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SUMMARY

& conizal shadowgraph technigque has been applied to study the flow in the
vieinity of the leading edges of slender wings at supersonic speeds, In addi-
tion an anvestigation was made of the shock wave shaepe occurring on & triangu-

lor cxpansion surface with near-sonic leading edges.
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1 INTRODUCT TON

Supersonic spatial flows whaich are conical, in the sense farst introduced
by Busemann1, have attracted the interest of many thecreticians in their quest
for exact solutions of the inviscad equations of motaion. In such flows the
velocity and the properties of state, pressure, temperature and densaty, are
constant along rays through one singular point. Taylor and Maccoll® preduced
the well known exact solution for the flow about a circular cone at zero
incidence. However, attempts to solve more general problems have not been so
successful,

In particular the flow over the expansion surface of a plane delta wing
with sgpersonic leading edges has been8studied by Maslen3, Fowellh, Reyn5,
Bulaokh :7, and more recently by Basbaev®., In this problem doubts arise about the
existence of a continuous solution, but no calculations have yet been made of
the form of shock wave that 1t may be necessary to introduce anto the mathemat-

1cal model of the flow faield.

There is a limted amount of experlmentall"’9 evidence to i1ndicate the
presence of a shock wave in flow fields related to this example. However, there
18 a need for more direct experimental observations. The conical shadowgraph,
as first introduced by Love , offers an attractive technique for observing
conical shock systems,

This Note presents results obtained by use of an adaptation of Love's
technique to the examination of flow fields about conical bodies where shock
waves are present, The technique has also been applied to the detailed examina-
tion of the flow in the vicinity of the scparation occurring at the leading edge
of a rhombic cone at incidence. Surface oal flow studies were also made to
ass18t i1n the interpretation of the shadowgraph photographs.

The experiments were made in the R...E. No.8 (9 ane. x 9 1n.) supersonic
wind tunnel during the latter part of 1962,

2 DET..ILS Of THE OFTIC.IL SYSTEM LITPLOYED

Love9 first dcmonstrated experimentally that the conventional shadowgraph
system, which uscs a poarallel light beam, could be adapted to examine conical
flow fi1elds af a conical light beam was used. This conical light beam must have
its source or focal point at the singular point of the cenical flow. In his
experiments on full span models this light beam was provided by a small bulb at
the apex of the model. However, in cur present cxperiments the disturbance
produced by such an installation could not be tolerated, Fortunately the
windows of the No.8 (9 in. x 9 in.) supersonic tunnel extend upstream of the
working section for a considerable distance; 1t was thercfore possible to project
a light into the tunnel from outside,

This light was provided by a 90 watt compact source mercury vapour lamp
(Philips Electrical Ltd type CS90W). 4 lens was used to form an image of the
arc on a pan hole 1/16 in, diameter. A further lens was used to focus an image
of the pin hole at the apex of the model producing a conical beam of about 6°
solid angle. The davergent conical beam beyond this focal point was reflected
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by a plane marror within the tunnel onto a viewing screen or photographic plate
placed gust outside the tunnel window. The mirror was back silvered since
sbrasion duc to dust particles in the tunnel airstream prohibiated the use of the
otherwise more desirable front silvered type. The mirror was mounted cn the
traverse geoar fitted to the tunncl so that 1ts position and inclination could

be adjusted. The directicn and position of the conical light beam could also

be varied so that 1t was possiblc to cover a considerable area of the flow facld,

4 sketch showing the arrangement of the system as given in Fig.1,

By analogy with the conventional shadowgraph system 1t is readily apparent
that changes in intensity of 1llumination will be produced by variations in
density of the air in the light path. These changes will be propertional to
both the length of path traversed and the second deravative of the density in a
darection normal to the divergent light rays. 4 conical shock, with 1ts origin
at the focal point of the light beam, is a region havang high curvature in the
densaty field normal to the light rays and is thereforc readily visible on the
viewing screen, It appears as a dark band followed by a light one.

Conicel vortex shcets or shear layers, are similarly made visible by this
method since, in general, they correspond to regions of high curvature in the
densaty field. The image on the screen may teke many forms since the density
changes across such layers are quite complex, arisang, as they often do, from
the conflucnce of two boundary layers of quitc different energy levels.

In order to assist in the interpretation of the shadowgraph photographs,
Fig.2 has been included. This gives typical examples of density variations
encountered and the images they produce on the shadowgraph.

In the experamental sct up care had to be exercised to eliminatec spurious
images produced by trailing edge shock systiams and the model wakes. These images
could readily be suppressedby suitably inclinang the mirror so that the laght
rays did not coincide with these regions of high curvaturce in density for any
considerable distance,

3 DISCUSSION OF SOIE BXFERTLENIAL RESULTS OBTALINED

3 Study of the flow over a conical planc expansion surface

A small scale version of the model uscd i1n Ref.9 was used for this
investigation. Fag.3 gives a sketeh of the model and the arrangement of the
conical light beam uscd, the beam being focusscd almost® at the apex of the
rear facing triangular surface.

At a free stream Mach number of 1.51 and with the model al zero incidence

is¢e with surfaces 8, and 8 streamwise, the ridges formed by the junction of

these surfaccs with deflected surface 53 arc at the Mach angle to the free stream.
A surface oil flow pattern obtained under these conditions is shown in
Pigehhe The oil flow clearly indicates a line along which the Tlow separates;

*Phe 01l flow pattern shows the separation line to be curved and 1t was found
necessary to focus tne light beam slightly aheod and to one side of the apex of
the triangular surface to cbtain a more clearly defined picture.
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and a study was made with the conical shadowgraph of the flow field in this
vicinity. 4 mosaic of the photographs obtained is included in Fag.h. A shock
wave 18 clearly seen which appears to be bifurcated a lattle way above the
gsurface, The absence of detail in the flow near the surface is probably

a consequence of the curvature of the separation line. However, the photo-
graphs obtained appear to conform the assumed flow model gaven in Fig.l which
has been reproduced from Ref.9.

3.2 TIlow in the vicinity of the leading edge of a thin delta wing

Figs,5 and 6 give examples of the oil flow and shadowgraph photographs
ocbtained for thin delta wings at anciadence.

Fig.5 18 an oxample obtained usang a model with a Sdbsonlﬁ component of
Mach nurber normal to the leading cdge and an ineiadence of 8°, The frec stream
Mach number was 1.5 and the wing slenderness ratio, 2.c.
tangent of wing semi-apex angle ﬁn
tangent of Mach angle

was 0.70., The shear layer bounding the

leadang edge separation is clearly scen in the shadowgraph picturce The defini-
tion detcriorates as the distance from the leading ecdge decreases, and no clear
indication of the reattachment point i1s visible. The loss in definitaion 1s
probably a result of instability of the inatially laminar shear layer which has
decgenerated into a thicker turbulent maxing layer.

Fige6 gaves an example of the flow over the upper wing surface, where the
component of Mach number normsl to the leading edge 18 supersonics The free
stream Mach number in this case was 2,47 and the incadence was 3%, The shock
wave angle on the lower surface appcared to agree well with that calculated
from simple sweepback theory. On the upper surface, however, which should be
approximatcly streamwise, a relatively strong curved shock wave was visible.
The oil flow indicated that flow separation occurred on the upper surface, but
1t was too far inboard to be within the range of the conical light becam,

343 Study of the flow field of a rhonbic cone

Fig.7 gives the results of the study of a rhombic cone at a Mach number
of 2.4,7 and an incidence of 14%. The medel was deraved from a series tested by
Squire!?. 4t this Mach number the flow is conicelly subsonic at the leading
edge and the bow wave from the model apex was therefore detached?,

Fig.7 shows a section of the model on which has been superposed conical
shadowgraphs. A4Also shown i1s a photograph of the surf'ace oil flow pattern. The
conical shadowgraphs show in detail the complex flow structure occurring on the
upper surface. A leading cdge separation occurs and the vortex sheet is seen
to remain close to the surface. The free edge of the sheet appears, from the
oil flow, to be near the half span station. . sccondary separation is clearly
seen 1n the shadowgraph, Two shock waves are also vasible in the phetograph.
Included n Fig.7 is a sketch giving a possible interpretation of thc flow, this
being derived from the combined information provided by the shadowgraph and the
ol flow,

"The detached shock wave could be obscrved using the present conical shadowgraph
technique, but 1t is not certain in the field of view covered by the photograph
in Fape 7.
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L FURTHER DEVELOPMENT

In many wind tunnels the position and size of the cobservation windows may
be such that the light beam cannot be directed on to the model, while in others
the coverage of the wing surface may be restricted, To eliminate this diffi-
culty, o few experiments have been made using a spark laght sourcc, the spark
being made between two electrodes enmbedded on the surface of a model as near %o
the apex as possible, The main problem with this light source appears to be
that when the spark fires in the low density aar sbove the surface of the wing
a volume of luminous gas is formed and this is larger than desirable for the
very small models used an the experuments, It 1s considered, however, that the
method shows sufficicnt promise to warrant further experiments waith larger
models, especially in cases wherc it is not possible to direct a light beam on
to the model i1n the way described in this paper,

5 CONCLUSIONS

The conical shadowgraph, supplemented by oil flow studies, provides a
valuable tool in the detailed investigation of flow fields at supersonic
speeds,

The method has been applied to the study of flows over expansion surfaces
where theory leads us to suspect the exastence of shock waves. In the cxample
investigated the form of the shock wave present was clearly visible on the
shadowgraph.

The flow in the vicinity of the leading edge of a slender wing was
examined, and with the present technique the camplex structure of shock waves
and the form of secondary separations could readily be seen.
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