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ABSTRACT

The effects of massive film cooling through multiple rows of dis.
crete holes on the aerodynamics of a typical two-dimensional turbine
airfoil have been studied experimentally using a single blade positioned
in a contoured channel. The channel walls, shaped to simulate the pres-
ence of adjacent airfoils in a cascade, were both porous and movable to
allow adjustment of the flow direction and airfoil surface pressure.
Electrically heated air was used as the primary flow, while room tempera-
ture coolant air was emitted from five rows of discrete holes on each
airfoil surface to film cool the regions aft of mid-chord. Hole geom-

etries angled in the spanwise, chordwise, and vertical directions were
employedto achieve coolant-to-inlet mass flow rate ratios as high as
0.05 for blowing from the single blade. Measurements were made of the
static pressure distributions, wake total pressure defects, and airfoil
suction surface temperatures. The no-blowing heat transfer to the air-
foil surfaces were also obtained experimentally, using a transient thin-

> I skin thermometry technique.

The results show that suction surface blowing causes both loss of
lift and increased wake momentum losses by enlargement of the turbulent
boundary layer in the region of positive pressure gradient, but no
significant effect was observed for pressure surface mass addition. At,
low blowing rates all geometries tested gave nearly equal losses, but
as suction surface blowing was increased the superiority of the 300
chordwise angular orientation was apparent. Evidence was also found
that 30° spanwise angled Injection may be helpful in reducing losses
at high blowing rates, but not to the extent of the reduction observed
for chordwise injection. Measured total pressure losses agree reasonably
well with the prediction of a simple mixing analysis based on momentum
conservation.

The present film-cooling effectiveness results show that discrete
hole film cooling is considerably less effective than continuous slot
injection, falling 0.25 to 0.45 below the continuous slot value of
film cooling effectiveness 1. No relative cooling superiority could be

Sfound for any particular blowing hole gemoetry. The results indicate
that, for the type of film cooling application examined, the amount of
coolant rather than the blowing hole geometry is the primary parameter
governing cooling effectiveness.
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I. ENTRODUCTION

The use of cooled turbine blades has made possible present-day tur-
bojet engines with turbine inlet temperatures greater than 2000'F, and
substantial further improvements in allowable maximum temperatures are
foreseen through the use of advanced cooling schemes. The types of
cooling either employed or being investigated include internal fuel flow,
convection, impingement, transpiration, and film cooling. The latter
four generally use compressor-bleed air and are most effectively used
in combinations of several methods on the same airfoil. A typical blade
might use a combination of convection, impingement, and film cooling.
Several possible combinations are showm in Fig. 1 as examples of turbine
airfoils cooled by the various methods which employ air as the coolant.

The selection of the method(s) to be used in cooling a turbine air-
foil involves the consideration of a number of factors and depends on

' ~much more than merelyv the heat transfer distribution over the blade and

the cooling effectiveness of the available methods. Certainly two of
the primary considerations are the structural and aerodynamic complica-
tions resulting from the cooling. The structural problems are introducedI by the necessary channels, passages, and orifices required by the cool-
ing geometry. The structural limitations are especially severe for
transpiration cooling schemes because of the strength limitations of
porous materials. The aerodynamic limitations are primarily a problem
for film and transpiration cooling, but exist also for convective and
impingement schemes since even for these non-mass transfer cooling
techniques the coolant air must be expelled from the blade, usually near
either the trailing edge or the tip of the blade. In any case, whenever
air is injected into the turbine flw, some alteration of tne flow field
from that existing for no injection must occur. The problem, simply
stated, is to minimize the flow field alterations, since such alterations
are, by their very nature, generally not desirable.

The aerodynamic effects of coolant expulsion from the turbine air-
foil depend significantly on the method and amount of coolant injection
into the mainstream. The mass transfer cooling techniques of film and
transpiration cooling are the most harmful to the flow field since they
must emit the coolant air from some portion of the airfoil "working"
(lifting) surface. The effects of transpiration cooling on the airfoil
flow field might be expected to be less severe than those of film cool-
ing since considerably less coolant flow is required to cool the same
surface by an equal amount. 1 In addition, film cooling must inject the
coolant mass through discrete holes or slots, thus disturbing the flow
and intioducing almost instantaneous, abrupt increases in the thickness
of the boundary layer. This increase is bound to cause a greater dis-
turbance in both the viscous and inviscid flows than would normally be
caused by transpiration cooling.

J-
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Fig. 1 -Three possible turbine airfoil cooling schemes employing com-
binations of Impingement (I), Transpiration (T), Convection
(C), and Fil~m (F) Cooling
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It might be asked at this point if there are any reasons for even
considering film cooling, since it appears to have the disadvantages of
being both less effective as a cooling technique and more disruptivie
aerodynamically than the other mass transfer method; i.e., transpira-
tion. There are clearly some advantages to film cooling. Structurally,
it is much easier to design and fabricate a film-cooled blade. Even a
transpiration-cooled blade, such as the one shown in Fig. 1, would prob-
ably rely on the residual film-cooling effect for the trailing-edge
region, because of the obvious difficulty of constructing a porous emis-
sion surface and coolant feed ducting in the space available in the thin
trailing-edge region of the blade. Also, the physical danger of local
pore obstruction could result in a local catastrophic failure dae to
overheating if the residual cooling effect of adjacent porous regions
were insufficient. Film cooling, on the other hand, is also effective
over some region downstream of the mass addition location, and can thus
cool remotely. Furthermore, the larger, discrete holes or slots used
in film cooling make the blockage by a foreign object far less likely.

The effect of film cooling on the aerodynamic characte~ristics of
a typical turbine blade should be somewhat dependent on the mass addi-
tion geometry and blowing rate. It is obvious that the boundary layer
will be affected since much of the coolant will be entrained in this
layer. The thickening of this viscous layer in an almost stepwise
fashion should lead to an apparent "thickening" of the airfoil profile
and thus alter the static pressure distribution and hence the airfoil
lift. This effect may be quite negligible for small blowing rates, but
as higher turbine inlet temperatures are requirei, the increased blowing1 rates may radically alter the static pressure distribution. It would
seem logical that at a sufficiently high blowing rate the boundary layer

f, could even be completely separated from the blade surface. Since an
efficient turbine blade operates at a relatively high lift-to-drag ratio,
it is quite probable that massive blowing on the suction (low pressure)
surface could induce stall by boundary layer "blow-off." For this rea-
son., film cooling mass addition on current turbine blades is primarily
limited to a region relatively near the leading edge where the pressure
gradient is favorable (negative). This limitation of film cooling to
the leading edge region results in reduced cooling effectiveness in the
mid-chord and aft regions of the blade, regions which are also difficult
to cool by other means. Furthermore, in the aft region there is quite
likely a 4•irbulent boundary layer, thus complicating the heating problem.
In short, film cooling appears to be a desirable method of cooling not
only the leading edge, but also the aft region of a turbine airfoil,
providing the aerodynamic effects do not seriously degrade the airfoil
performance.

The basic film-cooling problem has been widely studied both anal'yi-
Scally and experirentally by many workers in the field. The majority of

the analytical studies have dealt with determi.nation of the adiabatic
wvll temperat-ire distribution over a flat plate dovnistream of the injec-
tion region. 1-4 The Dlnvenient model for injection geometry in any

3



the6retical study is the slot, which allows the problem to be treated
two-dimensionally. The more general problem of discrete hole injection
has not appeared amenable to theoretical solution to date.

Experimental studies of film. cooling have included both slot and
discrete hole geometries, 5-12 however, even here the primary emphasis
has been on the tw.•o-dimensional slot. Again the majority of the studies
has been concerned with the adiabatic wall temperature distribution
downstream of the injection region on a flat plate with a turbulent
boundary layer, although some studies, such as that by Haering, 1 ° have
included the effects of pressure gradient and surface curvature. The
importance of these experimental investigations lies in the fact that
correlations of the primary similarity parameters giverning film-cooling
effectiveness have been determined sufficiently well to allow for engineer-
ing calculations. Althourh the experimental studies have been primarily
of flat p'late flows, Hae.ing,1 0 as an example, has found that for tangen-
tial slot geometries ir. a transonic nozzle the effect of negative pres-
sure gradient on the film cooling is not important (he also states that,
based on his unpublished data obtained under separated flow conditions,
a strong positive pressure gradient does show a severe adverse effect
on film cooling). Such results thus suggest the use of available flat
plate correlations to predict the adiabatic wall temperature over air-
foil shapes such as turbine blades, providing the injection is from a
tangential slot-like geometry and no severe positive pressure gradients
are present.

The problem of predicting film-cooling effectiveness becomes much
more difficult to attack when discrete holes are used to inject the
coolant instead of a continuous slot. Experimental investigations such
as that of Metzger and Fletcher' 2 show that discrete hole geometries
are considerably less effective than a continuous slot in cooling the
region downstream of the injection, but interest in discrete hole film
cooling remains high because of structural considerations. It has been
shown that multiple slots can allow a considerable reduction in the
coolant required to cool a surface by a specified amount ,1 and a similar
effect, perhaps to a lesser degree, could be expected to hold for multiple
rows of discrete holes. However, when multiple rows of discrete holes
are considered, the problem becomes inordinately complex from an analyti-
cal viewpoint, and the experimental approach has here also been the most
effective means for studying the problem.

When all of the aforementioned film-cooling studies are examined,
it is surprising to note how little published work has been devoted to
the effect of film cooling on the aerodynamics of a typical turbine
airfoil; e.g., the pressure distribution and external flow over an air-
foil-shaped body. This is in spite of the fact that a decrease of only
a few percentage points in turbine efficiency due to the aerodynamic
effects of cooling could more than negate the increase in thrust and
decrease in specific i'uel consumption obtained by the increased turbine
inlet temperature allowed by cooling. Thus it appeared that an experi-
mental investigation of multiple-row, discrete hole film cooling of a
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turbine airfoil could make a significant contribrtion 1 r revealing the
aerodynamic effects of blowing on the lift and drag of a typical turbine
airfoil. Such an experimental investigation could a-so provide some
indication of the validity of the numerous single-slot, flat-plate film-
cooling effectiveness correlations when applied to a curved surface
which is cooled by multiple rows of holes. Although such correlations
are probably adequate for engineering design purposes when applied to
single-slot injection in the leading edge region of a turbine airfoil,
their applicability to multiple-row hole geometries has not yet been
verified.

It should be noted that although the aerodynamic effects of film
cooling on turbine airfoils have not been examined in detail in the
open literature, several recent papers have reported experimental data

on the aerodynamic performance of transpiration-cooled blades. The
survey of Barnes and Came 14 presents the results of several experimental
cascade investigations which show that for small coolant-to-primary irass
flow rate ratios (Q < 0.03) the total pressure loss coefficient increases
linearly with t. Furthermore, a recent study by Provenzale and
Thirumalaisamy2-5 of the aerodynamic performance of an aninular cascade
of transpiration-cooled stator blades shows that for coolant flows as
high as 5.4% of the primary flow the static pressure distribution over
the airfoils remains essentially unchanged. However, it is impossible
to predict what effect an equivalent amount of film cooling would have
on the static pressure distribution, particularly when the unique depen-
dence of film cooling on the injection geometry is considered.

In order to parametrically investigate the problem of the aerodynamic
effects of massive multiple-row discrete hole film cooling, the approach
adopted for the present investigation has been to:

1. select a typical turbine airfoil shape and fix the desired
number of rows of film cooling ports;

2. vary the injection hole geometry on a series of models,
keeping the model profile and the location of the rows of
holes identical for all models; and

3. conduct tests at several inlet temperature-to-coolant
temperature ratios, measuring the blade temperature, the
static pressure distributions, and the wake total pressure.

In considering the thermal and aerodynamic performance of a film
cooled airfoil, there are a number of parameters which are of interest.
These have been reasonably well identified by the various investigators
in the once separate fields of mass transfer cooling and turbine develop-
ment. The generally accepted measure of the actual film cooling per-
formance is the effectiveness ,, defined by

5



S= No(i)
TWOTc

The independent correlating parimeters for • are nur.,-2ous, but available
evidence for slot injection geometries indicates the,'t those of primary
importance are the mass flux ratio M, the slot height b". the surface
distance downstream of injection x, and the Stanton n,,ler for no blow-
ing CHo. e The above parameters have been used successfully to corz.]±ate
most of the single-slot data obtained to date, and it is rcasonable to
expect that they will also play a major role in correlating vultiple-
row, discrete hole data, although a change of form or the inclsion of
additional parameters. may indeed be necessary.

The parameter generally used in turbine airfoil studies to accoun't
for losses due to mass transfer cooling and viscous effects is the to.L2
pressure loss coefficient. This parameter may be written in its simplest
form as

Nt1 -Pt. , (2)
P -P2

it

where conditions 2 and 2 are upstream and downstream of the airfoil,
respectively. fleasurement of this quantity may be carried out along the
coordinate normal to the downstream flow by the use of a traversing
probe and the re sultant curve integrated to give a more accurate account-
ing of the loss in total flow momentum due to both the airfoil profile

Ž1 and the coolant injection.

A third major airfoil characteristic which is indicative of turbine
blade performance is the static pressure distribution. Relatively easy
to measure for a stationary airfoil, this profile gives a direct indica-tion of the lifting efficiency of the blade.

With the a' ve-nted measurements, these three characteristics of
"-a film..cooled a.foil--the cooling effectiveness iq, the wake total pres-
sure loss coefficient w, and the static pressure distribution--can be
evaluated and a meaningful comparison of the thermal and aerodynamic
efficiencies of widely differing injection geometries can be carried
out. For the present study it was decided to employ five rows of coolant
holes on each surface of the film-cooling models, an arrangement which
might be typical of advanced cooling schemes which in the future would
employ massive film cooling (Q > 5%). Separate models were used to mea-
sure the heat transfer rate in the absence of film cooling to obtain
the no-blowing Stanton number, CHO. This latter measurement was felt
to be a desirable part of the experimental program, not only because
CHo i3 used in correlating film cooling data, but also to provide defiirite

information concerning the state of the boundary layer over the airfoil.
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The basic experiment es thus far described appears ideally suited
for a cascade study. However, limitations imposed by the available
facilities suggested an alternate approach, that of a single blade
tested in a contoured channel in which the walls were both movable and
perforated in order to adjust the surface pressure distribution, and
contained film coolant ports to simuplate blowing from adjacent blade-.
This approach was used to obtain the present experimental results. The
emphasis in this study is placed on the aerodynamic effects, particCLarly
for massive blowing rates. Although data obtained in such a facility
cannot be expected to predict the performance of any particular turbine
stage, the fundamental effects of massive blowing on the losses associ-
ated with the airfoil flow field were readily observable. The goal of

this study, then, is to improve the basic understanding of the problem
*. in such a manner that future film-cooled turbine blade design might

i!•- begin ith a reasonable prediction of the maximum tolerable blowing
rate and the most effective injection geometry to accomplish the neces-

'F sary cooling.
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II, EXPRfl4UEA~(L APPARIATUS

A. THE HIG!9-TEIPE RTURE TURBINE AIRFOIL
TEST FACILITY

The High-Temperature Turbine Airfoil Test (HT]AT) Facility used in
this investigation was designed and built at The Ohio State University
Aeronautical and Astronautical Research Laboratory (OSUAARL) ex-pressly
for the purpose of this investigation. The facility provided contin-
uous inlet flow about a single two-dimensional turbine blade of tiwo-inch
span. The blade was positioned in the middle of a two-dimensional (con-
stant width) channel which was contoured to simulate the presence of
adjacent blades in a cascade or an actual turbine stage. The choice of
the single-blade channel, as opposed to the cascade testing method, was

dictated by the limited air and power available.

A typical two-inch chord turbine airfoil was selected for the vro-
gram., thus requiring a flow width of at least two inches if an aspect
ratio of 1 was to be obtained. Located at OSUAARL is a 600 kW, 2500°F

.& maximum temperature resistance heater, normally used to supply a contin-
uous flow of heated air for a 12-inch hypersonic wind tunnel. Since
this energy source of known characteristics was readily available; the
approach taken was to design the test facility to mate with this heater.

A stagnation pressure of 3 atmospheres was used for all design
calculations since this pressure would allow direct venting of the
facility to the atmosphere through a choked exit, eliminating the need
for a diffuser or vacuun pump system. In addition, a reasonably high
pressure level was desired in order to maintain the Reynolds numbers
necpssary to simulata actual turbine conditions. Thus, to achieve the
maximum operating temperature an inlet area of less than 3.5 in. 2 was
all that was possible without pushing the heater to its maximum power
of 600 kW, and the design of the HTTAT test cabin was based on the fol-
lowing conditions:

inlet area = 3.3 in. 2

maximum inlet stagnation temperature = 2500°F
inlet stagnation pressure = 3 atmospheres
nominal inlet Mach number = 0.35
blade chord = 2 inches
blade span = 2 inches

A transition section was added to the exit of the existing heater
to adjust the flow from the circular cross section of the double-pass
heater to the rectangular cross section of the test cabin. Three
screens were incorporated into the transition section to achieve uni-
form flow properties and allow higher operating pressures in the heater.
Several more s-reens were located in the heater proper, so that a total
pressure drop of more than 601% was achieved from heater core to test
cabin inlet.

Preceding page blank 9
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Once The ilet a..ea and cha--el uidth were selectwd, the nex st•,ep
in the fae-l-I-ty design was the coeta•nc"•,ng of the te.t seetioy. 'ha._e.l.
A •dzagran- of the f_ con-tour is sbshn M, Fig. 2, where týe adjacent
blades in a typical cascade have been sut__nse on the diagran. n-e
test section -o' 1 cotouar -aas beased on co the blade mean cazrber line- amd
a total flo- def Ie&--tion of 6 6-2" . Mhe n b1Jm e b ang1 e of at•tak

#.5*5 and the stagger angle of the i'ltdccaeas 6.

nT o-der to faci t tate oDunation i- flxs regimme an
* to adjust the flow to the 76.2" turning g , porous, =:vnable -alls

were incorwixrated in the aft _ortion of the test cabin. Bhis -ai-L-ed
adjus'inen_ of the flaow direction and -elrnitted fine adjustment of the

,- - static pressure distribution over the airfoil. The vorous wal re
c&~mn3~ fond n trnsoic rin tunels, r~irtinize the effectto the

walls and al-low the do&wmstream flow to '-re closelj similai that of
the f-low leaving a cascade. In addition, pienum chmrbers bournd i the
porous walls were joined by an e.temna tube, allowing equ'a1 i zation of
their _pressures and Yro-iiding a nearly constarntý pressure bo-undýar- for
the wak.e of the blade.

The test cabin itself was ccomosed of four major coamonents: con-
cave and convex ccntoured walls, and two flat side -alls. All1 four
major pieces were fabricated from stainless steel with wail-11 thic.nesses
of one inch or more. Figure 3 shows the four _-jor pieces of tne cabin
with a turbine blade in position and one wall. removed for viewing. The
two sidewalls contained circular mountings for 2.5-inch diameter

quartz windows, centered on the blade to allow the capability for
, Schlieren photography of the flow field at low sta&g-ation temperatures.

At elevated temperatures the quartz windows were replaced by metal in-
serts with slots, contoured to the blade profile, through which the
ends of the airfoil extended to receive coolant air and instrumentation.

The walls of the test cabin contained four rows of film coolant
ports identical to those on one of the blades tested and located at
approximately the same position in whicb tb#j would be found if adjacent
blades were present.

A stationary total pressure probe and a static pressure tap were
located at the test cabin inlet to monitor the inlet flow conditions.
Movable total pressure survey probes were located downstream of the air-
foil, as showm in Fig. 4. Numerous static pressure taps throughout the
test cabin assisted in determining flow. conditions and facility char-
acteristics.

The flow exited the test section through a constant-area charnel
six inches in length followed by a rectangular converging nozzle, du-Mp-

f ing the flow into a six-inch diameter diffuser duct which was vented
directly to the atmosphere. The total pressure was maintained suff'-
ciently high to ensure choked flow at the nozzle exit, so mass flow
control and inlet Mach number could be varied by both adjustment of the

10
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SFig. 3 -Pre-assembly viL-, of I-TAT facility test, cabin showing mountued

and unmounted fiL-m-cooling models, side-wll moun'ting plate,

I: and 6-inch scale in foreground
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- wc=_ _ _ a are(. WO difEferen
caierzo n •z=zes , with chbe areas of .54 a-a .70 i.• 2 -e wed

~ to obtain either =zhseic :or tza ic D~fs awcote the s=eti= saiface
of~ the Mifi. these coamitio= co rmezpoa=d to -lade p~e==ue r-atios

(in etoal-t mrsremsatcuess-re raties) of ?-ý. P-2z = 3- 5 and
S~1.7, _ _pa _t v e3 •..

[.A viewi off the ama-lete MERT -Fa ~-~15-ty is shmum inn Fig. 5.
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The basic t't-i--n- aiz-foil seleceed for testing wms a t-y•ica II taro-
IIinch b1,4ee, ser-orn -uith i~ts coo.-rdJ tes in IT-able -I Ti bl-ad waas a--

- a-ractile choice since static mressure dis iRrtion data obtained in
cascade testing using this nrof J-e - had been- _M _-' -

! - . Four •-ffeen p�a •_es of data w-ere reai-re for t st . -
include ne e nts of the static vressure distation, wak--e totalI Fpressure prof•_le, and tepemratres at se'le•'-ed _poin-ts on the blade, 3a-"
In the uresence of f-il cooling, and heat t-,r-n=e--e a Bzrents for th
no-blowi-n case -where only transient teu-eatures need be =-easured.
T'wo sets of mode-s, on- f or the f J- coo15ng stui-y and ano•her set for
the no-blc-•_.n heat transfer meas-ur•e•-ents, have thus been used.

. F~I!a-Coolig ,akels

M easuring pressure and t _nperature si-ulaeous_- on the fil-
cooled mode-is recrired suv.iise channels for suoplying coolant air to

1t the film-cooling _orts, plus sepzarate smza-ise cdian eLs for the pressure
_ovts and thenoccuples. The latlter two neasurx-ents should be nade
near the centerplanne of the blade to ei=in-te sidewa-1! effects, thus
model design and fabrication become -- re difficult because of space
3limitations.. The testing aimroach desired was to accomplish static
pressure, temperature, and wa-ke survey measurements simultaneously with
blo.ing from all five ro-s of holes on both surfaces. This approach
reduced the nmber of pressure morts and thermocounles that could be
located in the blade center lane region, but still allowed a minimum of
ten pressure ports and seven thermocouples per blade, along with the
simultaneous mass addition from both surfaces.

The four film-cooling models were contoured from stainless
steel bar stock by conventional machining methods. Spanwise channels
for coolant air were drilled completely through the blade to allow
coolant air supply from both ends of the blade, and blind channels for
access to pressure ports and thermocouples were drilled coaxially from
opposing sides to within 1/8 inch of the blade centerplane. Thermo-
couples and pressure ports were then located no further than i/ inch
from the centerplane. Rows of film-cooling ports at the desired spacing

ii and anGular orientation to the surface and flow direction were then

11
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Table I - Coordinates of tite Turbine Airfcoil

Y

,80000

[ ".__ _ __ _ _ _ ____oo

Station X Y Station x Y
L

1 0.9200 1.0000 26 2.8334 1.0000
-2 1.0440 0.9335 27 2.8093 1.0370

3 1.0917 0.9605 28 2.7006 1.0880
4 1.1403 0.9864 29 2.5966 1.1360
5 1.1867 1.0100 30 2.5050 1.1755
6 1.2342 1.0325 31 2, 4126 1.2135S7 1.2807 1.0528 32 2.3182 i1.2492[8 -1.3275 1.0715 33 2.2226 1.23224
9 1.3748 1.0885 34 2.1260 1.23120

10l 1.11220 1.1037 35 2.0282 1.3390
I1 1.A700 1.1170 36 1.9275 1.30640
121.51132 1.1337 37 1.8270 1 1-7
13 1.0-173 1.1460 38 1.7290 1.4065
111 1.7140 1.1560 39 1.6102 1.4210

S15 1.8057 1.1606 40 1.5050 1.11202L 16 1.9010 1.1614 41 1.4005 1.4042
17 1.9980 1.1575 42 1.3325 1.3S50
18 2.0928 1.1485 43 1.2663 1.3595
19 2.1877 1.1362 1111 1.2040 1.3280
20 2.2825 1.1202 115 1.1445 1.2915
21 2.3767 1.1000 46 1.0850 1.2`87
22 2.4697 1.0755 47 1.0335 1.2306
23 2.5616 1.01167 418 0.99145 1.1-.82
211 2.66511 1.00314 119 0.9568 1.0:}10

- 25 2.77711 0.9625 50 0.9288 1.0372

1L76
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drilled don th-rough the blade surface by electrical disch-arge :ch-.ning
(M•), a process w-hieeby the =ret- 1 is liter l•.y brarned awawy by !arge
elect--ri'-c! crrenr-t fl-ow.

Figure 6 shoys o sa1itativ Lejy the basic features of a filrm
cooling model. Emhermocouples were located either on the blade camber
line or within" 0.010 to 0.025 inch of the surface. To locate some of
the ther-oco-ples near the surf-.ace, access holes were dri•led from the
opDosite sturface to within the desired surface cleearace, the thermo-
couoles wL-ee installed, and the access holes were then filled with a
tenperatare-resistant, iL_-.s timn ceent and smoothed flush wth the sur-
face contour.

02e detailed dimiensions of the blowing geometries for the film
cooling models are prez utea in- Fig. 7 and Table T1. These geometr'es
were chosen to -resent contrasts in the angular orientation of the

* injectant fluid to both the blade surface and the flow direction. Cer-
tain'l the case of blow_.a-q normal to the surface should be included
since this is the liti case for injections having inc 1_ination in
either the stream•ise or sua•inise directions. AIthough the choice of
the discrete hole injection angles is _arely aYbitrary, it is still
necessary to prescribe or adopt a basic rule for svecifyiug the size
and number of holes for each angular orientation. This necessity
results primarily from the physiccl Jimi tation that so-me minimum metal
thickness must be maintained between adjacent holes in a row for the
case of spayrJise blowing. When holes are drilled at some angle 9 from
the local surface, inclined in the spanwise direction, the number of
holes per unit of surface soan must decrease by cos e if the same hole-
to-hole metal thickness is to be maintained.

The method adopted for the present study was to specify the
hole size and spacinG in such a manner that for a given coolant mass
flo{w rate all geometries will possess approximately the same coolant
mass flux: normal to the blade surface, where the normal component of
coolant mass flux (pu)cy is proportional to the total coolant mass flow
rate mc as

me = K(pi)oCy (3)

Some justification for this criterion can be seen in the fact that
transpiration cooling effectiveness for a flat plate is correlated
remarkably well by the vertical coolant mass flux in the form1 8

(PU)Cy 1

(PU)e C

where., for transpiration cooling, (pu)c (pu) cy. Since (Pu)e is

17
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Fig. 7 -Coordinate system for blowing orifices and.
instrumentation on film-cooling models

I19



Table II - Blowing Geametries of the Film-Cooling Models

Holes
Surface Per Row e P,0z. in.

Suction 7 12 90 .222

Pressure 7 12 90 .222

- Suction 34 90 90 .055

Pressure 34 9o 90 .055

Suction 17 30 90 .105
SIII *

Pressure 17 30 90 .105

Suction 17 90 30 .105
IV

"Pressure 11 20 90 .154

Surface Row 1 Ro 2 Row 3 Row 4 Row 5

x for
blowing Suction .93 1.14 1.35 1.62 1.91
rows, in.
(all
models) Pressure .69 .90 1.16 1.44 1.72
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controlled by the free-stream conditions and since the no-blowing
Stanton number is only weakly dependent on free stream conditions (Re - 0 2

for turbulent flow), (PU)cy is the primary independent variable for

transpiration cooling effectiveness.

Applying Eq. (3) to the present film-cooling case, we obtain,
from simple summation over all holes,

i = N = (pu)c N ,A

and from Fig. 8we see that

(pu) = (pu) sin e . (5)()cy ( c

; j-* Using Eqs. (3), (4), and (5), the constant K is found to be

N AH

sine

which is more conveniently written

Nd
2

K• -- •(6)
sin e

Fr6m Fig. 9

W Cos (2 - e)
•-N = K = 1(7)z (d+i)

where W is the width of the blade wetted by the coolant. 2or 0 < 0 < 2'

as is the case here, cos (it/2-e) = sin e. Thus Eq. (6) becomes

Wd2

Kcc- • (8)(d+¶)

r obviously should be as small as possible to maximize the number of
holes per row in order to gain the best possible coolant distribution.
Furthermore, for a given ir, the matching constant K, as given by Eq. (8),
is primarily dependent on the hole diameter d. Thus all blades tested
have been designed'with the same orifice diameter, d = 0.028 inch.
Referring back to Eq. (6), the choice of a constant diameter reduces
the matching constant to
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L .Fig. 8 - Definition of the normal component of coolant mass flux
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Fig. 9 - Discrete hole geometry within a single row
of spanwise-angled blowing holes
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sin 0

for a-_1 blades in order to keen t.- se m-_ cco_ onent of the coolant
Smass fllr., (pU),., for a given coolan f_ rate for a'' blades. Because
of the use of one Lmrtr-el~y sh-11crir-agle g e.•_etLy (19? fromm Vaesp_

wise sx-f~ace tangent) and fabrication c=-lexiýties, thi could not
be awli-ed eo-_metly3, but.a!I =odel testedý werze desipined aid bu•il't in
such__ raner -that emma! coolanti f~jo;• rates &-ve nearzly eqL- veý-ical
com-Donents of the oo as f-13-c..

2. Heat Tsfer ZM.odels

OThe basic tech-nioue of _-easurement chosen for the deter imtl.on
of no-bloding heat transfer rates over the turbine air'foil emloyed; the
transient thin-skin thermzx-etry met1hod. hiis method of measarement
placed tio primiy design requair' ents on the heat transfero odells;
namely, that a model had to be immulsive-ly i-ersed in the pre-existing
steady state flow; field and that a large portion of the model sur-face
had to be co-mrosed of a thin met "c skin.

The first reaouireent, that of immIsive insertion into the
pre-existing flow field, was acco-ipnished by the use of a slave blade
having the same profile as the heat transfer model. A ttwo-'dimensional
flow, such as that over the single turbine airfoils in a contoured
channel, is ideally suited for this t.chniaue since, by use of a span-
wise elongated model, the tes+ cabin blockage can be kent constant dur-
"ing insertion. The technique adopted was to link the slave blade to
the heat transfer modral and aallow the insertion of the heat transfer
model to simultaneously expel the slave blade. Two heat transfer bladc
were used in this study, one for measurements on each of the pressure
and suction surfaces. Figure 10 shows a heat transfer model and slave
blade combination.

Each of the tw-o heat transfer models was fabricated from solid
stainless steel stock. Two techniques of obtaining a thin skin surface
were used. For the pressure surface molel, a rectangular region 1/2 x
1-5/32 inches was machined out of the suction surface, leaving a
0.010-inch thicknes.3 of base metal on the pressure surface. For the
suction surface mieasuring model, a similar rectangular cutout was
machined completely through the blade and a 0.010-inch-thick sheet of
stainless steel was welded flush to the surface. After thermocouple
installation on the underside of each thin-skin surface on both models,
the cutout portion was refilled with high temperature-resistant insulat-
ing cement and smoothed flush with the surface. Figure ll shows the
dimensions of each heat transfer model and the location of the thermo-
couples.
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Fig. 11 - Pressure and suction surface heat transfer models
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The -ho zU~ of ebtlinid- the 0.PO-i=Mtbdr' Meta- ___ir

WtLed 2n 2n cffo-,r-- to r-C=,-e Ithe n==Tme erzor -resating -n-
wz---vaIU in_______-m= Sim=e t, frar- =ct D -___ temtiiýIe

3rieidz- bm wm=zlz =3ý tkrr- acocate 1=,ze3-e of the z-i'n

w-- 1i i--c~ee --- . 5,T m- 23- -he th7:,1 to =___-;
miz l: li Ly cm the Tnir body of the =drrb-'1.

9Dea=?ez in these ~m~ff 'I- werme locted a rdm- of 39 nkim tbh eL--

resses f--= the mi mm-- bctr, retrig , atra cmniom.i. Skin:
tbielmsses wae-re checked an-.d fc=:rd to Tar - Iy *ý moetn O.G.C 5- n~

fvz= the rnmli--) 0.010 inrl' thcrr

C. UM17IOWMM

~ instrmitenaton usel fo- ccm--ol ofth L fi1twa

essential-1v th sne as that used on- the 060UAPAL i2-2frchn -hypersonie
- - ind~elandas suen it; has been we~l zoveovever 0-.-Lal ersOf

use. !he stagmation pressuzre -=as mitored boy a -Ie-coid laboratory
gauge having- an accuracey of ±0.1 =sig, Stzgnation' ter-eratre wkas rea-
sured just: upsixream of the fai 1 ty bry a plati~a-lt .-~-hdLi
V--ezoca~m-le with a =axi~vm error of =100'?. Mai w -- nrtr as- di

:1 D-ayed cormi xrasly on a 3row.n s rec order- a-,an with the stag-
nattion pressurre, uas used to =it--n constan-t fl-ori co-niAitions thrnmgh

the use of a-- auto~atic conzrol sysite-m.
Pre-ssure res~nsfor the fi b--coo-ang maell te.sts were =ade

by bot~h tadcesand =er-c-Lry, meica-etezr tubes. S-tatic ur-essidres on
the nodel sur-face and test. cabDi-n Ul -,;were =easurxed using a 25-tiR~e
=er-cury mnai~eter bank!. ~iTa-Lz prressur-es at bo-th -me ~"intL and. in the
make s-.arey -location 0.63 inch- dow-=st-ream- of the bla.-de werze recorded
covit~ -d-rusly using sitrain gauge and variable re-luctance transducers.

* Teir outiret vas fed to an analog cop-pter f'or pr-rintout and vrisul31 divs-
play on X-Y'..y -lo-tters. Ih-e co~uutler was used to ion-di-mensiona' tize
the decrease in -wa~ke total mpressure ~P~-P+ ) by continuoausly dividing
the measur-ed decrease by the inlet, total -pressure, P4. ThMis technique
was employed to minimize the effect of any variation 5f the inlet, totalý

* ~pressure during a wake survey. The wake total pressure survey probe
-was mechanically lin-ked to the core of a cylindrical linear differential
transformer (LTD). The LTD, using a pw-rer supplyj, provided the analog
computer with a linear voltage output which was porportional to the
position coordinate y of the wake survey probe. Micrometer calibration
of the system showed a maximum deviation from comzoletle linearity of
only ±lo' over the 1-inch total travel of It1~e proble. To achieve a
steady and smooth rate of -probe travel, a fine threaded., manually
operated screw, advance was installed on the survey probe. Figure 12
shows this total. pressure measurement system schematically.

Coolant air w-as supplied independently to each surface of the film-
cooling blades and test cabin walls. Each film-cooling surface received
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c .2-t fds of e e of tair -- feedL a Siren
surface wLere fed -'-- a cm= mnifoi4T. The ccol--. air f3muw into r_--e

-•__3A r. o cunt-r 1  lay a 0a I Te and Bnr-tered Iry =e of a
a coiL De Dra-wl na-_ with' 3=ddn 7_res_-zre Mges q~-e 2n cn

21 - " of the -cri•ex...

Steadd-•t•te temn. ee_•e, n the fi-•i., - airfb,, of were zeine!
be thermel-•a2-z1 Them for __ - insuated -in a staisbless
steel -feath of 0.00 e dht _ oe th-•-m-or Les Forehe reanx to
be accmnate to WF~.

A sm--ehats different z.sIai - .bs -weas rosed -- o the t•! -
pertur mesueme reireens of the heat tranfer l1 '. M~

-ne _5 _ t. tr-eandsfer rates over a lba!y sace has bee;= erfom•od-
s oouec. %oS M ih a rTom! lro=el usi. - thi •- thernb_-oretr and

rimeo= del xinse-tion int .o tshe el _ Wa!s tecf ie sace bane. the
aersd•_ =c heatirn of the skin byo seung ti S-anse•et• t!iratu-re
rise of uh e clearand relatien this to tldhe heant aored cto.i a -heat
balance eetion. The reof.enme'. that the insre reof t;ý he hdel
be eransf ely short has fior w ind tzel testing, been satisf-ied by using
a y he ahtc priton to rapidely s ve the o zpel- anay fr-n the test• s
cat tace region ahnd eside _t if the fhe-nloz core. For the odresent

case, ohere ou e fu ons awrea birse by the airfoil.is a ache, a slae

skad was rositioned in the flair to establish the Droved fnlow field.
02e sive blade and =odel were Joined ysicalved y by an ins.lator -eocp
-a-s contoured to the airfoild hrofile. i thrio s u in the teso cabit n side-
rive, tich were so conltoured to tFhe blshe profeaiallowed the sme1 -

taneous insertion of the model and withdrawall of t~he slav'e blade. Pres-
surized canisters on each side of the test cabin tinineazed leakag-e
tbrough the clearance betmiieen the blades and the contoured cutout. A
nnatic yiston rovided tohe ram force to ifserto the models with an
insertion tise of auproxiather y 0.1 second. Figure 13 shows the heat
transfer measurenentr, aumnaratus instal led on the liTM:T facility.

The heat transfer models eAh . loyed coter-constantan thedrocouples
attached to the underside of the tehin-stin eortion of the model. The
thenlocoutple juncteions were first made and then attached to the metalli
skin using epoxy resin cutent. All junctions sur.ived a minimimof 30
impulsive insertions and 5 of these survived over 50 runs. 'Thermocouple
leads were carried outside the cabin throughi the hollow. shaft used to
drive the model into the flow. Figure 14 showus schematicail~y the method
used to obtain temperature vs. time plots each time a model was inserted
into the flow. The millivolt-strength signal fromi a thermocouple was
amplified by a Doelcain preamplifier and then fed to the analog computer.
Here the signal w-as further amplified and the output was displayed on
an ..-y" plotter. Although four separate thermocouples were hand-led
simultaneous:ly, each thermocouple circuit was separately calibrated.
Plotted voltage output was easily converted to temperature using, standard
tables. The rate of plotter pen travel, equally important as thermo-
couple output to the accuracy of the final result, was controlled by a
time integration circuit in the analog computer.
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Tsi CabinPeuaiRa

~Canister
Insultor)Pressure

Cold - Calibration

Analog
Computer

[Printer

Fig. 14+ -schematic of heat transfer measurement system
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Pressure =easureeiits for the biat, t-n-safer tests vere rewdirred
only at- -the test cabin inlet1 for tbe deetemimit~ion of 2Dw-rs condirt-ion.
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A. DKERiBUiIO21 OF THE BI/YdNG MIRI±E-M B

Tne Dresent extperi-mL-ta technique of film cooling either or both

,of the tu;-ine airfoill surfaces con-blicates the probWle of determining
an aDDronriate indeoendent blo-.vir pvarameter by which the film-cooling
effectiveness 9 and the loss coefficient w ,y both be indexed. The
problem stems from the basic point of view by which each of the coeffi-
cients -q and w is considered. Zhe film-cooling thermal effectiveness
is classically treated as a stream-surface interaction problem and has
generally been studied both analytically and experimentally as a func-
tion of stream-to-surface conditions. 7hus the basic parameter in film-
cooling correlations is Ms/x, whexe M (Pu)c/(Pu)e is the total coolant-
to-freestream mass flux ratio, s is the slot height, and x is the surface
distance from the coolant injection slot to the point of interest. This
pmarameter gives no indication of the ratio of coolant-to-freestream mass
flow rates, denoted here as g = _ which is the basic parameter by
which turbine cooling flow losses are usually correlated in standard jet

Sa engine cycle analyses. Furthermore, if the number of surfaces cooled is

a variable, as in the present study, then a common value of Ms/x for
each surface corresponds to various values of E, depending on the nimnber
of surfaces cooled. The basic film cooling parameter Ms/x appears
unsuited for the correlation of film-cooling effectiveness in the present
study for one other reason also. This is the fact that, when multiple-
row cooling geometries are employed, the choice of an x value to be used
in the parameter is not readily apparent. Also, an x value is difficilt
to define when considering the use of the parameter to correlate flow
losses measured aft of the airfoil. The value of M to be used in such
a correlation is also not readily defined since M = (pu)c/(pu) e is a
variable over the airfoil surface due to the variation of (pu)e.

In order to circumvent the problems outlined outlined above, a
dimensionless blowing parameter has been defined for this investigation
which serves as a useful parameter for examining both ij and w. Denoted
as B, this blowing parameter is defined as

Fb (9)

where F = (Pu)c/(pu), the ratio of the coolant-to-inlet mass fluxes;
'b = AH/z, the equivalent slot height for a single row of holes; and
c = ncminal model chord, equal to 2 inches for the present airfoil. The
equivalent slot height is defined in a manner similar to that used by
Papell, 9 as shown in Fig. 15. The equivalent slot height b thus defines
the slot height which would pass the same coolant per unit span as does
one row of the discrete holes being employed.
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of film-cooling data
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A physical interpretation of B can easily be stated. Noti-.. that
c/2 = 1 inch, B may then be written as

B = io1 (pu)c _ (b-1)
(pu). (1.1)

Thus B is equal to 103 times the coolant mass flow rate per unit span of
of the blade emanating from one row of discrete hcles, divided by the
inlet mass flow rate per unit inlet erea. Since five rows of discrete
holes are employed on both surfaces of each film cooling model, B is
thus proportional at all conditions to the coolant-to-inlet mass flow
rate ratio per surface per unit span. It should be noted that B is also
proportional by a constant to the mass flow rate ratio ý but the con-
stant of proportionality is slightly different for each film-cooling
model. This slight variation of the constant of proportionality arises
from the fact that model fabrication problems precluded the exact satis-
faction of the stipulation discussed in Section II B; namely, that
eq,,al coolant mass flow rates should correspond to equal vertical com-
ponents of the coolaint mass flux ratio. Figure 16 shows the proportion-
ality between ý and B for each of the film-cooling models for the con-
dition of simultaneous blowing from the suction and pressure surfaces.
The slope of each line in Fig. 16 is reduced by a factor of 1/2 if only
one of the surfaces is film cooled.

For simplicity in later discussion, the blowing modes have been
designated using upper case letters: S (suction surface cooling only),
P (pressure surface cooling only), and S + P (both surfaces cooled using
equal coolant mass flow rates).

B. TEST CONDITIONS

The conditions for the present investigation were chosen to simu-
late the environment that might be found in a high-temperature, film-
cooled turbine aboard an advanced supersonic aircraft. The nominal
conditions chosen for the film cooling tests were

Pt, = 3 atmospheres

Tti = 500-F, 1000°F

Tc = 750 F

with an inlet Mach number between 0.3 and 0.4. Two test cabin exit
nozzles were used, resulting in inlet total-to-downstream static pres-
sure ratios across the airfoil of Pt 1 /P2 = 1.5 and 1.7. These values
were chosen since they gave wholly subsonic and transonic flow, respec-
tively, over the film-cooJ'd region of the suction surfa.,e.
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7he inlet Reynolds w -mbe r-rfot ra~ne for the film cooling tests

Vas

2 x P< Re, < 4' x 10

and coolaanlt--inl'et floi ratios tested were in the range

0 < <. .11

The design of the- facility and models rade it possible to film-cool
each surface of the rodel indeL---den-t3•v, either sinigly or simultaneously.
It was decided to test -1-_ f'-lm-cool-ing nodels with blowing from each
surface alone and -with blowhing from both surfaces simultaneously in
order to 'evaluate the separate effects. However, whenever both sur-
faces were cooled, equal coolant mass flow rates were emitted from each
surface. In addition, a u ted number of runs were made with ,•odel I
in which coolant was injected from the test cabin walls to simulate blow-
ing on adjacent airfoils.

Figure 17 shows the nomi 1na! coolant velocities for the various
models and their respective surfaces. These values of uc are based on
the assumDtion that the pressure of the coolant as it crosses the sur-
face plane is equal to the average static pressure of the region of
injection for that particular surface.

8 00 0I 0

I 7

400- /S.

0

O" 4 8 12

B
Fig. 17 - Nominal coolant velocities for film-cooling model

surfaces
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5he m-bli-ing heat t-ansfer testingg was conducte at e e imlet
t=eeratures Inn over a reatter range of -!et, pressures i o-- der to
cover the sase --ange of .W as was inclded in the -J -'--cooling tests.
Toe testing range for the hheat _--ranfer exierinets was

2000F < kp < W0OOF

'423 Psia,< P 3 < -5 wia

2 x :.OP < Rk < 5.5x !NP

The wail-to-total te=neratare ratio (T!Tifj) was maintain ed in the
vicinity of 0.75 to 0.80, Vnich is co-- ens-rate ith vali-es that were
measured in the f-'il coo1in• tezsts.

C. TEST PROCEDURES

Two basically different types of tests were performed in this study;
i.e., the film-cooling measureafnts and the no-blowing heat transfer
meazurements.

Film-cooling models were installed in the HTTAT Facility through
the contour cutouts in the sidewll mounting plates. All model instru-
mentation leads (pressure, coolant, and thermocouple) were brought
through the blade ends and the remainder of the cutout was then filled
with high-temperature insulating cement to both hold the blade in posi-
tion and provide a sealant against leaks. The facility test cabin vas
vir~uafly assembled around each film-cooling model and then attached to
the heater via the transition section. This precluded visual inspection
of the model or total pressure probes betw¢een assembly and disassembly.
The models and probes were carefully checked visually for any structural
damage both before and after testing. Only the characteristic discolor-
ing of stainless' steel resulting from exposure to elevated temperatures
was observed. Total pressure probes of 1/16-inch diameter stainless
steel were employed and no evidence of probe bending or vibration was
found either during or after the testing.

A typical test of a film-cooling model was always preceded by a
calibration of the pressure-sensing system used to survey the wake
total pressure. Once the systen had been calibrated, primary air flow
was begun, the flow was brought to the correct stagnation pressure and
temperature, and the automatic control system then assumed control to
maintain constant flow conditions. A series of blowing conditions
were then tested, usually beginning and endjng with a no-blowing condi-
tion. At each condition, after waiting a period of j.Q to 15 seconds
for complete thermal and pressure equilibrium to be achieved, the wake
survey was made. About one minute was the usual time to traverse the
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U:

[ ~ ~1-inchn height of tke channel1 dmz~nstream of the air:foil tl n edge.
Gn -e the _rovbe had b-.en.wi-,ra.n frcm the fl..w, the static -uress-re
rn-etex bank was seal• d an the 1-_•-iwt Br recorder ttiio
record the aizrfoill te~eratures.. The static iaresues. cmuld then be
ix d fron the sealed razmtrbank as the coolant DfLeji rate ras chan-ged
for the next blo-"'n condition.

%est prcedures f:or the no-b1o-awi heat t-anfe zsura s wLe

iden-ti-cal to those for the fi lr--cooing5 tests wirith r-egard to f'ac5 -M1 tY
start-uin and cont-rol of prJima_-~ flowf conditions. T5'e =ecur-y aote
bank was used only to check static vressures -n the test cabin since

let st-e• ition and -static -pressures were -easureci by pressure trans-
ducers using the sa-e nres sure easur_.eLnt systue as was used for the
fib1--coo-ing tests. Each of the four thenmocoiles wa-s caLibrated
indeende_.xtly prior to and aft r a te rn. " ike total pressure
sur veys were conducted during t-he heat transfer ihase of the invfestiga-
tion.

The slave blade was oositioned i" t-he f-low and the heat transfer
model located in the sealed canister while the inlet flow was brought
to the desired conditions. As the flew pressure was increased duringstart-up, the pressure sumuly to the seaed canisters on the facility

sidewall Was correspondiingly raised to prevent hot test cabin air from
entering the canister containing the heat transfer model since it was
necessary to keep the model as cool as possible prior to insertion.
The model was somefneat heated by conduction from the slave blade, but
t the insulator connecting the two reduced this considerably. When model
temperature did rise above tolerable levels during extended operating
times, the air supply to the canisters was tempozrarily increased to cool
the model. The t-ontou- cutout in the sidewall through which the model
entered and the slave blade exited the test cabin was only 0.002 inch
larger in overall clearance than the model profile, resulting in negli-
gible air flow between canisters and test cabin as long as pressure dif-
ferentials were held within 5 psi.

SThe "x-y" plotter pen travel was begun one to three seconds before
model insertion, depending on the time base being employed. Pen speeds

-of 1 to 3 inches per second were used to traverse the 15-inch-wide chart
paper. Following the recording of the initial temperature rise, themodel was allowed to remain in the flow until the rate of skin tempera-ture increase, as shown on the analog computer's digital voltmeter, had

fallen to approximately 1-F per minute. These terminal values were
then recorded as adiabatic wall temperatures (Taw) for subsequent heat
transfer calculations.

D. DATA REDUCTION

Standard laboratory procedures were used to reduce all manometer
tube pressure data, and calibration information for all pressure trans-
ducers was entered into the analog computer to enable direct comnuter
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oULM tin Msia an~d/or ratio forn. TWO data reamrtion proeeae desEi--,e
rmentalon at. this moint. ¶Biese are the methgnds of inbte~tim& the -uakee
totall ressure loss and the i V-i:=i b!IWi•&ir he~t t_-nSfer
VMS inferred fwcm the transient te -_Vatue tz biewt-ries.

Mibe pre7Aou discussion of thee -wake tottall pressare meazar-iig
syetcem (Section HT C) -ointed cat Uthat thhe data outriut of tbe am-Eog

* ccp-mute-r was in the ion- (Pt, -. 'f~ s ,aDito h o ren-
sioiall wtotal imessare defect-acr-oss zil'e wakz-e as a iftnction of `.-Le -posi-
tion coordi-nate no_=1 to the f-ow. The total mressure loss or£ffici nt
is def:i-ed for t-_is 2__inest.-gtion as

-0.3
- r -- (10)

-Where y2 is the height of the channel, eqaall to one inch. She integra-
tion distance was chosen to be - 0.3 inch froi the channel centerline
in order to include that portion of the-wake affected ry the airfoil
but avoid the regions con-Lainin the bound•-y la--yers of the test cabin
walls. Thus c may be w-ritten as

'1- +0.3

di~Pt 2= /P . - • n
-0.3

and under the assumption of constant static w.essure across the wake,
Eq., (l1) becomes

'1 +0.3

f~~ (]2)P2)-YP
t Y.2 Pt • (2

Equation (12) shows that the "x-y" plotter output could be integrated
directly and used to calculate w, which was done using a planimeter.

The transient thin-skin thermometry method of measuring heat trans-
fer allows the calculation of the surface heat transfer to the thin skin
by knowledge of the skin properties and the initial slope of the temper-
ature vs. time plot. The heat balance equation which applies is

-cp -L , (13)

dt
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h eat t zansf-er mate mer unit surfaceara

=SPeciffic heat of-' the =eta- ld -,

= eal- density.,

L = m-etaI thic~ess,

T = memal te-ueraturre. and

t =ti~re.

Mie vaiums used for the etain-les stee! s!:i- empJyed on thie heat tas
- fer- modelis were

c! = 0.1w0 Ben,/21b

= 0.290 31bJin. 3 ,and

L=0.010 inch

Values of d11/dt were cbtaiined by measuaring the initial slope of t-he
plottter oRitput and using standard coppeer-const-antan thenai-occrainle tables.
Differentiattion of the transieent It-earner--ature outpxt -was not- -oerforned
by the analog ccuputer since any filtering would have decreased the time
response.
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A. 5-V;NC HES DOEO2

Stataic ma-esmdre were =easured at a '"-iri4 of :10 sur-face 2acattions
on all i, -1 '-cool iz- maode'1z- for ~ini mt stagnation te erazurres off5.1ý
amd 1009*? and a variety off Iblowig con-1iitons. The cop1 ete statzic
mressur=e datap are mresezrteA -' tables T--, - AL!(Appemdiz C) a--A oztlv-,
thee datta obtained atx. T-E= JD0DF are shou~n J_- Figs. .28 - 290. itb-
tions, cbti- at the lersta&:a:tion tzeature of 5C00"F are essen-
t~iaU11 the sa-e as those showin in- these fCigmres. Cau-ries ha-ve been
faired trghthe dataL.- po~ints ece-e-1 wýheere the resultamnt crawding wo-aid
be co=:%msi-. --1n such- cases only the no-blow"ing dis-tribietion is remre-

sented by. a cunrve.

Figudres :18 - 211 show a rrark-ed deuzarturae of te uaressure diszro---b-
tion on the muction surfeace of !mode~l T (22 -I-is :l-ig fro eh s
measured on the other- models. nis -i-reguL r-ity -wass at. -~st, throughl +.o
be a fault of th-e nepasur~ent sysite, but. extennsive checkin of the ma--
n=c eter bank and pressurre lines, plus addi~tional tsest, rums, revealed
that, such a -varraataon does indeed occur. _Pbs sible reasons for this
irregul'arity are discussed in Section WV. Figur-es 18 - 21 present da-ta
for 1M1odel T obt-ai-ned wih our- differ-ent71 blowing zmodes. The normal1

mode ofP, , and S +P blowing were tested on a-11 madel's, howeverr,

Fig. 21 presents data, obtained during blo-uIng frozm both the model and
the contoured test cabin wrialls to simul-ate the effect adjacent fillm
cooled bladies. Figures 22-29 showr. stattic vressu~re dist-ributiaons: on.
M.odels HI (0,0 blow-ing), T IT (300 spanwais e blo .ig) , and IV (200 s- an

wise P blowing and 3Q00 chordwise S binwring). Since iflodel IN was the
onl~y model tested possessing di~ssrila__1-r S and P blowring geometries,
plo)ts are presented showing both S and S + P blow-ing for this model.
Throughout the testing program it -was observed that P blowling has a
negligible effect on the static pressure distribution, hence only S
blowing data are presented graphicallIy for Models IJI and III, in
Figs. 22 - 25. Data are presented for Models II., III, and IV for the
two blade pressure ratios, P+ /P = 1.5 and 1.7. Bearing in mind that

for ~'=1.4 the sonic P/Pt. is 0.53., the no-blowing data show that for
P~ AP 1.5 the suction surface is wholly subsonic. Suction surface

flwis transonic for Pt, /P2 = 1.7 althoughi in the region of the rows
of coolant holes (0.93< x < 1.91 inches) the flow is wholly supersonic
for the no-blowing condIition.

Since all static pressure data were obtained using standard man-
ometer techniqrvcs at pressures which gave relatively large mercury
column deflections of between 10 and 50 inches, the accuracy of the
data can be placed at approximately ± 1%o, limiteid primarily by the
ability of the observer.
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Fig. 18 - Static pressure profiles for S blowing on Model I
(12O spanwise blowing)
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Fig. 19 - Static pressure profiles for P blowing on Model I
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Fig. 20 - Static pressure profiles for S + P blowing on Model I
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Fig. 21 - Static pressure profiles for S + P and test cabin wall
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Fig. 22 - Static pressure profiles at P,. /P 2 = 1.5 for S blowing on
Model II (90o blowing)
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Fig. 24 - Static pressure profiles at Pt /P2 = 1.5 for S blowing
on Model 1II (300 spanwise bloking)
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Fig. 25 - Static pressure profiles at P =/P2 1.7 for S blowing
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Fig. 26 - Static pressure profiles at Pt,/P2 1.5 for S blowing on
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Fig. 27 - Static pressure profiles at Pt,/P2 = 1.5 for S + P blowing
on Model IV (300 chordwise S blowing and 200 spanwise P
blowing)
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Fig. 29 - Static pressure profiles at Pt,/P2 = 1.7 for S + P blowing

on Model IV (300 chordwise S blowing and 20' spanwise P
blowing)
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B. WAKE 'OI_4L PRESSURE DATA

Surveys of the wa-Ie total vressure were obtained at a distance
0.63 inch downstream of the trailing edge for all film-cool models.
Surveys were made for both of the tested blade pressure ratios and at
inlet total temperatures of both 5000F and i000F.. These data were
received in the nond-iiensional form sho-wm in Figs. 30 and 31, which
show actual surveys obtained at large mass addition rates. integrals

Sof the measured wiake total pressure surveys are shown in Figs. 32 for
the Tj% = 1000F and Pt, /P = 1.5 conditions. These val'les are indi-
cative of the loss coefficient w since they differ from the coefficient
by the factor (1 - P2/Pt ), which is essentially a constant determined

by the size of the exhaust nozzle of the test cabin. Values of the mea-
sured integrals and the corresponding loss coefficients are presented
for all tested conditions in Tables XIV - XXV. The accuracy of the
results w-s limited primarily by the flow fluctuations which were evi-
dent in many of the runs. These variations could not be removed by
filtering since rapid time response of the pressure measurement system
had to be maintained if survey times were to be kept reasonably short
(1 minute). However, survey profiles were found to be repeatable wthin

±5% of the peak value.

' C. FII14-COOLDIG T-4PERATJRE MDASUMRANTS

Thermocouples located within each film-cooling model were monitored
to evaluate the steady state cooling of each model. Temperatures at
various stations along the model camber line were recorded for the test-
ing of Model I. Both camber line and surface temperatures were monitored
for the remaining models in order to determine the significance of both
the internal cooling and the conduction of heat from the uncooled sur-
face~when only one airfoil surface was film coolect. Figure 33 presents
typical chordwise temperature distributions along the canber line of

Model I. Such data are useful primarily in examining the overall cool-
ing of the airfoil and, as seen in Fig. 33, show that as coolant flow
rates are increased, the gains in cooling become smaller in terms of
actual temperature reduction.

Temperature data obtained from the thermocouples located within
"0.010 to 0.025 inch of the suction surfaces of Models II, III, and IV
gave a more valid indication of the film-cooling effectiveness and are
the data used in the film-cooling analysis of this investigation.
Figure 34 shows typical suction surface temperature profiles for both
S and S + P blowing on Model II. The data show that suction surface
temperatures are considerably reduced when S blowing is modified to
S + P blowing. This reduction results in large part from the reduction
of heat conducticn through the blade from the uncooled pressure surface,
but is also partly a result of additional internal cooling. Thus the
data obtained from the suction surface thermocouples should not be inter-
preted as true film-cooling adiabatic wall temperatures. This point,

55



Ti, = l0000 F Tc =750 F -S+P Blowing
Pt, _15"= 1.4

P2

Pressure Suction
Surface Surface

0.01

T MODEL

V •I 8=9.0
H1 B=7.12

/ TT B =9.1
.. • 9.7 P

No Blowing

(Channel)

Fig. 30 - Typical wake total pressure surveys for massive blowing
at =t/P 1.5
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along with the interpretation of the te__rerature data is furth-er amp~i-
lied in Section V. An accuracy of I 5`F rnay be ascribed to the tempera-
ture data, wihich aie presented in Tables MTVi - XXXVIII.

- D. W-I B Mf HEAT MUSM DATA

Heat transfer rates measured in the absence of film cooling by the
Spreviously described trasient technique are presented in Tables XXXVIa,-

XL. "Typical surface distributions of the heat transfer in coefficient
form are showfn in Figs. 35 - 37. The data are sh(wn in the more useful
form of the Stanton nimber in Figs. 38 - 41, where it is seen that a

- turbulent boundary layer existed over mutih of the airfoil surface. The
data exhibit the customary scatter which is characteristic of transient
heat transfer measurements. Considerably more scatter is found in the
P±1 /P2 = 1.5 su.ction surface measurements, which were the final measure-

V- ments taken, than in the data obtained at Pt1 /P2 = 1.7. This increase

in scatter is probably attributable to a weakening of the thermocouple-

to-model bond, which eventually caused several thermocouples to separate
from the thin metallic skin, terminating the measurements. Because. of
the above problem, and the fact that some chordwise conduction must
occur in the thin skin of a model, an accuracy of no more than ±10% can
be stated for these data.
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V. DISCUSSION OF RESULTS

A. NO-BLOWITNG RESULTS

Any analysis of the effects of film cooling on the flow over a
surface must begin with a basic understanding of the flow existing in
the absence of blowing. The .-tatic pressure distributions measured for
B = 0 show that either a negative or very mild positive presoure gradient
existed over most of the injection region of the suction surfaces of
Models II, III, and TV. These three models gave almost identical no-
blowing pressure distributions, as seen in Figs. 23 - 30. The no-blowing
static pressure distributions ovwzr the suction surface of Model I, how-
ever, displayed an inflection and were also slightly higher in value
than those measured on the other models. This deviation was investigated
•-and additional tests run, as previously mentioned, but no local surface
contour irregularity of sufficient size to cause such behavior could be
found. A possible explaiiation of the phenomenon is the fact that the
12' spanwise blowing geometry used on this model re3ults in large ellip-
tical cavities (0.028 x 0.135 inch) on the surface where the coolant
hole and model surface intersect.

The no-blowing heat transfer results of Figs. 38 and 39 show that
transition from a laminar to a turbulent bot. lary layer begins at a
local surface Reynolds number of from 250,000 to 300,000 on the suction
surface. The location of the beginning of a completely turbulent layer
is not apparent from these figures, since only the leading thermocouple,
located at x = 0.89 inch, gave heat transfer rates typical of heating
in the transition regime. This fact is most clearly shown in Fig. 38
and, to a lesser extent, in Fig. 39, by the two differing trends in the
low Reynolds data for the thermocouples located at x = 0.89 inch (circle
symbols) and x = 1.22 inch (square symbols). Completion of transition
to a wholly turbulent boundary layer thus took place somewhere between
the first and second thermocouples; i.e., in the region 0.89 < x < 1.22
inches. For the film-cooled models, this is the region ccntaining the
first two rows of coolant holes, and therefore additional impetus for
transition was provided in this region for the film-cooling models by
blowing and/or the equivalent surface roughness of the holes. The

SSchlieren investigation of Sha%2 0 confirms that transition occurred in
this region, both with and without blowing, for Models I and II.

Also showm in Figs. 38 and 39 is the empirical correlating equation

cH = o.162 Re 0.x 5 (13)

which was faired through the suction surface Stanton number data and
from which C1. values were obtained for use in the film cooling effec-
tiveness correlations.
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The pressure surface heat transfer measurements indicate that a
fully developed turbulent boundary layer existed over the entiTe heat
transfer measurement region (0.82 inch < x < 1.65 inch) of the surface
fr loUa. Renods number as low as 130,000. The boundary layar stabi-

lizing effect of the severe negative pressure gradient over the fore
part of the suction surface is apparent when Stanton number data for
the two surfaces are compared at equal surface Reynolds numbers. The
transition surface Reynolds number for the suction surface is at least
twice that of the pressure surface, but no closer determination can be
made since all heating measured on the pressure surface indicates a
turbulent boundary layer and no evidence of transition was found.

The heat transfer measurements show that the simple approximation
of flat plate flow is valid for conservative engineering design estimates
of the surface heat transfer to a typical turbine airfoil in the absence
of cooling since measured heating rates fell at least 20%o to 400% below
the flat plate turbulent heating prediction over most of the airfoil
surface measured.

B. EFFECT OF BLOWING ON THE STATIC PRESSURE DISTRIBUTION

'The effect of blowing on the static pressure distribution, as
shown in Figs. 18 - 29, was found to be highly dependent on which sur-
face (S or P) was film cooled. No significant changes in either the
magnitude or shape of the lift distribution from the no-blowing case
can be seen in the P blowing results for Model I, shown in Fig. 19.
Although not shown graphically, this same lack of any P blowing effect
on pressure distribution was found to be true for all film ccoled

-- ,models, geometries, and blowing rates. Any alterations that were
observed were generally within the ± 1% accuracy of the static pressure
measurements and cannot be considered significant. This lack of any
effect of P blowing on lift may be attributed to the monotonically nega-
tive pressure gradient over the blown region of the pressure surface, a

1 -gradient which became increasingly favorable as the trailing edge was
approached.

The effect of suction surface (S) blowing, however, was found to
be quite significant, as shown in these same figures, causing a loss of

*, lift on the suction surface but, as might be ex-pected, again no notice.-
able effect on the pressure surface. The distributions obtained for
S + P blowing were virtually identical to those of S olowing for all
film-cooled models. This is seen for Model I by :.omparing Figs. 18 and
20. For purposes of analysis, only the effects of S blowing on the suc-
tion surface pressure distribu':ion need be examined to determine any
effects due to the various blowing geometries.

A comparison of the S blo.aing suction surface distributions shows
that the 90' blowing on Model II caused the most severe loss of lift
of all geometries tested. This can be seen by comparing Figs. 18, 22,
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24," and 26 for the subsonic suction surface (Pt]/P2 = 1.5) and Figs. 23,
25, and 28 for the transonic suction surface (Ptl/P2 1.7). Severe
loss of lift was also found for the spamnwise blowing geometries of
Models I (12' spanwise) and III (300 spamnise). The effects appear toShave been quite similar for both the subsonic and transonic cases.,

although Model I was not tested for the transonic condition. A general
similarity can be noted betw.een the surface pressure alterations for
Models I, II, and III, all of which injected coolant having no chordwise

velocity component. The loss of suction surface lift began well ahead
of the first blowing row (x = 0.93 inch) for all geometries tested, as
shown most clearly by the data points at x = 0.75 inch in Fig 22. This
effect was most pronounced for the 900 injection geometry and least
noticeable on Model IV, which emitted coolant in the chordwise direction
30* from the surface tangent.

* The' effect of blowing rate intensity on the lift alterations was
found to be similar for the non-chordwise injection geometries of
Models I, II and III at small values of B. Comparison of the pressure
distributions of Figs. 22 and 24 for the lowest non-zero value of B
shows that for these low blowing rates there was a negligible difference
between the lift alterations caused by 900 or 300 spanwise injection.
The same result is observed for the transonic surface when Figs. 23 and
25 are compared. However, as B was increased, the vertical blowing
effect on loss of lift became inci.easingly more severe than that of the
spanwise blowing. This is in spite of the fact that the vertical blow-
ing component was the same for the two cases. Figure 22 shows that at
a value of B = 7, the alteration of the static pressure distribution
for vertical blowing resulted in a negative pressure gradient over the
entire suction surface.

Examination of the data from the last pressure tap o.a the suction
surface for all models tested shows that as the blowing rate was increased,
the pressure at this location (x = 2.09 inches) approached a common
value for all models, the value being very close to the doi.nstream static
pressure, i.e., P2/Pt. This suggests that the flow may have separated
near the trailing edge, with the terminal or base pressure being felt
further ups bream as the separation region crept forw.ard with increasing
blowing. Such a hypothesis cannot be proven by the present pressure
data since the region in question possessed a small pressure gradient
such that numerous pressure taps would have been required to see this
effect. However, it should be mentioned that the Schlieren investiga-
tion of Shaw2 0 for Models I and II shows some evidence that separation
did occur in the immediate vicinity of the trailing edge for both models
at low coolant flow rates. The same investigation also suggests that
the separation appcared to move fonrard for Model 11 (90' injection) as
blowing was increased, but the boundary layer appeared to be attached
over the coolant injection region (0.92 < x < 1.91 inches) for values
of B as high as 7.
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Although film-cooled turbine airfoil pressure data for comparison
with the present results are not available in the open literature, the
recent experimental results of Provenzale and Thirumalaisamy1 5 show that
for the transpiration cooled stator blades of their study the static
pressure distribution was completely unaffected by mass addition from
both surfaces at coolant flow rates equivalent to those of the present
study. This is in marked contrast to the present surface pressure mea-
surements which show the generally disruptive nature of film cooling by
discrete hole blowing.

C. EFFECT OF BLOWING ON THE TOTAL PRESSURE
LOSS COEFFICIENT

Themeasurement of the total pressure loss coefficient presents a

with no chordwise velocity component and the streamwise-oriented injec-

tion of the suction surface of Model IV. This is shown in Figs. 30 and
31 in which the shift of the peak wake momentum defect toward the suc-
tion surface is evident for Models I, II, and III. The total pressure
Joss coefficients calculated from the wake pressure surveys are shown
in Figs. 42, 43, and 44 in the form of w - wo5 where wo is the coeffi-
cient calculated using the integrated total pressure defect for the air-
foil without blowing. S eral similarities between these three figures
are significant.

First., it is noted that all blowing geometries gave approximately
the same losses at low values of the blowing parameter B < 3. As blowing
was increased, three differing trends were observed. The losses for the
vertical blowing of Model II continued to rise in an almost linear fash-
ion, as did those of the 12' spamnise geometry of Model I. The losses
fof the 300 spanwise geometry of Model III also rose as B was increased,
but at a decreasing rate, so that at the massive blowing rates ofI B > 9, the 300 spanwise geometry began to show a significant reduction
in losses from those shown by Models I and II. This appeared surpris-

ing, since Model III is of intermediate geometry, having a spanwise
injection angle 0 = 300 and a number of holes per row of 17, both values
which fall between those of Models I and II.

This similarity of the observed losses for the spamnise injection
geometries of Models I and II and the lower losses measured for Model III

prompted an examination of the actual exit angles for the coolant air.
Using smoke tests, it was observed that the .20 injection geometry, un-
like the others, emits the coolant at the hole angle only for very low
coolant velocities. As coolant velocity was increased, the low length-
ato-ditheter ratio allows the coolant to increase its exit angle until,
at the extreme case of the choked condition, the average angle is
greater than 450. The ideal coolant velocities for this geometry are
also higher, as was seen in Fig. 17, but these would be reduced as the
flow occupied more of the sarface ellipse with increasing mass flow rate.
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This problem does not arise wi+h t'e other geometries since the coolant
holes have sufficient guiding 1.oAbh to keep the coolant flow vector
coaxial with the hole until the surface is reached, where bending and;
mixing with the boundary layer and external flow begins.

The results for w, However, do indicate a marked decrease in the
total pressure losses for the 30' spanwise blowing geometry when com-
pared with the 120 and 90' injection. This fact, when considered in
the light of the above discussion concerning the 120 geometry, indi-
cates that spanwise inclinations may be helpful in reducing losses,
although not nearly to the degree that chordwrise angling, such as the
surface geometry of Model IV, acccmplishes.

S-The reduction of losses for Model IV was evident at each of the
test conditions excupt for the lowest blowing rates tes~ed. At the
higher values of B, this model gave losses which were less than 1/4
those of the vertical and 120 span-wise geometries.

A second result of a comparison of Figs. 42 - 44 is the consistent
agreement of S and S + P losses. This indicates, as do the static pres-
sure dist-_-butions, that the suction surface was the primary source of
all losses measured. The fact that the losses appear to be, for each
geometry, a function of B (which is a surface-to-stream parameter) also
confixms this.

The superiority of the chordwise coolant injection in reducing
losses at higher blowing rates is predictable, since considerable coolant
momentum is wasted by non-streamwise blowing. This momentum ,caste,
which for non-chordwise injection is pcu,, must be absorbed as a deficit
by the external flow (including the boundary layer), while chordwise
coolant injection contributes to the flow momentum the component
Pc19 cos q (Op = 300 for Model IV, S "lowing). This latter quantity
increases with increasing B, thus a reduction of losses for chordwise
injection is not surprising.

It is instructive to examine the effect of the angular orientation
of injection by assuming a simple physical model for the flow about the
airfoil and determining whether the basic conservation equations of

- fluid dynamics predict loss coefficient variations such as those men-
tioned. Such an analysis has been performe*d (see Appendix A) in which
the flow past the injection surface of the confined cirfoi] in this
study has been approximated by a constant area char.lel. Isentropic
compression from the inlet (Station 1) to the channel entrance was
assumed, as was isentropic expansion from the channel exit to the down-
stream wake survey location (Station 2). All mixing of coolant and
primary flow was assumed to occur in the constant area channel with the
primary flow at an average Mach number, found by using the average of
S and P surface pressures over the blowing region. The results of this
calculation are shown in Fig. 45, where t is used as the blowing p,1ra-
meter. The trends show.rn agree with the experimental results previously
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shown, and the advantage of chordwise angled blowing is obvious. Tan-
gential injection curves ((p = 0°) show only a slight superiority to the
300 result. The spamnwise 0 = 300 geometry is considered a vertical
(P = 900) geometry as far as the ideal mixing n1.nalysis is concerned.

The present experimental results for Pt /P2 = a.5 are compared with
the ideal mixing calculations in Figs. 46 an• 47. Agreement is clear
for S + P blowing, the condition which more nearly satisfies the assump-
tion of the calculations that the Mach number is averaged over the blow-
ing region of both surfaces. The fact that the present experimental
results show a general agreement with the ideal mixing analysis indicates
that the experimentally observed losses are ex-plainable, in large part,
by momentum loss caused by coolant and primary flow mixing and that
castastrophic effects, such as boundary layer separation, are not the
dominant,mechanism.

j•I The simplified analysis of ideal mixing, which predicts that non-

chordwise injection results ii a nearly linear w vs. ý relationship, is
equally applicable (as far as the assumptions are concerned) to trans-

piration cooling. This is confirmed by Reference 15, in which trans-
piration-cooled stator blades were tested in an annular cascade. The
data of Reference 15 show a simple linear relationship between w and .
for t valuep as high as 0.08, thus the simple mixing analysis appears
to be quite useful for •ngineering calculations and estimates. An
jinteresting facet of the above transpiration-cooled blade results is
the fact that the airfoil tested emitted coolant over the entire sur-
face. Thus the concept of an average Mach number in the region of
injection was a considerable approximation.

D., FILM COOLING EFFECTIVENESS RESULTS

The data obtained from the thermocouples located below the suction
surface are shown in Figs. 48 - 51 in the form of the effectiveness r,
and a correlating parameter CHo/As, which is the standard film-cooling
parameter with the x-dependence removed. The S olowing results were
influenced considerably by heat conduction through the blade from the
uncooled pressure surface, and thus they undoubtedly underestimate the
actual film-cooling effectiveness on the suction surfL 3. The S + P
blowing results were not affected by this problem since no large tem-
perature gradient existed across the blade thickness, but these data
were affected somewhat by internal cooling due to coolant passage within
the airfoil. Thus, the S + P results are judged to be the upper limit
on film-cooling effectiveness since they are at least as high as the
adiabatic ý normally used to examine film cooling. The S + P data are
also of more engineering significance since actual turbine airfoils are
constructed in a basically solid manner such as the present models and
therefore the adiabatic wall condition is rarely met in practice because
of the internal convective cooling caused by coolant passage through the
blade interior.
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This raises the question of error in r due to the assumption that
Tc 75*F, which was used to calculate all q values reported. An analysis
of the possible error introduced by this assumption is presented in
Appendix B., the results of which show that the maximum error in qj due
to the assumption of constant coolant temperature is generally less than
0.03 for the present conditions.

Figure 48 compares the measured effectiveness for a point cooled by
only one row of coolant holes (n = 1); i.e., based on a thermccouple
measurement immediately downstream of the first -ow of holes. Since the
CHO values used are average values obtained from the no-blowing heat
transfer measurements, scatter must be expected in the results in both
the -q and CIo/Ms directions. The resullts show, however, that neithcr
of the blowing geometries enjoyed a clear superiorfty i, cooling effec-
tiveness% The same result is shown by Figs. 49 - 51, which show measured
cooling effectivenesses at suction surface locations cooled by 3 and 5
rows of holes (n = 3,5). Figure 51 indicates Pn apparent decrease in
cooling effectiveness for the trailing edge region thermocouple of
Model IV, but this cannot be definitely att'ibuted to film effects since
the chordwise blowing geometry of Model IV necessitated changes in the
location of internal coolant passages which could have caused this effect.
Slight internal geometry changes in Model IV from those u.ed in Models I,
II, and III also caused the n = 3 thermocouple (Fig. 50) to be located
0.10 inch further forward than the same thermccouple on Models II and
III.

Since the effectiveness data were obtained using multiple rows of
holes which were approximately equally spaced, the choice of an x value
to be used in the standard film cooling correlating parameter CH x/Ms
is not readily apparent. Several possibilities were investigatea,
among these the cases where

(1) x = x1 , the distance from the point of measurement to the
first row of holes;

(2) x = Xn, the distance from the point of measurement to the
closest upstream hole row; and

(3) x = 7, the arithmetic average of the distances to each of the
1 i~

distances to each of the upstream rows; i.e., x = E •xi . (Each of
i=l1

these choices of x reduces to the correct single row x when only one
row is present.)

Curves were faired through the averages of the S + P data shown in
Figs. 48 - 51 and plotted as functions of CH0 x/Ms for each of the
choices of x mentioned above. This is shown in Fig. 52, where it is
clear that the choice of x is preferable. The concept of x merely
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replaces the multiple rows (or slots) with a single row (or slot) located
midway in the row or slot distribution. At large distances downstream
from the rows, any of the three choices of x appears appropriate, but for
measurement points within the rows, such as the present case, x appears
to be preferable.

Figures 53 and 54 show the present suction surface effectiveness
data compared with the single slot correlation of Haering, 1 6 using x as
the characteristic length. Hearing's correlation is typical of the
numerous single slot correlations, as is shown in Reference 16. The
present S blowing data contain considerable scatter since these data
were affected by heat conduction through the model in varying amounts
because of the variation of model thickness. Furthermore, as noted

earlier they can be expected to represent only a lower bound on the true
film-cooling effectiveness. The S + P results, shown in Fig. 54, repre-
sent a more true measure of cooling effectiveness as would be encountered
in an actual turbine airfoil, although these results probably overesti-
mate the film-cooling effectiveness due to internal coolingeffects.
The figure shows that they correlate reasonably well using x. A curve

may be faired through these results which falls within ± 15% of over
80% of the data points. This curve, represented by

1=o - 0.25 (15)
1l+ :3.6-
1+ ~ Ms

is merely Haeling's result minus the term 0.25. Although adnittedly
empirical, this provides at least an estimate of the cooling effective-
ness which could be expected by the use of multiple rows of discrete
holes.

The cooling effectiveness data measured behind the first blowing
row on the suction surface are shown in Fig. 55, along with the single
slot correlation of Hlaering, 1 6 the empirical Eq. (15), and the
transpiration-cooling correlation of Bartle and Leadon, 1 8 where the
latter has been calculated using the assumption that the coolant emitted
fyom the first row of holes is instead transpired from the surface uni-
formly over the same distance x.

Since the .esent S blowing data are felt to represent a lower
boitad on the film cooling attained by the present cooling schemes, a
curvc has also been faired through it such thtt, when taken with Eq. (15),
the two curxcs represent the upper and lower limits of all single-row
dis.crete hole data obtained in this study. The S t.lowi..1 curve may I-
represented by

1 0- .45 , (16)

1+ 3.6 "CH°
Ms
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Unlike the situation for multiple-row hole data, some single-row
data are available in the literature; namely, that of Metzger and
Fletcher1 2 who examined chordwise injection into a turbulent boundary
layer using holes angled at a = 200 and 600 from the surface. lfo-blow-
ing Stanton numbers have been calculated for their data under the assump-
tion that the turbulent boundary layer behan at the sandpaper strip
which was located upstream of their blowing rows. Using these values
and the faired curves representing their ± 10% accuracy correlations of
each condition tested, upper and lower bounds for the effectiveness of
their two injection angles have been shownm in Fig. 56 along writh Eqs. (15)
and (16) for the present results. The variation in , Iwithin a single
geometry for the data of Reference 12 is due to differing values of the
hole spacing and the mass flux ratio, M. This variation points out the
complexity of the dependence of 9 for discrete hole blowing on parameters

I .in additiion to Cjox/Ms and p. Goldstein et al.'1 have also found an
"apparently secondary dependence on M alone, particularly for the lateral
spreading of the coolant with downstream distance. However, their results
"show that a vertical injection geometry enjoys generally better lateiral
spreading over a considerable range of M than does a geometry angled at
_p = 350 in the chordwise direction, so the dependence cannot be attributed

to M alone. Examination of the present results for both multiple and
single rows has revealed no apparent correlation with either M or hole
spacing, although the present study made no attempt to vary the latter
within geometries.

The Post significant result of the present effectiveness results is
the fact that discrete holc -Ing, as applied to a typical airfoil in
"the present study, does not show a strong secondary dependence on geom-
etry or mass flux ratio M alone, but does exhibit a primary dependence
on CHoxp4s, the same parameter which governs continuous slot film cooling.

E. CONCLUDING DISCUSSION

The experimentally measured static pressure distributions show that
the aerodynamic effects of the present film-cooling technique were con-
fined to the suction surface where coclan. was injected through discrete
holes into a region having an initiallyQ unfavorable pressure gradient

- and a turbulent boundary Layer. Thi..; uould be expected to increase the
turbulent boundary layer thickness, -:•xricularly when the coolant added
possessed no momentum component in tbi 7-i- direction. Verification of
this was found by Shaw,20 whose Schliuru .; photographs of the suction
surface of Models I and II show a rapid enlarg,,-ment of the boundary
layer with increasing blowing. This is also vex:'ied by the present
wake survey measurements, such as shown in Fig. 30, where the wake width
is greatly enlarged toward the suction surface. (See Appendix D, Sum-
mary of Schlieren Data.)

The results also indicate that separation occurs for non-chordwis-
injection in the vicinity of the rounded trailing edge but no evidence
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was found that this extended furthsr upstream on the suction surface,
-ot discounting the possibility of local r 'ons of separation near
points of injection. The -lack of massive irntion is verified bky them• •easured wake total pressure loss coefficients, which show no sudden

increase with blowing, such as would be expected for a separated layer.
Instead, the losses increased at a nearly constant rate with increasing
blowing for 12° sparnwise and 90° blowing, and at decreasing rates for
30' span-ise and chordwise injection. The fact that the simple ideal
mixing analysis also predicts both the proper trends for t and actual
values which are reasonable indicates that a great amount of the mea-
sured loss phenomenon is due to effects apa from ay large scale
boundary layer separation. The intense thicke ning of the suction sur-
face turbulent boundary layer for the non-chordwise bloding geometries
"is caused by the entrai=ent of the cool, low-momentam coolant in the
layer. Wiis -layer receives more coolant at each vacceeding' row of holes
and thus grioth is stimulated by both mass addition and the positive
pressure gradient.

The large loss of lift-. observed on the suction surface for non-
cbordwise blowing geometries can be attributed to the thickening of
the effective airfoil profile in the blown region by the e"1uging tur-
bulent boundary layer, causing a pressure rise which feeds forward on
the suction sturface, as shown by the increase in suction surface pres-
sure a considerable distance ahead of the injection region. The pres-
sure rise ahead of the injection region is also seen for the transonic
suction surface, where shock waves have been seen originating from the
increase in effective body thickness occurring at the location of a
hole row for non-chordwise injection.2 0

The cooling effectiveness data show that the amount of coolant,
and not the method by which it was injected, wtas the primary factor in
the' cooling of the suction surface. This is in contrast to the results
of Papell, 9 obtained using angled slots, in which a significant dep en-
dence on angle of injection was found. The continuous nature of slot
injection, however, reduces the penetration height of the slot-injected
coolant into the primary flow for equal values of the blowing parameter
B when compared to the jet-like nm-ture of discrete hole blowing. This
implies that considerable lateral effectiveness variation must occur in
discrete hole cooling, which has been verified by Goldstein et al.1 1

using a single circular hole in an insulated flat plate. Such varia-
tions undoubtedly existed in the present eiperiment. but the conductive
nature of the airfoil surface makes the present effectiveness data in
reality averages over a finite area.

The discrete hole data of Metzger and Fletcher 1 2 also show a con-
siderable dependence of effectiveness on blowing geometry (both angu-
larity and spacing) and the mass flux ratio M. This latter parameter
would be expected to play a more important role in discrete hole cooling
than for slot cooling since M is an indication of the penetrating abil-
ity of an individual coolant jet. The fact that the present results
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show no discernable dependence on M (other than the exoected trend with
Cjjox/1s) or on blowizg geometry indicates that the rapid grmth of the
suction surface boundary layer accelerates mixing and thus the coolant
injected through various hole geomet•ies is more evenly distributed.

Although the differefices in the effect of chordwise and vertical
injection on the suction surface boundary layer and the ensuing loss' s
can be explained in the basis of stree-arise mmnentim conservation, it
is not obvious Vnoht mechanism caused the reduction in mo.sentaum losses
for the 30* snanwise S blowing at higher values of B. Silp1ificanf, span-

wise velocity ccmo.uents in the bouinary layer must be induced by such
injection, particularly nearer the surface where chord-_ese velocity is
lower. The overall nenetration of the spawn-ise angled injection ino
the botudary layer w-o uld ampeear to be the same as that of vertical in-
jection sýnce the toctal amoun. of coolant stream crossing the airfoil
surface for each case -ill, by virtue of the match ng of (Pu)cy, possess
the same vertical ccmonen•t o: the mass flux ratio M. A coolant jet
emitted frcm the surface in a suan-a-ise angular orientation .may begin
chord,•ise turning withi.n the elliptical "trench" near the surface and

thus acquire a chordwuise velocity component prior to crossing the surface
plane. This is a possible explanation of the reduction in mmenetum
losses for the 300 spanwise S blowing at. large blowing rates, but a de-
tailed descrimtion of the complex three-idimiensional flow field induced
by discrete hole blowing must await a detailer probing of the blom
layer to obtain both chordwise and lateral velocity profiles over the
entire region.

The present results show that the significant variations in dis-
crete hole film cooling which have been measured in flat plate exneri-
men'tal studies are not present in the actual apolication of this cooling
technique to the suction surface region of a typical turbine airfoil.
Instead, the observed variations in lift and momnentrm losses due to
blowing geometry differences are, at the massive blowing rates, a more
important consideration in an akplication such as has been examined here.
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VI. SUM1U24RY AiD CONCLUSIO!S

The aerodynamic effects of film cooling through multip le rows of
discrete holes located in the region aft of midchord on both surfaces
of a typical turbine airfoil have been studied ex-nerimentally at con-
ditions si-muiating those found in_ actual turbines. Tests were perforned
with a single blade in a contoured clmannel using- electricaly_ý heated
air as the primary flow. P5ir at a nominal te-perature of 750 F was used
as coolant -to investigate the effects of coolant-to-primary flow rates
as higa as 0.05, based on blo-wing from. the single blade.

Heat transfer rates in the absence of blowing were also measured
over the injection region of both surfaces to determine both the state
of the unblmwn boundary layer and to determine no-bloeing Sta-nton nubers
for use ia the correlation of fil-~-cooling effectiveness. The results
of these tests show that a turbulent boundary layer exists ove- the
injection region of both surfaces for the conditions of the film cooling
testing.

Four fi___m-cool ing models were tested, each having differing angular
hole geometries with respect to the chordwise and sp-a.nise directions.
Surface-to-hole axis angles tested were 120 sw=nise, 30° span-.ise,
S90 (vertical), 300 chordwise (suction surface), and 20° spanwdise (pres-
sure surface). Measurements were made of suction surface coojing effec-
tiveness, static pressure distributions, azl integrated wake momentum
losses in the form of the total pressure loss coefficient', t. Tiwo inlet-
to-exit pressure ratios of 1.5 and 1.7 were used to enable suction sur-
face blow-ring into subsonic and transonic regions, respectively.

No significant effect of pressure surface blowing was found on
either the lift distribution or the vwake total pressure losses. Signi-
ficant effects, however, were noted for suction surface blowing, parti-
cularly for non-chordwise injection. large loss of lift and greatly
increased flow losses were found for suction surface blw-ing which was
angled in the spanwuise direction or at 900 to the surface. This is due
to the greatly thickened turbulent boundary layer which 4s induced by
blowing in a region of positive pressure gradient. Some reduction of
losses vazs observed for 30' span-wise blowing at higher blowing rates
when compared to losses measured for vertical injection. Losses -. ,a-
sured for 120 sparwise blowing were approximately the same as those for
the vertical case, but any conclusion regarding the aerodynamic effici-
ency of the 12o geome',ry would be premature, since evidence now exists
showing that the actual coolant injection angle for the 122 spaln-ise
blow-ing vas considerably larger. The reduction of losses by spanwaise
injection for the 30 * case was quite apparent at high blowing rates,
but at the lowest rates tested all geometries showed approximately equal
momentum losses.

The lowest losses and least affected lift distributions for the
higher blowing rates were measu-red for the 30° chordwise blowing.
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AerodynAmic superiority of this geomretry improved as coolant flow rate
was increased, a fact which is predicted by simple momentum conservation.

11o evidence was found of boundary layer separation on the suction
surface other than in the ir-ediate vicinity of the trailing edge, down-
stream of the final row of discrete holes.

Suction surface temnerates measured during fi-m cooling of bothairfoil surfaces provide the best indication of cooling effectiveness

which such an airfoil would enjoy in actnual operation. A co _mparison of
measured effectiveness shows no an-uarent dependence on blowing geometry
within the accuracy of the measurements. it is found that the present
effectiveness results, obtained using multiple rows of neamly equal
spacing, are best correlated in the standard film coolirg manner using
as the dq-,w-stream coordinate an average of the distances to each of the
*upstream rows. The present data, based on this parameter, fall an
average of AT = 0.25 below the predicted effectiveness of continuous
slot injection. These results should be interporeted as an upper bound
on the actual film cooling effectiveness which was achieved, since
internal conduction effects could not be eliminated in the present
investieation. The effectiveness results show that for the conditions
of this investigation, the overall cooling effectiveness achieved by
massive discrete hole blowing is primarily dependent on the amount of
coolant injected and that blowing geometry, within the extremes tested,
plays a secondary role.

It is concluded that because of the large reduction in flow losses
achieved by cherdwise injection on the suction surface and tVhe aoarent
relative independence of cooling effectiveness on injection geometry,
the chordwise injection at 30* from the surface is the optimum choice
among the geometries tested.
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APFM IX A

CALCUIATION OF 1B1E IDEAL MI4XI-G TOTJAL PRESSURE LOSS COEFFICT.•,,IT

The injection of coolant into a confined flow, such as the passage
between airfoils in a cascade or the passage in which the presemn filn-
cooled airfoils were tested, will introduce a change in flu-d properties
at the channel exit for most conditions. This effect, although influ-
enced by boundary layers and viscous effects, will also occur in their
absence. It is helpful in interpreting the experimental values of w to

- - examine the flow through the test region in this manner, treatirg the
flow around the airfoil as a channel flow.

-* Figure 57 shows the assumed physical model chosen for the calcula-
tion. Stations I and 2 correspond to the like-nuzbered stations in the
test facility, the simulated turbine inlet and exit, respectively. The
j and k stations correspond to points upstrean. and dounstreamm of the
region of blowing, defining a region within which all mixing of the
coolant and primary flow is assumed to occur. The flow is isentropically
"expanded from the inlet station I to station j. Between j and k the
mixing occurs in a constant area, insulated channel. This assumption
is reasonable for the present exmeriment since the total flow area
changes very little in the region of blowing. The conditions at j are

chosen to represent the average flow properties of the channel in the
injection region. Between stations j and k the equations of continuity,
momentum, energr, and state are used to obtain conditions at k, includ-
ing the total pressure. The flow at k is then expanded isentropically
to the selected donz'tream static pressure, based on the chosen Pti/P2.

The equatlonb> for conservation of mass, momentum, and energy for
the mixing of like gases are

;nj+1Crn ;, (17')

PaAj + mjuj + mcuc cos •=mkUk+ PkAk and (18)

SmjcpTtj + ;ccpTtc = (19)

"The momentum Eq. (18) is written for the assumption that the coolant
enters the primary flow at the local static pressure of the injection
region, while the energy ].q. (19) assumes that both gases are calori-
cally perfect. Defining 1c/m1 -, the energy equation is solved as
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+ g=t" (20)
Ttk

and the momentum, equation becomes

2 + i+ Cos q= (e+,) (21)p +j-, O P lj Pkukuj *33 9

Employing the perfect gas relationships

'k1

2

aud

Pk~k 1

the right hand side of Eq. (21) becomes

(1+0) _ Mk - .

The momentum Eq. (21) is thus written

pa +1+ tC os'c = Ax (22)pju+ + uj

where

"and
Mk1i ~Mk+

This allows an impleit-solution for Ilk sincc all other quantities
in the momentum Eq. (22) may either be calculated or are knomrn. Using
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I*the perfect gas equation of state

k p0RTk

and the relationship

°.k

I4kA;-yTk~

we obtain

Pt, t Pt, ZAk) (Mk(F/Ptk))

The term P(E) in Eq. (23) is a function only of and the prescribed
total temperatures of the inlet-and coolant flows, while Q(Mk) is a func-
-tion Of Mk only. Thus the calculation of Ptl/P to /P may

be made graphically with the use cf X = X(Mk) and Q Q(Mk) curves. 1k
is used as a~n intermediate parameter since the value of Plk/Ptk must be

found in order to expand the flow to P2 and this is most easily done by
using 14k, which determines Pk/Ptk for constant 7.

The parameters which are important in determining the total pressure
changes (or w) are evident from the solution, which, it must be remembered,
assumes that the same perfect gas is used for coolant and primary flows.
The major parameters are Mj, Ttc, Tt 1 , t, uc, Ptl/P2, and qP.

Solutions for w have been obtained for assumed conditions which
rapproxite those of the present experiments. These solutions are plot-
Kted in Figs. 58 and 59 for

* = 500*F, IOO0 °F

Ttc = 75°F

m. = o.65

M, = 0.35 ,

P,, = 45 psia, and

S= 00, 300, 900

100



-- - z• -, ," . . .

+0.08

- +9.06 0.• 4

0.103%
+0.04

- +002 -

0.00

0.00-"= 1.4 "'• ,...•..

0•=0 Tic = 75°F • .

-0.02 900
PtL =1.5
P2 Uj=947 FT ,

-EC
-0.04,I

0 0.2 0.4 0.6 0.8 1.0 1.2

Uc

Uj
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WI j

The solutions for p = 90° are horizontal lines for each • value,
independent of Uc/uj This may be seen from Eq. (22) go, for Q 90°

becomes

X + lF)ar

j Uji'

and thus w for this case is a function of ý o::y. A family of coritant
Sstraight lines is generated for each p, each line intercepting the
Uc/uj = 0 axis at the value of w for c = 90° and the particular g.

Several general conclusions may be drawm from Figs. 58 and 59.
The clear superiority of injection in the streaimise direction is quite
obvious, as is the fact that (P = 30 ° injection in the chordwise direc-
tion is very close to the optimum tangential case from the standpoint
of momentum losses. Another significant roint is the fact that at suffi-
ciently high velocities the flow is energized by the coolant injection
and negative values of w are achieved. This is of interest in consider-
ing massive blowing rates, where high velocities are more apt to be
achieved in practical applications. Achieving such velocities in the
actual engine application is a problem, however, since compressor outlet
total pressure is generally the highest pressure available in the engine
for coolant supply. Another conclusion gained from the solutions is the
decrease of losses wiLth increasing Tti/Ttc, although care must be exer-
cised in comparing the solutions to account for the difference in u.,
Thus equal values of 'u require entering the plots of two different
values of uc/uj.

The two-d~inensional analysis does not distinguish between geometries
angled in the spanwise direction, thus for the present study the 120, 200,
and 30* spanwise angled geometries are all considered p = 900 cases. The
three angular cases "D = 00, 300, and 900, chordwise angles) are compared
for typical conditiu..- of this experiment in Fig. 45.
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APPENDIX B

ESTIMATION OF THE MAXIMUM. ERROR IN Tj DUE TO UNCERTAINTY IN Tc

In this section an estimate is made of the maximum possible error
in - because of the assumption that Tc = 75°F for all film-cooling data
obtained in the present experiment. Air initially at a temperature of
40OF (± 5OF) was used as the coolant, but internal heating of this air
as it passed through the blade interior raised the coolant temperature
in amounts depending on the coolant flow rate and internal blade tem-
perature. The following analysis estimates the error introduced by the
assumption that Tc = 75 0 F by considering the extremes of internal coolant
heating., The extreme condition of no coolant heating may be easily cal-
culated. The condition of maximum possible heat transfer to the coolant
is treated in the following analysis.

Consider the turbine airfoil to be represented by a flat plate
having a total surface area equal. to the surface area of the airfoil,
A = 8 in. 2 . Assuming that during film cooling of the model there is
heat transferred to the model rather than the adiabatic condition nor-
mally assumed, an energy balance equation may be written as

c STC qA , (24)

where cp = specific heat of air and q = average heat transfer to a unit
surface area of the model. This balance assumes that all heat transferred
to the model is in turn transferred to the coolant as it passes through
the model interior. Equation (24) may be written

fhccpýTc = CHPlulcp(T-Tw)A

or

ATC = CHplU1 (T+!, -Tw)A (25)

where it is assumed that the entire model is at temperature Tw. Using
the fact that i = plu 1 Al and = lic/ji, Eq. (25) becomes

c_• A_ T-w
6Tc = C A1 (Tt-TW) - (26)

A turbulent boundary layer is assumed to exist over the entire sur-
face to provide the maximum heating possible. The turbulent Stanton
number for the f at plate may be expressed as Ci = .029/Rex°0 2
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Reynolds nunber values typical of the midchord of the airfoil for the

present exrerimental conditions are

S~1i460,000 for Tt, = 500°F

R ex " 283.,000 for T- = !0000 F.

Values of the Stanton number thus calculated are

0.0021 for Tti = 5000F

(0.0024 for Tt1 = 1000°F.

If CH = Q.0023 is taken as an average value, Eq, (26) becomes

ATc = 0.0056 (27)

where A/A1 = 2.42. Using the fact that

TwT T -T
WO C TjTi c

the "true" lj may be calculated using

= [ Tt 1.-750F

'ITRE = MEASRE[Tt -(1100 F+6Tc .

or

T -75 "F ( 28
' 11D , ='IMEASU RED (28)WF+ 0 56 ý

The bracketed term in Eq. (28) may be considered the correctior factor
which will tend to ý value of 1 as Tt is increased. Equation (28) has

been solved for the case of Tt = 500°F since this is the experimental
condition which will possess the greamest error in i due to internal
coolant heating.

The solutions for varicus values of 'nmeasured are shown in Fig. 60
as solid lines, and the dashel. lines in the same figure arc for the
condition of no coolant heating. The actual error in rj lies somewhere
between the solid and dashed lines for the same measured ý. The solu-
tion shows that for the blowing rates and resulting i] values of thisI1* 105
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SIbrI.Y OF SCIL,-R![ DATIA

The Schlieren investigation of Shaw2 ° shhows clearly the enlarged
turbulent boundary layer over the suction surface which was found to be
characteristic of massive non-chordwise S blowing. Similar results were
obtained for Models I and Ii (120 spanrwise and vertical injection, res-
pectively), although transition during blowing appeared to occur further
fo-raxd on the suction surface for Model Ii than for Model I. This is
not surprising, since Model iI possessed a greater number of holes per
row and would be expected to cause a greater disturbance of the laminar
boundary layer during equivalent rates of blowing than would Model I.
The photographs for Model I show evidence of considerable spanwise vari-
ation in the boundary layer during blowing, while those taken of the
flow about Model II more closely approximate the two-dimensional situa-
tion.

5 Figures 61 and 62 show the marked contrast between no-blowing and
massive suction surface blowing for Model II (vertical injection).
Figure 61 shows the boundary layer enlargement for the wholly subsoni c
suction surface (Pti/P 2 = 1.5) and Fig. 62 shows the similar effect for
the transonic suction surface (Ptl/P2 = 1.7). The mottled appearance
of the flow in Fig. 61 is due to sound waves travelling upstream from
the choked exit nozzle of the facility, while shock waves are clearly
v•isible in the transonic flow field shown in Fig. 62. The location of
the blowing rows may be seen from the apparent surface bumps caused by
chipping of the quartz glass where coolant feed lines passed through the
windows. The region of the first row of holes was complebely hidden by
a large chip, appearing as a black bulge near the left of each photograph.
As nlay be seen from the photographs for massive blowing, separation does
not extend a significant distance upstream, although some local separa-
tion may exist upstream of the last blowing row in Fig. 62a. Also of
interest is the reduction of Mach number caused by suction surface injec-
tion, as seen by the reduction of the number and intensity of the shock
waves in Fig. 62a. The first shock wave in this photograph appears to
be at the transition point, which was generally found to be in the near

'vicinity of the first blowing row.

*• The author is indebted to Mr. R. J. Shaw for his permdssion to use
these photographs in this Appendix.
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