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ABSTRACT ,

Film injection from discrete holes in a three
rov staggered array with S-dimmeter speecing is stud-
ied for three different hole angles: (1) normal, (2)
slanted 309 to the surface in the direction of' the
mainstream, and {3) slanted 30° to the surfece and
450 laterally to the mainstream, The houndary leyer
thicknens-to=hole dismeter ratio and Reynolds number
are typical of gas turbine film cooling applications,
Two different injection locations are studied to
evalunte the effect of boundary layer thickness on
£ilm penetration and mixing, Detelled streaklines
showing the turbulent motion of the injected air are
abtained by photographing very emell neubtrally buoy-
ant helium f£illed "soap" bubbles which follow the
flow field. Unlike smoke, which diffuses rapidly in
the high turbulent mixing region nssociated with dis-
¢rete hole blowing, the bubble streonklines passing
dewnstream injection locations are clearly identifi-
able and can be traced back to their origin, Visusl-
ization of surface temperature patbterns obtained from,
irirared photographs of a similar film cooled surface
are olso included,

NOMENCLATURE
D = film injJection hole diameter

film-to-mainstream mass velocity ratio or blowing
rate (up/u, for constant denzity)

film injection velocity

freestream velocity

dimensionless veloeity, q,/‘/?G?E

coordinate nommal to the surface .
¥t = dimensionless distance, y\/;;7; v

8 = houndary layer thickness

boundary lasyer momentum thickness

iinemntic viscosity

p = density
Ty = wall shear stress
INTRODUCTTION

Increases in turbine inlet temperature and pres-

sure have renched thr point where heat flux levels

are too high to adequately cool het section gas ture
bine components by comvrection alone, Bome £ilm cool-
ing is generally required to protect the metal parts
from the hot gns stream, The most practical method
currently used for film cocling aireraft turkines is
to injJect the cooling eir from discrete holes in the
curface of the blade., It is imporbtant that che film
be injected in the most efficlent manner pousible in
order to provide the desired heat transfer protection
with a minimum disruption of the mainstresm, Poorly
designed film injection schemes can lead to mainstream
momentuy losses which severly reduce ‘arbine oerody-
namic efficiency and, In some instances, even incresse
heot transfer to the surface,

There has been considerable emphneis recently in
experimental heat transfer studies related to discrete
hole film eoqling, The University of Minnesota in-
veatlgated sdiabatic wall film effectiveness and aug-
mented heat transfer coefficlents due to blewing for
ore hole and o slngle row of holes at various injee-
tion angles and center-to-center spacings, HReference
1 18 the last in a ceries of reports on this study,

It includes m complete bibliography of earlier reporta,
A similar study for o single row of injection holes
with a freestream static pressure distribution typleal
of turbine blade applications is reported in Ref. 2.

Stanford University is invesuigating the heat
transfer characteristies of full coverage film cooling
from a staggered array of diccrete holes spaced either
S5 or 10 diameters apart, Some preliminsary resulcs
Trom this study are given in Ref, 3, Reference 4 is
a date report containing all of the test results for
both normal and 30 degree injection. An experimental
investipation of the adiabatic wall film effectiveness
associated with full coverapge film cooling from com-
pound angle injection at various hole spacings has
been reported in Ref. 5. Anslytical and experimentnl
work in this area has been th? sub ec? of several re-
ports from Imperial College, (8 and 7

While pll of these investipations have contrib-
uted to the quantitative data needed to develop reli-
eble anaslytical models of film cooling, they have olmo
sugpested the need for a better understanding of the
complex fluld dymamies encountered when film air is
injected through discrete holes into a burbulent
boundary layer, Such insight can only be provided
through good flow visualization studies, Visueliza-
tion of the {low field asasocinted with disecrete hole
Tilm cooling is helpful to fully understand and ap-
precinte the complex interaction of the [ilm and the
malnstream, Scme effort was made, as reported in Fef.
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1, Lo viguallze the flow field surrounding a single
injection hole using ©O, fog. iowever, the fog dif-
fused or rapldly due to the high turbulent mixing in
the injection region that only tho large ccale bur-
bulent pation neer the hole war visible,

In the present study, air seeded with small
neutrelly buoyant helliium-filled bubbles, was injected
into a turbwlent boundary leyer through discrete holes
in the test surface of nn ambient air wind tunnel,

The patha traced by the bubbles mnp atreakline pat-
terns of the injacted film air mixing with the main~
stream, Unliks guoke or fog which diffuses rapidly,

“the bubble atreaklines are clearly identifiable as

continuous thrend-like streaks which cen be traced
through the filw injectian reglon.

Streakline patterns of the flow field associ-
ated with film injectior, from diserete holes in o
three row staggered orray: with S-dismeter opacing
are prasented for three different hole angles typle-
elly encountered in turbine ecooling applications. The
holes were angled (1} normal to the purface, (2)
slanted 309 to the surface in the direction of the
mainstream, and (3) clanted 30° to the curface and
459 latorslly to the mainstream, The momentum thick-
ness Reynolds number just upstream of the injection
holes was 2165 and the boundary leyer thichness-to-
hole diameter was 1,75, A boundary laoyer thickness-
to-hale ameter of 2,4 at the same Reynolds number
was also run by moving the injection locatior further
downstream from the inlet nozzle., Infrared photo-
graphs of & similar film cooled well were taken to
shiow the surfoce temperature pattern resulting from
discrete hole film cooling,

EXFERIMENTAL APPARATUS

Bubble Canerator

The system for generabing neutrelly-buoyant
bubbles, desceribed in detail in the manufocturer s
reportzé), consints of a head, which is the device
that actuslly forms the bubbles, and a contole con-
taining micrometering volves which contrel the flow
of helium, bubble solution, and air to the head, A
drawing $1lustrating the basie features of the head
is shown in Fig, 1, HNeutrally buoyont helium- illed
bubbles about L mm in diameter, form on the tip of
the concentric tubes and are blown off the tip by a
conbinuous blast of air flowing through the shroud
rassege, Bubble selubdon flows through the anmilar
passage and is formed into a bubble inflated with the
helium passing through the inner econcentric tube.
The desired bubble size and neutral buoyancy are
achleved by proper adjustment of air, bubble solution,
and helium flow rates. As many as 300 bubbles per
second can be formed in this device,

Rig

The flow visualigation test rig, shown in sche-
matic form in Fig, 2 consists of a transparent plac-
tic tunnel through which room air is drawn into an al-
titude exhaust,line, It iz a simple construction pro-
viding flexibility for testing a large number of film
injection hole gecmetries and boundary layer confip-
urations appropriate to turbine and combustor cooling
applications. The test confipuration for this report
consisted of a zero pressure yrodient mainstreem flow
over a flat surface containing Aisccrete film injee-
tlon holes, At the point of injectlon, the main-
stream boundary layer was fully turbulent, A further
deseription of the details of the rig are given in
Ref, 9. There are three separate air [low ascurcas:

(1) the primary mainstreem aiy; (2) the bubble gen-
erator alr; and (3) the sacondary film injection air,

The tunnel, 0,381 by 0,152 meters in crooa=-
section, is sectioned into four parts; o test oection
0.81 m long and three spacing cecticno each 0,91 1
long, The sections can be put in any order to eflow
for a boundary layer developmont length upstream of
tha first film injection loentioh unywhere from sev-
erpl centimeters to over 2.7 meters, Having the op-
tion of injecting the fllm alr ot different axinl Yo~
cations downstream of the irlet provides the flexibil-
ity of independant controd of the following three re-
lated variebles; injectica-~to-mainatream veloclty ra-
tio unfu , the boundary loyer thicknesa~to-injection
hole diometer 8/D, and the mementum thickness Reynolds
mmber at the point of injection., A long boundary
layer development length 15 noeded to cover the high
range of the &/D ratioc becouse the minimum hole dimm-
eter ia limitod to about 1,27 ecm fo avoid excosaive
bubble brenkage in the holes,

The helium filled bubbleps are injected into a
plenun which serves as o collection chamber for the
bubbles end the film air, The air, seedrd with the
bubbles, then pasaes through tho film Injection holes
in the floor of the tast section., The small quantity
of air used by the bubble generator to blow the bub-
bles off the tip of the annulus as they form, ends up
as part of the film mir in the plenum. However, this
bubble air flow cannot be varied nince it i5 adjusted
and then fixed to glve optimum bubble formation., Con-
sequently, to provide varigble film Injectlion nir flow
rates, additional secondary ely is alzo supplied to
the plenum. The plenum box is clumped onto the bot-
tom of the teat section for easy removal when ancther
test plate with a different hole configuration 15 to
be teoted, Rotometers were uzed to measure the heli-
um and bubble penerstor air flow rates end a hot wire
flow meter was used in the secondary air leg for ac-
curate measurement over e wide range of film air flow
rates.

When the bubbles pass through the {llm injection
holes, they are flluminated by a high intensity quartz
arc lamp, The resulting reflection off the bubble
surface appears as o atreak acrosa the photographic
film if the exposure %5 relatively slow. Sometimes
two reflections appear on the same bubble giving a
double streak, The light beam was directed axially
dawn the tunnel as shown in the sketeh in Pig, 2.

With a well-focused and ccllimated 1ight beam, the
bubbles are illumlnated as soon ac they leave the
holos without the beem striking any of the tunnel
surfaces, This Iinsures pood contrast with o bright
bubble streak against a black background.

Test Section

The 0.38 by 0,61 m {loor of the test section
which contains the film injection holes is easily re-
moved to ollow bottom plates with different hole con-
figurations to be Ilnstalled without atfecting the rest
of tha test sectlon or the plenum chamber. The Iloor
and hack side of the test seection are made o.' wood and
finished glocsy black to give maximum controst w~iuu
the bubble streaklines, The top and front foce are
clear plastie,

Three different film injection arrays were
studied, Sketehes of the three configurations are
given in Fig, 3. They ore (1) normal injection wikh
the holes oriented normol teo the surface, SE) slanted
in-line injection with the holes anpled 30" to the
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1, to visualize the flow field surrounding a single
injection hale using CO, 1og. However, the fog dif-
fused s~ rapidly due to tha high turbulent mixing in
the injection region that ow'y the large scale tur-
bulent rotion near the hole war visible,

In the present study, air seeded with small
neutrally buoyant helium-filled bubbles, was injected
into & turbulent boundary layer through discrete holes
in the test surface of an ambient air wind tunnel.

The paths traced by the bubbles map streakline pat-
terns of the injected film air mixing with the main-
stream. Unlike suuke or fog which diffuses rapidly,
the bubble strea'lines are clearly identifiable as
continuous threrd-like streaks which crn be traced
through the fila injectisn region,

Streakline patterns of the flow field associ-
ated with film injectior from discrete holes in a
three row staggered array with S-diameter spacing
are presented for three different hole angles typic-
ally encountered in turbine cooling applications, The
holes were angled (1) normal to the surface, (2)
slanted 30° to the surface in the direction of the
mainstream, and (3) slanted 30° to the surface and
459 laterally to the mainstream, The momentum thick=
ness Reynolds number just upstream of the injection
holes was 2165 and the boundary layer thicknese-to=
hole diameter was 1.75. A boundary layer thickness-
to-hole llameter of 2.4 at the same Reynolds number
was also run by moving the injection locatior further
downstream fram the inlet nozzle, Infrared photo-
graphs of a similar {ilm coocled wall were taken to
show the surface temperature pattern resulting from
discrete hole film cooling.

EXPERIMENTAL APPARATUS

The system for generating neutrally-buoyant
bubbhu described in detail in the manufacturer's
report -), consists of a head, which is the device
that actually forms the bubbles, and a console con-
taining micrometering valves which control the flow
of helium, bubble solution, and air to the head, A
drawing i{llustrating the basic features of the head
is shown in Fig., 1. Neutrally buoyant helium- filled
bubbles about 1 mm in diameter, form on the tip of
the concentric tubes and are blown off the tip by a
econtinuous blast of air flowing throuzh the shroud
passage, Bubble solution flows through the annular
passage and is formed into a bubble inflated with the
helium passing through the inner concentric tube,

The desired bubble size and neutral buoyancy are
achieved by proper adjustment of air, bubble solution,
and helium flow rates, As many ag 00 bubbles per
second can be formed in this device,

The flow visualization test rig, shown in sche-
matic form in Fig. 2 consists of a transparent plas-
tic tunnel through which room air is drawn into an al-
titude exhaust.line, It is a simple construction pro-
viding flexibility for testins a larre number of film
injection hole geometries anu boundary layer config-
urations appropriate to turbine and combustor cooling
apjlications. The test confiuration for this report
cunsisted of a zero pressure ;radient mainstream {low
over a flat surface containing -iccrete film injec-
tion holes, At the point of injection, the main-
stream boundary layer was fully turbulent, A further
description of the details of the rig are riven in
Ref, 9. There are three separate air {low sources:

(1) the primary mainstreem air; (2) the bubble gen-
erator air; and (3) the secondary film injection air,

The tunnel, 0,381 by 0.152 meters in cross-
section, is sectioned into four parts; s test section
0.61 m long and three spacing secticns each 0,91 1
long. The sections can be put in any order to silow
for a boundary layer development length upstream of
the first film injection location anywhere from sev=-
eral centimeters to over 2,7 meters, Having the op-
tion of injecting the fils air at different axial lo-
cations downstream of the irlet provides the flexibil-
ity of independent control of the following three re-
lated variables; injectica-to-mainstream .elocity ra-
tio u, /u , the boundary layer thickness-to-injection
hole diameter 5/D, and the nomentum thickness Reynolds
number at the point of injoction. A long boundary
laye: development length is needed to cover the high
range of the 8/D ratio because the minimum hole diam-
eter is limited to about 1,27 cm to avoid excessive
bubble breakage in the holes,

The helium filled bubbles are injected into a
plenum which serves as a collection chamber for the
bubbles and the film air, The air, seed~d vith the
bubbles, then passes through the film injection holes
in the floor of the test section. The small quantity
of air used by the bubble generator to blow the bub-
bles off the tip of the annulus as they form, ends up
as part of the film air in the plenum. However, this
bubble air flow cannot be varied since it is adjusted
and then fixed to give optimum bubble formation. Con-
sequently, to provide variable film injection air flow
rates, additional secondary air is also supplied to
the plenum, The plenum box is clumped onto the bot-
tom of the test section for easy removal when another
test plate with a different hole configuration i3 to
be tested. Rotometers were used to measure the heli-
um and bubble generator air flow rates and a hot wire
flow meter was used in the secondary air leg for ac-
curate measurement over a wide range of film air flow
rates,

When the bubbles pass through the film injection
holes, they are illuminated by a high intensity quartz
arc lamp., The resulting reflection off the bubble
surface appears as a streak across the photographic
film if the exposure is relatively slow. Sometimes
two reflections appear on the same bubble giving a
double streak. The light beam was directed axially
down the tunnel as shown in the sketch in Fig., 2,
With a well-focused and collimated light beam, the
bubbles are illuminated as soon as they leave the
holes without the beam striking any of the tunnel
surfaces, This insures good contrast with a bright
bubble streak against a black background,

Test Section
The 0,38 by 0.1 m floor of the test section

which contains the film injection holes is easily re-
moved to allow bottom plates with different hole con-
figurations to be installed without af'fectin; the rest
of the test section or the plenum chamber. The 1loeor
and back side of the test section are made o.' wood and
finiched glossy black to give maximum contrast m..u
the bubble streaklines. The top and front face are
clear plastic,

Three different film injection arrays were
studied, Sketches of the three configurations are
given in Fig, 3. They are (1) normal injection with
the holes oriented normal to the suriace, Lz) slanted
in-line injection with the holes ingled 30

to the
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surface and in-line with the mainstream, and (3) com-
pound angle injection with the holen again 30° to the
surface, bubt rotated 459 laterally to the mainstream.
In all three cnses, the holes were spaced 5§ diameters
apart ar meapured from the hol.- centerlins., The
holes formed a otopggered array representing tha cen-
tey portion of three rows of holes, In Fig. 3(b) and
(c), the hole axes for both the in«line and compound
angle holen make an angle of 20° with the plane of
the paper. Tubes which extand inte the plenum were
inpgerted into the holes in the plate and finished off
flush with the test ourfece to provide a2 hole length

both from the top looking down on the test surface
and from the side lecking through the boundary layer.
The two viewdng angles are illust- ated in Fig, 5
which shows :he test section wit!. two cameras mount-
ed in the positions uned when taking photopraphs,

The top view photographs show the spreading charac-
teristics of the f1lm as it leaves the holes and the
slde view photographs show the degree of penetration
of the film into the mainstream relative the boundary
layer thiclmess and the surface, A1l of the side
view photographs were taken with the two outer holes
in the four hole array plugged to give o plone view
of the two center holes, The f£ilm from the upﬂbream
hole passes direclly over the downstream hole.

te damster ratio typical of aircraft turbine applic- Notice the sharp "kinka" in the streaklines in
ations, The delivery tubes for thiz study had a the close~-up view, particularly at the high blowing
1.27 cm inner diameter and were 5.1 om long, rate, Tha torbtuous path traced by a bubble indicates
a very high intensity, small scals turbulence struc- B
RESULTS AND DISCUSSION ture in the vortex region just dewnstream of an ine- .
Jeetion hole., This high turbulence is detrimental ‘
A fwlly turbulent boundary layer existed in the because 1t increases the hoat transfer coefficient :
ragion of the £ilm injectiion holes and the freestream and causes rapid mixing of the film air with the 3
turbulence wae nepgligibly small for all of the results msinstream, As the bubbles get cought up in one of i
presented in this paper, The rilm-to-mainstream ve- the vortices, their trajectory is in a direction
locity ratio was varied by changing the mass flow rate nearly normnl to the surfoce, suggesting s very high i
of the secondary or film air while keeping the main- velocity transfer of mass between the wall region and .
stream velocity conatant at 15.5 m/cec. The velocity tha outer houndary layer, There i also evidence of
profile through the boundary layer war surveyed just recirculating Tflew since somn of the streallines
upstream of the injection holes. The dimensionless slope back upstream. -}
profile at the duet centerline in Fig. 4 shows the +
typical logarithmie distribution in the wall region, Slanted In-line Injection, The streskline pat-
characteristic of n turbulent boundary layer on a tern associated with film injection from holes ang- F
smooth wall. Surveys off the centerline showed less led 307 to uhe surface, in-line with the mainstream
than 2 1 percent spanwise variation in the profile is glven in Fig., 7, For this geometry, blowing rates
wit¥in the injectian region., The boundary layer having nominal velues of m = 0,3, 0,8, and 1.4, were
thic. *¢ s vefined by the 09 percent value of the photographed, A top and side full field view, and a |
frees, -am velocity, wes 2,22 cm. The boundary layer close=-up side view of the region surrounding the - !
thicknuis-to-injection hole diameter ratio was then downstream hole are included, Notice that in genernl, 73
1,75 at the upstream injection lczation, The bound- the streaklines are much smoothor then with normal 7
ary layer momentum thickness and shape foctor were injection, indieating a’much lorger scele and lower E
0.215 em and 1,31, respectively, s. the momentum intensity turbulence for 20° injection, Only at the ]
thickness Reynolds number was 2165 at the upstream highest blewing rate do the streaklines exhibit the ]
hole location, tharacter indicetive of high intensity, amall scale =
turbulence. The counter-retating vortex pattern in ’
Photographo of the film atreaklines were taken not nearly oo evident as it was for the normal injec- j

Hormal Injection, Streaklines traced by a fi{lm
injected into a turbulent boundnry layer from on ar-
ray of holes oriented normal ko the eurface are shown
in Fig. 6, The streaklines in the figures are black
on x vhite background beenuse the photographs in this
paper.are negative imnges printed from color trans-
parencies, Top and side view photographs are includ-
ed for a low {m= 0.3) and a hirh (m = 0,.8) blowing
rate. Also included 15 & clove-up view or the re-
glon surrounding the upctream hole. The top view
clearly illustrates she counter-rototing vortices ex-

blowing rate of m = 0,3 and slightly more at the high
blowing rate,

From the side view, it i5 noted that the film
separates from the surface and peneotrates into the
freestream even at o low blowing rate of m w« 0,3, The
boundary layer thicknoss & Just upstream of the
first injection hole is indicated on the side view
photograph., At the high blowing ratuw, most -of the
film mixes with the freeotream rathe: than providing
a protective film adjacent to the purface,

fion case. Evidence of entrainment of the f{reestream
fluid dewn to the wall can be seen however, as the
ntreaklines coming from the center of the hole wrap
around the outside of the jet., The pattern is more
subtle than with normal holes because the secale ab
which the streaklines interwind is much larger--on
the order of the hole diameter. As can be seen from
the top view, there 1s almost no spreading of the
£ilm oo it extends downstream cven when passing over
enether injection hole, Moast of the upstream film
tends to split to either side of the downstream jet,

At a blowing rate of about m = 0,5, the film
begins to separate from the swiace, At m= 0,8, the
full field, side view photograph clearly shecws that
the £ilm has szeparated from the surfece allowing the
mainstream air to wrap around beneath the jets, At
the hipgh blowing rate {m = 1.4), the film peneirates
into the freestream and offers little protection to
the surface. Also, as one would expect, the down-
streem {ilm has & steeper trajectory across the bound-
ary layer because of the monmentum deficit In the inci-
dent boundary layer near the wall created by the up-
stream injection.

The close-up view shows the downstream Jet pas-
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tending downstream of cach injection hile, This vor- sing right through the film from the upstream hole.
tex pattern has been well documented in earlier Note plso the high turbulence generated for the cuase
studies, The top view also shows that the film of m= 1,4 compared to the lower blowing rates. It
spreads asbeut ore and o hel{ hole diameters for a has been observed that when the veloeity of the jet
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exceeds that of the mainatream, there is a change in
the character of the tuvbulence near the injection
holes, When m < 1, the otreaks are omocth and gently
undulating, When m > 1, very jagded streaks appear,

Compound Angle Injection, The dintinctive feat-

urea of the otrenkline pattern assoclated with film
injection at a compound angle 302 tn the surface and
45° lateral to tho mainatream are illuctrated in Figs,
B and 9, For this injection configuration, the obe
lique angle that the film makes with the mainstream
generates a single, strong vortex filament downstream
of cach hole, Thia vortex muhtg? Esginu forming at
blowing rates of about m = 0,31848}) and becomes most
pronounced at blowing rates between m= 0,7 and m =
0.9, Notice the very tight "winding" of the strenk-
lines in Fig. 8{b) for a blowing rate of m= 0,75, A
close-up top view of the rogion surrounding the up-
atream injeciion location for thic blowing rate is
shown in Fig, 8{c), The 'most important feature of
campound angle injection is that this strong vertex
motion keeps the film attached to the surface sven at
the high blowing rates. This can be seen irom Pig, 9
which compares the compound angle injecktion ai a low
and a high blowing rate, Iobice that there is very
little difference in the penetration distance between
a blowing rate of 0,3 nnd 0.9, Even nt n veloclty
ratio of 0,9, the film remainas ettached to the gur-
fece, HNote particularly how the downstresm film lies
underneath the film from the upstream hole, Recall
in Fig. 7(b) that for the in-line injection, most of
the film separated from the surface at o blowing rate
of m= 0,8,

Effect of Boundary Layer Thicknecg., To doter-
mineg what effect the initial boundary layer thickness

has on the distance thut the film jet penetrates into
the moinstream, the 30° in-line injection configura-
tion was re-run with a thicker boundary layer by
moving the injection locetion further dewnsbream from
the inlet nozzle, A side view photograph showing the
streakline pattern iz given in Fig, 10, The boundary
layer thickness was increased 37 percent over that
which existed for the results dlscussed previously,
The blowing rate was 0.8, the same as in Fig, 7(b),
The freestream velocity was decreased to give the
same Reynolds number at the point of injection as in
the earlier results, The upatresm film jet pene-
trates further with the thicker boundary layer, bub
the penetratien relative te the boundary layer thick-
ness appears to be about the same, The tralectory of
the downstream Jet looks the same in both figuras
vhich indientes that its penetration 1z controlied
more by the upstream injection than the inibinl
boundary layer thickness,

Infraved Thermal Imare, The previous pictures
have shown whot happens to a film once it in injected
into the boundary loyer, Figure 11 shows L..r the
ourface tempcrature responds to the same diserote
hola film cooliug, Infrared pictures of o film
cocled test plate run in.a ?ot gos tunnel were taken
with 300 sl?nt?d in-line{12{0))gnd 300 by 450 con-
pound angle({11(b))injection holes, The mrinstream
flow is from left to right in the photegraphs, In
both configurnticns, the holes were in a single row
and spaced 2 dinmeters apart, These results, cb-
tained in another experimental test rig, depart some-

injection houles were 0,125 mm {n diamater, rnd the
{reestream Mach number was 0.8,

The photographs are actunl thermal images of
the wall surface, Radistion emltted from the surfnce

' was recordad on infrared film which can be computer

procensed to give quantitative temparature data, The
hot ragliona on the surface appear light becnusge they
radiate more energy., Conversely, the dark regions
are cool, Dark plumes caused by the cool film are
visible extending downstreem from each hole, The -
mags velocity ratio (pu)s/(pu), for these tests was
0.5, Notice that the wall temperature pattern re-
maing discrete even with two diameter spacing and
that the low temperature strenks run nearly parallel
to the mainatream flow even when the £ilm jet io in-
Jacted 459 laterally to the mainstream,

CONCLUDING REMARKS

A £0m injected into a turbulent boundary layer
fram discrete holes remalns discrete ap the jets ex-
tend downstream, To provide good £ilm coverage on bhe
surfoce, holes chould be spaced not more then 5 diam=~
eters apart, and much closer for only one or two rows
of holes, If o large number of holes are used in o
closely packed arroy, the design should be tallored
with varisble laternl and axinl apacing to best util-
ize the cumplative build-up of film,

The {ilm should be injected at as shollow an
angle to the freegtream as posoible within the limits
et by fabrication constraints, Nermel injection ie
e very inefficlent method of £ilm cooling Tor turbine
cooling applicotions because the £ilm separates from
the surface even at low blowing rnktes, A counter-
rotating vortex motion downntream of the injection
hole generatea exceasive furbulent mixing which dis-
sipetes the film, increases the heat transfer coef-
ficient, and inecreases asrcdynamic losies in the tur-
bine,

For injection holes angied 30 to the surface
in-line with the mainotream, the £ilm layer remsing
attached to the suyface as long as the blowing rate
dee:s not exceed about 0,5, At higher blowing rates,
the mainstream will wrap around and underncath the
gsepacated f£ilm, reducing its effeetiveness, But hipgh
film injection velocities cannot always be avoided in
turbine cooling epplications becauze of the pressure
drop needed aéross the outer chell of the airfoil to
insure that a positive flew direction is always main-
tained, High blowing rates are a particular problem
with multiple rows of film cooling holes fed from a
common supply plemem and diascharpging into e repion of
rapidly varying freestrenm static pressure,

To delay separation to much higher blowing
rates, f1lm cooling holes can be oriented at o com-
pound angle to the surface and mainstream in local
arces on Lhe turbine blade where the beundary layer
hag o tendency to separate such az in the diffucion
region on the suction or conves side eof the blade,
Where the film-to-mainstream velocity ratio {(or in
general the su ratio) cah be kept los however, and
the boundary layer ir not already near geparation, in-
line injection is preferred because it couses less
turbulent mixing and consequently the film percists
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what from the streakline results prescnted earlier,
They are included here to show that tha diserpte
character of the film is preserved in the temperature
distribution of the wall, ‘he test plate was flat
with a zero pressure gradient mainstream flow, Film

longer, Algo, in-line injection resulbts in a lower
aerodynomic penalty in turbine efficiency because
most of the momentum of the film jet is5 rocovered.

et i et gt




sl TE 1 - s i o _” L Yol ,‘.‘., R oy

I
REFERENCES !

!
i
i
k 1, Erikoen, V. L., "Film Cooling Effectiveness i
und Heat Transfer With Injection Through Holes", HIL~ !
TR-102, Aug. 1971, Minnesoba Uaiv,, Minneapolis, ! i
Minnesota, ! ' . I
2, Liess, C,, "Film Coaling with Ejection From i
a Row of Inalined Circular Holes, An Experimental {
Btudy for %% Application to Gas Turbine Bladas” ]
VRI-TN-97, Mur, 1974, Von Korman Institute For Fluid : B
Mechrnies, Rhode-Saint-Genese, Belgium, ) i
5, Choe, H,, Kays, W. M., end Moffat, R, J., : : |
"The Buparposition Approach to Film Cooling", ASME \‘
Paper 74-WA/WD-27, Hew York, N,Y., Nov, 1974, y
4, Crawford, M, E,, Choe, H,, Kays, W. M., and ' ;
i Moffat, R, J., "Full-Coverage Film Cooling Heat
Transfer Studies- A Summary of the Datn for Hormal- :
Hole Injection and 30° 3lant-Hole Injection”, HMT18,
. 1375, 8tanford Univaratty, .S8tanford, Calif, :
5. Mayle, R, B, pnd Camerate, F. J., "Multi- ]
hole Cooling Film Effactivencss and Heat Transfer”,
ASME Paper No, 74-HT-9, Boston, Masa,, July 1974. /
M 8. LeBrocq, P, V., Launder, B, E,, and Priddin,
C. H,, "bDiserete Hole Injection as o Heans of Trans- ‘
piration Cooling - An Experimentsl Study", HTS/71/37, 1
1971, Imperiel College of Science nnd Technology,
London, England,
7. Launder, B, E,, and York, J., "Discrete Hole ! X
Cooling in the Presence of Freestream Turbulence and : #
n Strong Favorable Pressure Gradient", HTS/73/9, Jan,
1973, Imperial College of Science and Technology,
London, England,
8. Haole, R, W., Tan, P,, Stowell, R, C., and ] )
Ordway, D. E., "Davelopment of an Integrated System ' ; 1‘
for Flow Viouallzabion in Alr Using Neutrally- :
Buoynant Bubbles", SAI-ER-7107, Dec, 1971, Sage Action, _
. Ine,, Ithaca, N.Y, o
9, Colladoy, R, §,, Ruscell, L. M,, and Lane, 3 =
J. M., "Streakline Flow Visurlization of Discrete !
Hole Film Cooling - Holes Inclined 20° to the Sur-
face", NASA Technical Note (Lo be published), ’

S o TR T T S L




PERFORATED PLATE 4
[

~ AIR SHROUD PASSAGE

} “BUBBLE SOLUTION ANNULUS

{ L
HELIUM HELIUM TUBE

BUBBLE
SOLUTION~

AIR
= ]
= Figure 1. - Bubble generator head.
%
€3]
: INTERCHANGEABLE -
[ SECTIONS
A ~LIGHT

ALTITUDE
EXHAUST

GENERATOR

SECONDARY FILMAIR

=~ ROTOMETERS
SERVICE AIR

Figure 2. - Film cooling f ow visualization rig. '
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Figure 5. - Test section with top and side view camera positions
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(@ VELOCITY RATIO, m « 0,3

(b) VELOCITY RATIO, m = 0.75.

(c) VELOCITY RATIO, m = 0.75. CLOSE-UP OF UPSTREAM HOLE,

Figure 8. - Compound angle film injection - top view.




(@) VELOCITY RATIO, m = 0.3,

(b) VELOCITY RATIO, m = 0.9.

Figure 9, - Compound angle injection - side view,




(' T e .

Figure 10. - In-line, 30" injection into a thick houndary layer.

(@ SLANTED IN-LINE INJECTION, 30°

(b) COMPOUND ANGLE INJECTION, 30%xa5".

Figure 11. - Infrared thermal image of a discrete hole film-cooled wall,
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