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obtained . Film coolant effectiveness data is presented in the form of
effectiveness profiles and contours downstream of each hole. The observation
was made that although it can have a strong radial component , the trajectory
of the  film coolant was very insensitive to coolant flow conditions . The
existence of the radia l component of the film coolant trajectory was found
to have a strong impact on the nature of the effectiveness distributions . The
data have been compared with data taken by other investigators on flat surfaces
and in plane cascades . Agreement between the flat plate data and the suction
surface data was reasonabl y good . However , the pressure surface results
showed a much faster decay of the effectiveness than did the flat plate data

t o effects thought to be related to both curvature and radial flow.

fr
.-—

s~s SRIS IIdIuI
)~~~

,SS ~~~~~~$IS~~~~ 0
.uuuscu 0

r \ 11T rFfl . -~~
, 

.• .. .  - 
OCT 23 i~ia

,IUJII$1IOL A~*)LtPILITT 55S0 -.

~~~~~~~~~~~ t~Ci~~ 
Th j~~ u ~U

S - N  0102~ (J.014.66O1

stcumi tv CLAU IPICAtI ON or tuil PAGL(VA .o Dips Iaesip~

~~~~~~~~ 

.‘

_____________________________________________________________________ . —.— j  A



— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~
:—‘ 

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

--——‘~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 
-

PREFACE

This is the final technical report prepared by the United Technologies
Research Center on a program sponsored by the Air Force Aero—Propulsion
Laboratory , Air Force Systems Con~ and , Wright—Patterson Air Force Base , Ohio ,
under Contrac t F33615—77—C—2068 . This program was supported by the Turbine
Components Branch and was under the technical direction of Dr. Kervyn Mach and
Mr. Wayne Tall. Dr. Robert P. Dring of the United Technologies Research Center
was responsible for the work .

The authors are indebted to the efforts of many people for the completion
of this program and in particular to Mr. Charles Coffin for his skill and patience
in building the models , Mr. Raymond Whitmore for developing the TC scanning system ,
and finall y Mr. Joel Wagner and Mr. John Kostic for helping in acquiring the
data.
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SE CT i ON 1

IN TR ODU CT ION

W i t h  t h e  e v o l u t i o n  of gas t u r b i n e  cv c  les  w i t h  h i g h e r  and h i g he r t u r b i n e
• in l e t  t e m p e r •~ u r e s  h a s  come t he need f o r  i n c r e a s i n g ly  e f f e c t  i ve  means  ot

~ o o i L n g  t he  turbine airf o ils. One such cooling technique currentl y receiv ing

• w i d e  app l i c a t i o n  is fi lm cooling . The objective is to  d i s c h a r g e  a p r o t e c t i v e
blanket of c o o l i n g  air onto the surface of the airfoil with the purpos e
of insu lating the airf o il from the hot f l o w  around i t .  The film of air is

cre •it t d by inject ing c o o l i n g  air into the airfoil boundary layer through rows
o~ h o l e s  on the ai rt oi 1 surfac e . In its range of app licab i lit y f i l m  c o o l i n g

~‘t ~~ ’rs n u m e r o u s  advantag es over other c o o l i n g  techntques . hi hi gher tempera—

ture app lications i t  p r o v i d e s  a more effective means of cooling t h a n  s i m p le
i n t e r n a l  c o n ve c t  i ye c oo l  i ng . Also , it does not require the ar rays o t much
smj l b r  d i a m e t e r  h o l e s  used in  t h e  “mu l t i h o l o ’’ c o o l i n g  schemes w h i c h  are
emp l o y e d  f o r  ov e t i  h i g her  c o o l i n g  eft ec tiv eness levels.

It is .i c u r i o u s  fac t that the feature of t u r h o m a c h i n e r y  w h i c h  makes it
uniqu e rel.iti ve to most other fluid mechanical devices is rotat i on and v et
i t  is  t h i s  very feature which has hist o ricall y received the least ~ 1~oun t  ot
i t  t ent i o n .  This  is part i c u l a r l v  t r u e  i n  t h e  area of f i l m  c o o l i n g  • A l t h o u g h
f i l m  c o o l i n g  h.s been app l i ed  t o  mans ’ t u r b i n e  r o t o r  bl ade s , there is no back—
gr ou n d  a t  a l l  on t he  i m p a c t  of r ot  at ion on t h e  f i l m  c o o l a n t  t r a j e c t  or~’ or f i l m
e f f e c t i v e n e s s .  The p o t e n t i a l  ex i s t s  for  .i r e l a t i v e ly  s t r o n g  e f f e c t  due to
r o t a t ion s i n c e  t h e  d e n s i t y  of  t h e  c o o l a n t  t l u i d  can he as h i gh as three time s
that of the free’ stream f luid around i t .  D u r i n g  recen t  y e a r s , however , most
of the other parameters affecting film cooling have been the sub ject ot much
c i reful s c r u t i n y  • . -\ survey o t  work up to 1971 has been published by C o l d s t e i n
(Re f . l). Although the bulk of the discussion is related to slot i n j e c t i o n .
there was some discussion of isolated ho l e injection . Ericksen (Ref. 2~ t u v e s —
t i ~~ ate •1 film cooling behind a row of inclined holes , and among other things
found that the effect of Reynolds number was relat ively small. A simp le anal~’-
tical model of t h e  e f f e c t i v e n e s s  p a t t e r n  produced by a jet has been published
by Ericksen et al. , (Ref. 3). Pedersen (Ref. 4) also looked at a row of in-
clined holes including mainstream to c o o l a n t  density ratio .is a prime vari abl e .
T h i s  p e r m i t t e d  h i m  to vary the mass and momentum flux ratios independent lv.
He presented a correlation of his results including the effects of all these
variables . Liess , et al., (Ref. 5) examined the effects of free stream accel-
e r a t i o n  and Mach number and found them to be small. Lander , et al., (Ref. b ’

~
m e a s u r e d  film cooling effectiveness on a first vane cascade in  an at t empt to

• i nclude realistic geometry and flow conditions (including free stream t u r b u -
lence). Finall y , Muska , et al., (Ref . 7)  confirmed the additive nature o t the
eft ectiven e ss of multi pl e rows of f i l m coo l i n g  holes.

1
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In the absence of any information on the effects of rotation , the
assumption in the typ ical desi gn system is that there is no effect. Rotor
bla des are treated like stator vanes in that it is assumed that the radial
velocity i n the film is zero and that the film follows the free stream flow
a round  i t .  Any s h o r t c o m i n g  of t h i s  approach is compensa ted fo r  by calibra—
ting the design system on engine experience.

Al though there is no information on the impact of rotation on film cooling ,
t h e r e  have been severa l  s t u d i e s  on the  e f f e c t  it has on boundary layers. The
anal ysis by Horlock , et al., (Ref. 8) addr essed a particular set of similar

• laminar flows on a rotating helical blade. Their results indicated that even
in a uniform density fl uid significant radial flow could occur under certain
circums t ances in a bo’indary layer as a result of centrifugal forces. A recent

• a n a ly s i s  by H u l e s  ( R e f .  9) has indicated that for compressible turbulent boun—
dary layers on rotor blades under most circumstances the radial flow is gener—
all y small. In preparation for the present program , an investigation was
conducted into the nature of the boundary layer equations for stratified flow
on a rotating curved blade. This analysis qualitative ly confirmed the results
described above . The equations indicated that in the regions of the blade
surface where the free stream velocity i s high (e.g., on the suction surface)
the centrifugal effects are small , even f or very dense boundary  layers . How—
ever , in low free stream velocity reg ions (e.g., the pressure surface , separa-
ti on bubbles and the stagnation region) the radial velocities are of the
same order as the through—flow velocit y, and consequentl y centrifugal effects
would he expected to be significant. This is an important consideration since
f i l m coo l i n g  ho les are freq uen t ly located in the low velocity reg ion of the
pressure surface.

I
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SECTION II

PROGRAM BACKGROUND

One of the primary variables in this program was the coolant to free
stream density ratio. This parameter was to be varied from 1.0 to 4.0. For
this purpose the coolant fluid consisted of mixtures of air and sulfur hexa—

f l uo r i d e , SF6 (molecular wei gh t 146) .  SF6 has the advan tage of be in g
chemically i nert and also of having a high vapor pressure (320 psig @70 ’ F ) .

-• Measurement of both surface concentration of gas species (as done by Pedersen ,
Ref. 4) and surface temperature had been considered as a means of determining
film coolant effectiveness. Temperature measurement was chosen for reasons of

• accuracy, speed , and expense . Fur ther more , it was expected tha t  t h i s  tech-
ni que would provide an accurate simulation of the actual flow processes. This

•1 c o n c l u s i o n  was based on the  e x p e c t a t i o n  t h a t  across the  a i r f o i l  boundary  l ay er
the turbulent Prandtl number (governing heat transfer) and the turbulent
Schmidt number (governing mass transfer) vary in such a way that their ratio ,
t h e  turbulent Lewis number is close to unity at all points. This can be shown
to be t r u e  for  t u r b u l e n t  p l ane  wake s from the res u l t s prese nt ed by Reynolds
(R e f . 10 , Fi gs. 4 & 5) and although there are basic differences in the f l o w ,
we expect the same to be true in a turbulent boundary layer . The mixtures were
h e a t e d  above the free stream t emperature and effectiveness was determined by
m e a s u r i n g  t h e  f r ee  s t r eam and coolant temperatures and the  a d i a b a t i c  r ecovery
temperature distribution on the airfoil surface with a ‘~iatr tx of t h e rmocoup les
downstream of each blowing site. The airfoil was made of low conductivity
urethane foam in order to minimize thermal conduction losses and to approach an
adiabatic surface.

In order to investigate the full potential for radial flow effects to
i nfluenc e film coolant trajectory a number of blowing sites were selected .
H o l e  l o c a t i o n s  were chosen at midspan  at 10 percent axial  chord on the suc-
tion surface and at 16 percen t axial chord on the pressure surface. These
holes are sufficient ly far aft so as to be relative ly u n i n f l uenced by the
details of the leading edge f low , and ye t f a r  enough forward so as to be
uninfluenced by the suc t ion sur f ace  endwal l  vor t ices and by the strong accel-
eration toward the trailing edge on the pressure surface . At the two loca-
tions selected the local flow velocity on the suction surface is roughl y f i v e
times that on the pressure surface. It was expected that at the low free
stream velocity loca t ions , such as on the pressure surface , that the radial

flow effects would be much more strong ly fel t than on the hi gh veloci ty loca-
tion s, such as on the suction surface. In addition , six other holes were
provided . Since these entailed no de lay to the program and only s l i ght cost
they were included in areas of possible interest. These additional holes are
near the ti p at 50 and 75 percent axial chord on the pressure surface , at

3
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midspan at 40 percent and 65 percent on the suction surface and at 60 percent
on the pressure surface and near the root at 16 percent on the pressure sur-
face . These six additional blowing sites were only incorporated into the flow
visualization models. They were not included in the instrumented effectiveness
test models which were fabricated later in the program . Because of scheduling
constraints , however , these six additional blowing sites were never tested .
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S tt ’ L I ON I l l

TEST F A C I L i T I E S

liii ’ expei tmt’nt at program was carried out iii t h e  IITRC Large  Sca le  R o t a t i n g
Rig (LSRR). T hi s  t a c i l i t y  is tive feet  in  diameter and is shown with t h e
p a r t  i a l i v  as s e m b l e d  0.8 h u b f t  i p rat t o  t u r b i n e  model i n s t a l l e d  in  F i g .  I . At a
t v p i .i l i t i n n i n g  c o n d i t ion , t h e  a x i a l  f l o w  v e l o c i t y  i n  the  r i g i s  75 f/ s  ( 2 3
m ’s)  and t h e  s h a f t  speed i s  40’ rpm . The a i r f o i l  a x i a l  chords  are t y p i c a l l y  ~
i t c l t t ~s , (0 . 1’ in ) or ap p r o x im at  e l y  f i v e  t l utes the  eng ine  s c a l e .  A i r f o i  I R ey n o l d s
n u m b e r s  au a p p r ox i m a t e  lv  5 .b x IO ~ w h i c h  is typ i ca l  of h i g h  p r e s s u r e  t u r b i  t ie
a i r t e i  I s . Bec iu~’e t h e  r i g  a l s o  h as  v e l o c i t y  t r i a n g l e s  t v p ic:i l ot  t hose ot a
h i t~h ;‘i o s st i r  e t i i r h  i tie , i t pt -n v i do ii an exce ’ I l en t  s imu I a t  ion  of t h e  cen t  r i I t i ga  I
an d t o t  i o 1 1 ~‘ I I o c t  s .is t h ey  won 1 d o c c u r  in  t h e ’ b o ut i dary  l ay e r s  o I an ac t  u — t i
e n s ’ i no s~ i i ,  i s r h  i f l O  . i i  i i  0 1 -

t h e  i i s  op t i ~ t ed by a comput  01 t i e , !  a u t o m a t i c  cont  m l  , d a t  a a c q ui  S i t  i 0 f l
Jo a r , -~t t i c  i ~i vs  t i’m . T h i s  sv s t  •‘m p r ec  i se l v  ma t n t  at it s t h e ’ dos  t r ed  r i g

vi’! oc i t  v t r i tu g  I e s (C~ / t 1
~~

) 
, ac qu i re S :111 pn e ’umnt i c and t h e  rnt ocoup 1 e’ dat  a

t t u h i c e s  t h i s  ~l . i t  a ( o n — I t  n e )  t o  eng i n e e ’r i n g  u nj  s ant i t o  c o n v e n ien t  d i m o n —
s ‘ii I t ’ s p i t  •iine t o r  s - The sy s t e m  in c  I t i des  :tu t nina t I c  e:i l h i a t  i on pi- ot - t ’dui l os  I or

• t l  I p n e s i m . i t  i c  t y a n s ~t t i cs ’ i s  . Fot- t h e  p r e s e n t  progi- am t hi S sv st  em wa s  used t o
i o t h e  t o t  ot i i  t I n t  I p r e s s u r e  d i  st  t - ih e i t  i o n  d at  a and t h e  r o t o r  I t i m  c o o l i n g

t e m p e r - i t  t u e  d . i t  • i .  f t i s ~ s v c t  em :1 I so  c o n ver t e d  t h e s e  d a t  a t o  p r e s s u r e  t o e !  f i —
c i e n t  s ~ud I i  Im ,~ ‘ ‘ l i n t  o t  t e t I i v e n o s s  r a t  in s .

A f l o w  m s - i t ’ r i n g  s v t em was  ass  emb led  and c a l i b r a t e d  t o  pr ov i di’ N ec i
l o w s  et t h e ’ t t i m  c o o l an t  t l u i d  t o  the ’ b l o w i n g  s i t e s  at v a r i o us  c o o lan t  b l o w i n g

r a t  es (M ~nd v a r i o u s  coo l  an t  t o I r ee s t r e a m  [ l i i i  d d e n s i ty  ra t  ins ( H) . As
p r e v i ou s  Iv  d i s c u s se d , t h e  c oo l a n t  f l o w  c o n s i s t e d  p r i m a r l  lv  of a m i x t u r e  cit

~i i l  f u r  hex a  t h u n t  i di’ ( SF~ ‘I and a i r .  A t r a c e  amount of aminoni a was in c  I tidi ’d
fo r  E l  ow v i  su .u I i z at  t on  p urp o s e s  . Mi x t  t i r e s  n t  s i t  and SF b permi t t e d  t h e
ent  i r e ’ r i i l1 i ~.t’ of c o o l a n t  I I ow rate and coo l ant  to  f ree  at  ream dens i t  v r a t  t o to
he’ oht • i i n e d  .

The f l o w  ms - t o t i n g  sy s t e m , c o n s i s t s  of th ree  M a t h e s o n  150 mm g l a s s  t u b e
low m e t e r s  a n l  one F i s c h e r — P o r t e r  1/ 2  inch flow meter. For each gas to be

used ( S F~, , a i r  and a m m o n i a)  t her e  is  a separate plumbing circuit consist in g
of a pressure r e g u l a t o r , n ee d l e  va lves  at the i n l e t  and out le t  of t he  f l o w
m e t e r  body a nd a precisi on presr-ure gage . Class tubes for various flow r i t e
r an g e s  may he inserted into the flow meter frames . The’ v a r i o us  gage’s , v a l v e s ,

‘ and fl ow meters can he seen on the face of the u n i t  in Fig. 2 .  The th ree  (tows
ar t ’ comb i ned i n  .1 ui ni on and t h e n  pass i n t o  t he  t u r h i  tie airfoil through a rot at v
u n i o n .

- — - ~~~~~~~~~~~~~~~~~~~~~~ - -- 
——~~~‘-- - ~~~~~~~~~~~~~~~~ 

• — 1 ~~ _~~ ---- — -—~~~ -~ ~._ _ :~~~~~~~~~~ ~~~~~~~~~~~~~~~~ —~~~~~ - -— — ~~~~~~~~~~~ ——
-
~~~~~~~~~~~~~~~~~ ~ - -- -~~ — — - - —  — - - ——  -



—~~ - — 

~~~~~~ 
‘

~~~~~~~~~~~~~~~~~~~~~
— “-- ‘.—-

~~ 

- - - - 

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~

‘ _ _ _ _ _

In order to accurately set Ilows ove r the wide range of flow rates

r e q u i r e d , t h e  f l o w  met er s were ’ calibr a ted with glass tube and float comb i na-

tions ot  various capaciti es. The flow meter tuhe /tloat combinations were
calibrated against a Precision Scientific Co. Wet Test Meter using the spe-
cifi c gas for which the~’ were’ to be’ used . Calibrations were performed at 0,
20, and 60 psi g. The’ high pressure was required to overcome the Line pr’s—
sure drop  that occurred between the flow metering system and the blowing site
on the turbine rotor blade . The calibrated g las s tubes (Ma theson models 60 1 ,
602 , h O ! , 604 , and 605 and Fischer—Porter model 1/2—17—40 Float ) provide [low

rate ranges of .05 x l0~~ to 55 x to~ and .015 x l0~~ to 30 x I0~~ lh m / s ec ,
respectivel y fo r  SF b and air. Si nce onl y trace amounts of anmionia were ne ’ces—
sarv, the ammonia meter was calibrated only w i t h  a Matheson mode l 601 tithe from
.0 1 x t o  0 . 1  x io —

~ lhm/sec . Over the entire range the  error expected
trout these mit era is • I I / 2 percent on the average and + 3 perc ent maximum .
Tb i s  w-~s more ’ t h a n  su i t  t i c  l e n t  for t h e  i nt ended teat I ng -
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SECT ION IV

DISCUSSION

A. Blade Pressure Distribution Measurements

Iii orde r to  set the’ coolant flow rate , it was necessary to know the free

stream velocity at each b l o w i n g  s i t e .  For t h i s  purpose t h e ’ ro tor  b l a d e  m i d a p a n
pressure di s trih u t ion was measured at a nominal (desi gn) value of (C /U )
ot  0.78 and at higher and lower values cor re sponding to p ins and minus five
degrees of incidence. The incidence was changed by varying rotor speed (hold-
ing h o w  constant ) and hence the blade axial chord Reynolds number remained
constant (at 5 .6 x l0~ ) for all incidences . The data taken included (1)

a i r t o i  1 midspan surface pressures at twenty—two locations around the perimeter

~ f the’ blade , (2) rotor itel e t relativ e total pr e s su re  at midspan (from a rotor
mounted Kid probe ) and (3) rotor exit ti p static pressure measured on the
r ot or  ca s ing . The p ressure  i n s t r u m e n t e d  a i r f o i l  can he seen mounted on the
rotor i n  Fig. I. The rotating frame pressures were measured using a rotor—
mounted scanivalve and transducer.

Whe’n compar i rig measured pres seires to c o m p u t e d  pres  set re di  at r i h u t  i otis , it
is convenient to LiSt’ ii p r e s s u r e  c o e f f i c i e n t  based on Li i i ’ b l a d e  e ’X i  t m i d s p a n
st  a t  i c p r os  sure  as a re’ f e’ retice p ie s  sure’ and t h e  di C fe r etic e hot ween I he’ h i  ade
in let t o t a l  pressure and the mi dsp an e x i t  stat i c pr ’s s u re  as a norma l i z i ng
p r es  s i t  u- c ’ di E t erence’ - It was found i n  a l l  c :ises t h a t  t h e  mea sured  p r e s s u r e
stir face’ max t mum pressu rca wer e’ s l i g h t 1 i’ lower t Ii an one’ w o u l d  expect from lit. ’
measured rotor inl et t o t a l  pre s s u r e s .  This  d i f fe r e n c e , howev er , i s  only about
1 percent of the rotor exit relative’ dynamic pressure. This effect is probably
related to radial flows in the rotor channel shifting the location of the hi gh
and the low total pres su re  f l u i d  be tween  the  i n l e t  t o t a l  p ressure  probe (wh i ch
is  at the rotor leading edge plane ) and the 30 percent chord location where the ’
pressure surface pressure is near i t s  maximum . In all cases the total pressure
tha t was inferred from the pressure  s u r f a c e  was used i n  evaluating the’ a i r f o i l
distributions . The midspan exit static pressure was determined by applying a
correct ion to the static pressure measured on the rotor exit ti p casing . This
correction was based on the assumption of free—vortex flow . T h i s  is a very
s m a l l  correc t i o n  ( r o u g h ly  I percent  of the  rotor exit relative dynamic pres-
sure ) and hen ce the sl i gh t inacc uracy associa ted wi th the assump t i on of t i e ’e’-
vortex flow is negligible. The r e s u l t s  for the three values of (Cx /IIm

)

tested are shown as data points in Figs . 3 , 4, and S .

The computed curves in Fi gs. 3 , 4, and S are based on an existing UTRC
deve loped inviscid potent is! flow calculation . The’ inlet and exit flow ang le s
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(BE rA ID and IIE I’A2D , measeire’d from t angential ) were adjusted to give best agree-
ment with the’ measurements. Notice that excellent agreement has been achieved
at a nominal inl et ang le oh 41 and at plus and minus five degrees for the low
and h i gh Value s of (Cx /U m) resp ectivel y . A sing le exi t ang le (25.5 ’) was

shown to give excellent agreement for all cases. These flow angles are also in
excellent agreement with a meanline analysi s which had been carried out earlier
for this turbine model. The flow was assumed to be incompressible (Ml M2
0) since the Macit number levels reached in the ri g are less than 0.2. The
stream tube contraction ratio (H2/Hl) was t aken from an existing through—fl ow
anal ysi s ot the flow in the turbine model. As can be seen , it is very close to
unity at this mid span location . The loss has onl y a rela tively weak impact on
the pressure distrib u t ton , but in order to be complete , a span—averaged loss
value was included . This value had been measured by UTRC dur i ng an e a r l i er
program i n  the rig at the design value of (Cx /U m)• This loss was assumed
to be a constant fraction of the rotor exit relative dynamic head at of f—desi gn
values cit (t x /tlm )• The’ d.’ ti nition of the pressure coefficient used in
Figs . 3 , 4, and 5 is included on the t i gures. As ment i oned previo usly , it is
ha~ e’d on the inlet total pressure and the exit static pressure. The predicted
trailing edge stagnation point singularity has been e l i m i na t ed in  f av or of the
more phy sicall ~’ r e a listic trailing edge condition of a base pressure equal to
the downstream static pressure (C 0). This affects the pressure distribu—
Li on over less titan the aft—most 1~0 percen t of the a i r f oi l , i .e., f rom X /BX
f r om 0.9 to 1.0.

in g e n e r a l  t h e  measured  and computed  p r e s s u r e  d i s t r i b u t i o n s  are in e x c e l l e n t
agreement . The agreement is especiall y good in the lead i ng edge reg ion whe re
t h e  f i l m  coo lan t  b l o w i n g  s i t e s  are loca ted . The s u c t i o n  and pre ssure sur f a c e
bl owing s i t e s  are 10 and It percen t axial chord respective l y from the lead ing
ed ge as indicated i n  Fig. 3. From these results it has been de te rmined  t ha t
the  local  s u u f ace  f l o w  v e l o c i t i e s  at the suc t ion and pressure  s u r f a c e  b l o w i n g
s i t e s  are (as  a f r a c t i o n  of rotor midspan whee l speed) 2.05 and 0,40 respec—
tive lv at the desi gn poi nt va l ue of (C x / Um)~ This corresponds to 196 and
38 fee t per second a t a t y p i c a l  r u n n i n g  c o n d i t i o n  of 405 rpm . These r e s u l t s
were used to compute the various film coolant mass flow rates required to
ach i eve the desired values of the coolant to free stream mass flux ratio (H)
and the coolant to free stream density ratio (R). From this point onward all
test t ug was carried out only at the desi gn val ue of (Cx/LIm 

= 0.78).

B. Fl ow Visualization Tests

The first phase of the film cooling test prograni consisted of a set ic ’s
of h o w  visualiz ation tests. The objective of these tests was to qu ali ta—
t ively de t e r m i n e  the nature of the film coolant foot print on the airfoil
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si n I a ce ’ downs t re’am ci t each blow i ng site t oi t he full range of density rat i Os
(H) and b l o w i n g  ra t es (M) to be studied in the’ program . These t iow vi s ua l i—
za t  ion fil m cooling pat t e m s  could then he e’mii p loved to d e t e r m i  i-it ’ the effec—
ttve’ne’5S instrumen tation arrays.

The same’ procedure ! was emp loyed to fabricate both the f l o w  v t s e i a l i z . i t  ion
and effectivene ss t e s t  b l a d e s .  Holes , ( 1/ 8  i n c h  diameter , 1 . 2  sin ) we’re d r i l l e d
into an existing aluminum s rotor blade (B 5 

a 6 .  i i  inches , 16.1 cm ). lhte hole
tot -at ions art’ known to  w i t h i n  0. 1 perc en t of axial chord which is a re lat ive ly
srn.t i t  t r a c t  ion of the’ hole diameter. Each liol e i s  inclined at an angle of 30 0

to the sum face’. The p lane of each hole was set such that t he  a x i s  of the hole
i s  t angent to a cy lindrical surfac e Inters e ct i ng  the a i r f o i l  at t h e  locat  i on
The r e s u l t  i s  t h a t  a l l  of th e’ holes  are’ oriented i n  the  at  rt’amwi se d i r e c t i o n
wit Ii no radial component . The ra t  lieu - comp ii c i t  c c !  nngti 1 icr orient - i t  i c ’ m i  s of the
leo I es were’ c i i i  i ed out  w i t  ii high prt ’c e s t  on 1w m o u n t  t ng  t h i c ’ iii t o t  I OU :1 s i ne ’

p I e  w h i c h  e n  u r n  was mount  i’d on a i g bor ing macti ti l e ’ - I’tet ’ ti m inI  r e s u l t  i s

shown iii Ft  c~s he anti ‘ whe ’re p i n s  have’ be’em i i el sert ed intO e a c h  cit t h e ’ hole ’s h i’

bet t or e 11 u st  t o t e ’ the’ i r or i emit it ion ,

A mold was then fabt-icated using the ’ dri 1 l ed  .ml umm ineun a t  t h o u  1 as a m a s t e r .
The’ l’i dde’ was m u t e d  in a 1i g us jug the h u h  at t aclimne’u it hut t c ’n i s a hoc at ton

g t m  ide A h i  ame’ was p 1 ace’d around t lee ni i I c i i  1 and a g r o u nd  d r i  1 1 i Oct was
i n s e r t  eel i nt o the e e gh t Ito Ic ’s in he n i t  toil tiii-ougti i~ol c’s in t h e  t t- ante’
P a r t  i ng sur f a c e s  we ’re’ made a long the leading and t r a t  l i ng e d ~~e s with spec i a I
c.mre taken at the’ le’ading ed ge’ where’ a smnooth ~o t i l t  bet wt’.’n t h e two iso Id halve s
i s criti c - c l  . Hyde oca Ii c cement was used t ci c as t  ar o u n d  t lie me’ t a 1 mast  or we  th
the ’ d r Il rods inserted . This cement has ext rome lv low shr e nk ag e ’ so that t h e

I I to  I mold shape is an accurate deip 1 i cat ,’ oh t he ore gi mini aluminum airf o il
Upon harde’ning, the drill rods and the metal airfoil we’re removed and the mold
was allowed to cure for a week . Finall y, the’ mold sin face  was p o i i  shed to
ens u r e a smooth model with a clean skin.

in order to provide structural integrity to the final airfoil , a stee ’l
skeleton was fabricated consisting of a huh  attachment buttot i identi cal to
that of the orig in a l al um in um a i r f o i l , two s t eel a i r f o i l  sh aped sec t t ons
loca:ed near the root and ti p of the blade and three spatiwise steel spars.
This skeleton is shown in Fi g. 7. The skele ton was mounted by its huh at t ach—
ment in the locating ji g and the mold ha lves  br ought toge ther. The drill rods
were reinserted into the mold and connected to geon tithing which passed out of
the ’ mold t h r o u g h holes in the hub attachment button . Urethane foam (Isofoam R ,
Wi tco Chemical) was poured into the mold and allowed to harden. This part ic—
ular foam material was selected for its ext remely low therma l conduc t ivitv
(0.02 to 0.03 Btu/hrft °F). This is nearl y as low as the value ’ for stil l  air
(0.014). i~iile this property is unimportant to the flow visualizat ion tests ,
i t  is a crucial consideration for the measurement of ad i abatic wall t empera—
Lures in the effectiveness tests.

- 
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The final results of this fabrication procedure are shown in Figs . 7 and

- 8. Two airfoils were fabricated with four individual blowing sites on each .
The two blowing sites of princ i p le interes t , name l y ,  those at mid apan  near the
lead ing  edge on the pressure and suc t ion sur f aces , are bo th on the a i r f o i l  in
Fi g. 8, One hole on the suction surface can be seen in this photograph . The
fi nal cast models are near perfect rep licas of the original aluminum airfoil.
The surface of the model is composed of a very thin skin of urethane which is
extreme ly smooth. The leading edge is also v i r tu a l l y flawless. Special care
was taken here since , as mentioned above , this was the location of the parting
surface between the two halves of the mold. The intersections of the various
blowing holes wi th the airfoil surface are also virtually flawless. Each one
i s very clean without either flat spots or burrs. Finall y ,  care ~~es taken to
insure that each hole had a straight length of at least four diameters (1/2
inch , 1.3 cm) before it entered the geon tube within the model. This insured
an adequatel y uniform and developed flow discharging from each hole at the
surface of the airfoil.

Upon comp letion of the rotor blade pressure distribution measurements ,
the two flow visualization airfoils were installed in the rig. The suction
and pressure surface blowing sites , were each connected to one channel of a two
channel rotary union . The gas flow metering device was connected to either of
the two channels so that both blowing sites could be run in sequence during a
single rig run. A p iece of oza l id  paper was cemented onto each airfoil imme—
diatel y beh ind  the  ho le  at each b l o w i n g  s i t e .  The a i r f o i l s  had been marked
with spanwise re ference lines so that all the p ieces of o z a l i d  pape r mounted
behind each blowing site were in exactl y the same position .

W i t h  a p iece of o z a l i d  paper mounted  beh ind  each b lowing  s i t e  the  r i g  was
bro ugh t up to the desired running conditions of thru—flow velocit y (Cx

) and
mid span wheel speed (Urn) such that the nominal design point velocity triangles
(i.e., Cx /Um) were obtained . The f low m e t e r i n g  device  was then connec ted
to  one ~ef the bl owi ng si t es and the air  and su l f u r  h ex a f l uor ide (SF 6) f l o w
ra tes were adj us ted un t i l  the desired coolan t to free stream densi ty ra t io ( H )
and coolant to mainstream mass flux ratio (M) were obtained . When the flow
was established , a trace amount of ammonia was introduced into the film coolant
flow . The amount of ammonia was always less than 1 percen t of the total cool—
ant mass flow so it had a neg li gible effec t on both the R and M ratios . A
strobe ligh t tri ggered wi th a once per revol ut ion pu lse from the ro tor shaf t
was used to observe the flow trace established itself on the ozalid paper.
Aft er a trace of suitable darkness had been achieved the ammonia was turned off
and the lines were flushed with ammonia free flow , The f low me te r ing  dev i ce
was then connected to the rotary union channe l leading to the other blowing
si te and the process was repeated . As shown in Fig. 9, a ma t r ix  of R and M
ratios was covered on both the suction and pressure surfaces corresponding to
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t h e  t inge  ot t y p i c a l  gas t u r b i n e  f i l m s  c o o l i n g  app l i at  i o n s .  On t h e  s u c t i o n

stir lace , high M rat i os cciii ! d not be oht a ine ’d  at  low H rat ins dcii’ t o  the large
pre ssure ’ di oc occurr ing in the supply line s for this h ig hest flow r a t e  cast ’ .
This prob l em was r e c t i f i e d  i n  t h e  e ’ t f e c t  eveness te sting . However , it is not

e x p e c t e d  t h a t  any i n t o n n a t i o n  was l o s t  in the f l o w  v i s u a l i z a t  ion 5 1 1 1 c c ’ !‘~ t h  t h e
s u c t i o n  and pressure surface’ c oo l a n t  t r a j e c t o r i e s  ap p ear  to he v i r t u a l l y
inv :m r i a n t  w i t h  bo th  H and M .

F i c u r e  10 i s  a t y p i c a l  examp le of the f l o w  v i s u a l i z a t i o n  r e s u l t s .  T r a c e s

are  shown fo r  a lo~ H r a t i o  and f o r  bot h t h e ’ ‘ott - mon and p r . s s t m r e  s t i r  I :ic,’ blow—

i ng sites at n~ ni nal dens it v m i t  ios (R) c i t  1 and 4 .  In a l l  cases the ’ Slit ’ t ic ’fl

surface film coolant tra l e c ’torv is narrow , straight and has c m l v  a sligh t

rad i :cl d i s p l a c e m e n t  . The pre’sscere surface’ tra- !ect ’rv on the’ o t h e r  h , m n d  is mitch
w i d e r , d i s p l a y s  n o t i c e a b l e  c u r v a t u r e , and has a strong radial dis p lac -m ent
(roughly 30 0 r a d i a l l y  o u t w a r d ) .  In c o m p a r i n g  t h e  v a r i o u s  t r a c e ’~ i t  mu st h~
ke p t in mind that the relat ive darkness of each trace is primaril y a funct eon

c i t  how long the anmon in  was a l l  owed t o  flow . It shoti 1 d not hi’ re’ 1 a t .‘d di re’c t lv

t o  f i l m  c o o l a n t  e ’ f t ’ c t  iv en e s s .  The t r a c e  w i d t h  i s  a l s o  a f u n c t  ion  ct the

a m m on i a  t l o w  t ime but to a m cm li ie~ ser d e g r e e .

In orde’r to g a i n  a d d i t  t o n a l  insig ht into the flow mechan i sms t c - ct mrrin g

i n the  cx per em ent  , a v e r y  s m a l l  ~utioimnt of pure ammon i a was pits sed throug h bot hi
hi ‘wing s e tes . I t  WSS expected that this would i nd i cat e the oat tire of the h o w
o~~e r t he  b l ade  en the absence c c l  I i Im coolant di  s~ h a t g ~ . The result s we ’r e’
v i e t  nat ly  i d e n t  i c a l  t o  those  oh F i g .  10.  T h i s  it - id e c a t e s  t h a t  i t  is cmi ike -’ 1Y
h i t t he’ pressure sti r face rad e a I t I ow is due t o  a t h ree ’—d lme’ns e o n a l  boundary

l iver s in c e ’ i f  t ic s were t he  case the f l o w  v i  su ,m l e z a t  eon  trace direct ion would

he’ c’x ~ t c t ed t o  change somewhat when got ng Cr c~n very I ow t c c ye r v lie gh bl owing
i t t  c’ ms t he  c o o l a n t  l e t  pene ’ t r i t  ed t h e  f r ee  s t r e a m . Such a change in cli roe—

ion  s m  s not  observed to ccc c c i t . The suet ion and pr c’S a n t i ’ sit r f e e c ’ ~ Its c Oc ’ I ant
ri oct or ies  appe ’:mr to he’ simp l y followin g the thre’e—d imens i onal cmv i sc e d flow

o v e e  t he  a i r f o i l .

C’ ~~F 1 . - ’ - c  cv en es s  M e a s u r e m e n t s

U pon compl t Cc c ii i f  the  f low v i s u a l i z a t i o n  t e s t s , the fabricat ion of t h e
t w o  instrument ed effec t iveness airfoils was initi ated . The two ai r t o u l s  we’re
cas t  u s ing  the previously discussed low thermal cond uc t ivit v urethane f o a m .

One airfoil had the suction surface blowing site (at 10 percent chord~ and the
other  a i r f o i l  had the  pressure s u r f a c e  b l o w i n g  s i t e  ( a t  16 percent chc”td ’).
These airfoils were cast with thermocoup les  (TC ’a) mounted intern all y in the
fil m coolant suppl y lines so that the coolant temperature could he measured
iimnedia telv prior to ejection at the airfoil surface. The’ p o s i t i o n s  cit t he ’
rows of IC ar r ay s  downs t ream of each b l o w i n g  s i te  were  d e t e r m i n e d  on t h c ’ b a s i s  

T~~~_ _~~ ~ —



of the flow visualization results. The diagrams used to locate the suction
and press ure sur f a c e  thermocoup le ( TC ) a r r a y s  are shown in Fi g. 11. The stream—
wise positioning , the radial extent and the locations where TC’s were concen—
t rated were all based on the flow visualization results. Figures 12 and 13
sh ow t he a r r ays  on the a i r f o i l s  wi th the suc t ion and press ure su r fac e b lowing
sites respectively. Six rows of hole pairs (two for each IC) can be seen with
8 to 12 thermocouples mounted in each array. The IC rows have been shown in
relati on to the airfoil pressure distribution in Fi g. 3. In brief , the IC
mou’~%ting procedure consisted of the following sequence of steps . A series of
terminal strips (one for eac h row of IC’s) were prepared wi t h 1 .2  me ter leng ths
of 3 mil (.075 sin) diameter chroimeel—alume l wire pairs mounted on them . These

I wires carry the TC voltage troin the airfoil to a rotating frame voltage scanner
mounted on the rotor axis. The terminal strips were mounted  in a recessed

-
‘ chamber  c u t  i n t o  the opposite side of the airfoil from the blowing site. The

lead wires are routed out through the blade hub at t achment. Figure 14 shows
the recessed chamber cut into the pressure sur face of the airfoil hav i ng the
suction surface blowing site. The hole pairs f r o i m  t h e  TC l o c a t i o n s  were then
d rilled through the airfoil to position s adjacent to the terminal strips (Fig.
15). One mu (.025 sin) d i a m e t e r  c h r o m e l— a l u m e l IC’ s were  then inse rte d thro ugh
the holes and welded onto the chromel—a lume l lead wires protrud ing through the
terminal stri ps. When all of the TC’s were mounted a thin coat of varn ish was
app li ed to the test surface to hold the TC’s firmly in position and to restore
the surface smoothness, The welded wires on the terminal strips were potted
wi th a th i n  laye r of epoxy to preven t any mot io n or breaka ge due to cen t r i f ugal
load i ng . The recessed chamber in the airfoil was comple tely filled with the
p iece of ure thane foam tha t had ori g i na l l y been removed to form the cavity. By
th i s  approach the o r i g i n a l  smooth c o n t o u r  of the a i r f o i l  was com p le tel y restored .

The ins trumented airfoils were mounted on ti-m e rotor hub of the turbine
model in the r i g .  The “coolan t” fl uid passed from the calibrated metering
sys t em , through a rot ary union , through an elec t r i c a l  hea ter , and in t o each
airfoil. The heater was used to br ing the coolant gas flow to a temperature
approximatel y 500 F above that of the mainstream fluid . The TC lead wires
front both airfoils were connec ted to a 144 channel TC scanning system mounted
on the rotor (near the rig axis). The TC scanner communicated digital ly wi th
the prev iousl y descr ibed ri g data system computer . This dig i tal communica t ion
elimi nated all difficulties associated with sli p—ring noise on analog si gnals.
The “coolan t ” tempera ture  was measured immedia tel y prior to discharge front the
a i r f o i l  s u r f a c e  by the TC’ s mounted inside the supp ly l ine wi th in  the a i r f o i l .

The coolan t suppl y system was designed to provide a coolant mixture to one
blade at a t ime . For each flow condition , then , one blade was film cooled and
the other blade provided a convenient and accurate station to measure the free
st ream ad i aba t i c  wal l  recovery t empera tu re.  Indiv idual  thermocouples  on the

12
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i lnt — e ccc led hI ad.’ s we’re ~a l i brat ed h~ i i~~ old tog e lici t c i t  ~~c i t e ’mp e r .m t c i i  e s  wi t h no

C ool t o g  a i r I 1 owing . Al 1 T( ’ c a l  i h r  ml ion c c t t  I e ’c t i t i ns  vi’ r c ’ l e s s  t h a n  or t’qua I to

~~~~ F

The’ result s cit  t h e  test ing ~‘n t h e ’ s u e t  eon and pr e s sure ’ stir I Ot c’S for t w e l v e
comb i m a t  ions  c t M and R t o t  t cis on ea c h S i l l  t ace ate shci~~i in  Fig s , 1 Ic t hr ocmg h
I~~. T h C S e’ f i g u r e s  i l l u s t r a t e  t h e  p l o t  i i i ’s ,mcr o s s th e ’ t i l t s  c o c ! i t nt  I c c o t  p r i n t  at
o li ii Or r -iv of Ti s . Ske t cited he I ow I he’iie a Vt i Sot’ t e’c t l v i  in  s s  c t int  o u r  S that

have been inferred f r ~~s t h e  p r o f  i i t ’s - Several thc nn c~ oup l c ’s b e c a m e  i no p e r a t  e v e ’

d im r t og t he  I i na l  s t a g e s  c t t  mcc l , ’ I fahr icat i on , d u r i n g  i n~ t - i l l  a t  t en t  i n  the ’  r i g
an d di mr  i ng t e s t  i m-ig . In t o t a l  , 6 out  cc l  t h e ’ t o t  al ot 1 10 11 S we’ V t ’ n op e r a t  ivi ’  .

A l l  c i t  t he  had IC ’ s were on t h e  sit e  t j o n  sur  t a c t’ and t c c v  h av e  been i n d i c a t e d  on
F i g s .  11 and lIc t h r o u g h  2 7 .  Due t o  t i - m i s  l os s  c c (  i n s t r u m e n t a l  i o n , some’ ar t  i s t i c
1 i cc ’ l i S t ’ h ad t o  he u’mp 1 civ t’d i n  c o n s  t r u ic  t ing the o f  to  t i ’ , i c ’ ss pi c i t  1 1 CS 00 the
Su c t  ion  s u r f a c e - . In a reas  where ’ th is  W a s c l o n e ’ , t h e ’  p l o t  l i e s  have been  d r a w n
with dashed l i t - m e ’ s .  In a d d i t  t o i l , S i f lc t ’ t h e  u i i t e e ’r t ~~ i m i t  V 10 t h e  ine’a s c c r e ’d e t  t i - c t  l y e —
n es s  es  a p p r o x i m a t e ’ l v  + 1 percent the lc~ 0t i o n s  c i t  l I i i ’  ~~~~~ co ult o u i t  s , and

ls  ci , h u t  to 0 le  Sc ’ V cle g roe’ , t lie ’ 0 .05 i o n  t o u r s  , m t . - u , ’t cm s e Icr c i  1c 1 0 1 S t ’ -

For t h i s  r e a s o n , t h e y  h ave been drawn cm is d a sh e d  I t ic s in , m I  1 c t  r u t ’  I t o  : i r c s  -

Ti-m e ~I e c ’ J e’e’ to  w h i c h  m o s t  c f  t h e  et  t eil ivc’ne’Ss pi c c l i  l t ’~; i . ’ t  c i t  I c c  ~‘a’i cc ‘i t  O t t  h e r
si de ’ c i t  t h e  foo t p r i n t s  is i n d i c a t i v e  ~c t  t h e  t t t l c e ’t t o e n t v  i n  t i n -  i . - s u l t ’ - .

D. R e s u l t s

The f t  Its e cii’ 11 ng pat  t o r i - m s  oht  a t  ned t rots tI - m e’ s e p a r a te ’  t l ow v i s c i a l  I it I Ott

at ci f i l m  e f f e e t  i v e n e s s  t e s t s  w~ re c o n s i s t e n t  fe -m r a l l  t e s t s  on bot h the’ 5 cR t i O n

and p r e s s u r e  stir f a c e s .  T h i s  was an i m p o r t  an t  m s p e ’ct c i t  t h e  t e s t  pr ogr am s 1 7 1 c c ’ ,

ms d i s c u s s e d  above , tile b e a t  e o n  and dens i t  v of  t h e  e’I t o c t  i V t ’f l e ’ S S  i n s t  r t t m e ’n t  ii
co n  w a s  se l e c t e d  on t h e  b a s i s  of t il e f i t - m w  v i s t m a l i z a t j o u  r e s u l t s ,

The e f f e c t i v e n e s s  p a t t e r n  ( F i g s .  1€ t h r o u g h I Q )  c a n  he seen t o  he’,i~ c l o s e ’
r e s e m b l a n c e  t o  t he  f l o w  v i s u a l i z a t i o n  p a t t e r n s  ( F i g .  101 . The suc t ion s t u r t a c e

e t t . ’cI L v e ’n e s s  f o o t p r i n t  is n a r r o w  and has  o n ly  a s l i g h t  rad i : m l I v  o u t w a r d  clo t le ’c-
t im . Even thoug h the maximum e f f e c t  iveness  and t i - me foot p r i n t  vi d t hi v a r y

m a r k e d l y  over the range of H and H tested , the location of the centerline of
t h e ’ f o o t p r i n t  appeared to  be i n s e n s i t i v e  to  these  v a r i a b l e s ,  As in  t h e  f l o w
v i scu .m l iza tion tests , the pressure surface foot print was wide and exh ibited a
large radial deflec tion . The maximum effe’~t iveness and t he foot p r i n t  w i d t h  on
the ’ pres stmr e ’ surface , however , b o t h  appear to he far less sensitive t o  M and H
than on the suction surface.

The different widths of the suction and pre ssure surface coolant p a t t e r n s
are somewhat ana logous  t o  the differences in film coolant ccivc’r age that can be
a c h i e v e d  t h r o u g h  the  mi se of compound ang led b l o w i n g  h o l e s  as ccppc’sc’ cl t o  s i m p l e

I i  
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streamwise blow i ng . A blowing configuration in w h i c h  the major axis of ti-me
e l l i pse formed by the intersect ion cit the hole and ti-me surface is parallel to
the ma in stream v e l o cit y c -m t ti le’ flow ovet the’ hole is referred to as simp le
str t’amwise blowing . When the mnajic i- .ixes of the elli pse i s  not parallel , it is
referred to as compound ang led hl owing . Generall y speaking , compo und blowi ng
can result in a much wider fi lm coolant effectiveness footprint than simp le
streamwtse blowing (Refs. it and [21 . Ot -u the suction surface the major axis
u- mI the el l i pse is parallel t o  the film coolant trace and the result is a
r e l a t i v e l y  n a r r o w  t r a c e  w h i c h  is t y p i c a l  of simp l e streamwise blowing . In

c o n t r a s t  to t h i s , t h e  m a j o r  a x i s  of ti - m e p r es su re  sti r f ace  ho le  e l l i pse is at an
ang le cit approximatel y 300 t o  t h e  f i l m  c oo l a n t  t r a c e  and t h i s  has  produced
the muc h wider f i l m  c o o l a n t  f o o t p r i n t  c h a r a c t e r i s t i c  of compound b l o w i n g . As
m ent  ioned in  t he  d i s c u s s  ion  of t he  f l u - m w  v i s u a l  iz a t  ion tests , i t  appears  t h a t
the film c o o l a n t  trajector y is governed primaril y by t he  n a t u r e  of t he  undis -
t u r b e d  f l o w  over th e’ a i t t c c i I , i . e . ,  i n  t he  absenc e of f i l m  coouim -m g . Ce’ntri—
f u g a l  am-md t’o r i o l i s  fo r c e s  may  be import ant  in d e t e r m i n i n g  the  n a t u r e  of the
und i st urheci flow , but beyond that , they appear to have no si gn i ficant impact
on tilts c o o l a n t  Ira let-to ry

The h~ s e c  co nelu m s ic,cns ci t the program art’ ti -mat there is a strong radial
componen t  t o  the p r e s s u r e  s u r f a c e  f i l m  coolant t r a j e c t o r y  and t i - ma t  both the
s u e  t loll  and p r ess u r e  s u i t  I a ce  t r a j e c t  or i t ’s are very inset -m s it ive tic bot h the
d e n s i t y  r a t i o  (H) which w.cis v a r t o ~t over a ra m- mg i’ frcsn I t o  4 and the mass  f l u x
r a t i o  (H) which w a s  v a r i e d  over  a r a n g e ’ f r u ~n 0. ’~ t o  1. 5.

The f a c t  t h a t  f i l m  coc c i a n t  t ra j e c t  or~- i s  insens  i t  ive to c o o l a n t  f l o w
cc -mnul it ions eliminates one of the conce ri-m s of ti-m e turbine desi gner. However ,
one’ m u s t  keep in mind t i at the ’ p r e s s u r e  s u r f a c e  c oo l a n t  t r a j e c t o r y  r e p r e s e n t s
a wide  d e p a r t u r e  f r o m  t y p i c a l  d e s i g n  sy s t e m  assm mm p t  j ot -ms . T h i s  can g ive r i s e
t o  two problems . First , l arge portions of ti-me airfoil surface downs t ream
(axially ~ of  the coolant dischar ge ’ hole wi l l be starved of film coolant sit-ice
this air will have moved rad i ally outward t oward the ti p of the airf oil. The
second problem arises in that compound angled holes are frequentl y used to
achieve improved film cooling coverage on turbine airfoil surfaces. These
holes are generally oriented u m m c t e r  the assumpt ion of pur e l y  a x i a l  f low on the
ai rfoil surface. If the radial flow occurring on the blade pressure surface
was a l i gned wi t h the compo und hole  angle , the enhanced film coverage would not
be achieved . The result of both of these possible problems would be burning
near the airfoil press ure surface trailing edge in the reg ion downstream of the
blowing site s experienc i ng maximum radial flow .

The effec tiveness data taken during the present progr~ ii have been compared
to fla t pla te wind tunnel data reported by Golds te in  et a l . ,  (Ref. 11 ) . There
were , how ever , some differences between the present film cooling test cond i-
tions and those of Ref. ii.  For t h e ’  present program , the stud ion and pr essure
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stir lace’ hole’s are at 300 tic ti’me’ sum - face’, but in the’ tests of Ref. 11 , the

hole ’s were  3S 0 from the surface. For the’ preset -mt progr~~n , the pressure amid

suet ion surface’ blowing site Reynolds nemmh e’rs (Re ) are 0.24 x IO~ am-md I .27
x l0~~, respectivel y , whereas b r  the tests of Ref. 11 values of 2.2 x 10
and 4.4 x tO4 were emp loyed . This difference is not believed t o  he’ important
since the data of Refa. 1 and 5 indi cate that film effectiveness is un se n su —

L i ve t o  Reyncilci s number. Most of the data reported i n  Ref. 11 a ic ’ for a n c r—
ma lized disp lacement thickness (6*/DI of 0.l i ~~. For the present tests , (~~*/D)

is 0.036 and 0.059 on the suction and pressure surfaces respect eve l~- . The
re’d uce’cl c o ol a n t  inject ion ang le and (6*/D) rat to of the present ti’s t s would

both h~’ expected t o  produc e effect ivenesses sli ghtl y h i gher th an those’ ot R e t .
ii. This generally did not turn out to he ti-m e case as shall become apparent in

the ’ following paragraphs.

The suction surtace data are compared with the dat a of Ref. 1 1 in Fi g. 40.
For a density ratio (R) of 1.0 the decay of the maximum eftectivenes s is shown
o~ a t u - c t  ion of normalized distance aft of the c e n t e r  of t h e  b l o w i n g  s i t e ’ .
For blowing rates (H) of [ . 0  and 1 .5 , t h e ’  p resen t  d a t a  are ’ in r e a s o n a b ly  good
agreement with the’ data of Ref. ii. At M 0.5 , there is a significant dit-
t t’rence. The reason for this differenc e is unclear at present , but it max’ be
due to the effects of curvatur e as shall be discussed be low . The pressure ’
surface data are compared with the same flat plate data of Ret. 11 u - i  F t p .  4 1 .
As can be’ seen , si gnificant differences exist between the two sets of data for

- ‘ 
all conditi ons . The effectiveness data of the present program are , in  g e ner a l ,

much lower and less sensitive to H than those of Ref. 11 . The pressure surface ’
d ata , howeve r , show a greater similarity to the data of Ref. 11 which were ’
obtai ned with the hole oriented at ri gh t angles to the flow direction (Fig.
4 2 ) .  The lowe r level of maximum effectiveness and its relative insensitivit y

-
‘ 

t o H appear to be partiall y a result of the radial flow over the blowing site

causing the hole to behave as a compound ang led hole. A fina l u’twnpari soii with
the data of Ref. 11 is given in Fi g. 43, where the maximum effectivene ss is
p lotted as a function of the momentum flux ratio (I M2/R) at a normalized
distance downstream of the hole center (S/D) of 6.6. Although the suc t iou -i
surface results are in reasonab l y good agreement with those of Ref. it , the
pressure surface results are distinctl y diff erent . The conclusion drawn t i o m
these comparisons is that althoug h the suc t ion surface film coolant behavior is
similar in many respects to what one would have expected , based on the flat
p late results of Ref. ii , the pres sure surface results are bot h qua i itativ t’lv
different (i.e., a strong radial component to the coolant trajectorv ’t as s’c ’ l l

as quantitat ivel y diffe rent (i.e., the effec t iveness levels are , in general ,
much lower than one would have expected f rom flat pla te results) .

The difference between the data presented here and those of Gold stein
et al., (Ref. 11) may partiall y resul t from the effects of surface curva tmmre.
In a recen t paper , Ito et al ., (Ref. 13) have reported film cooling data

~
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t a k e n on a t uth inc hi_ ide iii a p 1 ,mn t ’ e a s e  ade w i t h  r ows c i t  blowi ng s i t  c S  on hot ii
the sit e ! ion and pressur e sur t a~ e’ii . The’ it holes were at 35’ t o  t h e’ sur face’ and
h i d a cent er—to — ee nt e ’u di stanc e’ cit three diameters. In a ll other respects .
the ir eecn fi gur~it ion was v e r y  s i m i l a r  t o  t h a t  cit the ’ present pr ogram . Their

ae i 1 it v he u ug a plane ca s e  ade’ , h o w e ver  • h ail no r a d i a l  t i  ow e f f e c t s  . Most of
the dat a they pre~.e~nt i s  laterall y averaged b u t  some local effect iven e’ss d a t  a
i s  r e p o r t e d  t ot a ~l, - i u s u t y  r a t  t o  ci t  0 . ’)S and a mass flux rati u c of 0.5 , for the ’
pressure and su met ton surt aces . This data , ucn the hole cent erline s. (Ret . 1 ~~,

F i g s . ~ and ~~ , i s  a l m o s t  i d e n t i c a l  with that cit the present program on t h e
S u ct  io n  s u r t a ce , and it u s al so quite c l o s e  on t he  p r e s s u r e  sur t ac e ( F i g .  4 ) •

- : The pr e’ S S u m r c ’ suit fa ce ’ e t t ect LVe ’fle ’SS d a t a  of R e t .  1 are h i gher  by 0 .05 to 0.10
t h a n  t h o s e ’  ci! the preset -m t program • a - I i  f f e r e n u -e ’ p r o b a b l y  due ’  ti c the ’ effe ct of

t h e  row c i t  hole ’s a’— opyo’i ,’d t o t i e  s i n g le h o l e ’ e m p l oy e d  i n  the present program .
I t  ~c et . a I , , ( R e ’  I . I ,-it t r u but e’ m o s t  ‘1 t h e ’ d i  I fe renu’e’ s be t ween Suc t ion and
p r e ’s  sore stir l a c e ’  t i lm e cici li ri g ~-‘et-m av u or ‘ ci th e e 1t e~ et 5 c i t  stir fac e’ e u r~’ a t  ore
The ,‘ I tee ! s of  ii ugh and low h lo wi  t i g  rate ’ and concave ’ ,mnd convex a tur f ace’ curva—

• t ure are sumari~~t’d by it i c et al .(Ref. I ~ , i n F i g .  10 c i f  t i - m a t  w o r k .  This
igtmr e is for l a t e t , i l l v  a v e ’r ,-tu ~ed ef t e c t  i vt ’ness  , hut it is similar in m any

r e s p e c t s  t o i ’ u g  . ~~~~ ci t t im e p r e s e n t  rt’pc ’rt . The h u g h t’t fe’ct ivene’ss u-mn t h e’ su ct  t oil
s u r f a c e  at low moment  t im l ux  rat ios u. I~ i s  a t t r i b u t e d  by I t o  et al  . , to the

e f f e c t  cit  ~- u r v a t u i r c ’ c , m u i s i n g  t h e ’  c o o l a n t  i e t  t i’ he’ c l o s e  t o  the wall. At hig her
v a l u es  c i t  I , t h e ’ i i u v a t - c i r e  e ’ t t e e t ’~ c a u s e  t i-me l e t  t o  l i f t  o f f  t h e  sur face ’

— r e s u l t  ing  in  lowt’t effect i v e u - m e ’ s s ,  C t  t h e  p r e s s u re  s u r f a c e , the e f f , ’c t s  w e r e
shown in  (Ret. I ~) t o  he r e v e r s e l  , Low v a l ues ci t  I caused  low e f f e c t  ivene ss ,
h u t the etf ec t iveness increased ~~t a d u i , i l i v  os I i n c r e a s e d . I t  was sugges ted  by
I t o  et a t . , ~~~ indeed  i t  i s  c o n f i r m e d  by their data as well as by th at of the
pte ’seflt report (Fig. 4 ~) , t h a t  t i - m e  su ct  t o n  convex ) and pressure (conc ave)
s ot  face curves should cross at a va lue ’ uct 1 equal to or som ewh at greatet than
u mi l i I
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SECTION V

CONCLUSIONS

Both quali tative and quantitative differences were seen to exist between
the behavior of film coolant on the suction and pressure surfaces of a turbine
rotor blade . On the suction surface , the film coolant had only a small radial

displacemen t and was in many respects similar to existing da ta taken on f l a t
surfaces with streamwise oriented holes. Where comparisons were possible , the
suc t ion sur face  da ta wa s also nearl y identical with film cooling data taken by
other investi ga tors on a p lane cascade airfoil of very similar geometry .

On the pressure surface , the film coolant had a large radial disp lacement
and , in general , very  low levels of effec tiveness were measured . The radial
dis placement was a result of the radial component of the free stream flow over

El the blowing site. The low leve l of effectiveness appears to be due both to
the effectivel y compound orientation of the hole , due to the radial  flow , and
surface curvature effects which tend to reduce coolant effectiveness on con—
cave surfaces at momentum flux ratios (I) less than approximatel y uni ty .

Final l y ,  the film coolant trajectories for each blowing site are virtuall y
un in f luenced by the coolant blowing rate (M) and by the coolan t to free st ream Idensi ty ratio (R).
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