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Unstructured Method for Flows past Bodies
in General Three-Dimensional Relative Motion

K. P. Singh¤ and Oktay Baysal†

Old Dominion University, Norfolk, Virginia 23529

A three-dimensional methodology was developed for unsteady � ows past bodies that are in relative motion
and where the trajectory of the motion was determined from the instantaneous aerodynamic � eld. This method
coupled the equations of � uid � ow and those of rigid-body dynamics and then captured the unsteady aerodynamic
interference between the stationary and moving boundaries. The time-dependent, compressible Euler equations
were solvedon dynamic,unstructured meshes byanexplicit, � nite volume,andupwindmethod.Thegridadaptation
was performed within a window placed around a moving body. The Euler equations of dynamics were then solved
by a Runge–Kutta integration scheme. The � ow solver and the adaptation scheme were validated by simulating
the transonic, unsteady � ow around a wing undergoing a forced, periodic pitching motion and then comparing
the results with the experimental data. Finally, the overall methodology was demonstrated by simulating the
unsteady � ow� eld and the trajectory of a store dropped from a wing. The methodology, with its computational
cost notwithstanding,has proven to be accurate, automated, easy for dynamic gridding, and relatively ef� cient for
the required work hours.

Nomenclature
at = contravariant speed of cell face
a1 = freestream speed of sound
C p = pressure coef� cient
d = store diameter
E = � ux vector
F = body force in inertial frame
g = gravitationalacceleration
I = moment of inertia
k = reduced frequency
M1 = freestream Mach number
m = mass
On.nx ; n y; nz/ = outward unit normal
p = pressure
Q = � ux of conserved � ow variables
r = position vector in noninertial frame
t = time normalized by (d=a1)
u; v; w = components of velocity in inertial frame
Vcg = velocity of center of gravity in inertial frame
Vr = velocity vector in noninertial frame
xt ; yt ; zt = components of absolute cell face speed
® = magnitude of pitching motion
! = angular velocity vector in inertial frame

Introduction

C OMPUTATIONAL � uid dynamicshas reasonablymatured for
steady� ows.However, there is a strongneed for advancements

to compute unsteady � ows and, subsequently, the � ows involving
moving bodies. In simulating a � ow� eld involving a multicompo-
nent con� guration,with one or more componentsengaged in a rela-
tive motion, there are at least four levels of assumptions that can be
made for the incident-�ow and solid-surfaceinteraction.1 These are
as follows: 1) All of the moving components are assumed to be in-
stantaneouslyfrozen,and at each instant,a steady-statecomputation
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is performed.2) All of the movingcomponentsare assumed to be en-
gaged in the same rigid-body motion, and the entire computational
mesh is assigned this motion during the unsteady � ow analyses.2

3) Each moving component is assigned its own rigid-body motion,
which is either prescribed or it is assumed to be known, so that the
motion is input to theunsteady� owcomputations.3¡7 4)Beyondand
above level 3, the trajectory is determined from the instantaneous
� ow� eld, which is aerodynamicallydetermined.8¡12

For certain class of relative-moving-body problems, levels 1–3
may be unacceptablycompromising. Currently, there appear to ex-
ist two different approaches at level 4: dynamic domain decompo-
sition method3;4;8 and dynamic unstructuredtechnique (DUT).10¡12

The objective of the present paper is to report the latter method’s
extension for three-dimensional � ows with six-degree-of-freedom
(DOF) body and boundary motion. The � owchart of DUT is pre-
sented in Fig. 1. After a briefdescriptionof themethod, its validation
case will be discussed. The paper will be concluded following the
presentationof the computed store separation case.

Synopsis of Methodology
The three-dimensional,time-dependentEuler equations for � uid

� ow, expressed in the integral form for a bounded domain Ä with a
boundary @Ä:
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were considered.For thesedynamicmeshes, the contravariantspeed
of a cell face was written as

at D xt nx C yt n y C zt nz (2)

and the velocity vector of a � uid particle was written relative to the
motion of the mesh:

Vr D f.u ¡ xt /; .v ¡ yt /; .w ¡ zt /g (3)

Second-order spatial discretizationswere obtained for either Roe’s
� ux-differencesplittingor van Leer’s � ux-vectorsplitting.For mov-
ing meshes, the contravariantface speed and the contravariantparti-
cle velocityrelative to the moving mesh [Eqs. (2) and (3)] were used
to modify the Roe averagedcontravariantvelocitiesand the van Leer
de� ned split � uxes. The solutions at the cell centers were Taylor-
seriesexpandedto eachof thefacesofa tetrahedralcell.The spatially
discretized form of the governingequations were then integrated in
time using the explicit four-stageRunge–Kutta method. For Eq. (1),
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Fig. 1 Flowchart of the present three-dimensional DUT.

this method had a second-order temporal accuracy. To avoid grid-
motion induced error, the geometric conservation law had to be
satis� ed concurrentlywith the conservationequations.2;13;14 For the
boundaryconditionsfor the presentmovingboundaryproblems, the
standard inviscid conditions on the wall were adjusted to account
for the boundary velocities using the grid speed [Eq. (2)] and for
the nonzero pressure gradient using the normal momentum equa-
tion [Eq. (1)]. In the far � eld, characteristic boundary conditions
were employed based on the locally one-dimensional Riemann in-
variants.Detailed discussionsof the three-dimensional,steady � ow
solutionalgorithmon stationarygrids was given by Frink,15 and the
two-dimensional,unsteady � ow algorithm on dynamic meshes was
reported by Singh et al.10 and Singh and Baysal.11

For the adaptation of the mesh to the boundary motion, the
tension-springs analogy was used, where each edge of a tetrahe-
dron representedby a tension spring. Assuming the spring stiffness
is inversely proportional to the edge length, the equilibrium of the
composite spring forces provided the displacement of each node.
To restrict the size of the adaptation region, a window was created
around a moving body. The entire domain was searched to locate
the nodes that fell within the window (window points) and those
that were connectedto the outermostwindow points (frame points).
The window points were allowed to be adapted; however, the nodes
exterior to the window and the frame points were spatially � xed in
time. For problems in which the body had a small or no translational
movement, creationof the window took placeonly once.Otherwise,
the window would be constructed at several instants along the path
of the body’s motion.

Coupled in the overall solution algorithm (Fig. 1) were the gov-
erning equations of rigid-body dynamics, used to determine the
six-DOF trajectory of a body from a given � ow� eld:
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The present solution method for Eqs. (4) and (5) and its validation
were previouslypresented by Singh et al.10 and Singh and Baysal.11

For this purpose, the quasi-steady wind-tunnel data16 for the sep-
aration of a store from a wing were used. These experimentally
determined aerodynamic forces and moments were also used as
the input to the present dynamic computations. Then the computed

Fig. 2 Limiting cycle for the oscillating rectangular wing case plotted
in counterclockwise direction.

store trajectory10 was successfullycompared with the experimental
trajectory.16

For the harmonic motion considered in the validation case, the
pressure coef� cient histories computed in the time-domain were
Fourier decomposed into their real and imaginary components:
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to distinguish the in-phase from the out-of-phasepressures17 for the
cycle time t2 ¡ t1. The results will be presented next.

Computational Results
The presentmethodologywas intendedand, hence,demonstrated

for a multibodycon� guration in relativemotion. First, its validation
was attempted using a case for which credible experimental data
existed. A rectangular half-span wing, with NACA 64A010 airfoil
section and a complete aspect ratio of 4, was placed in Mach 0.8
� ow (slightly supercritical) at zero incidence and then subjected



SINGH AND BAYSAL 221

a) 77% semispan, steady state

b) 94% semispan, steady state

c) 77% semispan, oscillating wing, real Cp

d) 77% semispan, oscillating wing, imaginary Cp

e) 94% semispan, oscillating wing, real Cp

f) 94% semispan, oscillating wing, imaginary Cp

Fig. 3 Comparison of chordwise pressure coef� cients for the oscillating rectangular wing.
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to a forced, sinusoidal, pitching motion.17 The amplitude and the
reduced frequency of the motion were 1 deg and 0.27, respectively.
The unstructured mesh generated for this wing (covered 12 chord
lengthsboth normallyand chordwise,and 4 chord lengthsspanwise)
had 40,533 cells and 7,775 nodes.After obtaining the initial steady-
state solution, time-accurate calculations were performed for four
cycles. Because the results from the third and the fourth cycles
were indistinguishably coincident, the third cycle was deemed as
the limiting cycle (Fig. 2).

Comparisons of the present computations, for the steady-state
(Figs. 3a and 3b) and unsteady � ows (Figs. 3c–3f), with the data
(two spanwise stations presented, one supercritical and one fully
subsonic critical) were by and large successful. Some discrepancy
in the out-of-phase pressures was observed, even among the sec-
ond and third cycle computations. This was attributed to a number
of factors: 1) pressure oscillations with differing phases on upper
and lower surfaces, 2) overprediction by the inviscid equations, 3)
relatively coarse grid resolution in shock-excursion region, 4) dis-
crepant representationof the wing tip between computation (round)
and experiment (� at), and 5) the truncation error. Present results
were obtained on a Cray Y-MP computer using 48 MB of mem-
ory, and 0.5 and 7.7 CPU hours for steady � ow and 1 cycle of
unsteady � ow computations, respectively. The corresponding unit
processing times were about 17 and 42 ¹s per time step per cell,
respectively.Among the observationsmade in comparison with the
implicit, structured, domain-decompositionmethods (at level 3 by
Chaderjianand Guruswamy18 and at level 4 by Yen and Baysal8;14 ),
the following were deemed noteworthy: 1) The present method did
not compromise the second-order temporal accuracy because no
time linearization,or approximatefactorization,or diagonalization,
or interpolations were necessary. 2) A lower number of cells was
needed in the presentmesh (aboutone-� fth). 3) This advantagewas,
however, offset to a certain extentby the smaller time step (about 20
times) required in the present explicit time-marching scheme. The
last point was later addressed in Ref. 19.

Next, the present method was demonstrated using a wing-and-
store con� guration (Fig. 4), which was derived by simplifying the
wing–pylon–� n–storecon� gurationgivenbyHeim.16 It consistedof
a clipped delta wing with a 45-deg leading-edgesweep and NACA-
64A010 airfoil sections, and directly below this wing, an ogive–

cylinder–ogive store. Both the wing and the store were at 0-deg
yaw and angle of attack. The oncoming freestream Mach number
was 0.95. A computational domain spanning 60d £ 16:5d £ 60d
in the three directions, respectively, was covered by a relatively
coarse unstructured mesh, with 115,864 cells and 21,515 nodes.
The adaptation window placed around the store included less than
30% of the total cells, hence, reducing the computational task. For
the rigid-bodydynamics,the store’s mass, normalizedby½1d3

f , was
8016.2;weight, normalizedby ½1a2

1d2
f , was 0.43; and the nonzero

elements of its moment of inertia tensor, normalized by ½1d5
f ,

were Iroll D 1032:8, Ipitch D 18,591.9 and, Iyaw D 18,591.9, where
d f D 20d D 0:508 m, ½1 D 0:776 kg/m3 , and a1 D 322:3 m/s. The
impulsive ejection force was 102.4 (intentionally exaggerated by
40 times for a quicker plunge) and was applied until 0:1d drop was
attained.

Fig. 4 Surface mesh for the store in carriage positionnear a delta wing.

Upper wing surface

Lower wing surface

Fig. 5 Normalized pressure contours of steady � ow at carriage posi-
tion.

First, the steady-state solution was obtained for the carriage
position using local time steps for computational ef� ciency. The
normalized pressure contours for the wing and store surfaces are
presented in Fig. 5. Then the computations were continued using
time-accurate (global) steps of 1E–3 normalized time units, with
correspondingmaximum Courant number of about 3. The unsteady
� ow after 2t of separation(store dropped0:65d) is shown via its in-
stantaneouspressure contours (Fig. 6). As compared to the carriage
position,therewere hardlyany differenceson the upper surface� ow
(hence upper surface not shown). However, the dynamic, mutual in-
terference manifested itself in a time-varying footprint of the store
on the wing’s lower surface. This time-dependent effect was more
accentuated on the store, as evidenced by the pressure coef� cient
distributions on the store surface (Fig. 7). The pressure difference
between the upper and lower surfaces at 2t was much larger than it
was at carriage position. This was attributed to the following. First,
the pitching down of the store resulted in elevated lower-surface
pressures, and second, the widening gap between the store and the
wing diminished the interference effect.

The computedsix-DOF trajectoryfor the store’s center of gravity
is shown in Fig. 8 via its linear displacement and Euler angles.
The translational motion was mainly in the downward direction,
but small displacements were also observed toward the aft and the
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Vertical symmetry plane of the store

Lower wing surface

Fig. 6 Store separating from a delta wing; contours of normalized
instantaneous pressure at time 2t.

Fig. 7 Instantaneous pressure coef� cient distributions on the store:
steady-state vs unsteady at time 2t (0:65d separation). Chord refers to
the store length normalized by its diameter.

Linear displacements

Euler angles

Fig. 8 Trajectory of the store’s center of gravity as it separates from a
delta wing.

wing root. The store’s nose pitched down with a gradual yawing
toward the wing outboard. The sideslip and rolling were not quite
expected for this axisymmetric store. However, possibly due to the
wing-tip effect and the impulsive ejection, some nonsymmetry was
introduced into the � ow� eld. The unsteady load histories (obtained
by pressure integration only) resulting from the store motion are
shown in Fig. 9. The normal force changeddirectionabruptlyas the
ejectionforcewas lifted and kept on increasing.The magnitudesand
the temporal changes of the axial and side forces were small. The
moments also displayedrelativelysmall temporal changes,but their
magnitudes were appreciable and quite disparate. A � nite value of
the rolling moment was observed, which might be largely due to
an error in integrating the pressures on the store. The coarsenessof
a surface grid could easily result in the numerical directions of the
pressures being skewed from the center-line. Finally, the present
dynamic simulation on a Cray Y-MP computer for 2t and 0:65d
required 8.3 CPU hours (including 1.64 h for steady-state solution)
and 134 MB of memory. The unit processing time for the method
was 21 and 42 ¹s per time step per cell for steady and moving-
boundary computations, respectively.
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Force coef� cients at the center of gravity

Moment coef� cients about the center of gravity

Fig. 9 Unsteady loads on the store as it separates from a delta wing.

Conclusions
A three-dimensional, unstructured-mesh technique was devel-

oped to simulate unsteady � ows past bodies in relative motion,
where the trajectorywas determinedfrom the instantaneousaerody-
namics. The � ow solver and the adaptation scheme were validated
by simulating the transonic, unsteady � ow around a wing under-
going a forced, periodic pitching motion. Then, to demonstrate the
technique and its concept using a typical example for the relative-
moving-body problems, the separation of a store from its carriage
position under a wing in transonic � ight was computationally sim-
ulated. Among the noteworthy observationsmade from the present
investigationwere the following:1) The methodologyhas shown to
be accurate, automated, easy for dynamic gridding, and relatively
ef� cient for the required work hours. 2) Determining the trajectory
of a free falling object aerodynamicallyrequires a multidisciplinary
analysis, using not only adequately accurate but also computation-
ally ef� cient algorithms. 3) As a cost saving measure, such simu-
lations may be restricted to the duration of the mutual interference
effects between the objects. 4) The computational ef� ciency (by
further optimizing the coding and/or implicit time marching19 ) was

deemed as the last issue to be investigated before proposing the
method for practical and realistic applications.
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