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ABSTRACT

A method based on tangent cone and cross-flow con-
cept has been presented for the evaluation of pressure
distribution and the overall forces and moments for
forebody-cylinder combinations of circular and non-
circular cross sections at angles of attack in super-
sonic/hypersonic Mach numbers. The Tangent cone
method is found to give good results for forebod-
ies alone of arbitrary cross section but if applied
over forebody-cylinder combinations, overestimates the
pressure and hence, the overall forces and moments.
The present method is a combinations of tangent cone
method for forebody and cross flow method for cylin-
drical portion. The computed results on forebody-
cylinder combinations of circular/non-circular cross
sections using present method are in good agresment
with experimental data even at angles of attack.

INTRODUCTION

The tangent cone method is very useful for rapid
prediction of pressure distribution over slender bod-
ies of revolution near zero angle of attack [Hays 66,
Ande 89], Tangent cone method applicable to bod-
ies of arbitrary cross section is a class of high super-
sonic/hypersonic prediction methods based on a knowl-
edge of the local surface inclination with respect to free
stream. So far, this method has been mostly applied
over forebody shapes at low angles of attack [Ande 89,
Frib 69]. The tangent cone method if applied on cylin-
drical portion gives overestimate of pressure and hence,
overall forces and moments. This is because the lo-
cal inclination angle is constant on cylindrical portion.
Therefore, the pressure is also constant and is equal
to the value obtained on the shoulder of the forebody.
In the present paper, cross flow concept has been ap-
plied on cylindrical portion to obtain pressure distribu-
tion, which compare better with experiments than the
pressure computed from tangent cone method. The
methodology of obtaining the pressure distribution on
forebody using tangent cone and on cylindrical portion
using cross flow concept has been presented in this pa-
per. The computed results on forebody-cylinder com-
bination of circular and non-circular cross section using
tangent cone method (Tangent cone on both forebody

and cylinder) and the present method (Tangent cone on
forebody and cross-flow on cylinder) have been com-
pared with test data. Good agreement has been ob-
served between computed values using present method
and the test data even at angles of attack.

TANGENT CONE METHOD

Consider a point 'i’ on the body; a line drawn tan-
gent to this point makes the angle oy with respect to
the free stream as shown by dashed line in Fig.1. This
tangent line can be imagined as the surface of an equiv-
alent cone, with a semi angle of ay. The tangent cone
approximation assumes that the pressure at point i’ is
the same as the surface pressure in the equivalent cone
at a Mach number of M., i.e pi is obtained directly
from the cone tables [Sims 64]. The body surface is di-
vided into large number of trapeizodal panels. Typical
panelling of a body and the axis system is shown in
Fig.2. The pressure acting on each panel depends on
the local inclination of the panel with respect to free
stream direction. The local inclination of the panel, a
(Fig.1) w.r.t free stream is given by

ap = sin™! Vo (1)
oo
where V,, is the normal velocity and V,, is the magni-
tude of free stream velocity. The normal velocity V, is
given by
Vo=V-& (2)

where V is the free stream velocity vector and 1T is the
unit vector normal to the panel and is given by

V="V, cosa i+0j+ Vy sina k (3)

T = —3ind i — cosb sinf j+ cosb cosh Kk (4)

where 7, j and k are unit vectors along x, y and z direc-
tions. § is panel inclination angle with respect to body
axis. 6 is the inclination made by the plane parallel to
x-axis passing through the normal to the panel, with
z-axis. The local inclination angle of the panel, thus,
can be written as

ap = sin~[—cosa sind + sina cosd cosh]  (5)
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This inclination angle alongwith freestream Mach num-
ber, is used for obtaining the pressure on a given panel
using cone Tables [Sims 64].

PRESSURE DISTRIBUTION

On Forebody

When the body surface is in compression side (i.e.,
if az, is +ve) and the shock is attached (ar < shock de-
tachment angle), the pressure acting on a panel can be
obtained directly from cone Tables as a function of local
inclination, ¢y and free stream Mach number. When
the body surface is in compression side and the shock
is detached (o > shock detachment angle ), modified
Newtonian theory is used. For body surface having ex-
pansion side (i.e., oy is -ve ), Prandtl-Meyer relation
has been used.

The comparison of pressure distribution obtained
on forebodies of circular, elliptical (semi-major to semi-
minor ratio =3:1 and 1:3) and lobed cross-sections are
shown in Fig.3 alongwith expérimental data [Town 79)].
It can be seen that the pressure data computed from
tangent cone method agrees closely with experimental
data. The pressure distribution on an ogive-cylinder
body at & = 0° and 10° are shown in Fig.4. The com-
parison of computed results with experiment [Perk 54]
is good at & = 0°. The pressure distribution at o = 10°
agrees with experiment on windward side but not on
leeward side. This is because the Prandtl-Meyer ex-
pansion, which is used here is applicable only for 2-D
flows. Hence, an empirical correction has been intro-
duced in the present method to account for 3-D effects.
The pressure distribution on the expansion side from
the present method (C,) is obtained by multiplying the
Prandtl-Meyer expansion pressure coefficient by the ra-
tio of pressure coefficient of cone to wedge with the

same compression angle (i.e., — o) as given by the
following expression
(Cp) cone
Cp, = —=F—— (Cp)P-M expansion 6
2= (G wstgs \CPIM s (6)

The corrected pressure distribution and normal force
distribution agrees better with experiment as shown in
Figs.4c and 4d.

On Cylindrical Portion

Cross flow concept, has been used on cylindrical
portion to obtain pressure distribution. The cross flow
component has been evaluated using modified Newto-
nian theory as follow:
The pressure coefficient based on cross-flow dynamic
pressure is

C, = C, sin?é, (M

where, C,, is the stagnation pressure coefficient and §,,
the inclination of the panel w.r.t the cross flow velocity
direction and is given by

sind, = cosd cosb (8)

The pressure coefficient based on free stream dynamic
pressure is

Cp = Cpo 8in*6, sin’a (9)

=Gy, c0s?5 cos’f sin®a (10)

The cross flow pressure has to be added to the
windward side of the body only, since the pressure coef-
ficient evaluation is based on modified Netonian theory.
The pressure at forebody-cylinder junction should be
smoothly matched from tangent cone value at shoulder
to cross flow value at cylinder using the forebody trend
of pressure distribution as illustrated in Fig.4d.

The overall forces and moments are obtained by
integration of pressure distribution on different pan-
els. The total axial force coefficient, is obtained by
adding the skin friction drag coefficient [Spal 64] and
base drag coefficient [Krie 91)to the wave drag coef-
ficient obtained by integrating the pressure along the
axial direction.

VALIDATION OF THE METHOD

The pressure distribution obtained on ogive-
cylinder body at Mach 1.98 using tangent cone method
and present method are shown in Fig.4 alongwith ex-
perimental data [Perk 54]. It can be seen that the pres-
sure distribution obtained from tangent cone method
at zero angle of attack are in good agreement with test
data as shown in Fig.4a, but at angles of attack, consid-
erable deviation is noticed (Fig.4b, 4c). These values
have been improved using present method and are in
close agreement with experimental data as indicated in
Fig.4b and 4c. Similarly, the normal force distribution,
which is obtained by integration of pressure distribu-
tion at different axial station, also compare better with
test data (Fig.4d).

Aerodynamic characteristics, i.e., lift coefficient,
drag coefficient (without base drag), lift to drag ratio
and centre of pressure have been obtained on an Ogive-
cylinder body of circular and elliptical cross section at
M, = 1.98 and a upto 24°. These values have been
compared with experimental data [Jorg 73] in Fig.5.
It can be clearly seen that the results obtained from
tangent cone deviate considerably from experimental
data at angles of attack, whereas the computed values
obtained from present method are in good agreement
with test data even at angles of attack.

CONCLUSION

Methodology for obtaining aerodynamic charac-
teristics of forebody-cylinder combinations of
circular /non-circular cross sections at angles of attack
using tangent cone and cross flow method has been ex-
plained in this paper. Tangent cone method gives good
results for forebodies but overestimates on cylindrical
portion. In the present paper, cross flow concept has
been applied successfully on cylindrical portion in com-
bination with tangent cone for forebody shapes. The
results have been obtained on different bodies of circu-
lar and non-circular cross sections using tangent cone
and present method and compared with experimental
data. The tangent cone method deviates from test data
at high angles of attack, whereas the present method
compare well with test results even at angles of attack.
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FIGURE-1 TANGENT CONE METHOD
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FIGURE-3 COMPARISON OF COMPUTED AND EX-
PERIMENTAL PRESSURE DISTRIBUTION ON FORE-
BODIES OF DIFFERENT CROSS-SECTIONS
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FIGURE-4 COMPARISON OF COMPUTED PRESSURE AND NORMAL FORCE DIS-
TRIBUTION WITH EXPERIMENTAL DATA ON AN OGIVE-CYLINDER BODY; I/d=10,
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FIGURE-5 COMPARISON OF COMPUTED AERODYNAMIC CHARACTERISTICS WITH
EXPERIMENTAL DATA FOR OGIVE-CYLINDER BODY OF CIRCULAR AND ELLIP-
TICAL CROSS-SECTION; 1/d=10, M=1.98, Re = 6.7z10°



