 43
0.14 \\‘
1 (©) =  Saa—)
0 T T T T T T
0 10 20 30 40

x/d

Fig. 4. Spanwise-averaged adiabatic film cooling effectiveness
variations with blowing ratio and freestream velocity at differ-
ent imposed pulsation frequencies for //d = 3 film cooling
holes, (a) n = 0 Hz, (b) n = 8 Hz, (c) n = 20 Hz.

are less. The lowest C, values are then present when
Re, is near 3000 and n = 20 Hz for both //d examined.

6.2. Adiabatic film cooling effectiveness

Figs. 4 and 5 show the variation of spanwise-aver-
aged adiabatic film cooling effectiveness with stream-
wise development downstream of holes with //d = 3
and //d = 4, respectively. Each figure is divided into
three parts, corresponding to imposed pulsation fre-
quencies of 0 Hz, 8 Hz, and 20 Hz to show changes
due to varying m and u., at different imposed pulsa-
tion frequencies.

Figs. 4 and 5 show that the highest effectiveness
values at each x/d are obtained with no pulsations at
Uso=10 m/s and m=0.4 for both //d. With and with-
out imposed pulsations, 1 values generally decrease as
blowing ratio increases at each x/d. n values also gen-
erally decrease when the blowing ratio is held constant
at m=1.0 and u., decreases from 10 to 4.3 m/s.
Comparing the three parts of either Fig. 4 or Fig. 5
shows that changes due to altering m of us, are much
smaller with » = 20 Hz than with » = 0 Hz. Thus,
adiabatic effectiveness values seem to be uniformly
suppressed regardless of m or u., when pulsations are
imposed at higher frequencies. Figs. 4 and 5 addition-
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Fig. 5. Spanwise-averaged adiabatic film cooling effectiveness
variations with blowing ratio and freestream velocity at differ-
ent imposed pulsation frequencies for //d = 4 film cooling
holes, (a) n = 0 Hz, (b) n = 8 Hz, (c) n = 20 Hz.

ally show that # values generally differ more at lower
x/d locations as m or u., changes when considered at
particular n and x/d. Exceptions occur at n = 8 Hz,
//d = 4, and at n = 20 Hz for both //d since effective-
ness values either increase or show only very small
changes due to increases in m or decreases in uu..

Fig. 6 presents spanwise-averaged adiabatic film
cooling effectiveness variations with normalized
streamwise distance as dependent upon n and //d for
time-averaged blowing ratios of 0.4, 0.7, and 1.0 (the
last m data are given for two values of u..). The
present results for m=1.0, //d = 4, and n of 0 Hz and
20 Hz are in good agreement with spanwise-averaged
measurements presented by Seo et al. [12] for m=1.0,
l/d = 4, and n of 0 and 32 Hz, respectively. When no
imposed pulsations are present and m is 0.7 or 1.0,
effectiveness changes negligibly in Fig. 6 due to //d or
increases slightly as //d increases from 3 to 4. When
m=0.4, effectiveness values are significantly higher at
each x/d when //d = 3 than when //d = 4. As pulsation
frequency increases, magnitudes of spanwise-averaged
adiabatic film cooling effectiveness decrease when com-
pared at the same u.., m, x/d, and //d. Larger changes
due to pulsation frequency are present at lower blow-
ing ratios decreases, with somewhat different quantitat-
ive changes at each m for the two //d investigated.
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Fig. 6. Spanwise-averaged adiabatic film cooling effectiveness
variations with //d and imposed pulsation frequency n at
different blowing ratios and different freestream velocities, (a)
m=0.4, =10 m/s; (b) m=0.7, us,=10 m/s; (c) m=1.0,
oo =10 m/s; (d) m=1.0, us, =4.3 m/s.

3l

Thus, the pulsations generally have smaller influences
when the film is partially or completely lifted off the
test surface. At a pulsation frequency of 20 Hz, the
injectant is non-quasi-steady [7]. With this behavior,
the whole film trajectory lifts off the test surface in a
wavy trajectory at m greater than 0.7, which allows the
freestream air to move beneath the injectant in a peri-
odic manner. As a result, corresponding film effective-
ness values in Fig. 6 are reduced -considerably
compared to film cooled boundary layers with no pul-
sations.

6.3. Iso-energetic Stanton number ratios

Figs. 7 and 8 present spanwise-averaged iso-energetic
Stanton number ratios as a function of x/d for //d = 3
and I/d = 4, respectively. Variations with m and us,
are evident at a particular value of x/d as pulsations
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Fig. 7. Spanwise-averaged iso-energetic Stanton number ratio
variations with blowing ratio and freestream velocity at differ-
ent imposed pulsation frequencies for //d = 3 film cooling
holes, (a) n = 0 Hz, (b) n = 8 Hz, (c) n = 20 Hz.

are imposed at 0, 8, and 20 Hz. At n = 0 Hz, St/St,
values are greater than 1.0 for all m and u., at both
I/d. Generally, the highest Si//St, are achieved at
Uso=10 m/s and m=1.0 for all frequencies at both //d.
These figures also show that St/St, generally increases
as m increases from 0.4 to 1.0 for all pulsation fre-
quencies as i, is constant at 10 m/s. With m constant
at 1.0 and u,, changing from 4.3 to 10 m/s, the higher
velocity generally gives higher St;/St,. Exceptions
occur in Fig. 7 at n = 8 Hz and n = 20 Hz, where
higher Si;/St, are sometimes present when u,,=4.3
m/s for x/d from 15 to 45.

Comparing Figs. 7 and 8 shows that changes also
occur as //d is changed from 3 to 4. In particular, mag-
nitudes of St;/St, show changes as both //d and u.,
are altered. When pulsations are imposed and //d = 3,
Str/St, values in Fig. 7 for m=1.0 and u,,=4.3 m/s
are closest to values measured when m=1.0 and
Uso=10 m/s. In contrast, when //d = 4, the m=1.0
and u.,=4.3 m/s data in Fig. 8 are closest to values
measured when m=0.4 and ., =10 m/s.

Local Stanton number ratio variations with z/d are
presented in Fig. 9 for u#,o=10 m/s and m=0.7. The
most important feature of this Figure is the spanwise
periodicity of the data measured at n = 0 Hz, which is
qualitatively similar to the periodicity measured when
pulsations are imposed at 8 Hz. In both cases, the

114 +—
1.1+ w
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/St 1.02 s
0984 l/d=4 n=0Hz
094 T T T T T T T
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Fig. 8. Spanwise-averaged iso-energetic Stanton number ratio
variations with blowing ratio and freestream velocity at differ-
ent imposed pulsation frequencies for //d = 4 film cooling
holes, (a) n = 0 Hz, (b) n = 8 Hz, (c) n = 20 Hz.

St/ St, variations with z/d become more pronounced
as the film cooled boundary layers advect downstream.

Fig. 10 illustrates the influences of imposed pulsation
frequency and //d on spanwise-averaged iso-energetic

1.4
0,=10m/s m=0.7  ~xd=387 = xid=24.4
1/d=3 - x/d=8.42  ~ x/d=33.6
1.21 +x/d=153 -+ x/d=42.7
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1
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Fig. 9. Local iso-energetic Stanton number ratio variations
with streamwise development for u.,=10 m/s, and m=0.7,
(a) with no imposed pulsations, n = 0 Hz, and (b) with
imposed pulsations, n = 8§ Hz.
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Fig. 10. Spanwise-averaged iso-energetic Stanton number
ratio variations with //d and imposed pulsation frequency n at
different blowing ratios and different freestream velocities, (a)
m=0.4, u,=10 m/s; (b) m=0.7, us,=10 m/s; (c) m=1.0,
Uoo=10 m/s; (d) m=1.0, us,=4.3 m/s.

Stanton number ratios at different blowing ratios and
freestream velocities. Results for m=1.0, //d = 4,
n =0 Hz, and n = 20 Hz are compared with similar
data given by Seo et al. [12] for m=1.0, //d = 4,
n =0 Hz and n = 32 Hz, respectively. The present
data show a larger change with n than the Seo et al.
[12] data at this m. Fig. 10 additionally shows that
Sis/St, generally decreases as pulsations are imposed
at either frequency. That is, ?ff‘/SlU generally decreases
either as n increases from 0 to 8 Hz, or as » increases
from 0 to 20 Hz (but not necessarily as n increases
from 8 to 20 Hz). For given u.., //d, and m, the pul-
sations are thus beneficial since they result in lower
St/ St, magnitudes (compared to values measured with
no pulsations) when compared at particular values of
x/d. For u.s=10 m/s at m=0.4, 0.7 and 1.0, //d = 4
holes generally give about the same or higher St//St,
than //d = 3 holes at each pulsation frequency and x/d
location downstream.

6.4. Overall film cooling performance parameter

Figs. 11 and 12 present magnitudes of the overall
film cooling performance parameter, ¢"/¢,, as depen-
dent upon x/d for //d = 3 and //d = 4, respectively.
Variations with 7 and u., are evident as pulsations are
imposed at 0, 8, and 20 Hz. Magnitudes of ¢"/g,, are
determined using 6=1.75 in the equation ¢"/q", =
(S1,/St)[1 = i16).

Figs. 11 and 12 show that the protection is degraded
and that §"/g), generally increases as m increases (as x/
d, l/d, n, and u., are held constant). Changes of protec-
tion with different u,, (for m=1.0) vary somewhat
with //d and imposed pulsation frequency n. At most
of the experimental conditions investigated, the best
protection is then provided when the time-averaged
blowing ratio m is 0.4 (through the level of protection
provided by m=0.4 is also achieved at other blowing
ratios when //d = 4). The most important exception
occurs when //d = 3 and n = 20 Hz, wherein the low-
est ¢"/q, values are measured with u,,=10 m/s,
m=0.7.

Comparing Figs. 11 and 12 reveals important influ-
ences of the length-to-diameter ratio when pulsations
are imposed; ¢”/g, differences in these two figures also
further illustrate the rational for selection of these two
//d values for investigation. In the latter figure, changes
due to different blowing ratios and freestream vel-
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Fig. 11. Spanwise-averaged film cooling performance par-
ameter variations with blowing ratio and freestream velocity
at different imposed pulsation frequencies for //d = 3 film
cooling holes, (a) n = 0 Hz, (b) n = 8 Hz, (¢c) n = 20 Hz.
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Fig. 12. Spanwise-averaged film cooling performance par-
ameter variations with blowing ratio and freestream velocity
at different imposed pulsation frequencies for //d = 4 film
cooling holes, (a) n = 0 Hz, (b) n = 8 Hz, (c) n = 20 Hz.

ocities are quite small (at all x/d investigated) as pulsa-
tions are imposed at frequencies of 8 and 20 Hz. With
the same imposed frequencies, variations of ¢”/q, due
to different m and u,, are then much more significant
in Fig. 11 for //d = 3. Thus, important changes to film
cooling protection occur when pulsations are present
as //d changes from 3 to 4.

Fig. 13 shows the influences of //d and imposed pul-
sation frequency n on the overall film cooling perform-
ance parameter at different blowing ratios and
freestream velocities. The present results for m=1.0, //
d=4, n=0 Hz, and n = 20 Hz compare favorably
with data from Seo et al. [12] for the same m, the same
l/d, n = 0 Hz and n = 32 Hz (for x/d from 0 to 20).
The largest ¢”/g, changes with imposed pulsation fre-
quency and length-to-diameter ratio in Fig. 13 occur at
m=0.4 and u,,=10 m/s. At this experimental con-
dition, protection degrades at each x/d as imposed pul-
sation frequency increases. Important variations with //
d are again apparent. With //d = 3 holes (at m=0.4
and u.,=10 m/s), a dramatic increase in §"/g, values
occurs as n increases from 8 to 20 Hz. With //d = 4
holes (at the same m and u,), ¢"/¢, values increase sig-
nificantly as » increases from 0 to 8 Hz. Such vari-
ations result because film concentrations and film
trajectories move to and from the wall with each
imposed bulk flow pulsation because of instantaneous
changes to the film flow rate and momentum at the

1
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Fig. 13. Spanwise-averaged film cooling performance par-
ameter variations with //d and imposed pulsation velocity n at
different blowing ratios and different freestream velocities, (a)
m=0.4, =10 m/s; (b) m=0.7, us,=10 m/s; (c) m=1.0,
oo =10 m/s; (d) m=1.0, u,o=4.3 m/s.

cooling hole exits [7]. These then act to alter the time-
averaged position of the film and mean-injectant tra-
jectory as the pulsations act to spread the same
amount of injectant over a larger volume [7,12].

Fig. 13 also shows that smaller ¢"/g, changes with n
are generally present as the blowing ratio increases to
1.0. This is because the imposed bulk flow pulsations
have smaller influence on the film when it is lifted-off
and its trajectory is significantly above the test surface.
Comparing the m=1.0 results for u,,=10 m/s and
Uso=4.3 m/s shows slightly greater variations with //d
and n at the smaller freestream velocity.

7. Summary and conclusions

Bulk flow pulsations, in the form of sinusoidal vari-
ations of static pressure and streamwise velocity, are
shown to have important influences on film cooling
from round, simple angle holes in a turbulent bound-
ary layer. Distributions of adiabatic film cooling effec-
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tiveness 7, iso-energetic Stanton number ratio St;/St,,
overall film cooling performance parameter §¢”/q,, and
discharge coefficients C, are all altered by the pulsa-
tions. Important reductions to the protection nomin-
ally provided by the film cooling occur as imposed
pulsation frequency » increases, blowing ratio m
decreases, hole length-to-diameter ratio //d decreases,
or freestream velocity u., decreases. The parameter
whose changes have the largest effect is n, followed by
m, l/d, and u., (which has only a very small influence).
Investigated are u., of 10 and 4.3 m/s, m of 0.4, 0.7
and 1.0, //d of 3 and 4, n equal to 0, 8, and 20 Hz, and
PelPoo=0.93. Ranges of other parameters are:
Re;=2800-6800, Re = 578,000-1,100,000, Sr.=0-2.6,
and Sro,=0-0.6.

The reductions in protection which occur as pul-
sations are imposed on film cooled boundary layers
are present when

Sry = Sre/m*(1/d)*° > C 2

where C;=0.1-0.2, and where Sr, can be thought of
as a modified Strouhal number. Magnitudes of Sr, are
given in Table 1. Eq. (2) may be rearranged to become

Sre > Cm*(l/d)*° (3)

Correlating Egs. (2) and (3) not only provide a good
match to the present experimental data, but they are
also entirely consistent with results given by Ligrani et
al. [7-10], Jung and Lee [13], Jung [14], and Seo et al.
[12] for [/d of 1.6, 4, and 10. Values thus also match
the experimental conditions where the change from
quasi-steady to non-quasi-steady behavior occurs at
Sr.=1.0-2.0, m=0.5, and [/d = 4 [7].

According to this correlation and the data presented,
alterations of the imposed pulsation frequency »n and //
d have the greatest effect when the time-averaged blow-
ing ratio m is 0.4. At this experimental condition, pro-
tection degrades, ¢’/q, increases, n decreases, and
St/ St, decreases at each x/d as imposed pulsation fre-
quency increases. Here, decreases of Ef/Slo are ben-
eficial since they result in better overall protection.
When considered at particular values of the imposed
pulsation frequency, changes to film cooling perform-
ance are generally somewhat greater when //d = 3
compared to //d = 4.

Discharge coefficients also decrease by important
amounts as the pulsation frequency increases when
compared at the same Rey, pe/poc, M, and [/d.
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