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I:MT.OOUCTION

Pass effusion methods are currently being utilized for protecting
surfacies expone.; ýn ntense forced convective htting, a problem which
occurs in man) new engineering applications. In particular, the application
of effusion cooling methods to the forward areas of high-speed aircraft
and missiles has stimulated researcuh on the basic processes of these cooling
techniques.

The primary characteristic of the several prooosed methods is that a
mass flow of gas away from the nurface simultaneously Influences the develop-
ment from the velncity, temperature, and diffusion boundary layers. This
feature distinguishes effusion te~hniques from conventional co6ling methods
which depend nn Pither a high thermal C€oaclty hea# sink within the structure
or a heat pump system located at the Inner surface of ihe skin. The coolant may

be a jos, or a solid or slurry .h..ch decomposes to for- a gas, or a liquid
which forms a film on the surface and eventually evaporates Into the boundary
layer.

Film cooling maybe described as the Injection through a porous strip
or slot of a liquid or gas which blankets the solid surface downstream of It.
Transpiration cooling refers to the inJection through an extended porous

surface of a gas which has 'the same thermodynamic properties as the main
stream. ý:ass transfer cooling is similar to transpiration cooling except
the coolant h"s thermodyn.milc properties differing sufficiently from the
exterior stream so that the diffusion'process must be taken into account.

Since .'! surface effusion cooling technicues have the common feature
of a mass flow of a coolant gas flowing away from the surface to be cooled,
porous wall experimental Investigations are of general Interest since th!s
effect in Isolated and controllable. Porous wall mass transfer conling
requires the pumping of .a coolant through a porous surface. Such a system
in hasically efficient because: (11 the flow passages within the porous skin

possess a laerge surface area and are extremely tortuous, providng an efficient
heat exchange between the coolant and the skin: and 12) simultaneous Injection
and diffusion phenomena significantly reduced the amount of heat entering

the body. In addition to the attractive possibility of significantly lower-
Ing the heat Inputs and equilibrium temperatures of the body, the laminer
stability of the boundary layer ney b-. iltered by modifications of the flow

profiles and the boundary layer fluid properties.

The thermal properties of gases depend primarily on the molecular weight.
It has been shown that the surface friction and heat transfer characteristics
dre quite different when the injected coolant gas has properties differ'ng
widely from the main flow. For these reasons nitrogen and helium were used
as the coolant gas because these choices result In molecular weight ratio.

of approximately fIt and 1:7 when compared to air.



This paper presents an extension of the experimental resear~r, wv:1. ,t

m~ss rransfee coc! inn effects carried out at the Pose'onowt Aercno :a
Lnbcrato~ries cturinf, the last few ypars. The present results, incltvdt

-r).P~t tn~ fvs-.'jdtfios of the laminar stability with ritrn9^A. mnd' r&jm
ni c''on11 an-; r'.. rrr investigation of thest Co-faCtA on thiM nra'
fr~r-ler chnracierisfics of l; 6 comical model at a freestream Mach
nurmbsr of ~

OUTL INE OF CURRENT INVESTIGATION'S

There were two orincipal objectives to the ctdrreni wcrk. An 1tnita!
UVIRAL investiqation of the thernial ert~ctL of gaseous ie,ecton on th4.
At~t~ity at the cover~nq lamiminr boundary layer was restric ted to heiun'
-14.ction it a'sinqI6 injection rate3. In tme present investigation this

w~A3; expanded to include nitroqen injection and'cover a mncre ýnmplefe range
o; wall-to-starqnation temperA~ture rottos for both ceelant gases. In
another pr~evious Ut'RAL investiantion of heat transier ceri4.::.. :sties 'he
range of blIowina rates used was restricted by the apparatus to rather
moderate leve's 4. It was the purpose of the second portion of this
iriv-stigation to extendf the r~inqe of blowing rates to include the entire
range a' interest. -Turbulent flow investigations were excluded because
of the 13ek of effective turbulence trip-% at Mach numbeir 5.

9CUNDARY LAYER TRAPSITION WITH GýAS INJECTION

In any practical aerodynamic application, a great unicertainty l'es
in predicting and centroliinq the location of the boundary layer trans~t7,.r..
One mist rely wholly on available experimental information and therefor-e
the probahilitv of finding eata applicable to the situation. Only the
subsonic datil of Reference 5 and the preliminary UAAAL studies (Referenze 3)
existed aP the outset of this program. This pair of deta ag-eed qua! itatively
as to the destabilizing effects of Injection but disagreed merked!y as to
the magnitude of the effectis). The question arises as to whether isxltensive
reninna. of lAfIhmir.' Il^ Cill e~ist with finite !n~cc'!on raft.3 thr-ough

&:.r!su;Ilabe porous plater. The surface roughness, of such mater,*a! s
may prove to bo am obstacle - In certain situations the existence mf
d&screte jets of coolant Issuing from the finite open!rg may produce
or-emolure transition. Experimentally onn finds that a relatively sharp
fransltion from laminar to turbulent flow still tal,-es place wt~en Inject!on
is utilized end thit this pattern oscillates on the surface, One feels
the Irnnsiti'on mv.st be governed4 by the detailled character of the (;owwhich Is rc'atee to the history of the fluid porticles as the-y progres

tnhe transillon region, and, there~fore* mrust be vkensitive '.o the
distributed nature of such disturbances.

The mathemnatIcal model of transition Is anythirty bat setcure a*
present. The Tcllmien-Schlichtinq t heory of laminar bouendary lay.!- In-
Stiul'litie 691 has 6een proposed act one mechanism leading v9 if t,

2



J4 t ion. I t 1s postulIated that very sm'al 2-dimens ionat d! s-*-. boance

will be arp Ii f ied se Iect Ive Iy accordi nq to f -equency ;if the 0 - Reync-1ds
num'ber Ishigh enouglh, The large~ oscillations produced may :ýý-c and
tr'e -!,1w hel m~rnrken i p Into turhkilprnt vnitrtlce, The anA'y1,-'s unh

to preoict tr,.e Pevnotels number of transition from laminar to ýurzjer,: Vow
because of 11imtnticns on 'the equnt'.on3 of mo~tion used. Tlhe m~zt inl-ereet_
inj pcint of practical Importance in connection tl this nr'aivsis Is the
predicted existecne, within 8 certain Paoch numoer and surface temperature
rmnqe, of a comp~letely st3ble laminar boundary layer*8. One imit reg~rd trne
qiuantilattve results of stability andlyse~s with caution since the anal 'ysis
has been i.i~eriied and is based on smal: ?-dimensionAl disturbances. In
reality, supersonic windI tunneo,-ac8nu conical models may gerierati d~sturbances
which are ne~ther smrall nor 2-dimensional. The aralysis o: Dunn and Lln9-
ind~cates that for- 3-dimenslonal disturbances, cooling should Inc:,ease Ahe

transit~on Reynolds numrber but no region of rInf'te stabllT4y 4as found
to exist.

Low speed experiments on porous flat plates revealed that mass addition

his a significant effect'on producting premature transltion
5'30. Sirce

fiuid injection has a destabilizing effect, while surfece coo~ling appears

to be stabilizing, It Is Important to perform stability calculat Ions to
determine which effect is dominant. Low11 and others 2,113 have performed

the cal~ulations for air injection using the stability equations of Dunn
and tin 4. The results show that the suirface must be cooled to lower
surface temperatures in order to obtain complete stability as the Injection
rate Is Increcssed. 9aroni5 and Covert 15have estimated binary stability
limits f*- air, heliumn, and carbon dioxide Injection which reveal Qualitatively
the same results. Thait Is, at moderate Mach numbers, the reQuired surface
ternperatu'-es for corpi-te stabili2atIon W~th the !njectlon of air, helium,
and cartior dioxide are, In general, sllqhtly lower than the solid surface
requirement,-calculated by van OrIest

7 .

In Reference 3, work done at the Rosemount Aeronautical Laboratories
ireiez~dlthnt at :cre hc-t *ran-cfer, the obeerv'ed trens'tin ReYno!ds
numbers do decrease with Increased injection,!initially more rapidly fer
hilium ihan for airl, but the perceotage decr..ases are not large fcr
Injection rates which theoretically produce significant coolant effects.
In that study attem'pts to Investigate tne effects of extremely low temper-
6ture air Injection upon boundary layer transition failed because of water
vapor condensation In t e coolant ducts. Th:A problem was el in!nated 11A
the present studios through the use of dry nitrogen,.



EXFF.RPENTAL i-AiaLiTY

The corrressed iar fn~t!lljtion Cinsists of five pea~llel-connectedg
eectricatll..1-!rven, rpc'procating, 2-st~qe air compressors with a

tot-.l ritinq r"f 3lP0C hortepower wnicn ro-'e coei~ deivery rate of
;'3.2 pnur~ds oer second eiv 1 10 psig. The vacuum system consists Uf
seven rotiry-vane pump, dliven by four 250 horsepower induction motors.
Com'pressed iir for the wind tunnel cnn he rcuted through an electric
heater bank to provide star'nation tevmpseratt'res up to 4500F at 11
pounils per secor~d. The supersonic continvios wind tunnel has a
6 x 9-Inch test secticrn with a PAcFti n'mher rmnge of 1.5 to 5.7 ;Figure lf.
At i M.ach numbher o' 5, it ope'-atas contingoualy over a Peyn'i)ds number
per inLh ranqe'of 0.14 x 106 to 0.91 x 10 . The turnn'!l is equipped
wit, a varlable-Aren diffuser with three thront positions. The total
te-perature of the air stream is sensed by seven th~ermocouples In the
staoni:t ion char'ber. The tunnel is equipped wlhi 'ctar.goilbr optical
wineovwa 14-112 x 6-inches in sire. Ourino the Present. Inv.estigation
the wird tunnel was relocated in a new 1uilldinc' desi~ned specifically
for comnbustion works This was done in order to extend the mass transfer
studlies to inrlud~e hydrogen Injection with combusti-.n. Thus, the new
buildina was deslqned with particular e-"phas!s ofl the safety of the
opermtlnq personnel. The building cont~ins a win1 tunnel, 3 combustion
test cell, n-i-, two control roorms (Figure 2). qelntorcert concrete walls
separate the tunn~el cells from, the control roomrs and lHerct lite glass
I-lid-inch thlcy is used a5 viewing ports. One Wall 3nd the root of
each cell Is of linht construrt,tkn.-facil'itating ensy blow-off In
the event of an exol.)sion. Further eeala s of the facility are
avallaole In References I and 7.

The 160 Porouis Core - Tranrsithn Ro.lel

* The porous test model used In 'his investigmt~an (Figure 3) was
a le5 cone of sintered type 316 :talnlcss steel powder MS micron

pnrticle stopAge). Th,% svern-le wall thIcknenA wis 0.028-inch, The
cone had a so!id steel tip one Inch tong. The mode'. slant height
vjas 14.7-inches and had a~ bnno diameter of 4.1I-nches. The density
of the cone surface. materlal was approximately 245 pounds per cubic
Foot with an av:e.-age relAt!Y& de 'nsity of 0.55. Of a totsl -oA*e
surface -area of C,660 sqtiare fcet, 0.635 square feet was porous.
The cone shell was Fabricated by Connecticut ffitals, Incorporate6,
Aucrlden, Connecticuit. 'ihe permeability distribution was built into
a flat sheet of 10 x 21-Inch dimensions throuqh the use of contoured
dies. The sheet w~is sintered, crosA-rolled, And pressed to obtain
a s-oother outside surface, and reslnterert. The finished sheet was
rolled Into Its final conIcal shape using standard sheet me~tal forming
techntnues and welded along a single ray. The 3/ld..lnch seam was
.hand finished to conform to the conical contour. A 3-Inch circular
sector porous insert was required to complete the contmir (Figure 4).

4
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!) tt.: -na!, wns -esr> l rl ',e c lI ght' tt-¾ý. awnmler'c

CO b.I the- t f' 1! T(.# ecfllal t,!fCf d*1mett-; Id~ u. (J,'-Irch)
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The f'co. rrt6* l,~>&on teirotueatio -es -oulId be set to wI'6hIn
5deqree'. -, f "ry df-!*re beWw~esn 20 1)F z Jd ..3(VMF. The

tr-"prahjre ci 1'er be wmilnt.tilne'e to within cone dgeqrte of trne set
v',,Ie it, e~trt,-*.-?. -up. Con'r.il of the ! ow lme!Imr sfogn-N.~on pressure

ý ~ he -,:, 'jf a oesra! It;h.! oef tnar-1hreadv r
Sr.'! valvts, T Is veive-Etaginql system Al lowtd conro

of the cooi i'tt supc* presiare t,, + 0.05-incets I:f mercury tl'r:ughout
#AC"r rue'.

Th e .Arahcobto.-vat~oe'6 emfioyed ai,. AIRCOR dou~ble path
sch',erere s~ste-, Fla1A rurations ef ! microseend were used with
the C..F x '8ý f a3h ;drnp, Intei~sity v.ariatons wfpre c.:sslhla
due to the two spark~ capac~tt~lis of O.',.LF sna 0.%LF.

Actun! ? unof !re ?%e6!:n -- Kyvn ~inn full-AIze
zhadJOw 9Fr1)h photographs. IhTs *echrnqiqu croved to bi? nw.re successful
thnn 'zsn'. eVrq#ed dcub -,pA'l svh.' !eren photee'razlls. A .7--V~romh;*
had to be made k&Iwve*- Me ,nno.. stagneftorb ;?!ssvre 'to bqe n'avled
In this cast if the die-Is'ly profile curva~urp Is to be nbsfrved with
a shadowgraphl .; m*"nWzed tto produce the maxim'um !lnq~h of lamfInar
flow alorq e c-,n'ca? scr~aceo). 'The tu.'ne; Reyn'oldsb number per Ir.ch
selected vnns 0.36 x to whlkht. did r~o+ oe:init 'he maximum length of
lamlnnr flcwv atoog tne nydet. Nearly tr..e size modo! Images resulted.
rho use of a I I v 14-Inc X.ray Min~ and K'idabroml.de_5 high cov'trast
pt-ot-.,r~iphic papet, resulted In easf~y rerd prints. Using these
techrilOut t-e -Frcr In trvanslt'on lncolicon - x - Is 4elt !o be
?eqs. thiar , 4/,~ ' ritpicdi shodrawarophs showing 4,rat"5lihof appear
-I~ F~qI~res75(i.5d, 0tre~sfIng evcess Ir jectlon ohenr~m'te'a are also

;r-esnt-M mhech !Ihi "e! cu-a shock~ wave being deK, :'med bV bo:un'dary
loyar thiclhn.&O. Ovt! - surface ;~L!n(See appendix C). Transition



is taker.t oc;cur at the end of the white line which apre3.-s j..st above
the surface ;n the ll'~nirl reglon. Attemvpls wert made to em'lyhe technique
emwployed by Ch~apman~ in Reference IS which magnified the dis~On:r between
the wh ',s ', $e And1 ý ho Me I surface. The N!m opane was moved away from
the tunrel at ke-v,!,r-n pos~ui ios but tflc mocerate succes:,.be d~id rot
warrant the additional ex~er~difires required to Improve the ter~hnique. The
zrero injectirn transition posit~on was ftund lo "e Apprnwimstely lO-1nc!hes,
dependinS somrewhat on model surface temperatures. Fo~r separate Phadowgraph
photographs woe- tak~en at each blowing rote condition. The photographs
wýere read independently by two observers and the results averaged. An
expmnded dIscussion of the ecc"-rary )f th~s method of transitIon detection
Is presented In Reference 3.

Transition Results

Tne two surface static pressure taps i1-j1cated a nominal surface Mach.

number of 4.33 at a tunne! Reynolds number per Inch of 0.38 x 106. This Is

to be compared wvith a calicuated suroface Mach number of 4.42. This feet Is
to be of Importance dueing the heat transfe:, meosurements described In the

next section. An Increase Of sVrface static pressure with Injection rate
was noted (protasly due to the Increased boundary layer displacement thicknessl

but this effect was rot docuimented sufflc!ent~y to be Included In the data

reduction procedures (see Appendix C for an emanded discussion).*

Because of the wide range of variables Involved, and In the !nterest
of economy, the ddta was j..)t taken under truiely steedy-state surface temne.'-
ature conditions. Alter the coo'.nt flow rate and temperature were set at

the desired values, the model surface temperature was allowed to adjust
Itself fcv. a period of approximateiy flve m~nutes before the shadowgraph
photographs and temporalure-pressure data were taken. Although the 0.029-
Inch wall thickness model was very rapid In thermal response, some temper-
ature drift d~d occur.

A complete presentation of the nitrogen Mata Is presented as Figures
7 and 8. Figure 7 reveast the major effect, the reduction In transition
Reynolds number with Injection rate. The effect of surface temperature
variation Is shown more clearly In F'gures Sa-lif avd Is summarized !n

Figure 9. The stabillizng effects of surface cocling are setn to exist
up to blowing rates of 1.0. At the higher bl w!ng rates the effect of

coolInq In seen to dfrrInish and even reverse at the highest blowing rate,
J!I 3, presente'd. It mutst De pointed out thai the b'owlng ralva pr*6*rtied
here encompeec the complete range of aerodynamic Interest - the. somewhat
questionable theoretica! blow-off value being -about 2. W'thln '.hls range
tn* trarsItion Reyn,)'ds number Is seen to decrease only about 50 pertWn,
depending only to a slight degree on sur'orcc ?,!,!t transfer coniditio~ns. It
will be shown In the next section that the heat trlansfer coefficients a--e
simultaneou3!y reduced by nearly 90 per~cent. In Figure 10 the present
nitrogen daita are compared with other avallabe, i~xperimenfal result&3 ,19.
The agreeman' can be cunsldered favorable crsdlnte si:and
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:JS.ve nature of transition rr.eas,.rements. Figures It through 13
prcesent correspondirg results for helium Injection. 1i major
6ifferences appoar between the nitrogen and helium results. The

*Dsqrven t-ansitin Reynolds numbers ntia!ly aecretise sw.ewhat
,nsler opr unit inipcti;c rate for helium than for nitrogen but the
rfýsj!ts for Doth gases asymptotoially appro.;ch !he sarme transition

0)k~ t i on.

HIAT TRANSFER INVE3TGATIONS

Porosj VP0 Cone

The tent bo-iy used in tMe neat transfer investigations was
.,:erticil In All geometric features to the transition model (Fio-jre 14).
re, porous cone permeability distribution was mcasured us;.ig the
:a!ibretior. apparatus represented schematically In Figure 15. The
cone %ias fastened to a rigidly held mandrel. Tte manipulator was
usee to position the surface probe at the desired' location on the
model surface. 1he Internal diameter of the sharp-edged surface
probt' was I/P-Inch. Air was Injected Into the model through an
orifire located downstream of a pressure regulator and valve. A
qoo solution d~aphram was formed on the open bell and stabilized
by a(justment of the needle valve urstrean of Ihe vacuum line.
!Stabilizing the diaphragm refers to flov. at atmospheric pressure,
eliminating restricting effects the probe may impose on the flow
because of Its proximity with the cone surface.) When the open bell -
dlaphr"gm was, st3vilized, a soap solution diaphragm was formed on
the be of tho calibrated tube and Its rate of ascent In the tube

wais measure'. The readihi was recorded and the vacuum ne'edle valve
was then used to destabiliz? the open bell diaphragm and again
xtabIlize it as a precautionqry 7 asure to Insure against errors
due to soap drying on the opin be I. A total of three readings
we.-e takcn In this manner ano wer averaged to give one value for
tne qiven •probe location. It is elt that this procedure is justified
sinco the three readings varied b at most 4 3 per cent. The probe
ws *then moved to the next positi n along tIn cone ray and the procedure
repeated. After completion of th measurements along a ray, the cone
wn rctsted on the mandrel, posit oning another ray under the probe.

It must be pointed out here hat colibratlonsof this type give
.j•fitatl*e eWidence only. The u of larger diameter surface

p:-obes always decrease the Nappar nt scatter* of the date while
a s-aller probe will magnify scatter up to the point where Individual
p:re optninIs are being sensed. A general description of the
permtab'lity distribution (in the spirit of best effort) is all that
cin be hoped for.
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A tyrico! sto or turf-rce eind coolant temperature dlstrib~tionS IS ShCWn
in F;'-.rcz, .1,i thrulh 21d. Thf, open symbol represents surface fempitratures
.ancl the cio".rl represent coolont temperatures. The data presented is fir
helium injectic-n alonri h bcttonr ray of tecn.Some of the tiemporesture
1d!tn worr riot ýsd in the heot transfer coefficient calculations because 7f
the lnroce inmccur,'cies associated vwflh small temperature differences. T'
surface te'ioera~tures are seen to be reasonably smooth - l-odicating a relat'vely
nsnooth biowinn distribution. The coolant temperature distribution close!y
fol lovis 'he surfaýce temperatures. These two are inti ..ately related. The
var~iation of coolant tenipersture with axial location indicates that thiere
is A considerAtle imount of mixing occurring within the Interior of the
por~us cene. The su-fe,,ce temperctures'are seen to become more nlearly unifo~rm
ais the injection rate is Increased. One may conclude that either the blowlnq
distribution ii, chAmnoia or the effect of the solid tip diminishes with
increased injection. The only results giving reasona.2e variiujions with x
wiere fOUnd by using constAnt surface Injection mass flux. The,injectlo7
parameter f ' includes the factor *Fr 0 /x-_x which proper-ly accounts for
the solid, leading ed'le' . A typical result of thesecaultosi

pre~~ntd i Fiure22 %t'ich presents the data for moeaehlm
injection rate of f = 0.15e1. rhe ;ýijection parameter Tw employs the ccrstan'
injection manAS flux.7 The significant features of Figurwe 22 are that fthe
randintion correctinn is only 15 percent of the Injected heat flux cnd ttst
the surface hemt conduction is less than I percent of the surface heat f'ux.
Since the surface temperature distribution was approximated by a series tif
linear seaments for tile variable surface temperature correction, the fis
position nerpsqarily Indicates a heat flux which Is 62 percent higher than
that predic ý5.12Py constant surface temperature theory at that surface
temperature P . The variable surface temperature correction Is seen to
d~minish from 1.6'1 at the first thermocouple station down to approximately
i.01 at the sixth thermocouple station. This correction reduces the measurea
surface heat flux. I

The slope of a heat fluk. versus wall temperature plot Is proportional
to the heat transfer coefficient h while the temperature intercept defineu
.the recovery temperatureI T a,'If the temperature differences are small this
curve should be a straight line Isee Figure 231. Theoretically, fhe surface
he~ft flux and the heat transfer coefficient should each vary Inversely with
the square root of x as does the surface mass flux. OivIding the calculated
h values by h 0 should yield a ratio which Is Independent mf x.

Aposslkble cxpiairtiton for the high hee!t frAn-ifer valuA esner the tip.
In that there Is a pressirc gradient external to the model which affects
the b'lowing distribution (see Appendlix C). Since no pressure taps were
installed in the model this effect could not be verified. The data
Itemperature distributions and heat flux distributions) Indicate that at
relatively laow T.ijectlon rates the blowing velocities Increau.i from zero-
at the leasln2 P~edr for the first Al-inches and then remain constant.



A.), ff,ý prol:h t~ th~ FrobI em is to ýrs~ume that one can
cr- 1 ;slribut*:,-n of heat triinsfer coefV1c'ent3 more nc-curately

fl.t hr rcar ipp;y cAlb-eclen permn'ebll't/ di tr loutions to the wind
-oil"'nc In thin :nq 6ne would find that the blowing

'I~r~~tio' - sl'a~t rt at ?ero nt the lead~nq edge of blowing
""la~f:-te first Tour Inches and tht* ' rerninln constant. Th'i

r-net eeT' ;,) be -e,-sennb!y close tz, what has happened. At anyv
r-e tnc ir'3tA vins ~eeuced assum~r' ýhe Monng velocity to be
Co in4.

Fl,ý- 24 rep-ese-sts a cmlculatton of the reduction of hr3t
tr5.~f~ oefV~nt~with injection i!ov,, the bottomr ray of the

p~Ž.-:~.The f-Pst And second thp.m.)couple posI4*ions consistently
p~v~ue 0 h;h 't fr,ýnfifer coefficients. This effect Is probably

,t.tc, an -.v~r-e~t',imaion Df the in -ection rates lpw vl ) I the
Vt,e'lv kv ih 'ip. The ditm indicates thAf tNo pro"er distribution
r-u''t increese -s!oN~y for the fiest four iný-ves of porotis surfacl.
lehind th's reiic-! the Injection~ rate Is than wens~bly constant.
Eyc(npt it tte first andc list thermocouple stations, the reduction
it, heAt 'trisnfer coefficients *Pems to be uniform along the surface
of the por-vsj' cone. The data presented for- x 2 15.* Is somewhat
!ewer than T1'e rent. Thic, may be explained by the fact that this
czoamnt 6e-ptraturc htP! to be calculagted from -dJacent coolant
temperattures. ThIs thermocouple Is located at a position where
both the surfa-ce temporiture and the e.?olant temperature profiles
hivT Abrurf chanqobs in, c'jrveture. Only the positions x * 2.2,
4.P. 05, An. 0.2 Inches possess measured coolant temperatures
while lte rem~irlir reouires that coolAn4 temyperature values be
ob'amrad fror fm!red curve-. rhz f0rst ^hermocouole was omitted
In the suhserquert plots bec~uate of the Assumption of P IfneAr
varlAtiol between the first "eAsured temperature a-nd the nose
tem'perature (assumed to be ecual to the recovery temperature as
c!0c&*ter4 by stiuare root of ihe Prandti number). The last
imer-ocoupip wns omitt',d In the subseqluent plots because of the
ons-ef of te-ir.T'Tor at the hilher blnwipg rates.

Fir,ures n ti'renuooh 21 present a. sunm'ary 0' the heat transfer
d-ýta. The poInts Above an h/h 0of u01ty'reveel the disc~repancy
between the meas-jreO resu~ts and the weI!_%iarlfIed theory of
ChSF'nan aie Rtubpslrý2 ind the over-estimaton of the blowing rate

nea I~ edi' a f ,. i,. At AN Iar;ov.' b-lovlniy Talvzb Pit;
dpta decrem8#6 -iwnctonlcality It a fam-hior rou.jhly paralleling the
tmý-cr~et' -,rcdlctlons of Low lohich.'s actvally to iir to air

yvs)and 73arrn Ihel lum-airt as explained In App(ondix 9. For
11frogen injc'-tton ml~ino "thebottcm r-ay the last thermocouple appeers-

tr'"'s t lona! in the sharlowgraphs and surfece temperature trances.
The next k.gher' It!iw!nq rate point at-th!-, po.sl',on (not plotted)

10"~fnI1ý1y irn~iltlonal -having an h/h value of 1.3.



A SUMrnmry of the temperature recovery factnr date is presented !n

Figq're 29. Contrary to the theoretic~l predictions of reccvery factfr,

"w;•ich f,-crese w;tnM increasing Injection, the experimental va!ee n !ncease
with tt,wir, i rAte. An e•:planation for this phennmens has not oeen advanLced,

At the hiqn,?at blowinq rates the character of the fl..w is markedly

different tricn tet postulated by the analysis. The reader Is again

referred to Figures !, lhrouah 5e.

During the publication of this report, a private discussion with Cr.
E. R. G. Eckert of the Heat Transfer I.ahoretory of the University of
frinnesota revealed that their theoretical calculations on hydroger
Injection along a flat plate et freestream temperatures comparabli to
those In the present experimental Investigation predict an Increage In
temperature recovery factor with Injection. This effect does not
continie to exist 3t freestream temperatures comparable to atmosp eric
or higher.

A.3
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APPENDIX A

DATA REDUCTIO14 PREOUSRFS

.:-e *•j3ntittes meacured during each run are listed In the WotIrmng
.ta-Lb e:

Y (X) *,he exerna: uvrfa5e temperutFwrsW

T (x) the inlernal, or coolant supply temperatureC

T the n.zzle w8a! tem-ee'aturen
Tt the tunnel stagnOtion temperature

T the coo!ent metar slaq.6*uwi temperature

Pt tne tunnel stagnation pressire

PM the coo!ant meter :tagnetion pressure

X trarsit!on lccat!onr.

Other data determirt-d from prellm!nary Investlgationi Includes

p v the meesured inje:toion mi• s flux distribution

a 6 lx) radlattWon factors for the exchange of radian. energy
"between the model surface and the test section walls
(nozzle and porous surface emissivity).

k(x) the thermal condu:tlvlty of the perous materiel

t the pýr-us surface thkknese

and, !n addition trodel amnd coolant meter dimensions and constants derived
from the surface Mach nimber (4.331 of the contcal flow field.

Heat Balanne

twwq Tw

p v

S..... 1 4 .

/ " ,. .



The n neral heat balance may be written:

Ib dAW pfVfCpf TfdAw - pC vcpcTcdAw

F T, d% d w 4 4
kA I + - + ( T T I, (A-i)

dx J w nc• dx

where
JA W 2•x sin 0 dx; A = 2r"x. sin n,w Cs

Fruo mn.s' continuity,

Pfvf PCVC = Pw'W

AsSurrinq

Cpf -- PC Tf = Tw = w IA-21

we irrive at the rebultlng heat balance 2T
dT 4 4

qb = NhT,,-rT , 2 p v W Cv CT - "T-T kt dx2 + wnCT 4 - T n.

(A-1)

Cnlculation of the Surface Injection Rate When P wV w = v -'

x

Continuity of mass flow equates the mnss flow measured at the

orifice to the surface mass flow such that:

t L

p*V*VA PwvwdA a pwVw2Tn sin 0 xd':. (A-41

0 0

Defininq
fw " U" Ow'• "(A5

TAking F to be Independent of x, Equations (A-4) and (A-5) may be

con6inemi tn y;P!6

f pVA IA-6)

2 ry sin n. 3/2 x 3/2

I ,L

S~~ ~~~*-" •' ,.' ','"

-" . "*I- .-. , • . .- 7.

• P, I.•. ' . ',' ""



The sonic maess f!Ow is evaluated fromi the meter stagnation cond!Itlons
in the conventional manner:

R-z T PMqI T 4 T

where the quantlties In the bracki-t are constants for a f~xed coolant
gas &nd rrif ice di.,rmoter.

In a simflar fashion

p U p. "T I (A-8)

CPICUld+!on of the Surface Masi ýIux Assuming p v w Constant.

In this case L

SV A 21 PwvJ xlOdxI.9

0

Defining

5Z11 P8 U8- -0- OV A x (A-t0)

w 66 
-I iT sine 0 6  L 2 x 2]

then the relation between the two calculated f 'si16

2rw~ .3 FfI:o 2IU x(inches) (A-Il1)

so that for x Ar 9-inches, ?w 'w. Each of these blowing rates were
modified by mu;tip:yInq by

E 0to include the !sultJ leading section effect and-arc *19gnifed

by fW and 7-.(See. Appendix 5)

16



S.Mple C-Iculition-N; roqen Injection

Stuin •r•d coolant conditions

,i. Steam conditionS
P, T6

V= .33. • = 0.02034. =-- = 0.atUSPT !T

3/2
1.4, R = 1716 ft ( -. 2.270 T x tO"8

Yrse2, o ' tse: T 6 +1OV.6.

b. Coolant conditions

ST ft2
PO -. 523 = 0.8333, y 1.4, R = 1775 2 O

p OMsee -R

d a 0.l14.inch

I 943.5

TTIOR)

f = 10.91 p m("Hg 0 T
w2 T M °)P T :Hga)

mT . ,
For helium.,ty 1.667, L = .4869, T R = 12432

PT sec o R
I ÷I

f = 4.3 p8m"Hga 0 (A-121
•!leM PmO) PT("Hga)

Therrral Conductivity

Lacking exact knformation on the thermal conductivity of the
porous material and the variation of thermal conductivity with pernreabillty
the analysis of Reference 29 was used to estin'ito corductivitles:[ • -I

k I tp
t

/
3 

+ P''3  (A-13)
7 k
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We obtalr., f. r 'smples from the manufacturer which matched the permeabll!ty
rIIgoe f 'F , r-, .p, ert transfer model. The relative densities (p/ps I
vere Oo!,K, 1,567, ,o532 ard 0.499. Using the two extreme values on.,y9
the c, rrespCncI. *g vaC1jes of k were found to be 5..? and A.70 BTU/ft 2 

- hr -

OPift. ',•e -1unt"Ie:r v /p and k Ak were taken to be zero. The expression
c S C s

kof L r" -- 4.°55 + .. 44 x(.nches).(A-4.

wnslu.led•In the final 'computer data reduction program. The average thickness

of the pcro:..s s.rface ItM was found by a series of micrometer measurements
to te 0.028-;nc.h. The surface heat conduct1pn term was found by fitting a
p3reizl-i 1., th.e temperatures at the point and its two adjacent points.

N 'T -S+ b+cx" (A-IS)

such tri.V

d T 2c
d,2

where
T. T Tix x - T )(x x2)

2 2 23 2 3 IA 27
(X x 2_ lx2 -x 3)-(x - x32)(x I X2

Th
1 - proc.edur'e w-A AS.:. used to obtain Interpolated va!ues of the coolant

,emperst'are from the valkes measured at alternate stations,

PdI at I -.. ' Ccrre,:I !,-r,

The rsdiotion geometry may be examined by considering a cros, section
of the wiid tuNrne? as shown in the following sketchl

C Is

/1



L • ; - "----'Otoirfao,=E 0. 4

S t -eSt I sidevllI
- Ai 0.3

------ Chr ore plted
nozz'le •"0•07

The assurptions n'pde were the following0

a. Ench eleament of porous surface sees chrome ItE 0.07) over
an angle of rr/2 In the axial direction of the tunnel.

b. The effe-t!ve errJssIvity may be found by averaging on a
basis of weighting by angles.

c. The surrounding temperatures are equal to the measured
nozzle wall temperatire.

d. The portion of the to'al hemicylinder that has each value
o1 *m0fIvIty Is .. Iual to •Tg/n/2 whert % is the angle
in ;he cross-7ectionai plane •ubstended by 4Ach m.irface I
of Omlss'vItye,.

With these ,

off T e r A.,

liE IL-.' - ~ tan- u -
'2 roof 2 0. 0 72 4.5 r-

" "i* ½wl o~* o ,ir 3 *] 1 .if

U,2. ntan •1'5 - J tan-t [1'
wal !P .3- r] * 1

2 0.8 2 - n 1.5I rJ
r a x sin 80 A-19 I )
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Radi-if on I ,,t-se5 ta the lest sect.ion wa Ils were thI.,) cOnVV:4ed *,-om ,,te

e xpresiorn:

4 A
-rT• 1 w•r T n (A.20)

whe.re

6 w- n A n LEeff (A2l

which pro.)er!, ap?;Ies to coaxicl cylinders rad!At!ng diffusely (Reference
'0). Ccrh'r,-i-rs of Evt~ation UA.-19) and IA-21) giave values of C ranging
from 0.4" in th- v!:;!nify of x a 2-inches fn 0.30 in tho vIc~nIty wo ' = 13
Inches.

A 21m dx r
wi . 1j x.sn-O 1A-22)

A 2TtRdx R Rn

and P 's fno olfective radius of the tunnel, the wetted perlmeter dlclded
by 2n. y is !he Stephan Boltzman constant, 0.173 x 10"- BTU/hr - ft - c'R4

The eifec' of the rad!at;on correction may be observed by examining
the recovery fictor data shown in Figures 17 and 18. The measured recovery
teiroeratures were cc.-rected for radiation with the %id of the Chapmrn and
kjbesin pred:ctoron for heat transfer coefficient. Neglecting suriaýe heat
condJction the energy balance reduces to

T r • r-Tn I-- 4, (A-231

T w measi -Z -•T" w

The Chapman sn. RPubesin
2

4 p;-edlct!on for cone flow yieldsa

h - o.29.8 F "I -- • 1 ,-24)
o x

Veriable Wal" Temperature Co-rectior

The effezts of nor,-uniform surface temperature upon the computed heat
transfer coefflcient• were accounted for using the laminar constant property
theory of Ltqh~h!' 2

7. Th-e meJsured cone sturf.ce tem1.erature d*stribu'tons
were transfo-med to e9HIvalent fiat plate temperature distributions by
m&^n% of th~e relaftcrn

xp 3c I A-. 25)
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and the terrper h:r-' rbjo.in each case was tipprcxlmately t~y
14 flo~ear sern'ert--,. With this assumption, the effect 3f non-unifovm
sur-fice terrermture cn locc,.l 1l!rinir heat transfer Coefficient Is
fouind by th!. refit'or.

n

n

whore 1 (0+) i-. thtr temrpu~rm~re inmeedfate'y downatream of the leading
edj~e 9nj b-,rroý-( j,,ft:+e5 refer to values for constant surface

r i...-, j (A-27#

where G'.v) is presperted in Pefe-.rence 28.

The d,-ta o icc for Mll the exrPelmental work Incl-ided In
f~~ -!vpr~r'-etaI wcrk r'ictudod In this repenrt has been pir.;grasinfld
end -otrputed on a FPoyal htc~ee LGP-340 digital computer. Post of the
pro~jranw'ing was done using "Dictator", an artificial language fir
the Lri,'-30 programmeri by C. W. Laudenian of Oodco Irm.L.oporated ta
perm!f three.-aadress programnwIng and floating point operation with
a vocmbuhiry 0. cornforids greatly Increased over thet available In
the bnsic mmchlne lanquage.

The dafa was punched on oaoer tape d~rectly from the raw data
sheets, and the machln,! was u.-,ed for sort~ng and tabulntIrg functions
as well as for computing. Aft~r the oriqlnal tape was punched and

proofrp*d m; 4j-;t-o-t n~e-inA er mrhnorntrll~d7M.-



APPENDIX 8

SOW-TIDN OF THE CONSTANT INJECTION CASE

;n an;yi ?a presented which predi.cts the skin frieteon c~haracterist':-A
of e comp-es~fibe imm!nar b-cup'dary :.ayer with f!uId Injection.' The preaen-
forftulat~oo. Is *-.strhlted to a :ineer veriation of fluild v~scosity with
temrperatu;-e. Fcr the injection cases considered, the c~oolant gas Is consid,!red
to be idenaica7 to the matn stream fluid. in th~e eases where sim'lirity
exists, the !rcthod is tesled by corarisons with exact *%olutions which are
free fromn the miWatons of the present analysi~s.

Integral techntques gerierally furn~sh engineering accuracy for laminar
skin friction and surface heoi transfer calculations even when crude

aprxmai' rem~ i h roie. In the present analysis the shear

profile Is assumed b be a third degree polynomial In velocity. This approach
furnishes accuracies .comrparab~e with fifth qr sixth degree polynomlels in
the velocity vers's y/8 formuliation and provides the additional benefit that
the concept of bo~undary layer thickness (or thicknesses) does not appear In
the problem.

The pac~lcel opplicatcen of boundary layer analyses Is the predtct'on
of local skin fr'ctlon and heat flu*c rates along a body from specified
boundary conditon.4 such as Mach number and altitude. The detailed structure
of the ir-terior of the boundary layer Is of practical Interest only through
Its Influencee on the wall conditions attained. Similarity analyses (dependenit
variables expressed In te-rms of only one Independent variable) do provide
general solutions to the boundary layer equations. However, the property
of t.!Povarty of 4he rharacter'stic profiles Is possible only for certain
combinations of the i.Jepondent variables. For example, with Injection,
similar'ity exists only if the wall velocity varies Inversely with the
square root of the distance along the body. Such inverse half-power blowing
distribuitions are only co)nveniently attained If the surface effusion velocity
Is controlled by the heat and mass transfer characteristics of the boundary
layer.

With these censiderations In mlnd It Is reasonable to develop approxima~e
-methods which sat~sfy the boundary layer equations only on the average across
the bourdary layer and yet al low more general boundary conditicna to b.? met.
This situation Is obtained by Int*Sretlng the boundary layer equations scroi¶3
t'!e boundary layer. The physical quantities appearing In the integrand are
eppraoi"'efed by po'ynom!e~s !n the space variables with coeffIcicntz wh!:h
are determined from the boundary conditions. With the assumption of these
profiles the Wnegrai-differential equations can be converted to ordinary
differerntial equati':^ which decrrlbe the variation of wall skin frfct?ý.n
along the body.

A detailed treatmen' of the associated heat transfer effocts ;i presened
In Reference 26. "he heat tran~fer calculations are too lengthy to be
repeated here,
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The u se of i--.qe nur-ber o< free strenam boundary conr'dIt Ion n
1ilds, litt IeL to the ncc'.-9cy oi tthe Calcul mtedvil Il panri".ters. The

ree-Pi true for thoe willt oundary conditfcns. The zeroeth and
<r;h- or'Ir 4pr~ivitive-s of thc loundnry tlaym~r equntions furnish

""dils~,Irest. Ints when evaluated at the wall1. This proce.3
teq~ns to rienet te difficulties -4hen gradients Mlonq the wail first
Aceppar since .1 A~eitionna ordiinmrý differential equation m~ust nlow
t'e !3olv#' %imu Ineouaty with o-ch integral equation. Thin condition
ther-fore timi's the numrber of wail boundAry conditions which may
t~t ised. rhe tuse of v finite number of terms in the profiles
exc ude, t'he e,:a-ct solut ion from considorAt ion.

".hen the 'nrily-ls 'Is carried out in physical space the cosiltti'ons
11 -.e uutt~r ed~le irte Iposed Pit buote finite distanc~e fromi the wall
callfed ý, the boundamry layer thicknesii, which Ignores the '-tymptotl.
nature of the truo physicail profiles. In velocity/ space tle problem

i- 5i-plifed since the integratirn Is carried from the watt to the
free stren-" velocitý; hence the rariqe of Integration Is zero to one.
If sheir is used as a dependent iviriable then the free stream conditions
pccir at an Infinite distance from the -nll.

A4ALSTSS

The basic equations for a corrpressible laminar boundary layer
with no pressure gradient and for a perfect, single-coponent, gas
w, th constanit Orandtl number and spec'ftc heat aret

tcontlr'uity) !Pui * lPvly 0 BI

(,rote-itu-l~ Puuo pvuy a ~

(energy) puil 4 *vi s tOiy~y + JL(U I.2

IN idditon the ftutd *lSCosity Snal, be required to take the. for it,

Tn?., -36urot ton uncouples thob momentum equation from the enemny
eOUAtinn ',o that the momentum equation maybhe Independently ao!vcd.
It is slimptest to treat the case C sI In this text. In an alterna!Ie.
procedure the constant C Is Chosen so that the correct value of

vicsta ie ythe Sutherlt end law, Is evaluated at the
mveraqe ,aal terv!-caturt.

to solve this system of equations the transformations of L.
Crroc~j ire ea'ptoyed. In this formulmtion u replaces y as one of
the Vo!dependenit varloblobs whilI# th-ý sear. st-css I replacen u a-*
one of the dependent variables. Let
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~U OY).(B5

Ttoe lra: -~rr-,0'cr relptlns bern,

* yu

ahc rEe.,t* ft-e bP!',c titffiCulty In defining the outer edge of tP.e b,:u~dary.
*TP~ prcdot'z. pv m~y te el imInated from the momentum equation through the use

of the ccr.~l'-,0iy eriuafion. Applying 'he transformation relations 15-6)

-~ (S-7)

It is C c.'e o introluce nnn-din'ensional quantities. Let

T T C fl u lB-

E~iu.iticr. fr'i-7 tr,.errtakes the form"

T -. - UT 8-

The approprla~e Oxtre-e Conditions are:

Initit' cordtiflns

Y 0f, 04(U4C iml r* (9D9

Fioun1niry cx ndltlons

x > 0, 0;g

Added rp,,:tr.-.,Lts

Othe~r weseful relations of intoOPOq may be nhtaineol #rnm thi" k ws~ft-.m
equattom 32 and equaticns resulting from It after differentiation with
respect to u. F.;r example, the momentum equation 15-21 may be wrItte.o
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Eyr*-inn t i n 1!'Lr c;,.7ii:'Po r ~n1 'In results I~j c)ret ~ s

T* +1;51W T -1

The Iirr-ýo's their pr-)F;e 19-12) is introdu~ced inito the

tronsf,,rr'ed f'ro-npftu~r equation (9-7') whicY IS then Integrated !rom

u t.~~(acrcA,.the boundary limyer) to yielrd:

~r ~ * ~V [207 * . 2 ' 1 -1-1~
TLo- ,y 77 d, p~u 2Q w 0 )C' 4 \PA 4

extenslom of the shemr prof iiq to fourth degrvee or higgvr nerely

c 5the nurcr~ctl coeff Iicn~t In the I r-telooe ani m ItA n fl R.I11
when the mri:1,onal coefficients are selected at the ou'er edge of

the boundary leye:-. fir adlditional wai'l re~trmints fry be addid
withm.t !mtrodacflg iddit~ons! differential equntior-s. Gcervaly

the', ir~jection r-ae 'is -rec!fle(; 9rtd the well sheair de~ermlntd.
Alternately the blowing rate required to produco a speclflkd wall
shemr strvt.ts di3tribution rmay be computed. Numerical soiutorn4
r,'av be ems:1v obtAined fcr arbitrary vartatior~s of elther'qualilty.
It Iq informaitive to first consider some special cAsps whore
PqniOytical -iolujtions mrAY be obtained.
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EXA•P• ES•

a. 1 moer're-nti;e S;,!f ice - 0
P6 .1 8

E,• • 's.. mc, ! l'teu-Jrted Oretl~y and upor applIcatiin Of
rn.;ul i,!.Mns (B..9 yie!as C.ie= 2/3 which compares favorably w.h
the exict v ar C irRe .- .664 3A d6r'vjn by 13asuls. The prop*,-ty
values In th? skin ,';:-t;c n coefficient And the Reynolds number 6,e* all
evaluated a , 'I'e f-,P - s.rgam.

It !n ete.At ng 13 examne the assumed velocity profiles In the
physical 1,ane., f.r z• injection the as:..umed shear profile reduces to

U
du Iutl'

*2 INw

For purposes of imonsfrallon only take Lu L I. and Equation (8-141 yie!ds
uoon inteara' I n frorn 0 to y:

2 + +t .o;) .

I.) Permeanle Su:-,* ,.e with SimIlarIty V-. A

By ?akinq w w I and Tr a B Equation 18-131 Is found to-pu8 .u x w "e

be independent c! x and yields the algebraic expressiont

5A3+LR-A 2 -Ri A7AB2+B3-9B4A - 0 CB-•6

Special eases of Equation (3-16) are%

I.) Zer-, lniectior (A)O}8 ,1U9/" a 1/3

2.) 7e*n ,hen;- (Bo),A a F1 "3 a 0.516.

As poented i, 'n section at the exact value of B(AsOl as calcul,,ad
by Blasiu Is 0.33?. The exact value of AiB=O) as calculated by Emmcns
and Leihh Ts 0.6:9. ,he "blow-off" Injection rate Is riot predicted
-. curately by the pr'es-nt analysis. This large injection rate produces
a boundary layer thickness so large that the boundary layer approximatiins
re..iltlng from the co,-,,et!¢onal order of magnitude analysis no !onger
provide an adequate des,'!p• 'n of the pf"ccess.
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TABLE I

Fiat PIlje nwln Friction and Heat Tranclfer Results

A A).7Cf and Nu Lon ow
'Lý f -Auo f Leigh

0 oil(e 1.000 1.000 1.000

_._ Er1'onsq N7uE .788 O.

-2 Suctin66.373

c1Permeaowo Surface With UnIform Injection - a m

This c i~ nesders a constant blowing *ate Ii.e., independent
of ji, so that dip v /p u 8)/dx is identlceilly zero. Defining ai~x)

- H -.^ -V * ada (B-1~7)

a mrust s:ýt,,sy the initial condition ca(x a 0) 0. The root ca I
c~orresponds to the asymptotic solution for constant suction In which
the velocity distributtion aid all boundary layer parameters are
Independent of distance alono the plate such that C / 2 z _p v /p u
Applylnm Descertest rule of cips to the denomnioto., thc Olihwer
roots are found to be tImaginary. Expanding the Integrand of Equation
(B-17) Into pac-tial fractions by means of t',@ method of undermined
coefficients and Integrating termwise yields:

r- - win .- +-Mtn- 443 1,18 a+ 271 1 - 1% tan 7- s (-B
IJ .4j7 I la+.4

It Is easy to verify the requ~irement that the Initial condition
a(x=0)v0 Is satisfied. It is possible to calculate the oositlon of
bloy..ofr since with uniform Injectlon the condition of zero wall shear
occurs somewhere on the body. The limit of the right hand side of
Cquat Ion 18-1P) as a approaches Infinity is

* __ __ 0. 579 4 1. 1.9

w
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wlIth p v /o.u H, This resu!t is comparable to ,he sim!ar Ity Injec?!.nW A A

case (p u C/,ix in which the blow-off injection rate .;cnstant was.WW

fcund !n ecti.cn b to be 0.516. In this secnnd case the ccrrp!ete baundary
layer is sif!l.ineously lifted off cf -he plate,

d.) Sem-Fermeible Srace with Downstream Urniform Injection

W H •X

The case cf a solid secl*on followed by a porous regic, with un'form
injection rate practically applies to ooservstion ports on high veloci

t
y

veh cles dr wird' unnel windows v.hich requIre cool ing over and above the
4

required on the upstream surfaces. Tne soiution is found by combsing the
resu!ts of 5e-trin a and d toqether with the requirement of a continuous
surface sheer stress across the interface. Equation (3-17) Is Integrated.
from (t = Ht 113 JU 7

xo-#j et to yields

- 5 -n '5 .. n-j4 tan- i 04ld+L2.7
6 16 ,+1 5 2 22a, 2 7  

41 ) +2L1

(B-20)

Equation l•..O1 !s plotted in FigLre 30 with Lo am a parameter. The
simtilarlty inje:tli. -ase (Equation (8-16)) is also plotted for comparison..
The blowing parameter and skin frictinn coefficient have been multiplied
by the square rcot of ihree In crder to permit comparison with conical
experimenfs. The expertmental Injection rates with uniform Injection are
presented as sa!id lines with barred ends. The agreement between the
present theory for uniforn injection and similarity Injection explains,
at least on the basis of skin friction resultst why the nitrogen heat
transfer data resented In Figures 25 and 26 agree with the similarity
thecry. The agreement Implies more than pure coincidence. It must be
pointed out here that the experimenta! heat transfer data has been corrected
for variable surface temperature. This procedure adds valldity to a
comparison of heat transfer and skin friction effects (which Is, In
general, * Prnrtl number effect?. This point Is expanded further !n
Figure 31 wh!ch aiso is a purely theoretical presentation. In order to
cc,-' ,etc the reasoning, one must frst compare the skin friction results

wiirn tniform TnJection (x > 0 pwv = constant) with the similarity
"injection Ix 0 O , v =-C,4;'. The s!milarltv skin friction results areseen to fall slightly Velow the sir.ilarity heat transfer results for a ,h

Prandtl number. of 0.7. On the basis of these curves, the experimental
results for heat transfer with uniform Injection should fall s'ighfly

28
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helot,, the similarity hast transfer predictions. The important poTnt I
to raeh-',- is tlat the factor l.-x0 /x is used in the blowing par,-,iet-r.
Phys~celly it Is reasonable that the proper blowing parameter should
"kanish at Ple leading edge of blowing' nd also be relatively unaffec*e.
hy the soli,' top .t large dist3nces downstream.

Renairlino thef hel im data, one cannot make firm statement,
reo-)rdinq the solid tip and uniform Injection effects. The experimental
data indicates tt~t the reasoning applied to the nitrogen data still
ipplies. The banic qucntion to consider is; "What phenomena altered
the in iection distribution from an inverse square root variation to
A neirly ur-iform variation?". IhC problem is discussed further In
Appendix C.

U
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APPENDIX C

THE 1IATERRELATTON OF INDUCED PRESSURE AND SURFCE INJECTION

Searching for e phenomena which Is capable of altering the non-.uniform
blo~wing dist;ribution, 'he question arises as to whether the viscous boundary
layer-inviscid external flow interaction cdn' no longer oe neglected.
Specifically we deal with the pressure interaction produced by the outward
streamiline deflection, caused by th~e surface boundary layer. This phenomena
iS known to West on slender bodies at hypersonic speeds and lo~w Reyno~ds
num'bers. This tyoecof przzsure intermction Is classified as "boundary layer
induced" s~nce the disfureance mif the external flow field Is due to th.--
distribut~on ci boundary laeyr dimplacement thickness. The result anticipated
Is that "he inei',ed pressure distribution modified the Injected coolant
distritut ion :n the forward areas of the cone such that a mort nearly constant
tinvar'ant with di.-Jarce abcng a ray) blowing dlstri'jution results. The
lat~er require-- an Induced presstire which decreases with Intcreasing x.

The analysis which follows Is adlapted from Reference 34, extended to
--Include surface mass aadition. It Is developed within the framework~ of
eiassical boindary layer analysis In which the boundary layer Is considered
separately from the external flow field. Since the streamline deflection
produces.a new bod-, shopep we replace the boundary and the boundary layer
with an equivalent body submerged in a Inviscid flow In order to estimate
the InViseld flow pressure distribution. Therefore:

where 9 is the total flow deflection, 0e - the cone half-angle, and
5" the boundary !&y~r displa cement t-hTS~ess. In Regerence 34 the
pressure is aess-med to be a unique function plO) of the local total floý
deflection and Is evpressed as a Taylor series expansion In powers of
0d* /dx In the form

pinvlsc(PlinvIzcdO )-] .. (C

Higher order *erms may oe Included. These te.-ms were found to be negligi-ble
for present purposes. The subscrip~t "Invisc" refers to a conical surface
pressure in the absence of viscous effects. The InvIscId cone pressure
and the derivative In the square brackets were e~'oluoted numerically from
the Taylor-Maccoll solution (Reference 35).

Applying the Mangler transformation to the boundary layer solution
eff Emmons and Leigh for similarity Injection (Reference 33),
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dy ,

-vhere~tf '• • -rmicctr de( en'inn nn tne htowingq p' te f , *The

Analysis presenle,.1 in Ap-rendix 1 was not to be used since 6 does
rot anpeler ex'31icitll in the annlysis. The properties are evaluated
A the rcfer.' '..y givi•: uvptricaIly by Eckert 3 6 as

h = (h. + h + 0.22 hah - h I (C-41

v' h e r e ( C,5

I! h. = h, Ecutiors (C.-4) and (C-.5) •my be combined f- yield

h 1 I0 7 -Y IIA C-6)h A

If tke visconity Is ta'en to very Ifnenrly with tomperature,, Equation
(C-3) may bj writter,

7. + 0..2 FPr (Y -I)' C7

For ,?A>I, we may neglect the one ir. the square brackets and evaluate

the expression fo. Pr = C'.7. With this anstmptlon, Equations (C-2)
and (C-7) are corb;ned and, after numerical eva!uatlon of the appropriate
ter,-r in Equation (C-.21 ('® 5, 0c W.1u| yield:

= I + 0.185__fw = I + .ll85 (C-

Pinvisc

-where X is the u.ubl hypersooic viscous interaction parameter M,.IýRe'•.
The ad, tIona 1'.'ecln numter factor appeors as a resu t of the prebbure
derivative In Equatlon (C-2). For zero Injection Of= 1.73/2 - 0.87
so the Induced pressure ratio Is given by

15, --I + 0. 16 (C-9)
invisc =0

Equation IC-P) in plotted In Figure 32 for zero injection and three
core Injecti'on rates. The indluced pressure ratios are significant and
hi.,e several s;_le pRigln lmpliri-tions. A meor line throuch the
evnilable data on induced pressures on sharp-nosed cones as summarized
by Reference 34 Is OIso presented which tends tn confirm Equation
(C-9). Usinn. the experimental values of M, 4.-3,• R/in 0.18 x 106,
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thin at x I inch'the value of X, is 0.19. For zero Inje:tlor. th,
,ndliced presure ratio is fauna from Equation IC-9) to be '.031 At
rn fw of 1.,) the corresponding ratio is 1.09. Neither pre,,t.. e ncrease
appemr., cap,5blp of altering the b!owing distribuiion althotion "he actual
ultimate effecis of the external pressure variation depend ii i comparison
of the Iccol external pressure and the mass fluy pressure drop character-
tztics of the porous surface.

4i
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APPENDIX 0

CORRELA-'UC* OF PEPP.EAMILITY V'EASt'-REAIENTS ON THE POROUS CONE

In ordt t,_. insure Lu1rstandinq of the nhysical phenomena a
SLwrffry of per,)trntent fcrcnulas, on which the oermeablilty correlations
are bse'!, ire vresented here in advance of the actual data.

The Hnqen.Pc. set:;!le result for fully developed viscous flow -

i a tube r, rrn~r:,.ly written t:
4

where ) = v.'ue.,-:c r-.Ie cf flow, r ý tube r.dius, t tube length,

7 = the mea., vo!o-sity. In.'roducina the mass flux,, .V, we may write:

--r -2ID-21

Then for rm7 i'ov;' -0eyJ ~r-t co peto-
pi1th to yipi&

RV = - I10-3)

where the s.jbecricts i- and p refer to upstreea- and downstream
positions. The 'eran fr, the square brackets .•y be factored suc.h
that It phyý,leally represent, the average pressure ,ultilplled by
the overage pressure gra;eni

f( +u Pd Pu " P1

1( ~ ~ O espite this feeture, Equation (0-3) Is

independent of pressure level.

b. LcN density P~pe flow

Hagen's derIvetlon was repeated by Kundt and Warburg with the

modification the# the velocity of the gas In contact with the tube
is tnkeh as t' Irstead of zero when the mean free path is comparable
with the tube 'rad!js. The result of the c&'lculoliun as exprcsed
in Reference 31 is

I 2 u - d"\ 2 \ m

P..

'I~~ ~ I g "[I +III4

P .iRT f1 \



tie m cV; - f~ -t: . ý' -he me. i5 - .-. Fý amr a,,

of Ec'5 . "~r. . ! *" sm!a' fz tie

!Z' C -, M'. .. el 'A.. m'.

K nu. .a _A.. w "e' tpe

A f- r !t: -. ,v r -n,2

the a - a ý etr rg aria Is !nea'-
dt be t! I; e1vd ti 0. du~e tý, the

of the c.~ cla.'; s d'i. Eia! d-at ons , Reyr -I ds
prepse'1 'lso4 'r, t: " -. re 't;-- pcrc-.-- ned'a "s a i 'neme
superpo:!~ *. ns eeIec .. A rffrrisrN'.:m eclq.'&<n may be f rme.4 as

u,,J.... V1 (D-31

2

wher CL.'4' '~ v~'S ~' .-it ard (L ;4) Is the !nert~a'roeff~clent.
V,3Cth the:- :e t -' hdve d m., . c. sf erg. V lsc~herrno' fow *-f a
perfec' gqsý .i rrfed, Cq.:a t-,'t(5~ may bF i n t.grated over the .comp le-ý
%atf, it: t;

2 2~

havp st .*r. r~ ý.m Xs:.g'-r%~..~egll !5!e m59r'! F..:e mgr~
a Rej'21 J,:r..... ýt rd a'~~ ! 1 wc :r cas 0 d--dT

34



ihP unknw e~ I ~r into the Reynolds number expresý',lon is

fur.e., r'.,,y t.c- u:,d to define a friction fector, wh~ich, iccording to
Equntion (7-6; vieids:

tI .-- I-

f '2 Re

4here the terw (/v-•) appOch to the vhicoue reyinl and the 4Int

factor tppies to !he inertial regime.

Hi~iOrltdi IY, StUdTeS Of (f1-.d flov! through porius m1ifa hteve
presentwui cvrrelairions of peprmentil~tv data by rroans of a singip,
leo.-etrirdPi! t rreas.o,^a#le dirnersion takin as characterisaic of ite
porous mAteri.-l. T1'is approoch i~ sl only within a specific flow
reqime. The presentotion in Equbtions (D-7) and (D-8) require two

ch-rtrkc eit~th parameters Experimental ceterniinatfons of
theý.e two pnrn-re^,Es require an e-ttendeo range of flow retizs, i.e.,
a -ax~imur to rminIotiri ra#!o of 104 to 10", encompassing both regimes.
Sinre thp pre-nt irvestigation covers only the viscous regline, a

single-parameter correlatioo should be adeguate.

t.lV'r vdily sflow thrt'ioh fehr2!us oedIA

Nleqoetlting ncth th,:. Inertial and toiokentum chAngr terms, Equation

ID-6) re~tuces t 2
P !412 r U - p. 1 09

pJo s matteit:.i w.Tion alof tohis e 'lression to include slip effects

exiets. A cmpar'son q' Enumtions 10-3), (D-4) and (D-9) reveals

the baiw prn!me.arlty of the strurtuee of trhese equations. By analogy,
we may write he jol!owvin egnution for low density flow through a

porous L.edin fWth I. h

101'/4 10o u-
PV -z ,)I ii --l1--. (0-101

This exresyl:w; me.y be considered as a ore term Tnylor series expansion

of Eqbato, ;F•.- )' In terms of the Knudsen nur e to,,- X. mn/1.10
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APPENDIX E

MCDEM PERMEAH.LITY CALIBRATTON Al L0W PRESSURES

* ne 16 p~rG:Js core was mounted tn in available callbrat!on chamber
as shown in Figure 33. The chamber was tonnected to a vacuum pump - the
chamber pressu'J vas c-.n tr•:lod by meanes of a gdte valve. The mode! mass
flow was :o•V:ol;t'd by meana of the sam. sonic orif ice aZ3 used in tre
heat triin.fer and ýrann'ticn studies. A!r w- usea as the calibrst~cn
fluid. The b.,slc data te;aen were total injected mass flow, model interne;
pressure Ip and m-del external pressu-e (chamber pressure pd). The
experimental method used ;orsisted of varylng the injected mass f!ow whH'e
holding the criefte;- pressure constant. Chm,ber pressures of I, 1.5, 2,
.4, r, :-, 30 anu 72 centlimete;-s nf mercury absolute were studied !n o-*de-
to vary the ave:,agw density of the Injected fluld. For referonce, the cone
surface press.re lpA Tr p ) as calculated from the T.1!or-Mae#olIl thecry
was 0.48 cm. Hga duitng tpe wind tunnel nht transfer studies. The mean
free path" n- ltis pressure at normal temperature Is approximate:y 3.8 x !0_4

inch. Figure 34 shows a photon'icrograph of the porous cone surface. The
average roughn.ess height as measured by a Brush surface profilometer with
a 5(0 wcro!nch radius stylus was 60 micrelnches (O.6 x 10-4 In). The
dlscrenancy telween 4h:s 'ength and the pore size observed !P Figure 34
(approxim.ae:v I lu _', x t3-3 ir, cmp~ic: that the instrument stylus a!'.
Is not correctly matched to the roughness being measured.

The resulý '"'f the permeability callbralton are plotted In Figures 35
and 36. The effect of s?!p Is apparent In view of the departure of the
data from tht so!ld-llne continuum thecry which has a slope of unity. The
permeabl:Ity dstr!butlon cond!t!ons of Figure 14 are Indicated by a cross
symbo!. With o downs;reaw pressure of 0.48 cm. Hga. the model Internal
pressure varies from 0,58 cm. Hga. to 5.24 cm. Hga. This means that the
pressure drop taried from 20 percent to 1000 percent of the Invl3cid
static pressure. !nducted pressures (see Appendix C) 3 to 9 percent higher
would not Alter the blowing dlstrIoution for either the maximum or the
minimum Inject~or rafes so that Induced pressure effe:ts were ellm!nated
as a source of injected mass flux re-orentat!on.

Using the at mospheric data, the viscous resistance coefficient length
L was cal.j~ated ti be i.1 x 10-4 In. which yields an effective tube radius
of 0.78 x 10-4 in. Assuming a reflection coefficient of unIty9 the second
term In the square brackets in Equation (0-10) varies from 0.128 at an
average pressure uf 'r,,spheci¢ to 17.2 at an average pressure of 0.53 cm,.
Hga. !tha lowest wind tuinrel tont Injertlon rate) and 3.2 at an averane
pressure of 2.86 cm Hga. (lhe highest wind tunnel test Injection ratel.
"rhIs renna that the pc:-meabtfIhy dictrIbutton measurements were taken under
continuum cond~tlons while the wind tunnel experiments were performed In
the wsl!p f!ow" or "molecular effusion* range.
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7ti.- c.> l,~ designert, rnmnufactured, ao' ihe atmos.,
ci!irrt, -- -, ";C 'nJI.,Cte'd rrs flux ci.kIribluflor, var",

X - f. E.. :r ' i?'w.- rp(nul-s L ' vary ns X-'. Nirinn +

*' ~ ~ ~ ~ ~ n .1
4 ~ i Orrm In E uatlot, (fl-10) Is dominant~14 q

U.~~ ~ ~~'n(0-l'0) in cc'rrelhting the rerrreah'llIty
(-.,i t i r t ~'V. The e-evIhtion of the datý from

t~!m ph.e 4,. on y nt very low pressures f in thie moipt-u Ic
f Io',, req~re th'- ý , oný, between the Polecu les art- r,,re as compaed~
vt ttp frt-!,~. eny ,ts~n with lhe w~lils) is partially d-ie to :he

71-. * c~ufe*c, fi. be ronsidered* conc-?rn,; the effec' of WSIWpo
on fhe fre'*f-il heoi- *-w(.knge between the lnj-ectedI fluld ^ndl the poroti!.
vy! Il1 A,-i,s~s'~~ aoi ltiie 1r, the data reduc-lion prociedure that
the te'rP~rP'itLr*P'!(r t~e tn'e-cted fluid eq-tal led that of the porous

vý1 t i'1-( A~ emne.-q-ree. N~o experitmental evidence was gathered
"' .~Got rrui, adopt a r-ither circuhitory argument here

hy rc 1inaon *iNr' -:e afeerln, betwe-r- the lowest inject!ein rate heat
tr'nrsfcr ClAi, ni ihe Chepmnn and Rubesin theory. This agreement

rates s',ce thk Ine- ge,*-.erte the mraxirrum "slip" erfect.
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