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SULTIARY

An experiment has shown that a wall jet is able to prevent the
separation of a turbulent boundary layer in a supersonic flow havang a
large pressure rise. The experiment was conducted with a mainstream
Mach number of 1+8 upstream of the pressure rise at a Reynolds number of
4 million per foot.

A practical application of the work could be to supersonic air
intakes. The potential performance of such an intske with injection
boundary layer control appears to be zbout the same as that of an intake

using suction control, but some of the design problems might be easiex.,
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1.0 Introduction

To obtain a satisfactory aerodynamic performance from a duct or wing,
it is often necessary to apply a measure of control to the boundary layer
flows. Methods are well known for preventing separation and controlling
boundary layers on aercfoils in subsonic flow: the re-energisation of a
boundary layer by blowing and control by suction are two common examples.

A lack of fundamental informstion exists, however, on the effects of super-
sonic blowing in transonic and supersonic flow, where an additional com-
plexity 1s that of shock/boundary layer interaction.

The control of a supersonic turbulent boundary layer can be import-
ant in practical applications. For instance, in a supersonic air antake
the boundary layers in the supersonic and transonic regions are subjected
to steep adverse pressure gradients generated by the intake shock system:

1l there were no boundary leyer control, the flow would separate and thereby
reduce the efficirency of diffusion. The favoured method of control, mainly
becanse of its simplicaity, is that of bleeding away the low energy air
before or at incipient separation. KNevertheless, trouble 1s scmetimes
experienced in positioning and designing the bleed slots and in ducting
away the low energy air; in addition, a loss of antake mass flow i1s i1incur-
red, often with a significant loss of performance associated with the bleed
flowm 1tself.

As an alternative to suction for the boundary layer control in an
intake, supersonic air injection has been suggested, for it might overcome
some of the difficuliies associated with suction. The present anvestiga-
tion wes plenned, therefore, to produce data and an understending of the
flow fundamentals for supersonic blowing.

11 Pravious work

In a theoreticzl analysis of blowing over flaps to achieve high
11ft on aerofoils! 1t has been proposed that, 1deally, instantaneous maix-
ing between the jet and the boundary layer would permit a pressure rise to
be applied immediately without separating the boundary lasyer. For thas
ideal conception, it was reckoned that the excess momentum of the injection
fluid should equal the momentum deficiency of the original boundary layer.
It was pointed out, however, that an a practical flow the mixing of the
two streams required a finate distance, and that & new wall boundary layer
would grow under the jet. It was therefore suggested that about 2.5 times
the 1deal quantaty of jet excess momentum might be necessary for a large
pressure rise to be possible.

The results of some tests at transonic speeds performed at the
National Physical Laboratory2 showed that air injection reduced the
effects of shock induced separation of the turbulent boundary layer. The
" injection of small quantities of air produced a large effect on the separa-
tion with the blowing slot in the dead air region. With the slot upstream
of the separation, larger quantities of alr were required to bring about
an appreciable effect on the flow development. Lamson and Smetana3d also
found that blowing in the ssparation region yielded favourable resulis.

In subsonic flow and in a zero pressure gradient, Bradshaw and Geet
found that the jet excess momentum should be about 5 times the momentum
deficiency of the original boundary layer for the wvelocity of the air in
the original boundary layer to be eventually as great as the mainstream
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value. In a positive pressure gradient, a value of jet excess momentum of
about twice that of the original boundary layer momentum deficiency
appeared adequate to prevent separation, but not enocugh to completely
entrain the original boundery layer. It was thought that a method of
calculation was unlaikely to be found for a wall jet below a retarded streanm
until the generstion of turbulent shear stress was understood fully.

An attempt was made by N.G.T.E. to re-energise by supersonic sir
injection the boundary layer on the sidewall of an intake where the flow
direction had been reversed by shock waye/boundary layer interactions. A
length of mixing of about 2 to 3+5 original boundary layer thicknesses was
found to be ansuifiecient., The inference was that blowing only slightly
upstream of regions of separated flow did not necessarily produce the
expected favourable effects - contrary to the results quoted in References
2 and 3; the conclusion reached was that a fundamental comprehension of
the injection phenomens was necessary hefore re- energlsaxlon techniques
could be Justified an intsakes.

Previcus work has indicated, therefore, some confirmotion and some
contradiction between theoreticsl expectations and experimental results.
It was hoped that the prescont investigation would produce evidence to help
resolve the anomalies.

2.0 Apparatus

2.1 The wind tunnel

The rig 1s 1llustrated in Figures 1 to 3. The tunnel was supplied
with dry air at a total pressure of 1 atm. abs. and was driven by a mechani-
cal exhauster. The tunnel nozzle expanded the flow to a nominal Mach
number of 1+9, which reduced subsequently to about 1:8 at the traverse
region in the working section, downstream of the nozzle exit. The test
boundary leyer was that on the lower wall of the wind tunnel downstream of
the nozzle throat, having an absolute thickness of about 0+25% in. at the
traverse region. Throughout the tests, no provision was made for removing
any boundary layers from those surfaces not associated with the test boun-
dary layer. The rig aspect ratio of 2.53 when compared with previous
work {References 5 to 9) appeared adequate to0 prevent any serious altera-
tion of the test boundary layer con the centre-line by sidewall secondary
flow. A discussion of such effects 1s given in Section 3.8.

A shock generator, or flap, was used as s means of subjecting the
test flow to an adverse pressure gradient., The flap was 1nsta118d 1n the
top wall of the tunnel and had a range of deflection from C to 127.

The first build of the working section (Figure 2) did not contain
any provision for blowing. This build, the plain working section, was
used to compare the quaniities & and § of the test boundary layer with
those gaven by theory, and to establish a reference boundary layer thick-
ness with neither adverse pressure gradient nor injected arr. The subse-
guent builds of working section (Figure 3) were equipped with a two-
dimensional convergent-divergent blowing nozzle spanning the tunnel. The
nozzle sssembly was included i1n the lower wall which consisted of wocd and
Tufnol blocks. A choice of blocks and movement of the nozzle assembly
enabled the position of air injection to be varied,



2.2 The injection nozzle

The two-dimensional nozzle profile is 1llustrated in Fagure 4.
The aim in designing the injection nozzle was to obtain a jet flow as uni-
form and as parallel to the mainstream as possible., However, straight
tapered surfaces were prescribed for the supersonic expansion region of
the nozzle as an accurately profiled upper wall with an associated than
11p (to prevent wake disturbances downstreem) would have posed problems
of lip deflectron. To ensure & good flow distribubtion in the jet there
was a 4/1 expansion ratic between the supply pipe and the reservoir and a
23/1 contraction ratio between the reservoir and the injection throat.
The radius of curvature at the throat equalled 3¢5 times the throatb heiﬁht -
a value which 15 greater than the minimum suggested for good opera‘blon1 12,

A design injection total pressure of shout 2+5 atm. abs. was selec-
ted as providing a ratio of injection to mainstream total pressure repre-
sentative of the values which might be evailable in practical applications.
The nozzle area ratio was chosen to render the design mean static pressure
at the nozzle exit equal to the constant static pressure through the
undisturbed test boundary layer just upstream of the injection point. The
corresponding Mach number of the ingzection flow was 2.37.

The blowing nozzle was considered large enough to prevent irregula-
rities in the Jet flow dues to fine dust accretion ~ troubles with dust and
problems of lip deflection had been encountered in the work reported in
Reference 4. No attempt was made to simulate the three-dimensional mix-
ing of Reference 10.

2.3 Instrumentation

Static pressure orifices were positioned aleng the lower wall for
all the bualds at the positions indicated an Figures 2 and 3.

Pitot pressures in the working section were measured using a probe13
of 0+75 mm external diameter (0:018 in. 1.4.)}, having a swan-neck to enable
the probe tip to reach the wall. Distance measurements from the wall
were corrected by adding a probe displacenent value of 0¢15 times the
external diameter of the probe tapl4. This value was used independently
© of Reynolds number and velocaty gradient, but an additional correction was
applied near the wall belov a value of ¥y equal to twice the external
diameter of the probe tipi4. A circular pitot probe was chosen rather
than the rectangular or flattened type, as 1ts displacement effects follow
e predictable pattern in the turbulent boundary 1ayer15.

The pressure and temperature were measured at the tunnel inlet and
i the supply pipe to the ainjection nozzle. An orifice plate1 sxrtuated
upstream of the injection throat measured the weight flow,

A conventional Schlieren apparatus provided flow vasualisation.

3.0 Test results

A summary of the test results is shown in & qualitative and
schematic form ain Faigure 5. The flow of the wall Jet mixing with the
original boundary layer is seen to consist of two regaimes, the new wall
boundary layer below the jet peak, and the mixing region, or wake. The
tests indicate that reversal of eather flow regime can happen. If the
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pressure rise occurs a large distance downstresm of the injection point ithe
Jet can be retarded to such an extent that reverse flow and separation of
the new wall boundary layer can be provoked as in Figure 5(b). Alterna-
tively if the pressure rise occurs very close to the injection point the
gtatic pressure may be greater than the minimum total pressure an the wake,
80 that the wake flow will be reversed as in Figure 5(c).

Tests were carried out with blowing pressures ranging vetueen 1 and
2+5 atm. abs.,typical results being given in Figure 7 onwards.

In the conversion of pitot pressure 10 total pressure a constant
static pressure equal to the wall static pressure has been assumed through
the flow from the wall to the mainstream, as nominal measurements of static
pressure indicated a variation of not more than about 10 per cent of the
well value in any one traverse. No corrections were made for the effect
of turbuience on the pitot readings, nor for the interaction between the
flow end the shock wave from the probe. (These simplifications are
thought to explain why some of the indicated jJet peek total pressures
exceed the pressure in the supply line.) The jet momentum has been

s in

I ,
specified a3 the excess momentum at the jet exit, imJ Kua - ul) .
L -

order to correspond with the momentum deficiency of a boundary layer.
The definitions are virtually the same except for sign:

\ ’
mementuz deficiency = pui 6 = j ol ('u:L - u) dy = j fu1 - u) dm.

The effects of temperature veriations on the calculated excess momeantum
are discussed in Appendaix II.

3.1 The original boundary layver or reference prefile

A typical traverse in the plain working section (Figure 2) 1s shown
in Figure 6, taken at a station where an obligque shock of wedge angle 5
would inftergect with the test boundary layer. The experaimental velocity
distribution 1s seen to be reasonably close to the empiricel one seventh
power law curve. The quantities 6 and O for the experimental profile
agreed well wath those gaven by the expressions for ¢ and § in Reference 17.
The wvalues of mainstream velocity, u, (= 1558 ft/s), absolute boundary
layer thickness, 8, (= 0255 in.), and wall static pressure, py (= 536 in.
Hg. abs.), were used as reference gquantities when meking later results
non-dimensional .

3.2 Wall static pressure dastributions

Figure 7 shows the pressure distributions along the wall, with the
test points omitted for clarity.

It may be seen that the peak pressure increased with increase of
shock generator angle, 3, the highest pressure obtained being about 3.5
times the pressure level of the refersnce flow. TFor air injection at
X = 11 in. and in some other tests, however, the peak value of the wall
static pressure increased with the raising of the blowing proessure, whalst
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f was held about constant. Some thoughts about this phenomenon are
expressed in Section 3.6.

In all tests with adverse pressure gradient the expansion fan from
the trailing edge of the deflected flap caused a sharp fsll in the wall
static pressure immediately after the shock interaction., Nevertheless,
the object of the tests was to control the boundary layer to pass through
the pressure rise, so that conditions downstream of the rressure rise
vere considered less important.

The uneven pressure distribution seen in Figure 7 upstream of the
maln pressure rigse resulted from small surface discontinuities due %o
shrinkage of the wooden blocks.

3.3 Shock/boundary leyer interaction in the plain
workinge sectaion waith no air injection

Test 4, of Figures T and 16(a) showed that a flow deflection angle
of about 8° was necessary befcre separation occurred. The static pres-
sure r?.g:.o of 1+8 agreed with the values given both by Beastall and
Eggink'™ and by Fage and 6argent19 It is apprecisbly greater than for
the three-dimansional interaction of a glancing shock wave with a turbu-
lent boundary layer2 y where the corresponding value is about 1°5.

3.4 Total pressure and velocity profiles for the
jet/boundary layer combination

Figures 8 t. 10 show some of tne totel pressure and velocity pro-
files for injection at 2 atm. abs. total pressure, each figure representing
one position of the injection slot. Figure 11 shows the profiles when
there is no pressure rise. The corresponding wall static pressure dis-
tributaion 18 given on each figure together with the traverse locations.

Figure 8 ghows the prefile characteristics when the length of the

mixing region - hetween the slot and the peak of the applied pressure
rise - was equal to 10 times the thickness of the reference boundary layer.
The entire flow is retarded as it passes through the pressure rise, the
Jet peak velocaity being significantly reduced. The wvelocity profale
upatream of the peak of the pressure rise indicates that the slower moving
‘air 1n the boundary layer near the wall was retarded to an cxtent almost

roduce flow reversal and consequent separation - compare with Figure
5(b§ However, the raising of the blowing pressure to 2+5 atm. abs,
enabled the flow to successfully negotiate a pressure ratio of about 3, as
shown in the static pressure distributions of Figure 7.

In Figure 9 the length of the mixing region has been reduced to 6
reference boundary lgycr thicknesses. The mixing region is now much more
retarded than in Figure 8 but the boundery layer under the jet is much
less rebtarded and is appreciably thinner. Blowing at o total pressure of
2+5 atm. abs. permitted the flow to negotiate a static pressure ratio of

3+55.

When the mixing length was reduced to 2 reference oundary layer
thicknesses, as in Figure 10, it appeared from the traverse just down-
stream of the peak of the pressure rise that the flow in the wake had
reversed - the total pressure in the wake being less than the static pres-
sure at the wall. The Schlieren pictures, however, suggested that the
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flow successfully passed through the shock system. Eather, therefore,
the wake flow was quickly re-established with a positive velocity by rapid
mixing, or the static pressure was greater at the wall than in the wake,

Fagure 11 shows typical flow profiles with no applied pressure
gradient. A tendency toward a constant value of wake trough velocity, Uy

of 0-8 up was evident following the anitial fast rate of mixing between the
Jet and origanal boundary layer.

3.5 Some characterastics of the flow; criteris for control

The bulk of the originazl boundary layer was not imrediately re-
energised and entrained intec the jet - presumably beceuse the jet velocity
was not much greater than that of the mainstream. The initial control
mechanism was that of the jet taking the place of the original low energy
layera at the wall, the low energy flow then being incorporated in a mix-
ing region above the jet peak. At the same time, & new boundary layer
developed at the wall under the jet. The total pressures of the wske
trough and jet peak are plotted in Fagures 12, 13 and 14, for the long,
mediun and short mixing regions respectively., For comparaison, corrsspon-
ding results for flow with and without a pressure rise are included on each
sheet. The tests showed that the initial rate of mixing iras rapid between
the original boundary layer and the jet, and was approximately independent
of the injection total pressure, A dastance downstrcanm of the ingection
point of 5 reference boundary layer thicknesses was required before the
wake trough total pressure reached a value of 0.5 of the tunnel entry total
pressure. Thereafter, the increase in the manimum total pressure of the
wake was less rapid; a tendency toward a constant value of around 0-64 of
the inlet total pressure was observed i1h the present experiment at a
distance of 14 boundary layer thicknesses dovnstrzeam of the Jet exat.

With the long mixing region, as in Figure 12, the applied back
pressure rise was of insufficient magnitude to reverse the wake flow. 1In
Figure 14, however, as previously discussed, the wall static pressure
exceeds the weke total pressure and 1t 15 suggested that the mixang region
1s too shoxt. If in fact the wake 1s reversed the original boundary
lgyer would be removed from the beneficial influence of the jet and eddy
notions in the reversed wake flow region would tend to cause large mixing
losses, Moreover in a dxffuser reversal of the wake could lead to a
breakdown of the whole supersonic flow. It 19 suggested, therefore, that
the first criterion for control is that the locus of the applied static
pressure distribution should be 1n the area below the locus of the wake
trough total pressure; the wake should then present no problems of flow
reversal. (Nevertheless, under scme circumstances such as, for example, .
in Test @ of the present experiment, 1t should be noted that highly
beneficial results may stall be achieved, apparently, when the total pressure
in the wake 1s somewhat less than the local wall static pressure.)

An obvious feature of all the flows was the rapid decrease of jet
peak total pressure downstream of the injection point. Thus the second :
criterion for contrel is that at the posaition of the pressure rise the
Jet should not have lost momentum to an extent that the new wall boundary
layer 1s in danger of separating. TFagure 8 for example shows that the
long mixaing region is rather greater than the ovtimum for the present
conditions, as the wall boundary layer is close to separation.
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Thus the results show that with an injection to mainstream nressure
ratio of 2/1 and for a mainstream liach number of 148, the optimum positicn
for the injection slot appears to be at about 6 reference boundary layer
thacknesses upstream of the shock interaction region, with a Jet excess
momentum about equal to the momentum deficiency of the original boundaxry
layer.

Johannesen21 reported that the development of jets issuing into
quiescent air at M = 1+40 was found to depend on the strength of the
internal shock waves in the Jet nozzle exit, the jet spreading rapidly but
unsteadily in the presence of strong shocks. With no disturbance the
spreading was far more gradusl. The point may therefore be raised whether
the internal disturbance in the jJet due to the straight taper nozzle affec-
ted the imitial mixing rate betueen the jet and the origznal houndary p
layer. Thas question camnot be satisfactorily answered here because of /:%J“w,)
lack of experimental evideace. “55("

3.6 The flow patterns

In dascussing the flow patterns of the present experiment 1t is
helpful first of 21l to review the standard results for the flow without
injection. Some of the well known patterns are shown in Figure 15.

The extent of the upstream and domstream influence 1s snall for
weak shocks as in Figure 15(b). For stronger shocks, a separation bubble
forms and gaves rise to a shock upstream of the incadence voint as in
Fagure 15(c). The Schlieren picture of Figure 16(a), for ilow without
boundary lsyer control, shovs this configuration with i1ts typical bifur-
cated shock system adjacent to the boundary layer.

Figure 15(d) shows the phenomenon of Mach reflection®® which occurs
when the Mach number downstreaom of the incadent shock 1s less than the
detachment Mach number. The shock system forms e normal leg at the wall,
meeting the incident and reflected shocks at a triple point. The total
pressures are not equal downstream of the normal end of the reflected
shock so that a vortex shcet emaenates from the triple point. A bifurcated
foot to the normal leg generally appears when there i1s separaticn.

An exsmple of the type of flow pattern obtained in the present expe-
rament 1s shown an Faigure 16(b), which illustrates s Jet/boundary layer
flow having profile characterisiics similar to those shown in Figure 8,
and the same mixaing distance of 10 reference boundary layer thicknesses
(Test G on Table I?. The shock generator deflection is 12° giving a
static pressure ratio of 3 at ¢ blowing pressure of 25 atm. abs. A lach
reflection 1s seen with the normal leg possing through the viscous flow to
the wall. There 18 no separation. A small discontinuity in the wall
promotes & local shock expansion system upstream of the normal leg. The
pitot probe 1s situated downstream of the normal leg in the viscous flow,
The fact that the shock forma & ilach reflection 1s thought to explain the
phenomena noted earlier, that the wall pressure rise increased with
increase 1n blowing pressure even when the shock generator angle ramained
fixed. As the 1njection totel pressure was increagsed the general level
of Mach number would ancrease in the Jet/boundary layer combination.
Consequently the normal leg of the shock system would be expected to
inerease in atrength - hecause ¢f the rise in 1ts upstream llach number.

In practical applications, therefore, the possible formation of Mach
reflections should be kept in mand, lest a strong normal leg should cause
difficulty.
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3.7 Control of a boundary layer through a normal shock

The control of a boundary layer through s normsl shock should pre-
sent no compliications additionsl to those already dascussed. The wall
static pressure distribution measured in the presence of the normal leg of
e Mach reflection (e.g., Test Q on Figure 7) displays that the peak value
of the pressure rise, 3-3, 18 only 8 per cent less than that of a nommal
shock whose upstream Mach number is that of the test mainstream - about 1.8,

An experiment was conducted with air injection at x = 9 in. to pro-
duce a normal shock to span the working secticn in the region of the pre-
vious shock wave/boundary layer interaction., A flat plate was inserted
a1n the tunnel between the centre-line and the top wall, producing choking
in the resultant upper passage and thereby generating a normal shock.
Unfortunately, movement of the pitot probe in the interaction region upset
the stability of the shock confaiguration, so that traverses were not pos-
sible. It was noted, however, that when injecting air gt 2 atm., abs. total
pressure, a shock pressure ratio of 3.35 procduced a small regron of wall
boundary layer separation. In retrospect, this result could have been
predicted from the corresponding profile characteristics descrabed in
Section 3.4 and shown in Fagure 8, where 1%t was seen that for a shock
pressure ratio of 2+8 the wall boundary layer was close to separation. A
rether better result would have been expected from the use of the medium
length mixing region.

3.8 Three-dimensional flow effects in nomineglly
two-dimensional flow

Gadd and Holder8 heve commented that there are discrepancies bet-
ween different experiments regarding the extent of the ineraction region
when oblique shock waves interact with turbulent boundary layers. The ©
discrepancies may be due to the entrainment into the test boundary layer
of sidewall secondary flow, produced by the interaction between the
obligue shocks and the sidewall boundaxy layers of the test rig. It as
desirable, therefore, to have as large a span of test boundary layer as
possible in order to avoid three-dimensional cross flow components of
velocity.

The ratio of the span to the height of the working section, that
is, the geometric aspsct ratic, employed in the present work was 2.53.
Bogdonoff and hies fellow workers?s® uscd o tcst boundary iayer on tihe wall
of a wind tunnel of aspect ratio 1+25, whilst the rigs at the National
Physical Laboratoryls® and the wand tunnel used by Seddond all had aspect
retios less than unity. Perheps a more appropriate comperison to uss,
rather than one based on the cross-section dimensions of the wind tuanel,
would be that of the ratio of the span of the test boundary layer %o
either (2), the length of the test boundery layer, or (b), the length of
the sidewall boundery loyer - for the extent of internciion of a shock wave
with a turbulent boundary layer is roughly proportional to the boundary
layer thickness, whaich 1s in turn roughly proportional fo the length of
surface on which the test boundary layer is growimg. A compoarison shows
that the ratios for (a) and (b) for the present work are of the seme order
28 cstamates made for the ratios of the rigs descrabed in References 5, 6,
8 and 9. Furthermore, Kuehn, in Refercnce 23 and during later work of his
discussed in Reference 8, found that where the sidewall boundary layers were
about the same thickness as the test boundary layer (as in the present rig)
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a closer approximation to two-dimensional results was cbbtained than
with a test arrangement where the test houndary loyer wazs much thlnner ?
than the sidewall boundary layers.

It appears, therefore, that the rig chosen for the present work
should not have given appreciably worse three-dimensionsl flows than the
rigs used by other workers, so that in this sense the flow in the present
tests was nominally two~dimensional. Even so, it 1s felt that fulure
work should preferably be conducted in rigs of higher geometric aspect
ratio.

400 Anal!SlS

4.1 Comparigson of the velocity in fho ke trough
with that deduced by a semi—empirical method

In Reference 24 Spence investigated the velocity defect of fturbu-
lent wakes behind aerofoils in subsonic flow. He concluded that the
locus of the manimum velocity in tho wake follosed a unaversal recovery
lav of the forms

_ = ] - ——— eona(1)

ui "1___
X ¥ =
=+
c i )

where ut was the wake trough velocaity and ¢ the aerofoil chord.  Spence
found that K, = 01265 and k, = 0025 gave the best fit with experi-

ment; also, a velocity ratic of 0-2 was obtained at the trailing cdge
because of a fairing in of the cusp in the velocity profile at that point.
All the data came from tests in a Reynolds number range from G5 to

5 million.

In the presont experiments a simalor analysis can bo attempted for
the wake downstream of the injection slot. A plot was thercfore made,
Figure 17, of the wske trough velocity, u¢, against distance downstream
of the injection point. In order to make ut non-dimensional it was
davided by an average of tho leocal mazinstreom and Jet/poak velocities,

U, +U.J\
2
weke extremities. Non-dimensional lengiths downsiream of the angection

1.4y Dy ug = 5 the velocaties u, and u; were those ab tho

g + &g
point were also evolved by using a denomingtor L, = ( ———E—-—->, hased on

the wetted surface lengths of the two boundary layors meeting at the
trailing edge of the Jot nozzle, nomely the original boundary layer and
the jet boundzry layer on the upper wall of the Jot nezzle. The length
L, corresponded to the aerofoil chord; o, thet Spoence uscd. The growth
of the boundary layer in each suporsonic nozzle was taken to be the same
as that on a flat plate of length equal to two thirds of the distaonco from
the throat to the nozzle exit. The Reynolds number bascd on L; and ug
was about 2 million.
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The results from all the experimental groups with air injection for
flow with and without adverse pressure gradient are plotted in Figure 17.
It is seen that a curve of the form:

ug L8

eeeo(2)

;; =1 X = Xg %
———
Ly k2

where Kg = 0+10 and k, = 0+025, provides a reasonable description of the
minimum velocity in the wake in the regions vhere the applied pressure
rise is not large. When the waks flow is retarded severcly by a sharp
adverse pressure gradient the weke trough has velocity values well below
the curve of Equation (2). The lowering of the constant in the mumera-
tor of BEquation (2) when compared with Equation (1) follows from the
usual result that the rate of mixing is less for compressible than for
incompressible flow. A simple differentiation of Hquation {1) or (2)
indicates that the velocity gradient with respect to x is proportional to
the constant in the rnumerztor, so that the smaller the constant tho
smaller is the mixing rate.

4.2 The wall houndory layer undsr the et peak

Schwarz and Cosart in Refercnce 25, summarising previous results
ag well as their own for incompressible turbulent wall jets, suggested
thet as a first order cngincering approximation the inmncr layor of the
wall jet could be considered analogous to the one seventh power law turbu-
lent boundary layer. Nevertheless, certain dissimilarities wore posed
betvieen the two types ol flow.

A comparison botween measurcd wall boundary layer thicknessoes and
theoretical growths caloulonted using the method given in Reference 17 was
mads for Tests F and K, that is, with air ingection at x_= 9 in. and a
blowing pressure of 2 atm. abs. Siratford and Beavers19 used the well
known equation for absolute boundary layer thickness {although previcusly
it hed been used in = more restricted sense):

ol

§ = 0437 X By

....(3?

where the boundary laysr growth over an equivalent distance X at constant
Mach number ¥ equalled the growth along the actual surface whose final
mainstream Mach number was M. The superficial utilisation of:- (a) the
full equations from Reference 17 (since the jot pesk Mach number wes
decreasing downstream) and then, as an alternative, (b) placing X equael to
the actual length of surface on which the wall boundary layer grew dovn—
stream of the injection throat, permitted a trial of two preliminory
methods of assessment. Both mothods werc found to over-aestimate the
boundary layer thicknesscs undsr the jet. In the »egion of zero and
adverse pressure gradiont the maximum discrepancy for (b) equalled 14 per
cent of the measured valuec, while for (a) it was much higher. Alwso,
downstream of tho peak static pressure rise the theorctical estimate was
totally inaccurate. Thus, the method of calculation of Reference 17 was
not appropriate to the presont flow, indicating that the properties of the
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wall boundsry layer under the jJet weie not the same as for an ordinary
boundary layer under a mainstream. In Reference 47, the reduction of the
mainsiream Mach number is assumed to be caused entirely by the nressure ‘
rise, whereas in the present flow the reduction in the jJet pealk Mach num-
ber 1s partly due to mixing, In addition once the jet has become fully
developed it has some resemblance to fully developed pipe flow - in which
the thickness of the "boundary layer" remains constant.

o3 Use of the memenitum eguation

The momentum equation for steady compressible flow moy be expressed
1n the form:

(a/ax} (Pl u?@) = Ty + 5*Dp/0x ooao(li-)

i

where the syribols have their usual meaning (see’list in Appendiz I). In
order to fand whether the momentum equation could be used for the theore-
tical prediction of the prescat type of flow the experimental results
could be substituted into Equation (4), tlowever, the differentiation of
experimeatal valucs of (pluIO) would probably lead to serious errors, so
that an integrated form of Equation {(4):

3 i X X
(Pl uia )x

f
———— = uo + Ax + OF g scoa 5)
(pllfi@)o (Plu‘iﬁj)o lkpl 1 )e Ty P (

e e

where suffix o denotes guantities of' the original boundary layer, 1s more
suitable as a test of the experimenial results. :

Tne sirmplest {lov to examine farst is that withoui pressure
eradient, for which Equation (5) reduces to:

X

‘dex oaoo(é)

. (pauie) 1 P
—_— (pluiﬁj +
(P1Uie)o (Pluie)o e

o

Values of 6 for Test K were calculated from the traverse profiles by
graphical integration while an exprescion For the wall shear stress in a
zero pressure gradient was derived as in Appendix IIT, ¥®igure 18 shows
that these gquantiiles are consistent with Equation (6) to a very satis-
factory accuracye.

The corresponding analysis for the filow with pressure gradient is
not easy, mainly because of ihe daffarculty an findang a suatable expres-
sion for the wall shear stress. One test showed reasonable agreement
with Eguation (5) but the resulis are not quoted as the analysis for the
wall stress was not felt to be fully satasfactory.



- 16 - -

v

The results for the flow without 2 pressure rise show that the
momentun equation is satisfied, and 1t seems probable that the equation
could be used in general when predicting theoretically the mixing of a Jet
with a turbulent boundary layer.

4.4 Practical applicationss the pressure recovery of a
supersom.c intake with injection boundary laver
control

In Reference 2 the work on injectiocn was aimed =% improving the
controls on an aircraft at transonic speeds.  Ancther possible applice-
tion is to the control of boundory layers in supersonic air intakes -
especially in axisymmetric intakes having combined external/ﬁnternal com~
pression. The design of the contrebody i1n on axisymmetric aintalte incor—
porating scome internal compression can make 1t dafficult to lead cut the
boundary layer bleed. Injection boundery layer control - shown by the
present work to be feasible in the largo pressure rises obtsining in an
intake - would pose fewer installation problems as a pressurised cuct
gystem to the injection slots would require less space than boundery layer
blesd passages.

The present results may be used to predict the pressure recovery
that would secem feasible in a supersonic air intake with injection boun-
dary layer control. The static pressure rise obtained in the present
investigation would be roughly the same as that obbtained in an intake
between the blowing slot and a position irmedictely dounstream of the
normal shock, provided the slot were located at a statron where the main-
stream Mace number equalled about 1.7 to 1.8. In Appendax IV, an expres-
sion for the mean total pressure that might be ezpected at the exzt
from the subsonic diffuser i1s derived as Equation (19). ~

On the basis of Bquation (19a) a calculation for an sxisymmetric
intake2! with externﬂl/lnternal compression at a mainstream Mach number of
3, and for full scale Reynolds number, gave a mean total pressurc at the
conpressor face of 9§‘per cent for an injection mass flow esqual to about
11 per cent of the capture flow. The injection mass flow is consirstent
with calculations in Reference 28, which showed that 13 per cent of the
copture flow compressed to 2/1 pressurc ratio would just overcome the
mormentum deficiencies of the intalie houndary layoers. An 'offective cost!
of the injection in terms of pressurc recovery was estimated in
Reference 28 to be about 10 per cent, the cost being taken as the addi- .
tional pressure drop requircd across the turbine in order to provide the
power nceded to compress the rocirculating mass flow. These results
indicate that the feasible overall porformance of the intake chosen would
be about the same as that given by theoreticzl estimates for suction
boundary layer control. The finol advantage betweon the twe contrel toch-
niques, thercfore, could be dependent upon their respective practical
convenicnoe.

5.0 Conclusaions
(1) Alr anjection can prevent a suporsonic turbulent boundary layer

separating in a large pressurc rise. In the prosont tests econtrol could
be maintained up to static pressurc ratios of 3, provided the jet excess
momentum wags about equal to thoe momentum deficicncy of the originsl boun~
dery layor. The optimum position for the injection slot appearsd to be a
distance upstream of the mein part of the pressure risc equal to about six
times the thickness of the initial boundary layor.
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EZ; Two criteria need to be satisfied 1n order to avoid flow reversal:
a) the total presswre in the wake from tlie original boundary layer must
be greater ithan the lecsl velue of the static pressure - otherviize rever-
sal of the wake fiow will result; (b) the fall off in the jet peak total
pressure must not be so severe that the new wall boundary lsyer is in
danger of separating.

(5) When the pressure rise 1s small, the velocity defect in the wake
from the original boundary layer is roughly proportional to the anverse
square root of the distance downstream of the biowing slot.

(L) The flow quantities closely satisfy the momentum equation, at least
for the flow without a pressure rise., Consequently ihe equation mrght be
utilised in predicting the cnaracteraistics of a jet maxang with a boundary
layer - perhaps in congunction with the correlation of the velocity in the
wake mentioned in conclusion (3).

(5) The test results may be used to deduce the pressure recovery which
seems feasible 1n a supersonic air intake with injgection boundary layer
control.
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APPENDIX 1

Feptr=ef Symbols

daistance downstream from the exit of the tunnel nozzle
an eguivalent distance

distance normal to tne wall

length of the working sectaon

Mach number

velocity 1in x direction

densaty

mass flow

exponent in the power law relationship for a turbulent
boundary layer

total pressure

wall static pressure
shear stress
kinematie vaiscosity

absolute thickness of the boundary layer, or Jet/boundary
layer combination

Sor i oLy
Op / 1 - af =~ , displacement thickness
5/6x
& Fu u / Y
8, 1 - -==|4!l =), momentum thickness
o fauy Uy \6r



KlussklakQ

Suffices

IK

- 2% -

angle to the flow of the shock generator
experimentally determined constants

area total pressure deficilency in two-dimensional flow,
non-dimensional

= /6 (P, - Py /60 (P, - Play,

o] 0

original boundary layer upstream of the injection point
location of the injection nozzle exrt
ngection reservorr conditions

tunnel mainstream reservoir conditions (upstream of
tunnel nozzle)

get peak
local malnstrean

reference profale, (undisturbed boundary layver with no
air ingection)

walte trough

wall
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APPENDIY IT

The effect of temperature

In many of the tests the jet total temperature was about 5 per
cent greater than that of the mawnstream, a difference which cculd signi-
ficantly affect the value of (uJ - ui) in tne calculation discussed in
Section 3.0 for jet excess momentum. However, the apparent effect of
temperature, using the criterion of jet excess momentum as here defined,
is probably not a genuine one. For example, 1f a hot jet of feirly low
total pressure mixed ideally with a boundary layer and produced a flow of
uniform velocity equal to the mainstream velocity, the total pressure in
the boundary layer/jet combination would sti1ll be low and hence there
could be a rapid retardation and a reverse flovw in e subsequent pressure
rise. Consequently both total pressure and nomentun nust be considered.
Now the performance of a conventionzl ejector of given geometry and fixed
primary pressure ratio 1s virtually independent of changes in the pranary
temperature (other than for the fact that the primary mess flow required

1
to choke the nozzle 1s proportional to T 2). I+ would scen, therefore,

that the criterion of excess momentun 28 here defined should be applied
only to a flow with a wniform tcnperature: havang, say, specified the
total pressure of injection and the area of the injection nozzle such as
to satisfy the criterion of excess nmomentum i1n a flovw with uniform ten-
perature, variations of temperature could be applied without significantly

-

affecting performance, other than for the T % factor on mass flow. By

applying these argunents it has seemed justaifiable in the enalysis of the
presant experiment to ignore the small tenperature variztions.
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APPEMDIX TIY

The wall shear stress for a zero pressure gradient

The wall shear stress in compressible flow wilh zero pressure
gradient may be written:

d do
Th = a‘—x- (Pluio) = Plu?. a; enoo(?)

Reference 18 quotes that for compreassible flow the momentum thickness 0
for a turbulent boundary layer on a [lat plate in a sema-infinite main-
atream 1s: .

1 \ =DeT70

~F u?
68 = 0,036 xRy 1+ 35 coca(8)

In the present work the jel peak values are the effective mainstreanm

values for calculating the wall shear stress downstrcam of the 1tnjection
nozzle. -

4 |
e 5
M2 moetTe U4X
J a 47
Sot, = 0036 puy’ {1+ — x
Vi pJ J 10 de J VJ

2 \=0070 -
0.029 p u. ?| 1 + %ﬂ— AN
R b 10

voos(9)

\ v J

where xj3 = X = Xg + £ and €5 is defined in Section 4.1.
Since the growth of the wall boundary layer in the experiment iz less than
that of a true turbulent boundary laycr on a flat plate for corresponding

values of X3 the value of Ty should strictly have been obtained in terms
of 6J and not i1an terms of X3, 10 2 similar way to the consideration of

turbulent flow in a pipe. For an ordinary turbulent boundary layer,
4 4 k]

i

=
Ty < X and & o x 5, so that Ty «« & o Thus, strictly, the flat plate

wall shear stress of Equation (9) should be factored by the ratio

5 te\d
( flat pla e\ to give the actual value of wall shear stress. It may he

& actual /

seen that the effect of this ratio 1s small. A typical difference
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between the rospective values of & 18 of the order of 20 per cent and

would only produce an error of sbout 5 per cent in the estimation of 7.

; 13
J
that a formula in terms of § may only be used when 6 1s known. Thus, the

A further justification for using an expression for Ty 1n terms of x

formula in terms of Xy 1s a more practicable one provided it 13 reasonabvly
accurate,
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APPENDIX IV

Calculation of the pressurc recovery of a supersonic
intake having injection boundary layer control

The performance of an engine designea for supersowrc flight depends
to a large extent on the vressure recovery of the air intake amd the
losses assocrated with the boundary layer control. In an intake in which
the boundery layer is controlled bLy air injection, the total pressurs
losses would be those due to friction and mixing along the walls of the
duct and those related to the compression of the mairastream through the
intaske shock wave system. )

Let the total pressurc of the mainstream at the capture plane be Pp.
At a station such as DD in Figure 19(a) Just dowustream of the ihroat nor-
mal shock, let the cross-sectional area be Ap (surffix D referring to the
station DD) and the mean total pressure Pp. Then:

_ losses due to friction and mixing _

B o
£ o= PC AD

shock losses

the shock losses being expressed in the conventional manner as a propor-
tion of the total pressure, whereas the losses due to fracticn and mixang
are assumed to Le an integral of pressare over a cross-sectional area.
Also "losses due to friction and mixing" 1s used as a general term to
include all the effects of injection, being taken negative wherc the total
pressurc exceeds the local mainsiream value.

If the losses due to frictaon and mxxing at any station are
together denoted F and the shock losses 5, then

Py = Pg - Fpfip - 5p eess(10)

Let & be the thiclness of the Jet/boundary layer combination, measured
from the wall to the mainstream. Tf & 1s small compared with the cross-
sectional dimensions, the losses at ID due to friction and maixing may be
referred to as an area total pressure deficiency and represented as:

bp
[ -2 am
o]

per unit distence around the perimeter, where P, 15 the total pressure in
the local mainstrean. Ir d@%Zp 18 an increment of the wetted perimeter at
DD, the area total pressure deficiency 1s:

o

Fp = /z dZD/ (P, - P) dyp veva(11)
D
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Allowing a value for the total pressure loss in the subsonic dif-
fuser of, say, 0.03 Pg, the total pressure recovery at the compressor face
EE - Figure 19(a) - may be expressed as either:

P, F S

T D

L. . B RES
Pg Ap g Fg

or

P A | -130 So SD

___E_ = 1-G'D_3 1_,,-....-_..---—- ——-—-003 nooo(19b)
C Ap Po Fg Pg

Equation (19a), n congunction with Equation (12), 1s probably the
most convenient when working from a theoretical calculation of the growin

of the original boundary layer - and Aquaulon (19b) when from an experi-
mental traverse.

D 76942/1/125875 K&k 11/66 R & XL
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