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An Euler solver with boundary-layer option, overset/sheared Cartesian mesh, and automated mesh-generation

capability has been developed for aeroelastic applications to complex aircraftlike configurations. The automated

mesh-generation scheme can automatically generate a blockmesh by extending the grid lines from surfacemeshes to

the entire flowfield. In this way, the surface mesh can adopt the paneling definition required by commonly practiced

aerodynamic panelmethods as input. The overset/sheared-Cartesian-mesh capability allows convenientmodeling of

very complex configurations, such as an aircraft with external stores, in which the aircraft and stores aremodeled by

different blocks of meshes. This paper does not describe a novel computational method nor provide new insight into

the characteristics of physical problem. Rather, it offers a user-friendly and cost-effective computational

methodology that can be readily adopted by industry for rapid aeroelastic applications.

I. Introduction

T HE rapid progress of computational fluid dynamics (CFD)
methodology in the last decade has shown promising features of

its simulated unsteady aerodynamics for flight vehicles. High-level
CFD methods such as Reynolds-averaged Navier–Stokes and large-
eddy simulation/detached-eddy simulation could indeed capture
flow details in their simulated results, serving as research tools for
aerodynamic investigations. But whether they could readily become
aeroelastic tools for industrial application remains to be seen at
present, due to the fact that many aeroelastic problems such as flutter,
limit cycle oscillation, and gust loads, among others, require fast
turnaround time with limited computing resources. Therefore, the
aerospace engineers are accustomed to using panel codes like the
doublet lattice method and ZAERO [1,2] as aeroelastic tools. This is
because these codes can be readily adopted and run with the
aerodynamic paneling scheme, which is by far simpler than the grid-
generation procedure required by theCFDmethods. Perhaps the only
drawback of these codes is that they are largely based on potential-
flow methods, lacking flow nonlinearity and rotationality due to
shock waves that occurr in the high-speed flight regimes. Therefore,
there has been large demand in recent years from the aerospace
industry to acquire higher-level CFD methods that can accurately
capture such types of flow nonlinearity and be computationally
efficient for expedient aeroelastic applications. In addition, the
acquired CFD method should be ideally grid-generation free for the
user; its input format would be best to adopt that of the panel codes,
hence relieving the grid-generation burden of the user to readily
perform aeroelastic analysis. These considerations thus motivated
the recent development of an unsteady Euler-equations-based solver.

By largely improving the algorithms of XTRAN3S [3], Batina [4]
developed an unsteady transonic flow solver called CAPTSD which
solves the unsteady transonic small-disturbance equation (TSDE) on
a “sheared” Cartesian mesh. The purpose of the sheared Cartesian
mesh is to accommodate the sweep angle of the horizontal lifting
surfaces so that they can be fitted into such a sheared Cartesian mesh.

CAPTSD was further improved by Edwards [5] in coupling the
inviscid potential flow solution with a boundary-layer method to
include the viscous effects. Batina [4] has further demonstrated
the computational efficiency and ease in mesh generation of the
CAPTSD code in many transonic aeroelastic problems. However,
because of the TSDE assumption, the CAPTSD code can neither
model the entropy gradients for strong shock nor capture the vorticity
correctly, hence limiting its applicability for weak shocks. Batina
later advanced the CAPTSD with a consistent TSDE formulation
called ASP3-D [6], in which the flow vorticity, shock predictions,
and leading-edge behavior, among other features, were largely
improved. Unfortunately, validation effort has been lacking to justify
its potential for a full-fledged aeroelastic tool. Thus, following the
CAPTSD formulation as an aeroelastic tool guideline, one naturally
looks for a higher-level sheared-Cartesian-based CFD method that
could overcome the shortcomings of a TSDE approach.

Gao et al. [7] and Zhang et al. [8] have developed an Euler solver,
called the CartEuler code, to replace the potential flow solver in the
CAPTSD code. The CartEuler code solves the Euler equations on a
similar sheared Cartesian mesh and couples the boundary-layer
method adopted from CAPTSD for viscous flow solutions. Zhang
et al. approximated the full Euler boundary condition by itsfirst-order
expansion about the mean plane of the lifting surfaces, which allows
the thickness distribution of the surface be incorporated in the
Cartesianmeshformulation.Forunsteadyaerodynamiccomputation,
CartEuler employs the so-called transpiration boundary condition [9]
to account for the structural displacements/modes on the nonmoving
Cartesianmesh.TheCartEulerapproachoffersanappropriatebalance
betweenthecompletemodelingofflowphysicsandthecomputational
efficiency, and clearly shows a promising potential for efficient
aeroelastic applications in an industrial design environment. For a
wing–body–tail configuration, however, one still needs a rather
laboriousmesh-generation effortwithCartEuler, inwhich all compo-
nents in the configurationmust befitted into a single block of sheared
Cartesian mesh. For an aircraft with underwing stores, it is apparent
that the sheared-Cartesian-mesh approach is inadequate to model all
components of this complex configuration with a single block of
mesh. To resolve these technical issues, we have substantially devel-
oped a computational frameworkon theCartEulerflowsolverwith an
automatedmesh-generation schemeandanoverset/shearedCartesian
mesh thatcan largely reduce themesh-generationeffort foraeroelastic
analyses of the aircraftlike configurations. The resulting computer
code is called the ZEUS code.

II. ZEUS Code

ZEUS is a ZONA Euler unsteady aerodynamic solver that
integrates the essential disciplines required for aeroelastic design/
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analysis. It uses the CartEuler flow solver with a boundary-layer
option to includeviscous effects as the underlying aerodynamic force
generator coupled with structural finite element modal solution to
solve various aeroelastic problems, such as flutter, maneuver loads,
store ejection loads, gust loads, and static aeroelastic/trim analysis.

ZEUS uses the bulk data input format that is very similar to that of
Nastran and ZAERO. In fact, themajority of the input bulk data cards
of ZEUS are identical to those of ZAERO. The major difference in
input between ZEUS and ZAERO is the mesh generation, because
ZEUS requires the mesh of the entire flowfield domain whereas
ZAERO only needs the surface mesh. However, ZEUS is equipped
with an automated mesh-generation scheme that can automatically
generate a flowfield mesh by extending the mesh from the surface
mesh. In addition, ZEUS has an overset mesh capability to handle
very complex aircraftlike configurations such as a complete aircraft
with external stores.

The transferal of displacements and aerodynamic forces between
the structural and aerodynamic grids in ZEUS is accomplished by a
3-D spline approach. This 3-D spline approach consists of four spline
methods that jointly assemble a spline matrix. These four spline
methods include 1) thin plate spline [10], 2) infinite plate spine [11],
3) beam spline [12], and 4) rigid body attachment methods. The
spline matrix can transfer the x, y, and z displacements and slopes
from the structural grids to all aerodynamic grids aswell as the forces
at the structural grids to the aerodynamic grids.

Forthetransientresponseanalysis, theEulersolver iscoupledwitha
state-spaceequation that involves thegeneralizedmass, damping, and
stiffness of the structures.At each time step, the state-space solution is
firstsolved,thenthesolutionofthegeneralizedcoordinatesareapplied
to the boundary condition of the Euler equations to compute the
aerodynamic forces for thenext timestep, providingaclosely coupled
aeroelastic simulation for nonlinear aeroelastic analysis.
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Fig. 1 Y-zone technique for a fuselage–strake–wing–tip launcher-horizontal-tail configuration.

X

Y

Z

Mesh size = 144 x 88 x 80

a) b)

c) d)
Fig. 2 Automatic generated mesh for a fuselage–strake–wing–tip launcher-horizontal-tail configuration.
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ZEUS can also generate the frequency-domain generalized
aerodynamic forces that can be readily adopted by the flutter solution
technique, such as the g method [13] for frequency-domain flutter
solution. The frequency-domain generalized aerodynamic forces are
computed using a series of decayed sinusoidal functions corre-
sponding to the frequencies of interest to excite a given mode shape.
The frequency-domain generalized aerodynamic forces are then
obtained by transforming the time-domain transfer function to the
frequency domain using Fourier transform.

For statistic aeroelastic/trim analysis, ZEUS computes the aerody-
namic stability derivatives of the trim variables using a pseudo-
time-domain aerodynamic computation. These trim variables inclu-
de angle of attack (AoA), side slip, control surface deflections, and
pitch, roll, and yaw rates that are provided to a linear trim module to
search for the nonlinear trim solution in an iterative manner. At each
iteration, the aerodynamic stability derivatives are recomputed based
on the last trim condition. The trim solution is converged when the
variation of the trim-variable solutions between two iterations
becomes sufficiently small.

III. Automated Mesh Generation

The purpose of the automated mesh-generation capability in
ZEUS is to automate the manual volume mesh-generation effort for
the aircraftlike configurations. This is accomplished by aZAERO-to-
ZEUSmodel converter incorporated in ZEUS that adopts the surface
mesh of ZAERO, but with muchmore refined surface mesh than that
normally required by the panel method, as input and automatically
generates a single block of volume mesh. In this block of mesh, a set
of the components of the aircraft, such as fuselage, strake, wing, and
horizontal tail, can be fitted. Other components such as the under-
wing stores can be modeled by additional blocks of mesh. Com-
munication among different blocks of mesh is accomplished by the
overset mesh scheme. The volume mesh consists of orthogonal grid
lines on the Y–Z and X–Y planes; that is, the vertical and horizontal
grid lines are perpendicular with each other. The grid lines on the
X–Y plane and theY–Z plane can be further sheared to accommodate
the sweep angle of the leading and trailing edges and the dihedral
angle, respectively, of the lifting surfaces. This sheared mesh on the
X–Y plane is automatically generated by a Y-zone technique. The Y-
zone technique projects all components such as the fuselage, strake,
wing, tip launcher, and horizontal tail such as those shown in Fig. 1
on theX–Y plane.On thisX–Y plane, all components are divided into

Fig. 3 Sheared mesh of a wing–body configuration with winglet.

Fig. 4 Convergence study for a fighter configuration at M � 0:17 and
AoA� 2:2deg. Fig. 5 Mesh on the X–Y plane of the L56A18 wind-tunnel model.
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several spanwise zones, called the Y zones. Within each Y zone,
numerous fictitious spanwise lines are first generated whose slopes
start from that of the leading and trailing edges of those components
in the same Y zone and gradually decrease to zero as they move
downstream and upstream. Then, a line tracing method is activated
where each spanwise line of the surface mesh traces the fictitious
spanwise line across all Y zones, thereby connecting all the spanwise
lines. The final step of the Y-zone technique is to check duplicate

spanwise lines using a small tolerance;within this tolerance, only one
spanwise line is kept.

To extend the spanwise lines to the far field, a cubic spline tech-
nique with two slope constraints is used. The lines leaving the
rightmost or the leftmost point of the surface mesh should have
consistent slope with that of the outer components. Also, they must
be perpendicular to the right and the left far-field boundaries when
they reach them. The resulting automatic generated mesh for a

Fig. 6 Normal force coefficients vs angles of attack of the L56A18 wind-tunnel model atM � 0:8, 0.9, 0.94, and 1.03.

Fig. 7 Pitch moment coefficients vs angles of attack of the L56A18 wind-tunnel model atM � 0:8, 0.9, 0.94, and 1.03.
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fuselage-strake-wing-tip launcher-horizontal-tail configuration is
shown in Fig. 2. It should be noted that the boundary condition of the
fuselage is applied on a boxlike prismatic surface that embodies the
actual surface of the fuselage. Boppe [14] suggests that a correction
parameter using a slender body theory can be derived to account for
the spatial difference between the prismatic and the actual surfaces. It
is this correction parameter that enables the bodylike components
such as fuselage and stores to be modeled by a Cartesian mesh.

The Y-zone technique can be also applied to shear the grid lines on
the Y–Z plane to accommodate the dihedral angle of the lifting
surfaces. Shown in Fig. 3a is the ZAERO panel model of a wing–
body configuration with a winglet. Because of the winglet, the grid
lines on theY–Z plane are sheared by theY-zone technique so that the
grid lines above and below the winglet are nearly parallel to the
winglet mean surface. Applying the Y-zone technique to the grid
lines on the X–Y plane and the Y–Z plane, the resulting sheared grid
lines are shown in Figs. 3c and 3d, respectively.

The automated mesh-generation capability greatly reduces the
mesh-generation effort and allows a rapid change of grid size for an
optimummesh density. In fact, themajority of theZEUS input format
is identical to that of ZAERO, so that only the surface mesh defined
by the ZAERO panel model but with much more refined mesh is
required for input; rendering ZEUS a user-friendly computational
aeroelastic tool.

IV. Overset Mesh Scheme

For a complex configuration, it sometimes is very difficult to fit all
components of the configuration into a single-block mesh. In this
situation, the overset mesh scheme can be employed to fit the
components into multiple blocks of mesh. For instance, for a wing
with an underwing store configuration, the wing can be fitted into a
block of mesh, whereas the store can be fitted into another block of
mesh. The communication of the flow solution among blocks can be
achieved by interpolating the flow solution in the overlapped-mesh
region.

The overset mesh scheme, or called the Chimera scheme [15–17],
is a matured technology widely used by the CFD community to
model complex configurations using structured grids. Because the

ZEUS mesh is structured, the Chimera scheme can be applied
directly. The overset mesh scheme incorporated in ZEUS consists of
three steps: 1) hole cutting, 2) donor cell search, and 3) finding the
interpolation factors. Hole cutting is also referred to as blanking,
which nullifies the contribution from those nonphysical points in the
overlapping region. The donor cell search finds the cells for the
Chimera boundary points in the neighboring body meshes. The flow
solutions are interpolated from those donor cells onto the Chimera
boundary points. This interpolation is achieved using interpolation
factors based on the topology of the meshes in the overlapping
regions. Solution convergence within each time step is achieved by
subiteration.

Fig. 8 Drag polars of the L56A18 wind-tunnel model atM � 0:8, 0.9, 0.94, and 1.03.

Fig. 9 Mesh on the X–Y plane of the L51F07 configuration.
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V. Convergence Study of Steady Aerodynamics
on a Fighter Configuration

It is generally believed that the computational time to achieve a
converged solution of the Euler solver is longer than that of a

potential flow solver. However, our finding showed that this is not the
case for ZEUSwhen it is compared with CAPTSD. Figure 4 presents
the convergence of the lift coefficient CL at M� 0:7 and angle of
attack AoA� 2 deg computed by ZEUS and CAPTSD of a fighter

Fig. 10 Cp distribution along three spanwise stations of the L51F07 configuration atM � 0:9 and AoA� 2deg.

Fig. 11 Cp distribution along three spanwise stations of the L51F07 configuration atM � 1:2 and AoA� 2deg.
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configuration shown in Fig. 2. It can be seen that the ZEUS solution
converges after 700 iterations but the CAPTSD solution requires
9000 iterations to achieve a nearly converged solution.

The CPU time per iteration of CAPTSD and ZEUS is 0.472 and
2.815 s, respectively. Thus, the total CPU time for a converged solu-
tion of CAPTSD (after 9000 iterations) requires 4247 s, whereas the
time for ZEUS (after 700 iterations) is only 1970 s. In this case,
ZEUS indeed converges much faster than CAPTSD.

VI. Lift, Moment, and Drag Coefficients
of the L56A18 Wind-Tunnel Model

The L56A18 wind-tunnel model [18] is a wing–body–tail
configuration for which the mesh on the X–Y plane generated by the
automated mesh-generation scheme is shown in Fig. 5. The lifts,
pitchmoments, and drag polars atMach numbersM� 0:8, 0.9, 0.94,
and 1.03 computed by ZEUS and CAPTSD, as well as the compar-

Fig. 12 Cp along the body of the L51F07 configuration at M � 0:9 and AoA� 2deg.

Fig. 13 Cp distribution along the body of the L51F07 configuration atM � 1:2 and AoA� 2deg.

2060 CHEN ETAL.



ison with wind-tunnel data, are shown in Figs. 6–8, respectively. The
converged solution of ZEUS at all flow conditions are obtained after
700 iterations. It can be seen that, compared to the wind-tunnel data,
theviscous solutions ofZEUS (with boundary-layer option) provides
a slight improvement over the inviscid solutions (without boundary-
layer option) but only at high-angle-of-attack conditions. Overall, the

ZEUS solutions correlate well with the wind-tunnel data mostly at
the low-angle-of-attack conditions. On the other hand, the CAPTSD
solutions converge slowly from 2000 to 9000 iterations and correlate
poorly with the wind-tunnel data, even after 9000 iterations. The
better correlation of ZEUS than that of CAPTSD with increased
angle of attack is expected in that the equations of the former are of
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Fig. 14 Steady Cp on the LANN wing atM � 0:822 and AoA� 0:6deg.
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Euler level and unperturbed, whereas that of the latter are based on a
perturbed potential flow formulation TSDE, which is known for its
limited validity in the angle-of-attack range.

VII. Steady Pressure Coefficients of the
Wing–Body L51F07 Configuration

The L51F07 configuration is a wing–body wind-tunnel model for
the measurement of its steady pressure coefficientCp distributions at
various flow conditions [19]. Themesh for this case, generated by the
automated mesh-generation scheme, is shown in Fig. 9.

The Cp distributions computed by ZEUS and measured by the
wind-tunnel test at span stations 0:2b

2
, 0:6b

2
, and 0:95b

2
of the wing at

AoA� 2 deg and atM � 0:9 and 1.2 are presented in Figs. 10 and
11, respectively, where both ZEUS viscous and inviscid solutions are
shown. As expected, the viscous solution significantly improves the
shock locations over that of the inviscid solution. Overall, the ZEUS
viscous solutions correlate very well with the wind-tunnel data,
except the ZEUS solution slightly underpredicts the pressure jump
near the leading edge. This is probably due to the rapid change of
wing thickness at the leading edge where the approximate boundary
condition of ZEUS loses its accuracy and causes such an under-
prediction.

Because ZEUS employs an approximate boundary condition on a
boxlike prismatic surface rather than on the actual surface of the
bodies, one might have thought that the Cp distribution on the body
could lose accuracy. To show that this is not the case for ZEUS, and
the approximate boundary condition for the bodies actually works
surprisingly well, we correlated the ZEUS predicted Cp distribution
with the wind-tunnel data along the body at four circumferential
angles of�45,�15, 15, and 45 deg. This is shown in Figs. 12 and 13
forM� 0:9, and AoA� 2 deg, as well as forM� 1:2 and AoA�
2 deg conditions, respectively. It can be seen that the ZEUS solutions
on the body agreewell with thewind-tunnel data, and thewing–body
interference, especially near the wing–body juncture, is well
predicted by ZEUS, demonstrating the validity of the approximate
boundary condition of the bodies.

VIII. Unsteady Pressures on the LANN Wing

To show the accuracy of the ZEUS approximate boundary
condition on themean plane of the lifting surface, even for thickwing
configurations, the measured unsteadyCp on the LANNwing pitch-
ing about 62.1% of its root chord at reduced frequency k� 0:102,
M� 0:822, andAoA� 0:6 deg is selected as a test case. The LANN
wing has a supercritical airfoil section with maximum thickness-to-
chord t=c ratio being equal to 12% [20]. Because of this large
thickness ratio, the LANN wing could be a challenging case for
ZEUS validation.

Before the unsteady computation, ZEUS will routinely perform a
steady aerodynamic analysis, and this steady solution is used as the
initial flow solution for unsteady aerodynamic calculation. Figure 14
shows such a steady Cp solution with and without viscous effects
along six spanwise stations, y=b� 0:2, 0.325, 0.475, 0.65, 0.825,
and 0.95, as well as their correlations with the wind-tunnel data and
the CAPTSD solutions. It can be seen that the ZEUS viscous solution
agrees very well with the wind-tunnel data and provides a significant
improvement over the inviscid solution, especially near the transonic
shock locations. It should be noted that there are two transonic shocks
along thewing chord occurring at the spanwise station y=b� 0:2 and
0.325. These two transonic shocks are also well captured by ZEUS.
Meanwhile, the CAPTSD solution fails to correctly predict the
transonic shock location and strength and correlates poorly with the
wind-tunnel data.
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The real part and imaginary part of the unsteadyCp on the LANN
wing are shown in Figs. 15 and 16, respectively. With the boundary-
layer option, the ZEUS viscous solution agrees very well with the
wind-tunnel data, especially for the unsteady shock location and
strength. This suggests that the unsteady shock location and strength
are largely dominated by the steady shock location and strength.
Therefore, if the steady shock location and strength are accurately
obtained, the accuracy of the unsteady shock location and strength
can be ensured, as demonstrated by the ZEUS solution on the LANN
wing case. This is also evidenced by theCAPTSD solutionswhere its
real and imaginary Cp solutions shown in Figs. 15 and 16 are totally
unacceptable, as likely caused by the discrepancy of its steady
solutions with the wing-tunnel data.

IX. Downwash/Wake Effects of the
Saab Canard–Wing Model

The formulation of a potential flow solver is required to impose a
wake boundary condition on a prescribed wake surface (fixed wake
approach) or a wake shedding condition on the wing trailing edge
(the free wake approach). By contrast, an Euler formulation does not
need to explicitly impose such wake conditions because the vorticity
imbedded in the Euler equations could self-generate wake flow
shedded from a curved surface or a wing trailing edge. However, the
Euler solver might suffer from the numerical dissipation if the
algorithm of the solver is not properly formulated. This numerical
dissipation could render the wake solution deteriorated in the
downstream away from the wing trailing edge. The Saab canard–
wing model [21] is an ideal case to examine the accuracy of the
downwash/wake effects calculated by ZEUS. Shown in Fig. 17 is the
surface mesh of a Saab canard–wing model where both the canard
and wing are flat plates with a gap of 0.1 in. in the vertical direction
between them. The canard is pitching about its 50% root chord while
the wing remains stationary. The lift on the wing is generated mainly
by the downwash/wake from the pitching canard.

Because both canard andwing areflat plateswithout thickness and
the freestream flow is assumed to be at 0 angle of attack, there are no
steady aerodynamics coupled in the unsteady aerodynamics. In
addition, if the pitching amplitude of the canard is assumed to be
infinitesimal, the unsteady flow becomes completely linear, for
which the potential equation and the perturbed Euler equations
become nearly equivalent in the Mach number range considered. In
this case, the ZAERO solution (computed by the panel method) can
be used to validate the ZEUS solution. Two validation cases are
shown in Fig. 18, where excellent agreement of the lift on thewing at
various reduced frequencies and at M� 0:8and 1.054 between the

ZAERO solution and the ZEUS solution can be seen. This agreement
clearly demonstrates the accuracy of the downwash/wake effects in
terms of generalized aerodynamic forces predicted by ZEUS.

X. Flutter Boundary Prediction of the Goland Wing

The Goland wing [22] is a rectangular wing with a 4% parabolic
arc airfoil section and is one of the standard benchmark cases for
validatingflutter solution. Figure 19presents theflutter boundaries of
the Goland wing computed by Snyder et al. [23] using the ENS3-
DAE code [23] and the CAPTSD code, as well as by ZAERO and
ZEUS. All those results, except that computed by ZAERO, agree
well with each other and show that the flutter boundary of the Goland
wing has a transonic dip aroundM� 0:92. The failure of ZAERO in
capturing the transonic dip is caused by the use of the panelmethod to
solve the linear potential equation. Beyond the flutter boundary, the
aeroelastic system is unstable but the growth of the oscillating
amplitude could stop if a benign nonlinearity beyond certain amp-
litude appears to stabilize the aeroelastic system, resulting in a limit
cycle oscillation (LCO). To examine whether such a benign non-
linearity of theGolandwing could be provided byZEUS,we selected
two flow conditions, one atM� 0:92 and velocityU� 600 ft=s and
the other atM� 0:94 andU� 630 ft=s (both are beyond the flutter
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Fig. 19 Flutter boundary of the Goland wing.
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Fig. 21 Twenty-four blocks of mesh to model the whole aircraft with underwing stores.
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boundary), to compute the transient response at the wing tip. These
LCO results computed by ZEUSwith andwithout the viscous effects
are shown in Fig. 20. Indeed, both ZEUS viscous and inviscid
solutions show LCO at those two flow conditions, except the LCO
amplitude of the viscous solution is slightly smaller than that of the
inviscid solution. This suggests that the LCO of the Goland wing
could be predicted by the nonlinear Euler solution with and without
boundary option of ZEUS, whereas LCO persists only at a slightly
reduced level in spite of the introduced viscous effects.

XI. Transient Response of a Fighter with Stores

Several current fighter aircraft with external store configurations
have persistently encountered LCO problems [24,25]. It is generally
believed that LCO of aircraft with stores is induced by the
nonlinearity in aerodynamics or structures, or both. Ongoing LCO
studies tend to focus on aerodynamic studies with transonic shock
and/or shock-induced flow separation being the sole mechanism of

LCO [26,27]. We believe that there might be more mechanisms
involved to trigger LCO than just transonic aerodynamics [28]. In
search of the mechanisms of LCO, we suggest a simulation tool that
will contain the following features:

1) Its unsteady aerodynamic method must be nonlinear with
captured transonic shocks.

2) Flow viscosity should be included.
3) All components of the configuration, particularly external

stores, should be modeled structurally as well as aerodynamically.
4) The equation of motion should include structural non-

linearities. We propose to search for the LCO mechanism through
massive computed results; hence, the simulation tool must be com-
putationally efficient and with affordable computing resources so
that computed results can be generated for massive numbers of air-
craft with stores configurations at various flight conditions. ZEUS
is suitable to accomplish these tasks, because of its overset mesh
capability for complex configurations and being an efficient Euler
solver with boundary-layer option for transonic shock and flow

Fig. 23 Tip launcher acceleration of the typical-LCO configuration at M � 0:85, AoA� 2:2deg, and Re� 4:6 � 106.

Fig. 22 Structural modes on the aerodynamic surface mesh of the typical-LCO configuration.
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viscous effects. To demonstrate ZEUS capability in this, we
select an F-16 with stores configuration, called the typical-LCO
configuration [25], as a test case to investigate its flutter/LCO
characteristics.

The surface mesh represented by the panel model of this typical-
LCO configuration is shown in Fig. 21a, where three underwing
stores/missiles mounted under each side of the wing can be seen. To
model such a complex configuration, we use 24 blocks of mesh
whose 3-D view, X–Y view, and Y–Z view are shown in Figs. 21b–

21d, respectively, rendering an overset mesh for the ZEUS
computation.

To transfer the mode shapes from the structural grids to the
aerodynamic grids, we employed the infinite plate spline method for
the wings, tip launchers, vertical tails, and horizontal tails, the beam
spline method for the fuselage and the store bodies, and the rigid
body attachment method for the missile canards and fins. The
resulting mode shapes on the aerodynamic surface mesh of the first
six elastic modes are presented in Fig. 22.

Fig. 25 Tip launcher acceleration of the typical-LCO configuration at M � 0:95, AoA� 2:2deg, and Re� 4:6 � 106.

Fig. 24 Tip launcher acceleration of the typical-LCO configuration at M � 0:90, AoA� 2:2deg, and Re� 4:6 � 106.
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For the ZEUS transient response analysis, the angle of attack and
Reynolds number are assumed to be at 2.2 deg and 4:6 � 106,
respectively, and are invariant with respect to the Mach numbers and
altitudes H. Three transonic Mach numbers at M � 0:85, 0.9, and
0.95 are selected, at which the transient response computations are
performed at various altitudes. To excite the aeroelastic systems, we
used the trailing-edge flaps with one-cycle antisymmetric oscillation
as the initial disturbance. The use of the antisymmetric oscillation of
the trailing-edge flap is under the consideration that the typical-LCO
configuration is expected to have an antisymmetric LCO charac-
teristic [25]. Before the transient response computation, a static
aeroelastic analysis is performed first on the configuration; its
deformed shape is based as the mean position for the follow-up
dynamic aeroelastic analysis. These dynamic aeroelastic results, in
terms of the transient responses at the tip launcher, are presented in
Figs. 23–25, forM � 0:85, 0.9, and 0.95, respectively. AtM� 0:85
and below H � 0 kft, divergent motions are predicted by ZEUS. A
decayed motion is obtained atH� 10 kft, showing that the typical-
LCO configuration has a flutter boundary at M� 0:85 between
H � 0 and 10 kft. However, at all altitudes, no LCO is obtained at
M � 0:85. Similarly, divergent motions below H � 10 kft and
decay motion above H� 20 kft are obtained at M� 0:9 while no
LCO is shown. AtM� 0:95, the ZEUS results also show divergent
motions below H � 0 kft. But aboveH � 20 k, LCOs are obtained
that have a maximum acceleration of 2g at H � 20 k and 1g at
H � 30 k. It is believed that this type of LCO is induced by the strong
unsteady shock occurring at M� 0:95 and probably the shock-
induced boundary-layer separation.

The frequency F and damping G of those transient responses
calculated using the auto-regressive-moving-average technique are
also shown in Figs. 23–25. Flutter boundary in terms of altitude at
each Mach number can then be obtained by interpolating the
damping values at all altitudes for zero damping. The flutter speeds
and frequencies at these zero-damping conditions are presented in
Table 1. In Table 1, the flutter speeds and frequencies computed by
the ZTRANmethod [29] are also included. The ZTRANmethod is a
transonic field-panel method using CFD-generated steady aerody-
namic solution as the steady background flow to compute the
frequency-domain unsteady aerodynamics. For these typical-LCO
cases, the Navier–Stokes solution computed by the SPLITFLOW
code [30] is employed to generate the steady background flow for the
ZTRAN method. Good agreement between the ZEUS and ZTRAN
flutter solutions can be seen in Table 1. Note that ZEUS is a time-
domain approach, whereas ZTRAN is a frequency-domain ap-
proach, and such a good agreement between their flutter solutions
indeed validates both codes as viable transonic unsteady aerody-
namic methods for aeroelastic systems.

XII. Conclusions

A sheared-Cartesian-based Euler solver with boundary-layer
option has been developed with overset mesh capability and an
automated mesh-generation scheme for aeroelastic applications to
complex aircraft configurations. The resulting software system of
this Euler solver, called ZEUS, has been validated with various
available data, including wind-tunnel data and analytical results
computed by other computational methods of wings, wing–body
configurations, and a fighter with external stores. Because of the
built-in automated mesh-generation scheme, ZEUS does not need
tedious mesh-generation efforts that are usually required by other

CFD methods, thus resulting in a great savings in engineering time.
This automated mesh-generation scheme can automatically generate
a computational mesh for ZEUS by extending the grid lines from the
surface mesh to the whole flowfield. Thus, the input of ZEUS
requires only the surfacemesh definition through the panel modeling
of ZAERO as input, rendering ZEUS as a user-friendly, cost-
effective computational tool that can be readily adopted by industry
for applications to large aeroelastic systems.
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