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Abstract; Experiaents on two porous 16¥ ~anes at Moch number % ore
dTscassed which prosent the effects of helium and nltrogen injection en
the st:biiity of the laminar boundery layer; Large surfoce coolling erd
extreme Injection rotes are Included, Heat transfer measurements with
these two coolants are siso presa:nted. Since the experiments nelther
confirm ror invalidate the detalls of the thecry, special emphesis is’
t.1aced on the discussions of experimantal procedures and data peduction
reth.ds, Anslytical estimates of the elfect of the sotld tip followed
by & ualforn.injection cone sre presented, An snalysis of the effect of
surface mass addition on viscous boundsry laya- . external flaw inter.
actions 19 Included, A corretation of data on fluld flow through parous
medla In the "alip.fiow" regime Is presented.
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LOMELCLATURE

Area
zpectflc *eat 2t zonstat pressure

diunetar

rhreche: t

dimensioal 235 injectlon paremetar (Eq, A-?)

direnstonless injection perometer {Eq, A-7)
therm it canductivity

Cach puncer

tength of rodel

stotic pressure.

total rressure

terperatice recovery factor 'Taw - TGI/(TJ - 76[
“Neyrolds number (st/ Js)

valoclty parollel to the surface

freestre:m veloclty just outside the boundary layer
vetoelty norm:y to the surface

distanse measured alorg ray from cone tip
coefficlent of dynémic viscosity .
coefficient of Linematic viscosity

rass density

cone half angle (37
radlvs, degree Ronkine . )
Aot tzmann conetant Co173 x 1077 3T/ thrd 617 1ORY)

turnelerotal raciation interchange factor

|RA]
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Subscripts . \
Jaw conditlon of zero heat transfer by counductton ‘
4 cootant

0 zero- Injectlor vatue, length of sotld tip

t trancition ' , '

w condittons 2t surface of mode! '

5 conditions at outer adse of boundery layer

® conditlons In undisturbed freestresm ahead of model shock wave
T tunne!

n nczzle _ '

s solid or parent rateria!

m measured velue or caoianf stagnution value

x condltlons ot position »

Superscripty

viowlng rates defined in Equation (A-2) multipiled by the facter .

% ) .
o . .

[ ]

x L[]
cond!f!onslnf sonlc oritlce:

unifor= tnjection rass flux




1.:TRODUCTION » e

rass effusion methods are currently being utiilzed for protecting
surfécecs expose: o intense forced convective heating, 8 problem which
oceurs in many new engineering aspplications, In perticuiler, the application
of effusion cociing methods to the forward areas of high-speed alrcraft .
and missiles has stimilated reseai'ch on the basic processes of these cooling

techniques,

The primary cheracteristic of the several prooosed methods is that a
mass flow of gas sway from the surface simultaneocusly Influences the deveiop- \
ment from the veloacity, temperature, and diffusion boundery layers, This
frature distinguishes effusion techniques from conventional cocling methods
which depend nn sither a high thermal capaclty heat sink within the structure
or a heat pump system located at the Inner surface of ihe skin, The coolant may
ve & jas, or a so!id or slurry which decomposes to form 2 gas, or a !iquid
which forms a fiim on the surface and eventusily evaporates Into the boundary . .

layer,

Flim cooling maybe described as the injection through s porsus strip
or slot of & |lquid or gas which blankets the solld surface downstream of ¢, )
Transpiration cooling refers to the injection through an extended porous
surface of a gas which has ‘the same thermodynamic properties as the main
stresm, Yass transfer cooling is similar to transpiration cooling except ) S
the coolant has thermodyremic properties differing sufficliently from the ;
exterior stream so that the diffusion process must be teken into account,

Since .’ ! surface effusion 2o0ling technlgues have the common feature -,
of a mass flow of & coulant gas flowing away from the surface to be cooled,
porous wall experimental Investigations are of generst interest since th's . ..
effect is isolated and controltabia, Porous wa!l mass transfer conlling I
requires the pumping of o5 coolent through & porous surface, Such s system . . - .

is basically efficient becauses {11 the fiow passages within the porous skin b
possess » |arge surface arez and sre extremeiy tortuous, providng an efficlent :
heat exchange between the coolant and the skin; and (2) similtaneous injection

and diffusion phenomena significantly reduced the amount of heat entering

the body, In additicn to the attractive possibliity of signlficantly lower-

ing the heet inputs and equilibrium temperatures of the body, the laminz

stability of the boundary layer mey te 1itered by modifications cf the flow .
profiles and the boundary layer fluid properties, -

The therma! properties of gases depend primarily on the molecular weight,
It has been shown that the surface friction and heat transfer characteristics
are quite different when the injected coolant gas has properties differing
widely from the main flow. For these reasons nitrogen and helium were used
as the coclant gas becasuse ‘hese choices result In molecular weight ratioe
of approximately 11l and {37 when compared to air,




This paper presents an extension of the experimental resear:r w:=k 3n . \,
mase iransfer cociing effects cerried out at the Rosemount Aercn: ‘“:e!
Laberatories durinag the tast few years, The presen® results includs
zytended inve«:.getions of the taminar ctebility with ritragen and Fe'*im "N
injectiion an+ 2. fxperimental investigation of these co~ler?s on the r-a’ :
trarsfer characleristics of & 16° corical model 8t o freesresm Mach
rumber of %, . '

CUTLINE OF CURRENT INVESTIGATIONS

There were two principal objectives to the current werk, Aa ‘nitial
UMRAL investigation of the therra!l erf.cts of qaseous in ection on *he
stability of the covering laminar boundary !ayer was restricted to helium
iniection at a'single injection rated, In tne present investigation this :
was expanded to iaclude nitrogen injection and’ cover a mcre ~omplete -ange
of wall-to-stagnation temperature rotios for both ccelant gases, In
ancther previcus UVRAL investiontion of heat transier chara:..' ‘sties *he
range cf bHlowing rates used was restricted by the apparatus ‘o rather
roderate leve!sd, It was the purpose of the second po~tion of this
investigation to ex*end the ringe of blowing raotes to include the entire
range of interest, Turbulent fiow investiqations were excluded because . . e e
of the lack of effective turbulence trips at Mach number S, S

BOUNDARY LAYER TRAMSITION WITH GAS INJECTION

In any practica' aerodynamic applicastion, s great uncertainty Iles
in predicting and crntrotling the location of the bounda y layer iransis’on,
One must rely wholly on avsilable experimentsl information and therafore .-
the probamility of finding cdata opplicadble to the situation, On'y the
subsonic deta of Reference 5 and the preliminary UMRAL studies (Reference 3)
existed at the outsei of this program, This pair of data ag-eed qua!ltatively
as to the destabitlzing effects of injection but disagreed marked!y as to !
the magnitude of the effectis). The question srises as to whether asx’ensive
regions af laminar flow can exist with finite Injectlon rates through
etirusiural sulitable porous plastes, The surfece roughness cf such materiats
may prove to be an obstacle - in certain situations *he exlstence of
d'screte jets of coclant issuing from the finite openirg may groduce
premaiure transttion, Experimentally ane finds that a relativelyv sherp
trancition from laminar to turbulent flow still takes place when Injectlon
is utitized end that this pattern oscliliates on the surface, Ore feels .
the fransition mist be governed by the detailed character of ihe fiow ’ o~
which iz reinted to the histery of the fluld porticies as thev progress ’
taty the transilion reqieon, and, thercfore, must de sensifive 0 the
distrivuted nature of such disturbances, )

The mathematical model of transition is anything but secure a: ¢ -
preseat, The Tclimien.Schiichting theory of laminar boundary !ays- in.
stapiiit1eebs7 nas naen proposed os nne mechanlsm leading evenlually o




Fransition, It is postulated that very smail 2-dimensicne! 4ls’. -pances

will Be amplified setectively according to fraquency if the ¢':w Reyncids
number 5 high emouqh, The large oscitiations produced may [a*2vact and
the f1ow will he Eraken up into turbulent vortices, The ana‘vsis 's unable

to preaict tne Reynotas numier of transition from laminar te turcu'ery flaw
because of !imitations on 'the equations of motion used., The mest inlerest-
iny pcint of practical importance in connection with this anraiysis Is the
predicted existence, within & certain Mach numoer and surface temperature
range, of a completely stable laminar boundary layere. One m:st regard the
quantilative results of stability analyses with caution since the ane!ysis
has been iinecrized and is based on smali 2-dimensional disturbances. 1In
reatity, supersonic wind tunneis.anc conical models may generate d.sturtences
whicih are neither sral! nor 2-dimensional., The aratysis o Dunn and Lin°
indicates that for 3-dimensional disturbances, ccoling should Incresse ‘he
sransition Reynolds nurber but no region of infinite etabllity vas found

to exict, '

Low speed experiments on porous flat plates revealed that mess additlon
has a significant effect on producting premature transition 310, since
fiuid injection has a destatitizing effect, while surfsce cooling appears
to be stablitizing, 1t is important to perform efabilitz calcutations to
determine which effect is dominant, Low!' and others!?s!3 have performed
the calfulations for sir injection using the stabillity equations of Dunn
and Lin'2, The results show that the surface must be cooled to lower
surface temperatures in order fto obtain comptete stebility as the Injection
rate 15 increased, Hzaroni® and Covert'" have estimasted binery stabllity
limlts for alr, helium, and carbon dioxide injection which reveal quaiitetively
the same results, That is, at moderate Mach numbers, the required surface
temperztu~es for corpi-~te stablitization with the tnjection of air, heiium,
and carbor gioxide are, in general, siightiy tower than the soltd surface
requirement calculated by ven Oriest’/,

In Reference 3, work done at the Rosemount Aeronautical Labo-atorles
revesied that 2t zere hoat droncfor, the obsarved trancitlian Reynelds
numbers do decrease with Increased injection tinitially more rapialy fcr
hatlium than for air), but the percentage decr.sses are not large fcr
injectlon rates which theoretically produce sign'flcent cootant effects.
In that study atterpts to Investigate tne effects of extremely fow iemper-
sture air Injection upon boundary leyer transiticn ¢ailed because ¢! woier
vapor condensation in t' e coolant ducts, Thia problem was elimfnated !
the present studles through the use of dry nitrogen. ~—




EXFERTIVENTAL FACILITY

The cornressed a‘r inutaliation consists of five parallel-connected,
eiectricativ.iriven, reciprocating, 2.stsqe air conpressors with a
totzl rating of 380C horrepower whicn rivve o masinyr delivery rate of
73,2 pounds per second at 110 psig, The vacuum system consists of
saven rotary-vane pumps d-iven by four 250 horsepower induction motors.
Compressed air for the wind tunnel can be rcuted through an electric
heater bank to provide stacnation temperatures up to 430 F at {1

~ pounds per second, The supersonic continvous wind tunnel has s

6 x 9-inch test secticn with o Mach niwmher ranqe of 1.% to 5,7 iflgure |),
At a3 Mach nurher of 5, it operatas contingously over & Reyno'ds number
per inch range of 0,14 x 10° to 2.51 x 19 . The tunn2l is equipped

with a variable.arca diffuser with threes throat positions, The total
terperature of the air stream is sensed by seven thermosouples in the
stagnztion chamber, The tunnel is equipped with ) ~ctanguler optica!
windows 14.1/2 x 6-inches in size, During the present investiqetion

the wind tunnei was relocated in a rew hulidine desiyned specifically
for combustion work, This was done in order to extend the mass transfer
studies to include hydrogen injection with combust!.n, Thus, the new
buildinag was designad with particular emwphas!s on the safety of the
operating personrel, The building cont»ins & wind tunnel, » combustion
test cell, a 3 two control rooms (Fiqure 2}, Relnrorced concrete walls
separate the tunnel cetls from the control rooms and Herculite glass
l=l/4ainch thicr is used as viewirqg ports, One wail 3nd the roof of
each cel! is of 1iaht constructicn, faciiitating ensy blow-off In

the svant of an explasion, Further cefalis of the facitlity are
avaljsole In References | &snd 7, :

The 16° Porous Core - Transit!sn Nozet

. °The porous test model used in *his investigation (Figure 3) was
a 16~ cone of sintered type 316 -tainicss steet powder (5 micron
paerticie stuopage), Tha sverage wall thickness was 0,028-inch, The
cone had a sc!id steel tip one inch tong, The mode! siant helght
wes 14,7=inches and had a bana dismeter of 4,i.inches, The density
of the cone surface material was appraxinately 245 pounds per cuble
frot with an aversqge reiative density of 0.55, Of a totsl rone
surface ares of C, 660 square fcet, 0,635 squsre feet was porous.

The cone shetl was fabricated by Connecticut M:tels, Incorporsted,
veriden, Connecticut, 1he permeabitity distribution was bullt into
a2 f1at sheet of 10 x 21-inch dimensions through the use of contoured
dies, The sheet was sintered, cross-roilied, and pressed to obiain

3 smoothar outside surface, and resintered, The finished sheet was
rolted into its finat conical shape using standard sheet metal forming
techn'ques and welded along A single ray, The 3/16-inch sesm was

“hand finished to corform to the conicat contour, A Z.inch ¢irculer

sector porous insert was required to compiete the contour (Figure 4),
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permiiting an «.lernal yacaum jacke!, [he heat exchanger, supply
ubine, ard sono Grtlice mre Uses for toin the trarsiticn ang
heat iransfe- studies. Alumirum safety dicos weire irctalled in
the cyetem '3 preven; dhe presitre beildoup resctting from the
zvaparaiion €f tre tiqutd altrogen forred inside the coiis of “ne
tigeta aitrsara rata, ’

S rc2 gastuts ~ilTagen was used in Sonnecticn with a liguid
nitrogen YAk, wcme o the gaseous nitrcgen was figquified In passing
tamcugh. fhe toetn ol Llaqhe~ prescures. Toe maximum stagnaticn gpressure
2 the nant TTiw rttra was ves'ri. Tad f¢ slight'y bellw aimasgrerle
pressure, Wit & l.ad naxim.m inje~tian vile, (he - f'ce giamoier
covld thes he Aeterlarg  The aciuat eiflice ciamete;r {d = N.'3%.1nch)
WAS MeAcrEs tooe LA Tnch with 8 20x m rescope esqeiried with 8
cal ‘brate: raiint :

The flos me'ir slacaaton temperatuces csuld be sel to wlthin
S degrees ~f ary des'red temperaiure belwesn 200°F cad -300°F, The
temperature tcu'd fher be maintained to with'n cne degree of tne set
vitue theaoat the ryn, Con'rat of the !low melsr stagnaNon pressure

; wrs by Yhe var of o pers'lei set of finecinhresd, Thnser-
ronirnty roedls valves, TFis vaive.ctaging csystem alloved conlrol
ef the cociant stpe'y gresarre tu + 0,05-Inctes ¢f mercury thraughout
each run, h

e photograghic observadions employed an ATRCON double path
schiierer syster, Flazh aurations of ' microsecend were used with
the E.G.F, x 12 flash jamp. Intensity voriat'ons were carssihte
due ta the two spark capacliturs of O.iufF snd 0,5uF,

Pre}iminary Resy'tis

rgtun! drtection of traneitinn wae ry ‘nansrtlan of fulleslze

“shadowgraph photographs, This technlque proved fo be more successful

than usfag aatargea deuble.pally schileiren photeorachs, A compromlse
had to be made taiwee: the “unre’ stoagnetion pressure ‘1o be maxim!zed
In this case if the vens .ty profite curvalure iz to ba observed with

8 shadowgraph' «» mi~mized {to produce the maximum leng®h of laminar
flow elorg & con'eal surisce), 'The 'unnei Reyrolds number per lrzh
selected was C.36 x 'O% whisk dld rot permit the meximum !ergth of
laminar ficw aloag tne medel, Nesrly tr:oe size modei Imeges resulied.
The use of 8 't » t4.inch Xoray f11m and Kadabromlde.® high cortrest
photographie peper resu!ted In easi'y rera prints, Using these .
techriques tre sricer ‘n liransition tacatien - x, - Is felt o be

tess than ¢ Y/2 %nch,  typical shadowaraphs showling fransiilon appeer
14 Figures S6.5d, lnterestiag evcess Ir jectlon ohenrmens are a'so
precentad ahich o*ow *he cen'ca’ shock wave belag deilimed by boundary
layeir thistanleg o2 vo surface injectton (see appendix Ci, Transitlon




is taker o occur at the end of the white !ine which aprea-s j.s® above N
the surface in the tam'nar reglon, Attempts were made to emxlny “he technique
employed by Chapman in Refsrence 18 which meqnifled the diston:c between

the whire itam and she model surface, The {i!m plane was ncved away from ,

the tunre! at several posiiions but the mogerate success wbiaiaed did not '
warrant the additlonal! exzerditures required to improve the technique, The

zero injecticn transition positlon was found *o he appraximstely 10~ inches,

depending sormewhat on model surface temperatures, Foor separate shadowgraph

photographs were taken at each blowing rate condition., The photographs ,

were read independently by fwo observers and ‘he resuits overaged, An :
expanded discussion of the ecciracy of this method of trarsitlon detecticn
is presented in Refsrence 3,

B
[

Transition Resuits

The two surface static pressure taps [~dlcated & nominal surfece Mach
number cf 4.33 at a tunne! Reynolds number per inch of 0.38 x 10°% This is
to be compared with & c3iculated surface Mach number of 4,42, This fact Is
to be of importance during the heat transfes meosurements described In the
next section. An incresse of surface static pressure with [njection rate
was noted (protaply due to !ne incressed boundary layer displacement thickness) .

. but this efiect was rot documented sufflclently to be inctuded In the data

reduction procedures (see Appendix C for an espanded discussien), ,

Because of the wide range of veriables involved, and In the !nterest
of economy, the duta was (ot taken under ‘ruely steedy-state surface temnara
ature condli?ions, After the coaisnt flow rate and tempersture were set ot
the desired values, the model surface tempera‘ure was aliowed to ad just
itself for o period of spproximateiy five minutes before rhe shadowgraph
photographs and tempers’ure.pressure date were taken, Although the 0,028~
fach wall thickness mcde! was very ropid In therma! response, some temper- R
ature oriit d'd occur, :

A complete presentation of the nitrogen data s oresented as Flgures
7 and 8, Flqu=e 7 revea's the major effect, the reduction In trensition
Reyns!ds number with Injection rate, The efiec! of surface temperature
variation s shown more cleerly In Flgures Ba-8f and s summerized !n
Flgure 9. The stabltlzing effects of surface cocling era seen to exist
up to blowlng rates of 1.0, At the higher biswing raies the eifect of
cool'ng is seen to diminish and even reverse at the highest blowing rate,
t = 3, presentsd, 1t must oe pointed out thai the tlowing rales presented
here encomoss:s the complete range of aerodynamic Interest - the somewhat
questionable theoretica! blow-off value being abcut 2. W!thin thls renge
tna trans!tion Reynsids number is seen to decrease only abou? 30 percent,
depending anly 'o & stlight degree on sur‘ccc h~at trensfer condli*tans, 1t
wiil be shown in the nex: section that ths heat t-ansfer coefficlents ore
simuitaneous'y reduced by nearly 90 percent, In Figure 10 the preseqt
nitrogen data ere compared with cther avaitatie uxperimentel resu!$s>2 19,
The agreement can be cuns!dered favorable consldering the spi-etl: and




¢tutive nature of transition measurements, Figures 11 through 13
present correspondirg results for helium irjection, N3 major
differences appear between the nitrogen and helium results, The

- coserved teansition Reynolds numbers initlally cecrease somewhat

rnster oer unit injecticr rate for helium than for nitrogen but the
resistts for ooth gases asymptoticaily approcch rhe some transition
wasition,

HEAT TRANSFER INVESTIGATIONS

2
Purous 167 Cone
S i DE

) The text body used in the neat transfer investigations was
lcertical fn all geometric fesztures o the transition mode! (Fioure 14},
fre porous cone permeabillty distribution was measured using the ,
calioration apparatus represented schematically in Figure 1%, The

ccne was fastened to a riglidly held mandrel, Tre manipulator was -
user to positlon the surface probe at the desired location on the

modet surfice, The internal diometer of the sharp-edged surface

probe was 1/R.inch, Alr was Injecied into the madel through an

orifice jocated downstream of a pressure regulator and valve, A

"scap solutfon d aphram was formed on the open bel! and stabillzed

by adjustment of the needle valve upsiresa of the vacuum !ine,
'Stabitizing the diaphragm refers to flov. at atmospheric pressure,
eliminating restricting effects the prode may impose on the flow
tecause of its proximity with the cone surfece,) When the open betil
diaphragm was stabilized, a soap solution dlaphragm was formed on :
the bzee of the calibrated tube and its rate of ascent In the tube

was measured, The reading was recorded and the vacuum nccdie vatve

was then used to destsblliz2 the open bet! diaphragm and again
stabitize i* as a precautionary measure to insure against errors
_dus to soap drying on the op:n delit, A total of three readings

wese takcn In this manner ana werd aversged to give one value for

the glven probe 1ocetion, 1t is flett that this procedure is justified
sinze the three readings varled by at most 4 3 per cent, The probe

wias then moved to the next positian atong the cone ray and the procedure
repeated, After completion of the measurements along a ray, the cone
was rctated on the mandrel, positijoning another ray under the probe,

It must be pointed out here fihat calibrationsof this type glive
quatitstlve evidence oniy, The use of targer diemeter surface
probes atwsys decrease the ®apparent scatter® of the dets while
a smalier probe will magnify scatfler up to the poini where indlviduat
psre spanings are being sensed, A general description of the
parmeabtilty distribution (in the jspirit of best effort) is att that
can be hoped for, ' R




.
- 3

L . H - B .

mo ) zetalal g fne e
..
.

vasiatton K

permecn’ iy . vestry atactie Voo tnoe Mot vanting

expe=tman!l T b lesed, ite mttmery ptubiem s be generats 2llres
- somp8red 1o the

A 2crntnnt e iy Dropeesasur. L ar, AT T oms!
DTE S0t T

PUMLE gt U

1
surfare, A cumiinelttun of high tunrz! Macp
. pressuce, Ar3 3ma'l oro: oangle wes wssd o
AevziCe the 2llna The precsure Mitt. BorLid the soumous soirfers
agpreaches W P Tajected flow rats sc that Ve sts ef ewtircal
‘a g'minish with ‘ace:zas-d r je2ticn matz, The low
frum-Arts combiaadioa Lf yasTeablie sroduced o
4omreltt . R flow of cectard teeough ths poetus surfece

£ on® phensmena b-ravz? ¢f *re Tasraatsd moan frce
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L] .
The f.p ¢ &, . f ‘he core had elzven therm.ocup’es sostilired 2ne 'nch
mpart whi'e trng Lottom 8y had ften statlons ang Yrot epsrt, A 0,0%0-Tnse
hole ans ariiled, Acg the citer surface "Spot Faczd® C,050-inck I dliamcter
By 0.004-TAch de-t. A 00GCIalesh thick brass shim stosk dies wes scfts
soidered Into ih: » o fm e recess, . Two C.OCA.lrch mites wara dllted et
tne shim stuck Ang the T.ppereconctantan tnhermor up’e: ¢oft.so'dered Mo

the chimactork dist, A “rLtle.tete se-omle »od was cementzd intu the
~ematnleg hole ' She surface, A 36 gage d - 0.,00%-'rihi premin:m grode
copper.~anstantan tre msiouzte was forced th=eugh *ha ceramis rod, scldered
to the sh'm. ik, ard hand fintehed, This pezsedora wstablisked o aefinite
therme! -or *8c* "t *he cuts'de su-face oaly, S!- e flve dlemelers of
ceramic red exter ded “ndo the cane Interior suome acalllc. 8! Insulating velue
was gmiced wh’ oh lended te reduse ‘esd wiite heat siaguziten whlte the cement
permistad ~o o uilt2n’ teakeyr 8rcurd fh2 Lluge There wera no peacsere Yo
installed *~ 20z medsi, Coolart thermozsup'es wers tled 4o tve lead wire
of the surfacs “hne-moruitas every two irche: and [.cetad sporcximately
1742Tneh fepm ke frgr suirtaze’ of the cone, Th's palrisg of thermocnisles
permitted o meaz w7 roamwactive hesd Aransfer b5 the surfars due to e
seatent g..  The teermasisles ware gesnsc..d theough 9 48 unlt mare!
sviltohicg u- 'l *hie, g & varlatle.speed Mirsearc!lc Heramel! ensdlaucys
tempergtime el cde” equizpoed with & J38C fo +1£27F ~azpesatn-stasten
calibratiz<, The overeg2 azturocy »f the temparabiore maasuremorts 13 .
+1.8%F, PFesiicements of 22 surfase lemperstoras, 'l c:ielent tom:eratures

7 tunne! avagnel’ i toppecaicrey, cae covlen! mas- Ll ttagnstto. fempace
ature, and to- watoc, angd tiauld alirogen referzror bath temperati i were
obtatand Lus'-g irts merasier,  The data gatherl-y spccadure genera'ly
renilred sboot trse minates Mime per fnjiittin sale,
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R Tt the traariilon pesitlen 's Fiiad Po vary from x = 7 3y
x ¢ Glirgks: from *he 2'p ¢f tre cone, Indtcating raiher pocr
retational symec e, th's cond!itos dupticated the fransitlon
¢ experiment .l runs, Yhe hlrease in tvar teo pusitlon {rom a
Tovatye of 0 tites ue the $rantitior mooe!l Te urdovbled'y due teo
ritattartione, Foir Mhe tesd frars oy runs,, the
s : P ureiar: was oot in balf lr crder that fulty leminar
Fhew ccu's be st-oalied oo the porers core vnder the corditlors of
Tesa twnt ot Tojeerion as veirtfied by the recovery footor dsta In
Flogure 17, %o e ot the towesr durne! Gk -sities, the shadewgraph
Ltoionraphs wers 1 2 as axdielilve 1o 'ecating “re Aransttion
pesitlon as T Mee P rans!tlon studlesy and bere tre zero Vajectton
irans fice pousitlen as | sated by shadumgraphs wat seen to fall
oF fte tast zuirfae, Stroe the reccvery dat. ard shajowgranhs
disagrae at the lowes turne!l genstifes, fRe shadowgragh method of
agetermininrg transti® s i oot consideced adequate a* *he jcwer density
teve!, Tn cpedes Mo oget seme estlmate of the radta’len correction,
and its varia*ion with cu’a! positton, *ae eovary factors were
terrezted for thoemat radlation, as desur'bed 'n Appendix A, with
the resul®s spezertec in Flgore 123 uatilatlvely the focovery
facsirs seemed !y Jeceacte, more fuir ‘he cearwsrd posiilons, and
agree well w'in ‘he *hecrelt ¢al square roct nf Prand®!. .umbe- predictions,
A summary of the tracsi~Ton data on the heat *cansier mode! 's presented
for refereace In £lg 202 10 apg D0, .

the 1term,

Tae fiaal heat tranilfar curs ronsumeas & %09 of 28 tunne’
runt.ing heuirs, The 1t ogen dets was takern f'rs! and requlred six
heure on the firs® day and ssven heurs on the second day, The
hetlum dala was taken airlng the span of onc f1fteen hour operating
day,

The tast: aqpecimertal proceduse employed s as follows:
supsrsont~ 1w was astabtlishad tn the wlad $unnst and tha 2unnal
stagnatlor prizeure 28;u3%2 Yo pvuv?ge the piroperr fece-stresnts
Deynctds -numbe o peiratach of 0,18 % 10¥, Tha deslred oulant mass
flow was estabtisned, The cadlaAnt lamperatiu-e was adjusted tu the
desired vaios a*3 the s2olant mass 1w stagastlion presaire rd-
s8ijusted o uravile the deslred f'ow rra*s {ses Appendi« A), The
system was alloned %5 orablittze.ra ac jus4tng dse flow and ‘emperature
condittan: when recescary, A mintmm of feartyflive mingdss was
reqirirad ¢a ontals tharmal ewitidrium, After o se! of mesavrements
nad beecn takcn the covtant mass f'ew tamoeralure was skanged andg
the coaian” mass flow 21agn3%ion pressuss we.ad justed to prrovide
the Tgesileal biowlrg rate, Genorally, even d'fferent suface
terpersty-e ‘eun's wire si.dled, Bezxrse of the thermatl losses
teiween 1o coel s Ba'n 3ad ‘he mude! ‘he rongz of tempoitalyres
irspeacny with the <52°a+% mass {low,
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A typica! set of surface and coolant temperature dictributions Is skhcwn o .
in Figures Ma through 21d.  The cpen symbo) represents surface temperalure: )
and the closad represent coolsont temperatures, The data presented is for

helium injecticn along the bettom ray of the cone, Some of the temperzturse >.
dttn were rot used in the heat transfer coefticient calculations because of ' o
' the larae inaccur~cies associated wilis smaii tempersture differences, T-e . .

surface temperatures are seen 1o be ressonably srooth - Indicating & relatively
' smooth blowina distritution, The coolant temperature distribution cluse!y
follows 'he surface temperatures, These two are intinetely related, The g
variation of coolant tempgersture with axial location indicates thet there i
' is & consideratle amount of mixing occurring within the interior of the
pordus ccne. The su-face temperstures sre seen to become more nearty unifcrm
++ as the injection rate is increased, One may conclude that either the blow'ng
dlstribution ia channing or the effect of the sollid tip diminishes with
increased injection, The only results qiving reasona.'e variu;ions with x
viere found by using a constant surface inje~tion mass flux, The Injection
parameier fwf incluces the factor W-'xo"*xﬂ‘ which properly sccounts for
the solid 1eading edqe?5. A typical resutt of these calculations Is
' pre:ented in Fiqure 22 which presents the date for 2 moderate helium
injection rate of f = 0,38, ihe injection perameter T employs the cunstern? ' B
injection mass flux, The significant features of Figure 22 are that {he ) *
radiation currectinn is only 15 percent of the injected heat flux 2n¢ thst
the surface heat conduction is tess than | percent of the surfsce heat flux,
Since the surface temperature distribution was approximated by & series »f
tinear seaments for the varlsble surface temperature correction, the firs® B}
position necessarily indicetes o heat flux which is 62 percent higher then
that preduc;si 3y constant surface tempersture theory at that surfece
' temperature The varisble surface temperature correction Is seen to
diminish from 1,67 at the first thermocouple station down to approximstely
i,01 2t the sixth therrocouple station, This correction reduces the measurec
surface hmoat flux, :

The siope of a heat flux versus watl temperature plot Is proportional
to the neat transi{er coetticient h while the temperature intercept defines
. the recovery tempersture T 1¢ the temperature differences are smell this
curve should be & straight Ylne tsee Figure 23), Theoreticaily, fhe surfosce
kedt flux and the heat transfer coefficient should each vary inversely with
the square roct of x s does the surface mass flux, Dividing the calcu'sied
h values by h shouid yletd a ratio which Is independent of x,

A poositlo oxptainetion for the h?gh haat tranafer valuse nenr the O’p Kl - P
ic that there is a pressir> gredient externsl to the mode! which affects
the blowling distribution tses Appendix C), Since no pressure taps were
instalied in the mode! this effec? could not be verified, The data
{temperatyre distrioutions and heet flux distributions) Indicate thet a?
retatively low 1njection rates the blowing velocities Incremes from zero -
at the lenrting edae for the first d.inches and then remain constent,

v




Ancsthos mApproazh ts this groblem s to ascume that one can
v rersirs tne distribution of heat transfer coefficlents more s2ccurately
then he can appiy calibreles permeadbitity dictripbutions to the wind ' :
. tur, 2! ronditinnz, In this 2ase, dne would find thet the blowing :
cictribotion wauts start at zero at the 'eading edge of blowing °
infreans fzr the first four inches aad *hta remain constent, This
eoncect =eer, o be vexsanably close ts what has happened, AT any
rave, the data was recuced assuming *he h!owing velocity to dbe

corstant,

Fiaure 74 rep-esents a calzutation of the reduction of heat ¢

transfer coef? ziente with injectinon 201 the bottom ray of the
porous Lsre, The first snd secand thermycouple positions consistently
prasuced Rk moat transfer coefficlents, This effect is probably
iz to mn syeraestimation of the injection rates (p v ) In the -
vietatty of ths 4ip, The dita incicates that tho preper distribution
rust increase a'ownty for the first four incnes of porous surfece,
Jehind this peaic the Injection rate is then <ensibly constant,
Excent at tre f'rst mand last thermocouplec stations, the reduction . .
in hent ‘transfer coetficients smems t3 be yniform slong the surface
of the porauc rone, The data presented for- x = 5,7 is somewhat ‘ .
‘cwer than the rest, Thiz may be explalined by the fact that this ' ’
c30iant Semperaturc hed to ‘be calcu!ated from adiscent coolant
temperatures, Th's therrocouple is tocated at 2 position where
both the surface temperature and the cuo'ant temperasture orofiles

+ hayzs abrupgt chanqges inr curvetire, Onty the positions x = 2,2,
4,74 6,7, 8nc 9,2 Inches possess measurad coolant temperatures
while {re remaindar requires that coolan® terperzture values be , R
obéaired from faired curve., ihc first *hermocouple was omitted : ’
In the subsequent plats becruse of the assumption of & 1inear .
variation between the first measured tempereture and the nose :
temperature lassuymed to be ecual to the recovery temperature as

) criculeted by square root of ihe Prandti nrumber), The |ast

thermocoupte wss omittad in the subseqgquent plots becsuse of the \
‘oncet of teansiiton at the higher Blowing rates,

Flivres 2% throuah 28 present a surmary of the heat transfer
Asta, The polints above an h/h, of unfty reveal the discrepancy
betwean the measyred resylts and the wellf.verifled theory of " .
Chapman and Rubes!s”4 and the over.estimstlon of the blowing rate .
reap the tox;ing sdae of Slowlage A % larger blowlog rates the ’
dmts derresss munctonically in a fashlior rough'y paralleling the
trecretical sredictions of Low (which.!s actually for 2ir t5 air .
wyetems) ang Zaran (helluma2ird as explained In Appondix 8, For )
ritrogen injecticn atona the baticm ray the lest thermocouple appesrs:
trancitional in the shadowgraphs end surfsce tempersture trances,
The next k.gher Kliwing rate polint at thle posi®ion (not plotted)
fe detintrzly $ranzitional - having an h’hu vatue of 1,3,

12




4 summary of the temperature recovery factor dats is presented in
Figure 29, Contrery to the theoretical predictions ¢’ reccvery factor,
whick “rerease witn Incressing Injection, the experimental va!.e: nireese
with Blowing rate, An euplanation for this phenamens has not veen advanced,

At the hiqnast blowing rates the character of the fl.w is marked!y
difterent than t.at postulated by the enalyeis, The reader is again
referred to Figures Ta *Frough Se,

[,
.During the publicatfon of this report, a privete discussion with Or,
E. R. G, Eckert of the Heat Transfer (ahoratory of the Unlversity jof
t-innesots reveeted that thelr theoretical calculations on hydrogen -
injecticn along & flat plate &t freestream temperstures comperabie to
those in the present axperimental investigation predict an Increese in
temperature recovery factor with Injection, This effect does not
continue to exist a3t freestresm temperatures comperasble to atmospheric

or higher, . —
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APPENDIX A

DATA REDUCTION PROCEDURES

The guantities meacurcd during each run are listed In the (o'lawling

' tabies

, Twix) ihe exivrna. surface temperoturas
Tc(x) the 2n?erda=, or coolent suppl!y temperature
Tn the nazzte wa!l temuerafure g
Tf . the junncl stagnation temperature
T the ccotant matar slagnaliun temperature
Py tne tunaei sisgnation pressire

. o the csolant meter stagnation pressure
’ Xy trarsition lccatlon,

Vthgr date determirea from preiiminary Investigations includes

Py!X)  the meesured inje:fjoﬁ me s flux distridution

o & (x) radisticn factors for the exchange of radian! energy
batween thé mode! surface and the test section walis
tnozzle and porous surfece emissivity),

k{x}) the thermal condu:ztivity of the pecrous material
t the porous surface thicknese

and, 'n addition rodel and coslant meter dimensions and constants derived
from the surface Mach nimber (4,33) of the confcal flow field.

Heat Balance :

_‘_/-—




The arneral heat balance may be written: .
?bldAw * pfv‘cp‘T‘dAw - pcvccchchw R
- ‘e 2 -
T df a’t ] .
w W w 4 4
s KA [:—— et i de +0€, T T, (Ael)
dx
where
: JA = 2nx sin O dxp A = 2nxt sin 0, -
w cS
From mass continuity,
Pevg © PV = PVt
Assuming ’ : ' .
cp = cp N Tf = Tw = Tw ’ (A=2)
f [
we Irrive ar the resulting heat balences 2 !
' w -4 4
= - - - e -
ag, = MT, T = pwvwcpc (T, - T)= Kkt 2 oew.n”w T

‘ ' (A-3) .

Calculation of the Surface Injection Rate When p v = <.
w W x|/2

'Conﬁinuifv of mass flow equates the mass fiow measured at the
orifice to the surface mass flow such thet:

» 8
p VA :/ PV, A -] P T sin 0 xd:, (A-4)
N =g
Detining .
DV p X
f =2 —= LA, tAS)
LA S
Taking f_ to be Independent of x, Equations (A-4) and (A.5]) may be ' .
combinea to yieids s,
*\IQAQ .
b (A=6) '

"

f
w " 3
2 ’ 372 3/2
3 sin 0, "aua“a P - % J -

%




The scnic mess flow is evaluated from the meter stagnation cond!tions ‘ ‘ .
in the ccnventional manners: : : )
LI R * » * T *21 P
PAETAN -_--&; YRT Ang.J._.’I‘.TLdT.‘ﬂ (A7)
RT : A B ¢ 1’Tm' o
where the quantities in the bracket are constents for & fixed coolant
gas and crifice diameter, .
In 8 simiiar fashion ‘ o B
p Y ".. .
= D ’_ﬁ I . .
96U6u6 o r..5 T Eya = . (A8) .
T T T
_ 4T —
Caiculation ¢f the Surface Mass Flux Assuming PV, = Constant,
In this cese L
LA v x sin 3 dx (A9)
pv A = Qﬂpwvw _ - - D .
o
Defining
Iy v. [p.U.% LX)
7 -2k B8 . —— (A=10)
LIPS L !——‘ 2 2
. -2-'rrsn9 pauéuaL-xo]
then the relation betwean the two calculated MENE .
'!llz '!2
) . I xo‘
'w = fwg —— J x = 3% f,“ x{ inches) (A-11)
L - x
: -3
s
80 that for x & 9.inches, T == f . Each of these blowing rates were
. et w w
modified by muitiniying by . .
x 3 . N

i - ;"’- to inciude ihe solid leading section effect and arc sigatfled —
by f,' and ¥ ', (See Appendix B) ‘

‘.
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Samnle Cilculation-N'trogen Injection : ~
Stcam anc cootant conditions
a, Steam conditions . L
Py Ts . ‘ '
Boo= 4,33, == = 0,02034, == = 0,210
5 p i
T T
L £’ siuge y , 22270 Tg? X 10
Yaip = o4 R = 1716 5o ' Hs (Of-SPC’ * T, + 182,6.
. sec’ = "R 5 .
b, Cootant conditions
* T 147
B 2,573, T = 0.8333, v = 1.4, R = 1775 -
Po n sec” - R
\ m
*
d = Q,!3%4.inch
|+ 943,5% '
T %R
fw = 10,91 pm("Hga
N, 1 T R)p ("Hgal ,
 For helium, y = 1,667, E— = ,4869, 7— s 7499, R = 12,432 --%3--
°
se¢” - R
: 5""1
R
f = 4,38 p_("HGa ) | e (A=12]
e " T (%) ppl"ga)
Thermal Conductivity
Lacking exact information on the thermal conductivity of the
porous material and the vaoriation of thermal conductivity with permeabllafv
the analysis of Reference 29 was used to estimate corductivities:
; p -
173
P . (A=13)

XIX
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where

0 - p )
DEP » et € ' g ’
foo- P -
N -~ y
L2 Smyoa ’
ko= 11 BIL it < hr o ORISE, .

We obtaired fiur samples from the manufacturer which matched the permeabli!!ty
raige of,tre prrocs: heet transfer model, The relative densitles (p/p lld,
vere 0,582, 0, 507 35,532 ard 0,499, Using the two extreme vaiues on! y,

the correspandiag values of k were found to be 5,62 and 4,70 BTU/ft2 - hr -
R/fFt, The auant'ltes cc/ps and kc/ks were teken to be zero, The expression

F * ‘
K | =g SSe———| = 4,55 + 0.0844 x(inches), (Al 4
fi9a rr - R/f? .

.

. was-used in the final computer dats reduction program, Thc average thickness

of tne pcereus sorface (1) was found by & series of micrometer measurements
to te 0,028-inch, The surface heat conductipn term was found by fitting »
parabcia io the temperatures at the point and its two edjacent points,

T =a4bxsex ' ~ (Aa1%)
such ¢nas . '
pi : .
iz oy, ‘ (A=16)
dx : ’
where
{T' - 72!\x2 - x3)-lT2 - T3)(x‘ - xz)
[~ . (A—"’ .
tx 2e %2 ix, = x)efx? o % 21X, = x.) ‘ ‘
1T 2 2° 73" 2 = %3 | . ‘

This procedu~e was alco used to obtaln Interpolated vatues of the coclent
temperatyice from the valyes measured 2t alternate stutlons,

Radlaticze Cerrestion

The radiation geometry may be exsmined by conslderlng & cross section
of the wiad- funne! as shown In the following sketch: ,

"o 4




i

o e .. Poraus surface
€=~ 0,44

4#"“‘Glass window g -

€= 0.05 _ .

afp———Stre| sidewnl!
€- 0.3

L _\—_Chrome pleted

nozzte £ = 0,07

The assurptions made were the followings

8, Each slement of porous surface sees chrome (€ ¥ 0,07) over
an angle of n/2 in the axial direction of the tunnel,

b, The effect!ve erissivity may be found by averaging on a8
basis of weighting by angles, :

¢, The surrounding temperatures are equs! to the messured
nozzle wall temperatire,

' d, The portion of the to*al hemicylinder that has esch vaiue
af amiaaivity 1s enuat! to Pg./n/2 where 4, Is the engle
in ine crossezectionz! plane substended by sach ayrfece | . :
of emISS!vHVG'. '

With these s-eumntlinnag

3 -
eff ® Z &6, ' (Aa18)

s 7 ) R
n | - 3 .
IRRITTNIET S VR [4,5 - ro] C : ' o
1 a3 -l 3 i
IRER Y ARE L FRRL. [2.5 ro] - fer [4.5 - ro] —
! | 12
(12 3.3 Pion 5 Pogs § - ton [2.5 e ]
r= x sin 89 - (A=19)
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Radiation 123ses 1o the fest section walls were th.y computed %-om $he
expressicns

. .4 4
Yo = T €pniTy < Tn ! (A-20?
where ,
1] A | 3
—t— e .W [ - ||
€,..n €.

o |Eerr J '
which pro~er y 8ppi’es *o ccoxivi cyl! nders radl:
30},

(A.21)
ting diffusely {Reference
,Cembiratizrs of Equations (A-19) and (A-2|) gave values of €

ranging
from 0,43 in the vic fn: y ¢f x = 2-inches 13 0,30 in the vielnity 07 x = 13
inches,
A 2m- d< 7
w o 4 x sin 0
A CTRax R T T R tA-22)
and R !s fhe mifective radius of the tunnel, the wetted perimeter dlﬁlded 4
by n., ois ‘he Stephan Bo!tzman constant, 0.173 x 10™° BTU/hr ‘R,
THe eifec!

cf the rad.af.un correction may be observed by exsmining
the recovery factor dets shown in Flgures 17 and 18, The meesured recovery
teroeratures were ccorected for radiation with the aid of the Chepmen and
cubesin prediztion for heas! *ransfer coefficlent,

Neglecting suriece heat
condsction the eneryy balance reduces fo

fo€ )
T =T _l..—!’.‘ﬂ {(T Vo )4}J‘
ow w [} n w

. meas <

{A.23)
The Chapman ang Rubesln24

predictton for ¢

h, = 0.20%8 137 ""IEJ

cne flow yieldss
R SIS 7}
Vs

v»r!able Wal® ?empera?ure COrrec‘ion

The effects of noneunlform surfece temperature upon the computed heat
transfer coefficienty were accounted for using the teminar constant property
theory of Lighst!1127  The measured cone surfsce temperature distribtuslons
were transformed *o egglvo!enf flat piaies temperature distributlons by
meang of the retattar

tAa23)




,and the temperaturs a’stributlor in each case was appreximately ty
14 1inear seqmert:, With thic assumption, the effect 5f non-uniform
surfoce terperature cn lccal taminar hest transfer coefficlent Is
found by th:. retat’or ' '

n
._(L]g.; L : ~ T LT ! 1A=2E)
- T oo« T 10 ni‘w w
o w v | ie!
i=!
x
n

where T (0+) is the temperature immediate!y downstream of the leading
edge and barred nuantit’es refer to values for conctant surface
terperatures, Alsa,

v, Xy X,

z = G e G (A=27}
ni X, - ¥, , X x
i fad n n

where Gix) is pressnied in Reference 28,

The 2zto reducticn for a!l the expe~iments! work included in
énte avperimertal werk inctuded in this report has been pirogranemed
and romrputed or a Royal Mclee LGP-30 digite! computer, MNost of the
proyramming wac done using "Dictator®, an artificlal tanguage for
the LH1.30 progremmeo by C. W, Laudeman of Doden Incorporated to
permit three-aadress programming and f!oating point operstion with
a vocabulary cf commands greatly Increased over thet avaitable in
the basic machline fanguage,

The datas wes punched on paper tape directly fron the raw dete
sheets, and the machine was used for sorting and tabulating functions
as well as for computing, Aft>r the original teps wes punched and
proof read, #li suhseciuent oper.tinne were machine cantrnlliad, thus

avaidling tranccrintion errars,
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APPENDIX B

SO.UTION OF THE CONSTANT INJECTION CASE

#n anatysis !5 presented which predicts the skin frictien chorasctearist®:s
of ¢ comp-es<sibie ieminar bcundary layer with ffuld Injectlon.' The presens
formutation s »cstricted te a !inesr veriation of fluld viscosity with
temperatu-e, Forr the injecticn cases considered, the rocient gas is consid:red
to be iden'ical to the main stream fluld, in the cases where sim!larity
exists, the mzthod is tes*ed by corparisons with evact solutions which ere
free from the !'imitations of the present analysis,

Integral cchniaues generaily furnish engineering accuracy for laminar
skin friciion and surface heo, transfer calculations even when crude
spproximationrs are meae In the profiles, In the present enslysis the sheer
profile is assumed i be @ third degree potynomial in velocity. Thls spproach
furnishes accuracies comparable with fi¢th ar sixth degree polynom!sls in
the vetocity versis y/8 formulation and provides the addittonal benefit that
the concept of boundary tayer thickness (or thicknesses) does not appear In
the problem, :

The p-actice! applicatlcn of boundary leyer snalyses is the prediction
of foca! skin f-'ction and heat flux rates slong a body from specléled

"boundary conditions such as Mach number and aititude, The delalled structure

of the irnterior of the boundary layer is of practical Interest only througn
fts Influerce cn the wall condltlons attained. Similarity anaiysee (dependent
variables expressed in te~ms of only one independent verisble) do provide
genars! solutions to the boundery layer ' equetions, However, the property

of simiiartty of ‘he choracteristic profiles Is possibie only for certein
combinatlons of the ...jependent varlables, For exemple, with Injection,
simiisrity exists only !f the wall velocity veries inversely with the

square roct of the distance along the body. Such Inverse haif-power blowing
distributions sre only conveniantly attained if the surface effusion velocity
is contralied by the heat and mess transfer characteristics of the boundery
‘ay‘ro ’

b2 3

With these censlderastions in mind 1t s ressonsble to develop approximate

-meihods which sat!sfy the boundery layer equetions only on the average scross

the bourdery layer and yet ellow more general boundery conditicns to bs met,

This situation is obtained ty Integreting the dboundery layer equations acress

tne boundary tayer, The physica! quantities sppeering In the integrand are

aparavimated by patynomisls 'n the spece vertables with coefflicicnts whish ~—
are determined from the boundary conditions, With the assumptlon of *hese »
profiles the In‘egral.differential equations can be converted to ordinary

differentls! equati:ns which describe the variation of wall skin frictton

along the body, . .

. N

A detslied treatmen’ of the assoclated heat transfer effects & presaried
in Reference 25, 1he heat transfer calculetions are tco lengthy to be
repested hei‘e,
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The use of = large nurber o free stream boundary corditlons
vdde Jittle to the accu=acy of the calculated wall parameters, The
reverse is true for the well toundary conditltens, The zeroeth and
Aeriystives of the Soundary tayer eguations furnish
rints when avaiuated at the wall, This procecs
te difficulties when gradients along the wall flrst
Acnear since A additional ordinary differentiat equation must now
be solven simu ‘aneously with each integral equation. This condition
therafore lirits the number uf wall boundary condirlions which mav
he used, The use of 3 finfte nurber of terms in the profiles
axc ludes, *he evact sotution from conslideration,

minkar or-er
adgitlenal rest:
beains to nene

«hen the =nntysis is carried out in physical space the conditions
al e vuter edge sre lvposed at sue finite distance from the wall
called &, the boundary layer thickness, which ignoree the ~eymptoti.
nature of the trus physical profiles, In velocitv space tte problem
is si~plified since the integratian s carried from the wall to the
free stream velocity; nence the ranqe of Integration is zero to one,

If shear is used as a dependen: variable then the free stream conditlons
pccur 8t an infinite distance from the wstl, L

a \
ANALYSIS .
\ .

The basic equations for & compressible laminar boundary layer

with no pressure gradient and for a perfect, single.component, gas ,
with constant Prandtl number and spec flc hest ares -
leontiruity) (pu)x + (pv)y =0 -1}
{momentum} u_ % pvu_ = | tR.D)
ometu pu x p y ““y y
. _'__ . 2 : -
{energy} pulx . pvuy * B (uuyly - u(uy{ . {3-23 ’

Ia 1ddition the fluid ~iscosity snalt ve required to teke the forn

A 18.4)
Mg %

This n3surption uncouples the momentum equation from the eneray

equatinn 5o that the momentum equation moy be independentiy so!ved, ,

It is simptest to treat the case C = | in this text, 1In an atterna‘e. T

procedure the constant C is chosen so that the correct value of

viscosity, as given by the Suther!snd lnw, 1s evatuated at the

averaqe walt tamssrsture,

To solve this system of equations the transformations of L, .
froc\a are employed, In this formulation u replaces y as one of
the “ndependent varicbles while the shear strecs T replaces u 8
nne of the dependent veriables, Let
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‘fr Xy G u tay), (8.5)

“The trarcfererstier =atations becams

- . . -

y ; ST

(), = 05, e () 5 () === () {B8-6)
x ¥ v, u y y, ¢ .

which revey! tre basic difficulty in defining the outer edge of the beoundsry,
Tre product pv may be eliminated from the momentum equation thrcugh the use
of the ccrtliryjty eauation, Applyling the transtormetion relations (8.6)
results taitr 1 = uuy) in .o

>

M (8.7
It ic comveriert ’o'inOroﬂuce non.dimensional quantities, Let
[
» E » -
UL SRR P S ST B | (8-8)
w ? V] .
Pl o ¢
Eauation 173.7) then-takes the form
oA LN '
T “\.“: = -u—- u‘rx . . ‘ 18.7%)
&
The sppropriate extrere conditlons sre:
Initic' conditions
L ]
¥ x 0, (‘<u<u,,: timr =@ 18.9)
i IR e .
Bounnary condltlons
» [y

x>0, 0 =0; T -‘rv;
_ » (B«10)
x 20, u=!; * =0

Added rast-aints

" Other nseful relations of Intarest may be abtained from tha momentum
equatior (8.2) and equaticns resulting from It sfter differeniiation with
respect to u, Fur exampie, the mormentum equation (B=2) may be written:
Ixr =1a 3.
R 'Y . . - N

puu + pv y




co that

¥ pwvw
T s eV (x), TG =
Y " i OS 5

Evataating Eqcation '3-7%1 for a wall point (G = N) results in:

"

- = 1 . - =0
uu wu .
W w
. .
Xx >N, TN
v
" PV »
Ta & — Tew 2 O, {Bal)
d Y, ud .
FeUA "

*» . - .
Expandina T in % cubic potynomiat In u resulls irt

. * * F..VA - - Y -
e J—,””- I A T @ 13-12)
“LFssd PeVs - :

.

The dirercinn'ess shear profiie 18=12) is introduced into the
transformed momentum equation (89.7°) which Is then integrated ‘rom

3" te T = i (acrcs=_the boundary layer) to yleld:
J 4 .Jﬁ:ﬁ . 2
S L T PV p. N . [oV
: 58 8 8§
' ’ (8-13)
which moed zadicfy the infdlel momaitlicnz 3 = 0, !lm T.“ T . %ha

extension of the shear profile to fourth degree or h!gner merely
cnanges the numcrics! coefficlun? In the irteqrated squatinn {RLIF)
when the addilional coefficlents sre setected at the outer edge of
the boundary lIsye-, Me additions! watl restraints way te added
withaut lntraducing 2dditlons! differcntial equatiors, Gereratly
the injection rate is esecifiec and the well shear determined,
Alternately the biowing rate required to produce & spesifled watl
shear stress distributfon may be computed, Numerical soiutlons
ray be ess 'y obtained for srbitrery variations of either quantity,
It 1 informative tn flrst consider some speclal cases whera
anatytical solutions may be obtainad,
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o ) T ) |
4
EXAMPLES
\
Puv ’
a,} ‘“moermeabie Surface rorsdi 0
Ps's
Enua?ior ’5.:31 may he 1nfeqr)‘-d afrectly and upor application of
inttial zcaaisions (6.9 yilelos CARe = 2/3 which cempares favorably w!th
the exact va'ue of € {—E = ,664 35 dérivea by Blasuls, The property
vatues in tha sk'n ‘..-t.cn coefficient and the Reynolds number e all
evaluated a® ‘e $¥se sipaam,
It is intereat'ng {0 exam’ine the assumed velocity profiles In the
physical plane, Foir zerou injection the as:umed shesr profile reduces to
) U
du L
. Mo . . 0,u, T (x)y - ‘
T _"Z.,:', ,;Z (- e, _L&..'."__. .-;‘.‘l..3 . (0! 4)
p&“& (] | «au
[}
For purpsses uf demonstral’en only take p = u, and Equation (B.l4) yields
uoon intearaticn from O to ys3
x{Re = |n|u_—:.—u—t—| Ffaj-' &- . {Baib)
AL - ,’ . U * 2 N
. v : )
. ww vé_
h.} Permeable Su-fae wufh Simitarity --— = A
T,
. ) )
PV , , '
By taking = = ;Fa-“-; anc 1: = B,]T; Equation (8-13) Is found o
Pgls VY 8 :
be independent ¢! x ana yieids the aigebraic expressions
19a%814%8014748%4818%.95.44 = 0 . | (8.16)
Special cases of Equation (3.16) are:
1e) Zero !njection: Mth-#NO-VS
2.1 Zero shea: (8201,A = 2715 = 0,516, =
As pointed ¢u* 'n sectlon 8, the exact value of B(A=0) as calcu!a’sd
by Blas!ug Is 0,332, The exact value of A(B=0) as calculated by Emmcns
and Lei*h 's 0.6:9, The "blow-off® injaction rate is not predicied -—

zucurately by the orasent snslysis, This large injection rate produces

a boundary layer thickness so large that *he boundsry layer epproximatieons
resutting from the corventlonal order of magni‘ude analysis no !onger
provige an adequa‘c description of the precess,
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TABLE |

Fist Plate Swin Friction and Heat Trancfer Results

33

PV, uéx‘ | cr 3, E C, Emmons Ny Pr = 0,7 '
A-'pu‘:)-— ?_3?3—- i — AN m Low
RIS 'O A=0 1 fo Leigh T = const,

- - -

0 Solid 1,000 1,000 ! {.000
0.! Blowirg « 708 . 788 819
0.2 Blowing «60? B9 «642
2.3 Uowing .41 » 406 « 477 -
0.4 3lowing 220 *243 ! o322
-1 Suction 3.414 3,221 :
=2 Suction 6,738 6,346 i

PV
¢.! Permeapte Surface With Uniform In jection === = H

I

This cusc csnelders a constant blowing sate (i,e., independent

of x! so that dlp v /p

.13—5 ®

a
ada
2, 22
fa+ 1la + T a + 3 }
(]

27

ué)/dx is identically zero, Defining alx) =

HIIx, tquation™ 8188 reduces tos

(8-17}

a must satisfy the initiol condition alx = 0) = O, The root a = « |
corresponds to the asymptotic solution for constant suction In which
the velocity distribution ard all boundary layer paiameters are
Independent of distance alony the plate such that €,/2 = wp v /p?ug.
W

W

Applying Descartest rule of cigne to the denominotor, the other
Expanding the integrand of Equation
{B-17) into parctial fractions by mesns of t“e method of undermined
coefficlernts and integrating termwise ylelds:

rosts are found to be imaginary,

2

A !
s ;|| e
[ a+!

a +22a+27 J +
27

14

16 tan-!

[ma

(B~18)

1as27

1t is easy to verify the requirement that the initial condition

al{x=0)=0 is satisfied,

1t is possible to calculate the position of

blow.ofi since with uniform Injection the condition of zero wall shear

oczurs somewhere on the body,

Cquation (B.1R} as a approaches infinity is

[IRY u,x
' (.l'..!’. .;;_\ = 0,%70
p,U
o ).y
w

27

The 1imit of the right hend side of
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— (Y

vii R PoVw /6., sUg = He This resutt is comparable to .he simitar I?y injec?icn .
case (pw/*/p u, = C/{x% in which the blow-off injection rate scrstant waes

found in :ectvvn b *o be 0,516, In this secoand case the ccrplete boundary : :
ltayer is simultzreously lifted off cf vhe plate.

d.) Semri-Fermesble Sio-face with Downstream Uniform Injecticn

v

The ¢ase ¢f a s3!id sect'on followad by a porous regica with un!form
injection rate prac :Lally acplies to ooservstion ports on high veloclty
vehicles or wind"unne' windows vhich require cooling over and spove the!
required on the upstream surfaces, Tne sciution is found by combiaing the .
results of se~ticns a and d together witnh the requirement of a continuous &
surface shecr stress across the interface, Equation (3-17) Is integrated. -
from “e =H: |,3 u x 11)6 tc e 00 yveld:

. n UeX a ! ’ 4_“ (@ - a, }
ye Ss [_x_. . !J: I 5a. »Z220+27 },__ fan" [ J.

5 x, ' a»l 1 5¢°+22a°+27 {TT -an°0|l(a*a°)¢27

[ Y18
N

{B-20)

Equation (H4.20) s plotted in Figure 30 with @_ as a paremeter, The

simitarity injesttsr ~ase (Eguation (B-16)) is also plotted for comparison,

The blowing garasmeter and skin frictinn coefficlent have been multiplied

by the square rcct of ihree in crder to permi? comparisen with conical ~
experimcits, The ersperimental injection rates with uniform injection are :
presented as 3o!id Vines with barrad ends, The agreement between the
present theory tor uniform injection and similarity Injection explains,

at least on the basis of skin friction results, why the nitrogen heet

transfer data gresented In Flgures 25 and 26 agree with the slmllar!’y

thecry., The agreement lmplnes more then pure colnclidence, 1t mus? be

pointed out here that the experimenta! heat transfer dats has taen correcied

for variable surface temperature. This procedure adds valldity to s

compar Ison of heat transfer and skin friction effects (which is, In

general, & Prandt! number effect), Thls point is expanded further !n —
Flgure 3! which aiso Is a pureiy theoretical presentation, 1In order to .

¢ ntetm the reasoning, one must f,rsf compare the skin friction resuits

(’ witn uniform njection (x >0 = constan*) with the similarity
- injection (x "= 0, p v, c.{iﬁ The simltarity skin friction resuitﬂ are \
seen to fall s'igPOIy gelow tre sinllarity heat transfer resutts for ] + — -

Prandt! number of O.7. On the basis of these curves, the exper!menfel
resuits for heat transfer with uniform injectior should fail stightily ,
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betow the cimilarity hest transfer predictions, The important point

to remembe- is trat the factor #fl-x_/x is used in the blowing par eter,
Physiceltly it Is reasonable that the proper blowing parameter shoula
vanish at the leading ercge of blowing 'cnd also be relatively unafiectes
hy the eolid tin 2t targe distances downstresm, : .

Reaardina the helium data, one cannot make firm statementr
reaarding the solid tig and uniform Injection effects., The experimental
data indicates trat the reasoning applied to the nitrogen data stili
applies, The basic qucstion to consider is; "What phenomens altered
the injection distribution from an inverse square root variation to
a nearly uriform variation?®, ke probiem is discussed further in
Appendix C,

29
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APPENDIX C

THE 1JTERRELATION OF TNDUCED PRESSURE AND SURF \CE_INJECTION

Searching for & phenomena which is capable of altering tne nar.uniform
blcwing distribution, ‘he Gguestion srises as to whether the viscous boundary
fayer-inviscid external fiow interaction can no longer oe neglected,
Specifically we dea! with the precsure interactian produced by the outward
stream|ine deflection coused by the surtace boundsry leyer, Thic phenomens
is known tc exist on slender bodies at hypersonic speeds and low Reyno'ds
nurbers, This tyoe of prassure interzction is classified as "boundary layer
induced” since the ¢isturcance af the external flow field is due to th~
agistribution oi boundary Yayer displacement thickness, The result anticlpated
Is that ihe indired pressure distridution modified the Injected coolant
distritution in the forward asreas of the cone such that a more neerly constent
{invariant with distance aleng a ray) blowing distriution results, The ,
tat;er requires an induced pressure which decreases with increasing x,

The anatysis which follows is adapted from Reference 34, extended to
) .7 77777 Inélude surface mass aadition, 1t is developed within the framework of
classical boundsry layer snalysis In which the boundary layer is considered
separately from the external ficw field. Since the stresmiine deflection
produces a new body shope, we replece the boundary and the boundary !ayer
with an equivalent body submerged in 3 Inviscid flow in order to estimate
the inviscid flow prassure distribution, Therefore:

»
ds :
0 =8 one* o ° c.n
where 6 is the total flow defiection, 6 - the cone half-angle, and

5§ - the boundary 'uy:r displacement ﬁh$3?ﬁess. Ir Reference 34 the .
pressure is assumed to be a unique function plB) of the loca! total flow
dezlec?ion and is evpressed as & Taylor series expansion In powers of

dA /dx in the form

' iR
P P gé_)+"' (c-2)
' Pinvise (P;_.,,,;sci do (dx
p =
® 0=0,

Higher order *erms may ve included, These te.-ms were found to be negligible

for present pursoses. The subscript "invisc® refers to & conlcal surface -~
pressure in the sbsence of viscous effects, The inviscid cone pressure

and the derivative in the square brackets were evsluated numericatly from

the Taylor-Maczoii solution (Reference 35),

Applying the Mangler transformation to the boundery layer sotution —
of Emmons and Lelgh fer simiterity injection (Reference 33),
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—_t (Ca3?

P ougx ' )

where(brw ia a prrameter depencing on tne blowing rete f .'.The
analysis presen*ad in fpnendix 7 was not *o be used since 5 does
not appear exulicitlv ir the analysis, The properties are evaluated

st the reflerence eniioipy given voperically by Eckert36 as
" ) .
h =g (h +ho)+ 0,22 th - h) {C=4) .
\'lherC" . | D oa ' (co8) '
s T 3YPC o - e

1f h =h_, Equations (C-4) and (C-S) way be combined t~ yleld

,hn 0 5 §
= !+ 0,72 J°r (v « 1) NA o 1C-6) :
‘g ' »
1f the viscocity 13 toven to very lingarly with temperature,, Equation
(Ca3) mey %5 writter
» ¥ - g .
AR . » .
Lj—-— = et |t + o.v;}w ly « 11 ¥ ?J . (C=7)
- . 6
T4qRe, L .

For # >1, we may negtect the one ir the square brackets and evaluste

the expression for pr* = ¢,7, With this assumption, Equations (Ca2)

and (C-7) are corbined ard, sfter numerical evatuation of the appropriate
terns in Equation (C-2) = 5, ec = 8,19, yield: oo

k4

14 .

2y soaesPr L -t s 0nes O (c-3)
Pinvise W-Jk‘es 'x

—_ . V
where )E is the usuu! hypersoric viscous interaction pasrsmeter Mi/{R r
The ad.itional Nach numper factor appears as a rasult of ihe pressure
derivative in Equation (C-2), For zerc injecction fw = |,73/Z2 - 0,87
s0 the ‘nduced pressure ratio is qiven by

(5—2—-) BN A5 CHC-9)
|nv!sc' =0 . : _
w
. 3 L ! B
Equetfon (C-2) is olotted in Figure 32 for zero injection and three :
cone Injection ratec, The incuced pressure ratios are signiflcant and
hava eaverat miceife decign Implications, A meur line through the
avaitlable data on incduced pressuies cn sharp-nosed cones as summarized
by Reference 24 is =1so prasentec which tends to confirm Equation —

(C-9), Usinn the experimental values of ¥ = A.EZ,RX/!N = 0,18 x 107,
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than at x = | ineh the value of x is 0,19, For zero Injeztion ths
induced pressure ratio is founa from Equation (C.9) to be ', 0T At

an f_ o! 1.9, the corresponding ratio is 1,00, Nelther press. ¢ ‘nerease
appears capable of altering the blowing distribuiion althougn the actua!
ultimate effects of the external pressure variation depend v 2 compaurison
of the lccal external pressure and the mass fluw pressure drsp cheracter.
iztics of the porcus surface. )

.
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APPENDIX DO

CORQELA’I“” OF PERMEAGILITY MEASURENENTS O THE POROUS CONE

In orde te irsuir2 understanding of the physical pherasmena o
sunrary of certaintent fcrmilas, on which the permeability correlations '
are baserd, ire presented here in advance of the actuel data,

A, High dencity ~lpe flow

The Haqen.Pciseuilte result tor fuliy developed viscous flow ) " -
. in a tube is comronty written sos
. 4
' PSR : 5-13 g’
3 = Fire ¥ o V, Lo A {(Cat)
where 0 = vo'umetsic rate ¢f flow, r = tube radius, t = tube length,
7Y = the mna. velosity., Irlroducing the mass flux, pV, we may writes
—r on
T a—— -k -
P ’ﬂuw £ dt T e e . (pu2) o o
- —— e e oen — e '
Ther for isathermsi fiow, EG, (0277 “Mdy rtrregm.iede over -.thg complete .-
path to yie!ss
ry° 2 0 ’ !
Jf- [+] -p .
[4] U d .
pY X e et m—n - {D~3)
uRT 2t '
where the subscricts v and p refer to upstream and downstream
positions, The term irn the square brackets 1icy be factored such
that it physically represents the average pressure wultipllec by
the average prescure gradient - N
. Py * P\ [Py - Pyq
5 T . Despite this fe=ture, Equation (D=3 Is
' y

independent of pressure level,

b, Lzw deaclty sloe flow

Hagen's derivation was repeated by Kundt and Warburg with the
modificatfan that the velocity of the gas in contect with the tube
is taveh as ¢ Instead of 2ero when the meen free path is comparasble
with the tube“radiys, The resuit of the culculalion as expressed . —
in Refersnce 31 is :

ov = l J ( ;'p"?) 1 +(%- 1)-[-;—-3- , (0-4) ' !
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Nhere the ferm 11/2a) applics to the viscous reg!me and the unit’
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The unknown 'ergih entering into the Reynolds number expresilon is

then relatec direcd'y to the ratio of the inertlal and viscous .
resistarnce ccefficients, The ratlo of prescure forces to inertia :
forces may te uvsed to define a friction factor, which, according to

Equation (N.6) vields:
p el

pu' - rd”

e S AP (0-8)

f L aton? Re ' S ) : .
0w, TC,7ars ¥

factor appiies *o ihe inertial regime, ,

Historicaily, studies of fr:td flow through poraus media have
presentes correlerions of permeabilityv dats by meens of a single,
georetrically measurahle dirersion taken as characteristic of ttre
porous material, This aprroach is valio only within a specific flow
regime. The grecentation in tqusations (D7) and (D-2) require two
characteris:ic length parame?ers Experimental ce’erminaf ons of .
these twn paramete~e raqyire an ew?enden range of flow raf:s, '.e..
a maximum to mintrum ratio of 104 to 10°, encompessing both regimes.
Since the precant irvestigation covers only the viscous regime, & '
singleaparameter correlation chould be adequate,

de  bLue dersity flow ehr¢uqh serous media

Meglesting ntth tha inertial and momentum change terms, Equation

(0=6) rezuces to
, i m2{p 2 p?

- SR {0.9)

Y T 2t ) . '-.
No'anatytlca, sxiension of this exrression te Include siip effects
exists, A compartson af Equatiors /D.3), (D.4) and (D.O) reveals e
the basis «Imltarity af the struclure of these equstions., By analogy,
we may wrlte the io'lowing equation for low density flow through a
porous medio (w'th L' = 2l :

N

> : :
tn.,/74:" ;0 2 o p < A
U 4 {2 m
- : 1 ... - ———— -
pv A ( 57 ) "7 ) T . 10-10)

This exzressfoy mey be consldered as a one term Taylor series expansion
of Equatior f.9Y In terms of the Knudsen number Xm/L'.
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. APPENDIX €

MCDEL PERMEAHILITY CALIBRATION A1 LOW PRESSURES

“*ne 465 saroue ccre was mounted in an available callbralton chamber
as shown in Figure 33, Tie chamber was connected to a vacuum pumg - the
chamber pressu-c was cuntreited by means of a gate valve, The mcde! rass
flow was zon'rotied Dy means of the some sonic orifice au used in tre
heat transfer and *ranciticn studies, Alr wae yseg as the calibraticen
fluid, The basic data taken were total injected mass flow, mode! internai
pressure (p | and mzde! external pressu~e lchamber pressure p ). The .
experimental method used corsisted of vary'ng the injectmad mass flow whije
holding the cnemter pressur2 constan?, Chonber pressures of 1, 1.,%, 2,
4y £4 155 30 3ig 72 centimeters of mersury ebsolute were studied in orde-
to vary the aver-age density of the Injected fluid. For reference, the cone
surface pressure fp, °r p,) as calculated from the Tu,lor.Maccol!l thecry
was 0,48 cm, Hga duifing ene wind tunnel neat transfer studies, The mean.
free path 3t this pressure at normal temperature s approximately 3,8 x 10~4
inch, Figure 34 shows a pnhotomicrograph of the porous cone surfsce, The
average rocughress height 8s measured by & Brush surface profilometer with
2 500 microtach radlus stylus was 60 micrcinches (0,6 x 10-4 in), The
discrepancy te‘ween th's 'ength and the pore size observed in Figure 34
{approximeteiy * 10 3 x 10-3 in! Implics that the instrument stylys efre
Is not correct!y matched to the roughness being measured.

The resul®s af the permeability calibration are plotted In Figures 35
and 36, The effect of silp is agparent in view of the deperture of the
data from the so!ld=tine continuum thecry which hes a slope of unity, The
permeabliiity distribution cond!tions of Figure 14 are Indliceted by & cross

‘symbo'. WI!th o downsirear pressure of 0,48 cm, Hga, the mode! in‘ernal

pressure varles from 0,%8 cm, Hga, to 5,24 cm, Hga, This means thet the
pressure dvop varied from 20 percent to 1000 percent of the Inviscld
static pressure, Induced pressures (see Append?’x C) 3 to 9 percent higher
wou!ld not atter the blowing distribution for either the maximum or the
mintmum injestior rates so that induced pressure effects were eliminated
as a source of injected mass flux re.orlentation,

Using the s*mospheric data, the viscous resistance coefflicient length
L, was calzutated to be i.1 x 104 in, which yields an effective tube »adlus
o} 0.78 x 104 in, Assuming o reflection coefficlent of unity, the seccend
term in’ the square brackets in Equation (D-10) varies from 0,128 at an
averasge pressure of aimuspheric to 17,2 at an average pressure of 0.%3 om, S
Hga, Lthe lowest wind tynrel tast injection rate) and 3,2 at an average
pressure of 2,86 cm Hga, (ihe highest wind tunne! test injectlion rate),
T™his merans that the peemeabliily distribution measurements were taken vnde-
continuum conditlons while the wind tunnet experiments were performed in
the "siip flow" or *motecular effusion® range, »—

36 )
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The fcrnce eore wa: desigred, manufectured, ard ihe atmos;te:s '/
catipraitan pecyay, *vat “ne iniccted mass flux eistribution varic t &
x=1"70 E Latian DL fren reauires L7 vary as X177, Durinn tne
geiyl dest peca Tes ser ad ferm in Equation (DL10Y is dominant 5 o
that o ovarTed e L, on ymi/4

The cuceras of Eqratfen (D.IN) in correlating the permeahtiity
aat v iz demescteaten 4 Fiwre ¥, The feviaotion of the dats from
the theore’ 'ca' c'ipe of Un'ty at very low pressures (in the moleculor
flow reqime the :¢''°~lana between the molecules are reare as compared

! with the fréscency ot coltisions with the wails) is partially due to ihe
finfte thickey . o6 tre popous sur®-=e {non.orifice effects) a3
categt-4ted fa Do e 37,
Tre Jest cuesticr o be considerec concerns the effec® of %siip®

on the trermal bea* exchonge between the injected fluld and the porous

wall, An assumrp*lor wa: rade in the data reduction procedure that

the terperature ~{ tre iniected fluld eqialied thet of the porous
cwall at tke el of emersqgence, No exper Imental evidence was gothered

ce this Tenlces. Gos rrun’ adopi 3 rather circulatory argument here

by reivirg on the a2greement betweern the towest injection rate heat

transfer dato »us the Chepman ond Rubesin theory, This agreement ,

Inters rat o ive arsurption ctoted shave T valld fo Al injaction "‘\\\
rates sirce the luwest gererates the maximum “slip® effect,

37 . ;éa . . .
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FIGURE 3. PHOT OGRAPHY OF THE 16% POROUS CONE INSTALLED (N (HE
' MACH 5 CON/INUCUS SUPERSONIC WiND TUNNEL.
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FIGURF 4. LINE NFANING OF TRANSITION MODEL SHOWING THE
INSTRUTENTAT 1ON POS TIONS, WELDED SEAM ANO FOROUS INJCPT,
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FIGURE S SHADONGRAFH PHOTCORAPHG {a) NC INJECTION, (8)
BLOWORF, (o) HELIU IXJECTION AT 12 X THEORETICAL BLOWOFF, ANV () HELILW
INJECTICN AT 16 X THEORETICAL BLOYOFF,
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