C.P. No. 937

C.P. No. 937

LIBRARY
ZROYAL AIRCRAFT ESTABLISHMENT

BEDFORD.
MINISTRY OF TECHNOLOGY

AERONAUTICAL RESEARCH COUNCIL

CURRENT PAPERS

Tests with a Two-dimensional Intake
having All-external Compression and a

Design Mach Number of 2.0

By

M. C Neale and P. S. Lamb

LONDON. HER MAIJESTY'S STATIONERY OFFICE

1967
SEVEN SHILLINGS NET






U.b.C. ¥o. 5330697-23620-1

c.pP, Fe, 937
September 1963

Teosts with a two-dimensional intake having all-external
compression and a design Mach number of 2.0

._.'by..

M. C. Heale and P. §. Lemb

SUMRIARY

Results are reported of tests on a two-dimensional external com-

pression intake having s design Mach number of 2.0.

A pressure recovory

of 93 per cent was measured with 3.3 per cent bleed from the ramp surface

at the throat. The introducticn of a small contraction in the throat

1mproved the stable sub-critical margin of the intake.

The test Reynolds

number based on free stream conditions and intake capiure height was

approximately 1 x 10°%

1

a Replaces N.G.T.E. M-}ss - A.R.C. 255bb
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1.0 Introduction

At N.G.T.E. the performance of a mixed compression intake at its
design Mach number of 2.2 has been develgped to what is thought to be very
close to the maximum attainable with a simple four shock design «  The
tests now described initiated a complemsntary investigation of the problema
agssociated with external compression intakes. The farst tests were made
at a free stream lMach number of 2.0. At this Mach number the theoretical
considerations outlined in the Appendix show the externsl compression
intalke in a rather more favour%ble light then at M = 2.2. Tt was also
known that tegts at 0.N.E.R.A.” with external compression aintakes at
M = 2.0 had yislded pressure recoveries gs high as 93 per ¢ent. High
pressure recoveries had alsc heen measured at the N.A.S.A.0. Tests at
M = 2.2 are described in Reference 4, and provide & more direct compari-
son with the carlier N.G.T.E. work on itlie mixed compression design.

2.0 Degeripiion of the model

The rig and most of the model was that used in Reference 5 and
demigned imitrally for testing combined external/internal compression
intakes. The gubstitution of suitably designed components allowed the
model to be adapted so that external compression and mixed compression
intakes could be tested with equal facility.

2.1 Aerodynamic and mechanical desagn

Some of the factors influencing the design of external compression
intakes are congidered 1in the Appendix. The aerodynamic design of the
first intake tested in ihe present work i1s shown in Pigure 1. The ramp
consists of an initial wedge 1inclined at 8% to the free stream direction,
followed by a further 8° turn and finally three angles each of 1°.  The
total ramp turning 1s thus 19O, so arranged that at M = 2.0, and without
allowing for boundary layer growth, the shocks focus on the cowl tip.

The internal surface et the cowl tip is inclined initially at 14~ to the
free stream, Bo that the flow deflection of the internal flow at the tip
is 50. The procedure adopied in the design of the cowl was to continue
the i1nternal surface along 2 sbtraight line to the point at which a per—
pendicular from the surface intersected the foot of the strong sclution
shock emanating from the cowl tip. Subsequently a radius of 4.2 throat
heights returns the internal cowl surface te the free giream direction.
This particular radius was chosen as representing a fair average of the
many different radii employed in the numerous investigations, both in thas
country and the United Slates, of axisymmetric intakes with external com-
pression. At the time of the design there was a view prevalent that
extra~to-shock losses increased both with the flow deflection at the cowl
tip and the downstream rate of turn. With this philosophy the cowl angle
and curvature represented a compromise between external drag and infternal
performance. :

The original design intention was to position the terminal shock at
the upstream edge of the bleed slot, as opposed tg the downstream edge
employed in tests wath a mixed compression degsign » The forward movement
of the shock relative to the bleed was thought desirable 1n view of pre-—
vious experience elsewhere”, and alsc from cons:idering the likely sadewall
secondary flow patterns (ses the Appendix). Viscous effects, through
reducing the Mach number upstream of the cowl shock, and also through
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increasing the effective flow deflection at the cowl tip, bring the foot
of the strong solution cowl shock downstream of the design position based
on inviscid theory. With the ocbject of 2llowing for this displacement the
final ramp deflection of 19° relative to the free stream continues until
approximately 0.1 capturc heights downstream of the theoretical terminal
shock (assuming inviscid flow) at which point the ramp terminates in the
upstream edge of the ramp bleed slot. Downstresm from this point the
geometric construction is continued by an arc, concentric with the cowl
radius, into a subsonic diffuser having an initial divergence of 110 and
shown in detaill in Figure 2. Thas diffuser i1s aboul 50 per cent longer
than the subsonic diffuser currently mooted for the supersonic transport
application. Further tests will be made wath shorter daffusers. The
bleed slot extends over an axial distance of about 0.4 throat heights, and
thus covers the grester part of the turn on the continuaticn of the ramp
surface. The downstream lip of the bleed slot has a sharp edge and an
included angle of 5 « After passing into a plenum chamber the bleed
enters two ducts serving 2s measuring lengths and containing pitot tuhes
and static tappings. A throtile at the exit from the measuring ducts
controls the bleed mass flow.

The intake sidevalls commence on the line joining the ramp and cowl
tips with a chamfer angle of 16° 1n the free stream direction, which means
that the shocks generated by the sidowallis are detached from theirr leading
edges. However chamfor anglos of this magnitude are dictated by the simul-
taneous requirements of mechanical robustness - sufficient to allow ulti-
mate testing at full scalc Reynoids numbers - and large sidsuall windows
to permit observation of the throat flovw.  As Reference 4 points out, the
effect of the shock detachment on the performance of the intake appears to
be very small.

The intake capiure height was 2% in. and the span 3% in. givaing an
aspect ratio based on the capture plane dimensions of 1.4. The latter
figure corresponds fairly closely with the aspect ratios currently proposed
for supersonic transport installations.

Mechanical drives provided originally for earlier combined external/
internal compression intakes pormatted the following movements:-

(a) an axiel translation of the cowl

(v) a rotation of that portion of the ramp downstream of the
pivot position P in Figure 1

(c) a rotation of that wall of the subsonic diffuser forming 2
continuation of the ramp surface. Here the pivet was suf-
ficiently far downstream for the angular movement of the dif-
fuser wall to be disregarded. The movement, which was
egsentirally one of translation, was used in the present tests
to provide changess both i1n the geometry of the bleed slot and
in the cross-sectional area at the entrance to the subsonic

diffuser.

Of these three movements the first two were not employed in the
tegts now reported. The third was used to obtain the different diffuser
positions shown in Figures 1 and 3. In addition a flap downstream of the
gubsonic diffuser exit was used to position the terminal shock at the
intake throat. The throttle in the bleed ducts has already been mentioned.
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Following tests wath the intake shown in Figure 1 some tests were
made with the design shown in Figure 3; in which the bleed slot was moved
olightly forward. The only other change from the earlier design is in
the profile of the surface commencing at the downstrcam edge of the bleed
slot. Whereas the infention of the design shovn in Figure 1 was to pro-
vide a congtant a2res during the throat turning, in Figure 3 the subsonie
diffuser tip provides a contraction prior to the commencement of subsonic -
diffusion. Such a contraction had, in Reference 6 for oxampls, been found
to influence apprecisbly the extra-to-shock losses. Difficulties arise
however in introducing throat contractions into intskes designed for high
pressure rocoveries. The necessity for diffusing supersonically down to &
Mach number of about 1.38 prior to the terminal shock means that there is
very little dxfference bsiween the throat area and the area that could
cause choking. Thus there is little scope for the introduction of con-
tractions. In the present tests the facility for moving the diffuser tip
allowed the maximum allowable contraction to be delermined experimentally.
Ideally perhaps, the geometry incorporating the maximum contraction would
be obtained by increasing as far as possible the rate of turn on the cowl,
and thus reducing the cowl drag.

2.2 Instrumentation

In addition to the bleed duct instrumentation the principal item was
a rake of 20 total head tubes daistributed on an equal area basis in the
exit plane of the subsonic diffuser. Also provided were & rumber of static
tappings distributed between the ramp surface, the bleed plenum, the sub-
sonic diffugser sidewalls, and the subsonic daffuser exit plane.

The throat flow was observed by Schlisren apparatus. A presscure
transducer was positioned in the intake sidewall at the exit plane of the
subsonic diffuser.

3.0 Test vnrocedure

Testing was carried out with a nozzle inlet total pressure of
40 in.Hg abs, which gave a Reynolds number; hased on frec stream conditions
and intake capture height, of approximately 1 x 10°%  Tests were made with
a number of different bleed flows, and with the various diffuser tip posi-
tions shown in Figures 1 and 3. VWith cach intake confipuration readings
were taken at a2 rmumber of positions of the terminal shock rangang from
supercritical operatien, through the critical condition,; to buzz.

4,0 Resulte and discussion

4.1 Tests with the geometry of Figure 1

Figure 4 shows some results obtained with the intake geometry of
Figure 1. A maximum pressure recovery of 93.1 per cent was measured with
4.2 per cent bleed at a diffuser position intermediate between A and C.
With diffuser position A a pressurc recovery of 93 per cent was measured
with only 3.3 per cent bleed. For a given blead, within the experimental
range of bleed {low, Figure 4 shows that the diffuser position B gives a
pressure recovery about 2 per cent lower than that obtained with diffuser
positions A and C. The fall of pressure recovory accompanying the intro—
duction of a slight rem scoop effect into the bleed recalls the early tests
of the mixed compression intake at N.G.T.E.”. These showed that the knife
edge at the ram scoop slot caused a considerable disturbance in the throat
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flow pattern. The losszes associated with the disturbance were consider—
ably reduced followinz the adoption of a more nearly-flush type of slot. |
A comparison of Figurcs 5(2) and 5(b) shows that 1m the present tests too ~
the slight ram ncoop effeet produced by the diffuser in position B leads
to a small disturbance at the foot of the terminal ehock.

It wrll be noted that with the diffuser in position A the fterminal
shock 1s perfectly straight, and corresponds with a strong solution across
the full throat helgh The measured shock angle relative to the ramp in
Figure 5(a) is 75°, compared with 82° given by the design shock pattern
agssuming inviscad flow. The boundary layer effects mentioned in . ..
Section 2.1 and probably the three~dimensional effects suggested below
presumably account for the dafference. As a result the foot of the ter-
minal shock 18 positioned adjacent to the upstream edge of the bleed slot
ag intended in the initial design.

In Figure 5(a) tho difference betueen the recovery of the design
shock pattern, calculated assuming inviscid flow, and the measured pressure
recovery is only 2.4 per cent of the free stream total pressure. The
measured pressure recoveries of 93.1.per cent plotted in Figure 4 further
reduce the difference to 2.2 per cent. It is difficult to be precise how-
gver about the exact level of the extra~to-shock losses., A static pres-
sure measurcment on the ramp suggests that after the 190 of ramp turning
the Mach number is reduced to 1.29, compared with the deeign figure (assum-
ing invascid flow) of 1.35. The measured Mach number, taken in conjunc-
tion with tho 5° cowl deflection, gives an overall theoretical shock
rocovery of about 96.8 per cent, and individual tubes on the pitot rake at
the subsonie diffuser exii read this lovel of pressure. On this basis
the minimum extra~to-shock losses are 3.7 per cent of the free stream total
pressure. However, the measured ¥ach number represents an additionmal 1.9
of iturning above the design flgure. Thus the effective cowl deflection
might be taken as 5° plus 1. 9 plus some boundary layer-growth on the cowl.
This would give a detached shock at the cowl tip, and the Schlieren photo-
graphs show somo curvature of the externsl cowl sheck. However careful
observation to check this point during the tests showed that the chock,was
definitely attached. So far as the authors can tell at present, the only -
method of reconciling the measured ramp Mach number with the attached cowl -
shock and the maximum pitot rake readings lios in the assumption of three-
dimensional effecls within the intake. It 13 suggested ithat the sidewall
boundary layer growth causes spanwise mainstroam flow deflections. The
regions of influence of the resultant pressurs fields spreads towards mid
span as the flow approaches the intake throat. Thus whilst the local
¥ach numbers ars reduced, the effective turning at the cowl tip‘'is
unchangsd and so detachment does not occur. Moreover, because the local
Mach numbers are reduced relative to the design values, the loss of toial
pressure through the cowl shock is also reduced. In the %resent tests the
reduction of total pressure loss would omount locally to 1% per cent. The
sensitivity of the terminal shock angle to small varlatlons in the flow
angle and local Mach number, both of which a1t has been pointed out are not’
known accuratsly, render the value of deductions based on the shock angle
rather doubtful. '

, Difficulties arise in assessing tha proportion of the flow at the
threat lakely to be influenced by spanwase pressure gradients. Here the
obvious need i1s for throat traverses. In the meantime, because the exact
level of the theoretical shock recovery is uncertain, and the difference
betweecn il and the measured pressure recovery is small, 1t is impossible
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to state the extra-to-shock losses with precision. However they are
unlikely to daffer appreciably from 3 per cent.

The preceding discussion raises the question of the value of the
extra-to-shock logses as a parameter of inteke performance. The authors
feel that where the losses are,; for example, about 10 per cent of the free
gtream total pressure, the parsmeter may serve as a yardstick of the state
of development of the intake. The losses are so great that any lack of
precision in stating the theoretical sheck recovery is probably of no con~
sequence. However, in more sophisticated intakes the magnitude of the
uncertainties surrounding the precise level of the thooretical shock
recovery may be very similar to the magnitude of the losses themselves.

In such circumstances the extra-to-shock less parameter needs interpreting
with care.

A reduction of the extra-to-shock losses (whatever their precise
value) might be achieved by intrecducing sidewall bleed, and also by rarsing
the test Reynolds numbsr. However, consideration of the tests with the
combined external/internal compression intake does noi encourage the view
that the combined effect of fthese two parameters would raise the pressure
recovery by more than about 1 per cent. Moreover,; the engineerang compli-
cation of sidewall bleed 1s such that 1t 1s preferably avoided. At the
present time therefore ithe authors cannot see the possibility of reducing
the extra-to~shock losses in the external compression intake operating at
K = 2.0 to lesgs than between 2 and 3 per cent of the free stream totfal
pressure. There is scope for further work in attempting to retain this
level of extra-to-shock loss whilst increasing the rate of turnover on the
cowl.

Within the range of bleed flow from 1 to approximately 3 per cent
Figure 4 shows that the rate of exchange of pressure recovery with bleed
18 quite high, an increase of 1% per cent in the bleed for example raises
the pressure recovery by approximately 2 per ccnt. Bven with only 1 per
cent bleed, Figure 6(a) shows that the terminal shock remains perfectly
"clean". This photograph was taken with the diffuser lowered to position
C. Higher daffuser positions with only 1 per cent bleed caused the termi-
nal shock to move forward from the cowl tip.

The conditions governing the formaticn of the sirong sclution shock
at the cowl tip are of considerable interest. They are discussed in
Reference 4, which describes soms tests with external compression intakes
at M = 2.2. The cowl tips of the M = 2.2 intakes produced shocks which
initially, that is adjacent to the cowl surface, corresponded with the
strong solution. Further towarde the ramp however the shock gradually
weakened to a soluiion leading to supersonic flow downstream of the shock.
A weak normal shock in the patch of supersonic flow downstream of the cowl
shock completed the transition to subsonic conditions. In Figures 5 and
6{(a) the terminal shock corresponds with the strong solution across the
full throat height. Figure 6{b) shous the cowl shock with the intake run-
mng supercritically. The position and shape of the visible portion of
the cowl shock suggests, as indicated on the Faigure, that the weak solution
ghock 1s initially formed at the cowl. tip, but the =subsequent cowl turning
produces the equivalent of shock detachment. During the iransition to
eritical operation the weak throat shock at the exitreme right of the pic~
ture moves %to fthe left and merges with the terminal shock.
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On all the Schlieren photographs presented here i1t can just be geen
that the external oblique shocks are slightly forward from their focal
position at the cowl tip. The discrepancy from design is atbtributed to
boundary layer growth. It has been calculated that as a result a spill
of roughly 4 per cent of the capture flow occurs over the cowl tip.

Figure 4 shows the stable sub-critical margins obtained wath the
intake geometries just discussed. The degres of sub~critical stability
is expressed as the maximum percentage reduction of the mass flow from its
critical value prior to the onset of buzz. It 1s most apparent that
whilst the geometry with the slight ram scoop effect in the bleed 1s the
worst from the point of view of pressure recovery it is the only one from
Figure 1 that has any margin of sub—cratlca] stability. The experimental
evidence, and that of subsequent tests™,; doee not permt an exact deter-
mination of the aerodynamic mechamisms relating the diffuser tip position
to the sub-craitical margin.

The resulte suggest the possibaility of a slightly changed initial
rate of subsonmic diffusion affecting the stable sub-critical margin, An
alternative explanation may be that the additionzl contraction of the .flow
to the subsonic diffuser caused by the ram scoop bleed may lead to sonic
conditions azcross 2 part of the flow at some point downstream of the cowl
shock, and effeciively insulate the supersonic compression system from buzg
inducing influences. .

It was also cbserved that wilh the diffuser in the position giving
the slight ram scoop effect the onset of "buzz" was very gradual, so that
the precise determination of the stable sub-critical limit was difficult,
and to some exten’ arbitrary. The initial oscillations had an amplitude
of only 1% per cent of the free stream total pressure at a frequency of
35 c/s. Because of uncertainties concerning the smoothness of the tunnel
flow as discussged in Reference 1 these Figures are offered with some
reservation. However 1t 1s thought that the all external compression
intake 1s less likely to be influenced by small perturbations in the tun-
nel flow than the self-starting mixed compression design.

Waith the dxffuser zn lower positions than that just considered the
onset of buzz was much more clearly defined. The imitial amplitude of
the oscillations was now about 4 per cent of the free stream total pres-
sure, again at a frequency of about 35 c¢/s. )

The photographs slhiown in Figure 7 were taken during stable sub-
criticel operation with the diffuser t1p in position B. In Figure T(a)
the terminal shock has just moved forwards from the cowl tip; Figure 7(b)
was taken juest short of the stable sub-critical limt.

Comparison with Fagure 5(b) shows that as the terminal shock moves
forvards 1t changes in form from the strong oblique solution to a normal
shock,; perpendicular to the ramp surface. A factor here presumably 1s
the elimination of flow deflection at the iferminal shock as the shock
moves forward from the cowl tip. During the forward movement the pres-
sure recovery rises by almost 0.5 per cent. As theorstically the shock
recovery falls somewhat {because of the changed form of termainal shock) s
the rise is attributed to erther an accompanying small increase in the
bleed, egual to about 0.5 per cent of the capture flow; or perhaps a
cleaner initial flow under the cowl tip. It 1s 1nteresting that even in
sub-critical positions the terminal shock retains the slight kink near
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the foot that was noted earlier (Figure 5(b)) as being introduced in criti-
cal operation by the diffuser tip in position B.

4.2 Tests wath the geometry of Figure 3

Hesults are shown in Figure 8. The curve of pressure recovery
against bleed for diffuser position | suggests a recovery of 92.4 per cent
with 3.3 per cent bleed, as opposed to the recovery of 93 per cent measured
with the same bleed with the geometry shown in Figure 1. However, whereas
the latter geometry gave neo stable sub-critical margin with recoveries of
approximately 93 per cent, with the diffuser in posation 1 the geometry of
Pigure 3 gave stable sub-critical margins of between 3 and 1% per cent.

The prossure recovery versus bleed flow characteristics plotted in
Figure 8 do not show such marked variations with diffuser position as those
plotted in Figure 4, and the rate of exchange of pressure recovery with
bleed is very much less. However the stability regions plotted in
Figure 8 exhibit very similar trends to those considered earlier. The
dxffuser position 2 imposing the maximum threat contraction produces the
largest stable sub~critical margin, the maximum Figure being 3% per cent.
As the throat contraction 1s progressively reduced through diffuser posi-
tione 1 and 3 so the stable sub-critical margin is decreased. With the
exception of the stable sub-critical margins nlotted in Figure 8 for adif-
fuser position 2, all the stable sub-critical margins plotted in both
Figures 4 and 8 indicate that for a given diffuser position the sub-
eritical stability deteriorates as the bleed is increased. Such a result
would be expected on the argument that throal contraction lmproves the
gtability. The effective contraction can be varied either by moving the
diffuser position,; the bleed remaiming constant; or by changing the bleed,
the diffuser position remaining fixed.

The amplitude and fregquency of the oscillat:ions measured at the
onset of buzz wers very similar to those measured with the geometry of
Figure 1. In no case did the amplitude exceed about 3% per cent in pres=
sure recovery, whilst the frequency was roughly 35 e/s.

The throat shock structures are again of considerable interest.
Figure 9 shows two Schlieren photographe of the throat flow with the dif-
fuser 1n position 3. The intake was running critically in both cases; in
Figure 9(a) with 2 per cent bleed (the minimum possible without the cowl
shock moving forward from the tip), and in Fagure 9(b) with 2.8 per cent
bleed. With the smaller bleed the cowl shock was of a form identical with
that noted in the earlier tests and it was possible to position the feot of
the shock in the opening to the bleed siot. However a short distance
downstream of the cowl shock will be observed a faint normal shock, emanat-
ing from the opening to the bleed and disappearing altogether after traver—
sing a little over one thaird of the threoat height. As the flow beshind the
strong solution shock from the cowl is presumably subsonic, perhaps the
turning at entry to the subsonic diffuser induces a local re-expansion and
thus a pateh of supersonic flow. It is possible that such a throat flow
pattern may have existed in the tests discussed in the preceding Section,
but with the faint normal shock locatod furthor downsiream and thus out of
the field of view. With an increased bieed Figure 9(b) shows that the
form of cowl shock is changed. Near the cowl tip the shock corresponds
with the theoretical strong sclution. TFurther towards the ramp the shock
gradually weakens, and runs towards the foot of a normal shock which is now
rather stronger than in Figure 9(a), but unchanged in position. The flow
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pattern shown in Figure' 9(b) 1s very similar to that described in -
Section 4.1 where reference i1s made to some tests with external compressio
intakes at M = 2.2. Reference 4 considered with the present work shows
that the form of cowl shock is dependent on the internal cowl contour, the.
contour of the diffuser downstream of the bleed slot, and the quantity of .-
bleed, all of which presumably ainfluence the pressuro downstream of the
shock. " The pressure recovery of the intake when operating with the more
complex throat flow pattern shown in Figure 9(b) was 92.3 per cent. The
bleed flow was 2.8 per cent. Comparison of these Figures with those
obtained with the intake geometry of Figure 1 suggests that at least from
the point of view of the pressure recovery so far measured for-a given
bleed there is little penalty entailed in departing from the umiform strong
solution shock covering the full throat height. The influence, af any,

of the terminal shock structure on the stable sub-critical margin is at
present uncertain.

4.3 Total pressure distrabutions at the subsonic
diffuser exit

Diffuser exit distributions are presented in Figure 10. For the
reagons discussed in Reference 1 total pressure distributions have been
preferred here as 2 method of indicating the degree of uniformity of the

Piot,max ~ Ptot,mea
LmaX | VOn.mean L .a vy /V

flow, although values of --- P ax ap e also
tot,mean m e

given on the Figures. Vo oan Wa8 calcevlated on the basis of the mean dif-

fuser exit Mach number, itself based on the mean pitot rake reading end ‘
the local static pressure. Vmax was calculated from the maximum reading

on the rake.

The distributions shown in Figure 10{a)} were obtained with the
intake geometry of Figure 1. The fact that movement of the diffuser tip
from position A to position B causes the total pressure to fall most on
the ramp side of the diffuser sirengthens the view expressed earlier that
the fall of pressure recovery accompanying the raising of the diffuser to
position B 1® associated with disturbances at the diffuser tip. [Nearer
the opposite wall of the diffuser the effect is very small.

The distributions shown in Fagure 10(b) were obtained with the
intalke geometry of Figure 3. As would be expocted,; the effect of increas-
ing the bleed flow ig reflected in a change in total pressure in o region
on the ramp side of the aiffuser. Comparison of Figures 10(a) and 10(b)
shows that the differences botween the intake geometries of Figures 1 and
3 do not produce any marked effect on the diffuser exit distribution.

The distrabutions shown in Figure 10(c) were also obtained with the
intake geometry of Figure 3. The two sets of curves show the effect of
increasing the bleed whilst simultaneously the cowl shock changed from the
strong solution across the full throat height, as in Fagurc 9(a), to the
curved form shown in Figure 9(b). The trond indicated by the curves is
what would be expected from the change of bleed (as shown for example 1in
Figure 10(b)). Hence, provisionally at least, it may be concluded that
the strong solution shock across the full throat does not necessarily lead
1o more uniform diffuser exit distributions than more complex throat flowe.
It might be that the asymmetry of the subsonic diffuser in the present
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model {and in some full scale installations) could render unattractive the
attainment of completely uniform conditions at the throat. The adda-
tional shock introduced by passing the flow through the weak solution and
then a normal shock, instead of directly through the strong solution can
theoretically raise the local total pressure by about 2 per cent.

There seems little to chooge between the distributions shown in
Figure 10 and those obtained earliier with a mixed compression intake.
Admittedly the best mixed compression distraibutions presented in
Reference 1 were obtained with the addition of. sidewall bleed. On the
other hand they were obtained at a free stream Mach number of 2.2 as oppo-
sed to the Mach number of 2.0 used in the present tests. It geems farr
4o conclude, as in Reference 1, that possible methods of improving the
diffuser exit distraibutions should be actively examined.

5.0 A comparison with other work

A comparison of the present work with some reported elsewhere is
made in Figure 11. With 215  of ramp turning as opposed to the 19° used
in the present fesis, and for & given bleed, the pressure recoveries rspor-
ted by Vargo et al3 exceed thouse reported in the present work by about
2 per cent. About a quarter of the discrepancy can be accounted for by
the somewhat hlgher theorctical shock recovery in Reference 3 arising from
the additional 24° of ramp turning. However 1t should be noted that
although the cowl geometry 1s not givem in Reference 3 the terminal super-
gonic Mach number would be so low (1.22 assuming inviscid flow) as to pre-
clude all but 1° or 29 of flow deflection at the cowl tip.  Thus the
internal cowl angle relatlve to0 the free stream would be approximately 6
higher than the figure of 14 used in the present tests, so that the cowl
drag would be appreciably higher. The remaining discrepancy beiween the
pressure recoveries, of about 1% per cent, may derive from the very weak
terminal shock effecting a reduction in the extra-to-shock losses.  After
allowance for boundary layer effects the terminal supersonic Mach number
in Reference 3 was probably about 1.1, so that 1t seems reasonable to
regard the ramp turning as being the maximurt attainable at the test Mach
number. Thus the geometry represents one extreme of the range of compro-
mises possible between theoretical shock recovery and cowl angle. In
surmary,; therefore, the effect of moving to the extreme compared with the
present work, 1s that the pressure recovery with 4 per cent bleed was
increased at the most by 2 per cent, from 93 per cent to 95 per cent, at
the expense of 1nereasing the 1nternal cowl angle from 14° to a deduced
figure of about 20°. It may alszo be noted that the initial discrepancy
between the pressure recoveries can be considerably rcduced 1f the values
given in Reference 3 are plotted on a basis of changes in the mass flow
ratio at the subsonic diffuser cxit instead of changes in the bleed; there
appear to be discrepancies betueen these two quantities.

At O.N.E.R.A.e, Leynaert and Brasseur quote a maximum pressure
recovery at M = 2.0 of 93.5 per cent with 2.5 per cent bleed. These
figures compare with the pressure recovery of 93 per cent with 3.3 per cent
bleed obtained with a similar ramp turning and internal cowl angle in the
present tests. Reasons for the difference are not obvious. There are
slight differences between the throat geometry employed in Reference 2 and
that shovn in Figures 1 and 3. In particular the rate of turn on the cowl
in Reference 2 was slightly more rapid than in the present work. However
it 1s not easy to see the possibility of improvaing the throat flow pattern
shown, for example, in Figure 5(a). The capturc plane aspect ratio of the
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model tested at C.N.E.R.A. was 2.0 apnd thus considerably exceeded the
figure of 1.4 employed at W.G.T.E. The latter figure, as mentioned
earlier, corresponds fairly closely with the aspect ratios currently propo-
sed for supersonic transpert installations. Uncertairty surrounds the ~
effect of aspect ratio on intake performance. The present work suggests -
the presence of threc-dimensional flows, but at the present time it is
difficult to compare their effects in models of different aspect ratio.

6.0 Conelusions

A two-dimensional all external compression intake has.given a pres-
sure recovery of 93 per cent for 3.3 per cent hleed when tested at its
design Mach number of 2.0 at zero incidence and at a Reynolds number of
approximately 1 x 108,

The introduction of some contraction into the flow to the gubsonac
diffuser, immediately downstream of the bleed slot, appears to provide a
margin of sub-critical stability. However, a contraction introducing a
ram scoop effect at the bleed slot reduced the pressure recovery by
approximately 2 per cent. More graduzl contractions, while producing the
favourable effect on the sub-critical stability, only reduced the pressure
recovery by about n-per cent.

It is considered that possible metheods of improving the dastraibu-
tions at the exit from the subsonic diffuser should be examined, while the
adeguacy of the buzz margine obtained experimentally also requires investi-
gation. Much interest in future work will attach to determining the maxi-
mum possible rate of turn on the cowl. However, the performance of the
intake at incidence requires investigation, and i1n addition tests are
required with a subsonic diffuser of a length more renresentative of full
scale instellations.
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APPENDIX I

Some design considerations

The two-dimensional external compression intake conventionally com-
prises a ramp gencrating a system of oblique shocke which terminate in a
normal shock formed adl the cowl tip. The internal angle of the cowl rela-
tive to the fres stream 1s then equal to the total turning on the ramp; ain
other words, the flow deflection at the cowl tip 1s zero. Such intakes
beceme attractive above free stream Mach numbers of about 1.5, when the
total pressure loss through the normal shock of a simple pitot intake
becomes appreciable. At higher Mach numbers, between about 2.2 and 2.5,
the design of the external compression intake becomes more difficuli. In
particular the cowl drag rises rapidly, because the cowl angle has to be
increased to match the progressively larger amounts of ramp lurning that
are requirad to ensure a high theoretical shock recovery. Hence the use
of some internal compression has been widely advocated for supersonic
intakes operating at free stream Mach numbers of about 2.2 and above.

The inmtroduction of internal compression can be defcrred to a higher
Mach number than might be indacated by the argument outlined above by the
introduction of flow deflection at the couwl tip. Buch intakes have been
extensively tested, for example, at 0.N.E.R.A.", where high levels of per-
formance have been attained. As Fipgure 12 shows, the geometry #s far
downstream as the cowl tip can be unchanged from the configuration discus-
sed initially. Downstream of the cowl tip however, the introduction of
flow deflection reduces 1lhe cowl angle relative to the free stream, and
hence the cowl drag. Because the transition to subsonic flow now occurs
in the presencc ol flow deflection the terminal shock ig obligque, rather
than normal as an the conventional arrangement. The terminal shock draun
in Fagure 12(b) 18 in fact the stronger of the two soluticns that are theo-
retically possible when flow at a given Mach number is deflected. The
strong solution leads to subsonic flow, whereas the weak solution leads to
supersonic flow.

A further consequence of the introduction of flou deflection at the
cowl tip 1s that the theoretical shock recovery based on the strong solu-
tion eohock 1s slightly raised above the Tigure assuming transition to sub-
sonic flow through a normal shock. The improvement in shock recovery
increases with the amount of flow deflcction. The latter 1s limited by
ghock detachment at the internal surface of the cowl, so that the maximum
possible flouw deflection whilst aveoading shock detachment increases with
the Mach number upstream of the cowl shock. For practical intake cdesigns

operating at flight speeds of about M = 2 the Mach number upstream of the
covwl gshock 18 unlikely to slgnwflcantly exceed 1.5. The detachment angle
at the cowl is then approximately 12° g0 that a practical maximum deflection
of 10° may be considered as an initial step. The total pressure loss
across the strong solution shock 18 then 5.7 per cent compared with a loss
of 7 per cent through & normal shock at the same Mach numbor. (Were 1%
possible 1o increase the deflcction angle to that at which detachment
occurs the loss of total pressure would be Lalf that given by a normal
shock.} The difference between the efliciencies of the normal and strong
golution obligue shocks decreases rapidly as the Mach number upstream of
the shock decreases. Thus, for a practicablc deflection at the cowl tip,
the difference between the two figurcs is only 0.2 per cent at M = 1.3.
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It 1s thought that M = 1.5 18 a likely terminal supersonic Mach number for
an external compression intake operating al a flaght specd of ¥ = 2.2, and
that at ¥ = 2.0 the terminal supersonmic liach number 1s likely to be in the
rezion of 1.3.

As 1t 28 at Mach numbers of about 2.0 to 2.2 that; even with flow
deflectron at the cowl, the cowl angles of the external compression intake
start to become considerable; c.g., 150 and more, i1t 1is of interest to com~
pare the potential performances of the external and mixed compres:iion
intakes wathain this range of flaight Mach numbder.

A comparigson can be made on the basis of the theoretiecal shock
recovery. However 1t is more profitable to include some asscssment of the
extra~to-shock losses, and here Figure 13 suggests that there are some
important differencces between the two types of intake. It uill be seen
that for a given amount of supersonic compression the supersonic wetted
area 18 appreciably greater with the mixed compression intake than vith the
external compresegion design. Moreover, the sidewall secondary flow pat- .
tern on the mixed compression intake tonds to deflect low energy air from
the sidewalls into the subsonie diffuser, whereas with the external com~
pressron intake the shock pattern is such that the low energy air tends 1o
be swept over tho couwl tip. These factors have to be welighed against the
addational throat turning nscessary in the external compression intake.
Intuitively however, 1t might be expected that the oveorall extra-to-shock
losses in the external compression intake would be less than these occurr-
ing in the mixed compression design - at least at the present level of.
Mach number where the shouldoer furning i1s small.

At M = 2.0, 190 of turning suffice to decelerate the flow to
approximately M = 1.38. A 50 cowl deflection, giving an internal cowl
angle of 14O, then leads to an overall shock recovery for the external
compression intalkoe, based on the streng sclution coul shock, of 95.3 per
cent. A combined external/lntcrnal compression intake can readily be
designed with a much lower covl angle to gave a higher theoretical shock
recovery. However the nett pressure rocovery will probably be about the
same because of the higher extra-to-shock leosses attributed in the previcus
paragraph to the mixed comprossion design.

At ¥ = 2.2 the theoretical daffercnces betwocon the two types of
intake arc widened. In order te desaign for a terminal supersonic lach
number of about 1.38 (which 1s necessary for a theoretical shock recovery
of 95 per cent) 250 of turning are nccessary. Cowl angles on the exter-
nal compression i1ntake now become cxtremely high, and the aveidance of
shock detachment a real problem. A betler compromise between the inter—
nal performance and external drag would be achieved with a smaller amount
of ramp turning. With only 20° of turning for example; a deflection of
5° at the eoul t1p - which seems readily obtainable i1n practice - allows
an internal cowl angle of 150. The corresponding theorstical shock
recovery would be about 92 per cent. The combined external/internal com~
presgion intake operating at the same free stiream lach number can be
designed to give a theorestical shock recovery of up to 97 per cent, and
with extra-to-shock losscg of the level reported in Refercnec 1 measured
pressure recoverieg of 92 per cent could seem possible. Thus at M = 2.2

here 1s apparently the possibiality that the mixed compression intale will
give a higher pressure rccovery than the external compression design, with
of course the addational advanitage of a lower cowl anglc.
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Further factors complicate the comparison. Although the external
compression intakc necessitates a high initial cowl angle, the flow under-
neath the cowl 1s subsonic and so 1t 1s vossible to commence turning the
cowl towards the free stream directron earlier than with the mixed compres-
sion intake. Morcover, there is very limated value 1n considering the
cowl contours in iseolation from the whele power plant installation vwhen
comparing the lip drags of tho mixed compression and all external compres-—
sion designs. The particular installation in mind for the intakes dis-
cussed here 1s the Anglo-Fronch supersonic transport aircraft; on which the
interference effects between the power plant nacelle and under surface of
ihe wing cannot be ignored. In addition, on the installation currently
propesed,; some outward inclanation of the coul 15 nocessary in ordor to
accommodate the engine.

A quite differoent question is that of conlrol. It is well known
that intakes featuring internal compression posc a specral difficulty hero,
and at the present time 1t scems that in normal cperation the mixed compres-
sich inteke operating at ¥ = 2.2 maght have to run supercritically in order
to provide a margin against shock expulsicn.

Less froquently emphasised perhaps, but discussed in Referonce 4, is
8 corresponding centrol penalty azsocarated with the oxternal compression
intake. It has been widely found that in order 1o provide some margin
against buzz during critical operation 1t 1s necessary to position the
shoclts geonerated by the ramp upstream of the cowl tip. Air 1s thus spilled
over the cowl upstream of the terminal sheck. How much spill would be
necossary on a practical installation is at present uncertain.

Possible differcnces of performance at incidence and off design Mach
numbers must also be*borne i1n mind when comparing the two types of intake,
and in these particular fields therc 1s at prescnt a dearth of experimental
data.
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