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Summary.—This note offers explanations for certain types of flow instability which occur with centre-body diffusers
at supersonic speeds. These instabilities manifest themselves as oscillations of the shock pattern ahead of the diffuser
and the flow through the diffuser for certain conditions of operation and are likely to affect seriously the performance.
Two main types of oscillation have been distinguished : a violent oscillation which occurs when the flow through the
diffuser is throttled below a certain value ; a less severe oscillation which occurs when the vortex sheet from the inter-
section of the shock waves ahead of the diffuser or a separated boundary layer strikes the cowl,

The explanations of the oscillations are substantiated by schlieren photographs of two- and three-dimensional model
diffuser tests in a wind tunnel. It seems possible, in the light of the explanation given in this note, to be able to predict
the range of instability of any centre-body diffuser configuration by fairly simple model tests. :

1. Introduction.—Although centre-body diffusers and intakes are more desirable at high
supersonic Mach numbers than pitot-type intakes on account of the improvement in pressure
recovery, they are often prone to violent flow oscillations for part or all of the mass flow range.
The nature of the flow oscillations is complex but two main types can be recognised. One we
shall call the large oscillation and the other the small or ‘ organ-pipe * oscillation.

According to the explanations offered the large oscillation is determined by the relative
positions of the centre-body and cowl, and can be avoided by judicious positioning of one to
the other. The small oscillation is caused by resonance of the air in the diffuser and can also
be avoided by paying attention to the dimensions of the cowl and centre-body. An explanation
of the mechanisms which cause these flow oscillations, and suggestions for avoiding them, will
be given in this note. Unfortunately in many cases stable flow over a large range of mass flows
can only be obtained by incurring a rise in spillage drag.

The conclusions regarding the flow oscillation were reached as a result of a series of wind-tunnel
tests designed solely for the purpose of studying the oscillations. Most of the tests were made
at M = 1-8 with two- and three-dimensional ducted bodies. Some relevant schlieren photo-
graphs of observations of these tests are presented to substantiate the explanations of the flow
instability. The photographs were taken with an exposure time of 143 sec and oscillating unstable
flows show up as blurred images, the only clearly defined shock positions being the limits of

the oscillation.

* R.A.E. Tech. Note Aero. 2128—received 22nd December, 1951.
R.A.E. Tech. Note Aero. 2128a—received 25th February, 1954,
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2. Mechanism of the Large Flow Oscillation.—Fig. 1. shows a typical centre-body diffuser
designed to have the conical shock on the cowl lip at full mass flow for a free-stream Mach
number M ; there will then be no spillage drag and the flow is quite stable. As the mass flow
through the diffuser is reduced, the flow configuration at the entry has to adjust itself to satisfy
the new requirement. Fig. 2 shows such a configuration with air being spilled round the outside
of the cowl with a three-shock configuration ahead of the diffuser. The flow is modified slightly
by the presence of a boundary layer on the centre-body which will separate to some extent
depending on the strength of the shock intersecting it and also on the state of the boundary
layer itself. As the mass flow is reduced the curved shock moves forward to allow more and
more spillage but a point is reached at which the shock can move no further forward. This is the
shock position which corresponds to the detached shock which would form ahead of the cowl
if it were a solid body. To make a further reduction in mass flow through the diffuser entry the
flow configuration ahead of the entry must now change to some other form.

The only other form of flow appears to be the type shown in Figs. 9 and 10 where the spillage
is adjusted by flow separation from the centre-body. As more and more spillage is required,
the point of separation moves further and further forward. Unfortunately for many diffusers
neither type of flow configuration at the entry is able to satisfy the mass flow requirement and
attempted operation in such a case results in a violent flow oscillation which alternates between
the two types of flow pattern. The oscillation can usually be heard as a shrill whistle.

From the previous explanation it can be seen that the limits of stability for a given centre-body -
diffuser can be defined as follows. A diffuser (with a conical centre-body) will always be stable
throughout the full mass flow range as long as the tip of the centre-body cone is within the detached
shock that lies ahead of a solid body of the same shape as the cowl. This will ensure that any
spillage can be effected by the three-shock configuration sinee the curved shock can move right
up to the tip of the cone. If the tip of the centre-body lies ahead of the detached shock (as de-
fined above) the diffuser is liable to flow oscillations unless the flow can be adjusted by spillage due
to separation of flow from the centre-body. The limit of this type of configuration—and this
determines the forward limit of centre-body position relative to the cowl—is when the point
of separation has to move so far forward in order to give the required spillage that it reaches
the tip of the cone. To effect any further spillage implies that the point of separation will have
to move ahead of the tip which is impossible. Fig. 9 shows the lowest mass flow configuration
for a given centre-body and cowl. For stability over the whole range the angle of separation
would have to be as shown in Fig. 10. This type of flow is similar to the flow over steps which
has been examined in an unpublished R.A.E. report, the angle of separation being a function of Mach
number, the state of the boundary layer on the body and step height as defined in Figs. 9 and 10.

Thus to ensure that a given cowl and centre-body will be stable throughout the range of full
to no mass flow the tip of the cone must not lie in the range of positions relative to the cowl
which are defined by : the detached shock in front of a solid body of the same shape as the cowl
as the rearmost limit, and the point at which complete spillage can just be effected by separation
from the centre-body as the foremost limit. ' These limits are shown in Fig. 11.

- Some typical examples of stable and oscillating unstable flows which substantiate the previous
explanation are presented in the form of schlieren photographs. These photographs were taken
with a 1gg-sec exposure and give a blurred image when there is an oscillatory flow, a stable flow
giving a comparatively well-defined image. Fig. 3 shows a stable flow with spillage being effected
by separation. The point of separation can be seen about half-way along the wedge. If now the
wedge is withdrawn into the cowl, a flow oscillation starts when the point of separation has moved
to the tip. The resulting schlieren photograph of this type of oscillation is shown in Fig. 4.
The photograph gives a blurred image of the flow configuration during several oscillations.
Although at some instant the flow configuration may be similar to that of Fig. 3 the high frequency
of the oscillation compared with the exposure time obscures the fact. Similar examples are given
in Figs. 5 and 6 for a three-dimensional diffuser. Once again the stable flow shown in Fig. 5
gives a well-defined image of the separation from the conical centre-body. In Fig. 6 the nebulous
picture of the flow just ahead of the diffuser is a result of the oscillatory flow. '
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Figs. 7 and 8 show a two-dimensional diffuser which is stable for the whole range of mass
flows. Here, the tip of the wedge lies within the detached shock that lies ahead of the solid body
of the same external dimensions as the cowl and spillage can therefore be effected by the three-
shock configuration.

3. Suggested Experimental Work to Provide Data for Designing Diffusers which ave Stable with
Regard to the Large Oscillation.—We have suggested that flow oscillation can occur on a centre-
body diffuser if the tip of the cone or wedge comprising the centre-body lies within the positions
defined as follows : the rearward limit is the detached shock which would form in front of the
cowlif it was a solid body ; the forward limit is the position of the centre-body such that separation
of the boundary layer from the centre-body can take place so as to spill all the flow outside the

~cowl. These two limits are denoted in Fig. 11.

These limits can be found experimentally for any cowl and centre-body. Fig. 12 suggests a
typical wind-tunnel test arrangement for determining the limits for a series of centre-bodies
and a given cowl shape. ‘A trace of the detached shock which occurs at a given Mach number
in front of the bluff body of cowl shape will define the rearward limit and by pushing forward
the cone the forward stable position can be obtained. ‘

For a given position of the centre-body relative to the cowl, the limiting three-shock con-
figuration can be constructed by drawing the detached shock trace in front of the cowl and the
conical shock from the nose of the centre-body thus obtaining the three-shock intersection point.

Since boundary-layer separation phenomena are known to be affected by Reynolds number
changes, a full experimental programme to determine the range of instability should include
a study of such changes.

4. Mechanism of the Small Flow Oscillation.—The previous sections have defined the design
of a diffuser which will be stable as far as the large oscillation is concerned. Such a diffuser,
however, is still likely to be susceptible to a small oscillation. This small oscillation appears to
be caused by resonance of the column of air in the diffuser which vibrates as in an organ pipe
causing fluctuations of pressure at the mouth of the diffuser. This in turn causes the flow ahead
of the entry to oscillate over a small range. This oscillation is illustrated by the schlieren of
Figs. 18 and 14. The diffuser is operating at no mass flow in both cases and the only difference
in construction (as shown by the diagrams) is that the air space between the centre-body and cowl
differs in the two cases (z.e., the centre-body diameters are different). There is stable flow through
one diffuser (Fig. 14) but the flow oscillates ahead of the other (Fig. 13). In Fig. 14 the point
of separation of the flow from midway along the wedge is clearly defined. In Fig. 13 this separa-
tion 1is not visible. In fact the point of separation is oscillating over some length of the wedge
and the resultant picture is accordingly blurred. It may be noticed that this oscillation does
not interfere with the shock at the tip of the wedge as the large oscillation did, but this distinction
need not always apply.

The oscillation can be cured by altering the dimensions of the air space in the diffuser either
in length or breadth which suggests that the exciting force will only excite a given frequency.
The exact nature of the exciting force is not fully understood at present but the following explana-
tion is suggested as being probable. In organ pipes the resonance of the air column is sensitive
to the length of the air jet playing on the edge of the pipe, the resonance being produced by the
‘ edge tone ’ thus produced. In a similar way the edge tone of the diffuser cowl may be excited
by the separated boundary layer acting as a jet, or (in another instance when the oscillation
occurs) when the vortex sheet from the intersection of the three-shock configuration plays on the
lip of the cowl. The length of the jet in these cases would be the length of the separated boundary
layer or vortex sheet.

Brief tests were made to see if the oscillation could be excited by natural frequency oscillations
of the cowl or model support but in both cases altering the stiffness did not stabilise the flow.
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Further tests are required to examine more closely this type of oscillation and the method
by which it is excited. In devising these experiments it is likely that the natural frequency of

the air in the diffuser will be sensitive to temperature changes and will therefore depend on
whether burning is taking place.

Even without further knowledge of the mechanism of the oscillation it should be possible to
avoid any oscillation for a given design of diffuser by altering the dimensions of the air space

or by ensuring that the cowl is not subject to a jet in the form of either a separated boundary
layer or a vortex sheet issuing from a shock intersection.

5. Conclusions.—This report has offered an explanation of the large and small flow oscillations

which can occur with centre-body diffusers at supersonic speeds and the results of some wind-
tunnel tests have been given in support. :

With an understanding of the mechanism of the large flow oscillation it is possible to design
a diffuser which will be stable or in which the limits of stable operation can be found.

Although a diffuser may be stable as regards the large oscillation it may still be vulnerable

to a small oscillation. The mechanism of this oscillation is not fully known but methods of
avoiding it in practical cases are suggested.
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STEP HEIGHT
M
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F1G. 6. Unstable oscillating flow. . :
Fi1c. 9. Centre-body diffuser. Lowest stable mass flow.

Fi1Gc. 5. Stable low. M = 1-8.
M =1-8.

Fi1Gs. 5 and 6. Three-dimensional diffuser with 15-deg semi-angle conical
centre-body.

MAXIMUM STEP HEIGHT
FOR NO MASS FLOW

ANGLE OF SEPARATION.

POINT OF SEPARATION
JUST AFT OF TIP.

B = 7o |

Fic. 10. Centre-body diffuser. Minimum possible angle of
separation for stability over whole range of mass flow.

F1G. 8.

F1G. 7.
Two-dimensional diffuser with 15-deg semi-angle wedge

F1Gs. 7 and 8.
centre-body. T7ip of wedge inside detached shock at no mass flow. M = 1-8.
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Centre-body diffuser. Small flow oscillation.
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Centre-body diffuser. Stable flow.



A FURTHER NOTE

1. A Further Discussion of the Large Oscillation which Occurs in Conical Centre-body Intake
Operation.—There appears to be some misunderstanding of the explanation of the large oscillation
which occurs in conical centre-body intakes as presented in the first part of this report. Goldsmith
and Griggs in an unpublished report quote the first part as having said that * the flow breakaway
(on the centre-body) would need to move forward to the cone tip before causing oscillation ’
and quite rightly point out that this is not always the case.

But this is not what that paper says and what in fact is suggested is that the oscillation is
liable to occur when neither of two certain types of flow configuration at the inlet can be satisfied.
These two stable types of flow are shown in Figs. 1 and 2. In Fig. la the full lines represent
the conical shock from the tip of the centre-body intersecting with a curved shock similar to the
detached shock which appears in front of bluff bodies ; from the point of intersection a nearly
normal shock stretches and intersects with the boundary layer on the centre-body. Some
separation might be expected from such a shock-wave boundary-layer interaction and does in
general take place, the extent depending on the strength of the shock—but this separation is
not the mechanism whereby the flow through the inlet is adjusted. With this type of flow
pattern adjustment of the spillage, as the inlet is throttled, is effected by fore-and-aft movement
of the curved shock position. Thus the dash lines in Fig. la might be the shock pattern for a
reduced mass flow through the inlet. In this method of adjusting the spillage, oscillation may
occur before the point of flow separation reaches the tip of the cone. The first part of this report
specifies that this particular method of adjusting the flow can only work up to the point where
the curved shock has reached a position which corresponds to the position a detached shock would
take up if the inlet were a solid body (without the comnical centre-body). Thus the position of
the shock in Fig. 1b where the solid body is the same shape as the external shape of the cowl
in Fig. la will give the limit of flow adjustment when superimposed on Fig. la, for the par-
ticular Mach number being considered. This condition is shown in Fig. lc. Any further
‘throttling of the inlet will lead to oscillatory flow. '

Now let us consider the other flow pattern in Fig. 2. This usually occurs when the centre-body
projects a long way in front of the cowl. Here there is separation from the centre-body with a
shock and there is a further shock attached to the cowl lip. In this case adjustment of the flow
through the inlet is effected by fore-and-aft movement of the point of separation along the
centre-body to adjust the amount of spillage, the shock at the cowl lip remaining nearly attached
throughout. It is in this case that the first part of this report suggests that the flow becomes
oscillatory when the point of separation reaches the cone tip, for to spill more air would imply
that the point of separation should move ahead of the tip.

Now consider a particular arrangement of cowl and centre-body as for example shown in Fig. 3a
where we want to know under what conditions, if any, there will be flow oscillations. In Fig. 3b
is shown the detached shock ahead of a solid body of the same dimensions as the external cowl
shape. If we superimpose this shock pattern on Fig. 3a the shock cuts the centre-body and the
pattern can be completed by drawing in the conical shock from the cone tip and the shock
from the point of intersection to the centre-body (Fig. 8c). This gives the flow pattern with
maximum possible spillage without oscillations occurring.

If, however, the second type of flow pattern occurs over the nose of the inlet—and it might be
possible for both types of flow to be practically possible in some cases—then Fig. 3d will give the
general flow pattern and Fig. 3e the conditions for maximum spillage before oscillations occur
(z.e., with the point of separation at the tip of the cone).

In the first part of this report the treatment of the problem was to specify the two positions
of the centre-body in relation to a cowl between which flow oscillations were likely to occur.
Thus the configuration in Fig. la would be liable to oscillatory flow but this would not occur
until the mass flow through the inlet was reduced so that the limiting condition of Fig. 1c was
reached. Similarly the configuration of IFig. 2 would be liable to oscillatory flow if complete
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spillage could not be effected before the point of separation reached the tip of the cone and
here again the oscillation would not occur until this condition was reached. It can be seen
that the flow pattern for the limiting stable flow can be constructed simply from a knowledge
- of the shock of Fig. 1b and the conical shock from the cone tip if the first type of flow pattern
exists ; and with more difficulty the limit for the second type of flow can also be constructed if
the angle of separation from the centre-body is known. The first type of flow pattern can be
constructed from existing knowledge ; the second type requires further experiment.
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SEPARATION CAUSED BY SHOCKWAVE

N\
N BOUNDARY LAYER INTERACTION.

Fig. 1la.

<@ FLOW SEPARATION

Fia. 1b.

Figs. 1a, 1b and lc. The flow pattern at a conical centre-body inlet

SHOCK-INAVES

cawi.

Fi1G. 2. Alternative flow pattern at a conical
centre-body inlet

F1c. lc.
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