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Nomenclature
Cm = pitching-moment coefficient
Cmq + Cmα̇

= pitch-damping-moment coefficient (sum),

2U∞
D

∂Cm

∂α̇

C̃n = side-moment coefficient in the body-fitted
coordinate frame

D = reference length (base diameter), m
F = inviscid flux vectors
Fv = viscous flux vectors
H = source vector
M = Mach number
p = spin rate, rad/s
Q = conservative-flow-variable vector
q = pitch rate, rad/s
Skω = source vector of the k–ω equations
t = physical time, s
U∞ = freestream speed, m/s
u = absolute velocity vector
α = angle of attack, deg
αt = total angle of attack

√
(α2 + β2), deg

β = side-slip angle, deg
γ = cos αt

δ = sin αt

Ω = angular velocity vector

Superscript

· = rate of change with respect to time

Introduction

S TEADY coning motions in a noninertial rotating frame-
work have been used commonly to predict pitch-damping
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coefficients.1−3 The drawbacks of these methods are that they re-
quire the Magnus force or moment to be explicitly determined by
other sources and that they sometimes require a geometrical con-
straint such as axisymmetry. Despite several deficiencies, the steady
methods provide a cost-effective approach to the aerodynamics as-
sociated with unsteady or time-dependent motions.4

Previous steady methods have been based on the relationship
between the pitch-damping coefficients and the side forces and mo-
ments due to coning motions. The methods used noninertial cylindri-
cal formulations, which are appropriate in describing axisymmetric
flows; therefore, the governing equations, with both complex source
terms due to coordinate transformation and noninertial force terms,
have been written in the cylindrical coordinate frame.1,2

The objectives of this study are to predict the damping coefficients
of projectiles and to examine an effect of different afterbody config-
urations. It was argued in our previous work3 that the steady coning
motions used to predict the damping coefficient can be defined in
the framework of the Cartesian coordinate frame. The noninertial
formulation written in the Cartesian coordinate frame has been used
to describe rotating flows with constant rotation rates, such as turbo-
machinery and rotor-blade flows.5 The approach requires the nonin-
ertial force terms to be added only to the unsteady solver,4 whereas
a steady solution method is needed to predict the pitch-damping
coefficients. The pitch-damping moment coefficients are predicted
by using the zero-spin coning (combined spinning and coning) mo-
tion in the Cartesian coordinate frame. Using steady methods, the
pitching and pitch-damping moments are computed and compared
for the secant–ogive–cylinder (SOC) configurations.

Numerical Approach
Schiff1 solved the steady Euler equations to compute the super-

sonic inviscid flow around the body during coning motions. The
computation was based on the fact that the flow is steady if a rotat-
ing coordinate frame is used. He adopted a “lunar coning” motion
to determine the pitch-damping coefficients from the side moments
C̃n . The formulation using the lunar coning motion represents a sum
of the Magnus moment and the pitch-damping moment sum. To de-
termine the pitch-damping moment sum directly, Weinacht et al.2

proposed a “combined spinning and coning” motion that allows the
side moment to be proportional to the pitch-damping moment only.
For steady combined spinning and coning motion, the body rotates
in the coning frame with a rate of rotation that is proportional to
the coning rate �. Consequently, the spin rate of the body is zero,
p = 0, and the side moment can be written as

C̃n = δ

(
�D

2U∞

)(
Cmq + γ Cmα̇

)
(1)

The detailed derivation of the relationship can be found in Refs. 1
and 2. Throughout this Note, this combined spinning and coning
motion is referred to as zero-spin coning motion. In general, the
rotation of the body relative to the coning frame will produce a
time-dependent boundary condition and nonsteady flowfield. The
zero-spin coning method is only a steady method for axisymmetric
bodies, and requires a Navier–Stokes approach to implement the
boundary condition correctly.2

The three-dimensional compressible full Navier–Stokes equa-
tions and variants of the k–ω turbulence equations6−8 are considered
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over the control volume V(t):

d

dt

∫
V(t)

Q dV +
∫

∂V(t)

(F − Fv) dS =
∫
V(t)

(Skω + H) dV (2)

The source term is defined as

H = [0, h · î, h · ĵ, h · k̂, h · u, 0, 0]T (3)

h = −ρ[Ω × u] (4)

In this work, the following set of input data for the coning motion
is specified:

α = 2, β = 0, Ω = [�c cos α, 0, �c sin α]T (5)

To fulfill the conservation laws in the Cartesian coordinates, Eqs. (5)
and resulting freestream conditions must be defined so that the fol-
lowing equation is satisfied at far field:

[Ω × u]r → ∞ = 0 (6)

The HLLE + scheme is used and the third-order MUSCL (mono-
tone upstream scheme for conservation laws) interpolation method
with the van Albada limiter is adopted to obtain second-order spatial
accuracy.9 The HLLE + scheme has been designed as an improve-
ment in the family of Godunov-type schemes. It is more robust and
accurate than the Roe scheme for supersonic viscous flows. Simple
central differencing is applied to obtain the variable gradients of the
viscous fluxes.

The diagonalized alternate directional implicit method is applied
to find steady-state solutions for the Navier–Stokes and k–ω equa-
tions. A full approximate storage multigrid algorithm is used for
convergence acceleration. The applied V-cycle multigrid algorithm
concentrates on the acceleration of wave propagation rather than
high-frequency damping. Finally, the code is parallelized for a clus-
ter machine and two-layer cell-center values are transferred to the
interface boundaries of each parallel block in order to retain the
second-order accuracy near the interfaces. Each of the steady-state
calculations required approximately 60–80 min of CPU time on a
24-Pentium 2.4-GHz LINUX cluster to converge the solution to
0.1% variation of the side-moment coefficient. The detailed numer-
ical methods can be found in Ref. 3.

The side moments are obtained using zero-spin coning motions.
It has been noted that the side-moment relations require linearity
of the force and moment coefficients with �D/(2U∞) and sin α
(Ref. 2). The linearity is found in the present computations, though it
is not displayed here. Computations are performed with coning rate
�D/(2U∞) = 0.005 and α = 2 deg, which are enough to confirm
the linearity.

Results and Discussion
Computations are performed to predict the static and dynamic

stability coefficients for SOC configurations in the transonic and
supersonic regimes. A schematic of the SOC-BoatTail (SOCBT),
SOC, and SOC-Flare (SOCF) configurations is displayed in Fig. 1.
The center of gravity is located at 60% of body length from the nose,
and the Reynolds number is 4.5 × 106 based on the cylinder diame-
ter. The main grid has 161 node points in the flow direction and 65

Fig. 1 SOCBT, SOC, and SOCF configurations.

Fig. 2 Comparison of surface Cp distributions at M = 0.96 and
α= 4 deg.

and 97 points in the circumferential and radial directions, respec-
tively. The base grid from the center of the body base to the farfield
consists of 97 points in the flow direction and 65 and 129 points
in the circumferential and radial directions. Previously, a grid con-
vergence study was performed for the Army–Navy spinner rocket
geometry using the same flow solver.3 The differences between the
present grids and finer grids are less than 2% for the pitch-damping
coefficients.

Several researchers have predicted the static aerodynamic coef-
ficients for the SOCBT configuration.10 The pitch-damping char-
acteristics for the SOC and SOCBT configurations have also been
predicted using the parabolized Navier–Stokes equations and the
steady coning motions.2 A comparative study showed that the effect
of the boattail in the supersonic regime is the reduction of the pitch-
damping moment by 20–30% compared with that for the cylindrical
afterbody. Furthermore, semiempirical predictions of pitch damp-
ing were made for configurations with flares and compared with the
experimental and the computational data.11

Figure 2 displays the surface-pressure-coefficient distributions
for the wind and lee sides of the SOCBT and SOCF configura-
tions at M = 0.96. The agreement of the turbulent solution with
experimental data12 is good for both sides of the SOCBT configu-
ration. Indeed, the difference between the laminar and the present
turbulent results is marginal over the ogive and cylinder, whereas
the discrepancy between the laminar results and the experimental
data on the boattail is noticeable and makes a difference in the re-
sulting pitching moment, shown in Fig. 3, at the transonic region.
The expansions and recompressions near the ogive–cylinder and
cylinder–boattail have been captured, whereas the flow over the
SOCF configuration is compressed before the flare and expanded
on the flare. Our research will show that this adverse effect of the
flare against the boattail makes projectiles more stable statically and
dynamically.

The development of the pitching moment integrated from the nose
in Fig. 3 shows that the transonic critical behavior10 in the slope of
the pitching moment results from the variation of the pitching mo-
ment in the boattail. A discrepancy between the laminar and turbu-
lent solutions is found near the boattail at M = 0.98, whereas vari-
ants of k–ω turbulence models6−8 give nearly the same results (not
shown). This implies that the turbulent flows over the configurations
are nearly attached, because they produce similar solutions for the
nearly attached flows.8 The adverse effect of the flare is observed
in Fig. 3. The pitching moment on the flare decreases as X/D in-
creases, and it should be noted that the variations of the pitching
moment with the Mach number over the nose and the cylindrical
bodies are small for both configurations.

Figure 4 shows the variations of the pitch-damping moment
coefficients with the Mach number for three configurations. The
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Fig. 3 Development of pitching-moment coefficient over SOCBT and
SOCF configurations at α= 4 deg.

Fig. 4 Variation of pitch-damping-moment coefficient with Mach
number for SOC, SOCBT, and SOCF configurations.

pitch-damping moment coefficients are in good agreement with the
parabolized Navier–Stokes results,2 and the pitch-damping moment
coefficient has a decreasing trend up to M = 2.0. The variation
with configuration in magnitude of the pitch-damping coefficient
at the transonic region is higher than that at the supersonic re-
gion. The results also show that the presence of the boattail re-
duces the pitch damping compared with that for the cylindrical
afterbody.

To elucidate the cause of the pronounced difference in magni-
tude, the developments of the pitch-damping moment coefficients
over the bodies shown in Figs. 5 and 6 with Mach number are ex-
amined. The figures clearly illustrate the effect of the afterbody on
the pitch-damping moments. The largest contribution to the pitch-
damping moment is produced at the rear of the body, and it should
be noted that the longitudinal variations are fairly consistent from
highly subsonic to supersonic speeds. The variations for the SOCBT
configuration at the supersonic region show behavior similar to that
of those for the SOC and the SOCF configurations. On the other
hand, the developments show transitional behavior from subsonic
to supersonic speeds. A loss of pitch damping over the boattail is
a result of the asymmetric distributions of the recompression fields
on the boattail, but the expansion fields on the flare help developing
the pitch-damping moment and improving overall stability charac-
teristics.

Fig. 5 Development of pitch-damping-moment coefficient over
SOCBT configuration.

Fig. 6 Development of pitch-damping-moment coefficient over SOCF
configuration.

Conclusions
A prediction method for the pitch-damping coefficients was pre-

sented in the unified framework of the turbulent Navier–Stokes equa-
tions. Using the relative velocities of the coning motions in the
unsteady governing equations enables the prediction of the pitch-
damping coefficients in a simple manner. The present methods were
applied to predict the static aerodynamic coefficients and the pitch-
damping coefficients for the SOC configurations with different af-
terbody configurations. The predictions showed that the flowfields
due to the afterbody geometries significantly affect the pitching and
pitch-damping moments.
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