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Table 1 Payload capabilities

Re-entry Ascent Surface
Mission Flight capsule, capsule, cargo,
Type mode Flights lb lb lb

1) Split delivery LOR 5 11,400 n/a n/a
2) Split delivery LOR 6 14,500 n/a n/a
3) Split delivery LDM 4 n/a n/a 18,400
4) Split delivery LDM 5 n/a n/a 23,600
5) All-up delivery LOR 8 12,100 5,500 18,100
6) All-up delivery LOR 9 12,100 5,500 24,500

Table 2 Mission delta velocities

Mission mode LDM, ft/s LOR, ft/s

TLI impulsive .C3 D ¡2/ 10,500 10,500
Midcourse outbound 65 65
Direct to surface impulsive 9,679 n/a
LOI n/a 2,953
Descent n/a 6,890
Hover 328 328
Direct to Earth ascent 9,351 n/a
Ascent to low lunar orbit n/a 6,890
Trans-Earth injection n/a 3,002
Midcourse inbound 65 65

burn. Results indicate that for � ve ETO � ights of 36,400 lb each,
a combination capsule of 11,400 lb can be delivered. Two of these
ETO � ights are propellant-transfer-only � ights. (In Fig. 3, the cir-
cled numbers represent � uid transfer � ights.) For six ETO � ights
of 36,400 lb, the payload (capsule) weight comes to 14,500 lb, and
three � uid transfer � ights are required.

In columns 3 and 4 of Fig. 3, under the heading LDM: CARGO
ONLY, � ight manifests are given for two unmanned, cargo delivery
vehicles. For these missions the lander does not enter a lunar park-
ing orbit but descends directly to the lunar surface (LDM). For four
ETO � ights, 18,400 lb of cargocan be deliveredone way to the lunar
surface.Five � ightsproperlycon� guredcandelivera 23,600-lbpay-
load. These two missions utilize two stages, a translunar injection
(TLI) stage and a direct to surface landing stage. In this later case
(column 4) the TLI stage does a portion of the lunar deceleration
burn so that the combined weight of the lander (inert), surface pay-
load, and descent LH2 is less than the 36,400-lb launch vehicle
limit. Summing up the two parts of the split-deliveryapproach (the
crew and cargo vehicle sets), nine ETO � ights are required for the
two payloads of 11,400 lb (capsule) and 18,400 lb (surface mod-
ule). (This is the cumulative total of columns 1 and 3.) For 11 ETO
� ights, a larger 14,500-lb capsule and a larger 23,600-lb surface
module can be delivered (columns 2 and 4). These payload weights
are also listed in Table 1, where the columns of Fig. 3 are listed as
rows 1–6.

All-Up Combined Crew and Cargo
Columns 5 and 6 of Fig. 3 list the manifest for two all-up (joint

crew/cargo) vehicle sets. In these cases three separate habitats are
taken: a re-entry/transfer cab, a separate lander descent/ascent cab,
and a large surface module. For this investigation the re-entry cap-
sule occupied by the crew during transit was set to 12,100 lb, and
the small ascent/descent-only capsule was set to 5,500 lb. (The re-
entry/transit capsule is carried on the LOI/TEI stage.) For the eight
ETO � ight case (column 5), the surface module deliverable weight
is 18,100 lb. For the nine ETO � ight case this increases to 24,500 lb.
(Five propellant transfer tanker � ights are required for the column
5 vehicle set and six for the column 6 set.)

Notice that column 3 and 5 deliverable surface module weights
are nearly equivalent (within 300 lb), as are the module weights for
columns 4 and 6 (within 900 lb). This suggests that about the same
amount of surface cargo can be delivered via the split-delivery ap-
proach as the all-up option at the penalty of one extra ETO � ight for
both the 18,000-lb and the 24,000-lbmodule case. That is, 9 � ights
(columns 1 and 3) compare with the 8 � ights for the all-up case
(column 5), and 10 � ights for the split-delivery set (columns 1 and

4) compare with the 9 � ights for the all-up case where the 24,000-lb
class module is carried (column 6). Table 1 summarizes the pay-
load capabilities listed in Fig. 3. Mission delta velocity budgets are
presented in Table 2.
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Nomenclature
Cm; Cn = pitching and side moment coef� cients,

(moment)= 1
8 ¼½V 2 D3

Cmq ; Cm P® = rate of change of pitching moment with respect to
q and P®

D = reference length, the projectile’s diameter
M = freestream Mach number
q = transverse angular rate nondimensionalizedby V=D
Re = Reynolds number based on D
V = freestream speed
xCG = distance of projectile’s center of gravity from nose

nondimensionalizedby D
® = angle of attack, deg
P® = rate of change of ® with respect to time

nondimensionalizedby V=D
½ = freestream density
Ä = angular rate of coning/helical motion

nondimensionalizedby V=D

Introduction

S CHIFF1 has proposed to predictdynamic pitch-dampingcoef� -
cients (PDCs) of bodies from steady � ow computations,avoid-

ing costly time-accurate solutions. Previously, much of this aero-
dynamic data was obtained from either simpli� ed analytical ap-
proaches, empirical methods, wind-tunnel testing, or full-scale
range � rings. Lunar coning motion is imposed upon the projectile,
and the � ow-governing equations are solved in the rotating frame-
work for which the � ow is steady. Coning motion is the motion
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performed by an object � ying at a constant angle of attack with
respect to the freestream velocity vector and undergoing rotation
at a constant angular speed about a line parallel to the freestream
� ow direction passing through the projectile’s center of gravity
(c.g.). Use of a momentum expansion1¡3 then allows the predic-
tion of the PDC sum .Cmq C Cm P® / from static moment coef� cients
in the frame of referencefor which the � ow is steady.Some support-
ing experimentalmeasurementshave been performedby Schiff and
Tobak.4

In the preceding lunar coning approach, the Magnus moment co-
ef� cient was neglected. Although this assumption is supported by
experimental evidence for some cases, Magnus effects may have
an important contribution to the PDC prediction.For axisymmetric
bodies undergoing a coning motion with a corresponding spinning
relative to the rotating framework, Weinacht et al.5 have shown that
moment expansions do not depend on Magnus effects.

It is virtually impossible to extract individualPDCs Cm P® and Cmq

from free-� ight aerodynamicranges.Weinacht,6 however, extended
the use of imposed motions in a rotating framework to allow the
determination of individual components of the PDC sum. This can
be done by consideringtwo differentmotions where the projectile’s
c.g. traverses a helical � ight path: 1) q D 0 helical motion, where
the body’s longitudinal axis is parallel to the axis of the helix, and
2) P® D 0 helical motion, where the body’s longitudinal axis is
tangent to its � ight path.

In the present work, an implicit high-resolution parabolized
Navier–Stokes (PNS) methodwritten in a noninertialframeworkhas
been developedand used to calculateboth combined and individual
PDCs for a cone-cylinder-�are geometry by imposing coning, heli-
cal, and spinning motions. The PDC sum is compared with recent
experimental data.

Numerical Method and Results
The governingequationsare the PNS equations in a general non-

inertial framework, in which coning, helical, and spinning motions
can be easily implemented.The presentnumericalmethodsolvesthe
PNS equations using a � nite volume scheme. The convective � uxes
are evaluated using Osher’s approximate Riemann solver together
with MUSCL interpolationand a van Albada � ux limiter. Diffusive
termsarediscretizedusingcentraldifferences,with turbulencebeing
accounted for by the Baldwin–Lomax algebraic turbulence model
with the Degani–Schiff modi� cation.A fully implicitmethod is em-
ployed to space-march in the streamwise direction. More details of
the numerical method can be found in Ref. 7.

Recently, detailed measurements were made jointly by the De-
fence Research Agency and Defence Research Establishment (Val-
cartier) in free-� ight tests for a generic cone-cylinder-�are geom-
etry (CAN4)8 (Fig. 1). The purpose of these tests was to provide
a database of reliable experimental data against which the perfor-
mance of analyticaland numericalmethods can be judged.The cur-
rent numerical method was applied to the calculation of PDCs for
the CAN4 geometry. Computations were performed for freestream
Mach numbers of 4.4 and 5.725 at Reynolds numbers of 1:77 £ 106

and 2:30 £ 106 , respectively. In both cases an angle of incidence
of 2 deg was used together with an angular rate of Ä D 0:0045.

Fig. 1 CAN4 geometry; all dimensions in D.

Fig. 2 Calculated PDCs for CAN4 geometry.

a) Grid density

b) c.g. position

Fig. 3 Sensitivity of PDC evaluated from lunar coning motion, M =
5:725 and Re = 2:3 £ 106 .

The projectile c.g. was located at a distance of xCG D 2:98 diame-
ters from the nose. Most of the calculations were performed on an
axisymmetric grid containing 64 cells in each of the axial, radial,
and transverse directions. The grid is clustered toward the body in
the radial direction to ensure suf� cient resolution of the boundary
layer. The residual at each streamwise station was reduced by at
least three orders of magnitude before the solution was considered
converged.

Individual PDCs calculated from the q D 0 helical (with spin)
and P® D 0 helical motions are presented in Fig. 2; also included is
a comparison of calculated and measured PDC sums. Calculations
of the PDC sum using lunar coning motion or coning motion with
spinning producevery similar results comparedwith those summed
from two helical motions, which indicates that 1) the calculations
using coning and helical motions are consistent and 2) the Magnus
effects are small for the current problem. The present method pre-
dicts the correct trend of PDC sum with Mach number. Qualitative
agreement with the range data is reasonable. However, discrepan-
cies of about 10% are observed, possibly due to the contribution
from the relatively large base area, which is not included in the
current calculations.

The in� uence of grid resolution on PDCs obtained from lunar
coning was investigatedfor the higher Mach number case (Fig. 3a).
Generally, the calculated PDCs are not very sensitive to the grid
resolution owing to the high-resolution scheme used here. Fur-
ther calculations were performed to investigate the sensitivity of
PDC to location of c.g. PDC sums obtained using lunar coning mo-
tion are presented in Fig. 3b, from which we observe that dramatic
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a) a

b) W

Fig. 4 Variation of side moment coef� cient for CAN4 geometry un-
dergoing lunar coning motion, M = 5:725 and Re = 2:3 £ 106 .

changes in the PDC sum can be obtained by varying the c.g. posi-
tion.

The calculationof PDCs frommoment expansionsis basedon the
assumption that forces and moments vary linearly with incidence
and angular rate. The effect of angle of incidence and angular rate
on the calculated side moment coef� cient Cn have therefore been
investigated.From Fig. 4a, it is observed that the side moment may
only be considered as a linear function of incidence over a very
small range of incidences below 5 deg. In Fig. 4b, side moment is
seen to vary linearly with angular rate at least up to rates of 0.009.
It is concluded that the parameters used in the present investigation
lie within the region of linear behavior, and so the use of moment
expansions is valid.
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Nomenclature
G = body center of gravity
m = mass of body
p; q; r = components of body angular velocity about x; y,

and z axes, respectively
Q = direction of R relative to y axis in y– z plane,

tan¡1.r=q/
R 0 = radius of planar loop
R = body rotation vector in y– z plane
S = direction of P® relative to y axis in y–z plane
t = time
u; v; w = components of body linear velocity along x; y,

and z axes, respectively
V = body linear velocity vector, u O» C v Ó C w O³
XF; YF; ZF = body forces in x; y, and z directions, respectively
x; y; z = body coordinate axes
P® = heave component of d¾=dt
¸ = roll angle
O»; Ó ; O³ = unit vectors in x; y, and z directions, respectively
¾ = total incidence
! = body angular velocity vector, p O» C q Ó C r O³

Subscript

e = relative to Earth-� xed reference system

Introduction

P ARTLY because of the dif� culty of arriving at separate values
for the individual pitch damping derivatives CMq and CM P® in

externalballisticcalculations,it is normal to combine the derivatives
CMq and CM P® in a single term Cq (for example, Ref. 1).

Fairly recently,Weinacht2 gave an innovativecomputational� uid
dynamics (CFD) technique for the separate estimation of these q
and P® dependent coef� cients for a projectile in � ight. That study is
most likely the � rst time that such a predictive capability has been
achieved.

If the results from such an analysis are to be useful, they need to
be incorporated into an analytical model of the motion of the pro-
jectile. For normal projectile trajectory modeling, this is not strictly
necessary as q and P® are essentially equivalent. Additionally, for
linearized models, this incorporation is relatively straightforward,
but the linearization process does not then make full use of the
predictivepotential of the CFD solutions.

This Note relates to the implementationof the separate treatment
of these two motions intoa full six-degree-of-freedom model,which
does not contain small angle assumptions. It can therefore utilize
the full potentialof the CFD predictionsbecause there are no limits
on the attitude angles of the projectile. It was found that this imple-
mentation required some additional analysis; its development and
use are described in this Note.
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