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ABSTRACT

An experimental Investigation has been made of the recovery

factor and heat-transfer distributions on a sot of cone-models

incorporating annular cavities. This study is the second part of

a two-part program. The first section contlaned measurements of

the pressure distributkons.

The cone-surface Mach number was 6.5, the free-stream Mach

number was 11.2, and all experiments were carried oui In hellum. All

cavity flows were "open", and all heat-transfer tests were In the

laminar regime.

The results show that the recovery factor In laminar, hyporsonic

cavity flow Is almost constant within the cavity and downstream of

ruattachment, and Is very close to the lamilnar attached-flow valuu.

In the immedlate vicinity of roattachment, the recovery factor is slIghtly

higher than this value. (Less than ý%).

The lowost values of the heat-transfer coefficient are found on

the cavity floors, whore a minimum of about ten to twenty percent of

thQ attached-flow vulue Is reached. The highest values of the heat-

transfer coefficient are in the Immediate vicinity of reattachment.

An average reattachment heat-transfer coefficient of about three Ilmos

the basic cone heat-transfer coefficient was measured on one cavity modul.

On one model, the Integrated heat-transfer In thu sparatod-flow

region was evuluuted, and was found to be about 55% of the corresponding

attached-flow value, In agreement with Chapman's fhuory.
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NOTATI ON

A Extorno I Area of modelI surfuco

C pSpecif Ic Heal al Constant pressure

U Maximum depth of cavity

h Local heat-transfer coefficient

L Length of cavity, x R - x

Li Length of model surface before separation :`iouldur,
meoasurod along slant side of cone

LSwept lunytli of cavity, Z S

M M'acl number

P Pres~sure

Pi- Prandt I numbur

Q Totail heat transfor rato .ivr unit t i in

14 Local hoot tramisfur ruto pur an Ii area por unit lime

Tow - To
I" Locul recovery factory,-

To - To

141 ~ ~ Ryods number based on fluild proport I s ul thu edyc
of the boundary layer on thu basic cone

Inui

T Ab.,oluto temperature

u Vulucity In :~ d Irect-Ioun

x Distance measured from nose ideny slant sidu of basic cone

x ~Di tanco measured alony wetted cavity bur-face from
i-eattachmunt shoe Idor



x def Inod as (x -xR) on surfaces downstream of cavity

Boundary Layer thicknoss

Cono hal f-angloi

p Mas;s dons ity

pViscosity coofficlunt

Subscripts:

aw Ad Iabut c w I I cond ItI ions

c, cono Vuluus on bdsic cone

cay ValIue on Cav ity modelI

C ondli-tle5 at edge of boundary 1layer. or' Whear layor

I In I II cond it ion s bat er(. lust

t o4 Instant of flow 5-tart

11 Rutitachrnunt sihoe Idur

S Suporution shouldor

X cross I lig-pol nt

F ruu-!itroomi Conditi on s

oI~iontrup Ic stagnation cond Iii oul

w Mo~dO I wo I I cond Itt I ns



INTRODUM~ON

The present work is the second part of a report on an exporimnental

study of lamfinar hypersonic cavity f lows. In The first section, (refor-

once (I), the genoro I program was doscri bed, and the moasurumoent of the

pressure distributions on a serios of 20 0 cone-models incorporating

annular cavities were reported. In this, the second section, meesure-

munts of the distribution of local recovery factor and local huot-transfer

coefficient on models of the some geometry are preoentod. As In (refurence

(l), the free-stream Mach number was about 11I, and the cono-surfuco Mach

number was 0.5. The test gas was hell ur, with a stagnation tumpordltur'e of

roum tomnler.3turu.

EXPLIUMIMNTAL LQUI PMENT ANDJ n-CiNIQUiES

Au wit-1h thu pressure stud Ies, allI tests Weru made I n thu 3" hell umn

hypor cenlIc tuinnuI of the Gus Dynaiiencs Laboratory of PrI-ricuton Un ivers ity.

L xpurimcnts were carried out at thrue levels of stagnation prossure -

1 400, 700 and 1 ,000 psi e. Tho heat-transfer cnd rocovairy-fac:t-or modol s

haid i he sene geometry w3; tie) pressure) modelu ( Soe ref erenc; I, w I it

t1,1e excepi lar -11 1t tho I /1I1, deop) Cav ity tirade Is wereL eni II teod In ether

words, ciavlily uoemctr Ius useod for- the present work had I errylhu of 5/16"',

5/0', and I - /A''$ and doptlrs of 3/32" end 1 /8''. A hue 1-trunsfofr mirde I fur

thre 5/11'' x I/8"' ý; I eqI -orc yuorrotr-y was elso bei ItI, mok I g a totel ofc

suven corrf I gurat ui er. Aks bufuru, thu I enigtlr of lire muode beforeu lir

0s- ,parotlIon pa ilr was kept con stant at 1- 1/4'' (measured along s I eel sI du

of cone), Ai d I soh Inrcor-poral-od the O.005" stanidard nuos, aind were

made wi tl four' pros:sero taps spacod 90') aport ci s d r OIIc cx e ic] I e

A



for model alignment while the tunnel was running. Sample models aro

shown in figure (1).

Theo heat-transfor measurements weru mado using the transient "thin-

wall" technique, and a dotai led description of the use of this technique

In hypersonic separated flows Is given In reference (2). Since this

reference contains all relevant Information on the experimental method

used for the present work, only a brief outlin owIill be given here.

T~he triansient method uses a model with a thin metal skin, Instru-

mentod With thermocouples. At the beginning of a test, the model Is

isothurrnai at a imrtlcuiar Initial wallI temperature. Thu flIow Is then

sliarted suddenly' , cind thu thermnocouple output recorded on f ust-res ponlse

continuouts-record potentiomoturs ds thu mnodel cools towards recovery

temiperature. Thu Initial gridient of the ruesultant tumperature--time trace

at each modul statilun Is a meuusure of the heat-transfer rate at that point.

In add it ion to this meothod of moi~user i g the In Iitcia huat-transfeJr rate, sonic

of t-he dato from thu prosent oxpui- Imonts wero analysod us;Ing the f irst two

seconds; of each temperature-ti-me trace from points In the -cavity, and

uppiylnUj the full conduction equation for the temperature history In) the

sk i in. * X the preseni- report, Iills I s1s col i ed tho "conduct ion method" of dato

reduction, and results obtained In 1t111 WO, way are denoted by shaded symbols

in the figures.

Expolmon itts woro cariTed Ou~t a-t SOVera I VIS ev O t I nitl WaI aI I tomIIp-

uruture using Intfrared heat- I arps to ri'ise thu modu I 1'mporatur'e before

a run. The final results were obtained by plotting t-he Initial temper-

ature gradient againist inI tial wallI tunmpuicturu, together with IndupondoitI

measuroments of the ad I abat I c waIlI temperature, and us 1 ny the 5 lope of
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the resultant straight line as the final measure of tne heat-transfer

coefflcient. (The modified Newtonian Law was found to hold throughout.)

The recovery temperature distributlon was measured using the thin-skin

metal models by simply running the tunnel for Obout seven to ten minutes

and recording the final thermocouplo outputs. For the normallsing cone

and for one cavity configuration, special recovery-factor models were

made from an insulatIng material, (plexiglass), and instrumented with

surface thermocouples. Thu results from these models were virtually

Identical to the data obtained from the corresponding metal models.

In reference (2), concern was expressed about the time taken for

the stoady-stutu dlstrlbution of tumpora-[ure and velocity in the cav-

tielus to be ostab ii shed. (For the use of the trans i ant techn i que to be

valid, this must occur virtuilly Instanttn.ously.) Sin-o o true steady-

state muesurumunt tuchniquo was not availab lo In the laboratory, a form

of the trunsIont mothod was developed to approximatie thu stady state

tuchnlquo. Thls mo'iehod was used to spot-chuck I he convuntlonal truanslunt

lmaas• uremerl's.

TIu muthod I s busically the I nsu l ated-mass tochnl que doscrl bud by

Wusikaumpur In rtufrunco (3). A umodeI was bule 1t wh Cich cOrruspj)nd1ld tO

thu yoomiiolry of thu L = 1-1/4", D = 3/32" cavity modeol. Most of the

model was made of solid copper, but at the nild-pol nt of thie Cavity a

thin (0.01") steol onnulus was mounted. The stool ring was Insulated

from the copper part of thu model with plexlgluss washers, and timo

copper model wou Insulated from the supportlng sting with u n1ylon sleeve.

Thormocouples were mounted In the stool annulus, and In the copper body,

Thu model is shown In figure (I). (Lowusi model.)

A eost on thls model was bugun In the normal way. The model was
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Lkothormal at the boginning of the test, and the tunnul was started

suddenly. Figure (2) Is a tracing of Ihe temperature-time history

of the steel annulus during a typical run, superimposed on that of the

copper sectlon of the model. At A the tunnel starts; the heavy copper

model falls slowly In tomperature as It Is cooled by tho stream. The

steel sectlon, being much lighter, and having therefore a very low heat

capacity, cools more quickly. At point B , Infrared heat lamps are

turned on. Those give a higher heat Input than the cooling power of

the flow In the cavity, and the temperature of the steel section rises,

(The stool was painted matt black to Increase Its absorption coofflclent.)

The hcbit lampq have little effect on the copper body because of Its large

thhurmul capci ty, and because thu heat transfer rate from the struam Is

so high outsidu the cavity. At C the heat lumps urc turned off, and

hih stool unnulus agoiii quickly cools. At X , the stuul has cooled to

the samo teiplleraturo as t1he Copper body, and continuus to cool past thll

1,i 01tpor ur o.

Now, If thu thermal conductivity of the copper Is high enough, thu

entire model will be substiantially Io-ethrmol at point X . As o result,

i he ciplorature gradient of the stoul annulus at ils pol it will give a

ilicasure of the li Lilt tfroisfur rate In tihe mld-point of thu cavity ussociated

wi -i an Isothermal modul temperaturo of Tw× . The crossinU-poInt X

occurs some tlid) after t'he tunnul was Otart'od (CboLlt 15 to 3 s•coiids foi

varlou:; ruois), and the iiiousuruiiment atl this point should be cloar of' any

si-arlng transients.

The method Is probably not as accurate as the normal transi ent

tUchn1Ilqua, i)ucause thO thermal conductivity of the copper Is flnliu, nnd
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the model Is not therefore strictly Isothermal, However, It Is felt

that this technique should be a good check on the thin-skin method.

In the data from the thin-skin heat transfer models, the results

were obtained using the correct sklir thickness for most of the con-

figurations tested. The models were cut apart after testing and the

wall thickness at each measuring station measured accurately. However,

this was not done for the 5/16" x 1/8" and 1-1/4" x 1/8" cavity models,

which are being reserved for possible future tests. For these models, the

data were reduced using the machinist t s estimate of 0,01" well thickness

throughout. Experlence with this type of model has shown that this estimate

Is correct to about - 0.0005", which might result In a possible 5%

error In heat transfer rate.

,"one of the models described above could be used io muaduro recovery

iactor and heat-tiransfur rate in the Immediate vicinity of reattachment.

(Speciflcallv, In Ile region considered by Chung Lnd Vlegas In reference

(4). If Is ehown In this reference that the significant length bounding the

"reattachmont" roglon In a cavity flow Is of the order of the mixing layer

thicknuss). Accordingly, two addItlonal models were constructed for the

normal L - 5/8"t, D - I/B" cavity geometry which measured the average

recovery factor and heat-transfer rate In the reattachment region. Thosu

models I ra shown In figure (3).

Thu recovery factor model was made of plexlglass, and had an annular

circult-palnt measuring element at the reattachment shoulder. Thu clrcult-

paint band was 0.02" wide, and was recessed Into thu ploxiglass surface and

machined flush. Thermocouplos were Instai led at 90C intervals aruUnd the

circumforonce.
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The heat-transfer model was made of brass, and had a copper ring of

approximately square cross-section mounted In a plexiglass spacer at the

reattachmont corner. The cross-section of the copper rIng was 0.03" oil a

side, and four thermocouples were again Instal led around the circumference.

Tho heut-transfer rate was measured by record ing the temnperature-ti1me

variation of the copper ring during a run. The detailIs of this method

arc vi-tually Identical to the thin-skin technique.

RESULTS OF EXPERIMENTS

MEASURIEMENTS OF RE COVEk Y -FACTOR AND HEAT-TlRANSFER COEFFICIENT ON
THAE BASIC CONE

Tho recovery-facier moasuremonts en the 20 0 cone dor given in

figure- (4), aCi local recovery factor agoinst cone Reyn'olds iiuehe'r. The

huat-transfer rects or given In f:9uro (5), as Stanton number age'!nst

c,)no ReynolIds n umber. AlI I flIu Id proport I o5 arc) ova I uated at the, edge of

tire cone bojundary I yoyr. The thooretical voluns for- recovory factor and

heat-trun.fer- cofuft Iciont in laminar flow are taken from reference (5).

Thei recovery fadetr data In figure (4) indicate that natural transitionl

occurred onl the cIone at a Reynolds number of about two ml lIIIon. In reducing

the heat-ti ansfer reso I Ps, tho laminar recovery-f actor value of 0.815 was

used throughout, and the data of figure (5) are therefore unrol liable above

2xi6  , (Tebat-transfer' coeff iclo nt results do not show a r iso

at high l-oynolds nlumbers, which rnuy indicate either that tho Increase Is

smothered by -the use of u constant recovery factor in reducing the data, or

that the di fferent experimental conditions In the heat-transfer tests result

I n a somewh at hIg heor t rans ItIoion Rey nolId s n umbe r-.

In any ovent, onl I y thre I ami nar datu were of Interest In the1 present
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Investlgation, and those data were used to normallse the cavity-model heat-trpns-

fer rates. The cone recovery-factor results ore presented to Indicate the

range of purely laminar flow, and these results were used in conjunction with

the transition evidence of the first part of this report to limit the ex-

periments to a Reynolds number below two million.

RECOVERY-FACTOR MEASUREMENTS ON THE CAVITY MODELS

These results are presented In figures (6) through (9). The

results are for laminar cavity flow only, and the possible stagnation

pressure of the tests therefore descends as the cavity length Increases.

For the L = 5/16" cavity models stagnation pressures of 400, 700 and 1,000

psia could be used, but for the L - 1-1/4" cavity models, only tests at

P 0 400 psla were always laminar. All the results given were obtained0

using the thin-skin heat-transfer models, with the exception of thu 5/8"

x 1/83" cavity geometry, for which both plexlglass and metal models were

tested.

The results of all tests show that the recovery factor for the laminar

cavity flows Is l li'tle different from that of the basic model with attached

boundary layer. For the case of the 5/81" x I/8"1 cavity geometry, the re-

covery factor In the Immediate vicinity of reattachment was measured using the

special model shown In figure (3). The results are included In figure (7),

and It Is seen that the recovery factor at reattachment Is of the order of

5% higher than elsewhere, The reattachment hoit-transfer model for this geometry

was also used to obtain recovery factor measurements, by simply recording the

final temperature of the copper ring after about seven minutes running time.

The reattachment zone recovery factor measurements using the two models were

Identical. This is an indication that the average measurements describe the

7
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true reattachment point value quite accurately, since the measuring area

for, the heat-transfer model was three tImes as large as for the recovery-

factor model.

Increasing the value of 6s/D Is seen to cause a slight reduction In

the recovery factor level for the present experiments. hils Is probable

due to the effect of the finite Initial boundary layer thickness.

Increasing this thickness would lower the velocity on the dividing

streamllne, and hence lower the kinetic Impact pressure.

MEASUREMENTS OF HEAT-TRANSFER COEFFICIENT ON THE CAVITY MODELS

Thu local heat-transfer coeffIcIuni h Is defined In the ufsual way

using thu modified Newtonlan Law, namely

q h (Tw-Tw)

I:FV- the 'lhI 1i-w l I I mneasur5 i ng I ecthn I que, thlI u cart, bu wi ii'iten

(2--w) lh(Tw-T'aw)
PwCw AV I a fO

whore t-he o(lutl1i 'il s on the I of I -hand s Id e uro for a wU I I e I emont al a

pdlrt lcul ijr model stuation. (V/A) I thu wvolumo to oxiernal area rai lo,

aild I u pproxllmatoly elIquul to the skin thickn•ss. (Thu correci railo lu

celculutcd from tiho particular modul yuomutry.)

Thu rsesults of the oxpurlmontis arc 91yn In flgurus (10) through (16),

as local heat-transfer coefficiant normal sod by the equlvalent cone value,

plotted against distance from the model nose along the slant side of the

basic conu. Al I resulits arn for laminar flew In the cavity.



The heat-transfer results from each model configuration show the

same general characteristics. Fhe heat transfer Is greatest at reattachment,

and falls off both upstream and downstream of this point. In the cavity, the

heat transfer coefficient falls to about 10 to 20% of the baslc-cono value and

then rises again near the separation shoulder. Downstream of reattachment,

the heat-transfer coefficient fails to the cone value within one cavity length,

and In most cases fails below the cone value further downstream.

For the 5/8" x I/8" cavity geometry, measurements of the average

heat-transfer rate In the roattachment region were made using the copper-

ring model shown in flguro 03). When thu results wore reduced using the

previously measured values of the recovery factor In the vicinity of

reattachment, tho fol lowing values of h/hcone were obtained.

Stdgnalion pressure (psla) h/conon

400 2.63

700 2.90

Thueu values fll lthu firund of thu thin-wall data for the

5/83 x I/8' model.

Chaig In thu houndary- lIyr' thicknoss Ut soparutlion (l*e. varyilng the

sIl egrat I on pressure) wos found to have li tt I e effect on the d i'tr i bu-l on

of h1/helle In the cavities. However, It should be reemnbored that 65

wes varied In thu pro, nl oxper inents only by a factor of ,bout I -1/2.

Downstream of the cavity, Iiicreuse of 6./D was found to lower the

fInoI lovel of h/hee11 e , On the two modelI for which tests were mndu at'

Po 1000 psla, thore are indications of trunsltilon downstream of

the covitil'es.

•j .9



The measurements made of the heat transfer rate In the centre of thn

cavity on the model with L =1-1/4"1, D = 3/32"1 using the insulated-mass

model wore found to agree very well with -the measurements made using ihe

th Irn-wal I mernthod. (Soo Figure (15). ) .This Is a definito Indication

thut no starting transients exist on the present configurations, and

supports the analysis of referonce (2).

Thu results of the heat transfor measurements on the single-arc cavity

model (figure (16) ) are little difforent from those on the models with

thu normal cavity geometr-y used in tho present work. The f loor huat truns-

for rate Is a I ifui hilghor than onl ihe other models currying 5/13" long

cavities, but otherwise the distribution of h/h couIs similacr. At the

X =- 211 !tot ion on the sinrg lu-arc moduli, tire rirauurud heat-transfer rate

dous not full onl a smooth curve through tire rest of the data, but It Is

not known whethor -Ihi s has any sign If I cancu or noi . The thurmocouplIus

onI Irisi ndodl weru col ibralud und tested very carofuilly, and no reason

was found for reject ingr thu dateu from the thurnioepl atci the X = 211 stat ion.

In f I uru ( 17), tire cavity dota from all model s at allI staynali on

pressures Uro p Iottod Oril ilie sarme scaluso for- comrpar ison per poses, Thel

eb c ISU1 I x/iL whore Z I s the dib-stance measuLured ailung the caivity

serIf ace fr-em1 tir10 lreattaciiMorrt' point It isý !;uU1 thadt tire h/KeCne

dI 131r Ibut lot var' Ius roughly wIth the I ivurse of x/L , ci though thu

data f 1011 tire roratiuchrnnt Corner fo I low tire I woerse Ir01-It power' more1

closely. This f igurer also shrows that, In genoral , thce deeper cavities

Iruvou si ilrhtly lower values of f loor heat-transfer coeff icient.

5urir pro 111111 ry hoat-transfor rese is f ronr thO fir1st 1irrode I h Iit

for tire pruserrt progjramr wore publ iished soine 1 I mo ago In ref euro'co (6.

10



These results have since been found to be In error and are to be

replaced by tho present data. The reasons for this correction form the

subject of roferenco (2).

DISCUSS ION

AE; mentioned In thu previous section of this report, there do not

appear to bo any other invustigations of laminar, hypersonic cavity flow

aval lablo with which to comparo the present work. The most sirn i r experi-

ments arc thoso of Larson In refference (7), which were carried out at Mach

numbers from 0.3 to 4.0. The proseni V heat-transfer rouse ts are in good

agreemenet wilii the lomi nur measurements of Ldrsion. Lar-son was primari ly

interestetd in the averaqe heat transfer rate, but his expurimental method

allowed air estiaraiu of 1he lccai variations in heal iransfor coefficient.

These alteor results show lire sarie high heat- trantsfer 3t reattedclilnrilt, and

lew ielirnfron the covi ty floor as do tic prosont mrta!;uromunis.

Thu localI vei I ti ion in heat transfur cooef fI ci I nt o l ono the cdv I ty

surfucesi is quelteutivoiy whit would be expected on physical grounds.

The reaftachitnieni po)Iint. I s a lildf1et01 inpo Init Of 1-W f I U id Pa;S i rig a Ionyr

tire divi dinrg sfi ream ro and tire heat transfer- coefficient Is high al. tl i

po Ilit.* A!n tir f liiid ro i rculIates a-round ilire cavity Ini conitact w it IiIhe

w,4 I tisurf aces, it gradual Iy I uses its copdcity to tranrA Hur hoeet, bis t~ir

I ayers of f I ulId neuar lieu well worur ciusloeIy approach thr itwa I I I uripura l-urte.

In add if1loin, If erne finki iik of a boundary I jcyor growl ig In ani upsI rwani

d Iro ilon f romt lire real-t eclrnri Ipoirnt k( nn ref eronro (4) )' I Qi 6i f f .rtý I I yeý

"bou~ndary l ayer th I cknuss" becomes l arger as t he ruvorsed flIow near- the

wa I I lidusss utidur tire uore of slowly wriv Inri fl Iud around the U 0 locus.Ui

11



On ihe •-urfaces downstream of reattachmentj the heat transfer

coefficient eventually falls below the pure-cone value, provided the flow

remains laminar. Thls Is because the boundary layer Is thlcker on the

cavlty model downstream of reattachment than on the baslc cone because of

the rapld shear layer growth. (Tile laminar shear layer grows about three

tlmes as qulckly as a lamlnar boundary layer.)

For the .•/8" x I/8" cavlty model, I•at-transfer measurements were

m•de In the In•odlai'e vlclnl•v of reattachment. These results, ¢omblned

wlth the measurements made outslde the rea ti'achment reglon wli'h the

"tilth-wall" technique, were used to calculate the over'=ll hei-transfer

rate In i'hu separa'h•d region on thls model. The measuring element on the

coppur-rlng model used to measure the reai'tachment heat t|'ansiur rate had

two exposed feces of virtually equal area, one formlng part of the cavity

surlace, the other on ihu cone surface downsire•l of the cavlty. In calcu-

lailnU ihu ioi-•l c•vliy huai transfer, It w• assumed i'hal the huet-trensfer

io th,• cuppur rlng was dlvlde•d •.,lually betwu•m Its two feces. The validity

el i'hl• uusumptlun w•s checked In the followlng way.

The moasuremuni's made outs ldu th• roattechmoni' reglen u•lny the

thln-w.•ll b/U" x I/U" inodul wore allalysud, and It wa5 found that the data

wure wul I rUl)r•')son'l'•d by .+h•,• laws

hc•v = const, x (•')'½

In the cuvli'y near reatiachmuni, •nd

hc•v - co••sl', x {•)'•

on the cynical uurfac• of fhc model downsi'roam of ruai'tachmelli• for a

partl(:ul•r stagnattotl prossur"{:•, The f.'OIlS•]lltS were deiurmlned from thu
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thin-wall model result!. It was found that If these relationships wore

assumed to hold Into thu reattachment region, and the average heat-transf or

rate In thu region spanned by 1ho copper Fing wore calculated, the results

agroed very well with tho vaiuos actually moosurod by tho copper-rlng model.

I n add ItIIon, the heoat -tr an sfor dlIstr ibu I Ion f romy the a bove var Iat Ions

showed that an equal division of heat transfer between the upstream and

downstream faces of the ring was a valid assumption.

Using 'this assumption to obtain thu avorago hoat-tran'sfur rato on

the ruattachrnent face, the total hoat-transfer rate In the cavity was calcu-

lated by IntegrailIng the local variation of tlheheat-tranufor cof ficient

along the ciavlty surface. It was found 1hat any ruosonablo assumption for

the local var lat in of heat--I rdnsf e coefficientI In the ruattachmunt

region which gavu the corruc-i averago, vaino would yiuid virtually the sone

tel1al cavity heat-transfer rae af-ter inteogration. Thu volue of* th adi-

abatic wallI lumiporoturu was assumed io be conslenil and equul to the laminarji

cone value, (The oxporli nunta I resulIts shoew that th is I! a ruosionublI

dtssump-tI ont. ) Th is enabled the total cavity heat--transfer rate to be comn-

parod wI th thu correspond ingj va Ilwn for anm aittachod boundary I cyur butwuen

the somuic nudul Ai tt Iueni by compar I ug thme cornrespondii ng uvoral I I nea

transfur0 (oU~fflCIUnntU.

Ini IhIi I way, the coinpurkI on purameter 14 wiaL evaluated, whorte H

I s dofi nud by bd

- .1 Ii lcoime dx

dA

"SiCenlu dx~" d;<



This parameter H Is comparable to Chapman's parameter "1ýw/(ýw) bt 1

In reference (8).

Thu values of H calculated for the two stagnai~ton pressures used

for the 5/61" x 1/811 model wore as fol lows:

p0 (psla) H 2 cav/cone

400 0.546

700 0.544

The theortilcal vrý,ue of H from Chapman's thoory In reference (8)

1!. 0.55, for a Prandtl ,l;er corresponding to helium. Exceileunt agreement

with Chapmadn's result Is evidunt. Liarsun, In rafereunco (7), working with

cUv ity fIOW!, d'l .UPU1`Son IcL Macli Iiuflbes 111 Ji I, alIsu o obalI ud vlI tu~il IY

uxici iyruerneni with Chapman's theory. In viuw of the rather extreme

as~i~umptioiis involved In the derIvation of Chapmran's solution, It Is Sur-

pri sing thai tho oxporimontal u~ruumunt should be so good. Howuvur, uitliough

thu cavity f lows siudlud by Larson arid by thlu present author- were quitu

dl f f renIl In Wooon-icutrI con i gurat ion, both sutsi of experimentsi were

carrieud out wlih cavitiesi which had cowiparatI vuly small iongth-duptiih ratios.

1it rmal nu lo be du- i-rmieud whul hui Chapmian's theuory cel, be upp iIud lu much

aonger ( bui still I "open") lami nar csvlity f iow5.

In add ii on to, thu above), the tol ci huat-transfur to the civi ty

modul over a surfdce compo~iud of thu cavIty pluL; ono cuvity lenyith down-

si real of rea tacliment was cal culIatod, and compared wi th tiio corrotspond i ri

hed -rasfr o a coniical siurfacu bQetween the1 sameu stations. (Thu local

heat-transfer rate on the cavity model rucovers, t-o thu cono value wltli ii

about one cavi ty IonylhI dowrrsieiirui of .R . ) TiiiIs quani II y Is a measure

of the total advantlaqe in hicat--rirsfur reduction obtaineud by reUplacing

an attachud boundary layor with a cavity-type seupdrated loyer. It was

14



found that the overall heat-transfer rate was reduced by about 10%.

In other words, most of the reduction In heat-transfer rate in the cavity

was countered by an Increased heat-transfer on the downstream surfaces.

In reference (9), Oharwat et al published results of experlments on

turbulent cavity flows at supersonic Mach number. In these experiments It

was found that unsteady mass exchange was taking place between the cavity

and the external stream. In the present work, no evidence of mass shedding

from the cavity was ever obtained In the laminar regime.

In reference (4), Chung and Viegas present a theory for the pressure

and heat-transfer distributions In the reattachment zone of a cavity--type

separated flow. In this work, the authors first consider the flow near

the reattachment point to be inviscid and Incompressible, but rototion&l.

They solve for the stream function in closed form, evaluating the vortlcity

from an Incoming velocity distribution obtained by fitting an expon ontIaI

to the mixing ldyer profI us of Chapman. Thu solutIon Is then used as the

external condition for a boundary layer starting at thu ruattachment point.

The analysis ylelds a characterlstlc length In which virtually all

of the pressuru decay from the ruattachmunt stagnation polnt occurs. Th l s

length Is of th' ordur of the mixing layer thicknoss. When the analysls of

Chung and Vluga.s was applied to the uxpurlmental conditions of the present

work, It wus found that complote pressure decay should be accomplished

about 10% of the cavity depth below the reattachment shoulder. Some

recent doital led measurements made by the present author of tho pressure

distribution in uho Immivedlate vicinity of reattachment on the 5/8" x I/B"

cavity configuration show that the pressure decay distance given by thu

theory of Chung and Vlugas Is mucn too small. nI additlon, when the heat-

transfur results of' the present Investigation wore compared with the

15



prod iction of refterence (4), considerable disagreeiment was found. The

average hecat-transfer rate in the vicinity of ruottachment on tile

5/8"1 x 1/811 copper-r-ing model was found to be about half of that given

by the theory of' Chung anld Vi egas.

There are a number of possi ble roasuns for this di scropancy between

the prosont oxporimontal results and the analysis of reference (4).

Chung and Viegas state that their approximate heat-transfer analysis

Is "based on thu theory of a highly Cooled boundary layer" but they dio

not give sufficient informati-on to deteformine whether the analysis Carl bp

app IeI d to casos I n whi cii the wa I I tompuraturo I s of t-he same ordeur as

the odiabatic value (Ws In tho presuint experiments). XIi addition, time

ic c u r cy of th o p rLs onlt ox .) r Imett-al resuloti ubI s ImIInIte d b y t I I a s sunmp- I on

that the heat-trenfofr ratu to t'he MUdSUrI nyl LIiMl Oieml o thU coppur-r I11

modul Is split eupljlly hntwoon Its two faces. I-owever, theure I yet

ano-ilthe posS L I hI I ty. Chung anid VIua es maku thu a p i or assumpt ion 1ijft

t ~~~~thu f I ui d onl thu d Iv i d Ing 5`1 reUJI In I efale I)atUL--_Jh ai r I gh ) t In I(. to t.he

covity wal l, (Thu model angle at- R Is taken clu 900 at; InI the preseni1

IU5c uxpor"Icmnitae Icon f I gurat iou1. ) It I s di fficulIt to Lcue how til1ý i s smiup-

lion I , JnIStI f i d onl a phys ical LaOSI S. 0110 11110111' 0XpOCt Ii toi11l ivol y t

the allu Ic;shoeuid 1)0 cli osr lo tue ptutoni u solui iion for un ifermil flew

aipproochi ng L i ri gt-any led corner, wh icih would Lu 3rn/4 1 Xihu lie r~u

angle Of roattacinimuni11- weme larger Ihiin that assuimed by Chung aind Viegus!,.

thec reusuIt woeuld be an I icrousul in thu si zu of thec real'taclirijuIet zune anid

aj drop III iinal -I ransfclr ThimIs woulid hr I ra tho tlmuorollIcal ruslU mI ore lII

Ili no wIlt the present oxpomur ints.
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CONCLLLJINO REMARKS

The present investigati-on gives results of measurements of the Ioc~il

distribution of recovery factor and hoat-transfer coefficient Ini laminor,

hypersonic cavity flows. The free stream Mach number was 1 1.2 and the test

gas was hallurn. The cavity-models wore based on a 200 cone, and the coen

surface Machi number was about 6.5. Wall temperatures equal to, ind-slIghtly

gruater than the frou-stroani stagnation tumperaturo were used.

The pr Inc Ipal rosults of the exporlImonts may be surimarlIsod

as follows:

(1) Tho rucovery factor- on the cy i ty mode Is wau found to be

very close to tho value obtained In laminar flow onl thu

basic cone w-ith un ofttached boundary layur. At ruittachmnunt,

theu rucovery factor Was a lii ii cu hi glir than ci sUwIurU

(2) For a I modelsi tustud, t-he hcat trunsi ur ccciii ci cii was

I ound to be a mdx Imuii In iho Ilie i-ltoclinici it icy ion, and to

faill off both up~struair ond downstruuni of' fIm s polint.

oil on10 mo1de I, tire averageL inu fii' i a iuler ccclf Ici i In ti

111ie I ienuOd IflL Vtu vi cli y Oficl l'a1'LChl11iieim was; inus crud, and

was found lo be aboutl 2-1/2 ic 3 trinus as high as the

Corruspoid lily cone vi.lue.

(3) Thu h eat-ti- ns fur cue ff cilui it wat, Iowosi oni the covil y

f loors, ruachi ny d nil ii I muii of aboui- 10 to 20% of tho

aittechlid va I UU.

(4) Thu value of h1 av/hcul iiiriu thlai o11e cavity I cimytli1

of ruafltaChimoni was nearly always slIghlhiy lcss than one.

17
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(5) On the configuration for which sufficient measurements

were made to calculate the overall heat-transfer rate to

the cavity, excel lent agreement was obtained with

Chapmanis theoretical value; I.e. the total heat-transfur

rate In the roglon of separated flow was found to be

about 55$ of the corresponding attached-flow value.

(6) On the configuration mentioned in (5), It was found that

thu substantial reduction In heat-transfer rate due to the

presence ot the separated-flow region was largely countered

by the Increased huat-trunsfor to the surfaces downstream.

For thu cavity plus one cavity length downstruim of

ruaittachmunt, the total heat triinsfer was about 10% lower than for

a corresponding alitchud flow. It must be struesed that this

conclusion and conclusion (5) refer to u covity configuration

wlih L/U = 5 , and thu possibll Iity remains that the Intograted

huot tranufer rate may be dependent on thu cavity length-

dUpth riatio.

(7) Tho thuory oi- Chung and Viuyu; was found to ovurest Imlato

Thu Uvurayu hu'el tranufur rul Ii I leu inimiudlulte viclii ty

ut cuvity reatfuchmurint by a factor of two.

18
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