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FOREWARD

The present study |s part of a program of theoretical and
exporimental research on hypersonic flow being conducted by the_Gas

Dynamics Laboratory of the Department of Aeronautlical Engineering at
e e o ————

the James Forrestal Research Center, Prlncefon Unlversity., This
study Is sponsored by the Aeronaut|cal Research Laboratory, Wright
Alr Developmant Dlvislon, under Contract AF 33(616)=7629, "Research

on Boundary lLayer Characterlstlcs In tho Presence of Prossurc Gradlents

at Hypersonlc Spaods", wjth Capt. W. W, Wells and Col. A, Boreske as

consaecutlve project offlcurs,
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ABSTRACT

An experlmental Investigation has been made of the recovery
factor and heat~transfor dlstributlons on a set of cone-models
Incorporating annular cavlties, Thils study Is the second pari of
a two-part program, The first section contianed measurements of
the pressure dlstributions,

The cone=surface Mach number was 6,5, the free=stream Mach
numbetr was | 1.2, and all experiments were carrled ouf In hellum, All
cavlty flows were "open", and ail heat~transfer tasts ware In the
lamlnar reglimo,

Tha results show that the rocovery factor In famlnar, hyporsoric
cavity flow Is almost constant within the cavity and downstream of
reattachment, and Is vary close to the lamlnar attached=flow valuo,
In the Immodlate vielnlty of reattachment, tho recovery factor Is slightly
higher than thls velus, {(Less than 5%).

The lowost values of the heat=transfor coefflclent are found on
the cavity floors, whore a minlmum of about ften to twenty percont of

The attached-flow value Is reached, The highest values of The heat-

transfor coofflclent are In the Immedlate vicinlty of reoattachment.

An average roattachment hoat=~transfer coofflclont of about throce tlimos

the baslc cone hwsat-transfer coefflclent was measured on onc cavity modul,
On one model, the Integrated heat=transfor In tho soparsted-f low

reglon was evaluuted, and was found to be about 554 of the corresponding

attached~f low value, In agreement wlth Chapman's thueory,



NOTATION

A Extornal Area of modol surface
Cp Speciflc Heal al Constanl pressure
b] Max imum dopth of cavity
h Local heat-transfer coefflclent
L Length of cavity, Xo = Xg
Ll Length of model surface before separation sYoulder,
measured along slant sldo of cone
T Swupt length of cavity, ';5
M Mach numbor
P Prossuro
P Prandt! numbur
Q Total heat tronsfor rata per unlt time
q Local huat francfor vate per unlt arca por unit time
: Taw - Tu
" - Local rocovory factory, e
To = To
Ru Raynolds number basod on fluld properties ot tho wedgu

of thu boundary layoer on the baslic cone
h

St Stanton number, dofinad as
Pu P Yo
1 Tlmu
T Absolute tomperature
u Veloelty In ~  direction
X Distance meosured from nose along slant slde of basic cone
X Distance measured alony wotted cavlty surface from

reattachment shoulder
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Subscrlpts:

: c,conu

cav

2 ot

deflnod as {x - xR) on surfaces downstream of cavity

Boundary Layer thlcknoss
Cone half=angle
Mass donsity

Viscoslty coafflclent

AdlubuTlc wall condiflons
Valuos on baslc cone

Yaluo on cavity maodo!

Condltlons at edgu of boundary layar or

Inltlal condltlons batoire tost
Instant ot flow start
Reattachmunt shoulder

Suparatlion shouider
Crossing=point

i rog=stroum condltlons
Isontroplce stagnation conditions

Model wall condltions

shoar layoer
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INTRODUCTION

The presont work is the second part of a report on an experimental
study of laminar hypersonic cavlty flows, In the flrst sectlon, (refer-
ence (]),the genoral program was described, and The moasurcments of the
pressure distributlions on a series of 20° cong=-models Incorporating
annular cavltlos weroe reported, In thls, the second soction, measure=
monts of tho distribuilon of local recovery factor and local heat-fransfor
coafflclont on modols of The samo goomotry are presconted. As In (roference
(1), The frew=stroam Mach numbor was about 11, und tho canv=surface Mach
number was 6,5, The tost gas was hollum, with a stagnetlen fomporature of
room temperaturoe.

EXPERIMENTAL LQUIPMENT AND TECHNIQULS

As Wlth the pressure studlos, all tests woere made In Tho 3" hollum
hyparrsonle tunnal of tho Gus Dynamlcs Laboratory at Princeton Unlversity,
Cxporimants woro carrlod oul at threo levels of stagnation pressure -
400, 700 and 1,000 psla., The hoat=transfor and rocovery-facior modols
had the same geometry as Tho prossure models, {(sce reforonce ¢1), with
the oxcuaptlon Thal tho 116" deop cavity models wora omlttoed, In othor
words, cavlty guamotirles used forr the prosont work had longths of /16",
5/8" and 1=1/4Y, and dopths of 3/32" und /8", A hoal=tronsfor model for
tho 578" x 1/8" singlo=ore geomotry was wlso built, maklng a total of
soven configurations, As bofore, The longth of 1ho mode! boforg the
saparatlon polnt was kept constant at |=1/4" (moasurod along slont sldo
of conu)y All models incorporatud tho 0,004" standard noswe, and voers

0
made wlth four prossuro faps spacod 907 aport ol o slnglo uxial station
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for model allgnment while the tunnel was runnlng. Semple models are
shown in flgure ().

The hoat-transfor measurements were mado using the translent "“thin-
wall" tochnlque, and a dotalled description of the use of thls technique
In hypersonlc separataed flows |s glven In reference (2), Since this
reference contalns all relevant !Information on the experimental method
usad for the present work, only a briet outlinoe will ba glven hera.

The translent method usaes a model wlth a thin metal skin, lnstru-
mentod wlth thermocouples, At the beglnning of a test, tho mode! is
Isotharmal ot a particular Inftial wall fomporature, Tho flow |s then
started suddenly , and the thormocouplo output recordod on fast-response
contlnuous~racord potentiometors as tho model cools towards rucovory
tomporature, Tha initlal gradient of the rosultant fomperaturu=timu trace
ot vach model stution |s a measure of the heat-transfer rate at that polnt.
In additlon to thls mothod of moasuring the Initlal heat=transfoer ratu, some
of tho data from thoe presont oxpurlments werse analysoed using tho flrst two
soconds of wach tomperature~time trace from polnts In the cavity, and
applylng tho full conducilon eguation for the tomporature history In the
skine  In tho presont report, ¥his Is callod the Yconductlon mothod" of data
roductlon, and resuits obtalned In this way are dopolod by shudod symbols
In the flguros,

Exporimonts ware carrled out at sovural levels of Inltlal wall temp-
arature using Infrarod heat=lamps to ralse +ho model temporature before
a run, The final results warae obtalnod by plotting Tho inttlal tempor-
atura grad!0n+ agalnst Initial wall temperature, together wlth [ndupondont

moasuroments of the adlabatic wall temporature, and using thu slopu of




the resultant stralght line as the flnal measure of tne heat~transfer
coefflclent, (The mod]fled Newtonlen Law was found to hold throughout, )
The recovery temperature dlstributlon was measured using the fhin=skin
metul models by simply running the tunnel for about seven to ten minutes
and recordlng the final thermocouple outputs., For tho normallsing cone
and for one cavlty configuration, special recovery-factor modols were
made from an Insulating materlal, (plexiglass), and Instrumented w]th
surface thaormocouples, Thoe results from these models ware virtually
ldentlcal to the data obtalned from the corresponding metal models,

In roforence (2), concorn was exprussed ebout the time taken for
tha stoady=giate dlistribution of temperaluro and veloclty In tho cav-
[Tlos to Lo establlshed, (For thu use of the translent fochnlque to be
valld, this must occur virtually Instantancous|y.) Sinco o frue steady=
state moeasurumont tochniqua was not avallablo In the laboratory, a form
of tho trunslent mothod was developed to approximate thue stoady steto
tochniquu, Thils moihod was used to spot-chock the conventlonal franslent
maasuroments,

Tho mothod I's baslcally tho Tnsuloted=mass tochnlque describod by
Wostkaomper [n rofaronce (3), A model wus bullt which corresponded tu
the goomoiry of the L = {=]/4", 0 = 3/32" cavity model, Most of tho
modol was mado of solld copper, but ot tho mld=polnt of tho cavity a
thin (0,01") stool annulus was mounted, Tho stool ring was Insulatod
from tho copper part of the model with plexlyless washors, and the
coppur modul wous [nsulated from the supporting sting with a nylon sloove,
Thermocouples were mounted In the steel annulus, and in the coppur bLody,

The modul Is shown In flgure ().  (Lowest model.)

A tust on this model was bogun In The normal way, Tho modol was




Isothermal at the boglnning of the test, and tho tunnel was started
suddanly., Flgure (2) Is & traclng of the temperature~time history

of the steel annulus during a typlcal run, superimposed on fhat of the
copper soctlon of the model, At A tha tunnel starts; fhe heavy copper
modal falls siowly In tomperature as |1 Is cooled by tho stream, The
steal sectlon, boling much |lghter, and having therefore a very low heat
capaclty, cools more quickly. At polnt B , Infrarod heat lamps are
turned on, These glve a higher heat lnpgf than the coollng powaor of

the flow In the cavlty, and the temperature of the stes! sectlon rlses,
(Tho stool was palntod matt black to [ncrease [1s absorption cooffliclent,)
Tho heat lomps have tittlo offect on the coppor body because of Its largu
thormal capaclty, and bocauso tho heat transfor rate from the struem Is

so high outsldoe the cavity, At C The heat lamps urc turnod off, and

1ho stool annulus agoln qulckly cools, At X , the stoul has cooled to
the same fomporutuire as tho coppor body, ond contlnues to cool post This '
femporaturo,

Now, 1f fho thormal conductivity of the coppar Is hlgh enough, +hL
ontiro modul will bo substantlally Isotharmal at point X . As a result,
the tamporature gradlent of tho steol annulus at This polnt wil] glve a
moasure of ftho houl transfor rato In tho mld=polnt of fho cavity ussocliotod
with an lsothermal modul Vemporaturoe of wa « The crosslng=polnt X
oceurs some timg after tho tunnel was startod (about |5 fo %0 soconds fo
various runs), and The meusuroment at fhls polnt should be cloar of any

starting transionts,

The method 1s probably not as accuratue as the normal 4ranslaont
|
tochniquu, bucause tho thermal conductividy of tho coppaer Is finlto, and
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the model |s not therefore strictly Isothermal., However, {t [s felt
that this technlque should be a good chack on the thin=skin method.

In the data from the thin=skln heat fransfer modals, the resulits
were obtalned using the correct skin thlcknass for most of tho con-
flgurations tested, The models were cut apart after testing and the
wall thickness at each measurlng station moasured accurately, However,
this was not done for the 5/16" x 1/8" and |-1/4" x |/8" cavlty modoels,
which are belng reserved for possible future tests. For these models, the
data were reduced using the machinisttls estimate of 0.0I" wall thlckness
throughout. Experlance with this type of model has shown that thls ostimato
Is corroct to about t 0.0005", which might result In a possiblo t 5%
error [n heat transfer rate.

done of The models described above could bo used to moasure ruecovery
tactor and heat=transfer rato In tho lmmedlote viclnity of roattachment,
(Speciflcally, In 130 reglon consldered by Chung and Vlegas In roference
(4}, Yt Is shown In this referonce that the signlflcant length boundling thoe
"roattachment” roegloan [n a cavity flow Is of the order of the mixing layer
thicknoss), Accordlingly, two addltlional models were constructed for the
normal L o= %/8%, D = |/8" cavity geomotry whlch measured the avorage
rocovory factor and heet=transfor rate [n fTho reattachment reglon, Thoesc
models are shown In figuro (3),

Thu rocovery factor model was mado of plex|glass, and had an annular
clreult~palnt measuring olomont at the reattachment shouldar, Tho clrcult-
-paint band was 0,02" wlde, and was recossed Into tho ploxlglass surface and
machlned flush, Thermocouples wore Installed at 90° Intorvals around the

clrecumforenca.




The haat-transfer medel was made of brass, and had a copper ring of
approximately square cross=section mounted In a plex|glass spacer at the
reattachmont corner. The cross-sectlon of the copper rlng was 0,03" on a
slde, and four thermocouples were again installed around the clrcumforence.
Tho heat-transfer rate was measured by recording the temperature-tlime
varlation of the copper ring durlng a rua. The detalls of thls method

arc vl-tually ldentical to the thin-skln technlque,

RESULTS OF EXPERIMENTS

MEASUREMENTS OF RECOVERY +ACTOR AND HEAT-TRANSFER COEFFICIENT ON
THE BASIC CONE

The recovery=factor measuremcats on the 20° cone arc glven In
figure (43, as local recovery factor against cone Reynolds numbaer,  Tho
hoat=transfer restlts are glven In flgure (5), as Stanton number age!nst
cnne Reynelds numbors  All fluld propertlos are evaluated at the edge of
tho cone boundary layer, The ThaoreTI;al values for recovery factor and
heat~transfor coaftlclont In lamipar flow are taken from reforence (5),

The recovery factor data In figure (4) indlcate that natural transition
oceurred on The cone at a Reynolds number of about two mlllfon. In reducing
the heat=transtor results, the laminar recovery=factor value of 0,815 was
used throughout, and the data of flgure (5) are therofore unrellable above

Ra ~ 2 % IO6 « (The heat-transfor coefficlent results do not show a rise
at high Roynolds numbers, which may indicate elthor that the increase Is
smothered by the use of & consfant rocovery factor In reducing the data, or
that the dlfferent experimenial condltlions In the heat=transfer fosts rosult
[n a somowhat hlgher frans!tion Reynolds number, )

In any ovent, only +he laminar data were of Interest In thoe prosent
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Investigation, and these data were used to normallse the caylty-model heat=trans=-
fer rates, The cone recovery=factor results are presented to Ind{cate the !
rangs of purely lamlnar flow, and these results were used In conjunction wlth

the transition evidence of the flirst part of thils report to limlt the ex=

periments to & Reynolds number bejow two mllilon,
RECOVERY-FACTOR MEASUREMENTS ON THE CAVITY MODELS

These results are presented In figures (6) through {9}, The
results are for lamlnar cavity flow only, and the possible stagnation
prassure of the tests therefore descends as the cavity length [ncreases,

For the L = 5/16" cavity models stagnation pressures of 400, 700 and 1,000
psla could be used, buf for the L = |=1/4" cavity models, only tests at

P, = 400 psla were always lamlnar. All the results glven were obtalned
using the thin=skln heat-transfer models, with the exceptlon of The 5/8"

x 1/8" cavity geometry, for which both plexiglass and metal models were
tested,

The results of all tests show that the recovery factor for the lamlnar
cavity flows |s |]ftls dlfferent from that of the baslc model wlth attached
boundary layer, For the case of the 5/8" x /8" cavity geometry, the re-
covery factor in the [mmediate vicinity of reattachment was measured uslng the
speclal mode! shown in figure (3). The results are included In flgure (7),
and |t Is seen that thc recovery factor at reatrtachment Is of the order of
5¢ higher Than elsewhere, The reattachment heat=transfer model for thls geometry
was also used to obtaln recovery factor measurements, by slmply recording the
final temperature of the copper ring after about saven mlinutes running time,

The reattachment zone recovery factor measurements using the 1wo models were

Identical., Thls Is an [ndicatlon that the average measurements descrlbe the
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true roeattachment point valuo qulte accurately, since the neasuring area
for the heat={ransfer mode! was three times as large as for The recovoery-
factor model,

Incroasing the value of 6S/D Is seen o cause a s|lght reductlion in
the recovery factor level for the present experlments. This |s probable
due to the offect of the finlte Initlal boundary layer thickness,
Increasing this thickness would lowsr the velocity on the dividing

streamline, and hence lowar the kinetlc Impact pressure,

MEASUREMENTS QF HEAT-TRANSFER COEFFICIENT ON THE CAVITY MODELS
Tho local heat-fransfor coofficliont h Is doflned In the usual way

uslng The modifled Newtonlan Law, namaly

q = h (T "Tg,)

Far the Mhin~wall measuring technlique, *hly can be writton

v ATW
PuSw % W AT Jmor hTw, ~Tay)

whore the quantities on tho lefi=hand sido are for a wall alement al a
particular model stallon, (V/l\)w Is the volume to external area ratlo,
and Is approximately eqyual to the skin thlekness. (The correct ratio s
culculoted from tho particular model guonetry,)

The results of the experimonts wre givon In figurus (10) through (16),
as local hoot-transfor cooftlicliont normalised by the oqulvalent cone value,
plottoed against dlstance from tho model nose along the slant slide of tho

baslc cone, All results are for laminar flow In the cavity,




The heat=transfer results from each model conflguration show the
same general characterl!stics., The heal transfer s greatest at reattachment,
and falls off both upstream and downstream of this point, In the cavity, the
heat transfer coefflclent falls o about |0 to 20§ of the bas|c-cone value and
then rises agaln near the separation shoulder, Downstream of reattachment,
the heat-transfer coefflclent falls to the cone value wlthin one cevity length,
and In most cases falls below the cone value further downstream,

For the 5/8" x /8" cavity geometry, measurements of the average
heat~transfer rate In the reattachment reglon were made using the copper=
rIng model shown In flgure (3), When tho rosults wore reduced using the
previously measured values of the recovery factor In the viclnlty of

reattachment, f*ho followlng values of h/h gne Were obtalned,

Stagnatlon pressure (psia) h/heono
400 2,65
700 2.90

Theso values 111 the frend of the thin-wall data for the
5/8" x 1/8" model,
Changling tho boundary-layor thicknoss ot separation (l.e. varylng thoe
stagnation pressurc) was found to have ittle effoet on tho distribulion
of “/“cone In the cavitles., However, It should be remomborod that 64
wus varrlod 1o tho presont oxperiments only by a factor of about [-1/2,
Downstream of The cavity, lncroase of 55/0 was found to lowur thu
final level of h/hCono »  On the two modols for which fasts were made at

Po = 1000 psia, thora arc fndlcations of trunsitlon downstream of

the cavitles,




The measurements made of the heat fransfer rate In the centre of the
cavity on the model with L = |-1/4", D = 3/32% using the Insulated-mass
mode! were found to agree very well wlth the measurements made using the
thin-wall mothod, (See Flgure (15)., ) .This is a deflnlte Indlication
that no starting translents exist on tho present configurations, and
supports the analysls of reference (2).

The rosults of the hoat fransfer measurements onh The single=-arc cavlty
model (flguro (16) ) are |1ffle dlfferent from those on the models with
the normal cevity geometry used in thn present work. The floor heat trans-
fer rato ls a [1ttle hlgher than on the other models carrying %/8" long
cavitles, but othurwise the distribution of h/hCone Is simllar, At the
X = 2" statlon on the single-arc modul, thu measuroed heat-transfer rato
doecs not fall on a smooth curve through the rest of the data, but It [s
not known whether this has any signiflcance or not, The thurmocouples
on This modol werre callibratoed und tosted very carefully, and no roason
wus found for rojocting tho date from the thermocouple at the X = 2¥ statlon,

In figure (17), the cavlty dota from all models at all stagnation
prossures arv plotted on tho same scaloy for comparlson purpeses, The
absciosa 1s /L where X s the dlstance moasured along thu cavity
surface from Tho routtachment polnt, It Iy suen that the h/hConu
distribution varlius roughly with Tho lnverse of %/ , althouyh thu
duta trom the roottochment corner follow the nverse halt powor more
closuly., This flgure also shows that, ln genoral, the deoper cavities
havo slightly lowor vuluus of floor hoet=transfer coofflclant,

Somu prolimlnary heat=transter results from thoe {lrst model bul It

for Tho praosunt program woro published some T1me ago in referoncoe (6),




These results have since been found to be In error and are to be
o replaced by the present data, The reasons for thls correction form the

sub Ject of reference (2).

DISCUSSION

As mentloned In thu previous section of fThls report, fherv do not
appoar 1o bo any other Investigatlons of lamlnar, hypersonic cavity flow
avallable with which to comparo tho prosont work, Tho most simllar experl-
ments arec those of Larson In referonce (7), which were carrled out at Mach
numbars from 0.3 tv 4.0. The prusont heat-transfor rosults dre In good
agroement wilh the laminar measurements of Larson, Larson was primarily
Intorested In the avorage heat transfor rate, but his oxporimental method
al lowed un estiwate of fthe local variations In hoal {ransfor coefflclont,
Theso lattor rosults show The same high heot transfer of reattachmont, and
low heat=transfor on tho cavity floor as do tho prosent measurements,

Thu local varletion in hoat transfer coofflclont along the cavity
surfucos ls qualifoatively whot would bu oxpectod on phliysical grounds,
Thu reattachmont point is a staghotlon polnt of The fluid passing along
The dividing stireamline and tho heat transfor coofflclont Is high at thly
point, As the fluld rocirculates around the cavity In contact with the
wall surfucus, It graduslly loses its capuclty o tronufer houat, as thoe
layers of fluld near tho wall morae closely approach tho wall Yompoeraturao,
In addition, If one thinks of o« boundary layer growing In an upsiream
diroction from the reattuchment point (see roference (4) ), the offoctive
"boundary layer thlcknoss" bocomes larger as the rovorsed flow noar tho

wal | passus under thu core of slowly moving fiuld around the u = 0 locusk,

fome =~




On the surfaces downstream of reattachment, the heat transfer
coefflclent eventually falls below the pure-cone value, provided the flow
remains laminar, This |s beocause the boundary layer Is thlcker on the
cavity modol downstream of reattachment than on tho baslc cone because of
the raplid shear layer growth, (The lamlnar shear |ayer grows about three
times as quickly as a laminar boundary layer,)

For the 5/8" x 178" cavity model, lheat-transfer measuremonts were
made In the Immediate vicinlty of reattachmont. Those results, combined
wlth tho moasuroments made outside the reattachment reglon with the
“fhin-wal I" tochnlgue, were used to calculate the overall hoat-transfer
rate 1n thu separated reglon on this model. The measuring eloment on the
coppur=r'Ing medol used to measure tho reattochimont heat transfoer rato had
two oxposed fuces of virtually ocgual area, one forming part of the cavity
surfacy, 1ho other on the conu surface downstroom of the cavity. In calcu-
lating 1hu total cavity heat transfor, It was assumed that Tho heat-transfer
to thu coppor ring was divided oqually betwoon 11s two faces. Tho validity
of This assumptlon was chocked In fho followlng way,

The moasuromunts mado outsldo the reattachmont reglon uslig the
thin~wall 5/8" x /8" model wore analysod, and I+ was found that tho data

wure woll roprosontod by the laws
heay = const, x (;3-*
In the cuvlty near roattachmont, and
h = const, x (§)-*
cav .

on the conlcal surfacos of the modo! downstcam of roattachmont, for a

partlcular stagnation pressure, The constants were doturmlinod from the

12




thin-wall mode! results. It was found that |t these relatlonshlps were
assumed tc hold Into the realtachment reglon, and the average heat-transfor
rate In tho region spanned by 1hue copper ring were calculated, the results
agroeed very well with the valuos actually measurod by the copper-ring model,
In additlon, tho heat-transfor distributlion from the abovo varlatlons
showed that an equal division of heat transfer between the upstream and
downstream faces of the ring wes & valld assumptlon,

Using thls assumptlion to obtaln thu averago heat=transfer rate on
the reattachmont face, the total heat-transfor rate in the cavlty was calcu-
lated by Integrating thu local varlation of thehsat~transfor coafflclent
along the cavlty surface, It was found that uny roasonable assumptlion for
the local varlatlon of heat-transfer coefflcient In fhe ruattachment
reglon whlch gave tho correct averago valuoe would yield virtually thu same
tolal cavlty heat-transfor rate atter Inteyraetion, Thoe value of the adl-
abatic wall temporaturv was assumed 1o be constant and equal to the lamlinar
cong value, (The oxporimental rosults show that this s a roasonable
assumptlon,)  This enoblod tho total cavity heat=transfer rate to bo com-
pared wlth the corresponding value for an attached boundary layer buetweon
tho somo model statlons by comparing the corresponding overall hoot
transtor cocfflciunty,

In Anhis way, tho comparison paramotor H  wos evaluatud, whaoro H

ls dofinud by

h dA
gV cav o~
9 J heon Neonu ax dx
- ¢} U
o GLuv .
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This parameter H |s comparable to Chapman's parameter "aw/(ﬁw)bz"
In reference (8).
The valuos of H calculated for the two stagnation pressures used

for tha 5/8" x 1/8" model wore as fol lowst

Polpsia) H = Qcav/Qcone
400 0.546
700 0.544

The theoretical volue of H from Chapman's theory in reterence (8)
Is 0,55, for a Prandt| .vuler corresponding to hellum, Excellent agreement
with Chapman's result Is evident, Larson, In referunce (7), working with
cavity flows al supersonlc Mach numbers Tu alv, also obialnod vietually
wxact agroemont wlih Chapman's theory, In view of tho rather extrume
assumptions Involved in the derlvation of Chapmon's solutlon, It is sur-
prrising that the vxporimental agreomont should ba so yood. Howover, sithough
thu cavity flows studled by Larson and by thu present author were yulte
differont In guometrical conflguration, both suts of experimonts wore
carrloed out wlith cavities which had comparativaly small longth=-dopth ratlos,
It remalns to be duturmined whother Chepman's thoory cen bo epplled tu much
longer (bul still Mopen") laminar cavity flows,

In additlon to the sbove, the fotal hoat-transfer fo thu cavity
modul over a surface composud of tho cavity plus ono cuvity longth down-
stroam of roattachment was calculatud, and compared with The corrasponding
hoat=transfor to u conlcal surface buiween The same stations., (Thu local
heat=transfer rate on the cavity model recovers to thu cono valuo wlthln
about one cavity lenyth downstream of - R o) This yuantity is a measure
of the total advantage In heat-transter roduction obtalued by replacing

an attached boundory layer with a cavity-typo soparatod loyor, It was

e ———




found that the overall heat-transfer rate was reduced by about |0%,
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), Charwat et al published results of experiments on
turbulent cavity flows at supersonlc Mach numbor, In these experiments |+
was found that unsteady mass exchange was takling place between the cavity
and the external stream. In the present work, no evidence of mass shedding
from the cavlity was ever obtalned In the lamlnar regime,

In reference (4), Chung and Viegus present a theory for the pressure
and heat-transfer dlstributlons In fhe reattachment zone of a cavity=typo
sgparated flow. In thls work, the authors flrst conslder the flow near
the reattachment polnt to be Inviscld and Incomprossible, but rotatlonal.
They solve tor tho stream functlon |n closed form, evaluating the vorticity
from an incoming velocity distribution obtalned by fltting an exponential
to tho mixing layer profllus of Chapman. The solution Is then used as the
uxternal condltlion for a boundary layer starting at tho reattachment polnt.

Tho enalysls ylelds a characterlstlc length In which virtually all
of tho pressurv decay from the reattachmoent stagnatlon polnt occurs, Thls
lungth fs of tho ordur of tho mlxing layer thickness. When the analysls of
Chung and Vlogas was applioed to the experimental condltions of the prosoent
work, |1 was found that comploto pressure decay should bo accomplished
about 10% of the cavity depih below the reattachmant shouldor, Some
rocent dotalled measuremonts made by the prusent author of tho pressure
distribution In tho lmmadiate vicloity of reattachment on The 5/8" x /8"
cavity conflguration show that the pressure decay distance glven by the
theory of Chung and Viaegas is muen foo small, In addition, whon the hoat-

transfor results of the prusent Investlgation wore compaered with the

I5
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pradictlon of roterence (4), considorable d|sagreoement was found. The
average heat-transter rate In the vicinlty of routtachment on the

5/8" x 1/8" copper=ring model was found to be about half¥ of YThat glven
by *he theory of Chung and Yiegas,

There are a numbor of possible reasons for this dlscropancy be%wuen
the prousent experimental rasulfs and the analysls of reference (4). '
Chung and Ylegas state that thelr approximato heat-fransfer analysls |
I's "based on tho theory of a hlghly cooloed boundary layer" but they do
not glve sufficlent Information to dotermline whothar the analysls can Ep
appllod to casas In whlch the wall fomporature is of tho same order as
tho adlabatlc value (as In tho present experlments), In addliion, the
accuracy of the presont experimental results Is [lmltod by tha assumptlon
that the heat-transfor rate to the moasuring vlement on the coppor-ring
model Is spllt ogually botwoen Its two facos, Howover, thore ls yot
anothor possiblilty. Chung and Ylegas muko thu @ priorl assumptlion that
tho fluld on tho dividing stroamline roattochos at a right ongle o The
cavity wall. (The model angle at R Is taken as 90° as In Yhu present
buslc uxperimental conflguration.) It Is diffliculd o suu how thls ussump=
Tlon Is Justlifled on a physlcal basis, Ono might expoct [ntultlvely that
tha angle should bo closor to the polontial solutton for unlform flow
approaching a right-anglod cornor, which would be 3m/d4 , 1f the frue
anglo of rcattachmont were largar than that assumed by Chung ond Vlegas,
tho result would bu an Increase in the slze of the realtachmont zone and
a drop In hoat=transfor. This would bring Tho thooroticoel rosuld mere In

Ing with tho present oxparimonts,
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CONCLUDING REMARKS

The present Investigation glves results of measursements of t+he local
distributlon of recovery factor and heat~transfor coeffliclent In laminar,
hyporsonic cavity flows. The frec stream Mach number was {1,z and the test
gas was hellum, Tha cavlty-modols werc basod on a 2Q0° cone, and the cone
surface Mach number was about 6,5, Wall taemperatures equal to, and-'s|ightly
greater than the freo-stream stagnation taemparature were used.

The princlpal rosults of the experiments may bo summarlsed

as follows:

(1) The recovery factor on The cavity models was found to bo
vury closy to the value obtalnud In laminar flow on tho
baslc cone with an wtiochoed boundary loyer, At reattachmont,
tho rocovery factor was a littlu hlgher than olsewhuore
(lusc than 5%).

(2) For all modols tustod, thu hoat transfer coufilclont was
found to be g maximum In 1he roattuchmont roglon, and to
fall oft both upstroam ond downsiream of thls peint.

On ono model, the avoragoe hoat trenstor coofficiont In
The lmmodlate viclnlty of voattachment was meusured, and
was found 1o bo about 2-1/2 tu 3 thnes as high as tho
corrruspondling conu valuo,

(3)  Tho hoat-transfor coofflclont was lowost on the cavidy
floory, roachling a minfmum of wbout 10 to 204 of tho
attachod valuo,

(4) Tho valuo of  hygylhegng morv than one cavity length

of reattachment wes nearly always sllghtly loss than ono,




{6)

On the configuration for which sufflclent measurements

were made to calculate the overall heat-transfer rate to

the cavity, excellent agreement was obtalned wlth

Chapmen's thooretlcal value; l.e, the total heat-transtor

rate In the reglon of separated flow was found to be

about 55% of the corresponding attached-flow value,

On theo conflguration mentlcned In (5), It was found fhat

tho substantlal reductlon In heat-transfer rate due to the
presance ot the separaTOd-flow reglon was largely counterod

by tho Increasod hoat=transfor to tho surtfaces downstieam,

For the cavity plus ono cavity longth downstruam of
rgattachment, tho total hoat transfer was about 10§ lower Than for
a4 corruesponding attuchod flow, It must be stressed that this
concluslon and conclusion (5) refor to a cuvliy conflguration
with L/D =5 , and tho possibl Iy remains that 4ho Intograted
heat transfer rotos may bo dopendont on the cavity length-
deplth ratlo,

Tho thoory of Chung and Viogus was found o ovurestimate

tho avorayge heal transfor rale In the Tmmudloto vicinlty

of cavity roattuchmont by a factor of two.
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