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J] ADSTRACT

The effects of zassive film cooling through multiple rows of dis~
erete holes on the aerodynamics of a typical two-dimensional turbine
airfoil have been studied experirentally using a single blade positioned
in a contourcd channel. The channel walls, shaped to simulate the pres-
ence of adjucent airfoils in a cascade, were both porous and mcvable to
allow adjustment of the flow direction and afifoil surface pressure.
Electrically heated air was used as the primary flow, while room tapera-
turc coolunt air wus ecnitted roa five rows of discrete holes on cach
airfoil surface to filn cool tne regions aft of mid-cord. MHole gecm-
etries engled in the spanwise, chordwise, and verticel dircctions were
cenployed to achicve coolant-to-inlet nces flow rate ratios as high as
0.05 for blowing from the single blade. Measurczents were rade of the
static preszure distridutions, wake total pressure defects, and airfoil
suction surface temperaturcs. fThe ro-blowing heat transfer to the air-
foll surfaces were also obtained experimentally, using a transient thin-
skin therrcmetry technique.

The results show that suction surface blowing causes both lcss of
1ift and inereascd wake wozentun Josses by enlargement of the turbulent
boundary layer in the region of positive pressure gradient, but no
significant cffect was observed for pressurc surface zass addition. At
low blowine rates all geomeiries tested gave nearly equal losses, but
es suction surface dlcuing «as inereased the superiority of the 30°
crordi-ise angular orlieantation was apparent. Evidence wag also found
that 30° spameise anyled inpection may be helpful in reducing losses
at high blewing rates, but rot to the extent of the reduction observed
for chordwise injection. ifcasured total pressarce losses arree reasonadbly
well with tac yrediction of a simple mixing analysis based on momentua
conscrvation,

The preseat filnm.cocling cffectiveness results shew that discrete
hole £il= cooling is consideradly less effective than continuous slot
injection, £41ling 0.25 to 0.b5 belod the continuous slot value of
£iln cooling cffcctivencss n.  No relative cooling superiority could be
found for ary particular blowing hole gemoctry., The results frdicate
that, for the ‘ype of filn cooling applicatlion examined, the smount of
coolant rather than the dlowing hole geometry is the primary vorazeter
governins, cooling cffectivencsa.
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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 chamnel. 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
employedsto 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-
skin thermometry technique.

The results show that suction surface blowing causes both loss of
1ift 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 30°
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 hased on momentum
consexrvation,

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

The use of cocled turbine blades has made possible present-day tur-
bojet engines with turbine inlet temperatures greater than 2000°F, and
suwbstantial 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-blesd 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 shown in Fig. 1 as examples of turbine
airfoils 'cooled by the various methods which employ a2ir as the coolant.

The selection of the method(s) to be used in cooling a turbine air-
foil involves ithe consideration of a number of factors and depends on
much more than merely 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 aerodymamic complica-
tions resulting from the cooling. The structural problems are introduced
by the necessary channels, passages, and crifices 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 aerodynemic limitetions 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 flow, some alteration of the flow field
fram 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"
(1ifting) 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.! 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. fThis increase is bound to cause a greater dis-
turbance in both the viscous and inviscié fiows than wouid normally be
caused by transpiration cooling.

ol




Fig. 1 - Three possible turbine airfoil cooling schemes employing com-
binations of Impingement (I), Transpiration (T), Convection
(C), and Film (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 disruptive
aerodynamically than the other mass transfer method; i.e., transpira-
tion. There are clearly some advantages to film cooling. Structurally,
it is much easier %o desizn 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. Aiso, the physical danger of local
pore obstruction could result in a local catastrophic failure due 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 loca.tlon, 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 characteristics 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
1ift. This effect may be quite negligible for small blowing rates, but
as higher turbine inlet temperatures are requirel, the increased blowing
rates may radically alter the static pressure distribution. It would
seem logical that at a sufficiently high blowing rate the boundary layer
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 i-wbulent 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 analy.i-
cally and experimentally by many workers in the field. The majority of
the analytical studies have dealt with determination of the adiabatic
w7 11 temperat-ire distribution over a flat plate downstream of the injec-
tion region.'™* The _onvenient model for injection geometry in any
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theoretical 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,

Experimentel studies of film cooling have included both slot and
discrete hole geumetries,S 12 however, ever here the primary emphasis
has been on the two-dimensional slot. Again the majority of the studies
bas 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,'© 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 paremeters giverning film-cooling
effectiveness have been determined sufficiently well to allow for engineer-
ing calculations. Althounsh the experimental studies have been primarily
of flat plate flows, Heering,'© as an example, has found that for tangen-
tial slot geometries ir. 2 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 turtine 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!? 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 sp-cified amount,!® 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 experimentul 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 Tew percentage points in turbine efficiency due to the aerodynamic
effects of cooling could more than negate the increase in thrust and
decrease in specific iuel 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 contribntion 1 revealing the
aerodynamic effects of blowing on the 1lift and drag of a typical turbine
airfoil. Such an experimental investigation could aiso provide some
indication of the validity of the numerous single-slot, flat-plate film-
cooling effectiveness correlations vwhen 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 gecmetries has not yet been
verified, )

It should be noted that althcugh 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 Camel¢ presents the results of several experimental
cascade investigations which show that for small coolant-to-primary rass
flow rate ratios (& < 0.03) the total pressure loss coefficient increases
linearly with £. Furthermore, a recent study by Provenzale and
Thirumalaisamy>® of the aerodynamic performance of an annular 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 ficlds of mass transfer cooling and iturbine develop-
ment. The generally accepted measure of the actual film cooling per-
formance is the effectiveness 7, defined by
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The independent correlating pardmeters for 3 are mw.ious, but available
evidence for slot injection geometries indicates thet those of primary
importance are the mass flux ratio M, the slot height ©». the surface
distance downstream of injection x, and the Stanton nuier for no blow-
ing CHO.16 The above parameters have been used successfiullir to corselate
most of the single-slot data obtained to date, and it is r¢asonable to
expect that they will also play a major role in correlating cuitipie-
row, discrete hole data, although a change of form or the incl.usion of
additional parameters- may indeed be necessary.

]
The parameter generally used in turbine airfoil studies to account
for losses due to mass transfer cooling and viscous effects is the toucl

pressure loss coefficient. This parameter may be written in its simple.t
form as

Py P
o S
t, "

> (2)

vhere conditions 1 and 2 are upstream and downstream of the airfoil,
respectively. Measurement of this quantity may be carried out along the
coordinate normal to the downstream flow by the use of a traversing
probe and the resultant curve integrated to give a more accurate account-
ing of the loss in total flow momentum due to both the airfoil profile
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 & ~ve-noted measurements, these three characteristics of

- a film--cooled a..foil-~the cooling effectiveness 1, 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
night be typical of advanced cooling schemes which in the future would
employ massive film cooling (& > 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, CHy+ This latter measurement was felt

to be a desirable part of the experimental program, not only because

CHO is used in corrclating film cooling data, but also to provide definite

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 simulate 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, partic.larly
; . for massive blowing rates. Although data obtained in such a facility
| e camot be expected to predict the performance of ‘any particular turbine

T 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
;- begin with a reasonable prediction of the maximum tolerable blowing
) rate and the most effective injection geometry to accomplish the neces-
sary cooling.

b o
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II. EXPERIMENTAL APPARATUS

A. THE HIGH-TEMPERATURE TURBINE AIRFOIL
TEST FACILITY

The High-Temperature Turbine Airfoil Test (HTTAT) Facility used in
this investigation was designed and built at The Ohio Sizte University
Aeronautical and Astronautical Research Laboratory (OSUAARL) expressly
for the purpose of this investigation. The facility prcvided contin-
wous inlet flow about a single two-dimensional turbine bliade of two-inch
span. The blade was positioned in the mididle of a two-dimensionzl (con-
stant width) channel vhich was contoured to simulate the presence of
adjacent blades in a cascade or an actual turbine stage. The choice of
the singlle-blade channel, as opposed to the cascade testing method, was
dictated by the limited air and power available.

A typical two-inch chcrd turbine airfoil was selected for the pro-
gram, thus requiring a flow width of at least two inches if an aspect
ratio of 1 was to be obtained. Iocated at OSUAARL is a 600 K, 2500°F
maximum temperature resistance heater, normally used to supply a contin-
wous 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 reasonebly high
pressure level was desired in order to maintain the Reynolds numbers
necgssary to simulate actual turbine conditions. Thus, to achieve the
maximum operating temperature an inlet area of less than 3.5 in.? 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

nn

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 vwere incorporated into the transition section to achieve uni-
form flow properties and allow higher operating pressures in the heater.
Several more s-~veens vere located in the heater proper, so that a total
pressure drop or more than 60% was achieved from heater core to test
cabin inlet.

Preceding page hlank 9




- v e e N T e e e

Once Tze inlet zrea and chemel widlh were selected, the mext step
. ip the facility desigp wes The contouring of the ftest section chzmmeld,
’ A diagrarm of ithe fimel contour is shoun in Fig. 2, uhere tine adjacent
. plades in 2 typicel caescade have deen superitpeosed on the diagrem, The
test section wall coniour was tased on the biade mezn carber iine and
- a totel flow deflectinn of TH.2°. The nominsl blzde angle of atiack
was 54%.5° and the siagger angie of ihe simuiated cascade wes 35.7°.

In oxder to facilitate operation in the transoric oy regime and
o 2djust the flow to the 756.2° wrning angle, porous, moveble walls
were incorporeted in the aft poriion of the tesi cabin., This zilowed
adjustment of the flow direciion and permitied fine zdjusizent of te
staiic pressure disirioution over The airfoil. Thme porous walls, more
coz=monly Tound in trensonic wind tumnels, ninimize the effect of the
walls and 21loy the downsiresn Fiow T more clossiy simmlate that of
the fiow leaving 2 cascade. In addition, plenun chaobers tourging the
porous walls were joined by anm exiernzl tube, 21lowing sguzlization cof
their pressures and providing a nearly constani pressurs doundary for
the weke of the blade.

The test cebin itself was cozmposed of fowr major components: con-
cave and convex ccntoured walls, and two flat side wells. Al four
mn2jor pieces were fabricated from sizinless steel with wall thicknesses
of one Inch or more. Figurs 3 shows ihe four mzjor pieces of the cebin
with a2 tur»ine blade in position and one wa2ll removed for viewing. The
two sidewalls contained circular mountings for 2.5-inch dizmeter
quartz windows, ceniered on the blade to 21low the capabiliiiy for
Schlieren photography of the floy fielid at low stagnation temperatures.
AS elevated temperatures the quartz windows were replaced by metzal in-
serts with slots, contoured to the blade profile, through which the
ends cf the airfoil extended {o receive ccolant air apd instrumentation.

The walls of the test cebin conteined four rows of film coolant
ports identical to those on one of the blades tested and located at
approximately the same position in vhichk thoy would be found if adjacent
blades vere 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 prcbes were located dovnstream of the air-
foil, as showm in Fig. 4. Numerous static pressure taps throughout the
test cabin assisted in determining flowv conditions and facility char-
acteristics.

The flow exited the test section through a constant-area channel
six inches in lengih followed by a rectangular converging nozzle, dvmp-
ing the flow into a siv-inch diameter diffuser duct which was vented
directly to the atmosphere. fThe total pressure was maintained suff:i-~
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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total pressure and variatiom of the choked exit arxer. Two different
converging rozzles, with cihoke aress of 1.5% and 1.0 in.2, were used
o obizin eitper subsonic or frencomic figw over the swetion swrfzce
of the 23rfoil. These conditions corresponced to blade pressure ratics
(inlet total-to-dowmsirean siztic pressure ratios) of P; [P = 1.5 and
1.7, respeciively. - =

A view of the corplete FYIAT Facilify is showm im Fig. 5.

B. DESIGH ANMD FABRICATION OF MODELS -

e pesic Ttwrbine a2irfoil seiecied for testing was 2 typicel two-
inch Dlede, stouwn Witk its coordirmies in T=ble I. This blade was an
attreciite choice since siztiic pressure disiribution dziz obizired in
cascade testing using this profile bad been previousiy pudiished.

Rouxr different Types of dzia were reguired for This stady. These
inclpde measurezents of The stztic pressure distrivation, wake total

o -

pressure profiie, and tesperetures at selecied poinis on the blade, 211
in the presence of fiim cooling, and heet trensfer measure—ents for ks
no-plowing case where only tremsient Tesperatures need de —easured.

%o sets of models, ozne for the £iln cooling stufy and amother set for
the npo-blowing heatl transfer reasure=enis, have Thus been used.

1. Fiin-Looling MNodels

Measuring pressure and teoperature sirmlizneously on the filz-
cooled podels reguired spewsise chamnels for supplying coolant air o
the filn-cooling ports, plus separaie spammiise chzamnels for the pressure
poxits and thermoccuples. Tne latier two measurements should be rm2de
near the centerplane of the dlade to eliminate sidewall efiecis, thus
model design and febrication become more difficult decause of space
limitations. Tne testing approach desired was to accomplish staiic
pressure, temperature, and wake survey measuremencs simultaneously with
blowing from 211 five rows of holes on both surfaces. This approach
reduced the mmber of vressure ports and thermocouples that could be
located in the blade centerplane region, but still a2llowed a minimm of
ten pressure poris and seven thermocouples per blade, along with the
similtaneous mass addition from both surfaces.

The four film-cooling models were contoured from stainless
steel bar stock by convention2l machining methods. Spamrise chamnels
for coolant a2ir 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 1/14 inch
from the centerplane. Rows of film-cooling poris at the desired spacing
and angular orientation to the surface and flow direction were then

L
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drilled éown through the blade surface by elecirical discharge machining
(Ei2£), 2 process 'u'nereoy the metal is literally burned away by large
electricel current flow.

- Rigure 6 shows qualitatively ihe basic features of a £iln-
cooling =odei. Thermocounles were located either on the blade casver
line or within 0.0310 ioc 0.025 inch of the surface. To locaie some of
the thexrocounles near the surface, access holes were drilled frox the
opposite surface o within the desired surface clearance, the ther—o-

- couples were installed, and the access holes were then filled with a
teoperature-resisiant insulatling cement and smoothed flush with the sur-

. face contour.

- The detailed dimensions of the blowing geometries for the film

. cooling podels are pre. Wica in Fig, T and Teble ITi. These geonetries

Were ckozen fo present contrasts in the angular orientation of ihe

injectant fInid ¥o both the blade surface and the flow direction. Cer-

tainly the case of dlowing normal to the surface should be included

since this is the limiting case for injections having inclipztions in

. either the sireamiise or spamwise directions. Although the choice of

the discrete hole injection angles is purely arbitrary, it is still

‘ necessary to prescrive or adopt a basic rule for specifying the size
and pumber of bo'les for each angular orientation. This necessity
results primarily from the physicel limitation that some minimum metal
thickmess must be maintained between adjacent holes in a row for the
case of spamwise blowing. When holes are drilled at some angle 9 from
the local surface, inclired in the spamiise direction, the number of
boles per unit of surface span must decrease by cos 9 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
flow rate all geometries will possess approximately the same ccolant
mass fIwx normal to the biade surface, where the normal component of
coolant mass flux (pu)cy is proportional to the total coolant mass flow
rate m, as

m, = K(pu)cy (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 form'8

8 3
T S ol ety i T TNV . -
A

(pu
ey 1

(o) cy

(o]

vhere, for trenspiration cooling, (pu), = (pu) cys Since (pu)e is
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Fig. 7 ~ Coordinate system for blowing orifices and
instrumentation on film-cooling models
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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"o'2
for turbulent flow), (pu) ey 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,

B By = M = Now) A, (4)

and from Fig. 8 we see that
4,

(pw) oy = (pu), sin 6 . (5)

= Using Egs. (3), (4), and (5), the constant K is found to be

N A
- K = i

sin @

which is more conveniently written

. Nd.2

Ka— . (6)
: sin 0
|
‘ Frém Fig. 9
[ W cos (g_ - 6)
\ W
‘- N= ==

z (1) ? (7)
1
L. , vwhere W is the width of the blade wetted by the coolant. For 0< 6 < g,

as is the case here, cos (x/2-6) = sin 8. Thus Eq. (6) becomes

Wa2

Ka (a+7)

. (8)

% 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 v, 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

2l
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Fig. 8 - Definition of the normal component of coolant mass flux
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for all blades in order to keep i, same mormal co—pomnent of the coola=nt
mass fhor, (9u)c3. , for 2 given coolant flow rate for 211 plades. Because

of the use of one extiresely shallow-angle geczetry (12° from the span-
wise surface tangent) and febrication complexities, this rule could not
be applied exactly, bput 21l models tested were desigred amd buiif in
suck a mamer Tzl equal cooleni floy rates gave nearly equal vartical
components of the coolant mass . )

Yohe

2. Heat Transfer Models

"The basic Techoigue of measurement chosen for the determinziion
of po-blowing heat transfer rzies over the turbine 2irfoil employed the
transient thin-skin thermomeiry method. This method of pezsurement
placed two primery design regquirezents on the heat transfer rodels;
nznely, that a model bhad To be impuisively irzersed in the pre-existing
steady state flow field ard that 2 large portion of {the model surface
had €0 be composed of a thin metaliic skin,

The first requirement, that of impulsive insertion irio the
pre~existing flow field, was accompliished Dy the use of 2 slzve bdlade
having the same profile as the heat transfer model. A two-dimensionz=l
flow, such as that over the single turbine airfoil in a contoured
channel, is Zdeally suited for this t2chnique since, by use of 2 span-
wise elongated model, the tes* cabin dlockaze can be kept constant dur-
ing insertion. The technigue adopted was i{o link the slzve blade to
the heat transfer model and allow the insertion of the heat transfer
model to simultaneously expel the slave blade. Two heat transfer blade -
were used in this study, one for measurements on each of the vressure
and suction surfaces. Figure 10 shows a heat transfer model and slave
blade combination.

Each of the two heat transfer models was fabricated from solid
stoinless steel stock. Two techniques of obtaining a thin skin surface
were used. Fcr the pressure surface moiel, a rectangular region 1/2 X
1-5/32 inches was machined out of the suction surface, leaving a
0.010-inch thickness of base metal on the pressure surface. For the
suction surface measuring model, a similar rectangular cutout was
machined completeliy through the blade and 2 0.010-inch-thick sheet of
stainless steel vas welded I{lush to the surface. After thermocouple
installation on the underside of each thin-skin surface on bolh models,
the cutout portion was refilled with high temperature-resistant insulat-
ing cement and smoothed flush with the surface. Figure 11 shows the
dimensicns of each heat transfer model and the iucation of the {hermo-
couples.

'

2l




t

ge;xcé-xed froz
A best avaniable copy.

3
;s
v .._,.,.,.. M

1,...’,.

i\
, _,M....

L0

_ .. _.,._._,,,,... N

AT R v
NI ..._ w

" _: a::. o
[y A—.

;C.xe N

M.._,w”.

" &.s.. @ :— \ . s m
O ; & .r; ,: r 3.%_ 2 >v t,:z s g e

&

NN

:1_

l-_f ,.M
oy,

| ,.b.i

i

¥
a......
-'

.}:..
... :

,_%..pv.‘. ?. \
.ﬁ.ﬁ }«.
W”. o M.&;J
i Rt Jx__ Hy
R

heat trensfer model (fcreground)

oTing

h slave blade

on surface no-bl

3
ed wi

3

10 - Suct

Fig.

ES
(¥

-

join




-~ Siainless

g Steel
X=165 — Insulating
X=§21" Cement
. < =X5-8!.é)‘?“ e — Thermocouple

!
_L .
]

|t
I
|
|
)
1
|
\
]
\
Wetted Width
2

J
2
|
X
2
=
P
b
?
b
o

ks

Fig. 11 - Pressure and suction surface heat transfer models
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e tuwo meihods of cbinimding ike 0.0X0-imch-{hick meiad siin
were tried in an effort fo redree (he menst enent error reswiiing Smom
verizfions in ckim t{hicimess. Simee the ransient mecstring feckmigue
yieids heat fropsfer valpes oxly fhrough accrrzie kmowledse of the skin
operiies (imeluding {hiciness). wimmm veriztigns in skin thickmess
will iniroduee errer. The skip mect 2lso be sufficiently thin to mind-
mize lzierad confuciion, periicularly from the mein body of the model.

Trermocounies in {hese models were loczied 2 mindmm of 30 siir fhick-
resses from the mein model body, refreing ary Izieral condurfiom. Skin
ithickmesses were chkecked and foum? €0 very 5y mo more ihen £0.0005 inch

from the nomir=l 0.030 imch fhickmess.

She Instrarencziion used for coxirol of the BEXEAY facility was
essexti2lly tThe szzme as thet used oz the QSUEART, 32-inch hypersonic
wind fummed and as such it bes been well mroven over several years of
use. The stzgnation pressure was ronitored Dy 2 Eclicoid izboretory
g2uge pavirg an accurecy of 20.1 psig. Sizgretion teoperatime was mea-
sered jJust upsiresm of the facility by a pl=timr-platizmm ripdivwm
thermoecule with 2 meximm error of i0°F, This fe=pereiure was dis-
Plzyed contimpously on 2 Brown sirip recorder and, 2icng wiith the siag-
n=tion oressure, was used to m=intzin consiznt flow 3 thrcuzh
ihe use of zn aumtomziic conirol systen.

!
E‘

Pressure rmeasurecenis for tke filo-cooiing rodel tesis were mz2de
Dy both iranmséucers and rercury mencoeier (wbes. Static pressures on
the rodel surface and test c2bin walls were ceasured using a2 25-tudbe
Dercury mers—eter bank, Totzl pressures a2t both ihe iniet and in {he
wake survey location 0.63 inch downsiream of the blzde were recordsed
corciruously using sirain geuge and variadle reluctance transducers.
Teir outovut was fed to an anz2log cozpuier for prinitout and visual dis-
plzy on "i-y" plotiers. The cozpuier was used o mon-dimensionzlize
the decrease in wake totel pressure (Pg "Pta) by continuously dividing
the measured decrease by the inlet total pressure, P: . This technigue
was employed o mininize the effect of any variation of the inlei toizl
pressure during a wake survey. The wake total pressure survey probe

- was mechanically linked to the core of a cylindrical linear differential

transformer (ITD). The LTD, using a power supply, provided the anzlog
computer with a2 linear voltage outpui vhich was porportional to the
position coordinate y of the wake survey probe. Micrometer calibration
of the system showed a2 maximum deviation from complete linearity of
only +1% over the l-inch total travel oi &iie proble. To achieve a
steady and smooth rate of probe travel, a2 fine threaded, manually
operated screw advance was installed on the survey probe. Figure 12
shows this total pressure measurement system schematically.

Coolant air was supplied independently to each surface of the film-
cooling blades and test cabin walls. Each film-cooling surface received
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Fig. 12 - Schematic of the wake total pressure sensing system
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coolant from both ends of the blafe amd 2l air limes feeding 2 given
sizface were fed from 2 common smmifold, The coolamt air flow inmlo each
renifold was independently comirollied by a valve and melered by use of a2
2 ccmiczl De izvel mozzle with Bowrdon sreccore gRges unctirezn and dowm-
strezn of the comstriction.

Stezdy-sizie terperztures in the filmcoclizg 2irfolils were semsed

by ckromei-2lmmel thermocormmies ceramicadly insulzied ix 2 sizimless
steed shenth of 0.030 imch @izmeter. The thermocouples were founé o

be zcecrraie to £5°F.

A somewnzt @fferent instrumentztion problen was posed by the Tem-
pereture measurerent regiirements of the heat tramsier models, The
mezsurenent of heal iransfer raies over a2 body sirface bzs been performed
previcusly 2t OSUAARL in wind Tummels. using thin-skin therzometyy and
repid model imsertion info the flow.’® This technigue determines the
aerodgrzmic heeting of ihe skir by peesuring the transieni temerature
Tise of the skin amd rel2ing this {o the bezi z2bsorbed through 2 bezt
bzlance ecuziion. The reguireneni that the insertion time of the model
be exirecely skort has, for wind tummel tesiing, been sa2tisfied by using
a poeusacic rem pision to repiély mowve the model aey fro= The test
c2bin wall region a2nd insert it into the flow core. For The present
case, where the fiow arez dlockage oy the eairfoil is large, a2 slave
blzde was positioned in the flow to estebliish the propsr flow field.

Gne slave Dlz2de and rodel were joined physically by an imsulator wiich
was comioured ic the 2irfoil profiie. (penings in the iest cabin side-
wall, which were also conioured to the dlade profile, allowed The simul-
{areous inseriion of the model and withdrawal of the slave dlade. Pres-
surized canistiers on each side of the test c2bin minimized lezkage
througn the clearance petween the Dlades and The contoured cutout. 4
mnsuzetic pDiston provided the ren force to insert the models wil
insertion time of approxirateiy 0.1 second. Figure 13 shows the heatl
transfer nmeasurement apparatus installed on the HTTAT facility.

2N
-~

The heat transfer models e=ployed copver-constanten theroocouples
attached to the underside of the thin-skin poriion of the model. The
thermocourle junciions were first made and then atiached to the meizllic
skin using epoxy resin cezent. A1l junctions survived 2 minimim of 30
impulsive insertions and 5 of these survived over 50 runs. Thermocouple
Jeads were carried outside the cabin through the hollow shafi used to
drive the model into the flow. Figure 1l shows schematically the method
used to obtain temperature vs. time plots each time a model was inserted
into the flow. The millivolt-strength signel from a2 thermocouple was
amplified by a Doelcam preamplifier and then fed to the analog computer.
Here the signal vas further amplified and the ouiput was displayed on
an "x-y" plotter. Although four separate thermocouples were handled
simultaneously, each thermocouple circuit was separately calibrated.
Plotted voltage outpul was easily converted tc temperature using standard
tables. The rate of ploiter 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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Pressure measurezents for ibe beat T—onsfer tests were reguired
only at the test czbin inlet for the destexminetion of figw condition.

e My
.
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ITI. EAPEZRIMEWTAL PROGRAM

A. DEFINITION OF THE BLOWING PARAMETER B

. The present e;narwwc ntal teconigue of film cooling either or both
of the turbine airfoii surfzces complicates the problem of determining
an appropriate independent Dlowing peranmeier by which the film-cooling
effectiveness 1 and the loss coefficient w may both be indexed. Tne
problemn stems from the basic point of view by which each of the coeffi-
cients 71 and v is considered. The film-cooling therpal effectiveness
is classically treated as a stream-surface interaction problem and has
generalily been studied both anelytically and experimenially as a func-
tion of stream-to-surface corditions. Thus the basic parameter in film-
cooling correlaiions is Ms/x, where ¥ = (pu)./(pu)e is the total coolant-
to-freestream pass filux ratio, s is the slot heighi, and x is the surface
distance from the coolant injection slot to the point of interest. This
parameter gives po indication of the retio of coolant-to-Ireestiream mass
flow rates, denoted here as ¢ = m/m, , which is the basic parameter by
vhich turbine cooling flow losses are usuz2lly correlated in standard jet
engine cycle analyses. Furthermore, if the mumber of surfaces cooled is
a variszble, as in the present study, then a common value of lMs/x for
each surface corresponds to various values of ¢, depending on the nurber
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-
Yow 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 diffienlt
to define when considering the use of the parametsr 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) is a
variable over the airfoil surface due to tiie variation of (pu)e.

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

Fb
i 3
B =10 aé' R (9)

vhere F = {pu),/(pu), the ratio of the coolant-io-inlet mass fluxes;

D = AH/z, the equivelent slot height for a single row of holes; and

¢ = naninal model chord, equal to 2 inches for the rresent airfoil. The
equivalent slot height is defined in a manner similar to that used by
Papell,® as shown in Fig. 15. The equivalent slot height b thus defincs
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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A phiysical interpretation of B can easily be stated. Noti-.g that
¢/2 = 1 inch, B may then be written as .

oo g (e | (D)
. (Du)l (1'1)

Thus B is equal to 102 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 srea. 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 ¢ 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; namelv, that

egqnal coolant mascs flow rates should correspond to equal vertical com-~
ponents of the coolant mass flux ratio. Figure 16 shows the proportion-
ality between ¢ 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 simplicaty in later discussion, the blowing modes have heen
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).

L4

B. TEST COMNDITIONS :

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

I%l = 3 atmospheres

Ty = 500°F, 1000°F
1

Tc = T5°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 /P, = 1.5 and 1.7. These values
were chosen since they gave wholly subsonic and transonic flow, respec-
tively, over the film-cool~d region of the suction surface.
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The iniet Reynolds moiber-per-foot range for the £ilm cooling tesis
was

2x105<3él<'%210‘5

and coolant-to-inlet flow retios tesied were in the range

0<g<02L . :

Tne design of the facility ard rodels made it possible to film-cool
each surface of the rodel indeprrdentiy, either singiy or simulizaneously.
It was decided to test 211 film-cooling models with blowing from each
surface 2lone and with blowing from both surfaces simulianeously in
order to 'evaluate the separate effecis. However, whenever both sur-
faces were cooled, equzl coolant mass flow rates were emitted from each
surface. In addition, a linited nmumber of runs were made with Model I
in which coolant was injected from the test czbin walls to simulate blow-
ing on adjacent airfoils.

Figure 17 shows the nominal coolant velocities for the various
models and their respective surfaces. These values of u, are based on
the assumption 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.

800

-

600

400

200

B

Fig. 17 - Nominal coolant velocities for film-cooling model
surfaces
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The no-blowing heal trensfer testing was conducted a2t lower iniel
{esperatures but over 2 greater renge of inlet pressures in order To
cover ke saze range of B’ as was incleded in the film-cpoling Tests.
The testing renge for The hezt itransfer experiments wes

The wail-fo-total temperature retio (%,/T: ) wes meintained in the
vicinity of 0.75 to 0.80, which is cozmensurete with velues that were
measured in the film cooling tecis.

C. TEST PROCEDURES

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

Film-cooling models were instelled in the HTTAT Facility through
the contour cutouts in the sidewall mounting plates. A1l model instru-
mentation leads (pressure, coolant, and thermocouple) were brought
through the blade ends and the remzinder 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 was
virtually assembled around each film-cooling model and then attached to
the heater via the transition section. This precluded visuzl inspection
of the model or total pressure probes betuween assembly and disassembly.
The models and probes were carefully checked visually for any structural
damage both before and after testing. Only the characteristic discolox-
ing of stainless steel resulting from exposure to elevated temperatures

was observed. Total pressure probes of l/l6-inch diameter stainliess
" steel were employed and no evidence of probe bending or vibration was
found either durinrg 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 system had been calibrated, primary air flow
wes 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
wexre then tested, usually beginning and ending with a no-blowing condi-
tion. At each condition, after waiting a period of 40 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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1-inch height of ihe chammel downsirezm of the airfoil Trailing edge.
Gzce the probe hagd been withdrewn from the figw, the siatic pressure
renceeier benk was sealed and the 16-point Brown recorder Tripped o
record ithe 2irfoil tempersiures. fThe statiic pressures coull ihen be
vad from the sealisd mangmeter bank as the coolamt flsw raie was chapged
for the next blowing condition.

A

e Wy

Test procedures for ire no-blowing heat transfer messuresents were
identical To those for the film-cooling Tests with regard To facility
start-up 228 conirol of primary flow conditions. The mercury menometer
bank was used oniy 1o check staiic pressures in the test cabin since
inlet stagnation and siatic pressures were measured by oressure itrans-
ducers using the sz-e pressure o rezent systen as was used for the
filn-cooling tests. Each of the four thermoccuples was calibraied

. independehily prior to and afier a test run. b weke iotal pressure
: sm'v:ays were conducied during the heat tTransfer phzse of the investige-
tion.

|

The slave blade was positioned in the flow and the heat transfer
model located in the sealed canister whiie the inlet flow was brought
to the desired corditions. As the flow pressure was increased during
start-up, the pressure supply to the seaied canisters om the facility
sidewall was correspondingly raised to prevent hot test cabin 2ir 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 scmewnal heated by conduction from the slave blade, but
the insulator comeciing the two reduced this considerably. ¥hen model
temperature did rise abtove tolerable levels during extended operating
times, the a2ir supply to the canisters was temporarily increased to cool
: the model. The contour 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-

Y .
G e Em BN o emz e oy

i E\ gible air flow between canisters and test cabin as long as pressure dif-
= ferentials were held within 5 psi.
& The "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, the
model was allowed to remain in the flow until the rate of skin {tempera-
ture increase, as showvm on the anzlog computer's digital voltmeter, had
fallen to approximately 1°F per minute. These terminal values were
then recorded as agizbatic wall temperatures (T,y,) for subsequent heat
transfer calculations.
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D. DATA REDUCTION

3 (;’(‘ ‘
P
t

B

Standard laboratory procedures were used to reduce all manometer
tube pressure data, and calibration infermation for all pressure trans-
ducers was entered into the analog computer to enable direct cormputer
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cutpat in psiz zndfor ratio form. Tuo date reduction procefures deserve
mention at this point., fThese are the methods of integreiing he wake
total pressure loss and {he memmer in which my-Dlowins heat Transfer
was inferred from the tranmsient terpersiure Tinme bistories.

ek ‘ 55 i i s e ) e AR AT LY
'

The previcus discassion of the weke totzl mressure _-azm'mg
i systen (Section IT C) voinied cat that the dzia outmut of the amlog
g | co=puter was in the form (P; -P; )/P. +vs. ¥, 2 plot of tke nondinen-
siopal totzl pressure defect across %2 weke as 2 function of ikhe posi-
tion coordinaie norel o the flow. ke toial pressure loss coefficient
k ) is defined for this investigztion as

Byt

‘i +0.3

T P. - P

2 I ©= ;'3-__?_?. d(l (30)
2 . ' Pt’ - Pa yz

£ = ’003 -

where ¥y, is the height of the chennel, egual {0 one inch. Tne infegra-

- tion distance was chosen to be £ (.3 inch from the chamel centerline
in order Yo include that poriion of the wake affected by the airfoil
but avoid the regions comtzining the bourdary lzyers of the test czbin
walls. Tnus o m2y be written as

C. +0.3

. =]‘ (P, Pt ) /7, d(}_f_) , (13)
: 0.3 (P, -B,) [Py, ¥z _

- I and under the assumption of constant static pressure across the wake,
£ | Eq.. (11) becomes
2 ’ ‘ 0.3
. (P¢, -P.) l
RYEN- - NTY L@
i P 2
; Yoz 2 |

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

The transient thin-skin thermometry method of measuring heat trans-
‘4 fer allows the calculz=tion 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

ko
{‘3 o -
3. o omasmanene . O I : L,




RIS WAt 4

a0y

Qe
1l

oo S
oo

L
ft

t = tire,

Toe valnéds used for the stainless s eel shkin ezployed on
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plotter ocutput and using
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(XY

zetal thickness,

t viere obtained by measuring the
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Differentiation of the transient temperature output
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vhe hest trans-

initial slope of the
thermocouple tedoles.
was not performed

by the analog ccaputer since any filtering would have decreased the Time

response.
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A, SEITC PRESSURE DISTRISUYTIONS

Siztic pressures were peasured at 2 minirmum of 10 swfece locziions
on 211 film.cooling models for inlet sizgmeticn tempersiwres of 500°F
ard 1000°F and a2 wvariety of blowing conditions. The compleie sizitic
pressure @aia are presented in Tebles TiX - X531 (Appendix C) and only
the @ete oblained 2t Ty = 1000°F are showp in Figs. 18 - 29. Disiribu-
Tions cbiained at ke Tower stagnetion temmeratire of 500°F are essen-
£i2adly ithe sz—e as {kose shown in these figwres. Curves hzve been
faired through the éz2ia poinis except where the resuliant crowding would
be confusing, In such cases cnly ihe nmo-dDlowing distribution is repre-
sexnced ‘o:f a2 cuxrve,

Rigures 18 - 21 show 2 r=ried depariure of the pressure distribu-
tion on the suction surface of Yodel I (19° spemvise blowing) from those
reasured on the other models, This irregularity was au Zirst througn fo
be a2 fault of the _ﬁsm'e::ent systen, but exiensive checkXing of the ma2-
nezsser bank and pressure lipes, plus additiopal test rums, revealed
that such a variation does indeed occur. Possible reasoms for this
irregularity are discussed in Section IV¥. TFigures 18 - 21 present ézia
for Model T obiained with four differeni blowing modes. The normal
modes of S, P, and S + P dlowing were tested on 21l mocdels, however,
Pig. 21 presents datz obitained éuring dlowing from both tThe model arnd
the contoured test cabin walls to sirmlate the effect adjacent film
cooled blades. Pigures 22-29 show static pressure d:.st.rlouw ons on
Models IT (S0° blo’riln,_.,) , TIT (30° spamsise blowing), and IV (20° span-
wise P blowing and 30° chordwise S b.owing). Since Model IV was the
only model tested possessing dissirilar S and P blowing geometries,
plots are presented showing both S and S + P blowing for this model.
Throughout the testing program it wes ooserved that P blowing has a
negligible effect on the static pressure distribution, hence only S
b]owing data are presented graphically for Models II and IIT, in
Figs. 22 - 25. Data are presenied for Models II, III, and IV for the
two blade pressure ratios, Py /P = 1.5 and 1.7. Bearing in mind that

for y = 1. .1 the sonic P/P; is 0.53, the no-blowing data show that for
Ptl /P2 = 1.5 the suction surface is wholly subsonic. Suction surface

flow is transonic for Py /P, = 1.7 although in the region of the rows
of coolant holes (0.93 ? x < 1.91 inches) the flow is wholly supersonic
for the no-blowing condition.

Since all static pressure data were obtained using standard man-
ometer techniqucs 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%, limited primarily by the
ability of the observer.

ho




t
: — =15
PZ
. . M -'-" = 1000°F
osi—* Tc = 75°F —
b : - 14
- {, t"\~\\\\\\i§7’ = L
3 ) :
k osl— ]
E | P 7L
7 _PT| :
06 —
'3 B
05— (o} 0 0 ]
o .0i34 5.5
o .0212 8.0
- A 0277 11.8
04l _ | l | l
0] 05 1.0 1.5 20 25
X, IN

Fig. 18 - Static pressure profiles for S blowing on Model I
(12° spanwise blowing)
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Fig. 19 - Static pressure profiles for P blowing on Model I
(12° spanvise blowing)
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Fig. 20 - Static pressure profiles for S + P blowing on Model. I

(12° spanwise blowing)
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Model II (90° blowing)
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Fig. 22 - Static pressure profiles at Py /P> = 1.5 for S blowing on
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Fig. 23 - Static pressure profiles at
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Fig. 25 - Static pressure profiles at Pty. /P2 = 1,7 for S blowing
on Model III (30° spamiise blowing)
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Fig. 26 - Static pressure profiles at Py, /P> = 1.5 for S blowing on
Model IV (30° chordwise blowing)
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Fig. 27 - static pressure profiles at Ptl/Pa = 1.5 for S + P blowing

on Model IV (30° chordwise S blowing and 20° spanwise P
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Fig. 28 - static pressure profiles at Ptl /Pa = 1.7 for S blowing on
Model IV (30° chordwise blowing)
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B. VAKE TOTAL PRESSURE DATA

Surveys of the wake {otal pressure were obtained at a distance
0.63 inch downstrean of the trailing edge for 211 film-cooling models.
Surveys were pz2de for both of the tested blade pressure ratios and at
inlet totel temperatures of both 500°F and 1000°F. Thnese data were
received in the nondimensional form shown in Figs. 30 and 31, which
show actuzl surveys obitained at large mass addition rates, Integrals
of the measured wake total pressure surveys are shown in Figs, 32 for
the T, = 1000°F and Ptl/ig = 1.5 conditions. These valies are indi-
cative of the loss coefficient w since they differ from the coefficient
by the factor (1 - IQ/PL ), vhich 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 was limited primarily by the flow fluctuztions which were evi-
dent in many of the runs. These variations could not he removed by
filtering since rapid time response of the pressure measurement system
bad to be maintained if survey times were to be kept reasonzbly short

(1 minute). However, survey profiles were found to be repeatable within

159 of the peak value.

C. FII¥~COOLING TEMPERATURE MEASUREMENTS

Thermocouples located within each film-cooling model vere 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 cooleu. Figure 33 presents
typical chordwise temperature distributions along the camber 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 O. 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 blowving. 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,
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Fig. 31 - Typical wake total pressure surveys for massive blowing
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2dong with the interpretation of the temmerature data is further ampli-
fied in Section V., An accuracy of % 5°F may be ascribed tc the tempera-
ture data, which are presented in Tebles JXVI - X3XVII.

D, IO~-BLOWING HEAT TRANSFER DATA

Heat trapnsfer rates measured in the zbsence of £ilm cooling by the
previously described traunsient technigue are presented in Tables XOVITI-
Xi.. Typical surface disiributions of tThe heat transfer in coefficient
form are shown in Figs. 35 - 37. The data are shown in the more useful
form of the Stanton number in Figs. 38 - b1, vhere it is seen that a
turbulent boundary layer existed over mutn 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
Py, /P> = 1.5 suction surface measurements, which vere the final measure-
ments taken, than in the data obtained at Pt /P> = 1.7. This increase
in scatter is probaply atiributableto 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 sbove 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

4, NO-BIOWING 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 = O show that either a negative or very mild positive prescure gradient
existed over most of the injection region of the suction surfaces of
Models I1I, IIT, and IV. These three models gave almost identical no-
blowing pressure distributions, as seen in Figs. 23 - 30. The no-blowing
static pressure distributions over 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 decviation was investigated

.and additional tests 1un, as previously mentioned, but ne local surface

contour irregularity of sufficient size to cause such behavior could be
found. A possible explanation of the phenomenon is the fact that the
12° spanwise blowing geometry used on this model results in large ellip-
tical cavities (0.028 x 0.135 inch) on the surface vhere the coolant
hole and model surfuce intersect.

The no-blowing heat transfer results of Figs. 38 and 39 show that
transition from a laminar to a turbulent bow fary 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 boundaxy layer thus took place somewhere between
the first and second thermocouples; i.e., in the region 0.89 < x < 1.22
inches. TFor 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
Schlieren investigation of Shaw®® confirms that transition occurred in
this region, both with and without blowing, for Models I and II.

Also shown in Figs. 38 and 30 is the empirical correlating equation

_ -0,35 !
Cyg = 0.162 Re, (14)
vhich vas faired through the suction surface Stanton number data and

from vhich Cjj,, 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 entire heat
transfer measurement region (0.82 inch < x < 1.65 inch) of the surface
for local Reymolids number as low as 130,000. The boundary lay:r 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% to 40% below

the flat plate turbulent heating prediction over most of the airfoil
surface measured.

B. EFFECT OF BIOWING ON THE STATIC PRESSURE DISTRIBULION

The effect of blowing on the static pressure distribution, as
shown in Figs. 18 - 29, was found to be highly dependeat on which sur-
AR | face (S or P) was film cooled. No significant changes in either the
s magnitude or shape of the 1lift distribution from the no-blowing case
s i 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

o ’f‘ ~ observed were generally within the * 1% accuracy of the static pressure

,ﬂ ) measurements and cannot be considered significant. This lack of any
effect of P blowing on 1lift may be attributed to the monotonically nega-

- gll tive pressure gradient over the blown region of the pressure surface, a
AN - - gradient which became increasingly favorable as the trailing edge was
S approached.

SARENE | The effect of suction surface (8) blowing, however, was found to
l . be quite significant, as shown in these same figures, causing a loss of

8 * 1ift on the suction surface but, as might be expected, again no notice-

4 able effect on the pressure surface. The distributions obtained for

el - ,' i S + P blowing were virtually ideutical to those of 3 plowing for all

S ". film-cooled models. This is seen for Model I by comparing Figs. 18 and

g( Coad 20, Yor purposes of analysis, only the effects of S blowing on the suc-
g tion surface pressure distribu:ion need be examined to determine any

effects due to the various blowing geometries.

T ‘ A comparison of the S blowing suction surface distributions shows
E’* that the 90° blowing on Model II caused the most severe loss of 1lift
Ei’::,:;"'f ? of all geometries tested. This can be seen by camparing Figs. 18, 22,
DEEE
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2k, and 26 for the subsonic suction surface (Pt, /P> = 1.5) and Figs. 23,
25, and 28 for the transonic suction surface (Pt /P> = 1.7). Severe
loss of 1ift was also found for the spanwise blow1ng geometries of
Models I (12° spanwise) and III (30° spanwise). The effects appear to
have 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 batween 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 1lift 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 90° 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 1lift alterations was
found to be similar for the non-chordwise injection geometries of
Models I, IT and IIT 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 1lift alterations caused by 90° or 30° 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 1lift became incieasingly more severe than that of the
sparwise 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
& 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 oa 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 dowmnstream static
pressure, i,e., Ié/PL . This suggests that the flow may have separated
near the trailing edge, with the terminal or base pressure being felt
further upstream as the separation region crept forward 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 Shaw®® 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 forward for Model II (90° injection) as
blowing was increased, but the boundary layer appeared to be attached
over the coolant injection region (0.92 < x< 191 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 ThirumalaisamyS 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
Aiscrete hole blowing.

C. EFFECT OF BIOWING ON THE TOTAL PRESSURE
10SS COEFFICIENT

The,measurement of the total pressure loss coefficient presents a
conclusive contrast between the blowing geometries which injected coolant
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 ITI. The total pressure
loss coefficients calculated from the wake pressure surveys are shown
in Figs. 42, 43, and b in the form of w - w,, where w, 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° spanwise geometry of Model I. The losses
for the 30° spanwise geometry of Model III also rose as B was increased,
but at a decreasing rate, so that at the massive blowing rates of
B > 9, the 30° 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 sparwise
injection angle 0 = 30° 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 spanwise injection
geometries of Models I and II and the lower losses measured for Model IIT
prompted an examination of the actual exit angles for the coolant air.
Using smoke tests, it was observed that the 12° 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-
to-dianeter ratio allows the coolaont to increase its exit angle until,
at the extreme case of the choked condition, the average angle is
greater than 45°. The ideal coolant velocitlies for this geometry are
also higher, as was seen in Fig. 17, but these would be reduced as the
flow occupiecd more of the surface ellipse with increasing mass flow race.
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This problem does not arise with 1"'e other geometries since the coolant
holes have sufficient guiding 1.3.-h to keep the coolant flow vector
coaxial with the hcle until the surface is reached, vhere bending anc.
mixing with the boundary layer and external flow begins.

The results for w, However, dc indicate a marked decrease in the
total pressure losses for the 30° spanwise blowing geometry when com-
pared with the 12° and 90° injection. This fact, when considered in
the light of the above discussion concerning the 12° geometry, indi-
cates that spanwise inclinations may be helpful in reducing losses,
although not nearly to the degree that chordwise angling, such as the
surface geometry of Model IV, acccmplishes.

The reduction of losses for Model IV was evident at each of the
test conditions except for the lowest blowing rates tes"ed. At the
higher values of B, this model geve losses which were less than 1/k
Y those of the vertical and 12° spanwise geometries.

A second result of a comparison of Figs. 42 - 4l is the consistent
agreement of S and S + P losses. This indicates, as do the static pres-
sure dist:ibutions, that the suction surface was the primary source of
all losses measured. The fact that the losses aprear to be, for each

geometry, a function of B (which is a surface-to-stream parameter) also
confirms this.

The superiority of the chordwise coolant injection in reducing
Josses at higher blowing rates is predictable, since considerable coolant
momentum is wasted by non-streamwise blowing. This momentum waste,
which for non-chordwise injection is pcug, nust be absorbed as a deficit
by the external flow (including the boundary layer), while chordvise
coolant injection contributes to the flow momentum the component
pcuE cos ¢ (¢ = 30° for Model IV, S hlowing). This latter quantity
increases with increasing B, thus a reduction of losses for chordwise
injection is not suvrprising.

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 performed (see Appendix A) in which
the flow vast the injection surface of the confined ¢irfoil in this
study has been approximated by a constant area char-el. Isentropic
compression from the inlet (Station 1) to the channel entrance was
assumed, as was isentropic expansion from the chamnel 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 averzge of
i $ and P surface pressures over the blowing region. The results of this
calculation are shown in Fig. U5, where ¢ is used as the blowing pora-
meter. The trends shown agree with the experimental results previously

.
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shown, and the advantage of chordwise angled blowing is obvious. Tan-
gential injection curves (¢ = 0°) show only a slight superiority to the
30° result. The spanwise 8 = 30° geometry is copnsidercd a vertical

(p = 90°) geometry as far as the ideal mixing analysis is concerned.

The present experimental rcsults for Pi /Té = 1.5 are compzared with
the ideal mixing calculations in Figs. L6 an ﬁ 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 explainable, in large part,
by momentum loss caused by coolant and primery flow mixing and that
castastrophic effects, such as boundary layer separation, are not the
dominant ymechanism.,

The simplified analysis of ideal mixing, which predicts that non-
chordwise injection results ir a nearly linear w vs. ¢ 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 stabor blades were tested in an annular cascade. The
data of Reference 15 show & simple linear relationship between w and ¢
for t valueg as high as 0.08, thus the simple mixing analysis appears
to be quite useful for :=ngineering calculations and estimates. An
interesting 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, FIIM 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 n
and a correlating parameter CH, /Ms, vhich is the standard flln-coollng
parameter with the x—dependence removed., The S plowing 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 surt.. 2. 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-ccoling effectiveness since they are at least as high as the
adiabatic n 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 7 due to the assumption that
Te = 75°F, which was used to calculate all n 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 n due
to the assumption of constant coolant temperature is generally less than
0.03 for the present conditions.

Figure L8 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
CH, values used are average values obtained from the no-blowing heat
transfer measurements, scatter must be expected in the results in both

- ] the n and CHO/Ms directions. The results show, however, that neither
of the blowing geometries enjoyed a clear superiority i. cooling effec
tivenesst 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 =n apparent decrease in
cooling effectiveness for the trailing edge regicn thermocouple of
Model IV, but this cannot be definitely att-ibuted to film effects since
the chordwise blowing geometry of Model IV :iecessitated changes in the
location of internal coolant passages which could have caused this effect.
Slight internal geometry changes in Model IV from those used in Models I,
II, and IIT 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 varameter Cy x/Ms
is not readily apparent. Several possibilities were investigatea,
among these the cases where

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

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

(3) x = X, the arithmetic average of the distances to each of the

. l=0n
distances to each of the upstream rows; i.e., X = % 2% . (Each of
i=1

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 Cy_ 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 dovmstream
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 <how the present suction surface effectlveness
data compared with the single slot correlation of Haering,® 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 affecied 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 § + P results, shown in Fig. 54, repre-
sent a more true measure of cooling effectiveness as would be encountered
in an actuel turbine airfoil, although these results probably overesti-
mate the fiim-cooling effectlveness due to internal cooling effects.

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

l.
1] = - 0.25 9 (15)

Cy i

1+ 3.6

is merely Haeiing's result minus the term 0.25. Although adnittedly
expirical, 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 Haering,® the empirical Eq. (15), and the
transpiration-cooling correlation of Bartle and Leadon,® where the
latter has been calculated using the assumptior that the coolant emitted
from the first row of holes is instead trsnspired from the surface uni-
formly over the same distance x.

Since the ,..esent S blowing data are felt to represent a lower
bownd on the film cooling attained by the present cooling schemes, a
curve has also been faired through it such ihut, vhen token with Eq. (15),
the two curves represent the upper and lower limits of all =ingle-row
discrete hole data obtained in this study. The 5 blowi-r curve may Yte
represented by

Ne——t  _oh5 (16)
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Unlike the situztion for multiple-rcw hole data, some single-row
data are available in the literature; namely, that of Metzger and
Fletcher'2 vwho examined chordwise injection into a turbulent boundary
3 - layer using holes angled at @ = 20° and 60° from the surface. Ho-blow-
" ing Staenton numbers have been calculated for their data under the assump-
2 ’ tion that the turbulent boundary layer bepan at the sandpaper stirip
vhich 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 etfectiveness of
their two injection angles have been shovm in Fig. 56 along with Egs. (15)
- ; . and (16 for the present results. The variation in j within a single
3 ' ’ 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
e - complexity of the dependence of 7 for discrete hole blowing on parameters
' e in addition to Cy x/Ms and @. Goldstein et al.l? have also fournd an

’ apparently secondary dependence on M aloﬁE:'particularly for the lateral

c spreading of the coolant with downstream distance. However, their results

! show that a vertical injection geometry enjoys generally better lateral
iy ’ spreading over a considerable range of M than does a geometry angled at
ég - 9 = 35° in the chordwise direction, so the dependence cammnot be atiributed
& 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.
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The most significant result of the present effectiveness resulis is
the fact that discrete hole -ng, as applied to a tyvical airfoil in
the precent study, does not show a strong secondary deperndence on geom-
ebry or mass flux ratio M alone, but does exhibit a primary dependence
on CHox/Ms, the same parameter which governs contimious slot film cooling.

*

E. CONCLUDING DISCUSSION

, The experimentally measured static pressure distributions show that
: the aercdymamic effects of the present film-cooling technique were con-
| fined to the suction surface where coclan. was injected through discrete
o holes into a region having an initially unfavorable pressure gradient
. and a turbulent boundary layer. Thi.; would be expected to increase the
B turbulent boundary layer thickness, :uriicularly when the coolant added
: . possessed no momentum component in tho Tinw direction. Verification of
this was found by Shaw,®° vhose Schlicren photographs of the suction
surface of Models I and II show a rapid enlargcment of the boundary
layer with increasing blowing. This is alsc ver.fied 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.)

7;6 The results also indicate that separation occurs for non-chordwis~
453 injection in the vicinity of the rounded trailing edge but no evidence
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, . was found that this extended furthr-r upsiream on the suction surface,
N ) not discounting the possibility of local » ‘ons of seperation near
e & points of injection. The lack of massive  «ration is verified by the
: measured wake total pressure ioss coefficients, which show no sudden
increase with blowing, such as would be cxpected for a separated layer.
i ) Instead, the losses increased 2% a2 nearly counsitent rate with increasing
B blowing for 12° spamwise and CO° blowing, and at decreasing rates for
: 30° spammise and chordwise injection. Tae fact that the simple ideal
miving anelysis also predicts both the proper itrends for o and actual
3 values which are reasorzble indicaies that a great amount of the mea-

- sured loss phenomenon is due To effects apari frem any large scale

E boundary iayer separation. The intense Thickening of The suction sur~
. . - face turbulent bourdary layer for the non-chordwise blowing geomeiries
. ) is caused by the entrzimment of the cool. low-momentum coolant in the
layer. Tnis layer receives more coolant at each succeeding row of holes
and thus growih is stimulated by both mass addition and the positive
pressure gradient.

The large loss of 1if{ observed on the suction swrface for non-
chordwise blowing geomeiries can be atiributed to the thickening of
the effective airfoil profile in the dlowmn region by the enlarging tur-
bulent boundary layer, causing a2 pressure rise which feeds forward on
the suction surface, as shown by the increase in suction surface pres-
sure a considerable distance zhead of the injection region. Tne pres-
sure rise ahead of the injection region is also seen for the iransonic
suction surface, where shock weves have Deen seen originating from the
increase in effective body thickness occurring at the location of a
hole row for non-chordwise injection.20

The cooling effectiveness datz show that the amount of coolant,
and not the method by which it was injected, was the primary factor in
the” cooling of the suction surface. This is in contrast to the resulis
of Papell,® obitained using angled slots, in which a significant depen-
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 vhen compared to the jet-like nzture of discrete hole blowing. This
implies that considerable lateral effectiveness variation must occur in
discrete hole cooling, which has been verified by Goldstein et 21.1?!
using a single circular hole in an insulated flat plate. Such varia-
tions undoubtedly existed in the present experiment, 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!? also show a con-
siderable dependence of effectiveness on blowing geometry (both angu-

- larity and spacing) and the mass flux ratio M. Thic 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 discernzble dependence on M (other than the expected trerd with
CHi,%/is) or on blowing geometry indicates that the rapid growth of the
suction surface boundzxry layer accelerates mixing and thus the coolant
injected Through various hole geoxmetries is more evenly distributed.

Although the differences 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 sireamwise mazentum conservetion, it
is not obvious what mechanism caused the rsduction in mcmentum losses
for the 30° spanwise S Dlowing at higher values of B. Significant span-
wise velccily cozponents in the boundary leyer must be induced by such
injection, particuiarly peerer the surface where chordwise velocity is
lower. The overall penetration of the spanwise angled injection into
the boundary layer would appear to be the same as that of vertical ip-
Jection since the total amouns of coolant stream crossing the airfoil
surface for each case will, by virtue of the maiching of (pu)cy, DOSsSess
the same vertical component of the mass flux ratio M. A coolant jet
emitted frcm the surface in a spanwise angular orientziion may begin
chordwise turning within the elliptical "irench" near the surface and
thus acquire a chordwise velocity ccmponent prior $o crossing the surfzce
Dlane. This is a possible explanztion of the reduvction in morentunm
losses for the 30° sparnwise S blowing ai izrge blowing rates, but a de-
tailed descrivtion of the complex three-dimensionzl flow field induced
by discrete hole dlowing must await a detailec probing of the blown
leyer to obtain both chordwise and lateral velocity profiles over the
entire region.

The present resulits show that the significant veriations in dis-
crete hole film couling which have been measured in fl=t plate experi-
mencal studies are not present in the actuzl application of this cooling
technicue to the suction surface region of a typical turbine airfoil.
Instead, the observed variations in 1if{ and momentim losses due to
blowing geometry differences are, at the massive plowing rates, a more
important consideration in an application such as has been examined here.
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VI. SUMMARY ANiD CONCLUSIOKS

The a2erodynzmic effects of f£ilm cooling through muitiple rows of
discrete holes located in the region aft of micdchord on beth surfaces
of a typical turbine airfoil have been studied experimentaliy at con-~
ditions simulating those fourd in actuzl turbines. Tests were perforred
with a single blade in a corntoured channel using electrically heated
air as the primzry flow. Air at a nominal teoperature of T5°F was used
as coolant ©o investigate the effecis of coolant-to-primary fiow rates
as high as 0.05, based on blowing from the single blade.

Heat transfer rates in the 2bsence of blowing were also measured
over the injection region of both surfaces to determine both the state
of the upblcwn boundary layer and to determine ro-blowing Stanton mmbers
for use ih the correlatiion of film-cooling effectiveness. The resulis
of these tests show that 2 turbulent boundary layer exists over the
injection xegion of both surfaces for the conditions of the film cooling
testing.

Four film-cooling models were tested, each having differing angular
hole geometries with respect to the chordwise and spamsise diraciions.
Surface-to-hole axis angles tested were 12° spamiise, 30° spamwise,
90° (vertical), 30° chordwise (suciion surface), and 20° spamwise (pres-
sure surface). Measuremenis were made of suction surface cooling effec-
tiveness, static pressure distributions, and integrated wake momentum
losses in the form of tThe total pressure loss coefficient, w. Two inlei-
to-exit pressure ratics of 1.5 and 1.7 were used to enable suciion sur-
face blowing inio subsonic and transonic regions, respectively.

Ho significant eifect of pressure surface blowing wes found on
either the 1if{ distribution or the weke iotal pressure losses. Signi-
ficant effects, however, were poted for suction surface blowing, parti-
cularly for non-chordwise injection. Iarge loss of lift and greatly
increased filow losses were found for suctiion surface blewing which was
angled in the spanwise direction or at 90° to the surface. This is due
to the greatly thickened turbulent boundary layer which s induced by
blowing in a region of vositive pressure gradient. Some reduction of
losses was observed for 30° spamwise blowing at higher blowing rates
vhen compared to losses measured for vertical injection. ILosses mi2a-
sured for 12° spanwise blowing vere approximately the same as those for
the vertical case, but any conclusion regarding the aerodynamic effici-
ency of the 12° geomelry would be premature, since evidence now exists
showing that the actuzl coolant injection angle for the 12° spanwise
blowing was considerably larger. The reduction of losses by spamiise
injection for the 39° case was quite apparent at high blowing rates,
but at the lowest rates tested all geomeiries showed approximately equal
momentum losses.

The lovest losses and least affected lift distributions for the
higher blowing rates vere measuvred for the 30° chordwise blowing.
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Aerbdymmic superiority of this geometry improved as coolant flow rate
was increased, a fact which is predicted by simple momentum conservation.

No evidence was fourd of boundary layer separation on the suction
surface other than in the immediate vicinity of the treiling edge, down-
stream of {he finzl row of discreie holes.

Suction surface temperatures measured during film cooling of both
airfoil surfaces provide the best indication of cooling effectiveness
which such an a2irfoil would enjoy in actuzl operation. A comparison of
measured effeciiveness shows no apparent dependence on blowing geometry
within the accuracy of the measurementis. It is found that the present
effectiveness resulis, obtained using multiple rows of neaxrly equal
spacing, are best correlated in the standard film coolipg mammer using
as the dgimstream coordinate an average of the distences to each of the
upstream rovis. The present data, based on this varameter, fall an
average of Ayn = 0.25 below the predicted effectiveness of continuous
slot injection. These resulis should be interpreted as an upper bound
on the actual film cooling effectiveness which was achieved, since
internal conduction effects could not be eliminated in the present
investigation. The effectiveness resulis show that for the conditions
of this investigation, the overall cooling effectiveness achieved by
massive discrete hole blowing is primarily depeadent on the amount of
coolant injected and that blowing geometry, within the extremes tested,
plays 2 secondary role.

It is concluded that because of the large reduction in flow losses
achieved by chordwise injection on the suction surfzce and the zpparent
relative independence cf cooling effectiveness on injection geometry,
the chordwise injection at 30° from the surface is the optimum choice
among the geometries tested.

v
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APPERDIX A

CAICULATICH OF THE IDEAL MIXIKG TOTAL PRESSURE IOSS COEFFICIENT

The injection of coolant into a confined flow, such as the passage
between airfoils in a cascade or the passage in vhich the presernt film-
ccoled airfoils were tested, wiil introduce a change in fiw.d properties
at the channel exit for most conditions. This effect, although influ-
enced by boundary leyers and viscous effects, will also occur in their
gbsence. It is helpfyl in interpreting the experimental values of w to
examine the flow through the test region in this menner, treating the
filow around the airfoil as a chamnel flow.

Fi:gure 57 shows the assumed physical model chosen for the calcula-
tion. Stations 1 and 2 correspond to the like-mrbered stations in the
test facility, the simulated turbine inlet and exit, respectively. The
J and k stations correspond to points upstream and downstream of the
region of blowing, defining a region within which 2l1 mixing of the

coolant and primarxry flow is assumed to occur. The flow is iseniropically

expanded from the inlet stztion 1 to station j. Between j and k the
mixing occurs in a2 censtant area, insulated chammel. This assumption
is reasonzble for the present experiment since the total flow area
changes very little in the region of blowing. ‘The conditions at J are
chosen to represent the average fluw properiies of the chamnel in the
injection region. Between stations j and k the equations of continuity,
momentum, energy, and state are used to obtain conditions at k, includ-
ing the totel vressure. The flow at k is then expanded isentropically
to the selected downstream static pressure, based on the chosen P:cl /P2.

*  The eguations for conservation of mass, momentum, and energy for
the mixing of like gases are

lﬁj + ﬁ’c = Iak > (17)
PjAj + I;lau'j + I;lcuc Cos @ = n.mkuk + PkAk 3 and (18)
ijthj + mccthc = mkcthk . (29)

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, vhile the energy ¥Fq. (19) assumes that both gases are calori-
cally perfect. Defining mc/ml = g, the energy equation is solved as
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. R T-[-,l + thc
_, > . Ttk = . (20)
v‘ - l + § :
. ‘ : and the momentum equation becomes
‘; P’ . * u
k J +l+§1°~cos¢=(l+§)(—-}-{+ s ) . (21)
ps5 U3 5 KUY

Employing the perfect gas relationships

’ , Uy = 2y T .
: k f1 + Zé—l- }-112{
. aud
B 1
: E pku}zc i M a

v

The momentum Eq. (21) is thus written

P
32+1+§-u3c05'cp.—_1\.x R (22)
PsY; Y

© where -
A= (l-*-g) i&

d &

an

1

My, + —

k 7M.

X = /= .

This allows an impleit solution for My sincc all other quantities
in the momentum Eq. (22) may either be calculated or are knowm. Using

9

PO

-

om Ak et At Sy A P2 AR

UTaR sl



€ T e s Coy

* the perfect gas equation of state
B = o RTy )
and the relationship .
(l+§) ﬁll
pk - — s
M A /7R Ty

we obtain ’
) ] |
F F Mic(Pe/Prg) \ - ;
' € _ t, 7Ak k . . (23) . ,

P \(10) iy, ) \/Ti/me, .

A s I N g

P(c) al)

The term P(t) in Eq. (23) is a function oniy of ¢ and the prescribed
total temperatures of the inlet-and coolant flows, whiie Q(Mk) is a func-
‘tion of My only. Thus the caleulation of Py /Ptk (equald to Py /Py ) may

be made grephically with the use cf x = x(Mx) and @ = Q(Mx) curves. My
is used as an intermediate parameter since the value of Pk/Ptk must be

found in order to expand the flow to P, and this is most easily done by
using Mg, vhich determines Pk/Ptk for constant y.

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, th, Tt].’ Es ue, P'bl/st and g.

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

Ty, = S00°F, 1000°F

Ty, = T5°F

M; = 0.65

M =03 ,

Pr, = 45 psia, and
o = 0°, 30°, 90° .
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The solutions for ¢ = 90° are horizontal lines for cach & value,
independent of uc/uj. This may be seen from Eq. (22) wkicr, for ¢ = 90°,
becomes

=
1

2
and thus w for this case is a function of ¢ ¢:.ly. A family of corsiant ¢

¢ straight lines is generated for each ¢, each line intercepting the
Uo/us = 0 axis at the value of w for ¢ = 90° and the particular .

P at
Jd_ 41 (1+¢) TTE s

R .
Several general conclusions may be dravm from Figs. 58 and 59.
The clear superiority of injection in the streamwise direction is quite
cbvious, as is the fact that ¢ = 30° injection in the chordwise direc-
tion is very close to the optimum tangential case from the standpoint
of nementum losses. Another significant point 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
actvual 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 with increasing Ttl/th, althongh care must be exer-
cised in comparing the solutions to account for the difference in us.
Thus equal values of w, require entering the plots of two different
values of uc/uj.

The two-dimensional. analysis does not distinguish between geometries
angled in the spanwise direction, thus for the present study the 12°, 20°,
and 30° spanwise angled geometries are all considered ©® = 90° cases. The
three angular cases ‘» = 0°, 30°, and 90°, chordwise angles) are compared
for typical conditic... of this experiment in Fig. 45.
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APPENDIX B

ESTIMATION OF THE MAXIMUM ERROR IN n DUE TO UNCERTAINTY IN T,

In this section an estimate is made of the maximum possible error
in 7 because of the assumption that T, = 75°F for all film-cooling data
obtained in the present experiment. Air initially at a temperature of
40°F (+ 5°F) 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 T, = 75°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

mCATe = G (2k)

where = specific neat of air and § = 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

meCpATe = Cpy Wy cp(Ty, ~Ty)A
oY

CHpy W (T, ~Ty)A
ATC = > lﬁlc = d 2 (25)

where it is assumed that the entire model is at temperature Tw Using
the fact that m, = p,w4A; and ¢ =1ie/M , Eq. (25) becomes

Cy A

ATe = T A (Tg, ~Ty) - (26)

A turbulent boundary layer is assumed to exist over the entire sur-
face to provide the maximum heating pessible. The turbulent Stanton
number for the f at plate may be expressed as Cy = .029/Rex°'2
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Reyl.lolds nuriber values typical of the midchord of the airfoil for the
present expsrimental conditions are

500°F

Rex =
283,000 for Ty = 1000°F.

Values of the Stanton number thus calculated are

0.0021 for E&i

500°F
Cq =
1000°F.

0.002k for Ty,

If Oy = Q.0023 is taken as an average value, Eqg: (26) becomes

6 Ttl "TW

AT, = 0.005 , (27)

vhere A/A; = 2.42. Using the fact that

n = Tup~Tyr _ Tt, ~Tw
Two"'Tc Ttl "‘Tc s

the "true" 1 may be calculated using

Ty, -T5°F
. TRUE

MEASURED [ T, ~ (4O F4aT,)

or

Tt, ~75°F
) . 28
NoRUE = MEASURED [ Ttl..(l;o°F+.0056/§)] )

The bracketed term in Eq. (28) may be considered the correctior factor
which will tend to ¢ value of 1 as T4, is increased. Equation (28) has
been solved for the case of Ty = SOO%F since this is the experimental
condition which will possess the greatest error in n due to internal
coolant heating.

The solutions for varicus values of fyeagureg @re shown in Fig. 60
as solid lines, and the dashed lines in the same figure arc for the
condition of no coolant heating. The actual error in n lies somewhere
between the solid and dashed lines for the same measured n. The solu-
tion shows that for the blowing rates and resulting n values of this
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APFEIDIX. D
SBRARY OF SCHLIEREH DATA

The Schlieren investigation of Shaw<C shows clearly the emlarged
turbulent houndary 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 (12° spamwise and vertical injection, res-
pectively), although transition during blowing appeared to occur further
forward 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 eguivzalent rates of blowing than would Model I.
The photographs for Model I show evidence of considerable spanwise vari-
atior in the boundary layer during blowing, while those teken of the
flow about Model II more closely approximate the two-dimensional situa-
tion.

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 subsonic
suction surface (Ptl/Pz = 1.5) and Fig. €2 shows the similar effect for
the transonic suction surface (Py,/P, = 1.7). The mottled appearance
of the {iow in Fig. 61 is due to sound waves travelling upstream fraom
the choked exit nozzle of the facility, while shock waves are clearly
visible in the transonic flow field showm in Fig. 62. The iocation 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

& large chip, appearing as a black bulge near the left of each photograph.

As rlay 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
vaves 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 permission to use
these photographs in this Appendix.
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