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A three-dimensional Reynolds averaged Navier-Stokes method for unsteady turbulent flow around a maneuver-
ing vehicle was developed and applied to a model problem concerning an extreme case of submarine maneuvers.
A body force term is added in the momentum equations to take into account the inertial motion in the body-fixed
coordinate system. The Spalart and Allmaras turbulence model is employed for turbulence closure. An artificial
compressibility is introduced into the continuity equation for velocity-pressure coupling. The governing equations
are discretized by second-order accurate finite volume method in space and second-order accurate backward
scheme in time. The computational results are analyzed with global and local quantities and validated by com-
parison with experimental data. Overall, the present method performs quite well in predicting the unsteady flow
phenomena associated with a maneuvering prolate spheroid, and the results compare well with available experi-
mental data. Comparisons of steady and unsteady flow results show lags in the flowfield development and delays
of flow separation in unsteady flow cases, indicating that unsteady flow phenomena cannot be well understood
by simple extensions of steady or quasi-steady computational results. Comparisons with experimental data reveal
that the isotropic eddy viscosity turbulence model used does not adequately resolve the vortical flow in separated

regions.

I. Introduction

HE computational fluid dynamics (CFD) techniques for vehi-

cle hydrodynamics have shown substantial advancementover
the last two decades and are being increasingly used in design pro-
cesses. Applications for off-designand unsteady flows are, however,
still relatively rare. To expand the dynamic performance of vehicles
such as submarines and aircraft beyond conventional regimes, it
is of crucial importance to study truly unsteady, high-excursion,
high-Reynolds-number flows. Experimental studies (e.g., Wetzel
and Simpson') have shed light on the significance of the unsteady
flow evolution and the distinction between steady and unsteady
flows; however, it is expensive and quite complicated to conduct
experiments that meet certain conditions required for mentioned
flow regimes. CFD approaches also have been attempted for ma-
neuvering vehicles (e.g., Taylor et al.?); however, detailed observa-
tion and analysis of the flowfield and rigorous validation have not
been provided. As the demand for CFD techniques in simulations
of various real-world situations increases, more sophisticated CFD
codes, which are capable of dealing with not only the complex flow-
field around a body but also vehicle dynamic performance, must be
developed.

The present study concerns the development of a CFD code and
assessment of its capability through application to maneuvering
problems, which require a considerable amount of study to meet
various rules and regulations for safety and effective performance.
The objectives of the present study are threefold: first, development
of a three-dimensionalunsteady Reynolds averaged Navier-Stokes
(RANS) method for maneuvering problems; second, application of
the method to a model problem, which can be described as an ex-
treme case of submarine maneuvers; and third, provision of guide-
lines for future code developmentand implementationin concurrent
engineering design procedures.
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The paperis organized as follows. Section II provides a review of
relevant studies. Section III contains a description of the model
problem and mathematical formulation used for the present un-
steady RANS method. In Sec. IV, the numerical method employed
is described. Section V presents the uncertainty assessment results,
simulation results, comparison with experimental data, and analy-
sis of the flowfield with regard to unsteady separated flow physics.
Section VI contains concluding remarks and recommendations for
future code development.

II. Relevant Work

Studies of three-dimensionalseparated flows, which are a prereq-
uisite forunderstandingthe flowfield around a maneuvering vehicle,
have been carried out by flow visualization?* theoretical analy-
sis based on flow topology. and numerical simulation®~8 Despite
the limitations of rather small incidence angles and low Reynolds
numbers, these studies helped understand the physics of how three-
dimensional boundary layer evolves as it gradually shears into a
vortex rollup and then into streamwise vortices. Especially, types of
three-dimensional separation and development of open separation
proposed by Wang® have been widely adopted in numerous studies
and have served as a base of interpretationof computational results.

Based on the knowledge obtained through studies of three-
dimensional separated flows and in response to the need in aero-
and hydrodynamic design community, the flowfield measurements
around an inclined body have been conducted using various exper-
imental techniques. The measurements of mean velocity, pressure,
and shear stress of a 6:1 prolate spheroid with incidence angles
of 10 and 30 deg were made in the monumental experiments by
Meier et al.>!° For the same geometry, Barber and Simpson'! re-
ported mean velocity and turbulence, which was extended furtherby
Chesnakas and Simpson.'? They developed miniature laser Doppler
velocimetry and made simultaneous measurements of velocity and
pressure, to provide plots of mean velocity, skin friction, mean and
fluctuating pressure, and turbulence kinetic energy. Their plots of
turbulence anisotropy show that there is little correlation between
the flow gradient and the turbulent shear stress angles over large re-
gions of the flow. The anisotropicturbulencein the separated region
isalsoevidentby thereducededdy viscosity and mixing length'> and
the increasing difference in direction between the velocity gradient
and the shear stress vector.'*

Along with experimental studies, a number of RANS simulation
results of the flowfield around an inclined body have been reported
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Fig.3 Difference of normal force and pitch moment between steady and unsteady cases.

in the past decade.!>=2? All of them show quite good performancein
predicting the global, for example, forces and moments, and local,
for example, mean velocity and pressure, quantities. However, it has
been recognized that isotropic eddy viscosity turbulence models do
not adequately resolve the vortical flow in separated regions. This
is attributed to the general tendency of overpredictededdy viscosity
in separated regions and underlying assumption of the turbulence
isotropy.

Unsteady flows around bodies undergoing time-dependent ma-
neuvers have been studied, generally, using experimental tech-
niques. Most studies focused on slender axisymmetric bod-
ies, such as an ogive cylinder’>** and hemisphere-/conical-nose
cylinder®~?7 to apply the findings to missile aerodynamics. Re-
searchers at Virginia Polytechnic Institute and State University ex-
tended their views and conducted experiments for a 6:1 prolate

spheroid, with applications to underwater vehicles undergoing ma-
neuvering motions in mind. They reported detailed measurement
dataand analyses of unsteady crossflow separation.!?*=3° They also
found that significant lags occur in the flowfield and that separa-
tion is delayed at all locations during the maneuvers compared to
the steady cases. One of their conclusions was, therefore, that the
lags in the development of the flowfield can lead to different flow
topologies for an unsteady case, suggesting the necessity of a dif-
ferent approach for studies of unsteady flows with time-dependent
maneuvers.

Recently, an increasing number of studies using CFD approaches
to maneuvering problemshave beenreported: Sung etal.>! presented
simulations of axisymmetric bodies in steady turning; Sato et al.>?
presented results of Z maneuvering tests for two tanker hull forms;
Stanek and Visbal’* and Tayloretal.? presentedresults for cases with
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Fig.4 Contours of U (upper half) and p (lower half) on crossplane at x = 0.9: steady with original SA (left), steady with modified SA (center), and

unsteady (right).

more severe maneuvering motions, such as pitching, plunging, and
turning; and McDonald and Whitfield** presented results for self-
propelledmaneuveringunderwatervehicles.In these studies, RANS
equations were solved with eddy viscosity turbulence models, and
a body force term that expresses body motions is included in the
governing equations, except for Stanek and Visbal.** These studies
show quite promising results; however, conditions are limited, and
detailedanalysisand rigorous validationare not presented, such that
considerably more work is needed.

III. Model Problem and Mathematical Formulation

The model problem of the present study is turbulent flow around
a 6:1 prolate spheroidin a pitch-up maneuver. The pitch-up maneu-
ver is a simple linear ramp from O to 30 deg in 11 nondimensional
time units, r = time (L/Uy), where U, is freestream velocity and L
is the spheroid length. It resembles the submarine maneuver' that
was modeled after data for a full-scale submarine during the ini-
tial transient portion of a turning maneuver and is suitable for the

objectivesof the presentstudy. The spheroidis pitched aboutits cen-
ter, which s consistentwith the experimental setup.! Figure 1 shows
the schematic of the pitch-up maneuver. Computational conditions
are set following the experimental conditions, except for the sting
at the rear of the model, wind-tunnel walls, and the slight back-
ward motion of the model caused by limitations of plunge—pitch
motion coordinationin the experimental facility. Turbulent flow is
considered, where Reynolds number Re = Uy L /v, defined in terms
of Uy, L, and kinematic viscosity v, is 4.2 x 10°. Experimental data
from Hoang et al.,”” Wetzel,* and Wetzel and Simpson®® are used
for comparison.

The mathematicalequationsfor the presentstudy are writtenin the
Cartesian coordinate system fixed to the body. Therefore, the inertia
forces due to coordinate system transformation, that is, from the
space fixed x, = (x,, y,, z,) to the body fixed x = (x, y, z), which

#Data available online at http://www.aoe.vt.edu/aoe/physical/dyppir/dyp
—diss.htm [cited 1 March 2000].
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are nondimensionalized by L, should be added as a body force
term. When vector notation is used, the inertia forces due to the
transformation are
Q oV,
b=20xU—-QXQXr)—— xr—— €8
ot ot
where Q and V, are theangularand translationvelocity vectors of the
body-fixed coordinate system, respectively,andU=[U V W]’
and r are flow velocity normalized by U, and position vectorsin the
body-fixed coordinate system, respectively. For the present study,

180
Unsteady (present)

------ Steady (present, original SA)

——8—— Unsteady (Wetzel and Simpson [30]

- =--0 - - Steady (Welzel and Simpson [30])

907 PRI B [ R S|

160

< L Ec
< Q
L e‘°

L L 1 L 1 L L L L L
120 10 20 30 40

o

Fig. 5 Separation locations: primary separation (top) and secondary
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Q is normalized by U, /L and retains only one component, that is,
do !
0 0 —(=0.0476)
ot

where « is the pitch angle in radians.
The governing equations are continuity and unsteady three-
dimensional RANS equations for incompressible flow, written as

V.-U=0 )

DU
— +Vp-V. b=0 3
Dt+ 4 T+ 3)

where p is pressure normalized by pU?, T is the shear stress tensor,
andb=[b, b, b.]" is the body force term described earlier.

The one-equation turbulence model by Spalart and Allmaras®’
(SA) is employed for the present study, which solves a transport
equationforeddy viscosity. A modified version proposed by Dacles-
Mariani et al.*® is also implemented for steady flows to evaluate the
influence of turbulence prediction on the overall solution behavior.
The modification contains a new evaluation method for the vorticity
in the eddy viscosity production term, such that the |w| is replaced
by |w| 4+ C, min(0, |S| — |w|), where C, is an arbitrary constantand
|S| is the strain rate magnitude, to reduce the eddy viscosity in the
regions where |w| exceeds |S|, for example, in the vortex core. The
valueof C, (=20)is based on a parametricstudy with the steady flow
at @ =20 deg. When C, is set to the original value (=4) proposed
by Dacles-Mariani et al.,” the eddy viscosity is overpredictedand
vorticesare suppressed. When C, is setto 10 times the original value
(=40), the flowfield shows a limiting cycle behavior and oscillatory
solutions are obtained.

The solution domain resembles a half of an egg with extent
—-2.0<x<4.0,-2.0<y<2.0,0=<z=<2.0, and the origin at the
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Fig. 6 Pressure coefficient at various axial locations.
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body center. Both the asymmetry in the flow and wind-tunnel
blockage effects were negligible in the experimental studies®-*
(also Wetzel*), and this justifies the present domain configuration.
The boundary condition on each boundary is as follows: 1) On
the body, the no-slip condition with dp/dn =0 (steady flow) or
dp/dn=>b, is imposed, where b, is the face-normal component
of the body force (unsteady flow). 2) On the outer boundary up to
x=-0.5,U(r,) =V, (steadyflow)orU(r,) = -V, — Q x r, (un-
steady flow) is imposed, where r, is the position vector in the space-
fixed coordinatesystem, with zero-gradientpressure and freestream
eddy viscosity of 0.01/Re. 3) On the remaining outer boundary,
zero-gradient perturbation velocity, that is, dU(r,) /dn = 0 (steady
flow) ord[U(r,) + Q x r,]/dn =0 (unsteadyflow) isimposed, with
p =0 and zero-gradienteddy viscosity. 4) On the symmetry plane,
a(U,V,p,v,)/on=W =0 is imposed. The initial condition for
unsteady flow calculations is a corresponding steady flow solution
ata =0 deg.

IV. Numerical Method

A numerical method was developed and implemented in a com-
puter code for the solution of the unsteady RANS mathematical
formulation and modeling described in the preceding section. The
main flow solver was developed by Hino,”” and a variety of val-
idation cases including free-surface flows around practical ship
hull forms were carried out.®3° The code’s capabilities were ex-
tended to unsteady flow computations following Rogers et al.,*
and results of fundamental test cases were reported by Rhee and
Hino.*! Also detailed results of three-dimensionalsteady turbulent
flow separation around a prolate spheroid with modified SA model
are available by Rhee and Hino.?* In the present study, the un-
steady flow computation procedures are refined, and a body force
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term and boundary conditions for general maneuvering motions are
included.

An artificial compressibility is introduced into the continuity
equationsto couple a pressure field with the corresponding velocity
one. The finite volume method (FVM) is adopted for spatial dis-
cretization. The computational domain is meshed into unstructured
polyhedralcells. Flow variables are stored at the center of each cell.
For inviscid fluxes, the second-orderaccurateupwind scheme based
on the flux-difference splitting of Roe** with the MUSCL approach
is employed. Viscous fluxes are evaluated by the second-order ac-
curate central scheme.

After the spatial discretization, time-derivative terms are dis-
cretized using Euler backward and second-orderaccurate backward
scheme for pseudo-and physical time-derivativeterms, respectively.
Note that the physical time-derivativeterm is required for unsteady
flow calculations only. The local time stepping is employed for the
pseudo-timeincrement, so that the Courant-Friedrichs—Lewy num-
ber based on it is globally constant.

The resulting linear equation is solved by the symmetric Gauss—
Seidel iteration. The pseudo-time iteration continues until the aver-
aged pressure residual between two consecutive pseudo-time itera-
tions, that is, continuity equation imbalance, reaches a convergence
criterion, which is three orders of magnitude drop, or the iteration
number reaches its preset maximum, which is between 10 and 50 in
the present study. Because of the abrupt start and stop at the begin-
ning and end of the pitch-up maneuver, special care should be taken
in the evaluation of the body force term: Only half of the body force
is taken into account at the moments when the maneuver starts and
stops, that is, central differencing over a time span of one time step
before and after the moment is used.

To exploit the simplicity of the geometry and also to maximize
the numerical accuracy and efficiency, hexahedral cell grids were
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Fig. 6 Pressure coefficient at various axial locations (continued).
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generated using GRIDGEN™ software by mixed algebraic/elliptic
method. The average minimum spacing in the normal direction is
about 1 x 107.

V. Results and Comparison Data

The simulation results are analyzed here using the global force
and moment, separated flowfield observation, separation location,
and pressure and skin-friction coefficients. Uncertainty analysis
was carried out for the pitch-up maneuver case, and the results
are presented in this section. Comparisons are made with the
available experimental data, and the difference of features be-
tween the steady and unsteady flows is discussed with regard to
an extension of steady flow results to analysis of unsteady flows.
Note that the unsteady flow computations were done using the
original SA model only, and all of the presentation in this sec-
tion is made with the original SA model results, unless explicitly
mentioned.

To evaluate the numerical uncertainties associated with the
present results, the concept of a grid convergence index proposed
by Roache® is adopted. Three parameters, that is, grid size, time-
step size, and pseudo-time iteration number, with three different
levels, that is, fine, medium, and coarse, are considered for normal
force coefficient, Cy =normal force/%,oUUzL2 att =5.5, thatis, the
halfway point of the pitch-up maneuver. Cy is normal to the flow
direction and believed to be a global quantity that is sensitive to the
parameters selected. Local quantities were not considered for un-
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certainty analysis and more rigorous assessment is recommended
for future work. The order of accuracy,

— e"”[(gomedium — rooarse)/(goﬁne — Qomedium)]
i Te(r)

where Qcoarse > Pmedium » a0d @gne are solutions at coarse, medium, and
fine levels, respectively, and r is refinement ratio, is presented in
Table 1, along with the Richardson extrapolated value,

Pfine — Pmedium
rr —1

RE = Pfine +
and convergence index (CI),
CIL=lel/(r" — 1)

where

Pmedium — Pfine
Pfine

lel =

The value of r for grids is obtained by the effective grid refinement
rati0,43 (Nﬁne /Nmedium)l/D = (Nmedium /Ncoarse)l/D = 159, where N
is number of cells and D is the dimension of the problem. On
the other hand, the average values of refinement ratio, that is,
7 = ("fine—medium T "medium—coarse) /2 = 2.25, are used for convergence
studies with time-step size and pseudo-timeiterationnumber. Based
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Fig.7 Skin-friction coefficient at various axial locations.
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on these convergence studies, which show less than 4.7% of uncer-
tainties from the correspondingRichardsonextrapolated values, and
considering the current available computational resources, results
with the fine grid (345,600 cells), medium time-step size (0.01),
and medium pseudo-time iteration number (25) are presented and
compared with the experimental data in the following.

The normal force Cy and pitch moment Cy, = pitch moment/
% pUZL? coefficients are selected for force and moment analysis

Table1 Numerical uncertainty assessment

Parameter Cn £ CI p

Grid
Coarse (21,600cells)  4.67 x 1073 _ _ 1.495
Medium (86,400 cells) 4.33 x 10~3 7.85x 1072 7.85x1072 ——
Fine (345,600 cells)  4.16x 107 4.69x 1072 4.69x 1072 ——
Richardson

extrapolated value ~ 3.99 x 1073 —_— —_— —_—
Time-step size
Coarse (0.025) 4.72% 1073 — —_ 2.485
Medium (0.01) 416x 1072 1.35x 107! 2.07x1072 ——
Fine (0.005) 408x 1073 2.46x1072 3.79x1073 ——
Richardson
extrapolated value ~ 4.04 x 1073 — —_— —_—
Pseudo-time iteration number
Coarse (10) 4.64 x 1073 —_— _ 4.719
Medium (25) 416x 1073 1.19x 107! 2.65x1073 ——
Fine (50) 4.04x1073 2.67x1072 593x107* ——
Richardson
extrapolated value ~ 4.04 x 1073 —_— —_— —_—
0012
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because they are the most important global quantities in maneu-
vering motions. Figure 2 shows Cy and C,, for steady and un-
steady flows with experimental data® In both cases, the errors,
which are defined as the difference between experimental data and
computational results, in Cy and C,, increase up to 38.2% with
increasing «, or equivalently time, which implies the difficulty of
simulating strongly separated flows accurately at large pitch angles.
The errors in steady flow are reduced by applying the modified SA
model, which suggests a large dependency of simulation results on
the turbulence modeling. The abrupt start and stop of the pitch-up
maneuver cause large oscillations at the beginning and end of the
maneuver in both experimental and computationalresults, although
experimental data are shown at several points only for clarity.

Figure 3 presents the difference of trends in Cy and C), between
steady and unsteady flows. The overall trend is consistent with the
experimental one, that is, larger unsteady flow Cy and C,, after
the beginning of the maneuver and smaller near the end, except
for Cy in the final stage of the maneuver. The smaller Cy and
C), in the latter part of the maneuver indicate delays in separation,
which corresponds to higher pressure in the leeward side of the
body.

The influence of turbulence modeling on the velocity and pres-
sure fields is displayed by the contours of U and p on the crossplane
at x =0.9 in Fig. 4. For steady flow at @ = 10 deg, the influence
is small, although the use of modified SA model yields slightly
stronger separation in U contours. For steady flow at « =20 deg,
however, the influence of the use of the modified SA model is
obvious as clearly indicated by the existence of lower leeward
side pressure. This suggests that the modified SA model can im-
prove the prediction of highly vortical flows through suppression
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Fig.7 Skin-friction coefficient at various axial locations (continued).
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of eddy viscosity production in the region where the magnitude
of vorticity exceeds that of the strain rate, such as in the vortex
core.

Figure 4 also shows the delayed separation and smaller extent
vortices during the pitch-up maneuver. The delayed separation will
be discussed later along with separation locations. The difference
in leeward side pressure between steady and unsteady flow cases
accounts for the difference in Cy and C,, at the same incidence
angles, that is, higher leeward side pressure can be related to lower
Cy and Cy, and vice versa, as shown in Fig. 3.

Figure 5 presents primary and secondary separation locations vs
o at x =0.729. Note that, in the presentation hereafter, ¢ is 0 deg
at the symmetry plane on the windward side and 180 deg on the

Steady (Original SA) Unsteady
Unsteady
Stcady (Original SA) Unsteady

a=30deg

Fig.8 Skin-friction lines on aftbody.

leeward side. The minima in the wall shear are taken as separation
locations following Wetzel and Simpson.! Experimental data® are
also presented for comparison. Accurate prediction of surface pres-
sure gradient, for which the overall turbulent flow should be well
resolved, leads to accurate prediction of strength and direction of
crossflow. Separation location and the strength and extent of de-
tached vortices are closely tied with this crossflow around the body.
The computational results show slightly delayed separation forma-
tions, and this can be attributed to the eddy viscosity overprediction
with SA model, thatis, stronger fluctuationand mixing help the flow
stay attached. The windward and leeward side shifts of primary and
secondary separationlocations,respectively, are, however, well pre-
dicted. The strong crossflow driven by large pressure gradientin the
circumferentialdirectionat large o accounts for the former, whereas
stronger primary separationand the resulting vortex account for the
latter. The trend in the lag of separationlocationand small secondary
separation during the pitch-up maneuver is also properly captured.
The separations are delayed in the pitch-up maneuver case due to
the history effect, which is an effect dependenton the true total path
the particle has traversed.!

Pressure coefficients, C,, = p/%pUz, at various axial locations,
x=0.11,0.44,0.77,and 0.90, are presented in Fig. 6 for increasing
pitch angles. The experimental data?® are also shown for compari-
son. The overall agreement between the computational and the ex-
perimentalresultsis quite good, and the flow developmentduring the
pitch-up maneuver is well predicted, especially the large pressure
variation on the leeward side, at locationsx > 0.44 and pitch angles
o > 15 deg. The leeward side vortices induce strong and cohesive
swirling motions on the body surface, which results in suction peaks
in the leeward side at x =0.44 and 0.77 and « = 20-30 deg. Toward
the trailing edge of the body, both the computationaland experimen-
tal results show flattened C,, which indicates detached vortices. As
expected from the large errors in Cy prediction, however, suction
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et Steady (Wetzel and Simpspn [30])
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Fig. 9 Difference of skin-friction coefficient between steady and unsteady cases at x = 0.729.
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peaks are underpredicted at higher pitch angle and near the trailing
edge, which is related to the weaker vortices in the computational
results shown earlier.

Skin-friction coefficient, C y = Tyan/ % pU?2, at various axial loca-
tions,x =0.118,0.424,0.729,and 0.882, are presentedin Fig. 7 for
increasing pitch angles. Experimental data* are also shown for com-
parison. The overall agreement is good and the trend of the com-
putational results compare favorably with the experimental data,
although the difference seems to be larger than that of C,, compar-
isons. The increasing difference with increasing x on the windward
side at small pitch angles does not seem to be justifiable, and the
authors suspect possible relaminarizationof flow in the experiment,
which cannot be simulated by the present method. C, values at
local minima are underpredicted, supporting the argument of over-
predicted eddy viscosity. The good agreement in the locations of
local minima indicate that the flow development patterns are well
predicted, although the computational results show slightly slower
separation formation, that is, approximately 5-deg leeward shift, as
shown in Fig. 5.

The differencein the flow developmentpatternsfor the steady and
the unsteady flow cases can be viewed in Fig. 8 by the skin-friction
lines near the trailing edge at @ = 10, 20, and 30 deg. The unsteady
flow results clearly display the delayed separations, and the milder
crossflow reveals the history effect of particle movement in the un-
steady flow. The difference is also shown in Fig. 9, which shows
direct comparisons between steady and unsteady C at x =0.729
for the same incidence angles. The presentresults correctly predict
the trend in the difference, such that there is 1) clear separation
(steady) and no separation (unsteady) at o« =10 deg, 2) primary
and secondary separation (steady) and leeward shifted primary sep-
aration only (unsteady) at « =20 deg, and 3) strong primary and
secondary separation (steady) and leeward shifted primary sepa-
ration and weak secondary separation (unsteady) at o =30 deg.
This trend also confirms the argument that, in an unsteady flow, the
separation pattern can be quite different from its counterpart in an
equivalent steady configuration.

VI. Conclusions

A three-dimensional RANS method for unsteady turbulent flow
around a maneuvering vehicle was developedand applied to a model
problem concerning an extreme case of submarine maneuvers, that
is, a 6:1 prolate spheroidis pitched about its center while advancing
forward. A body force term is added in the RANS equations to take
into accountthe inertial motion in the body-fixed coordinatesystem.
The one-equation SA turbulence model is employed for turbulence
closure.

An artificial compressibility is introduced into the continuity
equation for velocity—pressure coupling. The governing equations
are discretizedby second-orderaccurate FVM in space and second-
order-accurate backward scheme in time. Although the code is
constructed for general unstructured cell grids, hexahedral cell
grids are used in the present study to exploit the simplicity of the
geometry.

The computational results are analyzed with global and local
quantities and validated by comparison with experimental data.
Overall, the present method performs quite well in predicting the
unsteady flow phenomena around a maneuvering prolate spheroid
and the results compare well with availableexperimental data. From
the comparisonof steady and unsteady flow results, it was found that
there are lags in the flowfield developmentand delays of separation
in unsteady flow cases, indicating that unsteady flow phenomena
cannot be accurately captured by simple extensions of steady or
quasi-steady computational results. Comparisons with experimen-
tal datareveal, however, that the isotropic eddy viscosity turbulence
model employed for the present study does not adequately resolve
the vortical flow in the leeward side of the body.

The results of the study suggest applicability of the present ap-
proach for additional complexities such as practical geometry with
appendages,more realistic maneuvering motions, and maneuvering
performance prediction of self-propelled vehicles. However, some
improvements are warranted. In particular, more advanced turbu-
lence models, such as the Reynolds stress model, might be needed

to predict the secondary flow and streamwise vortices. Also, im-
provement of computational efficiency is recommended to enhance
the usability of the code in practical design procedures.
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