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SUMMARY 1
.

An investigation has been made in the Langley 4- by &-foot super-
sonic pressure tunnel at a Mach nuniberof 2.01 to study the wake patterns
in the lee of bodies at high angles of attack. Two cylindricalbody
shapes, one circular and the other elliptical in cross section, were
each tested with a fineness-ratio-s.~ ogival nose and a’fineness-ratio-6
conical hose. In addition, the circular cylinder model was tested with
a spike-tipped cone. The fineness ratio of the cylindric~portion of
each model was 7. Static and instantsmeous pressure measurements at two
longitudinalbody stations as well as vapor-screen photographs of the
flow over the aft station were obtained for a range of angles of attack

from 1P to 50°, for a Reynolds number of 3.46 x 106 per f~ot.
I

In general, as the angle of attack was increased the *e patterns

J
in tlielee of the bodies changed from a symmetricalpair o vortices to
an asymmetrical distribution of two or more vortices. Th mgle at which
an asym.rietricalflow first appeared for any particular body shape was
dependent upon the model nose configuration.

An unsteady asymmetrical configuration of vortices was not found
to exist for any appreciable angle-of-attack range for the bodies used
in this investigation. Although some vortex motion was apparent, a ●

rapid aperiodic switching of the vortices was noted only for the spike-
tipped circular cylinder model near an angle of 28°.

t
.-

As the angle of attack was increased beyond @o, the individual
vortices in the lee of the conical-nosed circular and elliptical cylinder
models appeared to lose strength and definition. These phenomena were
not noted for the elMptical body ‘rLththe major axis perpendicular to
the cross flow.
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A knowledge of the flow

INTRODUCTION

phenomena about bodies at high angles of
attack has become increastigly important of late due to the maneuver-
ability requirements of supersonicmissile and aircraft configurations.
In addition, a thorough understanding of body wake characteristicsand
their effect on surfaces subject to wake interference is necessary since
these factors may have some bearing on the losses in directional stability
which are being encountered in present-day supersonic aircraft. Previous
investigations (refs. 1 to 5) have shown that at supersonic speeds vor-
tices are formed in the lee of bodies at angles of attack. These vor.
tices, which extend downstream from the body nose section, were found
to have the following characteristicpatterns: a steady synmetric con-
figuration of two vortices at low emgles qf attack, a steady asymmetric
configuration of two or more vortices at moderate angles, and an unsteady
configuration of two or more vortices at very large angles of attack.
The angle at which any particular vortex pattern existed was found to.
be dependent upon the model geometry and the Reynolds nuniberof the flow.

The present investigationwas initiated in order to obtain a knowl-
edge of the effect of these vortex patterns, in particukr the unsteady
patterns, on the aerodynamic characteristicsof bodies at high angles of
attack. In its original-state,the progrsn for this investigation con-
sisted of tests, at a Mach number of 2.01, of two cylindricalbodiesj
one of circular cross section and the other of elliptical cross section.
A fineness-ratio-3.5ogival nose-was used with each body and the angle-
of-attack range was from O0 to 34.50. Circumferential static as well as
-c Or hStmt~eOUS pressuremeasurements were tobe obtainedat
two stations on the cylindricalportion of each body. However, prelim-
inary vapor-screen tests showed that an unsteady flow condition could
not be obtained with the ogive-cylhkierbodies for the ~gle-of-attack
range considered. Therefore, the progrsm was expanded to include a
fineness-ratio-6 conical nose for each body and a spike-tipped cone for
the circular body. W addition, the maximum angle of attack was changed
to 500. Due to model mounting considerations,this necessitated a mini-
mun angle of attack of 1P. Tnese changes were based on the results
given intreference 2. The Reynolds number of the majority of the tests

was 3.46 x 106 per foot. It shmld be noted that an unsteady flow con-
.

dition was not found to exist, and therefore no record of the instan_ba-
neous pressure variations have been presented.
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SYMIms

mass density of air

airspeed

speed of sound in air

Ikachnuuiber, V/a -

angle of attack “,

-c pressure,
1 V22P

static pressure (free ”stream)

local static pressure

Pi-P
pressure coefficient,

q

body polar angle measured counterclockwisein
ular to axis of %ody when facing downstream
ward of body in plane of angle of attack)

MODELS AND TESTS

Sketches of the modeh are shown in figures
different cylindricalbody shapes, Itithfineness

plane perpendic-
(6 =00 wind-

l(a) and l(b). Two
ratios of approximately 7,

were used. One of the body shapes was circular in cross section, and the
other elliptical with a ratio of major to minor axes of 2. A fineness-
ratio-3.5 ogival nose and a fineness-ratio-6 conical nose were available
for each body shape. (For the elliptical body shape the fineness ratio
was defined on the basis of the square root of the praluct of the major
and minor axis.) b addition, a spike-tipped cone with an overall fine-
ness ratio of 6 was used with the circular body. h order to facilitate
identification, each test con.fi~ation ti~ be referred to by the nose “
shape and the body cross-sectional shape. With reference to the ellip-
tical model, it will also be necessary to specify the orien~tion of the
major axis with respect to the cross flow.

.Pressure measurements on the cylindrical portion of each body were
obtained at two stations located 5 and 15 inches (2 and 6 body diameters

- .-.— -—— - —..—————— — —.———
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for the circular model) forward of the model base. At each station there
were 36 static orifices located 10° apart. In addition, several electri-
cal pressure pickups were locatedat each station as showni.n figure l(c).

Visual observation of the flow phenomena was made possible by means
of the vapor-screen technique. Briefly, this technique involves the
introduction of water into the airstream so that a fine fog is formed
in the test section of the tunnel. A plane of light from a high inten-
sity soui?ceis then projected across the test section at right angles
to the tunnel axis. Flow disturbances are then inticatedby changes in
the intensity of this plane or screen of light. In particular, regions
of vorticity will appear as smaUconcentrated &reas of limited light
intensity.

The vapor-screen setup is shown schematically in figure 2. The
photographs presented in this report were taken from a position wpstream
of the plane of light and encompass an area as shown in figure 2. In
general,‘photographsof the flow were taken only over or close to the
aft orifice station.

.

The tests were made in two series of runs. Vapor-screen tests,
covering an angle-of-attack range from 0° to 34.5°, were first made on
the ogive-c~linder configurationsusing a 20°bent sting. No pressure
data were recorded, however, because an unsteady flow condition was not
obtained. In an attempt to induce a fluctuating vortex motion the models
were tested %tithand without axial transition strips (nuniber60 Carborun-
dum grains). In addition, the Reynolds number of the flow was varied

from l.73 x 106/ft to k.94xd/ft.

The second series of tests were made using a 40° bent-sting with a
resulting angle-of-attack range from 17’Oto 50°. Pressure measurements
and vapor-screen observations of the flow were made for the ogival,
conical, &nd spike-tipped nose shapes. The Mach nunber of the”tests

was 2.01 and the Reynolds number per foot was 3.4-6X 106. Tunnel stag-
nation conditions were as follows: temperature, 100° F; dewpoint (pres-
sure runs), approximately -35° F; and pressure, 14.0 psia.

PRESENTATION AND DISCUSSION OF RESULTS

.
Vapor-screen photographs showing the flow characteristicsnear the

base of each body are presented in figure 3 for various angles of attack.
The static pressure distributions for the two body stations considered
are presented in figure 4. No record of the instantaneouspressure vari- .
ations (obtained from the electrical.pressure pickups) are presented
since a fluctuating‘orunsteady flow”condition was not encountered except
for one model configuration over a very limited angle range. In this

/-—----”-7
.
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case the vortices in the field appeared to have no effect on the instan-
taneous body surface pressures.

The wake Characteristics’ofthe ogive-circular cylinderbody are
shown in figure 3(a). For angles of attack up to 34.5°, the wake pattern
remained very steady and consisted of two symmetrically disposed vortices.
Above an angle of attack of 35° the vortex pattern became asynnnetrical
and additional vortices appeared fi the field. Although there was no
indication of a rapid aperiodic ‘switchingof the vortices at the higher
anglesof attack, the vortex pattern did reverse between.k” and 45°.
This phenomena appeared to be a smooth transition in which the vortices
merged and then formed in a pattern opposite to that of the original
configuration.

The wake patterns formed in the lee of the cone-circular cylinder
body are showninfigure 3(b). Two major differences maybe noted
between the results for the ogive cylinder and the cone cylinder. Firstj
the formation of an asymmetrical pattern occurred at a lower angleof
attack with the conical nose shape; and second, the character of the
wake was quite different between 40° and 50°. Although the vapor-screen
tests of the cone cylinder body showed no flow asy.mnetrybelow an angle
of about 25°, the pressure distributions (fig. 4(b)) indicate that some
asymetry exis+ed at an angle of 1P, the minimum angle possible in this
case. This difference maybe attributed to the poor definition of the
flow phenomena givenby the vapor-screen technique at the lower angles
of attack. As the angle of attack was increased beyond 40° the individ-
ual v’orticesappeared to lose strength and-definition. At the ~
angle of 50° the flow was characterized in the vapor screen by a dark
wake in-which vortices were not discernible.,

The wake characteristics-ofthe spike-nosed circular-cylinderbo&y,
shown in figure 3(c), were somewht similar in appearance to the conical-
nosed body. In this case, however; an unsteady flow phenomena (i.e., a
rapid aperiodic switching of the vortex pattern) was noted at an angle
of attack of approximately 28°. This was a sharply tuned phenmnena
(occurring over an angle-of-attack range of less than 1°) which appeared
to bean intermediate stage in the transition from a symmetrical to an
asynnnetricaldistribution. Again, it shouldbe noted that individual
vortices were not discernible at the higher amgles of attack.

Typical wake patterns in the lee of the ellipticalbody (major axis .
perpendicular to the cross flow) are shown in figures 3(d) and 3(e).
As with the circular cylinder model, for the case of an ogival nose
shape, an asymmetrical pattern did not develop until very high angles
of attack were reached, in this case of the order of 40°. The use of a
conical nose reduced this angle to a yalue between 25° and 30°. Although
it is not apparent from the figure, the wake of the conical-nosedbody
at an angle of 50° was composed of a numiberof vortices which were

“- “
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vibrating in unison towards and away from the model; however, no vortex
switthing yas apparent.

.

The wake patterns for the ellipse with the minor axis perpendicular
to the cross flow are shown in f@xre 3(f). The ogive nose-shape con-
figuration only-is presented since the vapor-screen photographs of the
conical-nosedbody were not very distinct. Essentially, however, the
differences in the vortex patterns were sindlar to those exhibitedby
the circular cylinder body. The replacement of the ogive with the cone
resulted in a more even distribution of vortices in the field for moder-
ate angles and the disappearance of h.xii~dual vortices at
angles of attack.

.,

Although no vapor-screen photographs of the flow over
orifice statioriwere obtained for any of the models, it is
an examination of the body pressure distributions (fig. 4)

the ~gher

the f~rward
apparent from
that the

asymmetrical flow pattern was reversed in some cases; i.e., the vortex
closest to the body would be on one side of the model at the forward
station and.on the opposite side at the rearward station. For example,
in figure 4(b), a = 28°, and in figure 4(g), CL= 25°, it may be noted
that the pressures on the leeward side of the model have oppsite trends
at the two longitudinal stations. From an examination of the schl.ieren
photographs of reference 3 (figs. 8 and 9, specifically) it is apparent
that the distribution of an asymmetrical vortex pattern is dependent
upon the body station and that additional vortex cores appear inothe
field as the distance from the body nose is increased.

Perhaps the most un~ected result ~f the present investigation
was the absence, except in one isolated case, of any unsteady vortex
motion. This phenomena, noted in references 1 to 4, is a very rapid
fluctuation or switching of the vortex pattern; i.e., the distribution
of vortices at one instant of time wouldbe completely reversed during
the next instsat of time. Thus, the vortex closest to the body would
first appear on one side of the model and then on the other. This motion
was entirely aperiodic and very pronounced in action. As stated-pre-
viously, a similar phenomena was noted in the wake of the spike-nosed
circular cylinder, although in this case it was not a definite body wake
characteristicthat existed over an appreciable angle-of-attack range.

In an attempt to excite or initiate a condition of vortex switching,
full body-len@h axial transition strips (nuniber60 Carborundum grains
set in sheXlac) were added on the windward side of the ogive-cylinder
bodies during the initial vapor-screen runs (m restrictedto 34.50).

These strips were placed first at radial angles of 75° and 285°, and then
at 65° and 295°. In addition, the free stream Reynolds number was varied

from 1.73x 106/ft to 4.94x 106/ft. NO data for this series of &sts
are presented, however, since no appreciable change in the character of
the vortex pattern was noted. This resu+t was observed in reference 2

+
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where it was found that a change in Reynolds number had no effect on
boties with low fineness-ratio nose shapes. With an increase in nose
fineness ratios, however, it was noted in reference 2 that an increase
in Reynolds nuniberresulted in a decrease in the angle at which an
asymmetrical.vortexpattern and stisequent flow unsteadiness occurred.

An explanation of the differences which exist between the results
of this investigation and those reported in references 1 to 4 is not
readily apparent since items such as tunnel turbulence levels, model
mounting systems and model surface asymmetries may all be contributing
factors. However, in light of the differences which do exist, it is
apparent that additional investigations are needed before the exact
properties of body vortex confi~ations may accuratelybe defined.

COMCLJJDtiGREMARKS

An investigation has been made at a Mach nuniberof 2.01 to study
the flow in the lee of circular and elliptical cylinderbodies with
both ogival and conical nose shapes. The characteristicsof the -e
vortex patterns near the base of each body were studiedby means of
the vapor-screen technique.

As the angle of attack was increased, the body wake patterns changed .
from a symmetricalpair of vortices to an asymmetrical distribution of
two or more”vortices. The angle at which an asymmetrical flow was first
noted for any particular model configurationwas dependent upon the body
nose shape. The flow in the lee of the bodies tiththe fineness-ratio-3.5
ogival nose shape remained syrmuetricalto a much higher angle of attack
than for the fineness-ratio-6 conical nose shape.

Although some wake vortex motion was apparent, a rapid aperiodic
switching of the vortex pattern was noted only for the spike-tipped
circular cylinder model. This vortex switching did not exist over any
appreciable angle-of-attack range. The conical nose shapes appeared to
cause a deterioration of the vortex pattern above an angle of attack
of ~“ except for the elliptical body with the major axis perpendicular
to the cross flow.

Iangley Aeronautical Laboratory,
National.Advisory Committee for Aeronautics,

Langley Field, Vs., August 18, 1955.
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Figure 3.-
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Radial Angle, 8, deg

(d) Ogive-ellipticalcytider. Major axis perpendicular to cross flow. .

Figure k.- Continued.
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Radial Angle, Q, deg

(e) Cone-e~ipticd cylinder.
Major mcis perpen~c~ to cross flow.
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cylinder. Minor axis perpendicular to cross flow.

Figure 4.- Continued.
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