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The present report describeG an experimental investigation of a hyperaonic 

cavity tlov with DBss-injection into the .:1eparated-flow region. The experiments 

were carried out in a helium wind-tunnel at a tree-stream )Bch number ot el.even. 

The injected gas was hel.ium. Two 1Br&meters were variod during the study -- the 

DBSS injection rate and the height of the sel8ration shoulder relative to the 

reattachment shoulder. The effects of theae parameters on the distributions of 

pressure and ceat transfer rate ~ere investigated. 

Mass injection appeared to have no drastic effect on transition Reynolds 

numbe , and thfi cavity now is believed to have been laminar throughout the present 

investigation. The effect on the cavity floor pressure of raising the separation 

shoulder relative to the reattachment shwlder was of the same order as the effect 

of nass injection, the two effects being virtually independent of one another. 

However, the now 1n the imnedia te vicinity of the reattachment shoulder and 

downstream was priDB:t"ily controlled by nass injection rate. SDBll. amounts of 

DBSS injection were capable ot oompletely ranoving the pressure peak at reattachment, 

and could produce a nov with almost constant pressure within and downstream of 

the cavity. Mass injection had a pronounced effect on the heat transfer rate in 

the vicinity of reattachment, am reductions of as much as a factor of' six were 

obtained 1n the heat transfer peak in this region. Furthermore, the heat transfer 

rates up to about one cavity length downstreMl of the reattachment shoulder were 

reduced by as much as a factor of' three by mss injection within the cavity. 
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The present paper describes an experimental investiption ~ a hypersonic cavity 

f'low with nass injection int.o the separated f'low region. This work f'arms part of' a 

continuing program of' f'low separation studies being carried out at the Gas Dynamics 

IAboratory of Princeton University. The investiption was based almost entirely on 

the work of' References l and 2•, and a brief' BWIIIBry of these tw references will 

serve ~ , introduce t he present writ. 

The theoretical analysis of' Cbapnan in Reference l was essentially a study of the 

laminar mixing layer set up when a compressible, high-velocity stream encounters a 

region of fiu1d at rest. By imposing a nuni:>er of' geometric restrictions, Cbapnan 

applied his solution of' this tree-mixing problem to a cavity f'low in lilbich separation 

took place with zero initial boundary layer thickness, and in 1i&ich mixing occurred at 

substantially constant pressure. It was then shown that the integrated heat transfer 

rate to the wall of' such a cavity was only 5~ of that which lilOUld occur with a 

laminar attached boundary la;f(r, this fraction varying slightly with the Prandtl 

nuni:>er of the ps considered. In an extension of his theory to cavity f'lows with 

nass injection, ChapllBll shoved that relatively sDBll quantities of' fluid injected into 

the separated region could reduce the wall beat transfer rate to zero. 

The experimental investiption or Reference 2 consisted ~ JEasurements of' the 

distributions of' pressure, local recovery f'actor and local beat transfer coef'ticient 

in a natcbed set of' lamimr open cavity flows at hypersonic Mach nwd:>ers. Ro nass 

* A condensed version of' Reference 2 is available in the open literature 
as Reference 3. 

Manuscript released December 1964 by the author tor publication as an ARL 
Technical Documentary Report. 
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injection was employed. Several of the oonfigurations studied siDlllated Cbapnan 's 

theoretical flow model closely, and for these, integration of the local heat transfer 

coefficient yielded values of the overall heat transfer to the cavity surfaces which 

were in excellent agreement with the theory of Reference 1. 

The conclusion tba t replacing a laminar bourdary layer by a laminar cavity 

flow could reduce the heat transfer rate by almost a factor of ti«> was of practical 

interest in obtaining local beat transfer protection for hypersonic f'l.ight vehicles. 

However, the work of Reference 2 showed that the cavity f'low produced other, less 

desirable effects. In the ,dcinity of' cavity reattachment, local heat transfer 

coefficients several times larger than the attached flow value were producP.d. These 

high beat transfer rates took almost one cavity length downstream of reattachment to 

decay to the attached flow value. When integration was extended to include the down

stream surface as well as the cavity, it was frund tm t the high heat transfer rates 

downstream of reattachment nullified almost all of the reduction obtained in the 

sep.rated-f'low region itself. It was t!Erefore concluded in Reference 2 that in 

terms of reducing the overall heat transfer rate, the laminar cavity flow offered no 

net advantage, though it certainly provided a significant redistribution of local 

heat transfer rate. 

The present work is an extension of the experiments of Ref'erel'V!e 2 to include 

the effects of rm.as injection into the separated flow region. The investigation was 

partly motivated by the desire to check Cbapnan 's prediction that nass injection bas 

a powerful effect in reducing the overall heat transfer rate in a lamimr cavity flow. 

It was hoped tm t nass injection might remove or reduce the high downstream heat 

transfer rates present in the basic cavity flow. More generally, the investigation 
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was intended as a pilot study t.o look into the possibilities of an extensive 

experimental investigation of various attached am seJB,rated flows with mss inj ection. 

Unlike the work of Reference 2, the present research is exploratory in nature. No 

attempt ms been m.de to carry out an exhaustive study of a large nuni:>er of flow 

configurations. Rather, the present worlt attempts to answer a nuni:>er of specific 

questions about a particular type of' cavity flov vi th mss injection am to set up 

an experimental frame\ilOrk within which further investigations might be initiated. 

EXPERIMEN'lAL DESI~ 

The basic model geometry chosen for the present experiments was identkal to 

one of the configurations studied in Reference 2. The configuration consisted of an 

annular cavity of length-depth ratio 5 mounted on the surface of a 20° total-angle 

cone . The georie try is shown in Figure 1. 

Only one geonetric change was mde in adapting the oonf'igurat ion of Reference 2 

to the present mss-:L"ljection studies. The separation shoulder was raised above the 

basic cone surface by an amount €S Broadly speaking, this change provided 

clearance for the mss injected into the cavity to pass downstream. ~re rigcrously, 

the geonetric JBra.meter e
5 

and the mss injection rate mi were used in a complementary 

sense to control the pressure distribution over the mdel. 

The JBrameters and were the only quantities varied throughout the 

present investigation. A:p1.rt from a few minor spot-checks, all other geometric and 

flow variables were held fixed. The investigation was carried rut 1n the same test 

facility as md been used for Reference 2, namely the three-inch helium hypersonic 

tunnel of the Gas Dynamics laboratory. 
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The geometric and fluid-dynamic variables held constant during the present 

study were as follows: 

Wim-tunnel working fluid - helium 

Injected gas - helium 

Pr = o.688 

1 = 5/3 

Po = 4oo psia 

T = 535°R, 
0 

M = 11 
00 

Angle of attack = (I' 

All models axisyrmretric 

M = 6.46 
cone 

6 
(Re 

5
) 

0 
= o.737x10 

e, €s'"' 

Model nose diameter • 0.005 inches 

L
1 

• 1.25 inches 

L • 0.625 inches 

D • 0.125 in: hes 

L/D • 5 

13 = 10° 

T 
W 

o.a2 ~ T ~ 1.oa 
0 

In the above, the Reynolds nuni>er given is based oo conditions at the edge of the 

boundary layer on a pure cone of 2Qft total-angle, and the ctaracteriatic length 

involved is ½_. Thia Reynolds nuni>er, and M were cal.cul& ted from Reference 4. 
cone 
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It should be noticed that the model wall temperature was always fairly close 

to the stagnation temperature of the stream. Such "hot-wall" conditions are typical 

of experiments 1n helium hypersonic tunnels, and the norDBl hypersonic comp 1. ications 

of dissociation and ionimtion are deliberately avoided. In addition, the m:>del nose 

diameter chosen was such that bluntness effects were not present, and the pressure 

on the be.sic cone surface was constant with axial distance from the nose (see 

Reference 2). As a result, the -:>nly "hypersonic" effect present in these experiments 

was the high ?-"-ch number . . . ' 

With e
8 

= mi • O the basic cavity now described by the · above list of 

variables was studied in detail in Reference 2. A SW111ary of ttE data obtained 

under ttEse conditions is given 1.n the present report as Figures 2, 3 and 4. 

Figure 2 is a schlieren photograph showing the open cavity flow and the laminar 

boundary layers ahead of and behind the cavity. (Transition did not occur on the 

m:>del at p • 4oo psia.) Figure 3 gives the pressure distribution on the DDdel. 
0 

In this figure, the pressure at each point lBs been norDBl ized by the pressure 

measured on a pure cone ( 1:3 = 10° ) at the same axial station. The abscissa is 

the vetted length aloog the model surface with origin at the cavity reattachment 

shoul der po int ( see Figure 1) nornal ized by the cavity length. The reattachment 

shoulder R and the mid-point of' the cavity floor M have been indicated on the 

figure. The source of the data in Figure 3 was not only Reference 2 -- tbe other 

measurements will be discussed later. Fi91re 4 presents the distribution of' local 

beat transfer coef'f'icient on the cavity model, the data au,.in being normalized by 

measured cone values. In this figure the separation point S is included vi thin the 

range of the abscissa. 'l'be local recovery tactor was f'a.md to be virtually constant 
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on this model under the above coniitions. The mean value was about 0.81, which is 

close to the laminar attached brundary layer value far helium at these *ch nuni>ers 

( see Reference 5). 

The design of the present n&ss-injection experiments was strongly influenced 

. " f • 

by several features of the basic cavity flow. In Figure 4. ;t.t ~ be se@h that even . .... ' ' . . 

without JJBSS injection, the heat transfer coefficient on the cavity noor is very low. 

The question r,f whether DBSS injection further reduces the floor heat transfer rate 

is of little practical importance. In order for nass injection to produce a signifi

cant effect on the overall heat transfer rate it is ess ntial tlBt the peak heat 

transfer rates in the vicinity of cavity reattachment be substantially reduced. 

Moreover, this local reduction must be achieved w1 thout increasing the heat transfer 

rates downstream of reattachment . 

In view of the above considerations, attention was focussed thro11ghout the 

present investigation on the region in the immediate vicinity of reattachment, C\nd on 

the surfaces downstrPam of this region. The fear that mass injection within the 

cavity might produce unpleasant effects downstream of the reattachnent shoulder was 

based on the form of the equation for conservation of energy within a control volume 

bounded by the cavity surfaces and the dividing streamline. Writing this equation in 

physical tenns, we lBve 

Heat transferred to wall 

= ( shear and conducted energy crossing dividing streamline) 

+ (energy input from injected fluid) 

- ( energy which J8SSes downstream 
over reattachment shoulder) . 

The injected fluid thus provides a carrier layer 'Which shunts the incoming energy 

downstream over the reattachmc=mt corner before it can be transferred to the cavity 
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surfaces. Since this fluid passes direct1y over the downstream surfaces, and contains 

any energy which bas been prevented from reaching the cavity val.ls, we might expec.t 

the possibility of' increased heat transfer rate.a in these downstream areas. 

The choice of' how nass shou.ld be injected into the cavity 1n the preser.t 

exper~enta ·-~ ·~,· nade iaz:g~y on the inf'orDBtion a~!fb.3:E: in Ref'ereuce 1. .. . , 
For 

simplicity in thi..J initial investigation the injected fluid was chosen to be helium 

gas, this being the wind-tunnel working fluid. Two criteria to be satisfied by the 

method of injection were suggested by Chapnan 's tbeoretica.l assumptions: 

( 1) The nass shoul.d be injected with substant1al.ly zero momentum. 

( ii) The stagnation enthalpy of' the injected fluid shoul.d be constant 

and equal to the enthalpy at the model wa.1.1 temperature. 

The obvious means of injecting f'l.u:1d to satisfy tlE above requirenents was to use a 

porou wall, but this was avoided in the present investigation partly because of mis

givings about the uniformity of convent1ona1 sintered naterials, and part.ly because 

the practical difficulties of' w/")rking vi th these naterials would mve been a consider

able inconvenience in an exp.101-atory study. As a resu.lt, it was decided to use a 

large number of' drilled holes on tlE floor of' the cavity, leading to a plenum chamber 

ins :lde the model . 

To satisfy condition ( 11) above, the plenum chamber temperature of' the injection 

fluid was always held equal to the model wall temperature. It should be pointed out 

that this comition is not the JOOst common restraint placed upon the total enthalpy 

of the injected fluid in studies such as the present work. In many investigations 

with attached flows, tlE injected gas is much colder than the wall itself', and the 

prinary effect of' such injection is to produce a significant reduction in recovery 
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factor in the stea~ state. We are DX>re 1ntt:rested in auppressing the heat transfer 

coef'f'icient 1n the present work, and Chapnan's theory demonstrates that the condition 

~ • Tw leads tc-J only a moderate reduction in recovery factor. The desirable result 

of both forms of' suppression 1s, ·-'f oourse, a reduction in heat transf'er ~-

The range of n&ss injection rate which should be investig,ated wa,s chosen on the 

basis of' Chapnan • s theory. The n&ss injection rate in Reference l is expressed in 

terms of' a parameter -t
1 

. The relation between mi and -t
1 

for an axisynmetric 

flow is given on page 34 of' Ref'erence l. 'l'he present author believes that this 

equation has been misprinted, and that the oorrect version should be 

(1) 

Evaluating Chapn&n •s viscosity-temperature proportionality oonstant at a wall 

• temperature Tw • T0 = 535 R., and inserting the geometric and flow propert1es 

given previously for the present experiments into Eq (1), it can be oa:ll:ulatled that 

,. = - 0.37 m ~1 1 (2) 

where m
1 

is given in microslugs per seoond. 

Chapnan shows in Reference l that a value o~ -ti of 1.233 would be sufficient 

to reduce the wall heat transfer rate to zero in a laminar cavity flow. Inserting this 

val.ue into Eq (2) yields a corresponding value of m
1 

of' 3.33 microslugs/seoonl. 

The naximum nass tlow rate studied in the present investigation was arbitrarily 

chosen to be three times Chapnan •s optim.un value, or 10 microslugs/second. To get 
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some t'eel for this amount of nass injection in relative terms, 10 microslugs/aeoond 

is about ~ of the nass flow contained in a laminar brundary layer oo a pure oone 

at the axial station of the reattachment shoulder on t•.a, cavity models. ( This boundary 

layer nasa flow was calculated from Reference 5 to be about 26.6 microslugs/seoond in 

the present experiments.) 

It was point,ed out in the introduction to this report that the present investigation 

was not desi~ed as an exhaustive study of a large nuni>er of flow coofigurations, but 

was intended to anower a nuni>er ot specific questions about a particular cavit.y now 

with nass injection. It will perhaps be useful. to oonclude this section by 

listing ·!;}E se questions: 

( i) Are the properties of a hypersonic cavity flow with nass 

injection sufficiently stable am. well-detined to Justify 

the initiation of a more general experimental program dealing 

with various mixing layers at very high Mach numbers? 

{ ii) How can the effects of nass injection and separation 

ahoul:ler height variation be canbined to produce a desired 

p:ressu::-e diatribltion in the cavity am. downstream 

of reattachment? 

{ iii) Are there ~rticular combinations of €S and mi which 

will complett..ly remove, or substantially reduce the high 

pressure peak .round at reattachment in the basic cavity flew? 

{ iv) Do snall quantities of nass injection lave a significant 

ef.tect in reducing mat transfer rates in a hypersonic 

cavity now, :r;.articularly in the critical reattachment region? 

{ v) Does nass i ·aJection lave an adverse effect on wall beat transfer 

rates dmnutrearn of the cavity reattachment shoulder? 

( vi) Do small quantities or nass injection mve a drastic effect 

on th,, transition Reynolds nuni>er in a hyperaemic cavity f1CN'l 
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.. 
(vii) Is Cbapnan's theory (Reference 1) sufficient.ly realistic 

to provide useful information on practical. cavity flows 

with nass injection? 

In the present report, an attempt 1s nade to answer all of the above 

questions experimentally. 

EXPERlMEtfl?AL EQUIFtoENT AND TECHNI'J)ES 

In this sect,ion, only a brief description of the expdrimental techniques 

is given. A detailed description is available as Reference 6. 

The wind-tunnel used for the experiments was the three-inch helium hypersonic 

tunnel of the Ge.a Dynamics Laboratory. This is a blow-down facility with a naximum 

running time of abcut ten minutes. A contoured nozzle was used for the present 

investigation, giving a Wlif'orm Mach nunber ot eleven in the test-section. The 

wind-tunnel is fully described in Reference 7. 

The nass-tlow measurement plant used to supply helium to the injection plenum 

chambers ot the wind-tunnel models was based on carefully calibrated sonic nozzles. 

The plant was designed to deliver between O and 10 microslugs/second of clean, dry 

and iltered helium gas to the m::>dels. An accuracy of about !. 11, in measuring the 

nnss-injection tlow rate was achieved in practice. The tlow was m::>nitored by nanual 

control of the pressure in a large stagnation tank upstream ot tlE choked nozzle. 

The measurement plant is shown from the front in Figure 5. Tl' i three-inch helium 

tunnel is in the background in this figure, with the stag1ation chamber at the let't 

and diffuser section at tre right. 

For the present investigation, two models were milt to measure pressure 

distribution ard one to neasure heat transfer rates. The interior of each model 
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was used as a plenum chamber for the injected nass, and a pressure tap and 

thermocouple were incorporated in each cl'Bmber. Sixty-eight holes of 1/32 inch 

dianeter were drilled 1n each cavity floor for nass injection. 

The pressure models were built of brass, with copper lead.a to a void out~soing 

effects. The two pressure models will be distinguished by the ll!tters A arn B in 

this report . Model A was a preliminary model, and had € = 0 • s This Dk)del incor-

porated rather sparse instrwmmtation on the cavity floor arn downstream of tm 

reattachnent shoulder. Pressure JOOdel B incorporated detachable noses g1 ving values 

of ES of o, 0.01, 0.02 and 0.03 inches. This model had much more complete instru

mentation than model A, particularly in the inmediate vicinity of the cavity 

reattachment shoulder. 

The heat transfer Dk)del utilized the transient calorimeter technique, in wich 

the temperature-time history of' a known nass of naterial at the measuring station 

is studied. The model was prinarily constructed of brass. The measuring elements 

were of copper, insulated by plexiglas supports. ~ temperature of each element 

was measured by copper-constantan thermocouples and fast-response self-be..lancing 

potentiometers. The wind-tunnel was fitted with a plug in the throat for heat 

transfer studies, and by quickly withdrawing this plug, the flow could be suddenly 

established over the 100del. High-speed motion :,:;>ictures showed that even with nass 

injection, the final configuration of shock-waves and shear layers was established 

over the model in 2 milliseconds. The reat transfer model had detachable noses 

giving values of es of o, 0.01 and 0.02 inches. 

The heat transfer rate was n:easured at three stations: the inmediate vicinity 

of the cavity reattachment shc:ulder, and at two stations downstream of' tm shc:ulder. 
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At the reattachment shoulder, tm measuring element was a copper ring of approxinately 

square cross-section, bounding tm reblon - 0.048 ~ x/L ~ 0.o48 . At station (1) 

downstream, the element was 3/32 inches in diameter and 0.~ inch!s deep, and was 

situated at i • 1/4 inch. At station (2) the el.ement waa the same size, but was 

situated at i • 1/2 inch. 

All three wind-tunnel DK>del& incorpomted four pressure taps spaced 90• aJBrt 

at a single axial station downstream of the reattachment shoulder and these were 

used to align the models with the stream while the tunnel was running. 

A photograph ot the DK>dels 1a given in Figure 6. The mass-injection ports can 

be clearly seen, and the detachable noses are shown alongside the models. 

By means ot a simple traverse gear, the boundary layer downstream o'f the cavity 

reattachment sbQ.llder was probed with a total head uibe and a hot-wire. Because ot 

physical limitations, the prob s travelled along a line at 35° to the mode1 surf'ace 

rather than the DK>re desirab1e 9(1' • Thia ef'f'ect was not f'e1t to be important f'or 

the Cl,l&litati ve studies required in tbe present instance. 

Both probes were checked by traversing the laminar boundary layer on a pure 

~ total-angJe cone, and tairly severe limitations were observed on the data trom 

both total-head tube and hot-wire. i'be total head tube was rectangular 1n section 

at the tip, with outside dimensions ot o.046 inches by 0.009 inches. Th'i• tube was 

large enough to cause measurable interterence with the boundary laY9r, but qualitative 

data oould atil1 be obtained. i'he abar'\:,comings of' the total-head mee.aurementn will 

be discussed later. With the bot-wire, <1,1ite serious vibration problems were 

encountered, and 1n tact, a "turbulent" signal was obtained 1n the axinum ~ 

gradient region ot a boundary ]ayer which w.a known to be lamimr. !l'his ef'tect 

vaa believed to be caused by relatiw: mowment ot the wire within the boundar;}'. layer, 
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resu1t1ng 1n a fluctuating s1gna.l. Only the most .limited inf'crnation was obtained 

from the hot-wire probe. 

In the present report, the mtbod ot presenting the reai.lts is substantially 

the same as 1n Reference 2. Measurements or pressure or la:al. heat transfer rate at 

a particular axial station on a cavity model have been nomalized by the values of 

these quantities measured at the same axial station on a simple 20° total-angle cone. 

(Suc.h a cone formed tte basic geometry ot all mode.ls studied 1n the present 

inves•;is,.tion.) The cone resu.lts used tor this normalization nay be found 

in Reference 2. 

A particular axial station on a cavity model is characterized by the parameter 

~ x in this report. i!l1s distance is the wetted length a long a gene rat or ot the model 

surface from tb.e reattachment atn.i.lder point, with the positive direction downstream 

(see Figure 1). All length parameters lave been normalized by the cavity lengt.b L 

( 5/8 inches). 

The naaa injection rate mi baa not been non-dimenaionalized 1n the present 

work, but ma aimp.ly been presented 1n microaluga/second. 9118 course vaa toll.owed 

because no single mthod ot non-dimenaionalization seems to have been accepted by 

experiment&lista working in this tie.ld. Bot enough worlt baa been done vith -.as 

injection in separated tl.CJ1111 tor a particular non-dianaiona.l paraater to bave 

becaae standard. The paranater uaed by CbaPIIBll, t1 , 1• geared to the requ11"11118nta 

ot his theory. It cannot be used to obtain a physical teeJ. tor the amount ot ••• 

injection, part.ly because ~ includes a viacosity-tanperature proportionality 

constant and part.ly because the injected ••• is compared to a ••• given rouatl.ly 

by that contained 1n an incompressible lamimr boundary layer. A paraater 
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·:expressing the considerable growth in boundary layer thickness with increasi~ Mach 

number is not included. At any rate, the :relation between ~i and m1 given in 

microslugs/secori lBs been given in Eq (2). Perhaps the best feel for the nass 

inj ection rates used in the present investigation can be obtai~d by remembering 

that the mss flow ccntained in a laminar attached bourdary layer at the reattachment 

shoulder station is 26 .6 microslugs/seoond under the present exper:t :ental conditions. 

MEASUREMENrS OF PRESSURE DISTRIB{]l1ION, t-ODEL A 

The distributions of pressure on model A with ne.ss inject i on rates of 

0 to 10 microslugs/second are given in Figure 7. The pressure on the cavity floor 

is seen to rise progressively as the mass injection rate is increased. A slight 

pressUt"e gradient is present on the floor when mss is injected, and this pressure 

gradient becomes more pronounced with increasing m
1 

. Sone distortion of the floor 

pressure distribution due to the concentration of ne.ss injection ports in the reattach

ment corner is evident at nass injection rates greater than 4 microslugs/second. 

Downstream of reattachment, the pressure level falls with increasing m
1

. 

Close to reattachment there is some evidence tlBt the pressure becone s almost constant 

at vallles of m
1 

greater than 4 microslugs/second, at a value of p/p 
cone 

of about O ,93 . 

A large number of repeat tests was run on nxxlel A, and it was found that the 

data given in Figure 7 were repeatable to a high order of accuracy. The pressure 

distributions were within about :!: l<fo experimental spread. Tests were ne.de at value~• 

of intermediate to those given in Fjgure 7, but these have been omitted for 

clarity of presentation. The variation of the pressure distribution with was 

smoot h and monatonic a t each station on the roodel. 

14 



It can be seen from Figure 7 tmt a mss injection rate of 2 microslugs/second 

was required to produce cone pressure on the cavity floor. (The floor pressure on 

the cavity n:>del with m = E = 0 
i s 

been discussed in Reference 2.) 

is about 15~ less than cone pressure, as ms 

The pressure in the zoodel plenum chamber was found to rise linearly with mi • 

The pressure ratio across the mss injection ports was always subcritical during the 

present experiments, the minimum value obtained being pfloor/pPC = 0.51 at 

mi = 10 microslugs/second. (The critical presaire ratio for helium is 0.487.) 

From these measurements, therefore, it is believed that injection was always subsonic, 

though the sonic velocity was approached at the highest nass injection rates. 

As mentioned in the previous section, alignment of the wind-tunnel models was 

carried out while the tunnel was running usi~ four pressure taps SIBced 90° apart 

at a single axial station on each model. 

The sensitivity of this system for the present nBss injection tests was checked 

by deliberately misaligning IOOdel A, and measuring the windward-side pressure distri

bution with no mass injection and with m
1 

= 3 microslugs/seoond. Two angl.es of 

misalignment were chosen which gave significant chang&s i n the alignment-tap pressure 

levels. These angles were neasured from schlieren pictures am were fourd t.o be 17 

and 42 minutes. The data from tl'2 tests are given in Figure 8. 

It is seen from this figure that the pressure distribution on the DDdel is 

less sensitive to changes in angle of attack what DBSS injection is used. This is 

particularly true within the cavity -- at mi • 3 microslugs/seoond virtually no 

change in the windward-side pressure distribution is detectable even when the 

differential pressure at the alignDEnt taps is alnx>st 251, of the uean. 
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Apparently, the injection ot nas s into tb! cavity all.ows additional. freedom for the 

f'low to adjust to the misalignment. With no mass injection, the dividing streamline 

is forced to close at the model reattachment shoulder. With nass injection, this 

streamline is less constrained, and fluid can pass to leeward and out of the 

cavity over the reattachment shoulder. 

It was concluded from these results tm t the method of alignment was quite 

adequate for the DBss injection experinents. The downstream pressure tape were 

used to align each nx:>d.el with mi = O , and this setting was held constant for 

mi > O • The data of' Figure 8 demonstrate tmt the model is bei~ aligned in its 

most sensitive condition when this p1"0cedure is followed. 

!he final tests nm on model A investiSB,ted the e f'f'ects of changes in tumEl 

stagnation pressure. !r'.1ese experiments led to a preliminary indication that the 

now over the entire model was laminar, at least for moderate mass injection rates. 

This conclusion was based on the following reasoning. 

It is fairly clear that the variation of the pressure distribution on a 

cavity model with nass injection must be governed by the values of' non-dimensional. 

parameters which give the amourt s of' mss, momentum and energy being injected, 

relative to some typical quantities in tm shear layer. If' nass is injected with a 

specif'ic total enthal.py equal to the enthalpy at the wall and with substantially 

zero momentum, then the princiral assumptions of' Chapnan •a theory lBve been satisfied. 

!l'his theory d.e.monstrates tht.t wner these assumptions the f'low is characterized by a 

single pu-ameter ti , which .involves the DB&& injection rate alone. 

In the present experiments, therefore, we mig!1t expect that if' the ratio of' 

the injected nass to sone cht.racteristic shear layer nass fl.aw were kept constant, 



then the pressm:e 1.istribution on the configuration would remain constant, provided 

no significant momentum distortion occurred. 'l'he nass flow 1n the shear layer nay 

be characteriza.d by the quantity 

2nrR 
pU• 
e e JI" 

where the factor in square brackets accounts f'or the change of the shear la~ r 

thiclmess with Reynolds nuni:>er 1n lamine.r flow. For a given model geanetry, therefore, 

we mignt expect the pressure distribution to be governed by the ratio 

(½_+L) 
or 

In JB,rticular, if we vary on1y the stagnation pressure ( attecting the density pe 

directly), the governing JB,rameter is given by mi/ ,['P';, . 
Accordingly, tests were run on model A varying both the sta~ation pressure of 

the tunnel and the mss injection rate 1n such a ~ as to keep the quantity mi/ Fo 
virtually constant. The results are presented, with a large ordinate scale, in 

Figure 9. It 1s seen that the mximum spread in measured pressure at any station is 

!, 2'/, in the p
0 

range 300 to 6oo psia. When similar tests were mde at a stagnation 

pressure of' 8oo psia, it was found that t.he similarity rule bep.n to break dovn, the 

pressure distribution 1n the cavity being lCJ11er than tlB t g1 ven by Figure 9. This 

could not be due to increasing injected DX>mentum, since this ef'f'ect would increase 

the cavity t1oor pressure rather than decrease it. The most logical interpretation 

is that transition was occurring between p • 6oo and 800 ~. this would increase 
0 
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the ne.ss flC7t{ 1n tre shear layer and would require a correspording increase in mi 

to bring the noor pressure up to the value given by the laminar similarity p,.raneter 

mi/~ . 

Any conclusions mde f'rom the above results are necessarily tentative, smce 

the range of p
0 

and mi investigated was not large and the applicability of a 

laminar similarity law is hardly a very sensitive indicator of' natural tnmsition. 

However, additional. evidence tm. t the now over m::>del A was laminar at low mass 

injection rates was obtained f'rom the measurenents of plenum chamber temperature. 

For sn:e.11 mi , the temperature in the plenum chamber was controlled by the model 

wall temperature. At the conclusion of rum ne.de on model A with low mss injection 

rates it was fourd that TPC was very close to the adiabatic wall temperature for 

laminar now with mi = 0 , as measured in Reference 2. 

MEASUREMENTS OF PRESSURE DISTRillJTION, ?«>DEL B 

As described in the third section of this report, pressure model B was built 

with various nose sections giving a number of values of E • s Pre sstr e taps were 

concentrated 1n the reattachnent region. 

The first tests run with model B were carried ov.t for ES = 0 , and were 

designed to check the overlap between models A am B. Data from both IOOdels for 

ES = 0 and mi = 0 are given in Figure 3. ( This figure also includes data from 

model A with only 20 mss injection ports, a configuration which was abandoned 

f cr reasons g1 ven in Reference 6. ) Complr ison of the pressure dis tri but ions measured 

by each model with ES = 0 , and mi = 1, 3 am 6 microslugs/seCD nd is given in 

Figure 10. At mi = 1 and 3 microslugs/second, the distributions of pressure 

18 



outside the immediate vicinity of reattachment are seen to be virtually identical 

for the tw models. However, at 6 microslugs/second and above, differences were 

obnerved in the reattachment conier. These errors are believed to be due to the 

strong jets fol"?l'.Ed at hi8her rrass injection rates as the injection velocity increases. 

With such jets, the pressure measured at a IBrticular tap probably depends on the tap 

position relative to the positions of the mass injection ports. It is apparent that 

the data from model B close to reattachment are unreliable above a mass injection 

rate of about 5 microslugs/second. Accordingly, no results from this model above 

m = 5 microslugs/second will be presented in what follows. 
i 

A physical picture of the flow configuration on model B my be obtained from 

the typical schlieren photographs g1 ven in Figure 11. These photographs show the flow 

for E
8

/L values between O and 0.048, and with various values of mi . At the hlghest 

values of rrass injection rate, the schlieren pictures show some indication of transi

tion at the rear of the mdel ( well downstream of reattachnent), but otherwise the 

shear and boundary layers look laminar througnout. 

Examimtion of the schlieren pic'b.lres of Figure 11 shows that, in general, the 

angl.es turned by the flow at the separation point are quite snall. for tlE range of 

mi and ES investigated in the present experiments. In fact, only at ES = O, 

m = 10 microslugs/second is the distortion of the flow sufficient to O\Use noticable 
i 

interference with the bow-wave. In addition, it can be seen from the schlieren 

photographs of Figure 11 that the white line representing the outer part of tlE 

shear layer is virtuall.y straight in the front plrt of the cavity. In the 1 ight 

of these observations, it might be anticipated that the pressure on the forward 

part of the cavity floor would be e.l.100st constant, at lea.st for the moderate range 
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of m and € /L investigated with model B . In fact, we have already seen that 
i ~ 

this is true for €
8

/L = O (Figures 7 and 10). Results will be presented later 

which will show that an aJ.DX)St constant pressure over the front part of tte cavity 

f'loor was obtained f'or all values of mi and €
8

/L investi@lflted with model B. 

The value of cavity floor pressure which occurs 1n a particuJar configuration 

will, of' course, depend on the values of each of the piraneters mi and €
5

/L . 

For the e'1Bll angles we are presently considering, it is reasonable to expect that 

the cavity floor pressure will be determined by the angle between the dividing 

streamline 1n the upstream part of the cavity and the basic cone surface. '!'his 

cannot be strictly true, since f'ar one thing, we are neglecting the displacement 

ef'f'ect of that part of the viscous layer outside the dividing streamlire. In addition, 

we have no caiclusive evidence tmt the pressure at the dividing streamline is the 

same as that on the wall beneath it ( ie ~ • 0 ) • HOW'ever, the assumption is 

probably quite good, and it allows some clarification of' the processes which 

determine t.Jle floor pressure. 

Let us first consider the effects on the angle between the dividing stream.line 

and the cone surf'ace of' each of' the parameters €
8

/L and mi acting alaE • With 

mi • O , the dividing streaml:ine must reattach to the model surf'ace. For values of €
8

/L 

up to about o.04, it was shown 1n Reference 2 tlBt reattachment occurs very close to 

the DX>del reattachment shQllder, R • At higher values of €
8

/L , reattachment begins 

to move downstream of R , leading to a flow more typical of that over a rearward-

f'ac1ng step than a true cavity flow. If the dividing streamline is almost straight, 

then the angle it na1e s with the core surf'ace will be about equal to €
8

/L , at 

lea.at before reattachment moves downstream. Indeed, it was demonstrated 1n 
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Reference 2 that the cavity 1'1.oor pressure for mi= 0 was given quite closely by 

the first term of a Prandtl-Mt~yer flow using €
8

/L as the turning angle, for 

values of €
8

/L below O.o4. 

With €
5

/L = O, tlE hei@Jlt ot tl:e dividi~ streamline above the cone surface 

at the should.er point R is given by 

y -i 
(3) 

It the dividing streamline were virtually straight, then the angle nade by this 

streamline with the cone surface would be given approxiDBtely by y i/L • Usinf; 

Eq (3) and our previous assumptions, the f'loor pressure incr- "!Jent due to mi 

alone would be rooghl.y proportional to 

The integre.l in the denominator of this expression depends on mi , am a knowledge 

of the nature of this dependence could come only from a f\111 analysis of the mixing 

problem being considered. However, in the light of the possibility ttat the integral 

expression 1s a slowly-Yarying function of mi , it would be logical to look for a 

floor pressure increment almost directly proportional to mi as given by the 

nunerator of the above expression. 
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The dependence of the cavity floor pressure on mi and ES/L was 

determined experinentally in the present investigation using model B. Figure 12 

gives the measured pressure at the mid-point of the cavity floor for a nxxlerate 

range of' both mi and 
8

/L • Figure 12 is a form of three-dimensional g?'aph 

known as a "carpet plot". Each unit of the abscissa represents l microslug/second 

in mi The experimental. values of p /p for E
8

/L • O 
floor cone 

are first plotted against m
1 

with an arbitrary origin. To plot the data for 

~ /L = 0.016, the origin of mi is mvved ooe unit to the right. The process is 

repeated for the other values f €
8

/L • Experinental points taken either at the 

sane value of mi or at the same value of E
8

/L m ve been connected by straight 

11.nes in Figure 12. The resultant net"WOrk of lines is therefore built up frcm 

isolines of mi and isolines of E
8

/L • 

It was observed in the preceding discussion that the floor pressure increment 

due to E
8

/L alone wuld be expected to be directly proportional to €
8

/L for a 

limited range of this 1B,raneter. In addition, the possibility existed that the floor 

pre·ssure increment due to mi alone might be roughly proportional. to mi . If these 

-,: -~riations were strictly correct, and if the effects of E /L and mi were completely ' s 

independent of one anotrer, then the networlt of Figure 12 would consist of two sets 

of straight !B,rallel lines. Examination of' the figure will show that such a network 

would be a very good approxinBtion to the experimental results. 

It is clear from Figure 12 tmt within the test rhombus there is an infinite 

number of combinations of mi and E
8

/L which will produce a :IBrticul.ar desired 

floor pressure. The limits on the floor pressure which can be achieved are g1 ven 

by the two isoline s m = 0 and 
i 
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Besides these f'loor pressure measurements, model B was used to obtain complete 

pressure distributions f'or various values of' mi and €.
5

/L , particularly in the 

region close to the model reattachment shoulder. Figure 10 contains some of the 

data f'or €. /L = 0 • s 
Typical pressure distributions measured with values of €.

5
/L 

of' 0. 016, 0. 032 and 0. 048 are given 1n Figures l3, 14 and 15 , respectively. 

With zero nass injection, the data in Figures 13, 14 and 15 show that the 

pressure peak at reattachment is reduced as €.
5

/L increases. For c
5

/L = o.048 

(Figure 15), the peak has disappeared entirely and l'Bs been replaced by a monatonic 

rise 1n pressure through the reattachment region. Thif1 pressure distribution 1s 

typical. of the flov over a rearward-facing step, and the eventual transition to this 

type of flow at high values of €. /L bas been ment :a.oned previously. s . . 

in Figures 13, 14 and 1~, it 1s apparent that cone pressure is re-establisbed on 

the model by about one cavity length downstream of reattachment. 

The pressure di.stributions for various finite ne.ss injection rates in 

Figures 13, 14 and 15 are qualitatively similar to the data for €.
8

/L • 0 1.n 

Figure 10. Taking the results for E
5

/L = 0.032 :1n Figure 14 as an example, it is 

seen that the floor pressure reaches the basic cone value when mi • 4 microslugs/second. 

At this value of ne.ss injection rate, the pressure downstream of the reattachnent 

shoulder R is about 151, less than cone pressure. The two pressure levels are 

connected by a rather abrupt expansion region near the reattachment shoulder. This 

step-like behavior in pressure distribution is also present at mi• 3 microslugs/second, 

though the pressure levels on the cavity floor and downstream of R are closer 

together. However, at mi • 2 microslugs/secom, the pressure levels upstream and 

downstream of' R are about eqµal, and the only distortion in the distribution 
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at R is a slight bump or about ~ or the cone pressure. At this IIBSS inject ion 

rate, the pressure rises quite gently from a value or 0.825 p at t.he middl.e 
cone 

or the cavity floor to about 0.92 p one cavity length downstream of tile 
cone 

reattachment shoulder 

It would appear from t.he results of Figures 13, 14 and 15 that ror each value 

or e
8

/L a nass injection rate can be chosen which will produce an almost constant 

pressure distribution within and downstream of tla 1".&vity, with miniDB.l disturbance 

at the reattachment shoulder. It is rather surprising to notice that tor each value 

of' e
8

/L , the "optimum" value of mi is about the same, Mmely 2 microslugs/seoond. 

(Ro attempt was nade to seek slight improveme .its by varying mi around 

2 microslugs/second.) i1bis bem.vior is shCMl more clearly in Figure 16, which 

shows the pressure distribution on model B with mi • 2 microslugs/seoond tor each 

value of' e
8

/L tested. 

Figure 16 shows that e
8

/L has a litrong ef'f'ect on floor pressure level, 

and this tact was noted previously in discussing the data of' Figure 12. However, 

the ef'f'ect of' e
8

/L diminishes downstream, and ma almost disappeari:d one cavity 

lnegtb downstream of' the model shoulder point, R • In addition, the strong qualita-· 

tive •1m1J arity be-i;-..~en the tour distributions :1n Figure 16 would indicate that the 

shape of' the pressure distribution near the shoulder R and downstream is controlled 

primarily by the mass injection rate alone. 

It is possible tmt th! controlling effect ot tl• naaa injection rate on the 

pressure distribution near and downstream of' R ia a reault of the constraint 

impoafd on the dividing streamline men it nears the model surface. In a cavity 

f'lov without naaa inJection, the dividing atreaml:1ne necessarily reat·tacbes to 
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the model surface. When nass 1s injected into the cavity, the dividing streamline 

never reattaches, but is displaced from the downstream wa.11 by an 8.l!Olnt sufficient 

to pass the injected fluid. All of the injected nass must pass between the dividing 

streamline am the solid model wa.11. In the present instance, the shape of the 

dividing streamline downstream of R , y
1
(x) , 1s given by 

(4) 
l 

2nr(x) J ~(L) 
o Yi 

The pressure distribution should be controlled by the slope of the dividing streamline, 

given by differentiating Eq ( 4) with respect to x . For a fixed value of mi , any 

~ variations in tm shape of the dividing strearnJine for x ~ O can arise only through 

the depernence of the integral. term in the denominator of the right lBrn side of 

Eq (4) on €
5

/L • It would appear from the data of Figures 13, 14, 15 and 16, am 

indeed from the discussion conceming the data of Figure 12, that thd.s dependence 

is not stroog. 

The tact that fixing the nass injection rate appears to exert a controlling 

influence on the shape and position of the dividing streamline near the reattachment 

shoulder nay have a bearing on the rather sudden change in pressure level at R for 

values of rn
1 

higher than the optimum. Within the cavity itself, the dividing 

streamline is tree to bend outwards urner the influence of the injected nass, but as 

soon as the shoulder is reached the flow D11St adjust itself to satisfy the reqµirements 

of Eq.(4). 

It should be observed at this point that the present author is unaware ~ any 

theoretical ana,Jyais which could be used to evall.Bte the integral ot Eq (4) and 
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thereby put the above physical arguments on a firm theoretical basis. The theory of 

Chapnan 1n Reference 1 deliberately excludes the reattachment shoulder region from 

the analysis. If this fact were ignored and the mixing layer profiles of Chapm.n 

were blindl.y substituted into Eq ( 4) , the dividing streamline would be found to be 

an infinite distance above the wa.11. with a mss injection rate of only 

3.33 microslugs/second. 

?€ASURDENI'S OF HEAT TRANSFER RATE 

For reasons discussed in the second section of this report, the heat transfer 

mdel was designed to measure the heat transfer rate at three stations -- namely, 1n 

the immediate vicinity of the reattachment shoulder, and at t'WO stations downstream 

of this region. Measurements made at the downstream stations can be considered local 

measureimnts, but for structural reasons, the measuring element at the reattachment 

shoulder measured the average heat transfer rate in a smaJ.l region given by 

~ X 
0.048 SL S o.o48 . Most of the results were obtained for a unitonn wa.11 

temperature of 535°R., which was the stagm.tion temperature of tl'E tunnel. For these 

measurements, the injected m.ss lBd a stagm. tion temperature of 535°R., as measured 

in the model plenum chamber. 

The heat transfer Dl!lasurenents irade at the reattachment shoulder are plotted 

as q/4cone against mss injection rate 1n Figure 17. Data for values of €
5

/L of 

o, 0.016 and 0.032 are presented. It is immediately obvious from Figure 17 that 

DBSS injection drastically reduces the peak heat transfer rate in the critical re

attachment shoulder region. The mss injection rates employed in these tests were 

quite modest -- the naximum value of 10 microslugs/second is less than half of the 



nass flow in a laminar boundary layer at this station. Nevertheless, the heat 

transfer rate at the reattachment shoulder is seen to be reduced by as much as a 

factor of six with these nass fl.ow rates. 

Perhaps the most imJx)rtant point is tmt substantial reductions in heat transfer 

rate are obtained with ne.ss injection rates which produce useful pressure distributions 

over the model. We have seen in the preceding section tm t a nass now rate of 

2 or 3 microslugs/second produces a pressure distribution wh!.ch is alroost constant 

over the model, with miniDBl disturbance near the reattachnent shoulder. This DBSS 

flow rate 1s an order of rragnitude less than that contaired in a laminar attached 

boundary layer at the reattachment shoulder station, and is nevertheless ca1&ble of 

producing almost a threefold reduction 1n heat transfer rate near tte shoulder. 

F18ure 17 shows tmt increasing €
5

/L also decreases the heat transfer rates. 

It is difficult to compare the heat transfer reductions obtained with mi and with €
5

/L 

quantitatively since the two IB,rameters are physically differer.'; . HCMever, if an 

equival ence between a value of mi and a value of €
8

/L is defined on a basis of 

equal distortions of floor pressure level ( see F18ure 12), then the effect of mi 

in reducing the heat transfer rate is considerably more powerful tmn the effect of €
5

/L . 

The experimental measurements of heat transfer rate at the two stations 

downstream of H are given in Figures 18 and 19, for x/L = 0.4 and 0.8, 

respectively. Again, data have been presented for three values of €
5

/L , and for 

ue.ss injection rates up t o 10 microslugs/second. These results show that nass 

injection strongly reduces tre downstream heat transfer rates, at least within one 

cavity length from the reattachment shouJ.cier. For mi = 5 microslugs/second the 

reduction 1s about a factor of tw. Increasing 
8

/L again appears to reduce the 
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heat transfer rates, but for these dovnstream stations the experimental 

inaccuracy allowc; a less positive conclusion. 

It 1s clear from the results in Figures 18 and 19 that the fears expressed in 

the second section concerning the downstream heat transfer rates are unfounded 

nass injection within the cavity does not cause increased beat transfer rates 

downstream. In fact, substantial reductions in heat transfer are obtained over 

the entire region of interest in the present configuration. 

The results given in Figures 17, 18 and 19 are measurements of heat transfer 

rate only, and we have described the results obtained for ~ = T0 = 535°R., in 

11hich heat transfer 1s from the model to tte stream. In aero~namic configurations 

of' practical interest, we are concerned with heat transfer from stream to body, 

namely, the "cold-wal.l" case. To properly apply hot-wall results such as the present 

studies to practical aerodynamic cases, we wuld really require measurements of the 

heat-transfer coefficient, together with neasurenents of the recovery factor. 

1-;ven then, it would be necessary to be sure t.tat the modified Newtonian law 

( independence of heat transfer coefficient and wall. temperature) held throughout 

the range of' wall temperature considered. In the present investigation, measure

ments of recovery factor were beyond the reach of' the techniques developed in 

Reference 2, because of the feedback between model wall temperature and plenum 

chamber temperature. To measure the adiabatic wall. temperature, it would have been 

necessary to al.low the ioodel to reach equilibrium tanperature in the tunnel while 

adjusting the plenum chamber temperature to be equal to the temperature of' the 

outside wall. At higher nass injection rates, this would .tave required pre-cooling 

of' tm injected gas, and in any case, the adjustment process would mve taken 

longer than the tunnel running time. 



In a minor attempt to obtain some infornation on the generality of the 

present heat transfer neasurenents, a rev tests were run at a wall temperature 

of 576°R. The model was raised to this wall teq,erature by using inf'ra-red heat 

lamps. It was found that a nass injection rate as h i gh as 3 microslugs/second 

could be used before the plenum chamber temperature fell too far below the model 

wal.l temperature. (A difference between ~C and T.., of 5°R. was considered 

tolerable.) The heat lamps were switched off shortly before the flow was started 

over the model. These tests were run for €
5

/L = 0.032, . and tbe results are given 

as the solid symbols in Figures 17, 18 and 19. The data points fall quite close 

to the line for T = 535°R. and € /L .. 0.032,and it can be inferred tmt the 
V 5 

results given for q/~one are probably indicative of the variation of' 

h/h vi th mi 1n this 'All temperature range . 
cone 

The present measurenents of heat transfer rate with the calorimeter technique 

should be quite accurate in a relative sense, but the absolute values will not be 

so accurate as measurenents nade using the "thin-wall" technique. This is because 

the measuring elenents nust be weighed before thermocouple wires are attached, and 

the solder used for the latter purpose inevitably adds an unknown mass at each 

element. However, we can obtain &n idea of the absolute accuracy by comparing the 

present results for mi • e
5

/L • 0 vi th the neasurements nade on this cavity 

configuration 1n Reference 2. 

The calorimeter technique was used to neasure the average beat transfer rate 

in the inllled.iate vicinity of the reattachment shoulder 1n Reference 2 and the 

measuring element was ostensibly the same size as that used for the present 

experiments. However, the present element appears to have been nacbined ali8'ltly 
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larger than that used in Reference 2, since for mi= ES/L = 0 a value of 

q/4cone of 2.2l ,,as obtained 1n the present work as compired to a val ue of g/o 
-cone 

of about 2.4 in Reference 2. (h/h was 2.63 in Referenctt 2 but the recovery 
cone 

factor on a cavity flow without JIB.SB injection is slightly higher at reattachrrent 

than elsewhere.) The downstream heat transfer results for m = E /L = 0 are 
i S 

COD1JE.red with the ~ asurenents mde usil1t3 the thin-wall technique in Reference 2 

in the following table. 

Downstream stat ion 

( 1) 
( 2 ) 

q/o , present work 
-cone 

0 .93 
0.91 

h/h , Reference 2 
cone 

l.ll 
0. 93 

The absolute accuracy of the present results is seen to be quite good for 

station (2), but poor for station (1). However, our JIB.in interest in the present 

investigation is in relative heat transfer neasurements obtained with various 

amounts of JIB.SB inj ection. 

mTAL-HEAD SlRVEYS 

The neasurements mde in the present investigation with the forward-facing 

total-head tube were designed to obtain qualitative infonm.tion on the development 

of the boundary layer downstream of the reattachrrent shoulder. Traverses of this 

layer were JIB.de for a value of E
8

/L of 0.032, at mas injection rates of O, 41 and 

10 microslugs/second. Three survey stations were chosen: one in the :iJnnediate vicinity 

of R , one about midway between R and the end of the conical section of the n:odel, 

and one far downstream near the end of the conical sectio\i. As mentioned in the 

third pa.rt of this report, traverses were not JIB.de perpendicular to the n:odel 

30 



surface, but at an angle of about 35° to it. The experimental data are given in 

Figures 20, 21 am 22. In these figures the ordim.te is the distance perpendicular 

to the wal.1 in cavity lengths, and the abscissa is ~ pressure neasured at the tube 

norna1ized by the tunnel stagnation prossure. In each figure a scale drawing of the 

traverse line in relation to the model geonetry is given. 

Figure 20 shows the results of a traverse DBde close to the reatt-'.:\chment 

shoulder. Tle cavity was not entered in these surveys, and y/L was always greater 

than zero. !Ble roost striking feature of the data in Figure 20 is the thick subsonic 

zone present at mi = 4 and 10 microslugs/second. The value of pT/p 
O 

correspond

ing to sonic velc.,city in these tests was between about 1.1 and 2xl.0-3 depending on 

the model pressure distribution at the traverse station and the values of mi 

and E
8

/L being studied. (Taking the static pressure ahead of the probe as cone 

pressure gives a value of pT/p 
O 

of l.4xl.0-3 f r sonic velocity.) In Figure 20, 

the subsonic layer at mi = 10 microslugs/second occupies almost half the shear 

layer thickness. 

Examination of the data of Figure 20 indicates that, roughly speaking, the 

effect of DBSS injection within the cavity is to push the shear layer away from the 

model surface. The curves in Figure 20 show that little mixing ms taken place by 

the time the reattachment shoulder is reached. The presence of the deep subsonic 

zone with m = 4 and 10 microslugs/second DBkes it easier to understand the 
i 

pronounced effect of DE.SB injection on wall heat transfer near th~ reattachment shoulder. 

Results from traverses JJBde sone distance downstream of R are given in 

Figure 21. Comparison of this figure with Figure 20 hCMs that considerable mixing 

has taken place by the time this station is reached. The peak in pT/p
0 

at the edge 
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of the boundary layer in each traverse is believed to be due to slight boundary 

layer separation resulting f'rom the norDBl shockwave in f'ront of' the probe, and 

this interference ef'f'ect has been mentioned in tre third section of' the present report. 

It is suggested that the shockwave f'rom the probe interacts with the boundary 

layer, thickening it slightly ahead of the probe. This would produce compression 

waves to allow a more efficient compression of' the now reaching the probe. The 

result would be an indication of' higher values of pT/p
0 

than actually exist. 

Evidence from schlieren photographs and cone boundary layer traverses in support of 

this explanation is available in Reference 6. 

Comparing the data of Figure 21 with those of Figure 20 it can be seen that, 

as expected, the thickness of the boundary layer for mi • O 1s greater at the 

downstream station than at the upstream station. However, with nass injection rates 

of' 4 and 10 microslugs/second, the boundary layer thickness appears rather sDBller 

downstream than near the reattachnent shculder. Going even further downstream, the 

data of Figure 22 show that the boundar,t layer thicknesses with nass injection are 

about the same as those neasured in Figure 21, in contrast to the data for m • 0 • 
1 

Thiu beht.vior is believed to be due to the f'act that there are tw conf'J.icting 

factors affecting the boundary layer growth downstream of R , when nass injection 

is used. One of tmse factors 1s the viscous effect, which will act to increase 

the boundary layer thickness. The other eff'ect is the decreasing thickness ot• the 

layer bounded by the model surface and the dividing streamline with finite mas 

injection. Equation {4) shows t.hat the dividing streamline approaches the wall 

downstream because of' the 1/r term resulting from the kresent conical configuration. 

{We are assuming that this ef'fect 1s not BDDthered by any decrease in the integral 
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term in Eq ('4) with increasing i .) It is suggested that the se tllO effects 

are almost balanced in the present ccnfigurat ion. Additional evidence for the 

virtually constant boWldary layer thickness downstream of R is available 1n the 

schlieren photographs of Figure 11 . 

The results of Figure 22 for the far downstream station show that mixing 

has progressed still further by this station. The renults of the traverse nade 

at mi = 10 microslugs/seoond are interesting. In oontrast to the results at the 

other stations, this JBrticular curve is not virtually JBral.lel to the curves tor 

mi = 0 and mi = 4 microslugs/second in the naximum-shear region; close to the 

wall the curve crosses that for m
1 

-= 4 microslugs/second, and the curve does not 

contain the peak at the· 1!dge of the shear layer exhibited by the other traverses. 

It is believed that these dU'ferences in this iarticular traverse were due to the 

boWldary layer being transitional at mi • 10 microslugs/second for this downstream 

station. Evidence will be presented from hot-wire studies in the next section to 

support this oontention. The absence of the peak at the edge of the shear layer for 

mi • 10 microslugs/second 1n Figure 22 is felt to be due to the tact that separation 

occupies a mch smaJ J f!r region in a transitional or turbulent layer than in lamimr 

flow, and the transitional layer is nuch better able to withstand the probe interference 

effect described previously. 

In the traverses nade at the downstream stations suf'ficient measurements were 

nade for the probe to indicat\? the tot&l-head level outside the boundary layer, as 

given by the asymptotic value ot pT/p
0 

for large y/L • When these asymptotic 

levels were converted to Mach nwd>ers, assuming tmt the static pressure ahead of 

the probe was equal to the pressure measured at the model wall, the values obtained 
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for the six curves in Figures 21 and 22 ranged between 6.37 and 6.62. The 

theoretical Mach number at the edgf. of the pure cone boundary layer under the 

present exper1nmtal conditions is 6.46. It is &.pJB.rent that the present configurations 

conform to the conventional supersonic oontlnuum-flow picture of a clearly defined 

boundary layer and an isentropic outer flow, despite the hypersonic Mach numbers 

and thick viscous layers encruntered in the present studies. 

The first t"10 photographs in Figure 23 are typical schlierens of the probe 

traverses at mi = 10 microslugs/second. In the firnt photograph, the probe is 

close to the model wall at the middle traverse station and is immersed in a lL'..minar 

boundary la: ·::r. In the second schlieren, the probe is immersed in what is believed 

to be a transitional layer at the traverse station furthest downstream. 

Because of the thickness of the subsonic zone vith mass injection, there was 

some concern that the shoulder on the rodel were the conical section joined the 

cylinlrical. support might influence the UK>del surfaces upstream. This was checked 

by introducing various disturbances near the shoulder and monitoring the pressure 

distrirution on the model. No disturbance was ever found upstream of alDut one 

cavity length downstream of A typical schlieren p1c tu.re of the IOOdel vi th 

E
5

/L = 0.032, m:J. = 4 microslugs/second and vith disturban.-:e elements near tre 

shoulder is given as the last picture in Figure 23. In retrospect, it is not 

surprising that no upstream influence was found. The subsontc zone is very thick 

near the reattachment shoulder ror high mes injection rates, but the mixing 

downstream reduces the thickness of the zone quite gµickl.y. 
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HOT-WIRE SURVEYS 

In the third section of the present report, the serious limitations of the 

hot-wire equipment used in this investigation were mentiored. ~ occurrence of 

an unsteady signal in the outer half of a l:x:nmdary layer lilhich was lmown to be 

laminar was noted. In fact, the only ways in wich the present hot-wire equipnent 

appeared caIE,ble of distinguishing a turbulent boundary layer were in the mrrowness 

of the laminar signal zone near the wall and in the slowness with which the turbulent 

signal died off as the hot-wire was moved into the external stream. 

Hot-wire surveys were nade of the boundary layer downstream of the reattach .... mt 

shoulder at the SB.ll'e three axial stations as had been used for the total-head 

studies. Again, nass flow rates of O, 4 and 10 microslugs/second were used. 

In all of the traverses except one the hot-wire results indicated lamimr 

flow -- in other words, the ignals obtained at various posit ions iri the boundary 

layer were qualitatively identical to those obtained when studying the laminar 

boundary la.yer on a pure cone. The three oscilloscoµ:a traces shown at the left 

in Figure 24 are typil.cal of the results obtained in a flCM believed to be laminar. 

These photographs were taken on a traverse near the reatta.chment shoulder with a 

DBSS injection rate of 10 microslugs/second. The positions of the hot-wire when 

each of these oscilloscope traces was recorded are given 1n the schlleren 

photographs of the first half of Figure 25 . 

The first oecil.loscope trace 1n Figure 24a shows a laminar signal ( i e one 

indistinguishable from the noise level 1n the circuit ) ard was taken just at the 

edge of the boundary layer (Figure 25a). The secorn trace, Figure 24b , was taken 

when the hot-wire was moved a few thousandths of an inch into the boundary la er 
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(Figure 25b) and shows the sudden change to a significantly unsteady signal. 

!l'his type of' signal. was obtained in the naximum-shear section ot the lamimr 

boun:lary layer on a p.ire cone. ( ''Maximum-shelf.Lr" 1s used here to denote the 

region of' strong grad1ent in ~ • ) The third photograph, Figure 24c, again shows 

a lamirar signal, and was taken with the hot-wire still a significant distance 

f'rom the wa.11 ( Figure 25c) • 'l'be important point 1s tba t the zone of' WlB teaey 

signal is extremely thin when the boundary layer 1s laminar. 

'l'be three oscilloscope photographs to the right ot Fi&lre 24 were also taken 

with mi = 10 microslugs/seoond, but in this case the traverse was DBde near the 

end of' the conical section of' the model. In this case, tb! boundary layer 

appeared to be turbulent, or at least transitional. This \18.S the only turhllent 

traverse encountered during these hot-wire studies. 'l'be first trace, in Figure 24d 

is not laminar al'll yet this trace was taken quite close to the wall ( see Figure 25d). 

The second trace 1s unsteaey, and this was taken in the naxiDl.un-sbear zone 

(Figures 24e and 25e). The third trace was taken some distance out into the 

external. stream, and does not show a laminar signal (F18ure 24f'). Tm hot-wire 

position can Just be seen in Figure 25f'. The "turbllent" signal 1n this last 

oscllloscope photograph nay be due to turbulent tluct\Bt ions or to wave radiation 

trom the turhllent layer. To sunmarize, on this iarticular traverse it was dif'ti

cult to obtain a laminar signal anywhere, even very close to the wall or well out 

tovarda the bolf-va ve. 

Attempting to obtain a quantitative estina te ot the transition Reynolds 

nuni>er f'rom these rather crude results 1s a little presumptious, but if' transit.:ion 

1a taken as beginning ha1f'-wtq between the reattachment shrulder R and the end 



ot the conical section at mi • 10 microslugs/second, this would give a 

6 
transition Reynolds nwri>er ot about 1.4:xlO • Th~s nay be compt.red with the 

transition Reynolds nwri>er for this cavity flow vi thout nass injection, which is 

6 
about 2xl0 (see Reference 2. ~ transit -ton Reynolds number given is again 

defined for the beginning of transition.) However, it must be remembered that 

transition was only observed at the naximum nass flow rate, am this nass now 

rate was sufficient to cause some momentum-distortion of the pressure distribution. 

The present geometry is l"B.rdly suitable for injection rates as high as this. 

In any case, transition did not appear until tb! fart.hes~ downstream traverse 

eta tion was surveyed. 

Attempts were nade to make hot-wire surveys at stagnation pressure levels 

higher tmn 400 psia, since it was known tl"B.t at 1000 psia, transitiona.l f'low 

could be obtained even on a pure cone • However, t~ wires used would not even 

survive in the tree stream, let alone traverse the bow-wave . 

OONCWDIHG RD4ARI<S 

In thi s section, the conclusions drawn f'rom the present exploratory 

investigation into the ef'f'ects of nass inje ction in a laminar, hypersonic cavity 

f'low are given. In torm and seqµence, tb a!IIO oonc1usions will be given as answers 

to the questions listed in the second section of' the present report. 

The tlow regime studied was found to be stable, well-beta ved and predictable 

throughout the range at' nass injection rate and se~ation shoulder heisJit 

investigated. The f'l(JI,." field appeared from optical studies to be steady, and 

all measurements made were always repeatable to an acceptable accuracy. 
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(As @Pod as :!: 11, in the measurement of pressure distribution, for example.) 

The present exploratory study gives every indication tl'Bt an extensive investigation 

of various mix1ng layers at these high tech nuni:>ers wuld be worthwhile. 

~ sunmarize the observed effects of mi and on the pressure 

distrirutions over the cavity models we DBY convenientJ.y divide the configuration 

into three regions. over the upstream two-thirds of tre cavity noor, the pressure 

was found to be virtually constant for all values of and studied. 

In this region, th e floor pressure was strongly dependent on both mi and €
5

/L , 

the effects of these two varjables being virtually irdependent. Increasing the mss 

injection rate produced an increase in noor pressure which was almost directly 

proportional to the change in mi • Increasing the height of the se:IBration 

shoulder rela.tive to the height of the reattachment shoulder produced a decrease 

in floor pressure which was almost directly proportional to tre change 1n €
5
/1 • 

In the region a short distance downstream of the reattachment shoulder R 

(i/L greater than about 0.2) the pressure varied rather slowly. Far downstream of 

the shoulder, the pressure -would presumbly tern asymptotically to the basic cone 

value, but the models studied were not long enough to investigate this trend 

further than one cavity length downstream of R • The pressure level obtained on 

the downstream surfaces in the region 0.2 ~ x/L ~ 1.0 depended on both mi and 

E
8

/L , falling rather slowly with increases 1n either IB,raJ1Eter. 

In the third region, the vicinity of the reattachrent shoulder, adjustnent 

took place between the pressure levels in the other two regiDns. This D&tching 

region usually took the form of a simple step in pressure distribution, with a 

rather abrupt compression or expansion near the reattachrent shoulder. 



In most cases, the step was preceded by a rise to some peak pressure higher than 

the f'loor pressure. The shape of the pressure distribltion in this natching region 

was governed al.most entirely by the nass injection rate alone. Only for the smllest 

values of mi (less than 2 microslugs per second) was there any sig:iificant effect 

of € /L . s 

It was fourn that for an "optimum" nass injection rate a pressure distributi on 

could be obtained which exhibited minilral disturbance in t h e DB tc bing region. 

For this optiual. mi , the pressure levels in the upstream and downstream zones 

were roughly eqµal, and the pressure peak at the reattachment shoulder was vecy 

small. The optimum value of mi was apIB,rently virtually independent of e
5

/L • 

The relatively snall qµantities of nass injection used in the present 

investigation had a pronounced eftect in 1·educ ing the heat trans fer rates 1n 

the vicinity of the cavity reattachment shoulder. Injection of an amount of nass 

fl 0~-• of about 2 to 3 microslugs/second (roughly the "optimum" value mmtioned 

above) reduced the heat transfer rates near the shoulder by the f'actor of' three. 

This quantity of nass injection is alx:>ut one-tenth of that contained in a laminar 

attached brundary layer at the reattachment shoulder station. Increasing e
5
/1 

also lowered the heat transfer rates at the reattachment shoulder, but the effect 

was not so powerful as tm.t of nass injection. 

The heat transfer rates downstream of tre cavity reattachnent shoulder were 

substantially reduced by injecting nass into the cavity, at least for the region 

within alx:>ut one cavity length downstream of the shoulder. 

Evidence on whether the flow over the cavity nodels with mass injection was 

lamim.r or turbulent was obtained from a number of sources. These included: 
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(1) Schlieren photographs 

( 11) Hot -wire surveys 

{iiij Total-head surveys 

( iv) Applicability of a laminar similarity law 

to the measured pressure distribution 

( v) Measurements of the plenum chamber temperature 

near the end of a wind-tunnel run for small values of 

( vi) Measurements of the heat transfer rate some distance 

downstream of the reattachment shoulder. 

No single piece of' evidence was regarded as conclusive. H""ever, on the basis of 

all the inforDBtion taken together, it was concluded tm.t nass injection does not 

have a drastic effect on the transition Reynolds mmi>er in these cavity fl.CMS. 

At the highest nass injection rate (regarded as unrealistically high for the 

present configuration), the transition Reynol.ds mmi>er certainly appeared to lBve 

been reduced, but this reduction was by l.ess than a factor of two. No order of 

nagnitude reductions were observed. 

!l'he present experimental investigation lay, for the meet part, wel.1 outside 

the region studied by Chapnan in Reference 1. The primary interest of the present 

work was in regions specifically excluded by ChapDBn 1n his theoretical analysis. 

However, the DB.in point of tllt theo?Y with regard to nass injection -- that nass 

injection has a pronounced effect in reducing cavity wa.11 heat transfer rates 

agrees with the conc1usions of the present report. In addition, the required 

amounts or rmss injection gi en by Chapnan 's theory were of tlll correct order. 
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