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Nonlinear Aerodynamics of Bodies in Coning Motion

LeEwis B. SCHIFF*
NASA Ames Research Center, Moffett Field, Calif.

A numerical method for computing the nonlinear inviscid flowfield surrounding a body performing coning motion
is described. The method permits accurate computation of the aecrodynamic moment due to one of the four motions
characterizing an arbitrary nonplanar motion. Results of computations for a slender circular cone in coning motion
are presented, and show good agreement with experiment for angles of attack up to twice the cone half-angle. The
computational results display significant departure of the side moment from the linear theory value with increasing
angle of attack, but agree well with experimental measurements. This indicates that the initial nonlinear behavior
of the aerodynamic moment is determined primarily by the inviscid flow.

Nomenclature
Cy = side-force coefficient in the aerodynamic axis system
(along y), 2(side force)/p, VS
C, = normal-force coefficient in the aerodynamic axis system

(along z), 2(normal force)/p, V%S

¢y.C, = side-force and normal-force coefficients in the body-axis
system; along yg, zp, respectively

(o = rolling-moment coefficient in the aerodynamic axis
system (along xz), 2L/p, V2SI

C, = pitching-moment coefficient in the aerodynamic axis
system (along y), 2M/p,V?*SI

C, = side-moment coefficient in the aerodynamic axis system

L (along z), 2N/p, V2SI

C,, C,, C, = rolling, pitching, and yawing-moment coefficients in the

body-axis system; along xg, yg, 25, respectively

hy = total enthalpy

L,M,N = moment components along the x, y, zaerodynamic axes,
respectively

Ly = distance from center of gravity to nose of body, (—s,,)

! = reference length [body length, (Syipa — Sip)]

D = pressure

Ps,4qp. T = components along the xg, yg, zz axes, respectively, of the
total angular velocity of the body axes relative to
inertial space

q,r = components of the total angular velocity along the y,z
aerodynamic axes, respectively, Eq. (2)

S = reference area (body base area)

5, 7,6 = computational axes, origin at center of gravity, s positive

in the negative x direction, 7 and 6 polar coordinates
in planes normal to s, Fig. 1
time
ug,vp, wg = components of flight velocity along xg, yg,zz axes,
respectively, Fig. 1

[

U, v, w = components of local flow velocity in the s, 7, 8 directions,
respectively
V = flight velocity

Xgp, Yp,2g = body-fixed axes, origin at center of gravity, x; coincident
with a longitudinal axis of the body, Fig. 1

Xgs Vs Z = aerodynamic axes, origin at center of gravity, xg, z in the
plane of the resultant angle of attack, y in the crossflow
plane normal to the resultant angle-of-attack plane,
Fig. 1

o, B = angle of attack and sideslip in body axes, respectively,

Eq.(3)

angle-of-attack parameter in body-axis system, wg/V

angle-of-sideslip parameter in body-axis system, vg/V

= dimensionless axial component of flight velocity (along

xp), Fig. 1 and Eq. (1)
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= ratio of specific heats
= magnitude of the dimensionless crossflow flight velocity
in the aerodynamic axis system, Fig. 1 and Eq. (1)

7 = transformed circumferential independent coordinate,
Eq. (10)

transformed radial independent coordinate, Eq. (10)

local flow mass density

atmospheric mass density

resultant angle of attack defined by x, axis and ﬂlght
velocity vector, Fig. 1

centrifugal potential, Eq. (9)

coning rate of xg axis about the flight velocity vector,
Fig, 1 (for body in coning motion, total angular velocity
of body-fixed axes with respect to inertial space)

angular inclination of the zz axis from the z axis in the
crossflow plane, Fig. 1

components of total angular velocity in the s,7,6
directions, respectively
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Introduction

PREVIOUS study' has shown the nonlinear aerodynamic

moment acting on a body performing large-amplitude
nonplanar motions to be compounded of the moments acting
on the body performing four characteristic motions: steady
angle-of-attack, damping-in-pitch, damping-in-roll, and coning
motion. Coning motion, where the nose of the body describes
a circle around the flight velocity vector, has particular signif-
icance because the steady moment acting on a body in coning
motion at low angles of attack can be used to determine the
damping-in-pitch derivatives that would be predicted by linear
theory. This has been verified experimentally for a slender cone
in coning motion in a supersonic stream.? At higher angles of
attack, however, the measured side moment was observed to
depart significantly from the linear theory prediction. Attempts
to explain this departure on the basis of the presence and asym-
metric dlsposmon of the leeward side vortices had only 11m1ted
success.?

This paper reports on an investigation in which numerical
techniques were used to study the nonlinear effects of the inviscid
flowfield surrounding a body in coning motion. A shock-
capturing, finite-difference method developed for the computa-
tion of steady, three-dimensional, supersonic flowfields*>
extended to the case of coning motion. Results of computations
for slender bodies in coning motion are presented and show
good agreement with experiment for angles of attack up to twice
the cone half-angle.

Analysis

In the following analysis the center of gravity of the body is
considered to move in a straight line path, that is, with no lateral
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Fig. 1 Axes, angles, and velocity components in the crossflow and
resultant angle of attack planes.

or plunging motion, at constant velocity. The application of
the results to the case of free flight is straightforward and
presented in Ref. 1.

Coordinate Systems

Three coordinate systems having a common origin at the
center of gravity will be used (Fig. 1). Axes xg, yj, zg are body-
fixed axes, with x, aligned with a longitudinal axis of the body.
The plane formed by yg, z is the crossflow plane illustrated in
the top of Fig. 1. The components of the flight velocity vector
of magnitude V, resolved along the xj;, yz, zz body axes, are
ug, vg, wg, respectively. The resultant angle of attack ¢ is defined
by the flight velocity vector and the x; axis, while the vector
with magnitude § is the projection of the normalized velocity
vector in the crossflow plane. Reference to the bottom of Fig, 1,
gives

& = [(vp/V)* + wp/V)* V2 =sino; 7y = ug/V = coso
ty)
Axes xg, y, z will be called the aerodynamic axis system. Axis z
lies in the crossflow plane and is alined with the direction of J;
axis y lies in the crossflow plane alined with an axis normal to
the direction of d. The body-fixed axes are oriented relative to
the aerodynamic axes by a rotation through the angle ¥ about
the x; axis. The components of the angular velocity vector (of
the body-fixed axes relative to inertial space) resolved in the
aerodynamic axis system, pg, g, 1, are related to those resolved
in the body-axis system, pg, gz, g, through
q+ir=e%gp+irg)
()
Following Ref. 1, wy/V will be called the angle-of-attack param-
eter &, and v,/V will be called the angle-of-sideslip parameter f.
They are related to the standard NASA definitions of angle of
attack o and angle of sideslip § through

tano = wp/up = oy

sin = vp/V =75
and to ¢ and ¥ through

&)

o+ if = oe¥ @)
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The moment coefficient components measured along the x,
¥g, 25 body axes are called C,, C,, C,, respectively, while those
measured along the xp, y, z aerodynamic axes are called C,,
C,, C,, respectively. Finally, a cylindrical coordinate system,
s, 7, 0, with s positive in the negative x; direction, will be called
the computational axis system. The radial coordinate t lies in
planes parallel to the crossflow plane with 6 the circumferential
angle measured from the z aerodynamic axis (Fig. 1). The angular
velocity components in the computational axis system, ),
,, w3, are related to those in the aerodynamic axis system
through

w, = —pp; O3+ iw, = €%q + ir) 5
Coning motion is defined as motion with ¢ = const, Y =
const, and ¢ (the coning rate of the longitudinal x; axis around

the flight velocity vector) = const. Under these conditions
ps=7$ q =0, and r = 84

Nonlinear Moment Formulation

In the aerodynamic axis system the nonlinear formulation

for the pitching-moment coefficient is'
Ct) = Col00;0(0), Y1) + Wi/V) C,, ;(8(2), (1)) +
(61/V) C, (0(0), () + (PY/V) C, (0 6(0), ¥t} (6)

The formulation contains only terms of first order in the rates
and is therefore valid only for low reduced frequencies, but the
values of 6 and iy may be large. The corresponding formulations
for the side-moment and the rolling-moment coefficients are
obtained by replacing m by n and [, respectively, in Eq. (6).
The term C,{o0;d(t), Y(t)) is the pitching-moment coefficient
that would be measured in steady planar motion with § and
held fixed. The term C,,, is the change in the pitching-moment
coefficient due to damping-in-roll motion (small oscillations in
y about y = const with & = const, § = 0). The term C,, is
the damping-in-pitch coefficient for planar pitching oscillations
(small oscillations in o about & = const, with = const,
¢ 0). The remaining term, C, (o0;8(2), Y(t)) is the change
in the pitching-moment coefficient due to steady coning motion
(Y = const, = const, ¢ = const). Thus, the complete specific-
ation of the moments acting on a body in a general nonplanar
motion requires knowledge of moments acting on the body in
four characteristic motions: steady angle of attack, damping-
in-pitch, damping-in-roll, and coning motion.

Onpe important result of the nonlinear moment formulation®
is the following relation between moment coefficients measured
in the aerodynamic axis system and those measured in the body-
fixed axis system
Cn ((XD 5 6’ !//) - '}’Cn (55 l//) + 6Cm,‘;(67 l//) =

3{[Cony, (038 B) + 7Cse, )]

+ [Cn, (038, B) = 7C@ DI} ()
The term C,,; is the rate of change with @I/, evaluated at ¢ = 0,
of the side-moment coefficient that would be measured in steady
coning motion (y = const, = const, ¢p = const), while the term
C,,; s the change in the side-moment coefficient due to damping-
in- roll motion (small oscillations in  about y = const, with
d = const, ¢ = 0). The term (C,,, + yC, ,L&) is the planar dampmg—
in-pitch coefficient measured along y, in the body-fixed axis
system for small oscillations in & about & = const, with f held
fixed at § = const. Similarly, (C,,r yC o) is the dampmg—ln—
yaw coefficient measured along zz for small oscillations in ﬂ
about [3 = const, with & = const. Thus, a calculation of (C
7C,,) would be equivalent to a calculation of a comblnatlon of
the three damping coefficients. The identity is shown in Fig. 2.
There are two cases of special interest that lead to simplifications
of Eq. (7); when y = 0@ = 6, B = 0),and when = n/2 (& = 0,
f=06. In the first case [C, ¢(oo 3,0) — yC, (6, 0)] =
6[C CA 0) — yC, 4@ 0)], and in the second case
LC, (00 d, m/2) — vC,..,,(5 7/2)] = 0[C,, (03 0, B) + 7C,.i0, ).
Calculatlon of (C,;— yC,,d) as 5 >0 for these cases is scen to
be equivalent to calculatlon of the linear damping-in-yaw and
damping-in-pitch coefficients, respectively.
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Fig. 2 Schematic representation of the equality between (C, ¢

and the three damping coefficients.

For a body with axial symmetry about the xp axis ¥ can
arbitrarily be chosen equal to 7/2 to simplify Eq. (7). Also, in
the case of a body of revolution, the only contribution to the
damping-in-roll term C, ¢ is viscous shear at the body surface.
Experimental investigation® and a viscous theory® have shown
this contribution to be negligibly small. Further, an inviscid
theory or computation for a body of revolution must give C,;, = 0.
Thus, for the body of revolution, calculation of C,; alone as
0 —» 0 determines the linear damping-in-pitch coefficient. For
bodies not possessing axial symmetry about xj, C,,; does not
necessarily vanish. For short slender bodies of noncircular cross
section, however, C,;, can probably be neglected in comparison
with C;

Numerical Method

Recent increases in the speed of digital computers, and the
development of computer graphic devices that permit the rapid
interpretation of large amounts of data, have stimulated the
development and use of highly accurate finite-difference tech-
niques for the solution of fluid dynamics problems. One of these,
the noncentered second-order scheme introduced by
MacCormack* and developed by Kutler and Lomax® as a
shock-capturing method for the solution of steady three-
dimensional inviscid supersonic flowfields has been shown to
be both accurate and versatile. The method uses the nonlinear
Eulerian gasdynamic equations, and is therefore accurate at
hypersonic as well as at supersonic Mach numbers. Results of
recent computations of the complex steady flowfield surrounding
a typical space shuttle orbiter using the method’ show excellent
agreement with experiment and with other inviscid methods.
The advantages of the shock-capturing technique over sharp-
shock techniques such as the method of characteristics are
twofold. First is its ability to determine the position and strength
of the bow shock wave without special computer coding.
Second, and more important is its ability to determine the
position and strength of embedded shock waves, such as the
crossfiow shocks which occur on the leeward side of bodies at
large angles of attack, within the flowfield.

Method of solution

The nonlinear Eulerian gasdynamic equations are solved for
the inviscid flow of a perfect gas about a body in coning motion
(6 = const, Y = const, ¢ = const) in a supersonic flow. Under
these conditions the flowfield is time invariant with respect to
an observer fixed in the s, 7,  computational axis system. Since
the flow is supersonic, the gasdynamic equations are hyperbolic
in the s direction. With the flowfield specified at some initial
data plane s = s;,;,:., the gasdynamic equations are integrated
downstream, using the boundary conditions of undisturbed flow
ahead of the bow shock wave, and of no flow through the body
surface. MacCormack’s method is used to integrate the equations
from ;.4 10 Sfipg determining the entire flowfield. The forces
and moments are obtained from a subsequent integration of the
resulting surface pressure distribution. Computations have been
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performed for conical bodies of circular and elliptical cross
section. An approximate initial solution was generated at
§' = S;;q Dy assuming the flow upstream to be that about a
cone at angle of attack and yaw, with a sidewash velocity given
bY @Siuna sino. Details of the method and a discussion of
the approximate starting solution are given below.

Computations were performed on an IBM 360/67 computer
linked to a cathode-ray tube graphics device. The graphics unit,
which possesses man-machine interaction capability, was used
to study the flowfield as it developed and to control any numerical
instabilities that evolved. Approximately 50 min of computer
time was required per case (one angle of attack at one coning
rate).

Flow equations

Relative to an observer fixed in the s, 7, § computational coor-
dinate system, the flowfield surrounding a body in coning motion
is time-invariant. In this coordinate system the gasdynamic
equations for the steady inviscid flow of a non-heat-conducting
perfect gas can be written in conservation-law form as

E,+F,+Gy+H =0 8)
where, for example, E, denotes differentiation of E' with respect
to s, and

pu pv ow
p + pu? puv ouw
’ — /=1
E =1 pu Fr=lpspm?| =% pmw
puw pow p + pw?
pv

puv + pt2(w,w — w3b) + W,

- (03 + @3)]
H =1 p0® — w?) + pt[2(@su — @ow) + 0,05

- @} + wi)]
2pvw + pt[2(wv — w,u) + (0,7 + ®;5)ws)]
The components of the total angular velocity ) in the s, 7, 6
directions are respectively, @, = —¢coso, w, = ¢ singcos b,
@; = — ¢sinoasinf. Equation (8) represents the continuity
and three momentum equations. The terms in H' containing
1, W,, w4 are centrifugal and Coriolis force terms that appear
because the s, 7, # computational system is noninertial. For
coning motion the energy equation can be written as

p =[G — 1)/271p[2ko + ® — (* + v* + w?)] ©

where
® = ¢*[(ssino)® + stsin 20 cos § + 131 — sin? ¢ cos? 6)]

Differencing scheme

To facilitate the numerical solution of Eq. (8) the annular
region of interest about the body (in the 7,  plane) is transformed
into a rectangular region. Following Ref 7, the transformed
radial independent coordinate u is chosen to map the region
between the body and an outer boundary into the region
0 < u < 1. The outer boundary is chosen to lie in the undisturbed
flow ahead of the bow shock wave. The transformed circumferen-
tial independent coordinate n is chosen to group the circum-
ferential planes more closely in the regions of high flow gradients
for the elliptical cones. The transformations are

5=8 Spma<Ss< S final
p=C—g)(lte—1) 0<pu<l (10)
n =tan"'(BCtan6/4), 0<ny<2n
where
7, = T,(0, 5) = value of 7 at body surface
T = Tap(B, ) = value of 7 at outer boundary

A = tangent of the angle subtended by the semimajor axis,
a(s), of the elliptical cone, a(s)/(s — s.,); B = tangent of the
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angle subtended by the semiminor axis, b(s), of the elliptical cone,
b(s)/(s — sp); € = [(1 + A%)/(1 + B*]"/*. Applying these trans-
formations to Eq. (8) gives

E,+F,+G,+H=0 (1
where
E=F
F = (b'r,, + Cru)E + @F + (Btyy+ €105)G
s AS ’
B(l + B) A(l + AZ)}E +
B?C?cos?y + A%sin®y

G = sinncos n[

ABC G
B 4
H=H+|@Qsin?y 1 s % o
[( sin“n — 1) <B(1 T B A0 + A2)>

ABC
ad =1z, —1); b=@—1Nd; ¢ = —pa
Here, B, denotes differentiation of B with respect to s, T,y
denotes differentiation of 7, with respect to 6, etc. The rectan-
gular region of interest in the p,# plane is divided into a rectan-
gular computational grid having 20 equal intervals of magnitude
Ap in the p direction and 36 equal intervals of magnitude An
in the » direction. Thus, Ay = 0.05, and Ay = =/18. Applying
MacCormack’s two step differencing scheme to integrate Eq. (11)

2sin# cos
alt, — Tobs):| E + |:—17~——n (B*C? — A%) — d/(zy, — r,,,,e):l G

. S As
Eﬁl = E;,k - A_ﬂ (F?+ 1.k — F?,k) - E(G;,k-#l - G?,k) —As H;,k

- As [ . -
E;‘Il = %|:E;'k + E;‘Zl — E(Fﬁl - F;fll_k> -

As ([ ~ .
E’<G3’,X‘ - ?,Zh)—AsH;{Z‘J (12

where E;{,( = E(nAs, jAp, kAn), the predicted value of E at nAs;
E%« = E(nAs, jAu, kAn), the corrected value of E at nAs; and
Fi. = F(E} ), F}, = F(E})), etc. The solution is monitored on
the graphics device, and the stepsize, As, is set as large as is
possible without causing the numerical method to become
unstable. After each downstream step the flow variables are
obtained at each grid point in the g, # plane from the new values
of the vector E and the energy equation as follows

pu €1
p + pu? e,
E=lpw |=|e (13)
puw e,
(71
p = <y—2?—>p[2h0 + O — (@ + 0? + W]

The simultaneous solution of Eq. (13) for the flow variables is
v =esfe;; w=esle

(1/2e6)[ —es + (€3 — 4eqes)'']

p=efu; p=1[F—1)/271p[2he + © — @* + 0> + w’)] (14)
where

es = —27e,/e5 e =7+ 1; e5 = (G — )[2hy + © — (V¥ + w?)]
The positive sign appearing before the radical in Eq. (14) is
used because u is supersonic throughout the flowfield. The flow
variables are then used to form the conservation-law variables
F, G, and H as needed. Thus, given E at some initial data plane

§ = Sy, determination of E at all successive values of s is
straightforward.

u

Boundary conditions

The outer edge, u = 1, of the computational grid is chosen to
lie in the undisturbed freestream ahead of the bow shock. The
pressure and density at the outer boundary are fixed at free-
stream values, and the velocity components are determined
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from geometrical considerations. At the sides of the computational
grid, n = 0 and 5 = 2%, a periodic continuation principle is
used, that is, p0,u) = pQn, p), pQO,u) = p(2n, p), etc. The
tangency boundary condition at the body, =0, is due to a
scheme of Abbett® and is briefly summarized here. The flow
variables are known after the predictor step. In general, the local
flow velocity at the body is not tangent to the body. A local
two-dimensional Prandtl-Meyer expansion or an isentropic
compression is used as needed to turn the flow into the local
tangent plane. This satisfies the tangency condition and deter-
mines a corrected value of the surface pressure. A corrected
value of surface density is then determined, since it is assumed
that flow along surface streamlines is isentropic. The magnitude
of the corrected flow velocity is then determined from the energy
equation, Eq. (9), while its direction is that obtained from satis-
fying the tangency condition. A more detailed description of
the scheme, and a comparison of its abilities with those of other
tangency boundary condition schemes, is found in Ref. 7.

Initial solution

An initial solution is generated at s = §;,;;;,; by assuming the
flow upstream to be that around a cone at angle of attack and
yaw. Specifically, for the conical body in coning motion (6 =
const, iy = const, ¢ = const) the initial solution is that of steady
planar flow (¢ = 0) past the body at the same value of é and ¥,
with a uniform sidewash velocity of s, 5in 0 imposed in
the negative y direction. When a cone with apex coincident
with that of the conical body is chosen as the outer boundary,
corresponding points in successive u, 7 planes lie along rays of
the conical flowfield. The flowfield is set to freestream values
and the equations integrated downstream. When, at corres-
ponding points, no change in the flow variables is detected
with further integration downstream, the flow variables are
constant along rays, and the conical flow solution has been
determined. The conical solution is then scaled to place it at
S = Suitial-

The errors associated with the approximate initial solution
should be small, and the assumed flowfield should approach
the actual one as the integration proceeds downstream from
S = S;;a- Further, these errors should have only negligible
effect on the forces and moments, since the surface area of the
body is small near its apex. These errors were assessed by perform-
ing a series of computations for one case, letting s;,;,;., approach
Sup- The forces and moments were unaffected as s, was
varied for values of (Siiiar — Seip)/(Ssinar = Sup) less than 0.05.
This value was used for the remainder of the cases considered.

Results

10° Circular Cone at Mach Number = 2

A series of computations was performed for a 10° half-angle
cone performing coning motion at Mach number = 2.0. The
computations were performed for angles of attack ranging
from 0° to 25° and for a range of the coning-rate parameter
¢l/V from 0 to 0.1. These conditions were chosen to duplicate
those of the experiment of Ref 2. In that experiment a six-
component balance mounted on a rotating sting was used to
measure the forces and moments acting on the body in coning
motion. In addition, the vortex patterns present on the leeward
side of the model at high angles of attack were investigated using
the vapor screen technique.’

Normal-force and pitching-moment coefficients

The normal-force and pitching-moment coefficients are pre-
sented in Figs. 3a and 3b, respectively. These coefficients were
obtained from computations at fixed angles of attack for various
coning rates. At each angle of attack no change in the normal
force or the pitching-moment coefficient was obtained as the
coning-rate parameter was varied. This result, which agrees
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Fig. 3 Normal-force and pitching-moment coefficients for 10° half-
angle cone; Mach number = 2.0, icg// = 0.61.

with the experimental observations, indicates that C, (o0} d, ¥)
and C,, (oo 4, ), the contributions to the normal- fporoe and
pltchmg-moment coeflicients due to coning motion, are negligible.

Also shown in Figs. 3a and 3b are the experimental measure-
ments? of the normal-force and pitching-moment coefficients,
respectively.. The theoretical values'® of the linear normal-force
and pitching-moment coefficients, 6C,,(o0) and 5C,,(c0), are
also presented. At low values of § the computational results,
the experimental measurements, and the linear theory values
agree well As 6 increases, the computational results and the
experimental measurements become nonlinear functions of 6,
and both are greater than the linear theory values. However,
the computational results and the experimental measurements
remain in good agreement.

Side-force and side-moment coefficients

At fixed angle of attack, the computational results indicate
that the side-force and side-moment coefficients Cy and C,
are linear functions of the coning-rate parameter over the range
of ¢ investigated. This result, which agrees with the experimental
ﬁndings demonstrates the adequacy of the moment formulation,
Eq. (6), in which only terms linear in ¢ are retained.

Since Cy and C, are linear functions of @, normalizing by the
coning-rate parameter gives Cyz(o0;d,¥) and C,[c0;6, ).
Computational results for Cy; and C,; are presented in Figs.
4a and 4b, respectively, with the experimentally measured Values.
Also shown in Figs. 4a and 4b are the theoretical values'® of
the linear planar damping-in-pitch derivatives 8[C Za (oo) + yCz ]
and 5[C,,, (oo) + yC,.l, respectively. At low values of d, Cy¢,
and C,;are > linear functions of 6, and there is excellent agreement
among the computational results, the experiment measurements,
and the linear theory values. As & increases, the computational
results and the experimental measurements become nonlinear
functions of §, and depart significantly from the linear theory
results. In contrast, the computational results agree well with
the experiment for values of 6 up to about 035, even as Cy,

© PRESENT COMPUTATIONS
©  EXPERIMENT, REF 2

—— LINEAR THEDRY, S(CZ (oo)+yczA

~—— LINEAR THEORY, S(Cm " (ao)+ycmA)
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Fig. 4 Side-force and side-moment coefficients on 10° half-angle cone
caused by coning motion; Mach number = 2.0, /cg// == 0.61.
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3:0.50

5= 0.42

Fig. 5 Typical vapor screen photographs; 10° half-angle cone, Mach
number = 2.0.

peaks and then tends toward negative values. As § increases
beyond 0.35 the computational results diverge from the experi-
mental values.

An inviscid flowfield calculation is unable to account for the
presence of a vortex pattern on the leeward side induced by
viscous-flow separation phenomena. Thus, it is significant (and
was unexpected) that the computational results follow the
nonlinear behavior of the experimental measurements with
increasing values of & where a leeward side vortex pattern is
known to exist. To explain this good agreement an examination
was made of the vapor screen studies of the experiment of
Ref 2.

Vapor screen results

Photographs of the leeward side vortex patterns as they
appeared in the vapor screen are presented in Fig. 5. The vortex
cores are visible as dark spots in a light plane oriented normal
to the velocity vector. Distinct vortices are not visible in the vapor
screen for values of § below 0.3. As é increases, vortices appear
but are small and lie close to the body surface. Under these
conditions the inviscid flowfield should be a good approximation
of the actual one, and the forces and moments derived from
the computation should, and do, agree well with the experimental
measurements. This indicates that the initial nonlinear behavior
of the forces and moments is determined primarily by the inviscid
flow. With further increases in & the vortices gradually grow
in size, and presumably in strength, and lie farther from the body.
As this growth occurs the inviscid flowfield becomes a poorer
approximation of the actual one and the computationally
derived forces and moments begin to diverge from those measured
experimentally. A more precise determination of the nonlinear
behavior of the forces and moments under these conditions
would require a method that accounts for the viscous effects.
Where the viscous effects are small, nonetheless, the results of
the present inviscid computations agree well with experiment
and demonstrate the initial nonlinear behavior of the forces
and moments.

10° Circular Cone at Mach Number = 10

A computation was performed for a 10° half-angle cone in
coning motion at Mach number = 10.0, for an angle of attack
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Table 1 Comparison of force and moment coefficients due to coning with corresponding
planar coefficients; 10° half-angle cone, Mach number = 10.0, o = 2.0°, ¢//V = 0.2,

leg/l = 0.61

CZ Cm C Y4 Cn¢

(5C(0)  (BCpfe0))  (G[Cz, () + 102D B[Cmy (0) + 1Cug])
Coning -0.06717 —0.00588 0.01623 -0.00626
(Planar)'! -0.0671 ~-0.00586 0.0164 -0.00634

of 2° and the coning-rate parameter $I/V = 0.2. At this low angle
of attack good agreement is expected between the side-moment
coefficient C,; and the planar -damping-in-pitch coefficient
8LC,, () + yC,ngl, as predicted by Eq (7). Results of the
computation are presented in Table 1 and are compared with
the corresponding planar coefficients obtained from the unsteady
inviscid flowfield results .of Brong:'' The agreement between
the two methods is excellent with the maximum difference seen
‘to be less than 29, This demonstrates the capability of the
present method to give accurate results at hypersonic as well as
at supersonic Mach numbers.

Elliptic Cone at Mach Number = 2

Computations were performed for a cone of elliptic cross
section in coning motion at Mach number = 1.97. The ratio
of the major to minor axes of the cone was 3: 2, and the base area
was equal to that of a 7.75° half-angle circular cone of the same-
length. The angle of attack was fixed at 4° for values of ¥ of 0
and 7/2, and the coning-rate parameter ranged from 0 to 0.15.
Computations were also performed for the equivalent circular
cone in coning motion.

Normal-force coefficient

The normal-force coefficients obtained from the computations
with the bodies in coning motion are presented in Fig. 6a.
Again, at fixed angle of attack no change in the normal-force
coefficient was obtained as the coning-rate parameter was
varied. Also shown in Fig 6a are experimental values of the
normal-force coefficients of these bodies measured at zero
coning rate.!? The good agreement between the computational
results and the experimental measurements demonstrates the
capability of the method to compute the flowfield about bodies
of noncircular cross section. The method can be extended to
bodies of arbitrary shape (that is, airplanelike configurations).

Side-moment coefficient

Computed values of the side-moment coefficient C, (o0; 3, )
are presented in Fig. 6b. Also shown is the theoretical value!®
of the linear planar damping-in-pitch derivative 5[C,, (c0) +
7C,5] for the equivalent circular cone. As before, for the Gircular
cone C,; = 0 and there is good agreement between the computed
value of C,; and the linear damping-in-pitch derivative, as
predicted by Eq. (7). For the elliptic cone, C,;, does not vanish

o PRESENT COMPUTATIONS
EXPERIMENT, REF 12

——— LINEAR THEORY, s(emqa(m)nemé)
<= PLANAR DAMPING (Cn ASSUMED=0)

-3 03
[ [ b
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. r 8 \0/
5 s

a)
-2 SD v
O

=
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8 3

Fig. 6 Normal-force and side-moment coefficients on elliptic cones
caused by coning motion; Mach number = 1.97, Icg/l = 0.61.

but can probably be neglected in comparison with C ; Under
these conditions C,(0;6,7/2) = J[C,, () + 7C,;] and
C,y0;96,0) = é[C,, {0} — yC,z]. These are the planar damping
coefficients for oscilfations in the directions indicated by ‘the
double-headed arrows in Fig 6b. The computational results
confirm the expectation that oscillations parallel to the major
axis of the elliptical cone should be less strongly damped than
those parallel to the minor axis.

Conclusions

A numerical method for computing the steady, inviscid flow-
field surrounding a body performing coning motion in a super-
sonic flow has been presented. The method permits the accurate
determination of the aerodynamic moment due to coning, one
of the four component motions characterizing an arbitrary
nonplanar motion. Moments computed at supersonic and
hypersonic Mach numbers for circular cones at low angle of
attack confirm the relation between the side moment acting in
coning motion and the planar damping-in-pitch given by the
linear theory.

Computational results for the moments on a circular cone at
higher angles of attack showed significant departures from the
linear theory values, but agreed well with experimental measure-
ments within the range of variables investigated. This indicates
that the initial nonlinear behavior of the aerodynamic moment
is determined primarily by the inviscid flow, with the effects of
the leeward-side vortex pattern induced by viscous phenomena
becoming important only with further increases in the angle of
attack.
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