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1. Introduction

Investigations of arrays of turbine blades placed in
linear cascades show that the unsteadiness from the
relative motion of adjacent blade rows produces greater
reductions to film cooling protection on suction surfaces
than on pressure surfaces [1,2]. A number of other recent
studies present experimental data or numerical predic-
tions which further illustrate the dramatic effects of
unsteadiness due to potential flow interactions and
passing shock wave families on cooling films [3-15]. The
present study examines the effects of variations 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
that are imposed near turbine airfoil surfaces from po-
tential flow interactions and passing families of oblique
shock waves.

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 boundary layer
when the time-averaged blowing ratio m is 0.7. Distri-
butions of adiabatic film cooling effectiveness 7, and
overall film cooling performance parameter ¢"/g; are
both altered by the pulsations. The protection nominally
provided by the film cooling decreases by important
amounts as imposed pulsation frequency n increases at
constant density ratio p./p... Changes with //d depend
upon magnitudes of p,/p., and n. The parameter whose
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changes have the largest effect is n, followed by p./p..,
and then //d. Investigated are i, of 10 m/s, m of 0.7, [/d
of 3 and 4, nequal to 0, 8, and 20 Hz, and p./p., of 0.94,
1.20-1.25, and 1.36-1.40. Ranges of other parameters
are: Req =2800-6800, Re=1578000-1100000, Sr.=
0-2.3, and Sr,, =0-0.6. Because density ratios here
range from 0.9 to 1.4, the experimental conditions em-
ployed are different from ones covered in previous in-
vestigations [7-15], where p./p, values near 1 are
employed. Higher density ratio values are investigated
because of their use in operating turbines of gas turbine
engines.

2. Experimental apparatus and procedures

The wind tunnel, experimental apparatus, film cooling
injectant system, procedures for measuring local adia-
batic film cooling effectiveness, procedures for measur-
ing magnitudes of the overall film cooling performance
parameter, and procedures for generating bulk flow
pulsations are given by Bell et al. [15].

The experimental uncertainty of 77 is about +5.5%. The
experimental uncertainty of ¢”/gy ranges from *3.0%
to £8.0%. Additional details are provided by Bell [14].

3. Experimental results and discussion

Experimental conditions: Injectant, freestream, and
pulsation experimental conditions are summarized in
Table 1. Injection Reynolds number dii./v ranges from
about 2800 to about 5000, which are high enough to
insure that turbulent flow is present at the injection hole
exits.

Baseline data comparisons: The present measurements
downstream of //d =4 holes (with no pulsations) com-
pare favorably with results from Pedersen et al. [16] at
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Nomenclature X streamwise coordinate measured from
downstream edge of film cooling holes
d injection hole diameter X streamwise coordinate measured from
I momentum flux ratio boundary layer trip
/ injection hole length z spanwise coordinate measured from spanwise
m time-averaged blowing ratio, p.iic/ 0.t centerline of test surface
n pulsation frequency
qé: surfac§ heat flux with no film cooling . Greek symbols
q spar{Wlse-averaged surface heat flux with film local film cooling effectiveness, (Tuy — Tx)/
cooling (T. - T.)
Rey  coolant Reynolds number, dii./v _ c oo . .
" 7] spanwise-averaged film cooling effectiveness,
Re freestream Reynolds number, Xiiy, /v (Tow — To) /(T — T)
Sr.  coolant Strouhal number, 2mnl /i L TeAe T
¢ ’ ¢ density
Srs,  freestream Strouhal number, 21nd /i, P
Sr modified Strouhal number,
Sre/ [ (pepoc) ™ (1/d)*"] Subscripts
T temperature aw adiabatic wall value
T spanwise-averaged temperature c injectant or coolant
(T time-averaged freestream velocity 00 freestream
e time-averaged and spatially-averaged w wall value
injectant velocity
Table 1
Injectant, freestream, and pulsation experimental conditions
m P/ P TAYATIS 1 1/d n (Hz) Sre Sr
0.67 0.94 0.71 0.475 3 0 0 0
0.67 0.94 0.71 0.477 3 8 0.47 0.075
0.67 0.94 0.71 0.477 3 20 1.18 0.189
0.68 1.25 0.54 0.364 3 0 0 0
0.68 1.24 0.55 0.369 3 8 0.61 0.056
0.67 1.19 0.57 0.385 3 20 1.47 0.147
0.66 1.39 0.48 0.318 3 0 0 0
0.67 1.40 0.48 0.319 3 8 0.70 0.050
0.67 1.36 0.49 0.326 3 20 1.71 0.131
0.68 0.94 0.72 0.487 4 0 0 0
0.67 0.94 0.71 0.474 4 8 0.63 0.057
0.67 0.94 0.71 0.474 4 20 1.57 0.141
0.68 1.28 0.53 0.36 4 0 0 0
0.67 1.26 0.53 0.354 4 8 0.84 0.042
0.68 1.25 0.54 0.365 4 20 2.07 0.104
0.67 1.40 0.48 0.323 4 0 0 0
0.67 1.40 0.48 0.323 4 8 0.93 0.038
0.66 1.38 0.48 0.318 4 20 2.32 0.098

about the same density ratios, even though film-hole
geometry and flow conditions are slightly different in the
two studies.

Adiabatic film cooling effectiveness: Fig. 1 presents
spanwise-averaged film cooling effectiveness values for
different x/d, different //d, different imposed pulsation
frequencies, and different density ratios for m =0.7.
Data in the three parts of the figure are given for pul-
sation frequencies n of 0, 8 and 20 Hz, respectively. The
data are presented to illustrate the changes which occur

as density ratio increases as blowing ratio m is held
constant. When compared at the same m, x/d, //d, and
n, spanwise-averaged effectiveness data generally in-
crease with p./p... One major exception is evident when
l/d=3 and n=20 Hz, where portions of the
0./P = 0.94 data are higher than data measured at
0/ P of 1.20-1.25 and 1.36-1.4. Increases in effective-
ness with p,/p., are generally more evident at x/d values
less than 24.5, and the largest changes of 77 due to p./p.,
are apparent at a flow pulsation frequency of 0 Hz.
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Fig. 1. Spanwise-averaged adiabatic film cooling effectiveness
variations with x/d, I/d, and density ratio p./p., at different
imposed pulsation frequencies for m =0.7: (a) n=0 Hz;
(b) n=8 Hz; (c) n=20 Hz.

Changes of 77 with p./p,, are then smaller at higher
frequencies, and the smallest effectiveness increases with
0./p. are present at a pulsation frequency of 20 Hz.
This is mostly due to changes to time-averaged film
concentration positions produced by the flow pulsations
at this frequency. A pulsation frequency of 20 Hz also
causes the injectant to be non-quasi-steady [7]. As a re-
sult, the whole film trajectory lifts-off the test surface in a
wavy manner, and greater reductions in protection and
overall film cooling performance are present than when
the film is quasi-steady [8,10,12].

When data in the three parts of Fig. 1 are compared, it
is evident that spanwise-averaged effectiveness data
consistently decrease as the imposed pulsation frequency
increases when compared at the same m, x/d, //d, and
0./ P~ These effectiveness decreases become larger and
significantly more pronounced as the density ratio be-
comes larger. Density ratios p./p., of 0.94, 1.20-1.25,
and 1.36-1.4 correspond to momentum flux ratios of
0.48-0.49, 0.36-0.39, and 0.32-0.33, respectively. The
data in Fig. 1 show that the film at the lowest of these
momentum flux ratios (0.32-0.33) is most affected by the
pulsations (as p./p. is held constant). This is because
the time-averaged position of the film is often moved
farther from the wall as pulsation frequency increases.
This occurs because periodically varying static pressure
at the film hole exits results in periodic variations in film

mass flux, blowing ratio, momentum flux, and film tra-
jectory [7]. When static pressure is low, the instan-
taneous film momentum flux is high, the instantaneous
film trajectory is farther from the surface, and the flow-
away from the film is swept to regions near the surface
beneath the film to decrease protection. The opposite
trend occurs during each pulsation when the static
pressure is high [7,12]. The net effect is a periodic
decrease in protection, which translates into a time-
averaged decrease in protection and lower spanwise-
averaged effectiveness values.

Overall film cooling performance parameter: Overall
film cooling performance at a particular location on a
turbine surface is given by ¢”/qj, the ratio of the heat
flux with film cooling to the heat flux with no film
cooling. Lower values indicate better film cooling pro-
tection. Procedures for determining ¢”/g; are given by
Bell et al. [15], and rely on measurement of the iso-
energetic Stanton number ratio data, also given by Bell
et al. [15] for p./p,, =1.00.

Fig. 2 shows how spanwise-averaged film cooling
performance parameters vary with normalized stream-
wise distance x/d, hole length-to-diameter ratio //d, and
imposed pulsation frequency n, for m = 0.7. The three
parts of the figure represent p./p. of 0.94, 1.20-1.25,
and 1.36-1.4, respectively. From Fig. 2, it is evident that:
(i) the lowest ¢"/g; magnitudes and best film cooling

P./P.,=1.20-
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Fig. 2. Spanwise-averaged performance parameter variations
with x/d, 1/d, and imposed pulsation frequency n at different
density ratios for m = 0.7: (a) p./p. =0.94; (b) p./ps =1.20—
1.25; (¢) p./p =1.36-1.40.
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protection over the widest ranges of x/d are generally
present when n=0 Hz and no pulsations are imposed,
(ii) protection generally degrades at each x/d as imposed
pulsation frequency n increases, and (iii) protection
changes with increasing pulsation frequency become
larger and significantly more pronounced as the density
ratio becomes larger. One exception to these trends is
evident for p./p, = 0.94, where differences between the
q"/q; data at different n are quite small when //d =3.

The increased influences of pulsations at higher den-
sity ratios are due to the variations of density between
the film and the surrounding boundary layer and free-
stream. With no pulsations imposed upon the flow,
protection generally improves as the p./p., density ratio
increases at given values of pulsation frequency n,
blowing ratio m, and x/d location. The same trend is
also often present when pulsations are present. This is
because of the action of the pulsations in changing the
positions of the highest film concentrations periodically
with time. The result is larger differences in protection as
the film moves, which results in a larger time-variation
of protection over each imposed pulsation cycle. This
then leads to greater changes in time-averaged protec-
tion as the pulsation frequency varies.

When p./p.,=1.36-1.4, Fig. 2 additionally shows
that slightly better protection is generally present when
//d =4 compared to //d =3 (for each x/d at all pulsa-
tion frequencies). The opposite trend with //d is gener-
ally evident for the p./p.,,=0.94 data. When
0./P =1.20-1.25, protection improves as //d changes
from 3 to 4 when n=0 Hz, stays about the same when
n=38 Hz, and degrades when n=20 Hz. Performance
parameters in Fig. 2 thus show different trends as //d
changes from 3 to 4, which depend upon the magnitudes
of the pulsation frequency n and density ratio p./p... As
such, ¢"/gg trends are qualitatively similar to variations
of 77 with these parameters [14]. Such behavior illustrates
the complexity and non-linearity of boundary layers
with high density ratio films when bulk flow pulsations
are imposed.

Fig. 3 illustrates the influences of increasing density
ratio on magnitudes of the overall film cooling per-
formance parameter for m = 0.7. Variations with x/d
and //d are also evident. Data in the three parts of the
figure correspond to pulsation frequencies n of 0, 8, and
20 Hz, respectively. The data generally show increases in
protection (and lower ¢”/g; values), which are present at
most x/d, as density ratio increases. The most notable
exception is evident when //d =3 and n =20 Hz, where
portions of the p./p. =0.94 data evidence better pro-
tection than data measured at p_./p., of 1.20-1.25 and
1.36-1.40.

Overall data trends: The present results show that
higher density ratios give lower coolant Strouhal num-
bers, which means that increasing coolant Strouhal
number Sr, does not necessarily correspond to degraded
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Fig. 3. Spanwise-averaged performance parameter variations
with x/d, 1/d, and density ratio p./p, at different imposed
pulsation frequencies for m = 0.7: (a) n=0 Hz; (b) n=8 Hz;
(¢) n=20 Hz.

protection [7,8,12]. A modified Strouhal number, Sr, is
needed to characterize the reductions in the protection
which occur as pulsations imposed on film cooled
boundary layers. Such reductions are present when

Sr=Sre/[m"*(po/p.) " (1/d)*"] > C, (1)

where C=0.055-0.070. Magnitudes of Sr and Sr. are
given in Table 1. Eq. (1) may be rearranged to become

Sre > C'(p./p. ) (1/d)". 2)

These equations not only provide a good match to the
present experimental data, but they are also consistent
with results given by Ligrani et al. [7-10], Jung and Lee
[13], and Seo et al. [6,12] for //d of 1.6, 4, and 10. In
contrast to the present data, those data are obtained for
0./ P only in the vicinity of 1.

According to the data presented, alterations in pro-
tection due to increasing pulsation frequency become
more significant as the density ratio p./p. becomes
larger. At given values of pulsation frequency n, blowing
ratio m, and x/d location, protection generally improves
as the p./p. density ratio increases. Thus, pulsation
frequency and density ratio have opposite influences on
the protection provided by film cooling in turbulent
boundary layers. These competing influences are in-
cluded in correlation Egs. (1) and (2) above, which show
acceptable levels of protection (¢”/qy < 0.7 at x/d <10)
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over wider ranges of imposed pulsation frequency n as
P/ P becomes larger.
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