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ABSTRACT DR density ratio = pj/p.. g

Computations have been conducted on curved, three- H ) heigh G

. - . . . R plenum height -

dimensional discrete-hole film cooling geometries that included { s 2 a =

the mainflow, injection hole. and supply plenum regions. Both momentum ratio = p5U;D.y . 9

convex and concave film cooling geometries were swudied. The k- turbulent kinetic energy 8

effects of several film cooling parameters have been investigated, L length of injection hole 2

including the effects of blowing ratio, injection angle, hole M blowing ralio=ijjlp..U.. §

length. hole spacing, and hole staggering. The blowing ratio was P Hole spacing or pitch s

varied from 0.5 to 1.5, the injection angle from 35° to 65°, the T temperature %

hale length from 175D to 6.0D, and the hole spacing fram 2D to Tu turbulence intensity level = ,}k/l.S/U_ g

3D. The staggered-hole arrangement considered included two rows. u gas velocity g

The computations were performed by solving the fully elliptic, X horizontal distance measured from the hole leading edge 2

three dimensional Navier-Stokes equations over a body fitted grid. al hole exit g

Turbulence closure was achieved using a modified k- model in Y lateral distance measured from hole centerline plane %

which algebraic relations were used for the turbulent viscosity and z vertical distance from the test surface measured from the 3

the turbulent Prandd number. The results presented and discussed hole leading edge %

include plots of adiabatic effectiveness as well as plots of velocity g

contours and velocity vectors in cross-stream planes, The present Greck Symbols &

study reveals that the blowing ratio, hole spacing, and hole a injection angle R

staggering are among the most significant film coolin S - 2

paramctf.rgs. Funhf.rmcfc: (1) the optimum blowing ratios fogr £ dissipation rate of wrbulent kinetic encrgy <

curved surfaces are higher than those for flat surfaces, (2) a n tocal adiabatic fitm cooling effectiveness 2

reduction of hole spacing from 3D (o 2D resulted in a2 very N centerline adiabatic film cooling effectiveness g

significant increase in adiabatic effectiveness, especially on the - 1 Iy av d fil i ffecti >

concave surface. (3) the increase in cooling effectiveness with L alerally averaged Iim cooling effectivencss g

decreasing hale spacing was found due 10 not only the increased P gas density @

coolant mass per unit area, but atso the smaller jet penetration and £ stireamwise coordinate S

the weaker counter-rotating vortices. (4) for all practical purposes, I i di m
the hole length was found to be 2 much less significant film S wall-narma: coordinate

cooling parameter.

Subscnpts and Superscripts

NOMENCLATURE J At I e leading ed
D p £ iniecti . measured from the hole leading edge
1ameter of injection hole t measured from the hole wailing edge (also turbulent flow)
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at the wall

along the streamwise direction
along the wall-normal direction
freesiream quantity

g vrum g
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INTRODUCTION :

Over the years, several experimental studies have been
conducted on curved-plate geometries to investigate the effects of
various parameters on film cooling performance. Schwarz (1986)
studied the effect of blowing ratio on cooling effectiveness and

. found that the optimum blowing ratio depends on the type of
surface curvature involved. On convex surfaces representative of
suction surfaces of wrbine blades, he .found thal the optimum
blowing ratio was of the order of 1.0. On concave surfaces, on the
other hand, higher blowing rates always provided higher cooling
cffectiveness. Cruse et al. {1997) conducted experiments on a
curved-plate geometry representative of the leading edge of turbine
blades. They found that the optimum blowing ratio was of the
order of 1.5. This is higher than the value obtained by Schwarz
(1986), indicating that the optimum blowing ratio is higher on
strongly curved surfaces.

Kruse (1985) investigated the effects of injection angle
and hole spacing on cooling effectiveness of curved surfaces. He
considered injection angles of 10° to 90° and found that the
smaller injection angles performed better than the larger angles.
He also found a strong effect of hole spacing on cooling
effectiveness. He showed that, when the hole spacing is small, the
counter-rotating system of vortices of adjacent jels interact in
such a way that the tendency to re-attach to the wall is intensified
and the jet penetration is reduced. Recently, Stone (1992) also
studied the effect of injeciion angle on convex and concave
surfaces and found that, at low blowing rates, the effect of
injection angle is insignificant. However, at high blowing rates
the smallest injection angle (15°) provided the best cooling

performance. The larger angles he swdied, 25° and 45°, gave
nearly the same level of cooling effectiveness.

Hole staggering was also found to piay the same role as
reducing the hole spacing, i.e., it decreases the jet penetration and
enbances the fiim cooling effectiveness. Ames {1997) studied the
effects of hole staggering on the pressure and suction surfaces of
wrbine blades. He reported elevaled leveis of cooling
effectiveness when the injection holes were staggered. The
enhancement in cooling effectiveness was especially high for
larger blowing ratios.

Numerical studies have also been conducted on curved
surfaces. Many of these siudies were, however, conducted on
curved surfaces applicable to the leading edge of turbine blades. He
et al. (1995) modeled the leading edge of a turbine blade using a
semi-circular plate with a flat afterbody and the standard k-£
wrbulence model. They reported diswributions of velocity,
lemperature, pressure, kinetic energy, and adiabatic effectiveness
following two staggered rows of holes. The spanwise inclined
holes they studied resulted in good film cooling coverage at low
blowing ratios. However, the coverage deteriorated at high
blowing ratios. Lin et al. (1997) conducted a similar study and
‘documented the interaction of the mainstream gases with the
cootant jets. Martin and Thole (1997) also siudied nearly the same
geometry as the preceding 1wo swudies and reported flow and
effectiveness results following 1wo staggered rows of leading edge

holes. Among other things. they found that the film cooling
coverage was uneven following the two rows of holes. Garg and
Gaugler {1996} modeled the ieading edge of an actual turbine blade
using an algebraic urbulence model and an assumed velocily
profile a1 hole exit. They reported non-uniform distribution of
heat flux in both the streamwise and spanwise directions, resulting
in regions of good and bad film cooling coverage.

As already mentioned, the above-Cited numerical studies
were conducted on curved surfaces specific 10 the leading edge of
turbine blades, as opposed to curved surfaces applicable to the
pressure and suction surfaces. In addition, although the surface
curvatures involved in these models were very strong, the
turbulence models used in these studies did not take the effects of

streamline ‘curvature into account. In the present study, we have.

addressed these issues and investigated the effecis of several
parameters using curved-plate models applicable to the suction and
pressure surfaces of actual wrbine blades. The main features of this
study are: (1) realistic, curved film cooling geomeiries have been
used that included the mainflow, injection hole, and supply
plenum regions, (2) the effects of streamline curvature was taken
into account by using a modified k- wrbulence model in which
algebraic relations are used 10 calculate the turbulent viscosity and
the turbulent Prandtl number, (3) the effects of several parameters
on film cooling effectiveness have been siudied, and (4) the
underlying reasons for these effects have been discussed using
velocity contours and velocity vectors at several Cross-stream
planes.
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Fig. 1 The film cooling computational geometry,
(a} top view and (b) front view
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Fig. 2 Top view of the staggered-hole arrangement
considered (a partial view)
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TEST CASES CONSIDERED

Compuations were performed for a wide variety of test cases.
The blowing ratio was varied from 0.5 to 1.5, the injection angle
from 35 10 65 degrees, the hole spacing from 2D to' 3D. and the
hole length from 1.75D to 6.0D. The basic film cooling geometry
considered in this study is shown in Fig. 1. The flow and
geometric variables used are given in Table 1. The effect of hole
staggering was studied by considering the geomeiry shown in Fig.
2 where the latera) spacing bewieen holes is 4D and the streamwise
distance between rows is 5D,

Centerline Effectiveness

Table 1 Values of flow and geometric variables ' ?8 ' " '
0 % - L) L) L T
[-F]
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Too 298 K a 35, 45, 65° é
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DR 2.0 PID 2.0, 3.0 g
M 0.5. 1.0. 1.5 _||[WD 4.0 5,
0‘ A N -y 1] " L A ) "
0.0 10.0 200 300 40,0 50.0

Streamwise Distance, £/D

COMPUTATIONAL DETAILS

The computalional procedure followed in this study is given Fig. 3 The effect of blowing ratio on cooling

in the companion paper by Berhe and Patankar (1998). In this effectiveness of a convex surface (@=35°, L/D=5)
paper, the calculation procedure is described, which involves a
modified k-€ turbulence model where aigebraic relations are used 1.0 T T

for the turbulent viscosity and the turbulent Prandi] number. Also
given are dewils of the solution methodology, discretization,
boundary conditions. initialization. and convergence criteria, 0.8
0.6 |
AESULTS AND DISCUSSION

In this section, we discuss the effects of several film cooling
parameters on film cooling performance, including the effects of
blowing ratio. injection angle. hole lengih, hole spacing. and
hole staggering. The results presented and discussed include plots
of adiabatic effectiveness as well as plots of streamwise mean
velocily coniours and velocity vector for several cross-stream 00 . . e L
planes. Also given are comparisons between the present resulis 10 "
and 1hose of flat-plate siwudies and their implications 10 film
cooling of pressure and suction surfaces of actual wrbine blades.

Ihe Eftect of Blowing Ratio

As discussed in the companion paper by Berhe and Patankar
(1998), the effect of blowing on film cooling effectiveness is
determined by the sum 1otal of the effects of: (1) the coolant mass
injecied per unit area, (2) the jet penetration into the mainsiream,
and (3) the sirength of the counter-rotaiing vortices. In general,
higher blowing ratios produce increased coolant mass per unit
area, greater jet penetration, and stronger counter-rolaiing . , o . L
vortices. Although the increase in coolant mass per unit area tends 00 100 200 300 40.0
to increase the cooling effectiveness, both greater jet penetration Streamwise Distance, X/D
and stronger vortices decrease the cooling performance.

Centerline Effectiveness

Laterally Av. Effectiveness
z
1]
i

Fig. 4 The effect of blowing ratio on cooling
effectiveness of MNatr surface {(@=35°, L/D=4)
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(a) Convex, M=0.5
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Fig. 5 The effect of blowing ratioc on UJ/U. contours in cross-stream planes on a convex surface




(a) Convex, M=0.5
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Fig. 6 The effect of blowing ratic on counter-rotating vortices on a convex surface
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The effect of blowing ratio on cooling effectiveness is shown
in Fig. 3. This figure shows the vadations of the centerline and
laterally averaged effectiveness for blowing ratios of 0.5, 1.0, and
1.5, The general trend in this figure is that, in the near-field. the
cooling effectiveness decreases with the increase in blowing ratio,
and in the far-field, it increases with the increase in blowing ratio.
The optimum blowing ratio in this figure appears to be around
M=1.0. This is in contrast to the optimum blowing ratio of about
0.5 esiablished by many flat-plate studies. For comparison
purposes, the variation of cooling effectiveness with blowing
ratio obtained from a flai-plate mode] of Berhe (1997) is given in
Fig. 4. In this figure, the optimum blowing ratio is around 0.5. It

must be noted that the only difference between these two,

configurations is surface curvature.

The implication of these results is that the optimum blowing
ratios on suction surfaces of turbine blades are higher than the
values established by flat-plate models. Funher, for strongly
curved surfaces, such as the leading edges of wrbine blades. the
oplimum blowing ratios may be even higher. In fact, in a recemt
study, Cruse et al. (1997) have shown thal, at the leading edge, the
optimum blowing ratio may be grealer than 1.5. The reasons for
the higher optimum blowing ratios on convex surfaces are: (1) the
jet penetration is smaller, and (2) the counter-rotating vortices are
weaker. As discussed in the companion paper by Berhe and
Patankar (1998), on convex surfaces, pressure gradients exist that
force the coolant jets towards the walls. As a result, the critical
blowing ratio a which jet Iifi-off occurs is higher and,
consequently, the optimum blowing ratio is larger. in addition, as
discussed in the introduction, convex surfaces are known to reduce
the near-wall shear stresses and suppress the negative effects of
the counter-rotating vortices.
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Fig. 7 The effect of blowing ratio on cooling
effectiveness of a concave surface (a=35°, L/D=$§).

Figures 5 and 6 show the effects of blowing ratio on jet
penelration and counter-rotaling vortices on the convex surface.
These figures show contours plots of UfU_ and velocity vector
plots in cross-stream planes. Three plots are shown for each
blowing raiio (M=0.5 and M=1.5) corresponding 10 streamwise
locations of 50, 100, and 20D. From Fig. 5. it is eviden that, a1
M=0.5. the jet is fully attached to the surface. However. at M=1.5,
the jet appears 1o be is first detached and then reaitached funher
downstream. This detachment of the coolant jer from the test
surface is responsible for much of the decrease in the near-filed
cooling effectiveness shown in Fig. 3. Fig. 6 shows the
amplification of the strength of the counter-rotating vortices with
the increase in biowing ratio. For M=0.5, the counter-rotaling

vorijces are aimost fully suppressed at £/D=5. However, for
M=1.5, the vortices are still strong even at §/D=10. As we have
already discussed, stronger vortices generally degrade the film

cooling performance by replacing the near-wall cold air with hot.
mainstream gases.
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Fig. 8 The effect of injection angle on cooling
effectiveness of 2 convex surface (L/D=5).

The effect of blowing ratio on cooling effectiveness of the
concave surface is shown in Fig. 7. Examination of this figure
reveals two main points. First, the effect of blowing ratio on
cooling effectiveness of concave surfaces is not as strong as ils
effect on cooling effecriveness of convex surfaces. This is
because. on concave surfaces, the flow is dominated by strong
vortices. This results in a greater mixing of the coolant jets with
mainsiream gases and produces a slow increase of effectiveness
with blowing ratio. The second point o be noted is that, as
Schwarz (1986) observed, for much of the downstream region, the
cooling effeciiveness increases with the increase in blowing ratio.
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This result is also consistent with the findings of Ames (1997)
who showed that higher blowing ratios generally produce higher
cooling effectiveness on pressure surfaces of turbine blades.

The Effect of injection Angle ..

" The main effect of injeciion angle is that it changes the jel
trajectory Or jel penetration into the mainstream, As the injection
angle increases, the venical momentum increases. This, in turn,
increases the jet penetration and lowers the cooling effectiveness.
Examination of veclocity veclor plols in cross-stream planes
reveals that, unlike the blowing ratio, the injection angle doe not
appear 10 affect the counter-rotaling vortices.

Figure 8 shows the distribution of cooling effectiveness for
injection angles of 35, 45, and 65 degrees. It is clear that, for both
M=0.5 and M=1.0, the smallest injection angle produced the best
cooling performance. As just mentioned, this is because the larger
injection angles deploy more of the coolant fluid away from the
test surface. However, it must be noted that, the above-noted
decrease in cooling effectiveness with increased injection angle is
not as large as those reported in earlier studies using flat-plate
models, such as those of Kohli and Bogard (1995), and Berhe
(1997). This is because, on convex surfaces, the effect of increased
jet penetration (due 1o larger angles) is partly compensated by
cross-stream pressure gradients which force the coolant jets back
to the walls.
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Fig. 9 The effect of injection angle on cooling
effectiveness of a concave surface (M=1.0, P/D=3)

The cffect of injection angle was also investigated on film
cooling performance of concave surfaces. Computations were
performed for injection angle of 35 and 65 degrees for M=0.5 and
Mz].0. For both blowing ratios, the effect of injection angle on

cooling effectiveness was found essentially insignificant. The
result for M=1.0 is 'shown in Fig. 9. The conclusion is that the
effect of injection angle on cooling effectiveness of concave
surfaces is much weaker than its effect on cooling effectiveness of
flat surfaces. The insensitivity of the cooling effectiveness 10
varialions in injection angle may be awributed 10 1he stronger
mixing that exists on these surfaces. As we have discussed earlier,
on concave surfaces, the injected coolant mass is thoroughly
mixed with the mainstream gases that the effect of increased jet
penetration due to larger injection angles is minimized. However,
we have also found thal. when the hole spacing is reduced, the
effect of injection angle becomes more significant. We will further
discuss this issue later in this paper.

In conclusion, the present computations show that the
injection angle stll has a significant effect on cooling
performance of convex surfaces. However, on concave surfaces, its
effect is greally reduced by the stronger vortices that exist on
these surfaces.
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Fig. 10 The effect of hole spacing on cooling
cffectiveness of a convex surface (M=0.5).

Th t ot S

To study the effect of hole spacing on film cooling
performance. we considered 1wo values of the P/D ratio, P/D=3 and
P/D=2. Computations were performed on both the convex and
concave film cooling geometries. Figs. 10 and 11 show the
distribution of the centerline and laterally averaged effectiveness
for the convex surface for M=0.5 and M=1.0. respectively. It is
obvious that the smaller hole spacing has produced a significant
increase in cooling effectiveness, especially in the laterally
averaged cffectiveness. Furthermore. the increase in cooling
effectiveness is greater at M=1.0 than at M=0.5.
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Figures 12 and 13 show the coresponding distsibution of
cooling effectiveness for the concave surface for M=0.§5 and
M=1.0. respectively. M is evident thal, in this case, the small
change in P/D ratio has produced a dramatic increase in the cooling
effectiveness, especially for M=1.0. The concave surface, which at
P/D=3 is almost unprotected from the effects of the hot gases, now

has a much higher cooling effectiveness. In addition, now that:

(1) both the centerline and laterally averaged effectiveness appear
to be comparable, and (2) for much of the region downstream of
the injection hole, the cooling effectiveness is rather uniform.
These are the qualities one would want in 2 good discrete-hole film
cooling. Hence, hole spacings smaller than the ones normally
used in practical film cooling applications (P/D~3), appear 10 be
highly desirable and essential - to protect curved surfaces
adequately, - .
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Fig. 13 The effect of hole spacing on cooling
effectiveness of a concave surface (M=1.0)

To study the underlying reasons for the higher film cooling
performance at P/D=2, we examined plots of the streamwise mean
velocity contours and velocity vectors in cross-stream planes. We
found that the higher cooling performance at P/D=2 is not only
due to the increased coolant mass per unit area, but also the smaller
jet penetration and weaker counter-rotating vortices. Figs. 14 and
15 show, respectively, plots of the streamwise mean velocity

contours and velocity vectors in cross-stream planes at £=5D,
10D. and 20D. From Fig. 14, it is clear that, for P/D=2, the jet
penetration is smatier and the rate of flow relaxation higher than
for P/D=3. In addition, from the velocity vector plois displayed in
Fig. 15, we can see that the counter-rotating vonices for P/D=2 are
significantly weaker than those for P/D=3. These resulis are
consistent with the findings of Kruse (1985), who noted that when
the hole spacing is small. the counter-rotating system

220z 1snbny 9| uo 3senb Aq ypd-p/€-16-86-6908604700/ L6 L L ¥2/690V60.L700A/1.5982/866 | LO/4pd-sBuipesooid/| ©/610-swse:uoyos|ooleybipswse//:dpy woly papeojumoq



=3

(a) Concave, P/D

Downloaded from http://asmedigitalcollection.asme.org/GT/proceedings-pdf/GT1998/78651/V004T09A069/2411191/v004t09a069-98-gt-374.pdf by guest on 16 August 2022

£/D=20

Ll .-.-—.\-..-m_%..

[Ty)
o
QD .mocwam_c _mE._oz oomt:m

a/f ‘eauelsia _mE._oz uumt:m

&/D=5

e »@o%.

1.0

0.5

Lateral Distance, Y/D

(=]
o

an' mu:SmE _mE._oz wout:m

Lateral Distance, Y/D

Lateral Distance, Y/D

o
S \ \ \ \ .
1l Jw
o & & W & 1°
oF N o o PR J :
Ll i --\—_..N—.._.—\-..—.m.unu.
S W Q 0 ) oo
3] o - - o
ahH .uo:SmE JeuION womt:m
[y ]
]
Q
ol o
- 1 i
o
2l a S %
m i \u \ \0
5 \
O L TS U W) _ ) o0 — g gl —wv da g2 — \
av
~— an .mo:ﬂm_c _mE._oz oomtzm
i ¥ :
=] 2 3
uf < |
Ll _t 1 — Ll 1 1 - L1 11l ] 0-
=] 0 g I = 0 oo
[ o~ — ~— o o
an .mo:m_m_o |BULION BIBUNS

Lateral Distance, Y/D Lateral Distance, Y/D

Lateral Distance, Y/D

Fig. 14 The effect of hole spacing on U/U_ contours of a concave surface (M=1.0)




3.0

HH?’ fml

T
1Hfmmm

1000
[H////////// !

//////._;.-1/ '
///,__\\

e
N

"//I"
\K—————-—‘s\

g
o

ho
(=)

1.0

Surface Normai Distance, {/D
2

Lateral Distance, Y/D

3.0r

n
in_

h
=

iy
[=)

Surface Normai Distance, {/D
o

05—

Laterat Distance, Y/D

(a) Concave, P/D=3

T
=)

D=10
H%HHH

o
o

R
g WITTI7r s
gz.oi”f///////m
§ ?]/////////,1
g1 e
2 [////,\\\‘
guopd{ I 11, ||
é \\\\\_,/ ,
0.5 \\\\\-..__,,,

\“-R.--.-—..-__ —_— =
R A
) ~

0'8.0 0.5 1.0
Lateral Distance, Y/D

(b} Concave, P/D=2

0

=10
Tttt
3 TRERTIAR
oot 1111111
-§ H1h s
g15+/1////,.
s Wi,
§1.0 f ‘
E illl ,j:
0.5 \\\\_,‘
NN

AN I B SR
0'8.0 0.5 1.0
Lateral Distance, Y/D

£/D=20 :
[177711 11

IH

”H///////r
HM/////_.“
F” ////,,_\\
15 Jj f///-

b
[

[y
[=]

hY \ l
Ty
\\\\._/ : j

05 \\“\--..___ - I

\\“-.—-—.._ .
\"-.."--..-.. .

Surface Normai Distance, {/D
5

Lateral Distance, Y/D

0
E/D=20
fif'”ff]

it

Q

e )

§2o”””l!f

g Mt

-E: Ty

E1SI][]I]iI1

-2' II]I’]II1

SO 1114,

o 11

é 1I]II‘III
I‘\\\l\
T,
AN LY

Lateral Distance, Y/D

Fig. 15 The effect of hole spacing on counter-rotating vortices of a concave surface (M=1.0j

10

el

o1109]|00[e}BIpaWSE//:dny Wol papeojumoq i
4 - xEm

1d/19/610"8WsE" U

220z 1snbny 9| uo 3senb Aq ypd v/ €-16-86-6908601700N/ L6 | L ¥2/690V60. 100N/ LG982/866 L LO/Pd-sBuipasdo.



l 0 L] L T T
]
o 08 Concave, M=1.0
2 - Angle=35 deg.
g — - Angle=65 deg.
K] 0.6 1
L]
[17]
_‘E’ 0.4 .
E
202 N=-=—_______ 3
[+ _—
o
0.0 t 1 : :
l.o L) T L 1
Concave, M=1.0 "
08 — 1
—— Angle=35 deg.
= — Angle=65deg. .
0s | 1

:

e
i
1

Laterally Av. Effectiveness

o
o
L

0.0 100 200 300 40.0 500
Streamwise Distance, £/D

Fig. 16 The effect of injection angle on cooling
effectiveness of a concave surfzce (M=1.0, P/D=2)

of vonices of adjacent jets interact in such a way that the tendency
to re-attach to the wall is intensified and the jet penetration into
the mainstream is reduced.

In the subsection thal discusses the effect of injection angle
on cooling effectiveness, we conciuded that, on concave surfaces,
the effect of injection angie on cooling effectiveness is very
wegk. The main reason given for the insensitivity of cooling
effectiveness Lo variations in injection angie was the exisience of
stronger vorlices on these surfaces. Tesis were. therefore,
conducted to re-examine the effect of injection angle on cooling
effectiveness for P/D=2, since in this case the vortices are weaker.
We considered two injection angles for this purpose, 35° and 65°,
The resulting distribution of cooling effectiveness are shown in
Fig. 16. As may be expected, for P/D=2, the effect of injection
angle on cooling effectiventss is more significant than was the
case for P/D=3.

Ihe Effect of Hole Stacgering

The advantages of a smaller hole spacing can also be realized
by using a staggered-hole arrangemen:. For example, instead of
having one row of hales where the hole spacing is 2D, we can
have twao rows of staggered holes where the hole spacing in each
row is 4D. To demonstrate this, we considered the film cooling
layout shown in Fig. 2. This figure shows two raws of staggered
holes, where the streamwise distance between rows is 5D. Since
injection is streamwise, by symmetry. only half of each hole was
considered. Both convex and concave surfaces were studied with
this configuration for blowing rates of 0.5 and.1.0. The other
geometric parameters used in this case were the same as those used

earfier, i.e., ¢=35°, L/D=5, elc.

"

Figures 17 and 18 show the distribution of adiabatic
effectiveness on the convex surface for M=0.5 and M=1.0,
respectively. In these figures, the results for the staggered-hole
arrangement (P/D=4) are compared against the results for the eone-
hole arrangement with P/D=2. From these figures, we may note the
following two main points. First. except in the region between
the two rows, the lalerally averaged effectiveness for lhe two film
cooling arrangements are nearly the same for both M=0.5 and
M=1.0. In the region between the two rows, the cooling
effectiveness for the staggered-hole arrangement is lower because
there is only one hole to cover a larger area (P/D=4). Second, the
centerline effectiveness following the second hole (plane 2) is
much larger than the centeriine effectiveness following the first
hole (plane 1). This is because, the development of the counter-
rotating system of vortices following the second hole is-inhibited
by the vortices of the first hoie. Although to a lesser degree, the
vortices of the first hole are also affected by vortices of the second
hole.

Figures 19 and 20 show the eifects of hole staggering on film
cooling effectiveness of the concave surface for M=0.5 and
M=1.0, respectively. Again, the results for the one-hole
arrangement are compared with the results for the staggered-hole
arrangement. The results shown are very similar (0 those shown in
Figs. 17 and 18. First, the Jaterally averaged effectiveness for the
two film cooling amrangements are nearly the same. Second, the
distribution of the centerline effectiveness following Lhe second
hole (plane 2) is much larger than that following the first row
(plane 1). This is again due to the suppression of the vortices of
the second hole by the vortices of the first hole.

The effects of hole staggering an jet penetration and counter-
rotating vortices were studied using plots of Uy/U, contours and
velpcity vectors in cross-stream planes. Fig. 2] shows these plots
far the concave surface for M=1.0. By comparing these plots with
the plots shown in Figs. 14 and 15 (at §=5D), we can see that, for
the staggered-hole arangement, the jer penetration is also smaller

and the counter-rotating vortices weaker. Note that, the plomss-

shawn in Fig. 21 are for streamwise distances of 10D, 20D, and
40D, following the leading edge of the first row. Hence, as far as
the second row is concerned, these streamwise distances are
equivalent to 5D, 15D, and 35D, respectively, from the leading
edge of the second hole. In conclusion, hele staggering also
reduces jet penctration, weakens counler-rolating vortices, and
increases the film cooling effectiveness.

The Effect of Hole Length

The effect of hole iength on cooling performances of convex
and concave surfaces was investigated by considering L/D catios of
1.75, 5.0, and 6.0. For the blowing ratios of 0.5, 1.0, and 1.5
examined, the computed cooling effectiveness results for the three
L/D ratios were found to be essemially the same, i, no
significant differences were observed. As discussed in Berhe
(1997), on both the flat angd curved surfaces. the main effect of
hele length is to change the velocity and turbulence intensity
profiles at hole exit. However, the effect of these changes on
cooling effectiveness is small, especiatly on curved surfaces. This
is because of the existence of pressure gradients on convex
surfaces and strong vortices on concave surfaces. On convex
surfaces, the pressure gradient forces the coolant jets towards the
walls sa that the effect of some variations in the velocity profile
a1 hole exit is minimized. Similarly. on concave surfaces. the
caolant jets are more thoroughly mixed with the mainstream gases
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that the effect of some variations in velocity profile at hole exit is

insignificant. In conclusion. as far as surface coaling
effecliveness is concerned, the hole length is not a significant
fiilm cooling parameter.

CONCLUSIONS .

Three-dimensional film cooling computations have been
conducted on convex and concave film cooling geometries which
included the mainflow, injection hole, and supply plenum regions.
The effects of several parameters on film cooling performance
have been investigated, including the effects of blowing ratio,
injeclion angle, hole length. hole spacing, and hole staggering.
The results presented and discussed include plots of adiabatic
effectiveness as well as plots of velocity contours and velocity
veclors at several cross-sectional planes. . .

The blowing ratio is one of the most significant parameters
investigated. Higher blowing ratios produce larger jet penetration
and stronger counter-rotaiing vortices. These two factors degrade
the film cooling performance when the blowing ratio exceeds its
optimum value. On the convex geometry studied, the optimum
blowing ratio was found to be around 1.0, as contrasted to the
optimum blowing ratio of about 0.5 obtained for flat-plate
geometries. The optimum blowing ratio on convex surfaces is
higher because the pressure gradients that exist on these surfaces
force the caolant jets towards the walls. On the other hand, on the
concave surface studied, larger blowing ratios generally produced
higher cooling effectiveness. '

The injection angle affects the cooling effectiveness mainly
by affecting the jet penetraiion into the mainstream. On the
convex surface swdied, smaller injection angles produced higher
cooling effectiveness than larger angles. However, on the concave
surface studied, the effect of injection angle on cooling
effectiveness was found o be much less significant.

Hole spacing was found o have a very significant effect on
cooling effectiveness, especially on concave surfaces. By
reducing the hole spacing from 3D to 2D, a dramatic increase in
both the centeriine and laterally averaged cooling effectiveness
was obtained. This increase in cooling effectiveness was found due
to not only the increase in coolant mass per unit area, but aiso the
decrease in jet penetration and the weakening of the counter-
rotating vortices.

The advantages of 2 smailer hole spacing can also be realized
by using a staggered-hole arrangement. The staggered-hole
arrangement studied produced smaller jet penetration, weaker
vortices, and higher cooling effectiveness,

Except in sitwations where the hole length is very small, the
hole length was found o have an insignificant effect on cooling
effectiveness of curved surfaces. This is because, on both canvex
and concave surfaces, surface effects {vortices on concave surfaces
and pressure gradients on convex surfaces) minimize the effects of
changes in velocity and turbulence profiles at hole exit.
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