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_ Summary.—The formation of a conical shock and a conical region of flow separation originating from the tip of a,
thin traversing tube was observed in a supersonic tunnel as 2 result of interaction of a strong shock with the boundary
layer on the tube surface. The angles of the conical shock and separation surfaces and the static pressure in the
separation region are in good agreement with the theoretical conical flow solutions.

The extent of the conical flow illustrated should act as a warning against the use of static pressure tubes for measuring
pressutes in the regions of strong shocks.

1. Introduction.—The interaction of shocks with the boundary-layer results, in general, in
complex flows involving pressure and velocity discontinuities and separation regions. The
classical boundary-layer theory is no longer valid in these cases and, so far, only experimental
investigations of such phenomena are possible. The unsteadiness of flows of this type, the
influence of subsonic downstream conditions and hysteresis effects often render the experimental
investigations and generalization of the results difficult. It appears, however, that in certain
cases the shock boundary-layer interaction leads to a simple conical flow, which can be compared
with the exact inviscid solutions. This particular type of interaction phenomena will be

described here.

2. Symbols—
M  Free stream Mach number
P Free stream static pressure
P, Static pressure on cone surface, in conical flow
P, Stagnation pressure
P,”  Pitot pressure
0, Cone or conical separation vertex half-angle
9,  Conical shock vertex half-angle

3. Earlier Investigations.—It is now generally known that true static pressure readings cannot
be obtained in shock regions, whether the pressure is measured by holes flush with the body or
wall surface or by static-pressure tubes. This problem was perhaps first investigated by Ferri?,
who measured pressure downstream of a shock simultaneously by two static tubes of different
length. The static-pressure readings were equal and agreed with theoretical values provided
both tubes were situated downstream of the shock but a smaller pressure was indicated by the
longer tube when it passed through the shock. Similarly, a higher pressure was indicated by the
static tube upstream of the shock as compared with the pressure recorded by a static tube so
constructed that its connection did not pass through the shock.

* R.A.E. Tech. Note Aero. 1968, received 29th December, 1948.
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Analogous discrepancies in magnitudes of flow velocity in shock regions, as determined from
interference photographs of the flow and from the angle of Mach waves (measured from shadow-
graphs) produced by thin, pointed wire probes, were reported by Ladenburg, Van Voortis and
Winckler®. They found that the interaction with the wire probe of a normal standing shock
obtained in an under-expanded jet issuing from a convergent nozzle caused the formation of a
conical shock and a conical region of flow separation. The conical flow developed from the tip
of the probe or, when it was moved upstream, from the wire surface, as shown diagrammatically
in Fig. 1. These observations were subsequently checked with the exact conical flow theory by
Winckler®, who compared the observed shock angle with the theoretical value for the observed
angle of conical separation and local Mach number, which was determined from interferometer
photographs. The agreement was not very good for under-expanded jets, presumably because
of large variations of velocity in the jet, but was remarkably close (to within 2-6 deg of shock

angle) in case of a uniform jet obtained with a convergent-divergent nozzle, over a range of Mach
numbers from 1-70 to 2-20.

4. Observations in Supersonic Wind Tunnel.—The development of conical flow as a result of
shock boundary-layer interaction has often been observed in 5-5 % 5-5-in. Supersonic Wind
tunnel at the Royal Aircraft Establishment. A flow of this type formed around the pitot-static
traversing tube on starting or stopping the tunnel, when the main shock moved across the working
section. This is shown in Fig. 2 at a free stream Mach number of about 1-85. The measured
flow separation cone half-angle 6, is equal to about 21 deg, which, at M = 1-85, gives a conical
shock half angle 0, = 41-7 deg. This compares well with the measured value of 0, — 42 deg.

In the experiments of the above type it was not possible to obtain a stable shock system and
therefore, with the long exposure schlieren equipment available (0-02 sec exposure), accurate
visual observations could not be made and static pressure in the conical separation region could
not be measured. It was found, however, that when the nozzle was moved downstream from its
normal position, towards the traverse gear and diffuser sections of the tunnel, a very stable conical
flow type of shock boundary-layer interaction was obtained.

The tunnel arrangement and details of the pitot-static traversing tube.are shown in Fig. 8.
The flat constant-area working-section liners, usually mounted between the nozzle and traverse
liners, were omitted and a 2-48-Mach number nozzle was fitted directly upstream of the traverse
liners. The traversing gear consisted of a bridge spanning the tunnel and holding a combined
pitot-static tube, which could be moved along the tunnel axis, from outside, by means of a rack
and pinion. '

The sequence of schlieren observations of flow, as the traversing tube was moved upstream
and downstream in the tunnel nozzle, is shown in Fig. 4. The shock system which caused the
formation of the conical flow can be seen originating from the nozzle walls. In these experiments
atmospheric air was used and in all photographs a rather intense condensation shock appears
near the nozzle throat. Its reflections are propagated downstream and are seen superimposed
on the images of .conical flow. ' :

In Fig. 4, photographs obtained during two runs are included and position of the pitot tube
head is indicated in terms of %, the distance from the nozzle geometrical throat. The traversing
tube occasionally vibrated but in general remained steady; the two flow conditions are shown
in Fig. 4 at x = 4-4in. (in the first column from the left). '

‘The range of tube positions for which the conical-flow configuration was obtained varied with
the tunnel back pressure, which was controlled by a valve located between the tunnel diffuser
and the pumps. With the lowest -back pressure attainable, the conical configuration had
disappeared by the time the pitot-tube head reached x — 4-41in., but, when the valve was
partially closed, it could be induced to remain up to x = 2-7 ~ 1-8in. It is evident from Fig. 4
that at these tube positions the large blockage due to separation may have been responsible for
the breakdown of the conical regime.
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The stages of transition from conical to normal undisturbed flow are shown by the three
photographs taken at x = 2-4 and 1-9in. In the transition range the flow was unsteady, the
vertex of the conical separation oscillating along the traverse tube. When the tube was moved
further towards the throat undisturbed flow was obtained; at x = 0-4 in. a detached bow wave
formed ahead of the pitot tube. When, from this point, the traverse tube was moved in the
opposite direction, the conical regime did not appear until a value of x = 4:9t05-9 in. wasreached.

A large-scale photograph of the conical flow regime is shown in Fig. 5.

The above visual observations were supplemented by simultaneous pitot-static pressure readings
taken throughout one run. They are shown in Fig. 6 in terms of pitot-stagnation (P,’/P,) and
static/stagnation (P/P,) pressure ratios. The static pressure measurements agree with the
observed position of the condensation shock. The hysteresis effect illustrated in Ifig. 4 is clearly

“indicated by the differences in the static pressure recorded during traverses in the upstream and
down-stream directions. The points at which the static pressure readings start to diverge are in
good agreement with the observed points of transition from conical to undisturbed flow (and
vice-versa), which are marked in Fig. 6, but the static pressure variation is different at the two
ends of the hysteresis loop. Whereas the transition from conical to undisturbed flow at (static
orifices’ position x == 4-51n.) is marked by a sudden drop of static pressure, the static pressure
increases more gradually during the transition from undisturbed to conical flow and starts to rise
some distance before the point of transition at x =7-45 in. This is presumably due to the
proximity of static holes at large x values, to the main tunnel shock.

The pitot pressure readings, as is evident from traverses in the two directions, are not affected
by the formation of conical flow.

5. Comparison with Conical Flow Theory.—In order to compare visual and pressure observations
with the conical flow theory, it was necessary to determine the Mach number distribution in the
nozzle. Some difficulties were experienced due to the presence of the humidity shock and the
influence of the main tunnel shock on static pressure readings. The Mach number, as determined
from the ratios of pitot/stagnation, static/stagnation and pitot/static pressure is plotted in Fig. 7
over a range of x covering the formation of the conical flow regime. The effect of the condensation
shock is to decrease the stagnation pressure and therefore, the Mach number based on P,'/P, and
P/P,, where P, is the stagnation pressure measured upstream of the condensation shock, would
be expected to exceed the true value. Assuming that the presence of condensate does not affect
the pitot-tube reading, a more accurate estimate of the Mach number is obtained from the local
pitot/static pressure ratio: the Mach number so calculated is, in fact, lower than that based on
either of the other two ratios. It increases from a value of 2-1at ¥ = 3 in. and remains substan-
tially constant and equal to 2-3 forx = 4-7to 5-8in. At larger values of x the validity of static
pressure readings is doubtful; pitot pressure indicates a slight decrease in the Mach number.
This estimate of Mach number distribution is in agreement with the results of other traverses
made with the nozzle in the normal position and when atmospheric air was used. In one instance,
the Mach number could be directly determined from the angle of wavelets originating from the
pitot tube tip (Fig. 4, photograph for x = 4-4 in.) and was found to be 2-241, which is in general
agreement with Fig. 7.

The observed values of shock half-angle 4, cone half-angle 6, and the ratio of the static pressures
for the two regimes are plotted in Fig. 8, in which also curves for conical flow at a constant free-
-stream Mach number M = 2 and 2-5 are shown.. The position of pitot-tube head corresponding
to the experimental points is marked in terms of x in.

The observed angles ¢, and 6, correspond to conical flow at a Mach number from about 2-2 to
2+4 which is in agreement with the distribution shown in Fig. 7. Pitot position at small values
of x corresponds to a lower Mach number. ‘
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The ratios of static pressures, which were considered reliablé in the range of x from 4-7 to 5-7 in.,
Fig. 6, are plotted in Fig. 8 in terms of simultaneously observed separation and shock angles.
Curves of the ratio of static pressure on the cone surface P, to the free stream static pressure P in
conical flow at M = 2 and 2-5 are shown for comparison. The agreement is again good, the
experimental points indicating a Mach number of 2-3 or smaller, as would be expected for the
corresponding ‘pitot tube positions. :

Similar traverses to those described above were made with the pitot-static tube fitted with a
sleeve, as shown in Fig. 3. The resulting change in the boundary layer flow over the traversing
tube had no noticeable influence on the development of conical separation and limits of the
hysteresis loop. The conical flow obtained is shown in Fig. 9 for pitot-tube position x = 3-4 in,
The angles 6, = 36 deg and 6, = 21 deg agree with those measured previously in the same pitot
tube pos1t1on Fig. 8.

6. Conclustons.—The tunnel observations here analysed and earlier American investigations
have shown that in certain cases interaction of strong, substantially normal shocks with the
boundary layer formed on cylindrical bodies, such as small diameter wires or tubes, results in
the formation of a conical shock and a conical region of flow separation, originating from the tip
of the body or from its surface and, in some cases, extending throughout the supersonic stream.
The observed angles of the conical shock correspondmg to the angles of the separation surfaces
agree with the theoretical conical flow solutions. The static pressure measured on the axis of the
conical separation region, some distance from its vertex, is equal, to a good approximation, to
the theoretical pressure obtained on the cone surface, for the observed shock and separation angle.

In common with other types of supersonic flows involving shocks, the formation of conical
separation exhibits hysteresis characteristics.

From the point of view of experimental technique, the phenomenon of conical separation of
flow is significant in that it accounts for the failure of direct pressure measurement by means of
a static tube in the regions near strong shocks. In the present tests the error in the static
pressure thus estimated upstream of a shock could amount to 100 per cent. For weak shocks,
the interaction effects are smaller and static tube traverses of weak shocks appear to give reliable
results®. From several tests of central body type supersonic inlets and observations of shock
and boundary layer interaction on flat walls* it appears that separation is not appreciable when

the static pressure ratio across the shock is smaller than T- 8 corresponding to a normal shock
at M =1-3.
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F1c. 1. Conical flow around a wire probe as observed by Winckler (Ref. 3) in a free jet.

Fic. 2. Formation of conical flow on traversing tube at M = 1-85
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X = Distance from nozzle geometrical throat to pitot tube, inches

F1G6. 4. Formation of conical flow on pitot-static traversing tube.



FiG. 5. Conical separation of flow (pitot tube head at x = 4-4 in.).
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