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SUMMARY

Results are reported of tests on a two-dimensional combined
external/internal compression intake hafing a design Mach number of 2.2.
The particular parameters investigated in the tests now reported are:-

(a) the design of the boundary layer bleed slot

(b) the terminal supersonic Mach number

(c) the free stream Reynolds number.
The maximum pressure recovery obtained ét the design Mach number was

88% per cent with 3 per cent bleed at a Reynolds number, based on free

stream conditions and intake capture height, of 3.25 x 10°.
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1.0 Introduction

Some further tests are reported on the two-dimensional variable
ramp intake described in Reference 1. The intake has a design Mach num-
ber of 2.2, and features combined external/internal compression in con-
junction with boundary layer bleed from the ramp surface at the throat.
The present paper describes tests with

(a) different forms of boundary layer bleed slot
(v) a reduction of the terminalysupersonic Mach number
(c) a 3/1 range of free stream Reynolds number.

The work was carried out in Cell 4 of the Engine Test Facility at
N.G‘T‘E.

2.0 Description of the model

2.1 General

The only difference of note from the description given in
Reference 1 lay in the detailed geometry around the bleed slot. In order
to facilitate investigation of the effect of bleed slot geometry on intake
performance a recess was cut into the ramp into which blocks carrying dif-
ferent forms of bleed slot could be fitted. This detail is shown in
Pigure 1, which also shows the arrangement of the model.

The intake capture height and span were respectively 2% and 3% in.,
thus giving a capture plane aspect ratio of 1.4. "Starting", in the
sense of establishing supersonic flow, could be achieved either by retrac-
ting the cowl backwards along the line AB'in Figure 1, or alternatively
by lowering both the ramp and one wall of the subsonic diffuser. The
subsonic diffuser wall and the ramp could be positioned independently of
each other - the ramp by pivoting about the point X in Figure 1 and the
wall of the subsonic diffuser by pivoting about the position Y. Thus it
was possible to obtain different throat bleed openings (in the sense of
varying the extent of the ram scoop effect) for fixed positions of either
the diffuser or the ramp. The bleed was not throttled. It discharged
into a plenum whence it was removed through two ducts acting as measuring
lengths and containing pitot tubes and static tappings. In practice the
bleed mass flow in any particular intake build was varied by moving the
position of the diffuser tip whilst the ramp position remained fixed.
"Desynn" indicators were used to show the positions of the movable

components.

Figures 2 and 3, reproduced from Reference 1, show respectively the
method of mounting the intake in the test cell and two photographs of the
agsembled model.

The longer of the two subsonic diffusers described in Reference 1
was used in the present tests. A sketch of this diffuser is shown in
Figure 4. Earlier tests? had shown that:the performance of the intake
was not compromised by fitting a shorter subsonic diffuser approximating
clogely to a practical installation.
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2.2 Bleed geometries

These are shown in Figure 5. The design shown in Figure 5(c) was
suggested in Reference 1. It appeared to offer a possible method of
cleaning up the side wall secondary flow without introducing an expansion
in the mainstream too far ahead of the normal shock.

In order to reduce vibration during tests at high Reynolds numbers
the original subsonic diffuser tip was replaced by a stiffened version
after preliminary tests had shown that the performance of the intake was
not adversely affected. A lip with a rounded edge was also used. These
details are also shown in Figure 5.

2.3 The shock patterns

A}

The "design" shock pattern features two external oblique shocks
each of 7° strength and focussed on the cowl tip, followed by a 10° inter-
nal oblique shock falling on the lip at the entrance to the subsonic dif-
fuser. For a free stream Mach number of 2.2 this shock pattern theoretic-

ally gives a terminal supersonic Mach number of 1.38.

The terminal supersonic Mach number could be reduced during any
test by adjusting the variable geometry, although as an incidental some
spillage also occurred with the modified configuration. It is seen from
Figure 1 that increasing the ramp deflection angle 6 increases the strength
of the second oblique shock. The internal oblique shock is correspond-
ingly strengthened, and hence the Mach number upstream of the normal shock
simultaneously reduced. A rearwards movement of the cowl tip was then
necessary in order to (a) maintain the correct positioning of the internal
oblique shock on the bleed slot knife edge and (b) ensure that the flow
from the point of focussing of the two external obligue shocks (presumably
containing a vortex sheet by virtue of the dissimilar supersonic compres-
sions at this point) passes externally over the cowl and not into the
intake., In practice, for the experimental range of terminal supersonic
Mach numbers extending from 1.39 to 1.29, it was found that very little
movement of the cowl was required. The maximum rearwards movement in the
present tests was 0.35 in., corresponding with a calculated spillage over
the cowl of a little less than 4 per cent of the intake capture flow. it
desired in a future intake the shock patterns produced in this manner could
be readily reproduced without spillage over the cowl by suitably modifyving
the dimensions of the ramp.

3.0 Test procedure

Prior to running the tunnel the '"Desyrm'" indicators were calibrated
to show the positions of the ramp and subsonic diffuser, and hence the
bleed opening. The position of the diffuser tip was defined by its dis-
tance measured from the internal surface of the cowl, and that of the ramp
by the size of slip gauge which fitted the bleed opening as in Figure 6.

The most convenient starting procedure was to open the throttle at
the exit from the subsonic diffuser and translate the cowl rearwards. The
ramp and diffuser tip were set at predetermined positions whilst the cowl
was returned forwards until the internal oblique shock from the cowl tip,
when viewed through a Schlieren apparatus, impinged on the lip at the
entrance to the subsonic diffuser. The bleed mass flow in any particular
intake build was varied by moving the position of the diffuser tip whilst
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the ramp position remained fixed. The terminal supersonic Mach number
was varied by changing the ramp position as described in Section 2.3.

Testing was normally carried out with a nozzle inlet total pressure
of 40 in.Hg abs, which gave a Reynolds number, based on free stream con- ,
ditions and intake capture height, of approximately 1 x 10°. In addition
some tests were made at an inlet total pressure of 4% atm abs, which gave
a test Reynolds number, defined as previously, of 3.25 x 10°. Prior to
the high pressure tests the tunnel was '"gtarted" at approximately
40 in.Hg abs in order to reduce the trangient pressures on the model.

4.0 Results and discussion

4.1 Tegts with different forms of bleed slot

During the tests it was noted that the bleed slot featuring the
rounded tip initiated a marked unsteadiness in the throat flow, the
terminal shock pulsating in a random manmner to and fro in the entrance
to the subsonic diffuser. Figure 7 shows that as a result of this
instability the pressure recovery with a given bleed and ramp angle could
vary by as much as 4 per cent, the variation being related to the transient
position of the normal shock.

On the other hand all the bleed slots featuring a pointed tip
provided a steady throat Tlow in which it was possible to stabilise the
normal shock immediately downsiream of the bleed. A consequence was that
the tests with pointed tips defined, to within a scatter of about 1 per
cent on pressure recovery, a unique relationship between pressure recovery
and bleed for a given ramp angle. Some typical results are shown in
Figure 7. Considering the Figure, together with the previously demon-
strated advantage of the step bleed over the ram scoop type of slot, it
would appear at the present stage of the investigation that the particular
intake tested is not sensitive to detail variations in the bleed geometry
provided that (a) the entrance to the subsonic diffuser features a sharp
lip and (b) a sharp expansion is provided a small distance upstream of the
entrance to the bleed slot; the expansion being positioned so as to make
the bleed opening intermediate between "ram scoop" and "flush". A
rounded lip may, however, prove satisfacﬁory when used with 2 flush bleed
as opposed to the part ram scoop/part flush type of slot used in the pre-
sent tests. For example a flush bleed coupled with 2 throttle in the
bleed duct might allow the establishment of what would effectively amount
to a free streamline interface across the entry to the bleed slot, and
avoid any potential disturbance from a rounded lip. An apparent advan—
tage of such an arrangement when located downstream of the normal shock is
that the high static pressure at the slot entrance would allow a high
bleed pressure recovery.

4.2 Tests aimed at determininglfhe effect on intake
pressure recovery of reducing the terminal
supersonic Mach number

The experimental technique for strengthening the oblique shock
pattern in order to reduce the terminal supersonic Mach number has been
described in Section 2.3. Results are presented in Figures 8, 9 and 10.
Figure 8 shows for bleed flows of less than approximately 3 per cent a
general raising of the pressure recovery/bleed flow characteristic as the
ramp deflection angle is increased. As will be shown later, the increase
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in pressure recovery with ramp angle for a given bleed corresponds closely
with the increase in theoretical shock recovery. With bleed flows
greater than 3 per cent the picture is complicated by the increasing pro-
jection of the subsonic diffuser tip into the mainstream (i.esy by the
bleed slot becoming more of a ram scoop and less of a flush slot), and a
resul tant tendency of the throat flow to deteriorate towards the pattern
noted in the earlier tests with a ram scoop bleed!. Hence the measured
pressure recoveries do not rise continuously with ramp angle as simple
theory would indicate.

Although the curve drawn in Figure 8 for a ramp angle of 6.5° sug-
gests increases in pressure recovery for increases in bleed beyond 4% per
cent, the bulk of the evidence supports the view that for a Reynolds num-
ber of approximately 1 x 10° the maximum pressure recovery occurs with
between 4 and 5 per cent bleed from the ramp surface. The maximum pres-
sure recovery recorded at this Reynolds number was 88.1 per cent with
4% per cent bleed.

Static pressure distributions along the cowl surface are plotted in
Figure 9. The region of interest is that covering the first 2 in. back
from the cowl tip: further back, as was noted in Reference 1, the pres-
sure distributions indicate the disturbance caused at the cowl surface by
the flow pattern at the bleed entry. When the ramp deflection angle was
increased from 5.9° to 6.5° it was found necessary to translate the cowl
rearwards slightly, as discussed in Section 2.3, so that the internal
oblique shock continued to focus on the subsonic diffuser tip; hence the
step in the dashed line indicating the plane of the subsonic diffuser
entrance. The increase of cowl static pressure as the oblique shock pat-
tern is strengthened is clearly shown. More interesting perhaps are the
high static pressures near the cowl tip. With a ramp deflection angle of
5.2° the cowl static pressure rises stecply downstream of the first static
tapping (0.25 in. downstream from the cowl tip) but subsequently falls and
levels out at ¥4 in. downstream from the cowl tip. Increases in the ramp
deflection angle, plus probably alsoc the rearwards translation of the cowl,
gradually eliminate the measurement of an initial rise in static pressure,
but at all ramp deflection angles the plots exhibit the fall in pressure
to a very roughly steady level.

Without either flow visualization or extensive instrumentation in
the region of the cowl tip the precise cause of the high static pressures
occurring on the forward portion of the cowl is uncertain. However, the
apparent forward movement of the pressure distributions plotted in
Figure 9 with increases of ramp deflection angle and probably also rear-
ward translation of the cowl suggests the possibility of the form of
pressure distribution being associated with impingement of the second
external shock on the cowl surface some distance downstream of the tip.
Studies of theoretical shock patterns have emphasised the uncertainty
involved in endeavouring to deduce the nature of the flow pattern adjacent
to the cowl from the observed position of the internal oblique shock
adjacent to the subsonic diffuser tip. However, if the suggested explana-
tion for the form of pressure distribution is correct then the two princi-
pal consequences would seem to be’-

(a) the possibility of the initial pressure rise - observed most

particularly with a ramp angle of 5.2° - causing premature
turbulent flow in the boundary layer
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(v) the possibility of a weak vortex sheet running downstream
from the point of coalescence of the two oblique shocks

originating on the cowl.

The associated losses however would probably be extremely small and
unlikely to significantly influence the intake pressure recovery.

Figure 10 shows the influence of ﬁhe terminal supersonic Mach num-
ber on the measured pressure recovery with a constant 3 per cent bleed.
The position on the cowl to which the Mach numbers plotted on the abscissa
refer is shown in Pigure 9. Over the experimental range of terminal
supersonic Mach number and at the lower of the two test Reynolds numbers
the "extra-to-shock"” losses remain constant at about 74 per cent of the
free stream total pressure. In Reference 1 the introduction of side wall
bleed at the throat is shown to reduce the "extra-to-shock' loss by
between 1 and 2 per cent, whilst a Reynolds number effect indicated by the
spot point on Figure 10, is discussed in .the following Section.

4.3 The effect of Reynolds number on intake
performance 1

Pigure 8 shows that, for equal ramp deflection angles and bleed
flows, raising the test Reynolds number from 1 x 10° to 3.25 x 10°
increased the pressure recovery by roughly 14 per cent. The extension of
the line joining the two points obtained at Rg = 3.25 x 10° is showm
dotted because an instrumentation failure prevented bleed measurement
after the point showing 88% per cent recovery with 3 per cent bleed.
However, it was noted that with larger bleeds (regulated by raising the
subsonic diffuser tip) the pressure recovery fell. The same increase of
Reynolds number reduces the throat bleed for maximum pressure recovery
from between 4 and 5 per cent to 3 per cent. At the higher Reynolds num—
ber Figure 10 shows that with 3 per cent bleed from the ramp surface the

"extra-to-shock" loss is reduced to just over 5% per cent.

5.0 Future development

Coupling the Reynolds number effect with that of side wall bleed
suggests the possibility of reducing the "extra-to-shock" losses to about
4 per cent on pressure recovery. Extrapolating from the point on
Figure 10 obtained at Rg = 3.25 x 10° along a slope parallel to the curve
obtained at Rg = 1 x 10% suggests a recovery of 89% per cent at the higher
Reynolds number with a terminal supersonic Mach number of 1.29 and 3 per
cent bleed. Addition of side wall bleed should thus render feasible
pressure recoveries of a little over 90 per cent, The prospect of ihe
intakes of a proposed supersonic transport aircraft giving the same
recovery is enhanced by the higher free stream Reynolds number obtained
at M = 2.2 at 60,000 ft. The Reynolds number based on a 3 ft intake
capture height is then epproximately 5.5 % 108,

6.0 Conclusions

A two-dimensional intake having combined external/internal compres—
sion has given a maximum pressure recovery of 88% per cent at a free
stream Mach number of 2.2 and at a Reynolds number of 3.25 x 10°.  The
accompanying bleed flow was 3 per cent, taken from the ramp surface at the
throat.
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Tests with different forms of ramp bleed have suggested that the
model described here is not sensitive to detail variations in the bleed
geometry provided that (a) the entrance to the subsonic diffuser features
a sharp 1ip and (b) a sharp expansion is provided a small distance upstream
of the entrance to the bleed slot.

Reducing the terminal supersonic Mach number from 1.39 to 1.29, and
thus increasing the overall shock recovery, produced an exactly equivalent
increase in the measured pressure recovery.

Increasing the test Reynolds number by a factor of appreximately 3
reduced the bleed for maximum pressure recovery from a little over 4 per
cent to 3 per cent. Yiith 3 per cent bleed the pressure recovery was
increased by a little over 1% per cent as the test Reynolds number was
increased over the experimental range.

With further development pressure recoveries of over 90 per cent
should be possible.
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