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of the spacecraft, and we can infer that the negative space charge
concentrationon that side of the spacecraft leads to a local potential
on the order of 500 mV relative to the spacecraft.

This being the case, a criterion for vanishing de� ection of the
particles is that they have energies of greater than about 10 times
the value of 500 meV. Thus, 5-eV and higher-energy particles are
relatively unaffected by the disturbed sheath, except that they do,
of course, lose (or gain) about 2 eV of energy upon approach to the
spacecraft in the case of the ions (or the electrons). Clearly, we have
no reason to expect that the high-Mach-numberion � ows observed
by the TIDE should be signi� cantly de� ected by the PSI sheath dis-
turbance. On the other hand, the ambient electrons accompanying
these ion � ows have much smaller � ow energy, larger thermal ve-
locity, and lower Mach number. Clearly, the core electrons below
5 eV (»7-eV measured energy) should exhibit detectable effects of
de� ection in these disturbed sheath � elds. Subtle departures from
electron gyrotropy may be observed at somewhat higher energies
as well. These values can be used to interpret the observationsfrom
the TIDE as well as other instrumentsand to guidenumericalmodel
development to gain a quantitative understanding of the details of
the potential structure. This model can in turn be used to develop
empirical expressions to compensate for the effects of the PSI on
observationsof the natural environment.

Conclusions
Observationsclearly demonstrate that the PSI has had the desired

effect on the TIDE measurements:Low-energy ions that would oth-
erwise be unobservableare seen. Equally clear is that the PSI mod-
i� es the sheath structure around the POLAR spacecraft in ways
that also affect measurements made by other instruments, such as
the PWI and the EFI. This implies that it will also have quantitative
consequencesfor the TIDE observations.The EFI observationssug-
gest that the TIDE core ion measurements will not be signi� cantly
affected unless ion energies are much less than 5 eV. Core electrons
are more affected by the PSI sheath, and at lower out� ow speeds
the ions will also be in� uenced, requiring a better understanding
of the sheath. A physical model has been presented that explains
qualitativelythe origin of the anisotropyfound in observationswith
the PSI operating. This model can be used to guide the develop-
ment of a detailed and accurate numerical model, which in turn can
be used to develop modi� cations to the analysis to compensate for
the PSI effects. The best understandingof the PSI sheath will come
from synoptic operations of the PSI and dedicated analysis of the
complete POLAR plasma data set.
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Nomenclature
Cm , Cn = pitching and side moment coef� cients,

respectively, (moment)/ 1
8 ¼½V 2 D3

Cmq , Cm P® = individual pitch damping coef� cients: the rate of
change of Cm with q and P®, respectively

Cmq C Cm P® = pitch damping coef� cient sum
C p = pressure coef� cient, (pressure)/ 1

2 ½V 2 ¡ 2=.° M2 )
D = projectile diameter, m
M = freestream Mach number
p = spin rate of body nondimensionalizedby 2V=D
q = transverse angular velocity of body

nondimensionalizedby 2V=D
Re = Reynolds number based on D
T = freestream temperature, K
V = freestream velocity, m/s
x = coordinate distance from (blunt) nose tip along

body’s longitudinal axis in D
xcg = axial location of center of gravity of body from

(blunt) nose tip in D
® = angle of attack, deg
P® = rate of change of ® with respect to time

nondimensionalizedby 2V=D
¯ = side slip angle, deg
° = gas constant for air (1.4)
½ = freestream density, kg/m3

Ä = angular rate of noninertial coordinate frame about
inertial frame, nondimensionalizedby 2V=D
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Introduction

M ETHODS to predict pitch-damping coef� cients (PDCs) of
bodies from steady � ow computations,avoiding costly time-

accurate solutions, have been proposed by Schiff.1;2 Lunar coning
motion is imposed on the projectile, and the � ow governing equa-
tions are solved in the rotating framework for which the � ow is
steady. Coning motion is the motion 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 velocity about
a line parallel to the freestream � ow direction passing through the
projectile’s c.g. Use of a moment expansion3;4 then allows predic-
tion of the PDC sum (Cmq C Cm P® ) from static moment coef� cients
in the frame of reference for which the � ow is steady. Experimental
measurements performed by Schiff and Tobak5 provided additional
support for this theory. Previously,much of these aerodynamicdata
was obtainedfromeithersimpli� ed analyticalapproaches,empirical
methods, wind-tunnel testing, or full-scale range � rings.

In the preceding lunar coning approach, the Magnus moment
coef� cient was neglected. Although this assumption is supported
by experimental evidence in some cases, Magnus effects may be
important.Weinachtet al.,6 however, showed that, for axisymmetric
bodies undergoing p D 0 coning motion, the moment expansionno
longer depends on Magnus effects. In p D 0 coning motion, the
projectile has no spin about its longitudinalaxis with respect to the
inertial frame.

It is dif� cult to extract individual PDCs Cm P® and Cmq from free-
� ight aerodynamicranges. Weinacht,7 however, extended the use of
imposed motions in a rotating framework to allow the determina-
tion of individualcomponentsof the PDC sum. This can be done by
considering two different motions where the axisymmetric projec-
tile’s c.g. traverses a helical � ight path: 1) steady p D q D 0 helical
motion, where the body’s longitudinalaxis is parallel to the axis of
the helix, and 2) P® D 0 helicalmotion,where the body’s longitudinal
axis is tangent to its � ight path.

Schiff1;2 modeledthe resultingsteady� owwith noninertialspace-
marching Euler equations, whereas more recently, the noninertial
parabolized Navier–Stokes (PNS) have been used by several au-
thors, e.g., Refs. 6–11. If, however, there is a region of � ow outside
the boundary layer that is not supersonic in the positive stream-
wise direction, the parabolic assumptions are no longer valid. One
such example considered here are blunt-nosed bodies, for which
a full three-dimensional Navier–Stokes (NS) methodology is pre-
sented. Concurrently, Weinacht12 has used a three-dimensionalNS
methodologyto predictPDCs for subsonicand transonicprojectiles.
A three-dimensionalNS methodologymay in the future enable pre-
diction of the contribution to the PDCs due to the projectile’s base.

Numerical Method and Results
The governingequationsare the three-dimensionalNS equations

in a noninertial framework in which coning and helical motions can
be implemented. The present numerical method employed solves
the three-dimensional NS equations using a high-resolution � nite
volume scheme. Inviscid� uxes are evaluatedusing Osher’s approx-
imate Riemann solver together with third-order MUSCL interpola-
tion of the � ow primitive variables and a van Albada � ux limiter.
The diffusiveterms in the governingequationswere evaluatedusing
second-ordercentral differences,and any turbulencewas accounted
for by the Baldwin–Lomax algebraicmodel with the Degani–Schiff
modi� cation. Convergence to the steady-state solution is obtained
by starting from freestream conditions and performing explicit lo-
cal time marching until the steady solution is reached.To accelerate
convergence, a zonal approach has also been used, where the CPU
time-consuming, three-dimensionalNS solution is used only to de-
termine the � ow� eld in the subsonicnose region. Downstreamfrom
this region a PNS solver11 has been initializedto solve the � ow� eld.
More details of the numerical method can be found in Ref. 13.

Initially, to validate the three-dimensionalNS method, we recal-
culatedthe cone–cylinder–� are geometryunderhigh-Mach-number
� ow conditionswith turbulent boundary layer as studied in Ref. 11
by the PNS technique.The resultsobtainedwith the presentmethod-
ology were, as expected,graphically identical to those of the earlier
PNS work and are not shown here.

The blunt projectile under consideration is a 10-deg half-angle
coneof base diameter D with the pointednose replacedby a circular
arc of diameter 0.3D such that the arc and the cone are tangential
where they meet. Unless stated otherwise, xcg D 1:21, M D 6:85,
Re D 1:79 £ 106 , T D 58 K, the wall temperature is � xed at 288 K,
and pressure at the wall is assumed to have zero gradient normal to
the wall. Some PDC sum data for such a geometry and laminar � ow
conditions have been published by East et al.,14 Khalid and East,15

and Tong and Hui16 using wind-tunnelexperiments,semiempirical,
and theoreticalmethods.

Unless stated otherwise, the computations were performed on a
single grid with 32 cells in each direction. The grid is axisymmetric
about the cone’s axis and is stretched toward the projectile’s sur-
face and nose to fully resolve the boundary layer, geometry, and
high-pressure gradients. The base-� ow region is not modeled. As
part of the validation procedure, in Fig. 1 we show that, for con-
ing motion, the calculated side moment is, as required, a linear
function of both ® and Ä in a region about the origin. A slight
irregularity for ® D 0:5 deg may be due to increased numerical er-
rors for such a small ®. In the following calculations, the PDCs
are determined using imposed coning and helical motions with
® (or ¯ ) equal to 1 deg and Ä D 0:00225. To gauge the conver-
gence of the scheme, the base 10 logarithm of the Euclidean norm
of the residual vector normalized by its freestream value is moni-
tored togetherwith the predictedPDC every 10 iterations.A typical
convergencehistory, shown in Fig. 2, shows that the PDC value has
converged to a stable value with six orders of convergence of the
residual.

Angular rate

Angle of attack

Fig. 1 Variation of side momentwith ® and X for p = 0 coningmotion.

Fig. 2 Typical convergence history: ——, residual, and - - - -, PDC for
Ç® = 0 helical motion.
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Fig. 3 Evaluated PDCs from imposed motions.

Fig. 4 Cumulative PDC sum for generic p = 0 coning motion.

In Fig. 3, the PDCs obtainedby thepresentcomputationalmethod
using coning and both helical motions are plotted for three different
c.g. positions togetherwith experimental results obtained in Ref. 14
and semiempirical/theoretical methods presented in Refs. 15 and
16. There is reasonable agreement between experiment and both
computations for the � rst two c.g. positions (from left to right);
however, there is a large discrepancy for the third case. The results
of the two theoretical models plotted in Fig. 3, however, also fail
to produce a PDC as large as the experiment. The reason behind
this discrepancy is unclear and requires further investigation, but
generally the computed data give better comparison with the exper-
imental data than either theoreticalmodel. There do not appear to be
any experimental data to compare the results obtained from either
of the helical motions; however, in Fig. 3, we show that the sum
of the evaluated individual PDCs is in reasonable agreement with
the data from the coning motion. For the present case, the viscous
contributionsto the PDC sum is small as comparedwith the inviscid
one, typically two orders smaller. However, for the individual PDC
Cm P® , the viscouscontributioncan be signi� cant, justifying inclusion
of viscous terms.

The issues of grid convergence and use of the zonal method are
addressed in Fig. 4, which shows the contribution to the PDC from
each grid slice in the streamwise direction by the sum of the contri-
bution to the PDC from the present grid slice with all of the upwind
grid slices for three different calculations.The evaluated projectile
PDC is then just the farthest-rightpoint of each graph line. The � ne
grid (48 £ 48 £ 48) is seen in Fig. 4 to produce a result closer to the
experimentaldata than the coarsergrid (32 £ 32 £ 32), but the over-

all difference is small, and so the results obtainedon the coarsergrid
are consideredreasonablefor a reasonableamount of computational
effort. The 32 £ 32 £ 32 mesh, however, was found to be not ade-
quate to obtain good agreement between the full three-dimensional
NS approachand the zonal approach.For the two approachesto give
reasonable agreement, it was necessary to increase the number of
cells in the streamwise direction for the PNS part of the calculation
becausethePNS calculationis only� rst order in the streamwisespa-
tial directioncomparedwith the higher-orderthree-dimensionalNS
approach. A calculation using the zonal approach is also shown in
Fig. 4; here the three-dimensionalNS equationshavebeen solvedon
the � rst 16 cell planesof the 32£ 32 £ 32 computationalmesh. The
second half of the grid has been re� ned in the streamwise direction
before solution of the PNS equations; the resulting grid consists of
a total of 64 £ 32 £ 32 cells. The PDC pro� le is shown in Fig. 4 to
be close to the three-dimensional NS approach. Despite the addi-
tion of extra cells, the CPU time required for the PNS part of the
zonal approach is still negligible compared with the time required
for the three-dimensional NS part. Hence, the zonal approach is
approximately two times faster.
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