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Low Supersonic Flow over Hemisphere-Cylinder at Incidence

Tsuying Hsieh*
ARO, Inc., Arnold Engineering Development Center, Arnold Air Force Station, Tenn.

A wind-tunnel investigation was conducted of the flow about a hemisphere-cylinder at incidence up to 19 deg
in the low supersonic Mach number range from 1.1 to 1.5. Shadowgraphs, surface pressures, and oil flow
pictures showing the separation patterns and limiting streamlines were obtained through the Mach number
range. Surface pressure data were compared to inviscid calculations for the nonseparated regions for M^ > 1.2.
Two separation regions, the nose separation bubble and the crossflow separation zone, were found to exist
simultaneously. A concentrated vortex pair was found standing on the leeside of the forebody, and the
mechanism for its appearance is discussed. The distribution of normal-force, total normal-force, and axial-force
coefficients and center of pressure are presented and compared with available data and a simple theoretical
prediction.
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Subscripts

coefficient of local normal force per unit
length
to ta l n o r m a l - f o r c e c o e f f i c i e n t ,

pressure coefficient, (p-p^) I "Ap^U r
<x

2

axial and normal force, respectively
Mach number
radius of cylinder
Reynolds number per foot , p » £/«, //* «,
primary and secondary separation points,
respectively
axial and radial (or vertical) velocity com-
ponents
radial (or vertical) and axial distance
axial distance of center of pressure from
nosetip
angle of attack
shock standoff distance
dynamic viscosity of the fluid
density of the fluid
circumferential angle measured from leeside
plane of symmetry
angle of separation in the crossflow plane

= condition at freestream

Introduction

R ECENT interest in basic aerodynamics of bodies of
revolution covers the range of incidence from 0 to 180

deg.1>2 As the incidence increases beyond 20 deg, side force
and yawing moment begin to develop because of the oc-
currence of asymmetrical vortex patterns in the leeside
flowfield. In the high subsonic, transonic, and low supersonic
flow regime, the magnitude of the side force sometimes can
reach as large as 60% of the normal force at an incidence
between 30 and 50 deg.3>4 It has been reported in Refs. 3 and 4
that the side force and yawing moment can be reduced by
increasing the bluntness of the nose. The bluntness of the nose
also has the effect of increasing the incidence for the onset of
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asymmetrical vortex shedding.4 Therefore, for bodies
designed for large incidence, a blunt nose may be considered
for the purpose of increasing lateral stability.

The present experimental investigation was undertaken to
provide needed information concerning the flowfield about
blunt-nose bodies of revolution at low supersonic speeds and
to determine the potential enhancement of lateral stability
provided by nose bluntness. Specifically, the flowfield about a
hemisphere-cylinder at incidences up to 19 deg is reported. In
this range of incidence, significant side force and yawing
moment are not expected; therefore, a symmetrical flowfield
is assumed.

As a first step toward understanding the flowfield, par-
ticularly the separation phenomena, experimental results
including shadowgraphs, oil flow pictures showing the
separation patterns and limiting streamlines, and surface
pressure are presented and interpreted. Inviscid calculations
using the results of a time-dependent solution to Euler's
equation for the hemisphere nose5 and a three-dimensional
method of characteristics for the cylinder portion6 are
compared to the experimental data at M^ = 1.2 and 1.4. Of
great interest is the formation of a concentrated vortex pair
standing on the leeside of the forebody at a = 19 deg, and the
mechanism for its appearance is discussed. Also two
separation regions, the nose separation bubble and the
crossflow separation zone, are found to exist simultaneously.
By integrating the surface pressure, the distribution of local
normal-force coefficient, the total normal- and axial-force
coefficients, and the center of pressure were determined and
are presented for comparison with available data and a simple
theoretical prediction. Details of the present investigation or
for M«, < 1.0 can be found in Ref. 7.

Test Apparatus, Experimental Technique,
and Test Conditions

Wind-Tunnel Facility
The experiments described herein were performed in the

Arnold Engineering Development Center (AEDC)
Aerodynamic Wind Tunnel (IT) (Fig. 1). This facility is a
continuous-flow, nonreturn wind tunnel capable of being
operated at Mach numbers from 0.2 to 1.5. The test section is
30.5 cm square and 95.3 cm long with 6% porous walls in the
top and bottom and two plexiglass side walls for flow
visualization. The accuracy of Mach number in the test
section is ±0.003.

Model, Support System, and Pressure Measurements
The model used in the test is a hemisphere-cylinder 2.54 cm

in diam and 25.4 cm long (Fig. 1) and is made of stainless
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Fig. 1 Wind tunnel, model, and oil tank.

steel. Eighteen pressure orifices are located along a single
plane. The model is sting-mounted with a sting diameter of
1.9 cm. An adapter is used in order to cover the incidence
range up to 19 deg. The accuracy of model incidence is
estimated to be ±0.15 deg. The model can be rolled manually
every 15 deg. A system of Scanivalves was used for pressure
measurements, with accuracy of AC/> = ±0.01.

Flow Visualization and Test Conditions
Two visualization methods were used in this experiment:

shadowgraphs and oil flow pictures. The shadowgraph system
is an off-axis, collimated beam, direct shadowgraph type. An
air gap spark is the point light source (effective
diameter = 0.102 cm), and it provides exposure of ap-
proximately 1-jLtsec duration. The source is positioned at the
focus of a 40.6-cm-diam {/8 parabolic mirror. This mirror
reflects light from the source in a collimated beam through the
wind-tunnel test section, perpendicular to the flow, and
directly onto film (28 x 35.6 cm to cover the field of interest).

The surface flow pattern is revealed by the technique of
injecting oil from the pressure orifices. The pressure tubes
from the model were connected into an oil tank, which was
pressurized and set outside of the wind tunnel as shown in Fig.
1. Black dye was added to the oil, and the model was sprayed
with a light coat of white paint to increase the contrast. Grids
at intervals of 30 deg in the circumferential direction and
every 1 in. in the longitudinal direction are marked on the
model surface to provide readings of separation lines. Cir-
cumferential angles of 0 = 165, 120, 75, and 30 deg were
chosen for oil injection in order to provide a comparison of
surface flow pattern and separation lines. A matrix of test
conditions is presented in Table 1.

Inviscid Calculation
In Ref. 5, it was found that the flowfield about a

hemisphere-cylinder at zero incidence in the low supersonic
Mach number range, Moo>1.05, can be predicted satisfac-
torily by inviscid theory. Therefore, for hemisphere-cylinder
at low incidence in the same Mach number range, inviscid
calculation may serve as a guide in the interpretation of the
experimental data. A method of inviscid calculation for low
supersonic, three-dimensional flow about a hemisphere-

Table 1 Test conditions3

M^
RexlQ-6/ft
a
Pressure
Shadowgraph
Oil flow

1.1
5.4
A
C
Yes
No

1.2
5.4
A
B
Yes
Yes

1.3
5.3
A
C
Yes
No

1.4
5.3
A
B
Yes
Yes

1.5
5.0
A
C
Yes
No

Fig. 2 Sonic line location at
low supersonic Mach number
for a hemisphere nose at zero
incidence.
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a A for 5, 10, 15, and 19 deg; B f o r < / > = 0, 30,60,75,90, 105, 135, and 180 deg;
and C for </> = 0, 90, and 180 deg only.
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ARE OBTAINED BY SOLVING

LUNT CONE PROBLEM

Fig. 3 Methods of calculation of low supersonic flow about a
hemisphere-cylinder at incidence.

cylinder has been reported in Ref. 6. The method has been
improved since then, and computations were performed for
MO, = 1.2 and 1.4 at incidence from 5 to 19 deg. A brief
description of the method of calculation is given in this
section, and comparison with experiments will be given in the
next section.

The concept of rotating the flowfield of a hemispherical-
nosed blunt body by the amount of incidence of the body to
provide a flowfield for the nose at incidence and the initial
data for downstream three-dimensional supersonic flow
computation is well known. To apply the same technique for
low supersonic flow, one must be careful about the increase of
subsonic region and the shock layer at the nose as shown in
Fig. 2.5 The conventional method breaks down when the
subsonic and transonic regions are close to the plane at the
junction of the hemisphere and the cylinder and when the
incidence is large. In this case, a complete solution of the
three-dimensional Euler's equations, as reported in Ref. 8, is
required. Such a computation requires large computer storage
and time and was not attempted in the present investigation.
Thus, an approximate method of providing the flowfield to
cover the subsonic and transonic region and the initial data
for downstream calculation was developed.

The concept of rotating the flowfield is extended to cope
with the increased subsonic and transonic region for the
hemisphere nose at low supersonic Mach number. As shown
in Fig. 3, plane BB is perpendicular to the wind direction and
passing through the center of the hemisphere. It is assumed
that 1) on plane BB the flow within the shock layer is
everywhere supersonic, and 2) the body shape downstream of
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(A/R)R BODY AXIS

Fig. 4 Shadowgraphs for flow past hemisphere-cylinder at incidence.

plane BB has no influence on the flow upstream. These
assumptions will be shown to be valid for M^>\.2 from
experiments in the next section. As a result, the flow upstream
of plane BB can be calculated independently, and the three-
dimensional method of characteristics may be applied to
compute the downstream flowfield. In fact, the flow in the
shock layer upstream of plane BB between c/> = 0 and 90 deg is
essentially independent of </>; however, the flow between <f>
from 90 to 180 deg remains unknown and is three-
dimensional in nature. As an approximation, it is assumed
that the circumferential velocity component developed up to
plane BB for 90<0< 180 deg is small and may be neglected;
hence the flow on the meridian plane at a given </> may be
approximated by an equivalent blunt cone, with the cone half-
angle /8 given by

since
Vcos2a + tan2 (TT — < (1)

The flowfield of a blunt cone at low supersonic Mach
number, in turn, may be computed either by the same method
described in Ref. 5 or by utilizing the method of Ref. 9, as was
done in Ref. 6 for M(X = \.2. It should be noted that the
calculated velocity field on the nose portion of the
hemisphere-cylinder at zero incidence and M.00 = \A to 1.3
using the method of Refs. 5 and 9 shows good agreement
within the shock layer. I 0 Details of the calculation and the
initial data may be found in Ref. 6.

After the initial data in plane BB have been obtained for the
hemisphere-cylinder, the downstream flowfield is calculated
by the three-dimensional method of characteristics. The
computer program used in Ref. 11 was modified to perform
the calculation.

Results and Discussion
Flowfield Around the Hemispherical Nose at Incidence

Figure 4 shows a few of the shadowgraphs of the
hemisphere-cylinder at incidence for M^ = 1.2 and 1.4. A plot
of the shock standoff distance at both the body axis and the
wind axis obtained from the shadowgraphs is presented in
Fig. 5. It is seen that for M^ > 1.2 the shock standoff distance
in the wind axis is approximately constant for a given Mach
number over the range of incidence under investigation.
Shock shapes for a = 0 to 19 deg at M00 = l.2 and 1.5 are
shown in Fig. 6. Also, in Fig. 6, the shock shapes for c*>0
given by rotating the shock shape obtained at a. = 0 by angle of

-2.2O-

-2.0

1.3

-066- -6----6=
—=8

0 5 10 15 20
a, deg

Fig. 5 Shock standoff distance about hemisphere-cylinder at in-
cidence from shadowgraphs.

—— FROM SHADOWGRAPH

-- BY ROTATING BODY
AXIS FROM a » 0

-4 -3 -2 -I

Fig. 6 Shock positions for hemisphere-cylinder at various in-
cidences.

attack are shown by dashed lines. It is seen that the solid line
and dashed line coincide very well for the case of M^ = 1.5
and differ only slightly for M00 = 1.2. These observations
justify the approximations made in the flow calculation for
the hemispherical nose. It should be pointed out that the flow
in the nose region does not separate until 15 or 19 deg for 1.1
<Mx-<\.5, as shown by the shadowgraphs7; hence the
approximation by rotation is useful in providing initial data
for inviscid computation for the downstream flowfield. A
comparison of the surface pressure on the nose portion by the
method of rotation with the experimental data will be given
later, and the agreement is good.

Separation Characteristics
Surface flow patterns of the hemisphere-cylinder at in-

cidence are revealed by oil flow pictures, as shown in Figs, la-
ic. Figure la shows the different features of separation, and
Figs. 7b and 7c show various cases. Important characteristics
about the separated flow can be observed from the oil flow
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^LEESIDE NOSE
SEPARATION BUBBLE

Hill

a) Various features

c) at A/a, = 1.4

Fig. 7 Oil flow pictures showing the surface flow pattern about a
hemisphere-cylinder.

pictures in conjunction with the shadowgraphs, as described
below.

Regions of Separation I and II
As sketched in Fig. 8, the region of separation I is identified

as the crossflow separation zone caused by the crossflow
pressure gradient, a direct consequence of incidence. As a
result, a pair of leeside vortex sheets appears. The region of
separation II is identified as the leeside nose separation bubble
caused by the meridional pressure gradient, a consequence of
the bluntness of the nose, the incidence, and the freestream
Mach number. (Similar nose separation also can occur at
a = 0 at transonic Mach numbers.7) As seen from Fig. 7b, the
nose separation is not present for a<10 deg. At 0:= 15 deg,
there is a small separation bubble with flow reattachment.
(The surface pressure there still compares favorably with the
inviscid calculation, as will be shown later.) At a = 19 deg, the
nose separation bubble can be identified easily in both Figs. 4
and 7b. The role of Mach number on the nose separation can

REPARATION LINE i
a) REGIONS I AMD II

VISCOUS REGION
IN EXTERNAL
STREAM-

- LINE OF
^SEPARATION

^SURFACE OF '"
SOLID BODY l̂— LIMITING

STREAMLINES

b) BUBBLE FLOW PATTERN

^SEPARATION LINE LT.
~\^

-SEPARATION

^LIMITING STREAMLINES

c) SEPARATION LINES I AND II

Fig. 8 Description of separation regions I and II.

be observed by comparing Figs. 7b and 7c at oT=15 and 19
deg. It is clear that the size of separation region II decreases as
the Mach number increases.

In Ref. 12, the separation patterns of elongated body of
revolution at incidence are discussed in terms of open and
closed separation in great detail. A simultaneous appearance
of both separation regions I and II as described herein was not
mentioned in Ref. 12 and hence adds a new separation
phenomenon for a blunt-nose body at incidence. It therefore
can be reasoned that the appearance of both separation
regions I and II is a transition from an open separation to a
completely closed separation.13

For the nose separation bubble, the bubble-type separation
concept of Maskell14 describes the flow well. MaskelPs
bubble-type separation as depicted in Ref. 12 is reproduced in
Fig. 8b. It is noted that inside the bubble a circumferential
velocity gradient can develop on the body surface near the
separation line II and cause the limiting streamline to curve in
a counterclockwise direction (note: in this paper, only the
flow on the left side of the plane of symmetry facing upstream
is discussed) toward the separation line II. At low incidence,
ex ~ 15 deg, the bubble size is small, and a closed bubble can be
formed with a reattachment zone. As the incidence increases,
the bubble size grows by extending downstream. When the
bubble size becomes sufficiently large (a>19 deg), the
downstream end of the bubble becomes detached, as shown in
Fig. 8a.

Even in the presence of nose separation bubble, the open-
type separation line as described by Wang12 may occur with
limiting streamlines penetrating from the windward side into
the leeside separation region I. This situation is sketched in
Fig. 8c and is seen clearly in the oil flow picture (Fig. 7).

Appearance of a Concentrated Vortex
As shown in Fig. 7, a circulatory flow pattern appears on

the cylinder surface near the nose for a = 19 deg. This is
identified as a standing concentrated vortex. A similar
concentrated vortex also appears for M00=Q.8 and l .O,7

whereas a concentrated vortex on the leeside front surface
also has been reported by Werle.15 However, little un-
derstanding of such a vortex has been advanced since then.
With a systematic study of the oil flow pictures, a reasonable
explanation of the mechanism for the formation of the
concentrated vortex can be made.

The formation of the concentrated vortex at low supersonic
flow can be understood as follows. For the limiting
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-VORTEX
(COUNTERCLOCKWISE)

Fig. 9 Mechanism and condition for the formation of the con-
centrated vortex.
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Fig. 11 Comparison of surface pressure between theory and ex-
periments at A/a, = 1.2.
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Fig. 10 Separation angle as a function of Z/R, M^ , and a.
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streamlines at low incidence (Fig. 9a), the region of separation
I is formed far downstream, and the region of separation II
has not developed yet. Hence an open-type separation defined
by Wang12 prevails, as seen in Fig. 7b for a< 10 deg. As the
incidence increases, the region of separation II starts to
develop. When the nose separation bubble is small, the flow
reattaches. The limiting streamline is shown in Figs. 9b and 7b
at a-15 deg. At moderate incidence (for constant Mach
number), the nose separation bubble grows and becomes
open; meanwhile, the open-type separation line I moves
forward (see Fig. 7b at a - 19 deg). The fluid in region II near
the plane of symmetry must flow upstream, whereas that near
the limiting streamlines AA (Fig. 9c) must flow downstream,
and a condition is provided for the reversal of surface flow in
both meridional and circumferential components. Therefore,
a concentrated vortex is formed. It should be noted that the
direction of the concentrated vortex is counterclockwise and
therefore is consistent with the limiting streamline sketched
for bubble-type separation (Fig. 8b). At still higher incidence,
which is beyond the experimental range reported herein, it is
believed that separation lines I and II will join together, and
separation regions I and II will merge to form a closed-type
separation, as sketched in Fig. 9d. Then, the concentrated
vortex will disappear. Based on this reasoning, the vortex
occurs only during the transition from an open separation to a
completely closed separation in the presence of an open-nose
separation bubble (regions II). A three-dimensional sketch of
the flowfield with the presence of the concentrated vortex
tubes is given in Fig. 9e. It is seen that the axis of the con-
centrated vortex is perpendicular to the body at the surface
and is convected downstream above the body.

= 1.4
^PRESENCE OF

CROSSFLOW SEPARATION
60 t PRESENCE OF NOSE
30 SEPARATION

0 2 60 2 4 60 2 4 6
Z/R

Fig. 12 Comparison of surface pressure between theory and ex-
periments at A/oo = 1.4.

Secondary Separation

Also shown in the oil flow pictures of Fig. 7 is the existence
of a secondary separation line. The appearance of secondary
separation has been reported (Ref. 16, for example). The
separation angles for the primary and secondary separation
(read from the oil flow pictures) along the body axis are
shown in Fig. 10. It is seen that the primary separation angle
varies significantly as the Mach number increases at higher
incidence, whereas the secondary separation angles are not
very sensitive to changes in Mach number and angle of attack.
Surface Pressure Distribution

As discussed earlier, at small incidence the flow in the fore
portion of the hemisphere-cylinder is not separated; hence an
inviscid calculation has been performed for M^^l .2 6 and
1.4. A modification of the three-dimensional method-of-
characteristics computer program11 was made to obtain
results to the location where crossflow separation is known to
occur. A plot of the theoretical and experimental results is
shown in Figs. 11 and 12 at various incidences for M^ = 1.2
and 1.4, respectively.

It is interesting to note that the behavior of the surface
pressures on the leeside and the windward side of the plane of
symmetry, as predicted by the inviscid theory, differs from
the general expectation that they should gradually approach
each other toward the downstream end of the body. Instead,
the two curves (solid and dashed) are observed first to cross
over and then to approach each other gradually. The
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Fig. 13 Normal-force distribution over hemisphere-cylinder.

crossover character prevails for all cases computed. The
crossover character is also present in the experimental data
and MO, = 1.2 and 1.4 for a. = 5 deg and for a. = 10 deg to a
lesser degree. Since for a. = 5 deg crossflow separation occurs
far downstream, the flow over the fore portion of the body is
essentially inviscid. Therefore, the theoretically predicted
crossover character is indeed correct. As the incidence in-
creases and the crossflow separation line I moves upstream
(see Fig. 7 as discussed earlier), the crossover character in the
real flow is lost because of viscosity, as shown by the ex-
perimental data.

Also shown in Figs. 11 and 12 are the locations where the
crossflow separation and the nose separation start as
estimated from the oil flow pictures and shadowgraphs. It is
seen that the agreement between theory and experiment is
good in the portion where the flow is not separated. It is also
interesting to observe that, at a = 15 deg, the comparison
between the theory and experiments near the leeside of the
nose is good for M^ = 1.4, whereas that for Mx = 1.2 is not as
good, an indication of flow separation there. However, the
reasonably good agreement of pressure with the separation
bubble present is an indication that the separation bubble is
thin and does not affect the inviscid flowfield greatly. The
preceding observation also is consistent with the earlier
statement that, as the freestream Mach number increases, the
nose separation is suppressed. From the results of Figs. 11 and
12, it is seen that, in the low supersonic flow regime, the
inviscid calculation for the hemisphere-cylinder is good for
low incidence (a<15 deg) and from the nose down to the
location where leeside crossflow separation occurs.
Aerodynamic Coefficients

The aerodynamic coefficients and the center of pressure
were obtained by integrating the surface pressure. The
normal-force distribution over the body length is shown in

2.5

2.0

1.5

1.0

0.5

EX P. THEORY
Mco PRESENT REF. 17 REF. 5REF. 1
1.2 o » v ——
1.4 Q rf ——

0.7 r

(2/R)c.p
6

5

4

3
0 5 10 15 20 0 5 10 15 20

a, deg a, deg
Fig. 14 Total normal-force and axial-force coefficients and center of
pressure as a function of incidence.

Fig. 13. Also shown in Fig. 13 is the normal force obtained by
the method of crossflow drag coefficient of Ref. 1. The
agreement between the experimental data and the prediction
method of Ref. 1 is fairly good far downstream from the
nose.

The integrated total normal-force coefficients, axial-force
coefficients, and center of pressure from the present ex-
periments are shown in Fig. 14 (inviscid calculation6 only
performed to the point where crossflow was known to occur,
and hence not used to calculate aerodynamic coefficients).
The data of Ref. 17 (fineness ratio 9) using balances for force
and moment measurements (for M00 = 1.2 only) also are
presented for comparison. The comparison for CN among the
data is satisfactory. The crossflow model of Ref. 1 predicts
CN well. The comparison of CA shows some difference
between the present data and the referenced experiments. This
is expected because the present data do not include surface
frictional drag. (Note: If a frictional resistance coefficient
Cf = 0.00025 is assumed, the surface frictional drag in the
present experiment is estimated to be about 0.1, which is
about the magnitude of difference in CA between the solid
and open data in Fig. 14.) Theoretical values of CA at a = 0
are obtained from an inviscid calculation5 and are seen to
agree very well with the present experimental data. The cos2a
variation of axial force as given by the crossflow drag model!

is fairly good in the incidence range under investigation. The
comparison of center of pressure ( Z / R ) c p shows that the
present data locate the center of pressure about 1 radius
downstream of the location reported in Ref. 17. This is
because of the difference in fineness ratio, as expected. The
crossflow model gives ( Z / R ) c p = 1.5 at a = 5 deg (out of the
figure); hence the theory appears to give a wrong trend for the
center of pressure as a approaches 0.

Conclusions
1) For A/oo > 1.2, it is shown that the flowfield on the

hemisphere portion of a hemisphere-cylinder at incidence may
be approximated by rotating the zero-incidence flowfield by
the amount of incidence.

2) Two separation regions, namely, the nose separation
bubble and the crossflow separation zone enclosed by leeside
separation sheets, are shown to exist simultaneously at in-
termediate incidence. The size of the nose separation bubble
decreases as the freestream Mach number increases. The
downstream side of the nose separation first is reattached at
small incidence and becomes detached as the incidence in-
creases.

3) A concentrated vortex was found for incidence of 19 deg
behind the nose separation line at Mach numbers 1.2 and 1.4.
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Therefore, a circulatory surface flow pattern (in coun-
terclockwise direction on the left side of the plane of sym-
metry when facing upstream) prevails on the leeside of the
forebody near the nose. The concentrated vortex is per-
pendicular to the body at the surface and convected down-
stream above the body.

4) For MOO > 1.2, the inviscid computation by the ap-
proximate method described in this paper for the surface
pressure is satisfactory for incidence up to 15 deg, above
which nose separation occurs, from the nose down to the
location where the crossflow separation is known to occur. At
low incidence, the surface pressure curves for the leeside and
windward side plane of symmetry are shown first to cross
over and then to approach each other further downstream.

5) The crossflow drag theory of Ref. 1 predicts the total
normal force well. The variation of axial force as a function
of cosine square of the incidence is good for the range of
incidence under investigation. The comparison of center of
pressure between theory and experiments is fair but becomes
poor as the incidence approaches zero.
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