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Abstract-Experimental results are presented which describe the effects of bulk flow pulsations on film 
cooling from a single row of simple angle film cooling holes. The pulsations are in the form of sinusoidal 
variations of static pressure and streamwise velocity. Visualizations of film cooling distributions and 
trajectories illustrate dramatic alterations which occur as the pulsations are imposed on the film cooled 
boundary layer. In particular, significant changes occur as the coolant Strouhal number becomes greater 
than l-2 and the film changes from quasi-steady behavior to non-quasi-steady behavior. Data from these 
two regimes are presented and discussed along with time-averaged surveys of injectant distributions at 
different streamwise locations, both with and without pulsations. The results provide clear evidence of the 
dramatic impact of bulk flow pulsations on film cooling heat transfer. Copyright 0 1996 Elsevier Science Ltd. 

INTRODUCTION 

Turbine unsteadiness develops from four different 
sources: (i) potential flow interactions, (ii) shock 
waves, (iii) wake passage, and (iv) random freestream 
turbulence from the combustion chamber. 

Of these, the two having the most dramatic effect 
on film cooling are potential flow interactions and 
passing shock waves. This is because both result in 
important variations of the static pressure near tur- 
bine surfaces as blade rows move relative to each 
other. These occur near cooling hole exits as well as in 
the boundary layers just downstream of the injection 
holes. As a result, the coolant flow rates pulsate at 
film hole exits, and injectant trajectories and coverage 
vary with time downstream of the film holes. Certain 
low NOx combustion chambers also produce impor- 
tant static pressure variations in the turbine, however, 
frequencies are generally less than the pulsations 
which result from the relative motion of adjacent 
blade rows. 

The changes to film protection produced by passing 
wakes are significantly less than ones pertaining to 
shock waves and potential flow disturbances. This is 
because the static pressure variations produced by 
wakes are relatively minimal. According to refs. [l-3], 
high freestream unsteadiness is often more important 
than passing wakes, and passing wake effects on film 
cooling and heat transfer are equivalent to mild 
increases in freestream turbulence intensity. Passing 
wakes are characterized by periodic total pressure pul- 

sations and increased turbulence levels. These some- 
times increase diffusion rates which cause the film to 
spread laterally, so that it becomes somewhat less 
concentrated as it is advected away from the holes. 

Studies which address the effects of wake flows on 
film cooling are described in refs. [l-5]. Studies which 
address the influences of passing shock waves and 
wakes on film cooling are described in refs. [c-8]. Of 
the important studies of shock waves on turbine heat 
transfer with no film cooling, Ashworth et al. [9], 
Johnson et al. [lo], Rigby et al. [7], and Abhari et al. 
[l l] all measured or predicted massive pulses of sur- 
face heat transfer from shock passage relative to heat 
transfer variations from all other events, including 
wakes. According to Johnson et al. [lo], perturbations 
to local heat transfer rates from the shock waves may 
be as large as four times the mean levels, with both 
positive and negative short-duration heat transfer 
pulses. 

The present study is designed to quantify the 
detailed effects of bulk flow pulsations on film cooling 
from a single row of simple angle holes. The pulsations 
are created in the form of sinusoidal variations of 
static pressure and streamwise velocity. The results 
illustrate dramatic changes to film cooling from this 
type of pulsating flow, common in all turbines at sub- 
sonic speeds from potential flow interactions and at 
transonic speeds from passing shock waves and poten- 
tial flow interactions. New understanding of the physi- 
cal interactions between pulsations and film cooling 
is thus provided, thereby enabling the development of 
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NOMENCLATURE 

d injection hole diameter Greek symbols 
1 injection hole length 6 boundary layer thickness 
m instantaneous blowing ratio p,+,/p,a, P density 
m time-averaged blowing ratio p,ti,..pT_& 7 time period of one pulsation 
n pulsation frequency [Hz] \ kinematic viscosity. 
t temperature, time 

St, coolant Strouhal number, 271nlla, Subscripts 
%Z freestream Strouhal number, 27cn6/n, C injectant at exit plane of injection holes 
u velocity cc injectant hole centerline value at exit 
x streamwise distance measured from plane of injection holes 

downstream edge of injection holes 0 stagnation condition 
x streamwise distance measured from r recovery condition 

trip w freestream. 

? distance normal to the surface 
Z spanwise distance from test surface Superscripts 

centerline. _ time-average. 

improved design techniques and improved numerical 
models to account for these effects. No similar study 
on pulsations and film cooling is presently known to 
the authors. 

EXPERIMENTAL APPARATUS AND 

PROCEDURES 

The experiment is conducted on a large scale to 
allow detailed probing of flow features. Low speeds, 
flat plate test sections, and constant property flows 
are used to isolate the interactions between the film 
cooling, imposed bulk flow pulsations and boundary 
layer. 

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 
containing a honeycomb and three screens, and then 
a 16 to 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 adjust- 
able height to permit changes in the streamwise pres- 
sure gradient. The zero pressure gradient employed 
here is set to within 0.001 in 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 
turbulence level less than 0.1% at a freestream velocity 
of 10 m ss’. 

A schematic of the test section, including the coor- 
dinate system and apparatus used for flow visual- 

ization, is shown in Fig. 1. A boundary layer trip is 
located on the test plate just downstream of the nozzle 
exit. The downstream edge of the injection holes is 
then 1.050 m downstream of the trip, and measuring 
stations are subsequently located at x/d of 4.5, 9.8, 
16.4 and 24.1. Corresponding Reynolds numbers, 
based on streamwise distance (from the trip) and a 
freestream velocity of I .O m s- ‘, range from 74000 to 
102 000. For a freestream velocity of 2.0 m so- ‘, the same 
Reynolds number ranges from 148 000 to 204 000. 

Film cooling conjiguration und uir supply 
The film cooling holes are placed in a single row 

with spanwise spacing of three 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 an 
l/d ratio of 4.0, and 6/d of 1.53 at .x/d = 4.5 at a 
freestream velocity of 2.0 m ss’. Ratios of dis- 
placement thickness to hole diameter, and momentum 
thickness to hole diameter at the same u, are 0.224. 
and 0.155, respectively. Blowing ratio r& ranges from 
0.10 to 0.59. The ratio of injectant to freestream den- 
sity ~~,.p~ is 1.0 for all flow visualization tests and 
approximately 0.90 for the injectant surveys. Injection 
Reynolds number d&/v then ranges from 720 to 850 
for most cases investigated. Ridged tips, placed 
around the interior circumference of each injection 
hole, are used to maintain turbulent injectant. Tur- 
bulent flow at the injection hole exits is confirmed 
from measurements of instantaneous velocity made 
using hot-wire probes. 

The air used for the tilm first flows through a reg- 
ulating valve, followed by a moisture trap, rotometer, 
diffuser, and finally into the injection heat exchanger 
and plenum chamber. The regulating valve and roto- 
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Fig. I. Schematic of test section and coordinate system including flow visualization equipment. 

meter provide means to control the film cooling blow- 
ing ratio, and the injection chamber provides means 
to heat the injectant above ambient temperature. 

Visualization qf’hjectant distributions 
To track the injectant and determine its distribution 

along and above the test surface, the injectant air 
is contaminated with fog. This is accomplished by 
pressurizing a 50 gallon steel drum housing a the- 
atrical fog generator (Rosco model 1500), as shown 
in Fig. 1. Fog is produced from the vaporization of a 
water soluble liquid with this device, and subsequently 
fed into the diffuser of the injectant air supply system. 
The air is then photographed against a black back- 
ground with white grid lines as, and after, it is ejected 
from the holes. A Mitsubishi CCD72 camera. lens 
system, control box, HRIOOO monitor, and AC-1960 
video recorder are used. Individual video images are 
digitized using Apple Video System software, and then 
processed and enhanced using Adobe Photoshop 
image processing software on a Macintosh Performa 
636 computer. With this approach, time-resolved 
injectant distributions. such as the ones in Figs. 6, 9, 
and 12. are obtained. 

Time-auera,qed injectant distributions 
Copper-constantan thermocouples are used to mea- 

sure temperatures which are correlated to injection 
distributions. For the distributions, a thermocouple 
is traversed over spanwise/normal planes using an 
automated computer-controlled two-dimensional 
traversing system which may be placed at different 
streamwise locations. With this traverse, the thermo- 
couple probe is traversed over 10.2 by 20.3 cm span- 
wise/normal planes at 800 locations spaced 0.51 cm 
apart in each direction. As the boundary layer is 
probed at each measurement location, simultaneous 
measurements are made of the injectant temperature 

(at hole exits), and freestream temperature. Voltages 
from thermocouples are digitally sampled and read 
using Hewlett-Packard 44422 relay multiplexer cards 
for type T thermocouples, and a Hewlett-Packard 
3497A Data Acquisition Control Unit with a 3498A 
Extender. These units are controlled and resulting 
data are processed using a Hewlett-Packard model 
A2240B type 362 mainframe computer. 

GENERATION OF BULK FLOW PULSATIONS 

Static pressure pulsations are produced in the test 
section using an array of rotating shutters located at 
the exit of the test section and driven by a system of 
gears and an electric motor [12], as shown in Fig. 1. 
This approach is used because: (1) the shutters oscil- 
late the static pressure without significant total pres- 
sure variations [ 12, 131; (2) static pressure pulsations 
produce the most important disruptions to the flow 
rates, trajectories, and distributions of the film cool- 
ant; (3) much higher frequencies of pulsation can be 
produced than with many other methods [ 131; and (4) 
deterministic sinusoidal variations of static pressure 
can be produced at selected frequencies [ 121. 

In producing these bulk flow pulsations, two differ- 
ent time scales are important to consider. The first 
pertains to the time required for the boundary layer 
to recover fully after the passing of each different type 
of disturbance [ 141. This is characterized by freestream 
Strouhal number St, = 27&/a, which ranges from 
0.31 to 2.40 in the present study. The second impor- 
tant time scale pertains to the adjustment of coolant 
flow rates. Temporal pressure variations will influence 
the coolant mass flow rate when the disturbance pass- 
ing frequency is low, compared with the time required 
for the flow to pass through the coolant holes [8]. This 
occurs if the product of coolant flow Mach number M, 
and coolant Strouhal number St, = 27cnl/z1, is about 1 



or less (M,St, d 1) [S]. Typical values for operating 
turbines range from 0.2 to 0.6, which gives St, from 
0.2 to 6.0. In the present experiment, St, is varied from 
0.36 to 8.12. 

EXPERIMENTAL RESULTS: NO PULSATIONS 

Images of the side views of the injectant (viewed in 
the negative z direction) obtained without pulsations 
are presented in Figs. 2 and 3. In these two figures, as 
well as in Figs. 6,9, and 12, the higher concentrations 
of the film are evidenced by darker regions. This was 
accomplished by videotaping the ordinarily white 
illuminated fog against a black background and white 
grid lines. Afterwards, the negative image of each 
photograph is produced and then digitally enhanced 
using the image processing software described earlier. 
Horizontal spacing between vertical grid lines in the 
five figures is 1 hole diameter, and vertical spacing 
between horizontal grid lines is 1 i2 hole diameter, as 
shown in Fig. 2. The test surface is located along the 
bottom surface of each image in Figs. 2, 3, 6, 9 and 
12, and the downstream edge of the film cooling holes 
is positioned at the first vertical grid line on the left 
edge of each image. 

The results in Fig. 2 show the distribution of film 
when it is injected into a turbulent boundary layer 
with no pulsations at WI = 0.32. Because dark regions 
persist near the test surface, injectant is abundant near 
r = 0 as it maintains its protection for some distance 
downstream of the cooling holes. The lighter patterns 
located near the test surface at .x/d = 557 result par- 
tially because the injectant becomes more diffuse as it 
advects downstream, but mostly because of reduced 
injectant illumination at these locations. 

The image presented in Fig. 3 illustrates film 
behavior with no imposed pulsations when blowing 
ratio tv is 0.55. In contrast to the results in the previous 
figure, the most important injectant concentrations 
are lifting off the surface as .u:‘d increases from 0.5 to 
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Results illustrating time-averaged injectant dis- 
tributions in spanwise/normal planes at different 
streamwise locations are presented in Fig. 4. Such 
injectant distributions are obtained using techniques 
developed by Ligrani et al. [ 15, 161 in which the inject- 
ant is heated as all other components in the wind 
tunnel test section are maintained at the freestream 
(or ambient) temperature. With this approach, the 
injectant is the only source of thermal energy relative 
to the freestream flow. Higher magnitudes of (7,- t,J/ 
(t,, - t,, ) then indicate greater concentrations of 
injectant, and clear indications of the protection (or 
lack of protection) provided by the injectant to the 
time-averaged flow field are provided. Near wall 
values of (7, - t, * )/ (t,,, - t,, ) are particularly impor- 
tant in this regard because they approach magnitudes 
of the adiabatic film cooling effectiveness [ 171. Dis- 
tributions of (7, - t,.)/(trcc- t, 7) such as the ones in 
Fig. 4 (and Figs. 7 and IO) thus show how injectant 
accumulates and is rearranged in the boundary layer 
as a result of advective and diffusive processes. 

The results in Fig. 4, obtained with no imposed 
pulsations and m = 0.25, show the highest injectant 
accumulations just downstream of the holes at 
_uld = 4.5. Here, each concentration is roughly cir- 
cular or oval in shape, and located near the wall just 
after the injectant exits the holes. As xjd increases to 
9.8, 16.4 and 24. I, the highest injectant concentrations 
continue to be located near the surface at spanwise 

t downstream 
edge of hole 

Fig, 2. Side view of injectant distribution obtained with no pulsations U, = 1.0 m sm ‘, and tn = 0.32. 

Fig. 3. Side view of injectant distribution obtained with no pulsations, U, = 1.0 m SK’ and M = 0.55. 
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Fig. 4. Surveys of (i,- t,x)/(t,- t,,) illustrating time-aver- 
aged injectant distributions with no pulsations, u,= = 2.0 m 

SC’ and II? = 0.25. 

locations downstream of individual holes at z/d of 
-3, 0 and 3. As for the flow visualization results 

of n of 0.6 Hz, the freestream Strouhal number St, is 

presented in Fig. 2, the results in Fig. 4 do not evidence 
0.094. This results in quasi-steady flow conditions in 

significant film lift-off since the largest injectant 
the freestream [ 181 and the au,/& term in equation (1) 

accumulations are located near the test surface at all 
is negligible. Consequently, the relationships between 

x/d. 
freestream velocity, instantaneous injectant velocity, 
and freestream static pressure are given by 

EXPERIMENTAL RESULTS: QUASI-STEADY FILM 

BEHAVIOR 

Two distinctly different regimes of film cooling 
behavior with pulsations were discovered from the 
injectant visualizations: (i) quasi-steady; and (ii) non- 
quasi-steady. Of these, quasi-steady behavior is now 
discussed. 

Typical variations of freestream static pressure P,, 
freestream velocity u,,, instantaneous blowing ratio 
m, and instantaneous injectant velocity u, (averaged 
over the hole cross-section) for two pulsation cycles 
with quasi-steady film behavior are presented in Fig. 
5. Variations of freestream static pressure P, are 
related to variations of freestream velocity u, by the 
Euler equation for inviscid unsteady flow along a 
streamline, given by 

au,Lm+u,(au.px) = - I/~(~P, jsx). (1) 

With bulk flow pulsations imposed at a frequency 

0.4 I- I I I I ’ 0.4 
0 0.5 

A 
1.5 2 

Fig. 5. Time variation of freestream velocity, freestream 
static pressure, injectant velocity, and injectant blowing ratio 
obtained with n = 0.6 Hz pulsations, U, = 1.11 m SC’, 
iii = 0.54 and St, = 0.56. Time period of one pulsation t is 

1.661 s. 

Pol,lp = Pm_lp+u~!2 

and u, = C,[2(P,, -P,)/p]“’ (2,3) 

where C, is the injection hole discharge coefficient. 
The trace of freestream velocity U, in Fig. 5 is 

determined from hot-wire anemometry measurements 
[ 181. Variations of P, and u, are then calculated using 
this U, variation in equations (2) and (3) with mea- 
sured values of freestream total pressure P,, and 
injection plenum total pressure P,,, both of which are 
nearly constant. With an average freestream velocity 
of 1.11 m SK’, Fig. 5 shows that the 0.6 Hz pulsating 
freestream velocity ranges from 1.02 to 1.20 m s-‘. 
This results in a f9% change both to the injectant 
velocity and blowing ratio with respect to time-aver- 
aged values (m = 0.54, iic = 0.60 m SK’), such that m 
varies from 0.49 to 0.59. This variation is confirmed 
by hot-wire anemometry measurements made near the 
exits of the film cooling holes, which also give U, which 
vary by & 9% with respect to z&. This agreement also 



2276 P. M. LIGRANI et al. 

validates the calculated variation of P, as well as the 
assumption of quasi-steadyfkrestream flow behavior. 

Figure 6 shows a sequence of visualized images 
which illustrate quasi-steady injectant behavior. Here. 
pulsations are imposed at 0.2 Hz, St, = 0.36 and 
n? = 0.3 I. As for Figs 2 and 3, the injectant is viewed 
from the side in the negative z direction. Distributions 
are shown at different instants of time in Fig. 6, where 
time increases from 0.003 r to 1.00 5 as one’s view 
proceeds down the figure. As this occurs, the entire 
injectant trajectory oscillates so that it lifts off the test 
surface and then returns again as time increases during 
each pulsation. As a result, the continuously varying 
instantaneous distributions in Fig. 6 are considerably 
different from the injection distribution shown in Fig. 

2, obtained with no pulsations at the same blowing 
ratio. The film behavior illustrated by Fig. 6 is quasi- 
steady because the injectant distribution at each 
instant of time is the same as the steady distribution 
which would exist at the same instantaneous flow con- 
dition. On a turbine surface, such behavior is impor- 
tant because it can cause the injectant to periodically 
lift-off the surface, thereby decreasing the time-aver- 
aged film effectiveness and time-averaged protection 
compared to a non-pulsating flow. 

These characteristics are present because the 
imposed pulsations produce periodically unsteady 
static pressure fields at the exits of the injection holes 
which result in pulsating coolant Row rates. In 
addition, the pulsating static pressure and velocity 

Fig. 6. Side view of injectant distribution at different times obtained with n = 0.2 Hz pulsations, U, = I .O 
m SC’, iE = 0.31 and SI, = 0.36. Time period of one pulsation 7 is 5 s. 
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fields in the boundary layer just downstream from the 
injection holes result in complex variations with time 
of the trajectories, distributions, as well as the cover- 
age of the injectant along the surface. The film thus 
instantaneously changes its momentum and position 
in the boundary layer over each pulsation period as the 
bulk flow pulsations are imposed. The mean injectant 
trajectory with pulsations is also somewhat different, 
and the same amount of injectant is spread over a 
larger volume compared to non-pulsating flow. 

Surveys which illustrate such time-averaged inject- 
ant distributions and behavior under quasi-steady 
conditions are presented in Fig. 7 for St,. = 0.67. Even 
though there are many qualitative similarities com- 
pared to the results obtained with no pulsations in 
Fig. 4, there are also some quantitative differences. In 
particular, the (i;- t,(,)/(trCC- t,,) distributions in Fig. 
7 are slightly more spread out than the distributions 
in Fig. 4. In addition, regions with the highest injectant 
concentrations are spread over smaller portions of 
spanwisenormal planes at all four x/d. Such behavior 
results because the pulsations act to move the injectant 
to and from the wall over each pulsation period, 
thereby spreading a similar quantity of injectant over 
a larger volume. 

4, I / I I I , 

I- x/d = 9.8 
011 I 

4t , I I , 1 , 
x/d = 16.4 

z/d 
Fig. 7. Surveys of (7,-t,,)/(t,- t,,) illustrating time-aver- 
aged injectant distributtons with n = 0.6 Hz pulsations, 

U, = 2.0 m s-l, Gi = 0.25 and Sr, = 0.67. 

EXPERIMENTAL RESULTS: NON-QUASI-STEADY 
FILM BEHAVIOR 

Nominal non-quasi-steady behavior 
Figure 8 shows typical variations of P,, u,. m and 

U, for two pulsation cycles with non-quasi-steady film 
behavior. Here, St, = 7.73, ??i = 0.55, U, = I .05 m SC’? 
and the time period of one pulsation t is 0.125 s. 
The pulsation frequency is 8.0 Hz giving a freestream 
Strouhal number St, of 2.40. Because n and St, are 
so high, the freestream is not quasi-steady [18] and 
the &,/at term in equation (1) is included as free- 
stream static pressure P, is determined from mea- 
sured variations of freestream velocity u, The result- 
ing static pressure variations at the exit of the film 
cooling holes cause the instantaneous blowing ratio m 
to vary +27% with respect to the mean value 
m = 0.55. 

Figure 9 shows film distributions which illustrate 
non-quasi-steady film behavior. Blowing ratio Gr is 
0.55 as pulsations are imposed at 8 Hz, which gives a 
coolant Strouhal number, St,, of 8.12. Time increases 
from 0.143 t to 1.067 T as one moves down the figure. 
In this sequence, the whole injectant trajectory is lifted 
off the test surface. Now, instead of the entire injectant 
trajectory oscillating in one continuous stream, por- 
tions of the film oscillate in ways different from adjac- 
ent portions giving a ‘wavy’ appearance at each 

L Ws) Pm - Pat, Pa) 

‘.07 I ‘.4 
1.06 

1.05 

1.04 

1.2 

0.9 

0.7 

UC b-w m 

0.8 , 7 I , 0.9 

0.6 

0.4 

0.21 ‘rs;;’ ’ I , 1 ’ 0.3 0 
0.5 1 1.5 2 

Fig. 8. Ttme variation of freestream velocity. freestream 
static pressure, injectant velocity, and injectant blowing ratio 
obtained with n = 8.0 Hz pulsations, u,, = 1.05 m s ‘, 
E = 0.55 and Sr, = 7.73. Time period of one pulsation T is 

0.125 s. 
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Fig. 9. Side view of injectant distributions at different times obtained with n = 8.0 Hz pulsations. 
m s-‘, 7% = 0.55 and St, = 8.12. Time period ofone pulsation t is 0.125 s. 

3, = 1.0 

instant in time. With such non-quasi-steady behavior, 
the spacings between larger accumulations of injectant 
correspond exactly to the distance that the film moves 
over one pulsation cycle. Because of these complex 
variations, the images in Fig. 9 are considerably 
different from the image presented in Fig. 3 obtained 
with no pulsations at the same time-averaged blow- 
ing ratio. Differences between Figs. 6 and 9 are due, 

in part, to different phase shifts between instantaneous 
U, and instantaneous u,. These play an important role 
here because they generally increase with pulsation 
frequency. 

The ‘wavy’ fog patterns in Fig. 9 are present because 
the coolant Strouhal number Sr, is greater than l-2. 
The coolant Strouhal number represents the ratio of 
time required for the film to enter and leave an injec- 



Bulk flow pulsations and film coolin@ 2279 

4, , I I I I , 

4 I / 1 I 
x/d = 16.4 

;;I 
-2 0 2 4 6 

z/d 

Fig. 10. Surveys of (t,- t,,)/(t,,,- t,,) illustrating time-aver- 
aged injectant distributions with n = 8.0 Hz pulsations, 

‘( / = 2.0 m s- ‘. E = 0.25 and St, = 8.93. 

tion hole (r/z&) to the time period of one pulsation 
(1/27cn). Sr, > l-2 thus means that a small parcel of 
injectant flow is affected by more than one pulsation 
during the time it enters and leaves the injection hole. 
As a result, the quantity of injectant from the hole 
periodically changes over one l/a, time period. Larger 
amounts (relative to the time-averaged injectant mass 
flux) emerge when the static pressure at the hole exits 
is low and the instantaneous blowing ratio m is high. 
Relatively smaller amounts emerge when the static 
pressure at the hole exits is high and the instantaneous 
blowing ratio m is low. Larger amounts then result in 
the large blobs of injectant shown in Fig. 9, and smaller 
amounts result in the smaller blobs, resulting in the 
‘wavy’ appearance in each instantaneous injectant 
visualization. 

Surveys of (i,- ~,,)/(t~,,- t,,,) showing time-aver- 
aged injectant distributions are presented in Fig. 10 
for St, = X.93. Because of the dramatic alterations 
resulting from the non-quasi-steady film behavior, dis- 
tributions in Fig. 10 are less concentrated and more 
spread out compared to the non-pulsating surveys 
presented in Fig. 4 and the quasi-steady surveys pre- 
sented in Fig. 7. Differences are evident at all four x/d 
investigated (4.5, 9.8. 16.4 and 24). particularly at 
locations just downstream of the holes and at 
locations close to the test surface. 

Recersing,film behavior 
Abhari and Epstein [S] point out that reversal of 

the coolant flow over part of the unsteadiness cycle can 
occur if the pressure difference between the coolant 
plenum and the wall static pressure at the hole exits is 
periodically negative. This situation is set-up in the 
present study at the experimental conditions illus- 
trated in Fig. 1 I. Here, instantaneous freestream static 
pressure becomes larger than the time-averaged injec- 
tion plenum total pressure once each pulsation cycle. 
As this occurs, the injectant reverses into the plenum 
altering P,,, from its time-averaged magnitude. Ple- 
num total pressure thus varies periodically with each 
pulsation. The low blowing ratio employed to obtain 
this result (Z = 0.1) gives an injection Reynolds num- 
ber d+ of 140. As a result, the film is probably 
laminar near the hole exits in spite of the trips placed 
near the inlet of each film hole. The resulting flow 
visualization sequence in Fig. 12 shows injectant dis- 
tributions tremendously different from the ones given 
in Figs 2, 3, 6 and 9. As time proceeds through one 
pulsation cycle, complete absence of the injectant is 
evident just downstream of the hole at t = 0.007 T and 
1.000 T due to injectant reversal. A large quantity 
of injectant is then apparent just afterwards as the 
injectant resumes flowing out of the holes. Such 
behavior indicates that the surface just downstream 
of the injection holes has zero film effectiveness and 
zero protection once each pulsation cycle. 

REGIMES OF UNSTEADY FILM BEHAVIOR 

A map illustrating different regimes of pulsating 
film cooling behavior is shown in Fig. 13. Each data 
point represents the experimental conditions at which 
injectant distributions were visualized and video 
taped. From this figure, it is evident that the existence 
of quasi-steady and non-quasi-steady film behavior 
with pulsations depends on the magnitude of the cool- 
ant Strouhal number. St,. St, magnitudes less than I-- 
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Fig. 11. Time variation of freestream velocity and freestream 
static pressure obtained with n = 0.4 Hz pulsations, 
II, = I.Obms ‘.Ei=O.landSt,=2.11.Timeperiodofone 

pulsation 7 is 2.50 s. 
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Fig. 12. Side view of injectant distributions at different times obtained with II = 0.4 Hz pulsations, U, = I .O 
m s-‘, 7% = 0.10 and S/, = 2.23. Time period of one pulsation z is 2.50 s. 

2 correspond to quasi-steady behavior, and St, mag- 
nitudes greater than 1-2 correspond to non-quasi- 
steady behavior, regardless of the magnitude of the 
blowing ratio rn. 

Conditions for reversing film behavior are also indi- 
cated in Fig. 13. With the present experimental set- 
up, this occurs at blowing ratios in the vicinity of 0.1 
or less, at St, less than 10-20. 

SUMMARY AND CONCLUSIONS 
The effects of bulk flow pulsations on film cooling 

with a single row of simple angle film cooling holes is 
investigated. The pulsations are in the form of near- 
sinusoidal velocity and static pressure wave forms at 

frequencies from 0.2 to 8 Hz, which correspond to 
coolant Strouhal numbers from 0.36 to 8.12. They are 
produced using an array of rotating shutters placed 
at the downstream end of the wind tunnel test section. 
The sinusoidal form for the wave form is chosen 
because it is easily described and deterministic. Pul- 
sations of static pressure are employed because: (i) 
they result in significant periodic variations of film 
cooling flow rates, coverage, and trajectories; and (ii) 
they occur near turbine surfaces in operating engines 
from potential flow interactions at subsonic speeds, 
and from passing shock waves and potential flow 
interactions at transonic speeds. 

The pulsations produce important changes to the 
flow structure, especially because the imposed pul- 
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Fig. 13. Map illustrating different regimes of pulsating film 

cooling behavior. 

sations produce periodically unsteady static pressure 
fields at the exits of the injection holes which result in 
pulsating coolant flow rates. In addition, the pulsating 
static pressure and velocity fields in the boundary layer 
just downstream from the injection holes result in 
complex variations with time of the trajectories, dis- 
tributions, as well as the coverage of the injectant 
along the surface. The film thus instantaneously changes 
its momentum and position in the boundary layer 
over each pulsation period as the bulk flow pulsations 
are imposed. Film concentrations move to and from 
the wall which often gives a different mean injectant 
trajectory, and acts to spread the same amount of 
injectant over a larger volume. As a result, important 
changes to time-aoeraged injectant distributions occur 
which are evidenced by surveys of normalized boun- 
dary layer recovery temperature. These then evidence 
important changes to film cooling protection [ 171. 

Two distinctly different regimes of film cooling 
behavior with pulsations are evident in the time- 
resolved injectant visualizations which depend upon 
the magnitude of the coolant Strouhal number, St,: 
(i) quasi-steady; and (ii) non-quasi-steady. St, mag- 
nitudes less than l-2 correspond to quasi-steady 
behavior, and St, magnitudes greater than l-2 cor- 
respond to non-quasi-steady behavior, regardless of 
the magnitude of the blowing ratio nl. With yuasi- 
steady ,@I hehauior, the entire film concentration 
moves to and from the wall in a continuous stream so 
that the injectant distribution at each instant of time 
is the same as the steady distribution which would 
exist at the same instantaneous flow condition. Pul- 
sation time periods (1/2xn) are longer than the time 
required for a parcel of injectant to pass into and out 
of a film cooling hole (I/z&). With non-quasi-stead-y 
film behazGr, multiple pulsations are imposed on the 
injectant over the time period required for it to pass 
through a film hole (1/2xn < f/a,). As a result, por- 
tions of the film oscillate in ways different from adjacent 

portions, which gives a ‘wavy’ appearance at each 
instant in time such that larger injectant accumu- 
lations are spaced the distance that the film moves 
over one pulsation cycle. Because non-quasi-steady 
films show the largest alterations of time-averaged 
temperature (and injectant) compared to films with 
no pulsations, they are also expected to produce the 
most significant changes to surface film effectiveness 
distributions. 
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