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Scattered Electromagnetic Field of a Re-Entry Vehicle
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Scattered electromagnetic fields around the X24C lifting body illuminated by both transverse electric and
transverse magnetic incident plane waves are simulated. The refractive and diffractive phenomena are studied
in the resonant and the optical regimes. The numerical solutions are generated by solving the three-dimensional
Maxwell equations in the time domain using an upwind-biased finite-volume algorithm. The numerical results are
third order accurate in space and second order accurate in time. The simulations are validated on simpler shapes,
including a cylinder and a sphere, for which the solutions are well known. The scattered field is then described for
the re-entry vehicle in the resonant and optical regimes. The numerical results demonstrate that accurate radar
cross sections can be obtained by implementation of consistent boundary conditions developed for a perfectly
conducting scatterer.

Nomenclature
B = magnetic flux density, Wb/m2

D = electric displacement, C/m2

E = electric field intensity, V/m2

/ = wave frequency, s"1

H = magnetic flux intensity, A/m
i, 7, k = index of discretized volume
J = electric current density, A/m2

n = outer normal of a surface
R = numerical residual
r, 0, $ = spherical coordinates
t - time, s
U = dependent variables
V = elementary cell volume, m3

€ = electric permittivity, F/m
X = wavelength, m
41 = magnetic permeability, H/m
§» *?» £ = general curvilinear coordinates
a) = angular frequency of wave, s"1

Subscripts
ch = characteristic time required for wave to traverse one

body length
= incident field property

Superscripts
+, — = flux vector associated with positive and negative

eigenvalue

Introduction

R EDUCED detectability of advanced fighter aircraft has been
identified as one of the four critical areas of aeronautical tech-

nology for 2000.l The fundamental physical process of infrared or
radar signature is based on the refraction and diffraction of electro-
magnetic waves on a scatterer. The quantity of primary interest is the
distribution of electromagnetic energy at a large distance from the
scatterer.2"4 In engineering applications, two techniques commonly
adopted for radar signature evaluation are the method of moments
and the geometrical theory of diffraction. The former is an accurate
boundary-value analysis of the electromagnetic-wave interaction
for incident waves at a fixed frequency.5 The latter has provided an
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asymptotic analysis in the high-frequency regime.6 Computational
electromagnetics has emerged to meet the technical need to ex-
amine the complete range of scattering phenomena at varying fre-
quencies, from the low-frequency Rayleigh through the resonant
and optical regimes.7'8 The basic scientific issue in developing a
numerical simulation capability for radar cross section (RCS) is fo-
cused on solving the time-dependent, three-dimensional Maxwell
equations.

The procedure for deducing the RCS of a scatterer is well
known9'10: it involves sampling by Fourier transformation of a solu-
tion of the Maxwell equations from time to frequency domain, then
using field equivalences to transform the near-field scattering results
to the far field. For investigation of wave-refracting and -diffracting
phenomena in three-dimensional space and time, a large number
of discretizing points must be processed. Numerical accuracy and
efficiency for RCS analysis still require substantial improvement to
make computational electromagnetics a viable simulation tool.

The Maxwell equations in the time domain constitute a hyperbolic
partial differential equation system. All known numerical schemes
suitable for solving time-dependent initial-value problems will con-
tain dispersive and dissipative errors. These quasiphysical errors can
be controlled by a judiciously selected mesh-point system. How-
ever, in addition to the approximation inherent in the adopted al-
gorithm, errors are also incurred by the specification of values on
the physical or numerical boundaries. This follows from the need
to discretize the initial-value problem onto a computer with a finite
memory size.8 The numerical boundary has been known to induce
wave reflection, which in turn produces distortion of wave propaga-
tion and its energy content. Several absorbing boundary conditions
have been developed to overcome this inherent shortcoming.11'12

However, only the application of characteristic formulation to the
Maxwell equations can in principle completely eliminate the fun-
damental dilemma.13"15

On the interface between two dielectric media, such as a scatterer
surface, the impinging wave will in general be partially transmit-
ted and partially reflected. Rigorous boundary conditions on the
interface can be derived from the integral form of the Maxwell
equations.3'16 In essence, these boundary conditions require the tan-
gential components of electric field intensity and the normal compo-
nent of magnetic field intensity to be continuous across the interface.
Unfortunately, some of these conditions require the knowledge of
the surface current density and the surface charge density, which are
not known a priori.

The shortage of information at an interface has been circumvented
in computational electromagnetics with creative approaches. One
effective approach employs staggered grid systems for the electric
and magnetic fields.7-9 Across the interface, derivatives of the elec-
tric field on one grid system provide the necessary data to generate
the temporal advance of the magnetic field and to sustain the com-
putations. On a unified mesh system for both electric and magnetic
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fields, the perfect-shift condition of a numerical solution and the
one-dimensional characteristics have also been used effectively
in computational electromagnetics.17'18 In spite of the fact that
illustrative achievements have been attained, few assessments have
been made in analyzing the accuracy of commonly adopted numer-
ical boundary conditions. In numerical simulations, only different
boundary conditions generate different physics from an identical
governing equation system.19 The fidelity to physics is also deter-
mined by the accuracy of initial and boundary values as well as the
manner in which they are implemented. It may be obvious that devel-
oping a rigorous and systematic procedure for numerical boundary
conditions across an interface of two media should be a pacing item
in computational electromagnetics research.

In the present effort, the scattered field of a complete aerospace
vehicle, the X24C-10D, is generated by an upwind-biased finite-
volume procedure that is third order accurate in space and second
order accurate in time.15 The interaction of electromagnetic waves
with this perfectly conducting scatterer is studied for both transverse
electric and magnetic incident waves traveling in the direction of the
positive x coordinate. The selection of this configuration is princi-
pally dictated by the fact that a single-block body-conformal grid
system is readily available.20"22 Validation of the present results is
achieved with a systematic procedure. First, the numerical boundary
conditions on a scatterer are compared with an asymptotic formula-
tion in the optical limit.3 Then, the method is applied to a perfectly
conducting cylinder and sphere in the lower optical regime. The
resultant radar signature of the cylinder is compared with known re-
sults to verify the complete process for radar cross-section analysis.9
Finally, the scattered fields of the X24C are simulated; the specific
comparison with measurement will be documented in future effort.

Analysis
Formulation

The three-dimensional Maxwell equations and constitutive rela-
tions in the time domain are16'23

where

dt
+ V x E = (1)

V • B = 0, B = /xH (3)

V . D = 0, D = 6E (4)

The only conservation law, for electric charge and current density, is

dt (5)

The system of governing equations cast in vector form on a gen-
eral curvilinear and body conformal coordinate system acquires the
following form:
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A cell-centered, finite-volume scheme based on the MUSCL ap-
proach is adopted for the present study.15 The finite-volume scheme
discretizes the differential formulation into a difference presentation
astride the elementary cell surface:

AF AG
(H)

where the continuous operators d / d t , 3/3?, 3/3??, 3/3£ have been
replaced by the discrete operators A/Ar, A/Af, A/A??, A/A?,
and where R denotes the residual of the numerical approximation.
The discrete operators A describe the flux balance on all cell faces
including the boundaries of the scatterers.

The construction of the flux vectors F, G, and H at the interface
of each cell adopts the concept of splitting introduced by Steger and
Warming for CFD.24 The flux at any cell surface is formed by a
superposition of two components, F+, G+, H+ and F~, G~, H~,
according to the signs of their eigenvalues. Physically, this unique
relationship honors the direction of signal propagation. Since the
diagonalization of the Maxwell equations can only be achieved in
a single spatial direction at a time, the flux splitting is performed
in the one-dimensional time-space plane. Under this circumstance,
the positive and the negative components represent the right and the
left running waves within the domain of influence13'14'24'25:

G~ (12)

Hk^=H+(u^ + H-

In the above, the superscripts L and R refer to the reconstructed
solution on either side of an interface.

The numerical accuracy of this finite volume scheme is actually
determined by the construction of the states, UL and UR, from
the known values of the solution in the adjacent cells. The present
method adopts the upwind-biased algorithm due to van Leer.26'27

The two states at any interface are constructed by a windward-biased
formula:

dU 3F 3G
(7)

The transformed dependent variables and the flux vectors, F, G,
and H in the above equations are given in the following;

G = ijvG
(8)

,
' T~ o

(13)

(14)

where VUt = Ut - Ut-i and At// = UM - Uf. The basic al-
gorithm is third-order accurate in space when K = \. In this case,
since the leading truncation error term is the fourth-order derivative,
dissipative errors may be expected to dominate.

For finite-volume schemes, the balancing of split fluxes on the in-
terface of cells is achieved in an orthogonal coordinate system one
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axis of which is locally aligned with the cell surface outward normal.
Therefore, the needed locally orthogonal coordinates depend only
on the shape and edges of the cell in consideration. Since the tangen-
tial vectors of a point on any surface are nonunique, two internally
consistent tangential components are constructed by consecutive
cross products.15 The resultant locally orthogonal coordinate sys-
tem reduces to the Cartesian frame, in which the necessary informa-
tion on eigenvalues and eigenvectors for flux splitting is known.13'15

In addition, the direction cosines are symmetrical with respect to
the two coordinate systems; thus the inverse transformation from
the (£, r?, O space to the locally orthogonal system is simply given
by the transpose of the metric of coordinate transformation. The
calculation details of split fluxes can be found in our earlier effort.15

The time integration method employs the Runge-Kutta family of
single-step, multistage procedures.28 Although this basic scheme
is capable of higher-order resolution in time, only the two-stage,
formally second-order accurate algorithm called Heun's scheme is
used, as described in Ref. 15. Therefore, the present solution is an
accurate numerical approximation to third order in space and second
order in time.

Boundary Conditions
For time-dependent scattering-field calculations, the computa-

tional boundaries consist of the far-field limits and the scatterer sur-
face. The former are a consequence of performing the simulation
on computers with limited memory space; the latter is a physical re-
quirement for wave motion across media of different dielectric prop-
erties.

The far-field boundary arises from the necessity of imposing
numerical boundary conditions on an initial-value problem in a
truncated space.8'13'17 Through this threshold, disturbances will
propagate to and from the interior of the computational domain.
These discretized errors invariably induce spurious reflected waves
from the computational boundary. The problem is most critical for
numerical simulations concerned mainly with diffracting and re-
fracting phenomena, where the poor numerical accuracy of the non-
physical reflecting waves will result in erroneous accumulations of
radiation energy.8

The undesirable reflection from numerical boundaries can be
eliminated by the characteristic formulation.13"15 The fundamental
idea of this approach for solving a hyperbolic system of equations
is derived from eigenvalue and eigenvector analysis.13'25 From the
field-action approach, differential geometry yields a domain of in-
fluence partitioned by characteristics.29 At present the characteristic
formulation has an inherent limitation in that the coefficient matrices
of the governing equations can be diagonalized only in one dimen-
sion at a time. Nevertheless, in computational electromagnetics this
limitation does not become overly restrictive, because the direction
of wave travel is always known to be that of E x H. The coordi-
nates at far field can be made to align with the principal axis of
wave motion. Along the one-dimensional time-space trajectories,
information will propagate as invariants. Therefore, the far-field
condition on the truncated boundary is approximated simply by the
zero incoming flux component,13'15

F~(f, 17,0 = 0 (15)

This condition is implemented on the wave exit plane to allow the
incident and reflected waves to propagate away from the computa-
tional domain.

The physical requirement on the surface of a scatterer with a finite
Gaussian curvature is that the total tangential electric field and the
normal magnetic field be continuous across the boundary.2'16 On a
stationary surface, the Maxwell equations in integral form yield the
following boundary conditions16'23:

n x (Ei - E2) = 0
n . x ( H ! - H 2 ) = J ,

n (B! - B2) = 0
n (D! - D2) = ps

(16)

that the normal component of the total magnetic field is zero on the
scatterer surface.2'16'23 Although the volume current and charge den-
sities may be infinite on a perfect conductor, the surface current and
charge densities can still be defined by a limiting process.16 For the
present analysis, the unknown surface current and charge densities
are treated as finite jumps of constant value. This assumption allows
three additional derivatives to be introduced as boundary conditions:

n • V[n x (Hi - H2)] = 0

n V[n - D2)] = 0 (17)

The system of boundary conditions is therefore closed and can be
solved by two 3 x 3 matrices. Validation of the imposed boundary
approximations can be accomplished by comparing with solutions
generated by analytic boundary values. The theoretical result for
an plane wave impinging on an infinite planar surface has been
derived from the standard Fresnel formula.2'3 In the optical limit,
the analytic total field values on the conducting surface have been
obtained from the law of reflection by Kay3 and are recorded here
for later validation:

and

E = 2[E,- - n x (Et x n)]

H = 2[H, - (n . H,-)n]

(18)

(19)

where E, and H/ correspond to the incident plane wave traveling
along the x coordinate. Both the transverse electric (TE) and trans-
verse magnetic (TM) waves are described by a sinusoidal wave in
time and space. The angular frequency £2 of the incident wave is
given as23

Q = 2nf (20)

and the wavelength X is defined by the distance over which the phase
of the wave increases by 2n:

1 27T
(21)

Since the speed of light, <//!?, is scaled out of the present formu-
lation, the ratio of the characteristic scatterer dimension L to the
wavelength of the incident wave is given by

L
I

(22)

On a perfect conductor surface, the tangential components of to-
tal electric field are required to vanish. This requirement implies

For all the numerical simulations, this ratio is taken within the range
from 1 to 10, which spans the scattering regimes from resonance to
the lower optical limit.2"4

Numerical Procedure
The numerical procedure used in the present analysis is

the spatially third-order- and temporally second-order-accurate
upwind-biased, cell-centered finite-volume scheme.15 Although
characteristic-based algorithms have been mapped onto distributed-
memory computers such as the Intel Touchstone Delta and the
Paragon multicomputers, these efforts are still in the developmen-
tal stage.30'31 The numerical efficiency of these computer codes is
impressive, particularly the finite-difference code,13 which has at-
tained a scalable data procession rate of more than 6.5 gigaops on
a data structure of 512 x 96 x 96. However, additional improve-
ment is still required for practical applications. In the present effort
only the version of the code for a shared-memory system is used.
On the Cray C90, the present computer code achieves a rate of 572
megaflops on a single processor, corresponding to a data-processing
rate of 3.398 x 10~6 seconds per node per time step.

The present algorithm is validated by prediction of the scattering
from simple shapes for which the solutions are well known. These
simple configurations include the cylinder and the sphere. In every
calculation, each wavelength is supported by at least 18 nodes. The
mesh systems cover a range of dimensions and are described with
the results.
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All computations were initiated from a quiescent computational
domain excited by incident TE or the TM planar waves. The tempo-
ral advancement was sustained for a period of time that allowed the
incident wave and its reflection to traverse the entire computational
domain at the unperturbed phase velocity (t = 2fch, where fch is
the time required for a wave to traverse the length of the domain).
The radar signature was calculated for scattering by a cylinder. For
this, the temporal data are further processed by an FFT procedure
for a selected sampling period, followed by the application of the
near-field-to-far-field transformation according to the equivalence
principle.2-4'9'10

Discussion of Results
The implementation of the boundary conditions is first assessed

by comparing the results immediately adjacent to the surface of a
perfectly conducting sphere with theory. Next, the overall procedure
is examined by comparison of the radar cross section of a cylinder
with a known solution.9 The scattered three-dimensional field of a
sphere is also simulated. Finally, calculations on scattering due to the
X24C are described for two distinct excitations, both with TE and
TM incident plane waves and over a range of wavelengths. In order to
eliminate the errors incurred by Fourier sampling and the application
of the near-field-to-far-field transformation, only the scattered fields
are presented.7"9 The detailed comparison with signature analysis
is deferred to the near future.

Figure 1 presents the absolute value of the computed x component
of the total electric field on the cell immediately adjacent to the
surface of a conducting sphere. The electromagnetic field is excited
by an incident TE wave propagating along the negative direction of
the z axis with a diameter-to-wavelength ratio of one. The numerical
result was recorded at the instant when the incident TE wave had
traversed the beam path 5.823 times (t = 5.823fch). These data in the
equatorial plane of the conducting sphere are presented together with
the theoretical value over the entire look angle3. In spite of the fact
that the solution was generated on a fairly coarse mesh system (25 x
24 x 48), the only noticeable departure from the theoretical value
is contained in the overlapping area between shadow and exposed
regions. It is also noteworthy that the present numerical result is
simulated in the resonant scattering regime, and the theoretical value
is an asymptote in the optical limit.

Results on a refined (49 x 48 x 96) mesh system are in excellent
agreement with theory, as shown in Fig. 2. Within the limits of trun-
cation error, results from these two entirely different approaches are
indistinguishable. The excellent agreement between the analytic and
numerical boundary even extends to include the overlapping area
between the exposed and the shadow regions. This demonstrates that
the present boundary condition for a perfectly conducting scatterer
is accurate and is able to replicate the physical law for refraction.
More importantly, the results indicate that these conditions are valid
for high-frequency refracting and diffracting phenomena up to the
optical scattering regime.

Additional substantiation can be deduced from a direct compar-
ison at a distance of 1.615 radii from the sphere, Fig. 3. At this

location, the numerical discrepancy appears as a consequence of
quasiphysical error inherited from the numerical algorithm. Since
the incident wave is described on the sphere surface for the ana-
lytic boundary-value approach, the reflected wave only propagates
outward in a single path. On the other hand, using the present ap-
proximate boundary condition, one has to compute the reflection
of the incident wave that propagates from the far-field boundary to
the body surface. The disparity between the solutions is similar to
what one would anticipate from the differences between the total-
and scattered-field formulations. The maximum difference between
solutions is less than 4% and mostly originates from the overlapping
area of the exposed and shadow regions. In this region, the analytic
result based on the specular reflection law has reached its limit of
validity.2"4

A final evaluation of the accuracy of the boundary condition can
be assessed with the scattering of a TM wave by a cylinder. For
this calculation, the diameter of the cylinder is assumed to be unity,
while the incident wavelength is n. The outer boundary is located
at two wavelengths from the body, the region being discretized by a
60 x 60 mesh. Thus, the wave is resolved with 30 and 60 points in
the radial and circumferential directions respectively. The accuracy
of the boundary conditions may be assessed by examining the quan-
tity V • H, which should be identically zero. Figure 4 exhibits the
unnormalized computed value of V • H for the planar incident field
imposed on the cylindrical polar coordinate system. The nonzero
values provide an estimate of the error in the evaluation process for
V • H, consisting not only in the truncation error of the formula but
also in the lack of mesh alignment with the incident wave in.some
regions. This figure thus provides an error bound on the present
numerical procedure. Figure 5 shows V • H at t — 15fch, i.e., after
the incident wave has traversed the length of the domain 15 times.
A direct comparison of Figs. 4 and 5 reveals a strong resemblance
of the error pattern. These observations confirm that the present
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Fig. 2 Absolute value of total electric field adjacent to surface of a
conducting sphere—49 X 48 X 96 mesh: R = Rb and T = 5.8rch.

11.00)

10.00

9.00

8.00

7.00

6.00

5.00

4.00

3.00

2.00

1.00

0.00

o Theory (Ref. 3) O Present Result
o Theory (Ref. 3) O Present Result

0.00 0.63 1.26 1.88 2.51 3.14 3.77 4.40 5.03 5.65 6.28

•<t>, (rad)

Fig. 1 Absolute value of total electric field adjacent to surface of a
conducting sphere—25 X 24 x 48 mesh: R = Rb and T = 5.8rch.
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Fig. 3 Conducting sphere field at 1.615 radii from sphere—49 X 48 X
96 mesh: R = Rb and T = 5.8rch.
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Fig. 4 Divergence of incident magnetic field for cylinder T = 0.0, grid
system (60,60).
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Fig. 7 Radar cross section of cylinder—grid system (60,60).
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Fig. 5 Divergence of total magnetic field for cylinder—T = 15rch,
grid system (60,60).

Fig. 6 Total electric field for cylinder— T
(60,60).

= 15rch, grid system

boundary condition satisfies the governing equation equally well
in the computational region immediately adjacent to the body, and
establishes itself as a viable approximation.

The contour presentation of the total electric field is given in
Fig. 6. The numerical result reveals a wave pattern consistent with
that commonly observed in the pioneering efforts.2'8'9'17'18 Unfor-
tunately, for a time-dependent problem, the volume of the data is
massive, which makes display difficult, and the transformation of
temporal data from time to frequency domain is contingent on the
sampling process. Precise comparison of numerical results in the
time domain is critical but difficult to achieve. Additional and im-
proved verification procedures for computational electromagnetics
in the time domain must be developed in the future.

The radar cross section of the above perfectly conducting cylin-
der is presented in Fig. 7. The four numerical results obtained with
different time increments (CFL = 0.5 and 1.0), instants (t = I5tch
and 20fch), and periods of sampling (A. = 1.0 and 2.0) are essen-
tially identical. The normalized radar cross section by wavelength
exhibits excellent agreement to that of Umashankar and Taflove.9
The agreement between the two numerical results in the region
exposed to the impinging wave is limited only by the digitized
data accuracy from the graph of the archive.9 The maximum dif-
ference between the two results is located within the shadow re-
gion with respect to the incident wave and is less than about 3%.

Fig. 8 Scattered electric field around conducting sphere—incident TE
plane wave—49 x 48 X 96 mesh: R — Rb and T = 5.8rch.

However, it is uncertain what portion of the discrepancy was intro-
duced by the FFT time sampling and by the near-field-to-far-field
transformation. Nevertheless, the present result has demonstrated
our ability to predict an accurate signature of electromagnetic
waves.

Figure 8 depicts a perspective view of the magnitude of the scat-
tered electric field around a conducting sphere excited by a TE
planar incident wave that travels along the negative z axis and
has a wavelength-to-diameter ratio of one. Therefore the simulated
interacting-wave phenomenon belongs to the resonant scattering
regime. The entire computational domain is described by two con-
centric spheres; the outer sphere has a diameter 1.5 times the inner
sphere. The numerical results are generated on a 49 x 48 x 96 mesh
system and displayed at an instant t = 5.6fch. The intensely inter-
acting wave pattern in the region exposed to the incident wave is
clearly evident on the meridional plane of the spherical space. In
sharp contrast to that exposed region, the scattered wave pattern
is rather unperturbed in the shadow region and beyond. In all, the
projection of wave structure strongly resembles that of the earlier
cylindrical simulation, Fig. 6. However, additional wave structures
are also detectable in the region linking the exposed and the shadow
regions. Since a validation by a specific comparison with another
result in the time domain is unavailable at this time, no further at-
tempt is made to interpret the present result and its connection with
the possible resolution of the creeping and surface waves around
this specific scatterer.2"4

As independent verification for the scattering simulation of the
sphere, the y component of the scattered electric intensity (Ey)
and the z component of the scattered magnetic intensity (Hz) are
shown in Fig. 9. Along the z ordinate and in the domain exposed
to the incoming TE wave, the amplitude of the reflected wave is
double the incident value. For a perfectly conducting sphere, the
electromagnetic energy of the incident wave cannot be transmitted
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Fig. 9 Scattered electric and magnetic field for sphere along backscat-
tered ray—49 x 48 x 96 mesh: T — 5.8.

Fig. 10 Scattered electromagnetic-wave magnitude adjacent to scaled
X24-10D model—TE excitation, 91 X 29 x 160 mesh.

to the scatterer.2'4-23 As the consequence, the amplitudes of Ey and
Hz of the reflected wave are twice those of the incident wave. The
present numerical results exhibit the correct physical behavior at a
point where the surface outward normal coincides with the incoming
ray, and the numerical error is only 2% of the amplitude of the wave.
In the shadow region opposite to the incident wave (not shown), the
scattered fields Ey and Hz nearly vanish near the scatterer, and reveal
mild distortion as the wave exits the computational domain.

The X24C-10D re-entry vehicle was designed as an air-launched,
rocket-powered, high-lift-to-drag-ratio vehicle for Mach 6 and
higher. The geometry is complex, and is chosen for study because it
contains several features typical of hypersonic aircraft. In addition to
a blunt-leading-edge spherical nose and a relatively flat delta-shaped
underbody, the aft portion consists of a system of five fins—a central
fin, two middle fins, and two strakes. The mesh employed consists
of a single block enveloping the configuration. Upstream of the
vehicle, the line £ = 0 corresponds to a spherical polar singularity.
Since the surface area of each cell face on this plane is identically
zero, the total flux F is zero and is so specified. Downstream and
on the surface, the no-reflection and perfectly-conducting-surface
conditions are imposed as described previously. The incident field is
prescribed at two points on and adjacent to the outer (77 = 1) surface.
All of the simulations assume a plane wave (TM or TE) traveling
in the x direction, i.e., at zero angle of attack. In the circumferen-
tial or spanwise direction, two-point overlap is employed both for
f = 0 and f = 1 mesh surfaces. This periodic condition assures
proper information propagation and analytic continuity across these
faces.

Several calculations on the scaled model of this vehicle are now
described. The cases examined span a range of ratios of character-
istic length (body length) to wavelength, reproducing phenomena
from the resonant to the lower limit of the optical regimes. The
TM and TE excitations are imposed separately. For the purposes of
brevity, the details of only a few of the calculations are presented.

The magnitudes of scattered electromagnetic waves immediately
adjacent to the surface due to TE excitation are presented in Figs. 10
and 11 for characteristic-length-to-wavelength ratios L/A. of 2.3 and
9.2, respectively. For the former, the supporting grid system consists
of 91 x 29 x 160 volumes; for the latter, 181 x 59 x 162 volumes.

Fig. 11 Scattered electromagnetic-wave magnitude adjacent to scaled
X24-10D model—TE excitation, 181 X 59 X 162 mesh.

Fig. 12 Scattered electromagnetic-wave magnitude adjacent to scaled
X24-10D model—TM excitation, 65 x 28 x 110 mesh.

The first coordinate index indicates the number of streamwise sta-
tions defining the computational domain, which includes the entire
configuration. The second index describes the number of cells be-
tween the body surface and the far field, and the third index gives
the number of cells used to circumscribe the cross-sectional planes
of the re-entry vehicle. In each of these cases, a single wavelength
in any direction is resolved by no less than 18 cells. The peaks and
valleys of the scattered wave amplitude projected on the vehicle sur-
face display a structured fringe. The principal difference between the
two simulations lies in the density of the fringe pattern: the higher
the incident wave frequency, the greater the number of the fringes.
Another salient feature of the scattered fields is expressed by the
surface curvature: the smaller the radius of surface curvature, the
broader the diffraction pattern. All numerical results exhibit highly
concentrated contours at the chine of the forebody and the leading
edge of strakes and fins.

Calculations with TM excitation also span a range of character-
istic-length-to-wavelength ratios, from 2.3 to 9.2. For the smaller
ratios, the mesh system employed is somewhat coarser but never-
theless sufficient to support each wavelength by at least 15 nodes.
Figure 12 exhibits contours of scattered Ez on the left portion of the
vehicle and the magnitude of the scattered electric field on the right
for L/A. = 4.6 on a 65 x 28 x 110 mesh. It is evident that in the
contour presentation, there are no significant qualitative distinguish-
ing features between this TM pattern and the TE wave excitation
presented earlier, although the details and the processed signature
are undoubtedly different.2"4 The dominant variation in the scat-
tered field, its magnitude as well as its z component, is once again
observed in the low-radius-of-curvature chine region (formed by
the intersection of the relatively flat lower surfaces and sides of the
vehicle).

Figure 13 displays the z component of the electric field: on the
left the scattered field, and on the right the total field at the first
mesh point away from the surface. The total-field variation also
shows the same high intensity variation in regions of curvature. For
this simulation, the features induced by the canopy region are also
highlighted by this effect. The pronounced fringe pattern is partly
due to the increased frequency of the incident wave and partly to
improved resolution. The total Ez value is seen to decrease to zero
near the symmetry plane. This is anticipated, because the top portion
of the aircraft becomes nearly tangential to a z = constant plane and
the imposed boundary condition for the perfect conductor enforces



300 SHANG AND GAITONDE: SCATTERED ELECTROMAGNETIC FIELD OF A RE-ENTRY VEHICLE

z,scat z,tot

Fig. 13 Scattered electromagnetic-wave magnitude adjacent to scaled
X24-10D model—TM excitation, 90 x 55 X 162 mesh.

Fig. 14 Electromagnetic field at selected cross-section planes, TE
excitation.

this result. A similar situation also holds for the lower and relatively
flat portion of the aircraft.

The reflections and diffractions of the wave around the X24C-
10D on selected cross-sectional planes are given in Fig. 14. These
sections span the region of the aircraft downstream of the canopy to
the trailing portion of the re-entry vehicle. In general, the reflection
and diffraction patterns are similar to the shock-wave structure en-
countered in computational aerodynamic simulation. The similarity
is particularly pronounced in regions bounded by the strake, middle
fin, and central fin, where multiple wave reflection is observed. The
broadening of diffraction pattern on surfaces on which the radius of
curvature is significantly smaller is also easily identifiable. In this
respect, computational electromagnetics not only requires the pro-
cessing of a large number of data for high-frequency wave motion,
but also needs better resolution in body definition than computa-
tional fluid dynamics.

Concluding Remarks
The cell-centered, upwind-biased finite-volume procedure devel-

oped in previous work is demonstrated to be equally effective in

simulating the reflecting and diffracting phenomena induced by a
simple scatterer as well as a complex aerospace vehicle. Excellent
agreement is achieved for simpler two- and three-dimensional ob-
jects for which validating data are available in the form of radar
cross sections and asymptotic theory.

The characteristic formulation shows potential to significantly
reduce the spurious wave reflection from the numerical boundary
at the far field. More importantly, the consistent boundary condi-
tions developed by the present analysis for the perfectly conducting
scatterer have demonstrated their validity in both the resonant and
the optical scattering regimes. Additional and continuous valida-
tion of the present numerical procedure is still required by devel-
oping and seeking support from physical measurements in the time
domain.
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