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ABSTRACT

An experimental 1nvestigation of the 1oca1 fllm S
cooling effectivenees and heat tranefer downatream of
11nJection of alr throush discrete holes into a
turbulent boundary layer of air on,a'flat plate is =
reported. vSeeondary.eirlis»1hJected threugbeaesinéie;t '
hole normei_to the dain flowiahd throush teth a etné1e4~
hole and a fow of holes epaced atdthree dlameter
‘{ntervals with an idjeetieh anglevof 359 to the haih :
vflow. Two values of the mainstream Reynolds number |
‘eare ueed' the blowing rate 1e varled from O 1 to 2 O.r,.; d
?-:Photographs of a. carbon dioxide-water fog inJected j |
1nto the main flow at an’ angle of 90° are aleo presented

fto ehow 1nteraction between the Jet and mainetream.
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NOMENCLATURE -

. Surface area of heater

‘,gTotal thickness of teet plate'

Thickneas of comoonent i in test plate
Specific heat ' '

Diameter of injection.tube o

Heat transfer coefficient; see_eqn, 1

'Heat transfer coefficient defined using

difference between wall and adiabatic wall

- temperature, see’ ecn. 2

Heat transfer coefficient defined using

. max

difference between laterally averaged wall and
adiabatic wall temperature, see eqn, 10

Maximum value of h at a fixed X/D

Heat transfer coefficient without injection '

-'Enectric current

Momentum flux or dynamic preesure ratio see
eqn. 5 . , , . A

Equivalent thermal'conductivity of test surface-

Thermal conductivity of component i in teet
plate , I o

Blowing rate, cee eqn.,4 o

»-Prandtl number fﬁ«l

Wall heat flux
Laterally averaged wall heat flux

Heat loss per unit area due to conduction from' co
back of test surface '

‘X



Energy generated in a heater per unit area
Heat loss per unit area due to thermal radiation
Electrical resistance of heeter

Reynolds number usihg free stream velocity and
injection tube diameter (RenzfooUooDé:xoo)

Reynolds number using free gtream velocity and
length Xh

Slot width for two-dimensional film cooling and
equivalent slot width for three- dimensional
film cooling

Stanton number (St= h/Poo )

Stanton number without 1nJection (Sto—hoéPooUoo p)
Adiabatic wall temperature

Laferally averaged ediabatic wall temperature
Detum temperature

Temperaturesindicetedipy thermocourle oupput
Waii tempereture. | |

Leterally averaged wall temperature
InJection.temperature

Mainstream temperature )

Temperature correction for heat lose through
thermocouple leads

Temperature correction for conduction within
test wall

Mean velocity in injection tube
Mainstream velocity

Dietance downstream of downstream edge of
injection hole, see Figure 5

Distance downestream of leading edge of heaters

xi
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™

Distance downstream of boundary layer trip wire

Distance downstream of effective starting point
for boundary layer growth

Distance normal to teet surface, see Figure 5

Lateral distance from center of injection hole,
see Figure 5

Angle between direction of injection and main-
stream direction :

Uncertainty
Boundary layer momentum thickness
Boundary layer displacement thickness

Boundary layer displacement thickness at the
upstream of the injlection hole v

Emittance
Fllm cooling effectiveness, see eqn, 3

Fllm cooling effectiveness correction due to
conduction within wall

Dynamic viscosity of mainstream
Density of injected gas
Penslty of mainstream o

Stefan-Boltiménnicthtgnﬁ'
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SUMMARY

‘The film cooling effectivenese and heat transfer
coefficient aré meagured downetréam of injection
through discrete holes into a turbulent malnstream
boundary layer. Air is injected through a single hole
at an angle of 90° to the main flow and through both a
single hole and a row of holes spaced at three o
diameter intervalse at an angle of 350 to the main flow.

The heat transfer coefficient 1s determined from
wall temperature measurementé with a constant heat
flux from fhe test éﬁrface.' The film cooling'efféctive-'_
ness is caiculated from the neafly adiabatic wall
temperatufe that 1s measured when thé test sﬁfface le
not heated. Heated Jets of air are 1njected_to ﬁeasure
the adiabatic wall temperature., The heat transfer
coefficlent 1s determined with-injection of both heated
and unheated air jets.: |

Comparison of thé film cooling effectiveness
measured with normal 1njection.w1th the results of
other investigatlons does not show a elgnificant
variation of the film cooling effectiveness with
Reynolds number or boundafy layer thickness at the
point of injection over the 1imlted range of these

x1ii



parameters for which results ‘are available.

The heat transfer coefficient near the hole for
normal inJection is observad to be as much as 40-45%
larger than the value without injection for a blowing:"
rate of‘eao - At downstream locations, the heat ' |
'tranefer coefficient is observed to be JO-in greater
‘than the flat plate value for blowingwrates greater
than C.2. The increased value of the heat transfer
~coefficient near the point of injection 18 due to the
high turbulence levels that ariee from interaction .
between the Jet and main flow near the point of -
inJection. | , :

e Comparison of the film cooling effectiveneBS':f
measured for 35 injection throush a row of holes
spaced at three diameter intervals with the results of
other investigations inoicates that the film cooling |
effectiveness decreases as the boundary layer thickness
at. the point of inJection ‘13 increased. ' ’ o

' The heat transfer coefficient following 35°’
injection through a single. hole is much smaller than
for normal inJection. Since the Jet inJected at 35
has a velocity component in. the direction of main flow
interaction between thils Jet and the mainstream and
thus the heat tranefer 18 less than for normal |
injec fion which hae no velocity component in the main

flow direction. h
xiv



There i1s little difference between the heat
transfer coefficlent for 35°-1nject10n through a
single hole and 35° injection through a row of holes
.spaced at thfee diameter 1ntervalsifor a blowing rate
0.5, At blowing rates of unity_and greater, the heat
transfer coefficient for 1njectloﬁ throﬁgh the row of
holes 18 greater than that for a single hole, The
heat transfer coefficient for the row of holes is also
observed to be greater between hqles,‘where the Jets
interact with the mainstream and ﬁith each other, than
on the centerline. ‘The latgrally avergged heat
trghsfer coefficient for 35° injeCtion through a row
of holes is observed to 1ncréase oveﬁ the first 2C
diameters 1in the‘downstreaﬁ.direcﬁion béfore decreésing
at blowing rates 1,5 and 2. The increasing heat -
tranafer coefficient near injection is attributed to
high turbulence levels near the edges of the Jets that
have penetrated into the ffee stream and are spreading
toward the wall. |

Photographs of flow visualization experiments
show that very large eddles and vortices are caused by
interaction between the normally injected jet and the
mainstream. These eddlies and vortices qualitatively

exvlain the increased heat transfer that is observed.



1. INTRODUCTICN

Film cooling 1s a method by which a solid surface
1s protected from the influence of a hot gae stream.
A coolant 1s ejJected locsally through the wall of the
structure to be protected in such a way that it creates
a film slong the surface for gome distance downstrsam,
Although elyher a gas or a liquid can be used as the
injected fluid, only geessous injection will be
congldered here. o

The coolant can be injlected in various ways, some
of which are shown on Figure 1. Figures 1(a) and 1(b)
show slots with ouﬁlete that are rlush'with the surface
to be vrotected. In Figure 1(a) the coolant leavee’the
1nJect;on channel with a velocity at an angie p with
the main flow, The channel in Figuré.l(b) turne the
injected flow so that it enters the main flow with a
velocity parallel to that of the main flow, Figure
1(c) shows a Btep down slot through which the coolant
flowe parallel to the main flow, Figure 1(d) shows
injection through a porous strip. In this case the
direction of the coolant flow is normal to the direction
of main flow. These figures are all seimilar in that

the flow and temperature fields above the surfaces are



__2
two-dimeneional. If the injected flow does not leave
vthe slot parallel to the main flow, the main flow
exerts a force on the coolant flow, causing it to turn
and flow along the surface. Interaction between the
inj)ected flow end the free stream results in mixlng of
thevtwo and the 1hf1uence of the coolani on the wall
decreases in the downstream direction. ‘The temperature
of the wall varies cnly in the X direction.

}For structural reasons, 1t 1s often necessary td
eject the coolant through a series of holes or inter-
rupted aloﬁa. Injection through a row of holes 18 shown
on Figure i(e). The coolant enters fhe main flow with
velocity at an engle 8 with the main flow. Since the
coolaht flow 1&g interrupted across the span, it 1s
4possiblehf6r the méinétream'tb flow around the jets of
coolant rather than force them againet the wall. The
influence of the coolant on the wall 1s thus less than
for the slot geometries. The flow and temperature
flelds above the wall are not three-dimensionel and
the wall temperature distribution 1s two-dimensional.
Interactlion between the Jets and the main flow results
in mixing and the temperature of the ccolant approaches
that of the maln flow at downstream locatlons.

In a typical film ccoling application, the problem
is to predict or measure the relatiocnship between the

wall temperature dletribution and heat transfer. The



geometry and rainstream and secondary flowe may be
fixed or may be permitted to vary.t It may be deeired
to find the wall temperature for a.given get or
conditions or to optimize the geometry, mainetream or
coolant flow while maintaining'thepualihtemperature'
below some critical value.' | |
- For conetant property flows, it 1ig convenient to

»use the concept of heat transfer coefficlent. h. Thue,‘.
' | 3= YWTL"Taﬁ) R (1)
where q 1e the wall heat flux, T 1a the wall temperature,
and Tdat ;e 8’ datum temperature.' For the case of an
adiabatic eurface, q_O and the reeulting wa11 tempera-
ture ie the adiabatic wall temperature T If thie
temperature 1s- used ae the datum, then the heat flux
with £1lm cooling. 1e . o |
9= *’«m ). B
- For a constant property flow, the heat transfer | ‘
coefficient defined by equation-(e)_ie 1ndependentﬁof1};
the temperature difrerence. In the absence.of film
cooling, the adiabatic wall temperature ie equal to the
free stream temperature or to the recovery temperature
1n the caee of high epeed flow.‘ | _

~ To eliminate the dependence of the adlabatic wall
temperature on the temperaturee of thelmain flow and

injected flow, the adlabatic wall temperature is usually



presented in dimensionless form as the film cooling
effectiveness, For low speed, constant property flow

the film cooling effectiveness 1s glven by

N=wTE C
where T, and T,, are the respective temperatures of the
coolant and main flow, In the case of high speed
flows, the main flow temperature 1is replaced by’the
recovery temperature,

- The heat transfer coefficient as defined by
equation (2).1s‘often found to be relatively close to
the value without injection., The adiabatic wall
temperature can vary considerably and is more difficult
to predict. Most film cooling studles are therefore
cohcerned with the determination of the film cooling
effectivenese.

From the assumption of a constant propsrty flow,
1t follows that the dimensionless temperature fleld
énd film cooling effectiveness distribution are the_
same whether the ejected fluld 1is hotter or colder than
the main flow, This fact 1a.utilized in most studies
where the experiments are easier to conduct with a
heated "coolant.," .

A large number of parameters are involved in film
cooling. Filgure 1 shows some of the different geémetries

that can be used., The shape of the channel through which



‘the coolant flows.  and the angle of injeotion can be
altered for both two-dimensional ahd}threeedimenaiohal :
£1lm cooling. In addition, the spacing between. hcles

" and the number of rows of holes can be varied for the"‘?"

»three-dimeneional caae._ The film coolins proceee aleo Su -

”idependa on the dimensionless parametera describing
the main flow as well as the coolant flow.-_The,ratioa‘
of the velocitiee and denaities of the flows are
Aeepecially important.v Theee quantities are often .
grouped into the parameters known ae the blowine rate ;i'
(mase flux ratio) and momentum flux ratio._ The blowins ‘H
rate ia expressed as . A :: ’ 'f'" |
tapdgtge_uomentum fluk;ratio{isisiveu;byu;y Ch e
R , :uz St :1‘;;f“”
BT I= .pwum | R )
l The subacript 2 denotee the coolant flow-“ nd*eubscript
_oo representa the main flow. Other important parameters
-are the Reynolda number of. the main flow, the turbulence
in the main’ flow and the thickneee of the mainatream  “'
'boundary layer at the point_of inJection._ It large
temoerature differences are euployed the variation of ;'
properties throughout the flow ‘fleld 1is important o
Two-dimensional film cooling haa been studied
rather exteneively. Most of the work that has been

done has been .concerned withfthe determination of.the_




film cooling effectiveness., There are réports of
numerous experimental stpéieéAand several models for -
the prediction of film cooling effectiveness in the n
literature. Thie work is eummafized in reference (1).
The heat transfer cdéfficiént with two-dimensional
f1lm cooling has been determihed by several investiga-
tors. 4All used air for both the coolant flow and
mainstream flow, Hartnett, Birkebak, and Eckert (2,3)
used a tangential slot gimilar to that shown on Figure
1(b). Typical results of thelr expefimgntsf(})_are
iepééted on Figuréﬁa, The Stanton ﬁumber ueing the
heat tfénafer{coefficient with f11m cqo11ng (defined
usihg Equa#ion-Q) 18 normalized by ihe‘Stanton number
ueing the heat tfahefér coefficlent without fiim- 4
cooiiné.‘-The distance downstream of.thé slot 1ise
normaliied by the slot width s. The heat transfer
coefficient 1s higher than the value without inJection
in the region near the slot for‘fhe higher values of
the blowing rate (M:O.87'and 1.é3). At downstream
locations it approaches the value without injection.
The resulte at lower blowing rates (M=C,34 and 0,48)
are cloeely approximated by the value without injection
at all locations, Similar results are found in the
presence of a pressure gradient in the flow direction

(3).
Scesa (4) found little difference between the heat



‘transfer coefficiente meagured with and without o
injection ueing a flueh slot with an inJection angle
of 90° in the range of blowing ratee from 0 to 0.95.

»Seban and co-workers (5 6 7) also found that the- heat .

-‘_tranefer coefficient was’ not eignificantly eltered by e

‘blowing, although in these gtudies the heat transfer
"jcoefficient wae sometimes found to be reduced slightly
by blowing. Differencee-in}injection geometry may
'account for this different trend, A step down slot was
ueed in the range of blowing ratee from 0 to O 70 in
v(5) and a fluah normal elot and a etep down alot were
‘ueed in thie same range of blowing rates in (6) In
-(7), a etep down glot’ ia used with blowing ratee ae
high as 2.' For blowing rates leee than 1, the heat |
: tranefer coefficient is found to be 1eee than the value
without inJection near the elot. When the blowing rate
is about equal to one, there ie little difference |
between the reaulte with and without injection.l At o
higher blowing ratee, the heat transfer coefficiente
with injection are higher than thoee without inJection.'

Metzger and co-workere (8 9 10) meaeured the heat '
trangfer coefficient baeed on average wall and adiabatic
wall temperaturea for inJection through elote at
angles of 20 and 60 degreee; For injection at an R
angle of 2C degrees, there was little difference between

results with and without injection, Results for



injection at an angle of 60 degrees from (9) are
repeated on Figure 3., These resulte are higher than
those shown on Figure 2. The difference is probably
due to the higher injection angle of Figure 3. It
could also be due to an increase in the mass flow of
the mainstream since the added mass flow due to
injection was as high as 25 percent of the total mase
flow in the tunnel (11).

Three-dimensional film cooling hae not been
studied as extensively ae:two-dimeneional film cooling.
The bulk of the work that has beeﬁ done, moét of which
1e reviewed in (1) and (12), has been concerned with
édiabatic wall temperature dlstributiona., Wieghardt
(13) used both a egingle and double row of oblong holes
across the epan at a blowing rate of C.36. For the
double row of holeé; he fbﬁnd a relatively uniform fllm
cooling effectiveness distribution acrose the span, but
the magnitude of the effectiveness was less than half
that for the same air flow through a elot. He found
very low values of the effectiveness for a single row.
Papell (14) used both two and four rows of holee spaced
at two dlameter intervale for 1nJécfion at an angle of
"90 degrees to the main flow. His data correlated using
an empirical modification of tbe relation he used for
injection through a continuous slot. In the study by

Burggraf, Chin, and Hayes (15), rows of punched crescent



louvers were used to inject the film, The louvers
apparently turned the jets so that they d1d not leave
the wall,-'The data was correlated using the same
parameters that were used for injection through a
number of ‘continuous elots._ B 'i ;

o Some of the injeotion geometriea used in a program
to study film cooling with'injection through holes at
the University of Minnesota are shown on Figure 5. .
Film cooling effectivenees distributions for inJeotion |
'v_through a eingle hole at an angle of 35 degreee (a
single tube poaitioned as. tbose on Figure 5(b)) are k

: presented in (16) and (17) Effectiveneea dietribu- i
tions for normal inJection through a eingle hole
(Figure S(a)) are also included in (17) The film
‘ccolihg'effectiveness for 35 degree inJection through fij
a eingle smaller diameter tube than that uaed in (16)
and (17) ie preeented in (18) and (19) along with film
'cooling effectivenesa dietributione for 35 degree i:i”
"injection throush a row of holee eoaced at three
_diameter intervals (Figure S(b)) and for lateral
inJection at. anglee of 15 and 35 degreea.- Velocity
and temperature profiles in the flow above the
adiabatic wall are presented for injection through 8
single hole at angles of 35 aud 9C degrees in (20) and  f
(_.'21)’a A model for theipreéiotion of film cooling:e;.

: effeotiveneee at low values of the blowing rate is
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propoéed in (20) and (22). Thie model ies modified for
use at higher blowing rates in (23). |

Typical results for the film cocoling effectivenessa
downstream of injection are presented on Figure 6. The
angle of injection is 35 degrees and results for both
a single hole and a row of holee are presented. The
curves exhiblit a maximum in the rahge M=C.4-0.5, For
blowing ratee below this valué, the effectiveness
increases with increasing blowing rate due to the
1hcreaeing arount of coolant near the wéll. At blowing
rates above C.5 the penetration of the Jet increases
with 1ncréaelng bléwing rate, decreasing theiinfluence
of the jet on the wall. fheidata on Figure 5 are for
coolant and maln flow of near equal densitles
(-P'Z/'ﬂ:\o:o'%).:' If the density of the coolant differs
significantly from that of the main flow, the film
cooling effectiveness values and the location of the
peak could be different from those on Figure 6. Thefe
are indicatione in the literature that the penetration
of a jet into a crossflow depends on the momentum flux
or dynamic pressure ratio rather than the blowing rate
M. Unpublished resultsAfrom the University of
Minnesota, in which air (f/R.=~0.85) and freon
(A/fo=4) are injected into a main flow of air,
indicate that the peaks of the curves may be located

at the same value of the momentum flux ratio.
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Results from (18) and (19) indicate that the
individual Jets i1ssuing from the row seem to be
independent of one another at low blowing rates. The
two-dimensional adiaebatic wall temperature distribution
can then be approximated by superposition of eingle
hole results., At higher blowing rates where the jets
penetrate into the main flow, the individual Jets tend
to block the path for the free stream to flow around
the Jete. The main flow exerts a greater force on the
row of jets secondary flow, turning 1t towards the wall
resulting in decreased pénetration. The difference
between eingle hole,reeﬁlte and iesulte fof injection
£hrough é row of holes at high blowiné rates on Flgure
6 demonstrates this effect.

The path of a jet in a crossflow 1s also influenced
by the thickness of the frée etream boundary layer at
the point of injection. Film cooling results from -
(18) and (19) indicate that the mainetreem exerts a
greater force on the jet when the boundary layer is
thin, thus turning the Jet faster and 1ncreaé1ng'1ts.
effect on the wall. |

Lateral injection tends fo apread the Jjet over a
greater lateral width than injection at the same angle
with the flow (18,16). Jet penetration decreaees.as
the laterasl angle decreases,

Metzger and co-workers (9,10) measured the average
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film cooling effectiveness (in lateral and downstream
directions) following injection through rows of holes
.~ at angles of 20 and 60 degrees t§ the main flow for
lateral hole spacings of 1,55 and 1,71 diameters, The
trends for the average film cooling effectiveness are
similar to those from (16) ané (17). Single hole
results from (16) and (17) are averaged using the
principle of superposition and compared with the
results of (9) in (11). Agreement between the two
sets of results 1e good.

‘Liess and Carnel (24)‘measured ééiabatic wali
temperaﬁures and velocity temperature profiles in the
flow downeiream of injection through-a single rbw of
holes‘at an angle of 35 degreee. Spacings between
holes of 2.22, 3,33 and 4,0 diameﬁers were used with
Mach numbers in the range from 0.4 to 0.6, The film
cooling effectiveness is highest for the smallest
gpacing and decreases with increased spacing. At the
emellest spacing, the ﬁall temperature doee not vary
laterally and the flow field 1s observed to be
approximately two-dimensional for downetream distances
greater than 14 hole diameters. The flow fleld is
obeerved to be three-dimensional and the wall tempera-
ture varies in the lateral direction for the larger
spacings.

With the exception of the region immediately



downstream of injection, the trende 1n the data are
veimilar to those observed 1n (18) and (19) Eor bolee
gpacings of 3, 33 and 4, 0 diametere and at a blowing-'
‘rate M.O 85, the resulte of (24) ehow the centerline
ifilm cooling effectiveneee to firat increase before
'“decreaeing with x/D. ' This increase 1s not observed at
_eimllar blowlng rates in (18) and (19). Comparieon.of'
the magnltude of thé film cooling effectiveneae |
_'meeeured in ‘theee two etudiee is difficult gince
different hole spacings and blowing retee are ueed
1 but the reaults of (24) seem to be aomewhat higher ,
_ than tboee of (18) and (19) ‘ The difference could be
due to differencea in the Nach number, Reynolde number‘j
or mainstream boundary layer thicknees.'- o -
| Burggraf and Huffmeier (25) measured wall tempera-
tureedownstream of inJection through eingle and B
etasgered double rovs of holee at an angle of - 35
'degreee. The epacing between holee was' 2 82 d1ameters
and.  in Fh@'f—f—::l°w was high. Single
hole results'dieolay"a peak slmllar’to:that ahbwnTOn
Figure 6 but the masnitude of the £1lm coollng |
effectiveness is less, Thls difference is attributed"'
to .greater mixing between the Jeta and free stream
that would result from the higher turbulence level.
1‘The film cooling effectivenese values for the stagse red

.....

double row of holes 1ncrease with blowing rate beyond
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M=0.5 and do not show a peak., The first roﬁ of Jets‘
apﬁarently £111s the voilds between the second row and
Jet.penefration 18 reduced. ‘
Information concerning heat exchange between the
wall and gas flow in a three-dimensional film cooling
environment is sparse. Metzger and co-workers'(Q;fO)
measured the avérage heat transfer for injection
through a row of holes aﬁ angles of 20 and 60 degrees
and hole spacings of 1.55 and 1.71 dlameters. Their
results do not differ from results without inJecﬁion
for injJection at an anglerf 26 dégrees.A‘Their fesults
for 60 dégfee injection are repeated on Figure 4, The
downstream diétance over which the~wali temperature 1is
averaged 1s X; s 1s the equlvalent width of a slot
whose area 1s equai to the area of the holes through?
which the coolant flows. The average heat transfer
coefficient 18 higher than that without injection in
the region immediately downstream of the holes but
soon decreases to the same value, Burggfaf and
Huffmeler (25) measured average heat transfer down-
stream of injection through single and staggered
double rows of holes at an angle of 35 degreee. For
blowling rates less than 1.0, fhey did not find
significant différences betwesen results with and
without injection., At blowing rates of 1,5 and 2,0

the heat transfer was greater than occurs without



'injection.1 The heat tranefer near'injection at theseﬂ
'_ higher blowing rates 1s characterized by the equation‘f

_for heat tranefer without inJection when the mass f 2
g velocity is replaced with the coolant mass velocity.

In the present investisation local values of the

1"heat transfer coefficient are determined for inJection )

3of heated and unheated Jets of alr through holes. Two:d'

_inJection geometries are used--a single tube normal to‘ _
':fthe direction of main flow (Figure 5(a)) and a row of
tubes spaced at three diameter intervals across the
span and inclined at an angle of 35 degrees to the
main flow (Fieure 5(b)). A few measurements are _
.conducted usins a singlehtube from the row. The out- '
.lets of the tubes are flush with the eurface on which
measuremente are conducted A constant heat flux is jp
generated electrically at the test surface and local |
: surface temperaturee are measured ! Equation 2 ie used
Afdto calculate the heat transfer coefficient. Eor .

‘ je “onh ‘i S , 4 .
temperatures), the mainstream recovery temperature is
- used as the - adiabatic wall temperature. For inJection
of heated Jets, two sets of measuremente are conducted.p'
The wall temperature is measured with the wall heated -
- and unheated the latter values being the adiabatic

wall temperature. Experiments with heated Jets there- :-'
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fore also yleld values of the film coolihg effective- =
ness. | | |

The flow through a single tube aligned normal to
the mainstream 1is stuaied visually. A COQ-water fog
18 used for the jJet and this 18 photegraphed at the
two different exposure times; 'Time expoeure,photOgraphsj
show the average path of the Jet in the crossflow; very
short exposure times are used to show the eddies and
vorticiee that result from 1nteractlon between the Jet
and main flow. »

The inside diameter of the normal inJection tube
is 2. 35cm° that of the inclined tubes 18 1.18cm, For
1nJect10n of heated Jets, a temperature difference of
approximately 55 C is used, resulting in a density
ratio of approximately 0.85, When unheated Jets are -
used, the density ratio is 1.0, The range of variables
~studied 1s as follows: free stream velocity Uyo=30.5-
61.0 m/sec, Reynolde number based on free stream
veloclty and inj)ection tube diameter Rea:0.22 b 4 105-
0.88 x 105, displacement boundary layer thickness at
the point of injection J¥ =0.14-0.21 cm, blowing rate
M=0.1-2,18 and wall heat flux ¢=0-C.25 W/cm? resulting
in differences between the wall temperature-and

adiabatic wall temperature in the range O~33°C.
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II. APPARATUS . . -

A, Wind Tunnel and. Secondary Flow System R

o A photograph ‘and a - echematic drawing of the
apparatus used in thie‘inveetisation are ehown.on |
Figures 7 and € reepectively. The air.mainstream in,éef
‘the wind tunnel flows from the roomzthrough an n
entrance section, the test section, a diffuser, &
‘blower, and finally through a gilencer before beins
Adiecharged outside the building. -Detailed descrip-
tione of all parte but the teet section proper are
.contained in other repcrte (16 17 20) and will not be |
'repeated here,. PSR Y

‘The eecondary or injected air is supplied by the

building alr compreseor. The flow rate ie controlled :
'by a preeeure regulator end needle valve and ie ‘
messured with 8 thin plate orifice meter., Temperature"
fluctuatione introduced by the compreeeor are | |
eliminated by paeeing the air through a long coiled
COpper tubing eubmerged in a lerge tank of water, The
air is heated in s etainleee steel tube around which
heating tapee are wrapped.. The heated air rlowe into
a plenum chamber that provides uniform flow to the

inJection tubee, Thie eyetem ie aleo deecribed in’'
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greater detaill in (16,17,20).
B. Test Section

The test section measures 20.3 cm b§-20.3 cm in
cross section., 1Its overall length is different for
the different types of injection., For normal
injection 1t 1év129.8 cm long; for 35 degree injection
it 18 153.8 cm long. The bottom wall 1s constructed
of Textolite and the top and side walls are constructed
of Plexiglas and Textolite. The test section consists
of three segments,

Starting at the downstream end of the contraction
and proceeding in the flow direction, the first segment
6f the test section 1s 20.3 cm long. It containe an
impact probe and wall presaure.tap fo determine the
free stream.vglocity, a thermocouple probe to measurev
the temperature of the main flow, and two thermocouple
Junctions'émquded in the bottom wall to determine the
freé:stream recovery températdre. The bottom wall is
thin (0.32 cm thick) to allow it to respond quickly to
any temperature changes in the main flow., 4 0.064 cm
diameter boundary layer trip wire 1s located on the
bottom wall approximately 3.8 ém downstream of the
contraction section. An additional sandpaper-type trip
ie located on the bottom surface of the contraction

gection about 24 em upstream of its ocutlet. This



| _additional trip 18 included to provide a thicker
boundary layer than was ueed in previous etudiee
(16-21), The diameter of the sand graine liee in the
renge:7oo to 1000 microns. The trip measures 1.1 em ’d}
in-the flow direction and eoane the width or the o
‘hucontraction eection. | .
 Proceeding in the flow direction, the next eegment
le the injection section. Two different eegmente are
ueed in thie portion of the teet eection. The normal
injection eegment that correeponde to inJection as
shown on Figure 5(a) ie 6 5 em long.' The tube ie ‘
approximately one meter long with an.inside diameter
or 2 35 cm.v The eegment containing a row of five ‘
tubee at an angle of 35 degreee to the direction of
main flow as shown on Figure 5(b) 1ie 30 5 cm 1ong. 3
The dietance between centere of these 1, 18 cm ID tubeei
13 3 54 em (3 diametere) They are . approximately 73
cm long. The tubee in both eegmente are cemented into
the 0O. 64 cm thick bottom piate ;o the eegmente.end
3round flush to the tunnel eurfaoe.. In order to_
reduce heat conduction from the tube to the plate, the
1njection platee are thinned from the backeide to a
thickneee of 0.32 em’ in the region eurrounding the
tubee. Thermocouolee are eoldered on the outeide of -

the normal inJection tube and center 35 degree |
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injection tube at distances of one-half, four and one-
half and eix diameters from the discharge end. The -
outer tubes in the row have thermocoupiés at the”
location eix dlameters from their outlet. The inlet
ends of the injection tubes join the plenum chamber
mentioned above. All tubes are surrounded with fiber- .
glass and styrofoam 1nsulat16n.

The assembly coneisting of the bottom plate of
the injection segment, the tubes and the plenum chambér
are free to slide in the lateral‘difeqtion. The hole
through which the secondary gas flows can thus be
located ét an& lateral poéition.in the tunnel and a
éingle.foﬁ of thermocoubles ié uéed'to measure wall
témperature distributions downstream of injectlon.

The third segment of the test section contains
-the test plate shown on Fiéures 9 and 10, Eighteen
stainless steel heaters are cemented to the Textolite
plate. Electrical current 1s passed through the
t are wired in series and the heat generated
within the heaters enters the flow. The test plate is
desligned to minimize heat losses out the back and
conduction within the wall. Heat generated at a point
should then enter the fléw at that point and the local
heat transfer coefficient can be determined from the
local wall temperature at the pdint. In reality, theres

are heat losses due to conduction out the back and
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radiation and there are small errors in the measured
local wall temperature due to heat loes through the
thermocouple leads and conduction within the_wall.
Corrections that are applied to the measurements to
take these factors into account are dlecueeed 1n the
Appendix,

The eegment of the test section conteining the
test plate 18 1C3 cm long. The plate that the heaters
are cemented to 18 0,16 cm thick and ies supported by -
two rows of C.48 cm diameter Textollite pins as shown
on Figures 9 and 10. The teet platé ie not fastened
rigidly to the frame along'itelsides but is free to
s8lide between the frame and tunnel wall-as 1t expands
when heated. "O" ring seals are ﬁeed to prevent léaka.
The Styrofoam insulation behind the plate is approx-
imately 5 cm thick, The stainless steel heatérs.are
C.025 mm thick by 5.04 cm in the flow direction. They
epan the entire 24,1 cm widtﬁ of the test plate and
are spaced O.vA mm apart, ilicone rubber cement is
used to fasten the heaters to the Textolite plate. By
passing under the side wglls of the»test gection, the
heaters tend to 5uard.heét againeﬁ losses oﬁt the
geides of the test plate. Copper buss bare that
measure C,48 ¢m by 0.72 cm in cross section by 5. 04 cr
long are soldered to the ends of the heater strips.

Two sete of heaters were ueed in this investigation.
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The first set; whiéh was used for the experiments with
normal injectlion, etartea to come loose from the
surface midway thrbugh the experimental program,
Bubbles formed between some of the heaters and the
surféce on which they were mounted and wrinkles
‘appeared in several other heatera. These effecte arev
probably the result of different rates of expansion
between the stalnless steel heater material and the
Textolite surface. A second set_of heaters was
ihstélled and operated at‘lowerAwall tempgraturee for
expefimente with 35 degree injection. These hsaters

adhered to the surface.

C. Instrumentation

Power for the heaters 1s provided by two 900 watt
direct current power supplles wired 1n.series;' The
current passes through a ghunt and through each of the
heaters that are also wired in series. Current flow
is determined from the voltage drop acroas a calibrated
gshunt and the heat generéted 18 calculated from the
current flow and the reslistance of the heaters. Wall
temperatures are measured by 36 gage iron-constantan
thermocouvrles that are embedded in the test sufface,
Copper oxide cement_holds the thermocouple Junction in
the 0.89 mm diameter hole in the Textolite plate behind

the heater. The thermocouple Junction is electrically
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inaulated from the heater by both a thin (O 063 mm
.thick) layer of copper oxide cement and a thin (0 063
mm thick) layer of silicone rubber cement The |
; Appendix containe date analyeie details and uncertainty"w.
estimatee.-'A“ I ,.-
Boundary leyer profilee are measured with an -
impect probe and etatic preaeure teps in»the tunnel
walle Dimensions of the probe tip are 1.11 om. wide byv :
"o 312 mm high on the outside and 0.762 mm wide by
0 145 mm high on the ineide. Static preeeure tape are
C. 89 mm in diameter.: A micrometer head on a elidins

cerriage ie ueed to position the probe.’”

p;i*Fiow Vieualization Syetem -

: ‘The - heated test plate and tunnel gide walls. -are
replaced with different Plexiglae eectione for. flow 1'3.
yieuelization exveriments, Theee eections provide a

clear view of the‘Jet. They can aleo be peinted

¢cleaned and covered with adheaive backed eheets of flat R

black paper and plaetic without fear of damaging the f
heatere or thermocouplee.» ,. :‘_

The secondary rlow eyetem is: replaced by an
aoperatue that generatee the fog necessary ror flow
vieuelization, Thie apoaratue consists of a aealed
‘preesure ?eseel with a single outlet and the;neceseery_

tubing to connect this outlet to the injection .tube.
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Dry ice and hot water are combined ineide the conﬁaiher
to produce a carbon dioxide-water fog. Pressure builds
up inside the container as the fog 18 produced, causing
1t to flow through the 1hJection tube and into the |
tunnel. The mase flow rate of the fog is determined

by the water temperature, the amount of dry ice used
and the slze of the dry ice pleces. |

The mass flow rate is measured by timing the
decrease in welght of the mixture of dry ice and hot
water as the fog 1s elected.” Since the mass flow rate
of the system 1s limited, it is necessary io operatell
the wind tunnel at.velocitieg as léw as 15 m/sec to
achieve blowing rates as high a8 2;0.

The fog that emerges from the flow visualization
system is a tﬁo-phase mixture of carbon dioxide, vater |
vapor and water droplets., The individual masses of
dry ice and water were measured before and after the
eyetem was operated to find that the fog mixture
contalns approximately 88 percent carbon dloxide. In
order to calculﬁte the density of the fog, it is
necespary to know what fraction of the water droplets
are entrained in the fog as a fine miet.and vhat
fraction remains on the walle of the tublng of the
apparatus. If 1t 1s assumed that all of the droplete
remain in the tubing and the fog contalns only carbon

dioxide and saturated water vapor, the density is



| | s
approximately 1 47 times that of air.' lf.it'is 3[ o
assumed that all of the water droplets are entrained
in the fog as mist along with' carbon dioxide and ‘
saturated water vapor, the density is approximately
1.67 times that of air.. Since it 18. difficult to '
estimate the fraction of water droplets in the fog, dhg.ﬁ
the density is assumed o bs the mean or the two .
limits described above. The ratio of the density of
the inJected fog to that of the air mainstream is thusl
1571 68 ;f_. L
:_‘: Photographs are taken with a 35 mm camera.. Slide -
projectors are used to illuminate the Jet and ;?\ ”
'photographs are taken at an exposure time of O 125 sec
to determine the . average path of" the Jet ' A high }' _
.-intensity 8trobe light is used as a flash attachment _
to take additional photOgraphs at an exposure time of :
Q)Xsec. The Jet is illuminated with several very ;
intense slide proJectors to also record motion pictures__
at film.speeds as high as 3300 rrames per second The
lights “&nd flash attachment are positioned to shine e
through the . jet from the side opposite the camera._i5
The angle between the line of sight and direction of
the light incident on the Jet is typically about 60 1

degrees.
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III. OPERATING CONDITIONS AND PROCEDURES

A. Operating Conditions
“ Tﬁis experimenteal investigation 18 conducted
ﬁnder the following oﬁerating conditions,

1. -Steady state conditione exist during the tests,
2. In the absence of secondary flow, there is a fully
developed turbulent boundary layer on the test

surface,

3. In the absence of secondary flow, the velocity in
thevmainstream outside of the boundary layer on
the test section wall is uniform. V

4, The wind tunnel ie operated at a mainstream
velocity of either 3C.5 or 61.0 m/sec.

5. In the absence of primary flow, there ig fully
developed turbulent pipe flow at the outlet of

L Y 4 1
vhe injection tubes,

6., In the absence of primary flow, there ie a uniform
temperature profile at the.outlet of the injection
tubes,

7. The temperature of the injected fluié is avpprox-
irately equal to that of the mainstream for

gtudies with unheated injection.



8. The difference between the temperature of the -
| inJected fluid and the mainetream 1s. approximately .'
55 C for etudiee with heated inJection. ’ g
'9.‘]The wall heat flux ia between 0 and 0.25 watte/cm?,fg:
' f,rmeulting in. a difference between the wall temnera- :
"ture and adiabatic wall temperature in the range—“'
0-33%. | |

| Velocity and temperature profilee at the outlet of

. I

the inJection tubee in the abeence of primary flow are',jp.

presented in (16 17) and will not be repeated here.

The eecondary air temperature,‘Ta, ie taken as that
Vmeaeured by thermocouplee 6 diametere upetream of the 1
'tube outlet. The difference between thie temperature
end the mainetream temperature variee by approximately--?:f
one percent acroea the row of holee, the bulk of thiei"
variation being between the outeide tubee and thoee

| next to them. Variation in exceee temperature acroee‘;

the inner three tubes 1s thua much lees than one ﬂ )

| percent ' Velocity at the outlet of the tubee variee

' by approximately one percent across the row.

| The boundary 1ayer on the teet eurface ie thicker
' than that ueed in earlier etudiea with thie apparatue

(16-21) due to. the addition of a sandpaper type trip
| 4upetream of the teet aection.’ Velocity profilee were

1'therefore measured at locatione both on and off the

centerline of the teet eurface and at different
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posifioﬁs'along the'lenéth of the teet section to
determine the characteristics of the new boundary
iayer. vThe injection plate was repléced by a flat
surface that contained no holes for these tests.
Bdundary 1ajer profiles measured at three different
éenterline locations aloﬁg the tést surface are
presented on Figure 11, Theee profileé are seen to be
in good agreement with each other and with the profile
reported by Klebgnoff'and Diehl (26)., Figure 12(a) o
showe tﬁe boundary_layer dieplacément thlcknées.both
on and off the centerline of the test surface at three
different locations. The variation of boundary layer
thickness with lateral position is eeen to be small.

Under the assumption that the boundary layer
drigihétes as a turbulént ohe, 1t ie:posaiﬁle to
determine from the velocit& measurements the effective
etartiné position of the boundary layer and with 1t to
define flow conditions in the test eectiqn. If the
Blasius equation is used for shear stress at the wall,
growth of the boundary layer can be expreseed in'terms '

of the displacement thickness (27),

Sroc (f5) X @

This equation is rearranged to be lihear in X,.

025 V.25

(-f’aouao) J* °(‘ X, ' | | (

Use of the momentum thickness &, to represent the

-3
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‘thicknese of the boundary layer results in a similar

_equation.

Results of boundary layer profile measurements on the |
"“centerline of the test surface are presented in the
' form of equations 7 and 8. on Fisure 13. Straisht
,lines fit to the data are extrapolated to the point of
zero boundary layer thickness to yield ‘an erfectivei;f'-'
| 7starting length of 46 cm upstream from the trip wire.
.‘The arrows on the abscissa denote the locations where '
'the secondary fluid is inJected - The dashed line e
‘represents the boundary layer that was present in the;f
studies mentioned above.: At the point of inJection, |
A‘7the new boundary layer is" approximately 80 percent
: thicker than in the previous normal inJection studies
»and about 45 percent thicker than in the previous 35

degree inJection studies.&fffv/

Boundary layer growth on the wallsiof the test
section causes the main flow to accelerate.'"The* o
resulting pressure distribution is measured using :
’pressure tape in the wall of the teat seotion.v For
free stream velocities or both 30 5 and 61 O m/sec L
the velocity of the main flow increases by approximately
six per\.en+ ove *he lenguh of uha test seo‘icn\;”.,

The heat transfer coefficient without secondary
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injection 18 uced as a reference for tests w;th
injection. Thie heat transfer coefficient depends. not
only on the free stream velocity and-poéition along
the heated wall, but also.on the hydrodynamic starting
length from where the velocity boundary layer starts
to grow to the location where heating of the wall
begins., If the effect of the hydrodynamic starting
length 1e neglected or 1f the velocity boundary layer -
stafta}to grow at the start of the wall.heating, the
heat transfer coéfficient:on a éqnstant heaf'flux
sﬁrfacé with no pressure gradient'ié given by the
féllowing equation (28). | |
| ot T\; o4 -04  -02

Sh() = 0309 Pr T Rey ()
This‘equation is also modified to take the unheated
starting length into consideration in (28).

The heat transfer coefficient'ln the test -section
without injection 19 measured at velocities of
approximately 30.5 and 61 m/sec using both injection
segménts. ‘The holes are covered with very thin tape
to provide a smooth surface. Typlical results are
shown on Flgure 14, The local free stream velocity in
the test section (corrected by the static pressure
variation in the flow direction) 1s used in ﬁhe Stanton
and Reynolds numbers. The distance X, from the start

of heating i1s used in the Reynolde number. The upper



graph represents the ehort atarting length correepond---
ing to the normal injection eegment' the lower graph |
correeponde to the 35 degree eegment.z The etraight |
1inee on the graphe are given by equation 9 in which ‘vi‘
the unheated etarting length ie neglected. The ?f;'d;"
etarting point for boundary layer growth from Figure '
»13 is ueed to determine etarting lengthe to use in the

| modification of equation 9 given by (28). The reaulting'
curvea are aleo ehown on Figure 14 At 1ocatione near
,the etart of heating experimental reeulte fall between
vthe relationships that neglect and consider the B
unheated etarting length. At downetream locatione

‘ where the effect of etarting length is lees important
the experimental reeulte and theoriee merge together..'w
The difference between experimental reeulta and the
'theory that coneiders the eftect of unheated etarting
length indicatee that either the theory overcorrecte
equation 9 or that the etarting lengths from Figure 13

used in the' t.eo;y? are too_large,_%l'eeeond*hrheéted””‘:

starting”length‘ therefore determined by fitting the

equation in (28) that correcta for etarting length to
experimental data. Starting lengthe determined in thie-
way and the relative etandard deviation between the:"
data and’ the curve fit to the data are 5iven in the N

»table below.
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| Table I |
Unhegted Starﬁing Lenéths and Relative Standard
Deviations for Curves Fit to Heat Trgnsfer Results
Without Injection |
90° Injection 35° Injection

Section Section
U (m/eec) 30.5 61 30.5 61
Unheated Starting ;
Lengths (cm) 4.8 7.9 .4 26.2_
From boundary layer ,
growth 71.3 71.3 95.4 95.4
From equation of (28) 4.8 7.9 9.4 26,2

Relative Standard Deviation of Curve Fits (equation
from (28)) ' |
Starting length from
- boundary layer growth . 106 . 088 111 .072
Starting len%th from :
equation of (28) «030 . 040 . 042 .034
Zero starting length - .076 107 .102 . 154
The wall temperature should not vary acroes the
span when there is no secondary injection., Wall
temperatures measured by off-centerline thermocouples
at several iocations along the lengtin of the test
section are presented on Figure 12(b). The difference
between the wall temperature and the free stream
temperature 1s normalized by the difference between the
temperature measured by the centerline thermocouple at
that same longitudinal position in the test section and

the free stream temperature, The temperature



.dietribution is very flat across the center 60 percent,
"~ of the teet section ‘where: all measurements are
_conducted Temperatures near the eide walle of the
teat eection are eomewhat high because the heat
-gﬂgenerated under the walla is conducted into the pfi__w‘;;
Mtunnel.p S o o
ét"dperating~Procedure | |

" The primary flow in the wind tunnel the eecondary
_flow throush the inJection tubea and the heat flux '
_ from the test - eurface can be changed to conduct the .
experimente under a variety of conditions._ Adiabatic

» wall temperatures are determined by operating the o
' tunnel with inJection of heated secondary air and no
v=heat flux from the test: eurface.ﬂ Heat transfer ,
.coefficiente can be determined two-different'waye. i

“One method is tc operate the tunnel with heated o

| inJection and a heated wall. “The heat tranafer
,vcoefficient 18’ defined ueing the difference between .
“the heated wall temperature and the adlabatic wall
'temperature that wag - meaeured under the same - flow
conditione. "The eecond way is to operate the tunnel»‘
with unheated injection and a: heated wall. Under
’theee conditiona, the heat tranefer coefficient 18 fﬂ
‘-defined ueina the difference between the heated wall

temperature and the free stream recovery temperature f'
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since the adiabatic wall temperature and free stream
recovery temperature are the same for unheated
injection, Two separate sets of measurements are
necessary to determine the heat transfer coefficient
by the first method'whereas only one set 18 neceassary
for the second.

In all cases, the primary flow, thée secondary
flow and the wall heat flux are set at the desired
operating conditions and wall temperatures are
measured after thermal steady state has been attained.
The lateral position of the injection holw relative to
the row bf thermocoﬁplee is changéd and wall tempera-
fures afe again measured after steady state has been
reached, This procedure is repveated until the desired
mapping of wall temperatures is obtained, Small
adjustments in the primary flow rate, secondary flow
rate or wall heat flux are made during the run when
necessary to set the desired M, U,, and q.

Detalls of data reduction techniques and

uncertainty estimetes are contained in Appendix A.
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IV, RESULTS .

A. Flow Vieualization ' _ A

L Reeulte of the flow visualization etudy are
presented on Figure 15, Carbon dioxide-water fog is
1njected through a gingle tube at an:engle of 90 N
degreee'to the main flow. The free stream velocity -
varies from 30,5 m/sec at the low blowing ratee‘to,15m/-
sec at the high blowing rates.. The two columns on the
left contain photographe7offthe Jet as viewed from the
eide, the columns on the right contain photographs of
the Jet from above. A white line denotee the center—
line of the teet eection.'. The three linee croeeing
this 1line are located at distanoes of. one; five and tenv
diameters downstream of the hole. They are approx- o
1mately three diameters long. L
T The photographe at an expoeure ‘time of 0. 125 sec
. ehow the outline of ' the Jet 'in an average'eenee.. As.
the blowing rate 1is 1noreaeed the Jet penetratee ‘
farther 1nto the main flow. Lateral ‘spreading of the”
Jet aleo 1ncreases with blowlng rate. Photographs at
an expoeure t1me of B/ueeo 1ndicate that the true out-
line of the Jet 1e very 1rregu1ar and varies with uime.

Interaction betwsen the Jet and mainetream createe very
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large eddles and vorticies. The jJjet does not f1ll the
entire outline indicated by the time averaged photo-
graphs at any given instant, but fluctuates within
this outline. The short exposure time'photograph at
M=2.0_clearly.shoﬁa the Jet away from the wall whereas
the time averaged photograph indicates that the jet
clings to the wall, The outline of the jet at the
‘long and short exposure times 1is similar to that on
photograpvhs in (20) and (21) where the blowing rate is
"M=C.9.

B To show that the large eddies and vortices
dbséfveé on the "1natantaheoug" photographs on Figure
iS are a result of the interaction between the jet and
mainstream, photographs of the jet without a 6rossflow
are shown on Figure 16, The eddies along_the edge of
the Jet in still air are much smaller than those
observed in the presence of a crossflow.

'In order to observe the formation of eddies and
vortices in the jJet, high &
taken. The f1lm speed 1s about 3300 pictures per
second; the exposure time of each picture on the film
is approximaﬁely 0.0001 sec (100/ABGC). When viewed
from the aidé, the Jet appears to be pulsing as 1t
leaves the hole, thus forming the large eddies that are |
seen along the upper edge of the Jet. The eddles

formed by these pulses rotate as they are accelerated
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and turned by the mainstream. After turning the
initial sharp curve in the Jet_trajectory, they_proceed
downstream without rotation. The high speed motion
plctures viewing4the Jet from above'snow_vorticies .
leaving both gldes of the jJet. ,'.

Reilly (29) has also conducted a flow visualiza-
tion study for Jets inJected normal to a crossflow
also. Most of the blowing rates'in his investigation
are higher than those ‘used here, but some comparisons ”
can be made. The interaction between the Jet and ) d
crossflow that he observes is similar to that described
above. Photographs of the Jet traJectory that he
presents for M_O 98 and 1 84 ghow the Jet penetrating
further into the mainstream than the jets at similar
blowing rates on Figure 15. This difference could be
due to the-difference in density'of the injected fluids.
,Reilly 8 secondary gas 1s a smoke in air mixture of
.which the density ER probably about that of air._?The
carbon dioxide-water droplet mixture used as- the

secondary fluid in the present study has a density
approximately 1.57 times that cf air. Since many
correlations of Jet traJectories in crossflows use the
momentum flux ratio I rather than tbe blowing rate M,
a comparison between the two studies at similar values~
of 1 mignt be more reasonable. Blowing rates M=0. 98
~and 1;84 in Reilly's study'then correspond to M=1,22
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and 2.31 in the present lnvestigatlon. Agreement
between photographs 18 somewhat better when compared
on this basis although the reeulﬁa éf (29) st1l1
indicate slightly greater penetration. This difference
could be due to differences in Reynolds number or free
stream boundary layer thickness at the point of
injection. Since the ffee stfeam velocity (approx-
imately 3.2 m/sec) in (29) 1s much smaller than those
used in the present study, the boundary layer at the
point of injection in (29) could even>possib1y'be
laminar which would permit greater penetration.

Temperature profiles measured in the flow for
normel injection (20,21) show that the heated alr jat
penetrates into the maln flow for M:O;S with the
penetration increasing with blowing rate. Taking the
dehsity ratio for heated air jJetes (f2fﬂb =0.85) into
consideration as is done above, thls blowing rate}
corresponds to a blowing rate of M=0.68 with the €O,
fog on Figure 15. The photographs on Figure 15 show
the jet appears to remain near the wall at M=1.0 and
gtarts to penetrate into the free stream at M=1.5,
This discrepancy could be due to coﬁparison of the
experiments on the basis of momentum flux ratio., Most
relations that correlate Jet trajectory with momentum
flux ratio I are for high blowing rates where the

presence of the wall and the boundary layer growing on




the wall can be neglected. : ComparisonlhetweenA‘, o
experimentsvon the:basis'of"llmsy'thereioresnot_be )

valid near a wall,

B. Normal Injection

1. Film Cooling Effectivenese ‘

| Results of adiabatic wall temperature measure- '
ments with the single normal inJection tube are. .
presented for different blowing rstes snd Reynolds.;f””
:numbers on Figures 17-25.; The data on Figures 17-21'
were: measured at .a higher free etream velocity than .
the dsts on Figures 22-25 to see if the Reynolds .i
number ReD or the boundary layer thickness at the point
of inJection influence the film cooling effectiveness.
The film cooling erfectiveness is plotted against the
distance downstream of inJection X/D at fixed values of
the lateral position. The small inset on these
‘figures contains a cross-plot or the film cooling
effectiveness against latersl position at fixed values
of the distance downstream. L .
» The trends observed on these plots are similar to
'those observed in other investigations for inJection ;~
through a sinsle hole (16-19) Along the centerline
(Z/D:O), the rilm oooling effectiveness decreases in .
the downstreem direction as the Jet temperature o

deoreases due to spreadins and mixing with the main
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flow, Af lateral iocatlone beyond_the initial wiath
of the jJet, the film cooling effectiveneea first
increaces with distance downstream due to spreading bf_
the Jet before then decreaging<as-the jet mixes with
the maln flow, ‘

The'ééhtérline’fiim cooiihg'effeétivehess ie
plbtted againet'tﬁe blowing rate M at four downstream
locations on Figure 26, The effecﬁiveness firet
increases with blowing rate,_reachee‘maximum in the
rénée M=0.4-0.5 and then decreases ae the bloﬁlng'rate
is further 1h9réééed. Thé behaviof of these durves is
controlled by two effects.v.4§4the blowing rate is
incréaséd, the amount of enthalpy cohtaihed in the Jet
1a‘1ncreaaed.' When the jet remains ﬁear the wall, the
effectiveness therefore ihcreaees as Figufe 26 shows
fdr small values of M. At blowing rateslgréatér.than
0.5, an increase in ﬁhe blowing rate increases the
penetration of the‘Jet into the main flow, resultihg _
in a decreacse in the film cooling effectiveness. -

| Results from (17) are 1Ac1uded 6n Figures 22 and
26 along with results from the present 1nvéstigatiqh.
Agreemént 18 qulte good with both sete of data varying
with X/D, 2/D and ¥ in the same way. :However, the
results of (17) fall a:féw percent below those of the
presgent etudy.  It is unlikely that the difference is
due to the wall conduction correction th@t ie applied
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to the present data or to d;fferences in the boundary
layer thicknees at the point of injection, since the
wall conduction correction is emailer than th9
difference between the two sets of results and the
thicker boundary layer in the present investigation 1is
expected to give a value of the film cooling effective-
ness that is lower than that found in (17) rather than

the higher value that is observed,

2, Heat Transfer Coefficlent

The heat transfer coefficient downstream of
injection of heated (TQ-T062&55°C) and unheated
(T2=Too) a1r~Jete is presented on Figures 27-48 for
different values of the blowing rate. The large
number of figuree are a result of varying injection
temperature, Reynolds number and wall heat flux at
most blowing rates. The heat transfer coefficient hy
1s defined using the differeﬂce between the weall
temperature and adisbatic wall temperature as in
eguation 2 for heated injection., For unheated
injection the adiabatic wall temperature equals the
free stream temperature Too and the temperature
differenqe used to calculéte hg 18 T,-T,n,. The heat
transfer coefficient ha 1s normalized by the heat

transfer coefficient ho measured at the same location

in the test section and with the same free stream
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velocitj, but without secondary injection. hy is a
function of both X and Z; h, varlees with X only. The
ratlo ha/ho is plotted against the distance downstream
of injection X/D at fixed valuees of the lateral
poeition Z/D. The emall inset on each figure presents
a crossplot of h,/h, against Z2/D at fixed values of |
X/D. |

Data at a blowing rate M=C.! are presented on ‘
Figures 27 and 28. InJection at this low blowing rate
hes 1ittle effect on the heat transfer coefficlent
near the}hole. Further downstream, (X/D>>10),
heaf transfer coefficlent in the region 2/D=0.25-0.75
increases to approximately 10% bigher than the flat
plate value. The heat transfer coefficilent on the
centerline 1s slightly lower than near the edge of
the jJet where a great deal of interactlon occurs
between the Jet and the mainstream., For Z/D>1.0,
inj)ection has.llttle.effect on the heat tranefe:
coefficlent, There 18 good agreement between data for
heated injection (Figure 27) and for unheated injection
(Figure 28). |

Data at a blowing rate M=0,2 are presented on
Figures 29-32 for heated and unheated injJection at
different values of q and Rep. All figuree show the
game basic trende, however, the magnitude of the heat

transfer coefficlent varles gomewhat from flgure to
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figure. The heat transfer coefficlent 1s obaserved to
be a maximum near the edge of the Jet where large
eddies were observed in the flow visualization
experiments and 1s slightly lower on the centerline as
1t wag for M=0.1. Maximum valuee are approximately
12% higher than the f1lat plate value for Rep=0.45 x
10° (Figures 29,30 and 32) and 14-16% higher for Rep=
0.87 x 105 (Figure 31)., The influence of the jJet on
the heat transfer coefficlent 1z spread over a
slightly wider area for M=0.2 than for M=O.1 and the
heat transfer coefficlent is elightly lowér than the
flat plate value for Z/D>1.25, Figure 30 shows the
heat transfer coefficient determined at a heat flux of
0,246IW/cm2‘to be 1-2% higher than that on Figure 29
where the wall heat flux is léwef. The difference is
probably due to experimental uncertainty as the
Appendix shows that uncertaintles are less at higher
heat fluxee where the difference between the wall
température and adlabatic wall temperature is greater
and errors due to conduction within the wall are smaller
when compared to this temperature difference. The run
with unheated injection (Figure 32) and the run with
heated injection at the same wall heat flux (Figure 29)
agree within 1-2% with neither run being conelstently
higher or lower than the other., Trends observed in the

run with a higher free stream veloclity and thus at a
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higher Reynolds number (Figure 31) are similar to
those at the lower Reynolds number but the magnitude
vof the heat transfer coefficient ie siightly higher.

ﬁv Data at a biowing rate M=0.5 are‘preeented on
Figures 33-36, The maximum heat transfer coefficient
1e eeen to be 24-26% higher than the value without
injection near the hole (X/D=2,74). This maximum
occurs near the edge of the Jet (Z/Dz&O.B) with the
centerline value being 2-4% lower, Near the hole, the
heat transfer coefficient in the reglon 0 <2/D<0.75
décreases quite rapidly 1n'the downetream direction;
its value lies in the fangé 12-15% greater than flat
plate §alues at X/D:IO and then decreases slowly with
X/D. At downstream locations the heat transfer
éoefficient i1s approximately 16-12% higher than the
value without injection for Z/D in the range 0-1,0.
Injection has 1ittle effect on the heat transfer -
coefficient at this blowing rate for 2/D>2.,0. Heat
transfer coefficlients determined at the higher heat
flux (Figure 34) are seen to be 2-3% higher than those
at the low heat flux (Figure 33). The run at the
higher Reynolds number (Figure 35) is not significantly
different from Figures 33 and 34, The run with unheated
injection (Figure 36€) 1is similar to those with heated
injection (Figures 33 and 34), '

Since the ratio of the density of the injected gas
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to the mainstream density i1e different for heated
injection (P,/P,,=0+85) and unheated injection
9924?bo=1)’ the momentum flux ratio I ies different and
the jet path may also be somewhat different. A run
with unheatedhtheétion that corresponds to the came
value of I as heated injection at M=0.5 is therefore
tncluded on Figure 37. The blowing rate for this run
1s 0.54. Since this blowihg rate is not much different
' from that on Filgures 33,34 and 36 (P,/p,, 18 still
close to unity for heated 1nJeption), the results are
eimilar and 1t 1s not possible to tell 1f the
comparison between heated and unheated injection is
better 1f—conductéd at like véluee of MorI.
| Data at a blowing rate M=1.0 are presented on
Figures 38-41, The maximum heat transfer coefficient
1s now located at the centerline rather than at the
edge of the Jet as was observed at lower blowing
rates. Its magnitude is as much as 35% greater than
the value without injection for ReD=O.45 p'e 105. This
maximum decreases t0 approximately 17% by X/D=10 and
14% by X/D=18, remaining approximately constant at
greater downstream distances. At downgtream locations
(18< X/D<35) the heat tranafer coefficlient is seen to
be nearly constant for Z/D<{1.5. It decreases to a
value- 4-6% higher than the value without injection at
Z/D=2.5. Results on Figure 39 with a hicher heat flux
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are approximately 2% higher than those at a lower heat
flux (Figure 38) as in earlier tests. Near the hole,
results at a higher Reynolds number (Figure 40,
ReD=O.87 x 105) are 2-3% higher than those at ReD=O.45
x 10° on the centerline and lower for Z/D>1.0,
Results at the two differehtheynolds numbers are
gimilar at downstream locatlions. The heat transfer
coefficient determined with unheated injection at
M=1.0 (Figure 41) 18 similar to‘that found on Figufes
38 and 39 for heated 1njéction ét the same blowing
rate., The heat transfer coefficient for unheated
injection at the same value of I as heated injection
for M=1,0 is cshown on Figure 42, Results on this
figﬁre do not differ from those on Figﬁres 38,39 or 41
by an amount aignificant ehough to draw any conclusions
as to whether comparison between heated and unheated
injection 18 better at similar values of M or I,

Results for heated and unheated injection at

Trends on both figures are similar to those observed
at M=1,0, The maximum (centerline at this M) heat
tranefer coefficlient is approximately 40% higher than
the vglue without injection near the hole, decreasing
rapidly with X/D to X/D=18 and then remaininé

approximately 10% above the flat plate value., Results
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for unheéted injection are elightly higher than those
for heated 1njection. 4

 Figures 45-47 contaln measuraments with heated
and unheated jets at M=2.0. Data on these plots
vehave in the eame‘Way as at M=1,0 and 1.5 except that
the maximum (centerline at this M) heat transfer v
coefficlent is approximately 42-447% higher than the
velue without injection near the hole. Results from.
the run with the higher heat flux (Figure 46) are
approximately 2% higher than those with a lower heat
flux (Figﬁré'hs).flbata for heated and unheated
1nject10n.at M=2.0 are similar. Since the Jets
penetrate into the free streﬁm at thls blowling rate,

there are no eteeb temperature gradients within the

— e ———— e e -

test surface for heated injection and the unce:

talnties
associatéd with these gradients disappear. Uncertain-
ties for heated and unheated injection are now

approximately the same and agreement between the two
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sets of resuits is good., Results
unheated injection at the same value of I as heated
inj)ection at M=2.0 are not significantly different
from those observed for both\heated and unheated
injection at M=2.0.

The heat tranesfer results are summarized on
Figure 49, The maximum (not alwaye at the centerline

as mentioned above) heat transfer coefficlent at a
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fixed value of X/D 1is plotteci against the blowing rate
at thfee different downstream locations. - Near the
hole, injection has little effect on the heat transfer
coeffic;ent at low values of M. A strong effect
appears as M 13 increaced, the maximum heat transfer
coefficient near the hole (X/D=2.74)'being approximately
35% higher than the value without injection at M=1.0 |
and 40-45% above the value without injection at M=2.0.
These hlgh values of the heat transfer coefficlent are
probably due to the high turbulence level that arieses
from the interaction between the Jet and main flow
near the point of 1njection. It was observed earlier
(Figure 15) that very large eddles result from thie
interaction. References (20) and (21) reporf the
?&bﬁ'é}{c_eﬁ;{;nﬁi{ %o be as high as 60% in this
region for blowing rates greater than 1.0.

The maximum heat tranefer coefficlent decreases
quite rapidly in the downstream difection. At |
X/D=T.33, the maximum heat transfer coefficient ie in |
the range 15-20% greater than the value without
injection for Mz1,0. Turbulence intensities have
decreased to 15-2C0% at thile location (20,21). The
maximum heat tranafer coefficlient decreases slowly in
the downstream direction from this point on. For all
but the lowest blowing rate at which teste were

conducted (M=C.1), 1ts magnitude lies in the range
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1C-15% above flat plate values at. X/D=35.44, |
References (20) and (21) show the turbulence intensity
to be slightly less than 10% at X/D=26,24 for M=1 and
2. | |

Near the point of injection, values of the heat
tranafer coefficient with injection that are higher
than those without injection are due to the large
eddies and high turbulence levels that result from
interaction between the jJet and mainstream., The 10-15%
increase in the heat transfer coefficlent with
injection over that without injection that is observed
at doﬁnstfeam 1océtions is not easlly expleined.
Secondary injection increases the mass flow through

the teat eection by approximately 1.1% for M=1 and

"’*‘*““”"‘f”?i?%"fB?’ﬂgéfm"ﬁéﬁﬁiffﬁg incresses in the heat transfer
coefficient due to these increased mass flows are only
approximately 0.8% and 1.7% respectively. If it is
assumed that injJection destroys the boundary layer
approaching the heaters snd a new oné starts to grow at
the start of heating, the increase in the heat transfer
coefficient is approximately 1-2% at X/D=20 and less
than 1% at X/D=40. Attempts to find an effective
starting point for turbulent boundary layer growth
downetream of the start of heating yleld a heat transfer

coefficient with injection that varies from approximately
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15% above the valué without injection at X/Dzlo to 2%
greater than the value without injection at X/D=40
rather than the nearly constant value that 1s observed
in thie range of X/D. Mean velocity profiles in (21)
and (22) show the boundary layer with injection at
M=1 to be thinner than that without injection as far
downstream as X/D=26.24, The higher wall shear etress
in the thinner boundary layer 1s in agreement with the
increased heat transfer coefficlent that is observed
with injection at downstream 1ocat16ns,“ However; this
higher heat transfer coefficient at downstream
locaiione can not be calculated on the basis of é newb
turbulent flat pléte'boﬁndary layer that starts to
grow at or downstream of injection, '
_J"m_Eqﬁ,MésO¢57~£§emma¥£mamnhea%~%ranﬂfaP‘G*%Tficiéﬁt“"""“'—“"‘”"
1s at the edge of the jet rather than at the centerline
(Z2/D=C) as at higher blowing rates. The jet remains
near the wall at thése low blowing rates and ﬁhe‘main
flow interacts with the Jet at 1ts sides and above 1t.
The high turbulence resulting from interaction between
the main flow and sides of the Jet causes the maximum
heat transfer coefficient to be at . the sldes of the
Jet, At higher blowing rates, the jet penetrates into
the main flow permitting the mainstream to flow arcund
and under the jet. Interaction between the Jet and

malnstream now also occurs between the jJet and the wall
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and the.heat transfer cocefficient on the centerline is
no longer lower than at lateral positions,

At a given vaiue of the blowing rate M, the heat
trénefer éoefficient measured with hgated 1njection
and a higher value of the wall heat flux is usually
observed to be approximately 2% higher than.that
determined with heated injection at a lower wall heat
flux., This difference 12 within the uncertainty in
the heat transfer coefficient as ghown in the Appendix,
With the.exception of M=2,0, the heat transfer
coefficienﬁ determined with.unheated'lnjection at the
lower wall heat flux 1s usually 1-2% higher then that
measﬁred with heaﬁéd injection at the esame Heat flux.

This difference is also lees than the uncertainty given

in the Appendix. ~

Uncertainty in the heat transfer coeffidient for
unheated injection 1o lese than that for heated
inJection elnce temperature gradients within the test
surface are not ms great as for hested in
Uncertainty in the heat transfer coefficient 1s aleo
legs for meaéurements at the higher heat flux, The
measurements with heated injection and a low wall heat
flux are therefore probably not quite as accurate as
those with unheated injection or heated injection and
a higher wall heat flux.

Density ratios for heated ({b/ﬂpoo=0.85) and
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unheated (p, /fbo=1) injection are similar enough. to
give practically the same results when heated and
unheated injection are compared at the same valuse of
either M or I. It i1s therefore not possible to say
from these results whether the results should be
applied at like values ¢f M or I when deneilty ratios

significantly different from 1 are used.

C. 35 Degree Injection

In the previous section it 18 shown that the heat
ﬁransfer coefficient with heated and unheatedbinjection
are almost 1dentical. Since 1t is easier (and also
more accurate as shown in the Appendix) to determine
the heat transfer coefficlent with unheated injection

L where 1t 18 not necessary to measure the adlabatic wall

temperature, this mode of operation e used for the
bulk of the measurements with 35 degree injection.
Adiabatic wall temperatures corresponding to theee
measurements. are included in (18) and (19). Heated
injJection 18 used only for measurements at ReD=C.44 X
105 vwhere the adiabatic wall temperature has not been
previouely measured for a row of holes.

1. Film Cooling Effectiveness

Flgures 50-52 contain film cooling effectiveness
distributions at ReD:O.44 x 10° for M=C.2, 0.5 and 1,

The trends on these figures are similar to those
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observed in (18) and (19) and for normal injection.
The dashed llne on eaqh figure shows the centerline
film cooling effectivenees before the correction for
conduction within the wall that ie described in the
Appendix 1is applied. Thie correction 1s largest on
the centerline. The correction 18 significant for
injection through this diameter tube (D=1.18cm) and
should be taken into consideration in the reglon near
the hole. The correction is not important for the
larggr.diameter tube used for normal iﬁjectiqn because
the thlckﬁeee of thé'wgll relative to the'tUbé-diameter
18 smaller for’the larger tube, |
B The centerline film cooling effectiveness 1is

plotted agaihst the blowing rate M on Filgure 53, Data

correction similar to and of the same order of
magnitude as that described in the Appendix 1is épplied
are also 1néluded. Trends in the two sets of data are
similer, each displaying a peak between M=0.4 and C.5,
but the magnitudee differ. The film cooling effective-
ness for injectlion at 35 degreés thus seems to be
influenced by the Reynolds number and/or boundary

layer thickness at the point of injection, Such an
effect was not observed for normal injection (Figure
26) where the centerline film cooling effectiveness is

geen to vary only with M and not with Rep or J¥/D in
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the 1imited range of Rep and OJ/D that was studied.
Varliation of the film cooling effectiveness with
Reynolds number and boundary layer thickness at the
pbint of 1njéctlon for injection through a single
tube at 35 degrees 1s explained on the basis of the
boundary layef thickness at the point of 1njéction in
- (18) and (19). When the boundary layer at the point
of injection 1e thin, the jJet encounters a greater
force upon leaving the injection tube than for a
thicker boundary layer and is turned faster, remaining
closer to the wall and 1ncreaslng the film cooling
effectivenees. The film cooling effectiveness there~
fore decreases ag the boundary layer thickness at the
point of injection increases. The centerline film
-uQQQlingugiiggiizQnQSB_iﬁﬂplgﬁisd_égainat_xha”ﬁiaplgceg;“_"___w.__a
ment boundary layer thickness at.the point of injection
normalized by the hole diameter on Figure 54, Sincse
no difference was found between centerline values of
the f1lm cooling effectiveness for injection through a
eingle hole and through a row of-holes apaced at three
dlameter intervals for M<1.0 in (18) and (19), both
eingle hole results and results for a row of holes are
included on this figure. Data from the present
investigation (&3/DR’0,15) does not follow the trend
described earlier but is greater than some of the

results in which d3/D is smaller. This 1s because of
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Reynolds number variations within the data on the
figure. The dimensionless boundary layer thickness in
(16-19) 18 varied by changing the free stream velocilty
or the hole dlameter an¢ ie thus not 1ndependent-of
the Reynolds number. Since an additional boundary
layer trip 1s used 1in the wind tunnel for the present
investigation, the boundary layer 1es thicker than that
used in (16-19) at similar-valuee of the freevstreamv
velocity. When the variation of the centerline film
cooling effectiveness with'é*/D is observed at a single
value of the Reynolds number, data from this investiga=
tion and results from (16-19) agree, ehowing the film
cooling effectiveness to decrease as {}/D is increased.

The decrease 1g not as great at the larger values of

[¢)
(19), Figure 54 also indicates that the film cooling
effectiveness seems to increase with Reynolds number
Rey but 1t 1s difficult to determinse the amount of the
increase with the 1limited amount of data on the figure.
If anything, one might expect the opposite effect
because of greester mixing at higher Reynolds numbers.
An investigation which permits independent variation of
the Reynolds number and boundary layef thickness over
a wilder range than 1s done here is necessary to better
determine the influence of these parameters on the film

cooling process,
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2.;Heat Transfer Coéfflcient
Thé heat tranafer coefficient downstream of
1n3ec£10n through a row of holes at an angle of 35
deéreea:to the main flow is presented on Figures 55-66
for different values of the blowing rate and Reynolds

number. The holes are spaced at three diameter

- intervals across the span.,

Regults for blowing rates M=C,1 and C.2 are
presented on Figures 55-58, Figure 55 shows that
injection has little eoffect oh the heat transfer
coefficient for M=0.1. The local heat transfer
coefficient;nevervbiffers from the value without
iﬁjecilon by more ﬁhan 5%. Figure 56 shows the heat

tranafer dqefficiénﬁ for ¥M=0.2 to be less than the

coefficién% does not vary much across the span. At
Rep=0.44 x 105, the centerline heat transfer coefficlent
1s somewhat less than between holes near the point of
injection. At doynetream locations, it does not vary
much acrogs the span, In general, the heat trahsfer
coefficient at ReD=O.44 b 105 (Figuree 57 and 58) 1is
approximately 3% higher than at the lower Reynolds
number (Figure 56). Results for heated (Figure 56)
injection give egimilar values of the heat tranefer.
coefficlent as unheated (Figure 57) injJection. The

effect of injection on heat transfer at M=0.,1 and C.2




57

is seen to be less for 1njecﬁioh through a row of
holee at 35° than for normal injection through a single
tube where the heat transfer coefficlient was observed
to be as much as 10-15% greater than the flat plate
value at thesé blowing rates. » |

Figure§A59 and 60 show the heat tranéfer coefficlient
with unheated injection at M=C.5 toc be lower on the
centerline (2/D=0) than between holea where the jete
interact with the main flow. For Rep=0. 44 x 105 the4
heat transfer coefficient variee from approximately
10% lower to about 3% above the value without 1nJaction.

5 resulte are about 3% higher than

FOP RGD_O 44 x 1C
those at the lower Reynoldes number, Results for

heated injection (Figuré 61) are similar to those for

“Unheéeated 1n3ecn10n 2t M=C,5 except fTor the region
1mmediate1y downstream of the hole (Figure 60) where
centerline resulte for heated injection are higher.

Results for M=0.99 are presented on Figures €2-64.
For unheated injection at aeﬁ=o=44 x 1C5 (Figure 63),
the heat transfer coefficlent on the centerline
decreases from a value that 1s approximately 1C%
greater than the flat plate value and nearly constant
across the epan.to a value approximately 4-5% below
the value without injection for X/D>30C. At downstream
locations, the heat transfer coefficient between holes

where the Jets interact with each other and with the
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main floﬁ is apprbximately 15;20% greater.than the
centerline value. The heat transfer coefficient at a
lower Reynolds number (Figure 62, Rep=0.22 x 105) is
approximately 4% lower than the heat transfer =
coefficient for RaD=O.44 X 105 (Figure 63). Results
for heated injection (Figure 64) are greater than ’
those for unheated injection (Figure 63), The
difference varies from aporoximately 6% near thebhole'.
to approximately 2% at downstream locations. |

figﬁrés 65 and 66 contaih resulte at blowing rates
M:1.45 énd 1;94 respectively, The centerline heat
traﬁsfér'coefficient'behaves in the same way ae for.
M=C,99, decreasing from a value that 1is néarly conetant
across the span. The heat transfer coefficient between
holes indreﬁses rapidly in the downstream direction,
reaching a»maximum at X/D=20-25 and then decreasing.

At M=1.45, the heat transfer coefficient achievee a
maximum value (occurring at 2/D~1) aboutvze% higher
than withcut injection. For M=1,94, this maximum

(also occurring at Z/D~1) is appreximately 37% greater
than the flat plate value,

In film cooling applications where the surface to
be ccoled ie a good heat conductor, conduction within
the wall decreases lateral variatione in the wall
temperature and the film coéling efféctiveness and heat

transfer coefficlent depend primarily on X/D. A heat
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transfer coefficlient Ea that can be used in these |
apolications 18 calculated by averaging the wall
temperatures that are used to determine local heat

transfer coefficients

- 3
WCLEE v - S (10)

The bar denotes an average in the lateral direction

only.
+.5

T (x/D) = %S T..(x/yz/0)d(z/D) |
o Aas -' (11)

The adlabatic wall temperature and"approximately
constant (variation is due to change of resistance of
heaters wiﬁh témperature) wall heat flux are averaged
in thle same way. |

The heat transfer coeffiéient defined using

laterally averaged wall temperatures ies presented on

5 5

Figures 67 and 68 for R9D=O.44 x 10” and Re=0.22 x 10
respectively., Figure 69 contalns a cross plot of this
heat transfer coefficlient against the blowing rate M.
Numerical results are included in Table 1II. Flgure 67
shows that results for M<0.5 do not differ from values
without injection by more than 3% for ReD=O.44 X 105.
The heat transfer coefficient at the lower Reynolds
number (Figure 68) varies from approximately 6% below

the flat plate value near injJection to approximately

3-5% below the value without injection at downstream
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locations for M=C.2 and 0.5. Differences between
results for heated and unheated injection are not as
1arge as the expanded scale on Figure 67 makes them
appear., The heat transfer coefficlient for heated
injection is esmaller than for unheated injection by
approximately 1% for M=C.2 and 1,5% for M=0.5. These
differences are similar to thoese that are observed for
normal injection through a single tube and are probably
due the higher uncertainties that are aesoclated with-
heated_ihjection.

At M=0.99, the heat transfer coefficient decreaces
from approximately 10-12% above the value without
injection near the hole to 5;6% above flat plate values‘
at downstream locations for ReD=O.44 x 105. Figure 69:.
shows results for ReD$O.22 x 10° to be approximately
5% lower than those at the higher Reynolds number for
M:O;99. The higher heat transfer coefficlent at the
higher Reynolds number is perhaps due to increased
mixing of the secondary flow at the higher Reynolds
number, The heat tranefer coefficient'determined with
heated injection (4p2/4900=0.85) ie approximately 2%
higher than that found:with unheated injection
gpelpoozl) at this blowing rate. For M=0.,2 and 0.5 the
heat transfer coefficlent with heated injection was
observed to be less than for unheated injection, Thie

difference was similar to that found for normal
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injection and was attributed to greater uncertaihtiesA
in the measurements with heated injection. Since the
Jet 18 penetrating into the mainstream for M=1, the
increased heat transfer coefficient for heated injection
at this blowing rate could be due to the difference 1n
the momentum flux ratic I between heated and unheated
injectlion,

Results at M=1.45 and M=1,94 show that injection
has a significant effect on fhe heat transfer coefficient
at these larger blowing rates. The heat transfer
coefficlent ihcreases in the'downstream direction,~
reaches a peak at X/D~~20 and then decreases as X/D 1s
fufther increased. The peak value ie about 14% greater
than the value without injection for M=1.45 and about
27% higher for M=1.94, References (18) and (19) shoﬁ
the film ccoling effectiveness increasing with X/D for
35° 1njection through a row of holes at M=1.5 and 2.
The Jets penetrate into the main flow at these blowing-
rates and the increase in effectiveness 1s explained as
being the result of spreading of the jets, The
increase in the heat transfer coefficlent can be
explained in the same way. The heat transfer ccefficient
increases because of the high turbulence level near the
edges of the Jets that are svreading toward the wall.

The heat transfer coefficient based on the average

(in both the lateral and downstream directions) wall
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temperature is determed by Metzger and co-workers
(9,10) for injection through a row of holes at an
angle of 60° with the main flow., These resulte are
shown on Flgure 4, Hole spacings of 1,55 and 1,71
diameters are used at blowing rates M=0.25, 0.50, and
C.75. Although the wall temperatureas used to calculate
B, in the present work are averaged only in the lateral
direction, H, can be compared with the results of (9)
and (10) at low blowing rates where h, does not vary
much in the downstream direction. The results of (9)
and (10) are a few percent above flat plate values at
M=0.25, results on Figures 67 and 68 for M=C,2 are
3-5% below flat plate values at Re[=0.22 x 105 and
approximately equal to the valus without injection for
ReD=C.44 X 105. The small difference between the
results couid be due to the difference in blowing rates,
different Reynolds numbers or the different injection
geométriee. For M=C.5, the heat transfer coefficiente
of (9) and (10) decrease from approximately 25% above
the flat plate value near the hole to approximately
10% above the value without injection at X/e=~65 (X/s
=65 corresponds to X/D=29.8 for 1.71 dlameter spacing
and X/D=33 for 1,55 dlameter gpacing). The large
difference between these results and results on Figures
€7 and 68 which fall a few percent below the value

without injection may be due to differences in geometry
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or 1ncreased'maea.flow in thevmainstream due to
gecondary injection. The'largerlinjection angle would
inerease 1hteraction between the Jet and mainstream
and'the smgller hole spacings-should increase inter-
action between neighboring Jjets. Both of these éffects
would tend to increase the heat transfer coefficlient. |
For M:O.S, gsecondary injection apparently increases
the malnstream flow rate in (9) and (10) by 5-10%.
This additlonal mass flow could inérease the heat

transfer coefficlent by 4-8%.

De Single Hole

The heat transfer coefficient downstream of 35°
injection-thfough a single hcle is preaented on
Figures 70-73 for M=0,5, C.97, 1.46, and 1,95. At a
blowing rate M=0.5, thefe 1g 1ittle difference between
‘results for a single hole (Figure 70) and for a row of
holes with 3 diameter spacings (Figure 59). At M=1.0,
centerline results are similear for the single hoié
(Figure 71) and the row (Figure 62), but heat transfer
-coefficients between holes are higher for the row than
those at the same lateral distance from the single Jet.
At blowing rates M-1.5 and 2,0, results for the row of
holes (Figures 65 and 66) are much greater than those
for injection through a single hole (Figures 72 and

73). Interaction between adjacent Jets thus causes
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larger hgat transfer coefficien§9‘even near the hole
at blowiné rates above M=0.5.

| Comparison of Figures 36 and 70 for M=0.,5,
figures 41 and 71 for M~1, Figures 44 and 72 for -
M=~1.5 and Figures 47 and 73 for M=x2 shows the heat
 transfer coefficient for 35° injection through a
single hole to be smaller than for normal injection
through a single hole. Figure 49 which summarizes
heat transfer results for normal injection shows the
héaﬁ traﬁsfer coefflcient‘toybe 15-20% greater than
the valuevwithout 1njection at X/D=7.33 and 1C-15% |
greatéf thén the flat piaté value at X/D=35;44’for
M:>O.5. The heatvﬁransfer coefficient for 35 degree
1ﬁject10n‘through a single tube'is less than 13%
greater than the value without 1hjection for X/Dx=7
and-less than 4% greater than the flat'plate vaiue
for.X/D;$35.v For‘blowing,ratée M=1,45 and 1.95, the
heat traﬁsfer coefficient at'x/D:38O for 35° 1njecﬁlon
through a single tube is less than the value at this |
location withoutiinjection. These lérge differences
in the heat transfer resultS’betweeﬁ 90° and 35°
injection through a single hole, especially at the
higher blowing rates, are prcbébly dué to ihe different
ways in which the jets interact with the mainsﬁream.
The Jet injected at 350 has a veloclty component in

the direction of the main flow; the jet injected
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normal to the mainetreaﬁ has no initial veloclity
component in the direction of main flow, Thére ia
therefore more interaction between the normally
injected jet and the mainstream, resulting in higher'
turbulence levels and a higher heat transfer coefficient
than for 35° 1njectibn. Thle effect 1s in agreement
with f1lm cooling effectiveness results of (17) where.
lower effectiveness values and increased spreadlng of_'
_theyjet for_nofmal injection when compared to 35° |
1njectioh are attribgted to greater interaction between

the Jet and'maihstream for normal injection. "
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V. CONCLUSIONS

Normal Injection A

. The centerline (2/D=0) film cooling effectiveness
for normal inj)ection decreasee in the downstream
direction because the jet temperature decreases due to
soreading and mixing with the main flow, At lateral
locations beyond the initlial width of the Jjet, the
film cooling effectiveneess first inéreasea with
distance downstream due to espreading of the jJjet before
then decreasing ae the Jet mixes with the main flow.
Variation of the centerline film cooling effectiveness
with blowing rate M at four downetream locations 1is
shown on Figure 26, The effectiveness first increaces
with blowing rate, reaches a maximum in the range
M=0,4-C.5 and then decreases as the blowing rate 1is
further increaeced, For M<0.4-0.5, the jJet remains
near the wall and the film cooling effectiveness
increeses as the relative enthalpy contained within
the Jet increases with M, At blowing rates greater
than 0.5, an incresgse in the blgwing rate increases
the penetration of the jet into the main flow,
resulting in a decreaece in the film cooling effective-

ness. The 1lncreasing Jet penetration with blowing
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rate ie shown on the rhotographs on'Figure 15. Agfee-
ment between the film cooling effectiveness measured
in thie investigation and the results of (17) is good.
Comparison of the resulte of (17) with those of the
present investigation (Flgure 26) does not show-é
significant variation of the film cooling effectiveness
with Reynolds number Reyp or dimensionless boundary
layer thickness at the point of injection J&3/D over
-the limited range of these parameters for which reeults
are available. .

| Heat tranefer resultse for normal 1njection are
summarized on Figure 49 where the maximum heat transfer
coefficlent (not at the centerline for M<0.5 but near
the edge of the jet), at three fixed ‘downstream '
locations 18 plotted against the blowing rate, Near
the hole, injectlon has 1ittle effect on heat transfer
for M=0.1, At blowing rates 0.1 and 0.2, the heat
transfer coefficient is observed to be less than the
value without injection at times., A strong effect
appears as M 1s increased, the maximum heat transfer
coefficient near the hole (X/D=2.74) being approximately
35% higher than the value without injection at M=1.0
and 40-45% above the value wiihout_inJeCtion at M=2.0,
Theese high values of the heat transfer coefficient are
vrobably due to the high turbulence level that arlses

from interaction between the jet and main £low near the
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point of injection, Results: of floﬁ visualizatioh
(Figure 15) show that very large eddles and vortlces
are caused by this interaction. References (20) and
(21) report the turbulence intensity to be as high as
€C% in this region for blowing rates greater than
M=1.0.

The maximum heat transfer coefficient decreases
quite rapidly with downetream position (cf. Figure 47)
and then levels off. At X/D=7.33 the maximum heat
traﬁsfer coefficient is in the.rénge 15-20% greateér
than the value without injection for M>1.0. At X/D=
35.44,'the maximum heat transfer ccefficient'lies in
the range 10-15% above the flat plate value for M>0.2,
This 10-15% increase in the ﬁeat transfer coeffliclient
5ver that without injectlion 1s not as eaeily explained
as the increased valuees near the hole, Turbulence
intensities (20,21) have decreased to'15-2o% at X/D=7
and to approximately 10% at X/D~26 for M=1 and 2.
Increased heat transfer due td the increased mass fléw
in the test section caﬁsed by 1njéction 1s calculated
to be less than 1.7%. Mean velocity vrofiles in (21)
and (22) show the boundary layer with injection at M=t
to be thinner than that without injectlon as far
downstream as X/D=26.24., The higher wall shear strees
1n the thinner boundary layer 18 1in agreement with the

increased heat transfer coefficient that is observed at
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downstream locations. However, this:higher heat vv}
transfer coefficient at dbwnetream locations cannot be
calculated on the basls of a new turbulent flat plate -
boundary layer that starts at éb'déwnetream of
1njection. i .

For M<0.5, the maximum heat transfer coefficlent
is at the edge of the jet rather than at the centerline
(Z/D:O) as at higher blowing rétes (cf, Figure 32). The
jet remaine near the wall at these low blowing rates
and thé'mé@pfflow interacts’with‘the Jet at its sides
and aﬁ¢#e it. The high tﬁrﬁﬁlence resulting from
intéracﬁion Eetween the main flow andvsides of the Jet
caﬁééé the maximum heat transfer coefficiént to be at
the sides of the jet. At higher blowing rates, the
jet pehnetrates into the main flow éermiﬁting thétmaiﬁ—
stream to flow around and under the jet. 'Ihteractioh
between ﬁhe Jet and mainstream nowvalso occurs between
the jet and the wallland the heat transfer coefficient
on'thé'centeriine 1s no longer lower thah at lateral |
positione (cf. Figure 41),

Variations of the heat,tranéfer coefficient with
Reynolds number, wall heat flux and injection temper-
ature for normal injection are within the uncertainty
of the experiment. Density ratios for heated (f)2/f’oo
=0.85) and unheated ( P,/ =1) injection are similar
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eﬁough’tb give practically the saﬁe réeultg whenv
heated and unheated injection are compared at the came .
value of either M or I. It is ﬁherefore not poesible
to say from these results whether the resuits ghould
be abplied at 1ike values of M or I or some combination
of these phrameters when density réflos significantly

differeht from 1 are used.

35 Degree Injéction

The film cooling effgétiveneas'for 35° injection
through a row.of holes varies with X/D, Z/D and ¥ in a
similar manner as for normél Injéction through a single
tube for M<1, Comparison of effectiveness values with
results from (18) and (19) indicate that the film
cooling effectiveness’alsq varies with Reynolds number
and boundary layer thickness at the boint of 1ﬁjection
(unlike the normal injection results cited above).
Figure 54 shows that the centerline film cooling
effectiveness decreases as the boundary layer thickness
at the point of inj)ection is increased. When the
boundary layer at the point of 1njéction is thin, the
Jet encounters a greater force upon leaving the
injection tube than for a thicker boundary layer and:
is turned faster, remaining cloeer to the wall and
increasing the film cooling effectiveness. This effect,

as would be expected, eseems moet 1hportant at M~QC,5
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which ie the blowing rate where penetration of the Jet
begins to be 1lmportant. _

The film cooling effectireneES seeme to increase
with Reynolds number ReD'(cf. Figure 54), 1If anything,
- one might expect the opposite effect beCause of greater
nixing at higher Reynolde numbers,

' The heat transfer coefficient for 35 degree
inj)ection through a single hole 1e observed to be
smaller than for normal injJection. Whereas the heat
transfer coefficlent for normal inJection (cf. Figure
49) 1e observed to be 15-20% greater than the value
without injection at X/D2;7 andv1c-1§% greater than
the flat plate value at X/D~35 for M>0.5, the heat
transfer coefficient for injection through a eingle H
250 tube (cf Figure 73) 1e less than 13% greater than
the value without injection at X/D~7 and less than 4ﬁ
greater‘than the flat olate value for X/Dx=35. The
jet injected at 350 has a veloclity component in the
direction of main flow; theijet 1nJected normal to the
mainstream has no initial velocity component in the
direction of main flow. There 1= therefore mcre *nter-'
action between the normally injected Jet and the
malnetream, resulting in higher turbulence levels and
a higher heat tranefer coefficilent than for 35 degree
injection. This effect ievin agreement with film

cooling results of (17) where lower effectiveness



values and increased spreading of the jet for normal
injection when compared to 35 dégree,injéction are.
attributed to'greater interaction between the Jet and
mainsﬁream for normallinjection.

There 18 1ittle difference between the heat
transfer coefficient for 359 1njectibn through a
sinéle hole and 35° injection through a row of holes
spaced at three diameter intervals across the egpan for
M=C.5 (Figures 59 and 7C). At M=1.0, centerline heat~
-tfanéfer'resulte are similar for the single hole and
rbw, but.heat tranefer for the row is higher betweenl'
holee than at thé eéme lateral distance'from the |
single jét (Figures'62 and 71). At M=1.5 end 2, heat
transfer fesulta fér the row of holes are much higher
than those for injection throughAa siﬁglé.hole at all
lateral positions (e.g. Figures 66 and 73). Inter-
actioﬁ between adjacent jets and between the Jets and
the mainstream thus increasee heat transfer at blowing
ratees above M=0.5. A similar effect was observed in
(18) and (19) where interaction between Jets increased
the fi1lm cooling effectiveness at blowing rates greater
than 1, o

The influence of injection on heat tranefer for
35° injection through a row of holee is much smaller |
than for normal injection throuéh a single hole at

blcwing rates M<0.5. The local heat transfer
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coefficient for hormal injection 1es observed to be as
much as 10-15% greater thaﬁ the value without injection
for M¥0.1 and C.2 and as much as 25% greater than the
value wiﬁhout 1njec£10n for M=C.5 (cr.HFigure 49),

The loeal heat transfer coefficient for'35° injection
through a‘row of holes does not exceed the flat plate
value by more than 5% at these blowing rates (cf.
Figure 60); the heat transfer coefrieient based on the_
laterally averaged temperatuie éifference ranges from:
‘approximately 5% below to apnroximately 2% above the
value without 1nJection at these blowing rates (cf.
Figures 67 and 68). At downstream 1ocatione (X/D>>35)
the heat transfer coefficient for 35° 1njection through
a row of holea varies by less than 7p across the span
for M=C, 1 and C. 2. The heat. transfer coefficlent ie
obeerved to vary by as much as 13% across the span for
M=C.5, the values being higher between holes than on
the centerline.

‘At blowing rates M=1, 1.5 and 2, the heat tranefer
coefficlent 18 obgerved to very by as much as 20% in
the lateral direction for 25° injection through the
row of holes (eg. Figures 63,65, and 66). The heat
transfer coefflicient is greatest between holes where
the Jets interact with the mainetream and with each
other. At blowing rates M=1,5 and 2, the heat traﬁsfer

coefficlent based on laterally averaged wall temperaﬁures
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first.iﬁcfeaeed in the downsﬁréam dirgction, reaches a
maximum value at x/n::éo and then decreases with X/D'
(cf. Figures 67 and 68). The jets penetrate into the
free stream at‘these blowing rates and then spread
toward thé wail. The heat transfer coefficlent
| iﬁlcyreasvea' with X/D for X/D <20 becavee of the high
turbulence level ﬁear the edgesvof the Jets that are
‘spreadihg toward the wall.‘ |

The heat transfer coefficient for 35° injection
through the row of holes at ReD=O.44 x 105.13'
appfoximate1y~3-5% higher than at Reb=0.22»x 105.‘ The
higher heat transfer_coeffiéient at fﬁe.higher

Reynolds number is perhaps due to increased mixing of

~ the secondary flow at the higher Reynolds number,



75

REFERENCES

R.J. Goldstein, "Film Cooling," Advances in Heat
Transfer, vol, 7, Academic Press, New York and

London, 1971, pp 321-379.
J.P. Hartnett, R.C. Birkebak and E,R.G. Eckert,

'“Velocity Distributione, Temperature Distributions,

Effectiveness and Heat Transfer for Alr Injected _
Through a Tangential Slot into a Turbulent
Boundary Layer," Journal of Heat Transfer, Trans.
ASME, Series C, vol, 83, 1961, pp 293- 306

J.P. Hartnett, R.C. Birkebak and E.R.G. Eckert,
"Velocity Distributions, Temperature Distributions,
Effectiveness and Heat Transfer in Cooling of a
Surface with a Pressure Gradient," International
Developments in Heat Transfer, Part 1V, ASME, New
York, 1961, pp 682~689.

S. Scesa, "Effect of Local Normal Injection on
Flat Plate Heat Transfer," Ph.D. Thesis, University
of California, 1954,

R.A. Seban and L.H. Back, "Effectiveness and Heat
Transfer for Turbulent. Boundary Layer With
Tangential Injection and Varlable Free-Stream
Velocity," Journal of Heat Transfer, Trans. ASME,
Series C, vol. 84, 1962, pp 235~ 244

R.A. Seban, H.,W, Chan and S, Scesa, "Heat Transfer
to a Turbulent Boundary Layer Downstream of an
Injection Slot, " ASME Paper No. 57-A-36, 1957,

R.A. Seban, "Heat Transfer and Effectiveness for
Turbulent Boundary Layer with Tangential Fluid
Injection," Journal of Heat Transfer, Trans. ASME,
Series C, vol, 82, 1960, pp 303-312, '

L.E. Metzger, H.J. Carper and L.R. Swank, "Heat
Transfer With Film Cooling Near Nontanqential
Injection Slote," Journal of Engineering for
Power6 Trans, ASME, Serlies A, vol. 90, 1968, pp
157-‘ 3-



9,
10.
11,

12,
13,
14,

15.

16,

17.

18.

76

D.E. Metzger:.and D.D. Fletcher, "Surface Heat
Transfer Immediately Downetream of -Flush, Non-

‘Tangential Injection Holes and Slots," ATAA

Paper No, 69-523, 1969,

D.E. Metzger, J.R. Biddle and J.M. Warren,
"Evdluation of Film Cooling Performance on Gas
Turbine Surfaces," High Temperature Turbines,
AGARD-CP-73-T1, 1971, pp 24-1-24-T7,

E.R.G. Eckert, R.J,. Goldstein and D.R. Pedersen,
"Comment on 'Evaluation of Heat Transfer for
Film-Cooled Turbine Blades,'" Journal of Alrcraft,
vol. 8, no. 1, 1971, pp 63=64.

Z.R.G. Eckert, "Film Cooling With Injection
Through Holes," High Temperature Turbines, AGARD-

CP-73-71, 1971, pp 17-1=17-17.

K. Wieghardt, "Hot-Alr Discharge for De-Icing,"
AAF Translation, Report No. F=-TS-919-Re, Wright
Fleld, 1946,

S.J. Papell, "Effect on Gaseous Film Cooling of
Coolant Injection Through Angled Slots and Normal
Holes," NASA Technical Note D-299, 1960.

J.H. Chin, S8.C, Skirvin, L.E, Hayes and F,
Burggraf' "Film Cooling with Multiple Slots and
Louvers," Journal of Heat Transfer, Trans. ASME, "
Series C, vol. 83, 1961, pp 281 -292, »

R.J. Goldstein, E.R.G. Eckert and J.W. Ramsey,
"Film Cooling with Injection Through Holes:
Adilabatic Wall Temperatures Downstream of a
Circular Hole," Journal of Engineering for Power,
Trans. ASME, Series A, vol. 90, 1968, pp 384-395,

R.J. Goldsteln, E R.G. Eckert and J.W. Ramsey,

"Film Cooling with Injection Through a Circular
Hole," NASA CR-54604, May 1968 (aleo University
of Minnesota Heat Transfer Laboratory TR No. 82).

R.J. Goldstein, E.R.G. Eckert, V.L. Lriksen and
J.W. Ramegey, "Film Cooling Followlng Injection
Through Inclined Circular Tubes," NASA CR-72612,
November 1969 (also University of Minnesota Heat
Transfer Laboratory TR No. 91).



19,

2C.

21,

22.

23,

24,

25.

26.

27.

28,

7

R.J. Goldetein, E.R.G. Eckert, V.L. Erikeen and
J.W,., Ramsey, "Film Cooling Following Injection

- Through Inclined Circular Tubes," Israel Journal

of Technology, vol. 8, no, 1-2, 197C, pp 145-154,

J W. Ramesey, "The Interaction of a Heated Alr Jet
with a Deflecting Flow, Ph.,D. Thesis, Univerﬂity
of Minneeota, 1969.

J.W., Ramsey ané R.J. Goldstein, "Interaction of a

' Heated Jet with a Deflecting Flow," NASA CR=T72613,

April 197C (alezo University of Minneeota Keat
Transfer Laboratory TR No, 92, ¢cf ASME Paper No,
71-HT-2, to appear in Journal of Heat Transfer).

J.W. Ramsey, R.J. Goldstein and E.R.G. Eckert,"A
Model for Analysie of the Temperature Distribution
With Injection of a Heated Jet Into an Isothermal -
Flow," presented at the 4th International Heat
Transfer Conference, Versailles, 1970.

V.L. Eriksen, E.R.G. Eckert and R.J. Goldstein,

"A Model For Analysie of the Temperature Field
Downstream of a Heated Jet InJected into an - .
Isothermal Croesflow at an Angle of 90°,"
University of Minnesota Heat Transfer Laboratory
TR No, 1C1., ,

C. Liess and J. Carnel "Application of Film
Cooling to Gas-Turbine Bladee," High Temperature
Turbines, AGARD-CP-73-71, 1971, pp 23-1-23-9,

F. Burggraf end R.W., Huffmeler, "Film Effectivenese
and Heat Transfer Coefficlente for Injection from
One and Twc Rows of Holee at 35° to the Surface,
AEG-Technical Information. Series Report No. .
RTOAEG351, General Electric Co., Lynn, Mass.,.
Cincinnati Ohlo, August 1970,

P.S. Klebanoff and Z.W, Diehl, "Some Features of
Artificilally Thickened Fully Developed Turbulent
Boundary Layers With Zero Preesure Gradient,"
NACA Report 111C, 1952,

E.R.G. Eckert and R.M. Drake, Heat and Mase
Trensfer, McGraw-Hil1l, New York, 1959, pp 142-
7 o— | | S

W.C. Reynolds, W.M. Kays and S.J. Kline, "Heat
Transfer in the Turbulent Incompressible Boundary
Layer' III-Arbltrary Wall Temperature and Heat
Flux," NASA Memcrandum 12-3-58W, 1958,



29.

30-

31.

R.S. Reilly, "Investigation of the Deformation

and Penetration of a Turbulent, Subsonic Jet
Tesuing Transversely into a Uniform Subsonic
Mair Stream," Ph.D. Thesgis, University of
Maryland, 1968.

S.J. Kline and F.A. McClintock, "Describing
Uncertainties in Single-Sample Experimente,"”
Mechanical Englneering, vol. 75, no. 1, 1953,

pp 3-8.
P.J. Schneider, Conduction Heat Transfer,

78

Addison~Weeley, Reading, Mass., 1955, pp 172-181,



79

APPENDIX |
Data Analysis and Uncertainty Estimates

Equation 2 in the Introductlon 1s uoed to.

determine the heat tranefer coefficient

hL::__:i;__ ' o | (A. 1)

OMI

The local heat flux from the wall to the flow q i=e
calculated fromvthe electrical power input to the wall;
temperaturee-kaand'Taw are'measured with a thermo-
couple as shown on Figure 10. Cofrections are gpplied
to consider errors in g, T, and T} that arise due to
heat fluxes within the syeieﬁ. Uncertainties are
evalusted by the method of Kline and McLintock (30) in
which the uncertainty in an expression ie calculated
from'the square root of the_sum of the squares of the
unceftaintles of the separate terme within the
expreseion, |

The local wall heat flux is coneidered to be the
average heat generated_yithin a hegfer minus heat flux
corrections for radiation frcm the surface of the
heater and conduction out the back of the test surface.
Thus, |

(1‘:. C’Lg-— q)"'—ctbc. (A.Q)
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The heat generation term is calculated from the
electricél current 1 to the heater and.the resistence
R and the surface area A of the heater.
2
Qe = ‘AR o (A.3)
1 18 measured by a shunt that is.calibrated to 0.5%.

Since 1 asvpears in equation A.3 to the second power,
the uncertainty in qg_dUe to 1 is twice the unéertainty
in 1 or 1%. A is known within 0.25%. Changes in
reslistance of the heaters with temperature are
consldered by correcting the average reslistance of

the 18.heaters at 20°C to the ﬁeasuréd.tempefature at
each thermocouple to get R‘at that point. The varia-
tion of R due to temperaturé variations within the
test surface is less than 2%. Thie'vafiation is not
_éénsidered to be an unéerﬁainty sinée R 1s cglculated
at each ﬁhermocouﬁle, however, the heat generated
within the test surface and thus the wall heat flux
varies from being constant by less than 2%. The
estandard deviation of the resistance of the individual
heaters at 20°C is apprbximately 1% for both sets of
heaters that are used. The uniformity of the heater
materlal i1s checked by a émall proﬁe that measures the
voltage drop between the two points approximately 1 cm
apart when a current 1is passed.through the heater,

With the exception of the area where the buss bare are
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gsoldered to the heater, these measurements indicate
that the local resistance of the mateiial is also ;
uniform within 1% Resistance of the heatere at 20 C
" and thus R is therefore agsumed to ‘be known within 1A
The term for heat loss due to radiation from the

surface is calculated using the fcllowing equation.

qQr = €0 (Tr= Tod) (A.4)
The emlttance of the stainless steel surface is assumed
to be 0.12. This term is typically about.1% of the
heat generation term.

-One-dimensional heat flow thrcugh a- composite
glab is assumed to calculate the heat loss due to
conduction from the back of the heater.' The largest
value that this term'assumes 18 0.4% of the heat
generation term. _

The lateral temperature distribution in the test
surface w;thout injection is ehown on Figure 12(b).
Since thie distribution is very flat across the center.
portion of the surface where measurements are conducted,
heat locsses out the sildes of the teest section are
neglected Lateral and axlalvconduction Qitﬁin the
test surface are consicered when correcting the wall
temperature measurement rather than the local heat
flux.

It 1s difficult to estimate how accurate the
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6orrections described above are. For example,
different sources 1list values of the emittance of
stalnless steel that vary by as much as 50%. It 1s
also difficult to tell how accﬁrate the one-dimensional
heat flow model predicts heat ldss by conduction. The
correction terms, which are always applied té the heat
flux, are therefore assumed to be accurate to 50%. The
uncertainty in the wall heat flux term due to the
radiation correction is then C.5% and that due to
conduétlon from the back of the test surface 1s 0.2%.

The individual uncertaiﬁtiea within the wall heat
flui terﬁ are lietéd on Table A.I; -Their co@binéd
effect is a 1.5% uncertainty in the wall heat flux,

Corrections are applied to the measured wall
température to take heét lbaa thfough thermoéouple
leads and heat flux within the test surface into

account, The wall temperature is thus

T~ Too = Tic T +AT + AT, , (A.5)
where T,, 18 the temperature calculated from the
thermocouple output, ATy, is the correction for conduc-
tion through the thermocoﬁple leads and £>TwcAis the
correction for heat conduction within the test surface.

The thermocouple jJjunction and heater are sevarated
by a thin layer of cement. The temperature drop across

this layer 1e calculated to be approximately 0.01% of
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‘Table A.I
Relative Uncertainty Estimates
Wall Heat Flux

Electric current 2<5 .010
Heater resistance 4R R ' _ - .01C
Heater area JdA/A .0025
Redlation heat loss correction ‘

da../a=0.5 Ag,./q : -« 005
Conduc 1on heat oe; correction

/a=0.5Aq : .002

CombinBﬁ effect °° da/q ' ' 015

Wall Temperature
Calibration and instrumentation

6(th-roo)/(th-Too) : | . 0045
Thermocouple lead wire correction
0.5A T 14/ (T4e=Too) o .0010

Heat flux within test surface
0.5 ATye/(Tye=Too
" Unheated injection

Normal injection’ 35° 1njection
' ’ . 0075 ‘ 010
Heated injection 4

‘Normal injection ; 35 1injection
X/D Uncertainty . X/D Uncertainty

2.74 .0125 . 6.65 .050
18,14 . 0075 37.36 .CC75
35.44 0050 71.84  .0075

the diffefenée beﬁween the ﬁall temperature and free
stream temperature énd is thérefore neglected. The
temperature drop‘acroéé the Textolite sheet 1in which
the thermocouple is embeddgd i1s. calculated to be
approximately C.1% of the temperature difference.
Since the thermoéouple ié located at the top of this
sheet, this temperature drop is aiso negleéted.

The thermocouple balibration curve le accurate to

C.07% of the difference between the measured



84 -
temperature and thse 1ice Juncﬁion. Too (approximately
25°¢C) 1a therefore accurate to épproximately 0.18°¢
and wall temperatures (abproximately 42°C) are aCCuréte
t0 .0.030°C. The instrument that records the thermo-
coﬁple output 1is read to O.OQOC. The temperature

difference T

tc'T 18 therefore accurate to approx-

imately 0,45%.

(e o)

The temperatqre output‘by the.thermocouple is

glightly low due to heat loss through the.tbermpcouple
| lead wires. The model déscribed;by'Schheider'(31):13
therefore ueed to correct %heidata by ﬁhé'amqunﬁ ATy o
This correciiqn.is approximately 0.27% of the temperature
‘ difference th-Tod.l o | o

- in regions‘where the températufe gradient within
ﬁhe wéil i1s changing very faét (e;g. near fhe point of
injection) the wall temperature is influenced by the
heat flux distribution within the wall, If it 1s
assumed that the temperature does not changelin the Y
direction within the test sﬁrface_(the portion of the
wall above the insulation on Figure 1O)Zan energy
balance on an element within thie wall yields the
following exoression for the tempefature error due to
heat conduction within.the wall.v
keb[bz(ch:Tm\ | az(m-m]
WDEL S(X/DF | 3 (z/D) (4.6)
The thickness of the test surface is b (b=1,69 mm); h

ATw( = -



71e;tﬁe*heet trensfer:eoeffieientgeﬁgteerteet~eurfece
(h=0.07-0.2 W/cm>-°C), Tné dlameter of the injection
tubes.are 2, 35 cm-for normal_injection and 1.1a,¢m fer
35 1nJection. Aeeﬁmins thet'heet flowa in the test
surface as 1t would for parallel. heat rlow through a
”fmultilayered elab k denotes the equivalent thermal

conductivity for euch a wall.

2 R I A

The subscript 1 varies to 1nclude the three materials

-1n the teet surface.A For adiabatic wall temperature

i

meaeuremente, this correction can be applied to the

film cooling effectivenees.

1
VL

e I
A*ch 8 [ /o7 *am&z]

The second derlvativee 1n equatione A. 6 and A.8 are

" (A;a)A

evaluated by differentiating 1east equarea second _
degree polynomiale that are fit to sete of five oointe
;n‘which.the-pointvin_queetlon_ie centered. 'Nete thet
these corrections depend,rather etronsly on the N
diameter‘of.the injectionitUbe-since the 'second.
derivatives in equatiehela;élehd'A.a'ehould be -
relatively 1ndepen@ent of D;.'The ﬁasnitude of the
correction relative to T, - Tyo can be as high‘as 2;5%

for normal injection (D=2.35 cm) and as high as 10% for
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35 degfee 1nJection (b=1.180m) near the point of |
injéction. The corrections become small at downstream
locations. | v -. |

The corrections for heat loss through thermbcouble
leads and heat flow within the wall are assumed to be
" accurate to 50%. Uncertainties asséciated with these
corrections along with the uncertainty due to calibra-
tion and instrumentation are listed on Table A.I.

The uncertalinty estimatea described above and
listed on Table A.I are now used to determine the, _
uncertainty in the film cooling effectiveness and heat
tnansfer coefficient, The method of (30)'18 used to
combine these uncertaintises. Uncertainties that vary-
with pbéition are evaluated at centerline locations

(z/D=0. 0) ‘only. | .

The uncertainty in the film cooling effectiveness

is.given by

. i
an [;mow )i(A%_?(ATw )2(\_ a_ﬂ—z
N 7 LV Te To-Tool \T2~ T Ml (a.9)

Results of this calculation for normal and 35 degree

injection are presented in Table A II., For normal
injection (D=2.35cm) the uncertainty varies from
approximately 1.4% near the hole to approximately O. 8%
at downetream locations. For 35 degree injection
(D=1,18cm) it varies from approximately 5% near the

hole to 1% at downstream locations., Uncertainties are
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greater for 35 degree injection due to the larger heat
flux correction that 1s necessary for the smaller.

diameter tube.

Table A.IIX

Film Cooling Effectiveness Unceftainty :
(after corrections are applied to data)

Normal Injection 35° Injection
X/D Uncertainty X/D ‘ Uncertainty -
2. 74 014 6.65 050 -
18,14 010 - 37.36 - .010

35, 44 .008 71.84 .010

Uncertainty in the heat transfer coefficlent is

glven by

2 AT 2.+
%\h: - [( ?>+("€j:0j +<T?:TM) ]2 (4.10)

With hOasecondary injection, the only rapidly changing

temperature gradlents in the test surface are very near -
the.leading edge of the first heater. Méasuremenﬁs are
not conducted in this area so uncertalnty due to heatv'
flow within the teet surface is neélected. The -
adiabatic wall temperature is set equal to the free
stream temperature in equation A.10 and the ﬁncertainty
in the heat transfer coefficient without secbndary
injection is found to be avprcximately 1.6%.

When the secondary flow 1is not heated, the
difference betwsen the injection teﬁperature and the

free stream temperature 1s small enough so that the



88
difference between the adiabatic wall temperature and
free stream temperature i1s lese than,O.S% of the
difference between the heated wall temperature and‘the :

free stream temperature. T,, is thersfore used for T,

00
4n equation A.10 and the uncertainty in the neat
transfer coefficlent is found to be 1,9% for normal
injection and 2,0% for 35 degree injJection.
Uncertainty estimatee for heated injection are
preeented in Table A.III. The uncertainties are high
near the injection holes because of the rapidly
changing temperature gradients in ‘the wall in thie'
region. At downstream locations- the uncertainties are
similar to thoee for no injection and unheated injection.
For normal injection, the high heat flux causes a
larger temperature difference Tw - Taw than the low
heat flux, reeulting in greater accuraciea near the |
injection holes, Uncertainties for 35 degree inJection
are greater than those for normal injection because of
the steeper temperature gradients that the Jets impart
in the test esurface with the smailer}diameter.tubes
that are used for 35 degree injection. At higher
blowlng rates, the heated jete penetrate into the free
stream temperature gradiente in tne wall are smaller
and uncertalnties are similar to those obeserved for no

injection and unheated injection,



Table A.III

Heat Transfer Ccefficient Uncertainty
(after corrections are applled to -data)

No Secondary Injection

Unheated Secondary Injection
Normal Injection '
35° Injection

Heated Secondary Injection

X/D

2.74

18,14
35.44

6.65
37.36
71.84

M=0.2 M=0.5

Normal Injection

' Low Wall Heat Flux

.048 .052
019 019 -
L7 o

Normal Injection

. High Wall Heat Flux

019 .019
017 : . 017
35 Degree Injection
122 .156
.018 .020

.018 ~.018

©0.016

0.016

0.020

+035
019

89

017

017

.119
.019
.019
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(a) NORMAL  INJECTION

TUNNEL FLOOR

Figure 5 Three-dimensional film cooling geometries
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Photograph of wind tunnel

Figure 7
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35° INJECTION
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