
C.P. No. 937 

LIBRARY 

YAL AIRCRAFT ESTABLISHMEN 

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 MAJESTY’S STATIONERY OFFICE 

1967 

SEVEN SHILLINGS NET 





U.D.C. 110. 533.697.2:620.1 

C.P. Kc. 937' 
September 1963 

Tests with a two-dimensional wtake having all-external 
compression and a design Each number of 2.0 

- by - 

M. C. Neale and P. $. Lsmb 

SLMURY -- 

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

presslon intake having a design Mach number of 2.0. A pressure rccovory 

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

at the throat. The introduotlon of a small contractlon in the throat 

unproved the stable sub-crltlcal margin of the u&&e. The test Reynolds 

number based on free stream oondltions and Intake capture height was 

approximately 1 x IO? 
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1 .o Introduction 

At N.G.T.E. the performance of a mixed oompresslon intake at its 
design Mach number of 2.2 has been develqped to what is thought,to be very 
close to the msximum attainable with a simple four shock design . The 
tests now described initiated a complementary investigation of the problems 
associated with external compression intakes. The first tests were made 
at a free stream Ilaoh number of 2.0. At this Maoh number the theoretical 
considerations outlined in the Appendix show the external compression 
intake in a rather more favoursble light than at M = 2.2. It was also 
known that tests at O.N.E.R.A. with external compression intakes at 
Eb E 2.0 had yielded pressure recoveries as high as 33 per cent. 
pressure recoveries had also been measured at the N.A.LS.A.~. 

High 
Tests at 

Id i- 2.2 are deaoribed in Reference ds and provide a more direot compari- 
son with the earlier N.G.T.E. work on the mixed compression design. 

2.0 Description of the model 

The rig and most of the model was that used in Reference 5 and 
designed initially for testing combined external/internal compression 
intakes. The substitution 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 mechanioal design 

Some of the factors influencing the design of external compression 
in&ekes are considered in the Appendix. The aeroclynamlo design of the 
first intake tasted in the present work is shown in Figure 1. The ramp 
consists of an initial medge inclined at 8' to the free stream direction9 
folloned by a further 8' turn and finally three an;les each of 1’. The 
total ramp turning is thus 19’ 9 so arranged that at M = 2.0, and without 
allouing for boundary layer growth, the shocks focus on the cowl tip. 
The internal surface at the 00~1 tip i s inclined initially at 14' to the 
free stream, so that the flea deflection of the internal flow at the tip 
is 5'. The procedure adopted in the design of the cowl was to continue 
the internal surface along e straight line to the point at which a per- 
pendicular from the surface intersected the foot of the strong solution 
shock emanating from the cowl tip. Subsequently a radius of 4-2 throat 
heights returne the internal cowl surface to the free stream direction. 
This particular radius was chosen as representing a fair average of the 
many different radii employed in the numerous investigations9 both in this 
country and the United States, of axisymmetric intakes nith external com- 
pression. At the time of the design there was a vieu prevalent that 
extra-to-shook 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 internal 
performance D 

The original design sntention uas to position the terminal shock at 
the upstream edge of the bleed slot, as opposed ty the downstream edge 
employed in tests T,;lth a mixed oompression design . The forward movement 
of the shook relative to tp bleed was thought desirable in view of pre- 
vious experlenoe elsemhere p and also from considering the likely sidel-all 
secondary flow patterns (sea the Appendix). Viscous effects, through 
reducing the Mach number upstream of the con1 shook, and also through 
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increasing the effective flow deflection at the cowl tape bring the foot 
of the strong solution cowl shock downstream of the design posltlon based 
on lnvlscld theory. &th the obJect of allolling for this displacement the 
flnal ramp deflectlot? of 19’ relatrvo to the free stream oontlnues until 
approximately 0.1 oapturo hel&hts downstream of the theoretical terminal 
shock (assuming lnvlscld flow) at nhlch point the ramp terminates III the 
upstream edge of the romp bleed slot. Downstream from this point the 
geometric construction 1s continued by an arcs concentric wrth the cowl 
radius, into a subsonic diffuser having an ml-ta1 dlvorgence of 12’ and 
shown In d&all In Figure 2. This drffuser IS about 50 per cent longer 
than the subsonlc diffuser ourrently mooted for the euperuonic transport 
application. Further tests will be made wath shorter diffusers. The 
bleed slot extends over an axial distance of about 0.4 throat heaghts, and 
thus covers the greater part of the turn on the contlnuatlon of the ramp 
surf ace. The down;tream lip of the bleed slot has a sharp edgs and dn 
included angle of 5 . After passang into a plenum chamber the bleed 
enters two ducts serving as measuring lengths and contaxnlng pltot tubes 
and static tappangs. A throttle at the exit from the measuring ducts 
controls the bleed mass flow0 

The intake slde\salls comence on the line joining the ramp and cowl 
tips with a chamfer angle of 16' In the free stream dlreotlon, whloh means 
that the shocks generated by the sldowalls are detached from their leadlng 
edges. However ohsmfor angloa of this magnitude are dictated by the simul- 
taneous requirements of mochanioal robustness - sufficient to allow ultl- 
mate testing at full scale Reynolds numbers - and large sldeuall w~~dorns 
to permit observataon of the throat flo\l. As Reference 4 points out, the 
effect of the shock detachment on the performance of tho Intake appears to 
be very small. 

The intake capture height was 22 In. and the span 33 an. glvang an 
aspect ratio based on the ca;)ture plane dlmenslons of 1.4. The latter 
figure corresponds fairly closely with the aspect ratios currently proposed 
for supersonac transport lnstallataons. 

Mechanical drives provaded orlglnally for earlier combined external/ 
anternal compressaon intakes pormltted the following movementsz- 

(a) an axial translation of the cowl 

b) a rotation of that portion of the romD downstream of the 
pivot posrtron P In Frgure 1 

Cc) a rotation of that wall of the subsonlc diffuser forming a 
oontinuatlon of the ramp surface. Here the pivot was suf- 
ficlently far downstream for the angular movement of the dif- 
fuser wall to be disregarded. The movement, which was 
essentially one of translation, was used In the present tests 
to provide changes both In the geometry of the bleed slot and 
in the cross-sectional area at the entrance to the subsonlc 
diffuser. 

Of these throe movements the first two were not employed In the 
tests nova reported. The third was used to obtain the different diffuser 
positions shown an Frgurcs 1 and 3. In addltlon a flap downstream of the 
subsonic 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 with the intake shown in Figure 1 some tests were 
made with the design shown in Figure 39 in which the bleed slot plas moved 
slightly forward. The only other change from the earlier design is in 
the profile of the surface commencing at tho dounstroam edgo of the bleed 
slot. Whereas the intention of the design shorn in Figure 1 ma8 to pro- 
vide a constant area durin;: the throat turning, in Figure 3 the subsonic 
diffuser tip provides a oontraotion prior to the commencement of subsonic 
diffusion. Such a contraction had, in Reference 6 for exsmple, been found 
to influence appreciably the extra-to-shook losses. Difficulties arise 
however in introducing throat contractions into intakes designed for high 
pressure recoveries. The necessity for diffusing supersonically down to a 
Mach number of about 1.38 prior to the terminal shock means that there is 
very little difference betsecn 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 allosable contraction to be determined 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 prinoipal item was 
a rake of 20 total head tubes distributed on an equal area basis in the 
exit plane of the subsonic diffuser. Also providod mere a number of static 
tappings distributed between the remp surface, the bleed plenums the sub- 
sonic diffuser sidewalls, and the subsonic diffuser exit plane. 

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

3.0 Test procedure 

Testing was carried out with a nozzle inlet total pressure of 
40 in.Hg abs, which gave a Reynolds numbers based :n free stream conditions 
and intake capture height, of approximately 1 x 10 . Tests were ma& with 
a number of different bleed flows, and uith the various diffuser tip posi- 
tions shown in Figures 1 and 3. With each intake configuration readings 
were taken at a numbor of positions of the terminal shock ranging from 
supercritical operation, through the critical condition, to buzz. 

4.0 Results and discussion. 

4.1 Tests uith the geometry of Figure 1 

Figure 4 shows some results obtained nith 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 intermedlate betweon A and C. 
With diffuser position A a pressure recovery of 93 per cent uas measured 
with only 3.3 per cent bleed. For a given bleed, within the experimental 
range of bleed flon, Figure 4 shons that the diffuser position B gives a 
pressure recovery about 2 per cent lover than that obtained with diffuser 
positions A and C. Tho fall of pressure recovery accompanying the intrc- 
duction of a slight ram scoop effect into the bleed recalls the early tests 
of the mixed compression intake at N.G.T.E.5. 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 losses associated with the disturbance .were consider- 
ably reduced following the adoption of a more nearly.flush type of slot. 
A comparison of Flgurcs 5(a) and 5(b) h 

~ 
s ous that in the present tests too 

the slight ram scoop effect produced by the diffuser in position B leads 
to a small disturbance at the foot of the terminal shock. 

It ~~11 be noted that with the diffuser w aosition-A the terminal v 
shock is perfectly straight, and corresponds nith a strong solution across 
the full t.hroat height. The measured shock angle relative to the ramp zn 
figure 5(a) is 750s cornoared with 82’ given by the design shock pattern 
assuming inviscid flow. The boundary layor effects mentioned in C , ~ , 
Section 2.1 and probably the three-dimensional effects suggested below 
presumably account for the difference. As a result the foot of the ter- 
mlnal shock is positioned adjacent to the upstream edge of the bleed slot 
as intended in the irntial design. 

* / 
In Figure 5(a) tho difference between the recovery of the design 

shock pattern, calculated assuming inviscid flon, and the,measured pressure 
recovery is only 2.4 per cent of the free stream total pressure. The 
measured presmre recoveries of 9j.l.pcr cent plotted in Figure 4 furthor 
reduce tho difference to 2.2 per cent.. It is difficult to be precise pow- 
ever about the exact level of the extra-to-shock losses. A statia pres- 
sure measurement on the ramp suggests that after the 19' of ramp turning 
the Xach number is reduced to 1.29, compared with the design fiyre (assum- 
ing inviscid flow) of 1.36. The measured Raoh number, taken in oonjunc- 
tion, with tho 5O cowl deflection, gives an overall theoretical shock 
recovery of about 96.8 per cent 9 and individual tubes on the pitot rake at 
the subsonic diffuser exit read this love1 of pressure. On this basis _ 
the minimum extra-to-shook losses are 3.7 per cent of the free stream tota; 
pressure. However, the measured @aoh number represents an additional 1.9 
of turning above the design figure. Thus the effective cowl deflection 
might be taken as 5’ plus 1.9’ plus some boundary layer~gronth on the cowl. 
This would give a detached shock at the cowl tip, and the Schlieren photo- 
graphs shou some curvature of the external cowl shock. However careful ., 
observation to check this point during the tests showed that the shock,was a 
definitely attached. So far as the authors san tell at present, the .only -, 
method of reconciling the maasured ramp Mach number with the attached cowl -, 
shock and the maximum pitot rake readings 110s in the assumption of three- 
dimensional effects within the intake. It is suggested that the sidewall 
boundary layer growth came s sparraise mainstrasm flow deflections. The 
regions of influence of the resultant pressure fields spreads towards mid 
span as the flow ap$oaches the intake throat. Thus whilst the local 
Each numbers are reduced, the effective turning at the cowl tip ‘is 
unchanged and so detachment does not occur. Moreover, because the local 
Mach numbers are reduced relative to the design values, the loss of total 
pressure through the cowl shock is also reduoed. In the 

P 
resent tests the 

reduction of total pressure loss would amount locally to 12 per cent. The 
sensitivity of the terminal shock angle to small variations in the flow 
angle and local Mach number, both of which it has been pointed out are not’ 
known accurately, render the value of deductions based on the shock angle 
rather doubtful. 

, Difficulties arise in assessing the proportion of the flow at the 
throat likely to be influenced by spanwioo pressure gradients. Here the 
obvious need is for throat traverses. In the meantime, because the exact 
level of the theoretical shock recovery is uncertain, and the difference 
betrreon it and the measured pressure reoovory is small3 it is impossible 
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to state the extra-to-shock losses with preoision. However they are 
unlikely to differ appreciably from 3 per cent. 

The preceding discussion raises the question of the value of the 
extra-to-shock losses as a parameter of intake performance. Tho authors 
feel that where the losses are, for example, about IO per cent of the free 
stream total pressure, the parameter 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 shock recovery is probably of no con- 
sequence. However, in more sophisticated intakes the magnitude of the 
uncertainties surrounding the precise level of the theoretical shock 
recovery may be very similar to the magnitude of the losses themselves. 
In such circumstances the extra-to-shock loss parameter needs interpreting 
with care. 

A reduction of the extra-to-shock losses (whatever their precise 
value) might be achieved by introducing sidewall bleed, and also by raising 
the test Reynolds number. However, consideration of the tests with the 
combined external/internal compression intake does not encourage the view 
that the combined effect of these two parameters would raise the pressure 
recovery by more than about 1 per cent. Moreover, the engineering oompli- 
cation of sidenall bleed is such that it is preferably avoided. At the 
present time therefore the authors oannot see the possibility of reducing 
the extra-to-shoc!c losses in the external compression intake operating at 
Id = 2.0 to less than between 2 and 3 per cent of the free stream total 
pressure. There is scope for further work in attempting to retain this 
level of extra-to-shock loss whilst increasing t’ne rate of turnover on the 
cowl. 

Within the range of bleed flow from 1 to approximately 3 per cent 
Figure 4 sholrs that the rate of exchange of pressure recovery with bleed 
is quite high, en increase of 14 per cent in the bleed for example raises 
the pressure rocovory by approximately 2 per cent. Even with only 1 per 
cent bleed, Figure G(a) shows that the terminal shock remains perfectly 
“clean”. This photograph was taken with the diffuser lomered to position 
C. Higher diffuser positions with only 1 per cent bleed caused the termi- 
nal shock to move forward from the cowl tip. 

The conditions governing the formation of the strong solution shock 
at the cowl tip are of considerable interest. They are discussed in 
Reference 41 which describes some 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 towards the rsmp however the shock gradually 
weakened to a solution leading to supersonic flol-4 downstream of the shook. 
A weak normal shock in the patch of supersonic flon downstream of the 00~1 
shock completed the transition to subsonic conditions. In Figures 5 and 
6(a) the terminal shock corresponds with the strong solution aoross the 
full throat height. Figure 6(b) shoiis the cowl shock with the intake run- 
ning supercritically. The position and shape of the visible portion of 
the cool shook suggests, as indicated on the Figure, that the weak solution 
shock is initially formed at the cowl. tip, but the subsequent cowl turning 
produces the equivalent of shock detachment. During the transition to 
critical operation the neak throat shock at the extreme right of the pic- 
ture moves to the left and merges with the terminal shock. 
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On all the Schl~eren photographs presented here 1-t can Just be seen 
that the external oblique shocks are slightly forward from their focal 
position at the cowl tip. The discrepancy from design is attributed 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 with the 
intake geometries Just discussed. The degree 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 1.9 most apparent that 
whilst the geometry with the slight ram scoop effect in the bleed is the 
worst from the point of view of pressure recovery it is the only one from 
Figure 1 that has any margin of sub-critical stability. The experimental 
evidence, and that of subsequent tests 9 does not permit an exact deter 
mination of the aerodynamic mechanisms relating the diffuser tip position 
to the sub-critical margin. 

The results sug&est the possibility of a slightly changed initial 
rate of subsonic diffusion affecting the stable sub-critlcal margin. An 
alternatlve explanation may be that the additIona contraction of the ,flow 
to the subsonic diffuser caused by the ram scoop bleed may lead to sonic 
conditions across a part of the flow at some point downstream of the cowl 
shock, and effectively rnaulate the supersonic compression system from buzz 
inducing influences. . 

It was also observed that with the diffuser in the positron giving 
the slight rsm scoop effect the onset of “buzz” was very gradual, so that 
the precise determination of the stable sub-critical limit wae difficult, 
and to some extent arbitrary. The initial oscillations had an amplitude 
of only l-5 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 discussed in Reference 1 these Fi,ges are offered with some 
reservation. However It is thought that the all external ccmpresslon 
intake is less likely to be influenced by small perturbations in the tun- 
nel flow than the self-starting mixed compression designs 

With the diffuser in lower positions than that Just oonsldered the 
onset of buzz was much mere clearly defined. The initial amplitude of 
the oscillations was non about 4 per cent of the free stream total pres- 
sure 9 again at a frequency of about 35 c/s. 

The photographs shown in Figure 7 were taken during stable sub- 
critical operation aith the diffuser tip in position 9. In Figure 7(a) 
the terminal shock has Just moved forwards from the cowl tips Figure 7(b) 
was taken Just short of the stablo sub-critical limit. 

Comparison with Figure 5(b) shows that as the terminal shock moves 
forwards it changes in form from the strong oblique solution to a normal 
shock, perpendicular to the remp surface. A factor here presumably 1s 
the elimlnaticn of flow deflection at the terminal 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 theoretically the shock 
recovery falls somewhat (because cf the changed form of terminal shock), 
the rise is attributed to either an accompanying small increase ln the 
bleeds equal to about 0.5 per cent of the captuIX flow9 or perhaps a 
cleaner Initial flow under the coul tip. It 1s interesting that even in 
sub-critical posltlons the terminal shock retains the slight kink near 
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tha foot that was noted earlier (Figure 5(b)) as being introducsd in oriti- 
oal operation by the diffuser tip in position B. 

4.2 Testa with the geometry of Figure 3 

Results are shown in Figure 8. The curve of pressure recovery 
against bleed for diffuser position 1 suggests a reoovery 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 no stable sub-critical margin with recoveries of 
approximately 93 per cent, with the diffuser in position 1 the geometry of 
Figure 3 gave stable sub-critioal margins of between 3 and l*par cent. 

The pressure rooovery versus bleed flow characteristics plotted in 
Figure 8 do not show such marked verlations with diffuser position as those 
plotted in Figure 4, and the rate of exchange of pressure recovery with 
bleed is very muoh less. However the stability regions plotted in 
Figure 8 exhibit very similar trends to those considered earlier. The 
diffuser position 2 imposing the maximum throat contraction produces the 
largest stable sub-critical margin, the maximum Figure being $per cent. 
As the throat contraction is progressively reduced through diffuser posi- 
tions 1 and 3 so the stable sub-critical margin is decreased. With-the 
exception of the stable sub-critical margins Dlotted in Figure 8sfor dif- 
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- 
critical stability dsteriorates as the bleed is increased. Such a resul 
would be expected on the argument that throat contraction improves the 
stability. The effective contraction can be varied either by moving the 

t 

diffuser position, the bleed remainng constant, or by changing the bleed, 
the diffuser position remaining fixed. 

The amplitude and frequency of the oscillations measured at the 
onset of buzz were very similar to those measured with the geometry of 
Figure 1. In no ease did the emplrtude exceed about 3% per cent in prea- 
sure recovery, whilst the frequency was roughly 35 c/a. 

The throat shock structures are again of oonsiderabls interest. 
Figure 9 shows two Sohlieron photographs of the throat flow with the dif- 
fuser in position 3. The intake was running critically in both oases, in 
Figure V(a) with 2 par cent bleed (the minimum possible without the cowl 
shook moving forward from the tip), and in Figure V(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 foot of 
the shock in the opening to the bleed slot. However a short distance 
downstream of the cowl shock will be observed a faint normal shook, emanat- 
ing from the opening to the bleed and disappearing altogether after traver- 
sing a little over one third of the throat height. As the flow behind the 
strong solution shock from the cowl is presumably subsonic, perhaps the 
turning at entry to the subsonio diffuser induces a local re-expansion and 
thus a patch of supersonic flow. It is possible that such a throat flow 
pattern may have existed in the tests dlscussed in the preoedine Section, 
but with the faint normal shook located further downstream and thus out of 
the field of view. With an irmreased bleed Figure V(b) shows that the 
form of cowl shook is changed. Near the cowl tip the shook corresponds 
with the theoretical strong solution. Further towards the ramp the shock 
gradually weakens, and runs towards the foot of a normal shook which is now 
rather stronger than in Fimre 9(a), but unchanged in position. The flow 
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pattern shown in Figure’ p(b) is very similar to that described in 7. 
Section 4.1 where reference is made to scme tests with external compression 
intakes at M = 2.2. Reference 4 considered with the present work shcns 
that the form of cowl shock is dependent on the internal cowl contour, the..- 
contour of the diffuser dcunstresm of the bleed slots and the quantity of 3 
bleeds all of which presumably influence the prsssuro dcwnstresm of the 
shock. t The prossure recovery of the Intake when operating with the mere 
complex throat flow pattern shown in Figure 9(b) was 92.3 per cent. The 
bleed flow was 2.8 per cent. Comparison bf these Figurss with those 
obtained with the intake geometry of Figure 1 suggests that at least from 
the point of view of ths pressure recovery so far measured for-a given 
bleed there is little penalty entailed in departing from the uniform strong 
solution shock covering the full throat height. The influence, if any, 
of the terminal shock structure on the stable sub-critical margin is at 
present uncertain. 

4.3 Total pressure distributions at the subsonic 
diffuser exit 

Diffuser exit distributions are presented in Figure IO. For the 
reasons discussed In Reference 1 total pressure distributions have been 
preferred here as n method of indicating the degree of unifcrmity.cf the 

P - 'tot mean flow, although values of -tcL’mF--- .-A- ._.. ad v /v ore also 
tot ,mean max mean 

given on the Figures. V,,, was calculated on the basis of the’mean dif- 

fuser exit Uach number, itself based on the mean pitct rake reading and , 
the local static pressure. V,, was calculated from the maxunum reading 

on the rake. 

The distributions shown in Figure IO(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 strengthens the view expressed earlier that 
the fall of pressure recovery accompanying the raising of the diffuser to . 
position B is associated with disturbances at the diffuser tip. Nearer 
the opposite wall of the diffuser the effect is very small. 

The distributions shown in Figure IO(b) mere obtained v&th the . 
intekc geometry of Figure 3. As would be expected, the effect of increas- 
ing the bleed flclr is reflected in a change in tctal.pressure in a region 
on the ramp side of the diffuser. Comparison of Figures IO(a) and IO(b) 
shows that the differences botwecn the intake geometries of Figures 1 and 
3 do not produce any marlced effect on the diffuser exit distribution. 

The distributions shown in Figure IO(c) uere also obtained with the 
intake geometry of Figure 3. The tnc sets of curves show the effect of 
increasing the bleed whilst simultaneously the con1 shock changed from the 
strong solution across the full throat height, as in Figure p(a), to the 
curved form shown in Figure 9(b). The trend indicated by the curves is 
what would be expected from the change of bleed (as ohcnn for example in 
Figure IO(b)). Hence, provisionally at least e it may be concluded that 
the strong sclutlcn shock across the full throat does not necesoarily lead 
to mere uniform diffuser exit distributions than mcrs complex throat flows. 
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 addi- 
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 prr cent. 

There seems little to choose between the distributions shown in 
Figure IO and those obtained earlier with a mixed compression intake. 
Admittedly the best mrxed compression drstributions presented in 
Reference 1 were obtained Isith the addition cf. 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 seems fair 
to conclude, as in Reference 1, that possible methods of improving the 
diffuser exit drstributions 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. Wth 21-$c of ramp turning as opposed to the 19’ used 
in the present teats, and for a given bleed, 
ted by Vargo et a13 

the pressure recoveries repcr- 
exceed those reported in the present work by about 

2 per cent. About a quarter of the discrepancy can be accounted for by 
the somewhat higher theoretical shock recovery in Reference 3 arising from 
the additional 2i-o of ramp turning. However it should be noted that 
although the cowl geometry is not given in Reference 3 the terminal super- 
sonic Mach number would be so low (1.22 assuming inviscid flow) as to pre- 
clude all but lo or 2’ of flow deflection at the cowl tip. Thus the 
internal cowl angle relative to 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 remanning discrepancy between 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 ternins supersonic Kach number 
in Reference 3 was probably about 1 .I, so that it seems reasonable to 
regard the ramp turning as being the zraximuT[ attainable at the test Mach 
number. Thus the geometry represents one extreme of the range of conpro- 
mises possible between theoretical shock recovery and cowl angle. In 
summary, therefore, the effect of moving to the extreme compared with the 
present work, is 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 inogeasing the mternal cowl angle from 14O to a deduced 
figure of about 20 . It may also be noted that the initial discrepancy 
between the pressure recoveries can be considerably roduoed if the values 
given in Reference 3 are plotted on a basis of changes in the mass flow 
ratio at the subsonic diffuser exit instead of changes in the bleed; there 
appear to be discrepancies bet6ieen these two quantities. 

At 0.N.E.R.A.2, Lcynaert and Brasseur quote a maximum pressure 
recovery at M = 2.0 of 93-5 per cent nith 2.5 per cent bleed. These 
figures compare Gth the pressure recovery of 93 per cent with 3.3 per cent 
bleed obtained aith 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 shown in Figures 1 and j0 In particular the rate of turn on the cowl 
in Reference 2 aas slightly more rapid than in the present work. However 
it 1s not easy to see the pc saibility of improving the throat flow pattern 
shown, for example, in Figure 5(a). The capture plane aspect ratio of the 
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model tested at O.N.E.R.A. was 2.0 and thus considerably exceeded the 
figure of 1.4 employed at N.G.T.E. The latter figure, as mentioned 
earlier, corresponds fairly closely with the aepec! ratios currently propo- 
sed for supersonic transport installations. Uncertainty surrounds the - 
effect of aspect ratio on intske performance. 
the presence of three-dlmenslonal flows, 

but at ;;I r-z;; yi ygstr. . . . 

difficult to compare their effects in models of different aspect ratio. 

6.0 Conclusions 

A two-dimensional all external compression intake has,given a pree- 
sure rsoovery of 93 per cent for 3.3 per cent bleed when tested at its 
design Mach number of 2.0 at zero incidence and at a Reynolds number of 
approximately 1 x IO’. 

The introduction of some contraction into the flo\? to the oubsonic 
diffuser p immediately downstream of the bleed slot, appears to provide a 
margin of sub-critical stability. However 9 a contraction introducing a 
ram scoop effect at the bleed slot roduoed the pressure recovery by 
approximately 2 per cent. More gradual contractions, while producing the 
favourable effect on the, sub-critical stability, only-reduced the pressure 
recovery b,y about -& per cent. 

It is considered that possible methods of improving the distribu- 
tions at the exit from the subsonic diffuser should be exemined, while the 
adequacy of the buzz margins obtained experimentally also requires investi- 
gation. Much interest in future work uill attach to determining the maxi- 
mum possible rate of turn on the cowl. However, the performance of tine 
intake at incidence requires investigation ) and in addition tests are 
required nith a subsonic diffuser of a length more representative of full 
scale install.ations. 



- 14 - 

R.EFBm~cEls 

Author(sl Title, etc. 

M. C. Neale 
P. s. Lamb 

More, tests with a variable ramp 
intake having a design Xach number 
of 2.2 
A.R.C. C.P. 938 
November, 1963 

J. Leynaert et ' 
J. M. Brasseur 

Donald J. Varao 
Philip N. Par& 
Owen H. Davis 

Work at O.N.E.R.A.. 
Problems d'Aerodynsmique interns 
pos& par l'avlon de transport 
supersonique9 ‘a Mach 2 
Paper presented at hrropean 
Aeronautical Congress at Venice - 
September, 1962 

Investigation of a high performance 
top inlet to Xach number of 2.0 and 
at angles of attack to 20' 
NACA RXE5'7A21 
Mach, 1957 

M. C. Neale 
P. S. Lamb 

Ii. C. Neale 
P. s. Lamb 

R. A. Dutton 
E. L. Goldsmith 

Tests with a two-dunensional intake 
having all external compression and 
a design Nach number of 2.2 

.A.R.C. C.P. 939 
April, 1964 

Tests with a variable ram intake 
having combined external P znternal 
compression and a design Mach num- 
ber of 2.2 
A.R.C. C.P. 805 
August, j962 

Some characteristics of rectangular 
multi-shock and isentropic externa;l 
compression intakes at a Mach number 
of 2.9 
A.R.C. C.P. 630 
September, 1961 



- $5 - 

APPENDIX I -_- 

Some design considerations 

The tuo-dimensional external compression intake conventionally oom- 
priSeG a ramp generating a system of oblique shocks which terminate in a 
normal shock formed at the cowl tip. The internal Angle of the coul rela- 
tive to the free stream is then equal to the total turning on the ramp; xn 
other words, the flom deflection at the con1 tip is SGro. Such intakes 
become 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 difficult. In 
particular the cc~l drag rise G rapidly, because the con1 angle has to be 
increased to match ths progressively larger emounts of ramp turning that 
are required to ensure a hrzh theoretical shock recovery. Hence the use 
of some internal compression has been widely advocated for supersonic 
intakes operatm~ at free stream Mach numbers of about 2.2 and above. 

The introduction of internal compression can be deferred to a higher 
Mach number than might be indicated by the argument outlined above by the 
introduction of flon deflection at the ooul ti 

‘I’ 
Such into&s have been 

extensively tested, for example, at O.N.E.R.A. , where high levels of per- 
formance have been attained. As Figure 12 GhonG, the geometry es far 
dounstroem as the cool tip can be unchanged from the configuration discus- 
sed initially. Downstream of the cowl tip however, the introductron of 
flow deflection reduces the cowl anL,lc relative to the free stream, and 
hence the co%~l drag. Because the transition to subsonic flon now oocurG 
in the presenoo of flow deflection the terminal shock iG oblique, rather 
than normal as In tine conventional arrangement. The terminal shook dralin 
in Figure 12(b) is in fact the stronger of tho.two colutlons that are theo- 
retically possible when floT+ at a given Nach number is deflected. The 
strong solution leads to subsonic flou, whereas the weak Golution leads to 
supersonic flow. 

A further consequence of the introduction of flo%, deflection at the 
cowl tip 16 that the theoretical shock recovery based on the strong solu- 
tion shock is slightly raised above the fit;ure assumxq transltion to sub- 
sonic flow through a normal chock. The improvement in shock recovery 
Increases with the amount of flow deflection. The latter is limited by 
shook detachment at the internal surface of the cowl, so that the maximum 
possible flolr deflection whilst avoiding shock dotaobment increases wxth 
the Mach number upstream of the cowl shock. For practical intake designs 
operating at flight speeds of about M = 2 the Mach number upstream of the 
cowl shook is unlikely to significantly exceed i .5. 
at the cowl iG then approximately 12’ 

The detachment angle 
so that a practical maximum deflection 

of IO0 may be considered as an initial step. The total pressure loss 
across the strong solution shock is then 5.7 per cent compared with a loss 
of 7 per cent through a normal shock at the same Mach number. (Were It 
possible to increase the deflection angle to that at vrhicn detachment 
occurs the loss of total pressure would be half that given by a normal 
shook.) The difference ‘oetweon the efilcienoics of the normal and strong 
solution oblique shocks decreases rapidly as tho Mach number upstream of 
the shock decreases. Thus, for a practicable defleotlon at the cowl tip, 
the differcnoe between the two figures is only 0.2 per cent at M = 1.3. 
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It is thought that 1.1 = 1.5 1s a hkelji termmal supcrson~c Kach number for 
an external compression mtake operatin, 01 at a flight speed of lil = 2.2s and 
that at M = 2.0 the terminal supersonic Llach number is likely to be in the 
region of 1.3. 

As it is at Vach numbers of about 2.0 to 2.2 that, even with flovv 
deflection at the cov0, the cowl angles of the external compression intake 
start to become considerable, c.g., 15' and mores IC 1s of interest to oom- 
pare the potential performances of the external and mixed compression 
intakes within this range of flight Nach number. 

A comparison can be made on the basis of the theoretical shock 
recovery. Rowever it is more profitable to include some assessment of the 
extra-to-shock losses, and here Fqw-e 13 suggests that there are some 
important differences between the two types of intake. It 1~111 be seen 
that for a given amount of supersonic compression the supersonic wetted 
area is appreciably greater with the mixed compression intake than wth the 
external compression design. Moreover, the sidewall secondary flow pat- . 
tern on the mixed compression intake tends to deflect low enera air from 
the sidewalls into the subsonic diffuser, nhereas with the external com- 
prossion intake the shock pattern is such that the 10~~ energy air tends to 
be swept over tho cowl tip. These factors have to be weighed against the 
additional throat turning necessary in the external compression intake. 
Intuitively howver, it might be expected that the overall extra-to-shock 
losses in the external compression intake would be less than those occurr- 
ing in the mixed compression design - at least at the present level of. 
Mach number where the shouldor turning is small. 

At M = 2.0, 19' of turnmg suffice to decelerate the flow to 
approximately 1% = 1.38. A 5' coti deflection, giving an internal con1 
angle of 14', then leads to an overall shock recovery for the external 
compression intake9 based on the strong solution co111 shock, of 95.3 per 
cent. A combined eaternal/intcrnal compression intake can readily be 
designed nith a much lower coil1 angle to ~IVO a higher theoretical shock 
recovery. Rowevor the not-t pressure socovery will probably be about the 
same because of the higher extra-to-shock losses attributed in the previous 
paragraph to the mixed compression design. 

At K’= 2.2 the theoretical differences betwocn the two types of . 
intake are widened. In order to design for a terminal supersonic Kach 
number of about 1.38 (l$hich 1.6 necessary for a theoretical shock recovery 
of 95 per cent) 25O of turning are necessary. Cowl angles on the oxter- 
nal compression intake non become extremely high9 and. the avoidance of 
shock detachment a real problem. A bsttcr compromise betwen the inter- 
nal performance and external draz would ho achieved with a smaller amount 
0; ramp turning. !t’ith only 20°iof turning for example, a deflection of 
5 at the cool tip - ,!>hich sgems readily obtainable in practice - allows 
an internal cowl angle of 15 . The corresponding theoretical shock 
~~COVOTY would be about 92 per cent. The combined external/internal com- 
pression intake operating at the mm free strem I:ach number can be 
designed to give a theoretical shook recovery of up to 97 per cent, and 
with extra-to-shock losses of the level reported in Reference 1 measured 
pressure recoveries of 92 per cent could seem possible. Thus at N = 2.2 
there is apparently the possibility that the mixed compression intake ~11 
give a higher prossure rccovcry than the external compression design7 with 
of course the additional advantage of a lower cowl angle. 
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Further factors complicate the comparison. Although the external 
compression mtako necessitates a high initial cowl angle, the flow under- 
neath the cowl is subsonic and so it is possible to commence turning the 
cowl toylards tho free stream direction earlier than 171th the mixed compres- 
slon intake. Moreover, there is very limited value in considering the 
cowl contours in isolation from the whcle power plant rnstallation lihcn 
comparing the lip drags of the mixed compression and all external compres- 
slon dosl;m. The particular installation in mind for the intakes die- 
cussed here 1s the Anglo-French supersonic transport slrcraft, on which the 
interference effects between the powor plant nacelle and under surface of 
the wing cannot be ignored. In addition, on tho installation currently 
proposed, some outward inclination of the co\+1 IS nooessary in order to 
accommodate the engino. 

A quite diffcrcnt question is thot of control. It is well knoidn 
that intakes featuring internal compressron pose a special difficulty hero, 
and at the present time it soems that in normal cporation the mlxcd compros- 
sion intake operating at E = 2.2 might have to run supercritically in order 
to provide a margin against shock expulsion. 

Less frequently emphasised perhaps, but discussed in Rcforoncc 4s is 
a corresponding control penalty associ&od with the external compression 
inteko. It has been irrdely found that in order to provide some margin 
against buzz during critical operation it is necess‘ary to position the 
Ehocks goneratcd by the remp upstream of the cool tip. Air is thus spilled 
over the coul upstrosm of the terminal shock. How much spill mould be 
necessary on a practical installation is at present uncertain. 

Possible difforonces of oerformance at incrdcncc and off design Each 
numbers must also beeborne in mind when comparirqy the tuo types of intake, 
and in these particular fields there is at present a dearth of experrmental 
data. 
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