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Wave Drag Analysis of Realistic Fighter Aircraft
Using a Full-Potential Method

Kenneth B. Walkley* and Gregory E. Smitht
Dynamic Engineering, Inc., Newport News, Virginia

Wave drag coefficients for several aircraft configurations have been computed using a full-potential method
and have been compared with the results of parallel far-field (area rule) analyses and experimental zero-lift drag
data. The aircraft analyzed included a supersonic cruise configuration, an advanced fighter concept, and the
F-16 aircraft. The results of these studies indicate that the full-potential method generally gives wave drag levels
that agree more closely with test data than do the far-field values. The full-potential method does not encounter
problems when components such as wing or tail leading edges or canopy forward faces are at sonic conditions, as
does the far-field technique. The full-potential code does, however, encounter problems in generating computa-
tional grids in deeply recessed areas such as diverters.
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Nomenclature
= F-16 fuselage
= skin-friction drag coefficient
= zero-lift drag coefficient
= wave drag coefficient
= incremental wave drag coefficient
= F-16 diverter
= modified F-16 diverter
= F-16 horizontal tail
= longitudinal fuselage station
= F-16 vertical tail
= F-16 wing
= Cartesian coordinates

Introduction

T HE development of a new fighter aircraft configuration
requires detailed assessments of the zero-lift wave drag

characteristics for the supersonic portion of the flight
envelope. Far-field methods1'2 have been widely used for this
purpose for many years. The application of these techniques
is relatively straightforward, and the required computer
resources are modest* These far-field methods are most suc-
cessful, however, when applied to slender configurations,3

and problems are often encountered when analyzing non-
slender fighter concepts.4 To assess more accurately the zero-
lift wave drag of such configurations, the aerodynamic
designer must look to the nonlinear aerodynamic methodol-
ogies.

The nonlinear methodologies include methods based on
the Navier-Stokes, Euler, and full-potential equations. Due
to computer limitations, the application of the full Navier-
Stokes equations to arbitrary and complex geometries is not
yet practical, but significant progress has been made using
the thin layer approximation.5 Euler solvers also require
substantial computer resources and are somewhat restricted
in the complexity of the configurations that can be ana-
lyzed.6 Impressive advances are being made, however, in the
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application of the Euler equations to practical problems in
aircraft design,7 and combinations of Euler and linear theory
methods have proved useful for designing a fighter aircraft
wing.8

Techniques based On the full-potential equation offer an
attractive alternative to the Euler equations approach. The
full-potential techniques are capable of providing results
equivalent to the Euler results when the assumptions of ir-
rotational and isentropic flow are valid.9 A significant reduc-
tion in computer resources also occurs relative to the Euler
solvers when the full-potential method is selected.

Two computer codes that solve the full-potential equation
for supersonic flows are the NCOREL code10 and the SIMP
code.11 NCOREL (Nonconical Relaxation) solves the non-
conservative finite-difference form of the full-potential equa-
tion. Embedded and bow shocks can be predicted as well as
the formation of supercritical crossflow regions. The SIMP
code (Supersonic Implicit Marching Program) numerically
solves the conservative form of the full-potential equation
for supersonic flows with embedded regions of subsonic
flow. An implicit finite-difference method based on the
characteristic theory of signal propagation is employed.

NCOREL has progressed to the point where it can be ap-
plied to relatively realistic aircraft such as a fighter con-
figuration.12 The SIMP code has been applied to fighter con-
figurations, the space shuttle orbiter, and the space shuttle
orbiter/external fuel tank assembly.13

The purpose of this paper is to present and discuss the
results of several zero-lift wave drag analyses conducted us-
ing the SIMP full-potential methodology.11 The primary em-
phasis in these studies has been to apply the full-potential
methodology to complex and realistic configurations at zero-
lift and to compare these results with similar analyses con-
ducted using the far-field (area rule) methodology.1'2
(Reference 14 presents the results of additional full-potential
code analyses at lifting conditions.)

Discussion
The design iterations for a fighter configuration require

numerous wave drag assessments for drag buildup and per-
formance analyses. The methodology selected for these
assessments must be accurate, applicable to complex
geometries, and not require an unusually high level of user
expertise to achieve timely and accurate results. Of equal im-
portance is the requirement that the modeling process allow
convenient and rapid geometry modifications as the con-
figuration is refined.
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The two methodologies chosen for the present analyses
meet the given requirements. The far-field area rule tech-
nique1'2 has been widely used for both wave drag analysis
and fuselage area distribution optimization. The selected
full-potential code11 is a relatively new capability that offers
significant potential for improved supersonic analyses not
only at zero lift but also at the higher angles of attack where
aerodynamic nonlinearities may be critically important.

Methodology
The full-potential method used in the present paper has

been described in detail in a number of papers9'11'13'15'16 and
thus will only be summarized here. The numerical method
solves the full-potential equation in conservation form for
the supersonic flow past arbitrary and complex geometries.
Configurations that can be treated may include a fuselage,
canopy, wing, canard, nacelle, vertical and horizontal tails,
and inlets. A flux linearized upwind differencing technique is
employed to advance the marching solution along the length
of the configuration. The finite-difference equations are
solved using an implicit factorization scheme. Embedded
subsonic regions are treated using conservative switching
operators to make the transition from the supersonic march-
ing algorithm to a subsonic relaxation technique. Computa-
tional grids between the body surface and a user-specified
outer boundary are developed using an elliptic grid genera-
tion routine. Boundary conditions require no net normal
flow at the body surface and freestream conditions at the
outer boundary, which is set outside the bow shock location.
A starting data plane is established near the nose of the con-
figuration to initiate the solution. For sharp-nosed con-
figurations, conical starting solutions are generated, while
for blunt noses a method based on the axisymmetric
unsteady full-potential equation17 is employed.

The geometry modeling requirements of this method are
particularly attractive and contributed significantly to the
selection of this code. Analytical descriptions of the con-
figuration are not required. Instead, a surface description of
a number of configuration cross sections is specified on a
point-by-point basis. This type of geometry information is
readily obtainable during the early stages of a configuration
design and allows for efficient updates to the numerical
model as the configuration is modified and refined. The
cross section defining points are splined by the code to ob-
tain complete cross section definitions, and linear interpola-
tion is employed in the streamwise direction for marching
plane locations between the input stations.

This full-potential method solves the entire flowfield be-
tween the body surface and the outer boundary. The pro-
gram output consists of velocity components and pressure
coefficients at all grid points. The overall force and moment
components on the configuration are determined by in-
tegrating the computed pressure over elemental surface areas
determined from the grid spacing.

The far-field methodology is based on the supersonic area
rule wherein a number of equivalent bodies of revolution are
generated by passing a series of cutting planes inclined at the
freestream Mach angle through the configuration for a series
of roll angles. The area at each station of a given equivalent
body is the projection of the intercepted area onto a plane
normal to the aircraft axis. The wave drag of each equivalent
body is then computed using the von Karman slender body
theory. These equivalent body results are integrated over the
various roll angles to obtain the total wave drag for the
configuration.

The geometry modeling for the far-field methodology may
be done in two ways. In the first,1 standard components
(wing, fuselage, pods, fins, tail/canard) are described in a
compact manner using planform descriptions in conjunction
with area and thickness distributions. In the second,2 a com-
pletely arbitrary model may be specified using surface point
descriptions.

In contrast to the full-potential approach, the far-field
methodology provides only wave drag levels. No details of
the aircraft flowfield or surface pressure distributions are
computed. The far-field approach can be used, however, to
compute the optimum (i.e., minimum wave drag) area
distributions for the design of a given configuration. The op-
portunity thus exists to employ these techniques in a com-
plementary manner to obtain the required performance data
for a given configuration or to design and validate minimum
wave drag concepts.

Supersonic Cruise Configuration Analysis
Figure 1 illustrates a supersonic cruise configuration for

which a set of both pressure data and force and moment
data are available.18'19 This Mach 3.0 design employs a
fuselage with highly noncircular cross sections and a
modified arrow wing planform with a leading-edge sweep of
75 deg inboard and 60 deg in the wing tip region. A chine ex-
tends aft from the fuselage nose and blends into the wing
leading edge at the wing side-of-body location. A minimum-
drag wing twist and camber distribution is employed for im-
proved supersonic performance. Other configuration com-
ponents include flow-through nacelles located at the 31%
wing semispan location, twin vertical tails mounted atop the
wing where the leading-edge sweep changes from 75 to 60
deg, and a ventral fin mounted on the aircraft plane of
symmetry.

The model geometry was measured on a three-axis
dimension-recording machine to obtain accurate details of
the model as tested. These measured geometric values were
used to develop the numerical models for the analyses
presented herein.

The full-potential and far-field wave drag methodologies
were used to analyze the wing-body configuration of this
concept at Mach numbers of 2.3, 3.0, and 3.3. The nacelles,
vertical tails, and ventrals were omitted. Typical computa-
tional grids for the full-potential analysis are illustrated in
Fig. 2. Grid densities ranged from 25 x 29 to 32 x 61 (normal
to body x circumferential) as the solution progressed down
the length of the configuration. At each cross section, the
gridding was specified in two regions, with the dividing line
being the normal grid line which emerges from the wing tip.

These selected grid densities were based on both previous
experience with the code and in-house studies on the effect
of the grid density on the overall solution. Nominal 20x30
cross section grids provide sufficient accuracy for the for-
ward portions of most fighter-type configurations. The
emergence of canards, wings, inlets, and horizontal and ver-
tical tails requires increases in the circumferential grid den-
sity to maintain a reasonable grid distribution. The normal
density is usually increased as the configuration is traversed
longitudinally to maintain the grid resolution as the distance
between the outer boundary and body surface increases. In
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11.239
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Fig. 1 Supersonic cruise configuration.
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order to accurately assess the wave drag level, 700-1000
marching steps are needed.

The far-field solutions were obtained using 80 cutting
planes for the development of 36 equivalent bodies of
revolution (18 on each side of the vertical plane of sym-
metry). These values were selected based on previous ex-
perience with the far-field code as applied to fighter
configurations.

Zero-lift drag estimates for this configuration were
developed by combining the full-potential or far-field wave
drag results with an estimate of the model skin friction com-
puted using the 7" method.20 Zero-lift drag coefficients for
the wing-body configuration are compared in Fig. 3 with test
data at Mach 2.3 and 3.0. The wing-body was not tested at
Mach 3.3. At Mach 2.3, the full-potential-based zero-lift
drag coefficient is about two drag counts low (1
count = 0.0001), whereas the far-field method underpredicted
by some seven counts. At Mach 3.0, the full-potential result
is within two counts of the test value, but the far-field result
is eight counts low. There is a difference of eight counts be-
tween the two methods at Mach 3.3.

These results demonstrate the applicability and accuracy
of the full-potential method for zero-lift wave drag computa-
tion. In this case, the full-potential method provides a more
accurate estimate of the wave drag than the far-field ap-
proach if the computed level of skin friction is accepted. The
approach adopted here to form the zero-lift drag from the
skin-friction and wave drag levels is applicable due to the
absence of camber drag, as may be seen by examining the
wind tunnel drag polars.18

Advanced Fighter Concept
The advanced fighter concept shown in Fig. 4 was ana-

lyzed at Mach numbers from 1.3 to 2.2. This configuration
employs a relatively blunt-nosed fuselage, a cambered wing
with a leading-edge sweep of 55 deg, fuselage-mounted in-
lets, and canted twin vertical tails. In addition, the wing sec-

X = 25.53

tions are of the supercritical type with a large leading-edge
radius.

Two modifications were made to this configuration to
allow analysis using the full-potential code. The version of
the code which was available for this effort could not model
the side-mounted inlets with flow-through boundary condi-
tions at the inlet face. To overcome this problem, the inlet
faces were faired over to divert the flow around the inlet
rather than allowing it to enter. Figure 5 illustrates this fair-
ing. The computed wave drag must be corrected for this fair-
ing to obtain the actual levels for performance analysis. This
incremental correction can be determined from the far-field
methodology or from another applicable technique.

The second geometry modification is illustrated in Fig. 6.
To allow the generation of usable grids around the vertical
tails, a small fillet was added as shown to relieve the severity
of the corner formed by the vertical tail and the wing wake.
The grid generation algorithm employed in the full-potential
code works very well in most cases, but it does encounter
problems in recessed regions such as this.

Typical computational grids for the full-potential analysis
are shown in Fig. 7. Grid densities ranged from 30x33 to
50x47. The distance between the body surface and the outer
boundary located just outside of the fuselage nose shock
necessitated the use of a relatively large number of normal
grid points for the adequate resolution of the flowfield. The
far-field analysis employed 80 cutting planes and 36 roll
angles for equivalent body determination.

The wave drag coefficients vs the Mach number for the
advanced fighter are shown in Fig. 8. The inlets were faired
for both the full-potential and far-field analyses.
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Fig. 3 Zero lift drag for the supersonic cruise wing-body
configuration.

Fig. 2 Typical computational grids for the supersonic cruise wing-
body configuration. Fig. 4 Advanced fighter concept.
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Inlets faired
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Fig. 5 Inlet fairing for full-potential code analysis.

Wing wake

Fig. 6 V-tail fillet for full-potential code analysis.

At the lower Mach numbers, the two methods agree
relatively well. Above Mach 1.6, however, a significant
variance in the results is observed. The far-field method en-
countered problems in accurately computing the wave drag
at Mach 1.75, where the wing and tail leading edges are
sonic, and again at Mach 2.1, where the canopy forward
face is sonic. Not only are the computed drag "spikes"
physically unrealistic, but the overall wave drag level in the
vicinity of the sonic-condition Mach numbers appears to be
adversely affected. The full-potential results vary smoothly
with Mach number and do not exhibit such "spikes." In
practical applications, the full-potential code could be used
to develop the complete wave-drag Mach-number curve or,
for a more cost-effective approach, to establish the drag level
at the sonic conditions for a more reasonable fairing of the
far-field results.

F-16 Analysis
The F-16 configuration is very complex geometrically and

incorporates a deeply recessed diverter as well as numerous
surfaces (wing, tails, and ventrals), as shown in Fig. 9. The
inlet configuration was within the capability of the full-
potential code, but the grid generation failed in the inlet-
divert er region, as shown in Fig. 10. Numerous attempts to
rectify this problem without modifying the configuration
geometry were unsuccessful. In some cases grids were suc-
cessfully generated, but the grid lines were highly nonor-
thogonal and the cells had large aspect ratios which caused
the marching algorithm to fail to proceed satisfactorily. As
previously discussed, the present gridding algorithm simply
cannot generate usable grids for deeply recessed regions.

Figure 11 illustrates the diverter modifications made to
allow the generation of usable grids. The cross section shown
corresponds to the diverter leading-edge station. The
modified diverter has a blunt face which was modeled as
part of the inlet geometry with a flow-through boundary
condition. This geometry modification extends aft about

of the overall fuselage length to a point where the

X = 55.19

Fig. 7 Typical computational grids for the advanced fighter.
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Fig. 8 Wave drag for the advanced fighter with inlets faired.

lateral extent of the diverter allows successful grid genera-
tion. As previously discussed for the advanced fighter* an in-
cremental correction for this geometry modification must be
determined to establish the absolute wave drag level.

The complexity of the rear portion of the F-16 presented
additional problems. The combination of fuselage, wing
wake, horizontal tail and wake, vertical tail and wake, and
the ventrals and their wakes resulted in modeling problems
that could not be handled by the current version of the code.
This version did not allow a respace/restart (i.e., the chang-
ing of the grid arrangement and restarting of the marching
solution) when wakes were present. Thus it was necessary to
define a single grid arrangement and force it to accom-
modate the various components and their wakes. In order to
proceed with the F-16 analysis, the ventrals arid vertical tail
were removed to reduce the geometric complexity, and solu-
tions were obtained for the wing-fuselage-horizontal tail
configuration.

Typical computational grids are illustrated in Fig. 12.
These grids ranged from 20x29 forward to 28x43 on the
rear portion of the aircraft. As shown in Fig. 12c, the wing
wake is forced to align with the horizontal tail for modeling
and computational purposes.
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Figure 13 summarizes the wave drag results for the F-16.
The full-potential and far-field values (80 cutting planes, 36
roll angles) for the wing-fuselage-horizontal tail with the
modified diverter are indicated by the filled circles and the
solid line, respectively. These two results differ by some 60
drag counts over the Mach number range investigated. This
discrepancy again points to the difficulties that can be en-

countered when applying the far-field methodology to
nonslender fighter concepts.

Insight into the relative accuracy of the full-potential and
far-field results for the F-16 may be obtained from Figs. 13
and 14. Shown in Fig. 13 is the far-field result for the actual
F-16 configuration (ventrals off). The difference between the
two far-field curves represents the wave drag increment due
to the vertical tail and the diverter modification. Adding this
increment to the full-potential result gives an adjusted level
of wave drag for the actual configuration based on the full-
potential methodology. Although the far-field method gives
a low absolute wave drag level, this method can be used for
estimating the incremental change associated with a given
configuration variation. Alternatively, another approach
could be employed, e.g., a near-field method.21 The applica-
tion of the full-potential method to the actual geometry is
the desired approach, of course, so that these incremental
corrections are avoided completely.

The full-potential and far-field wave drag results were
combined with an estimate of the configuration skin fric-
tion20 and are compared with measured zero-lift drag coeffi-

a) X = 8.10 b) X = 14.17

Fig. 9 F-16 configuration geometry.

Wing wake

Fig. 12 Typical computational grids for the F-16.
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Fig. 10 Grid generation failure for the diverter/inlet geometry. .0350
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Fig. 11 Diverter modification for the full-potential code analysis.
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Fig. 13 F-16 wave drag summary.
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Fig. 14 F-16 zero-lift drag.

cient data22 in Fig. 14. The experimental data are for the
F-16 without the ventral fins and have been corrected to
remove the zero-lift drag increment due to the wing tip
missiles and launchers.23 As Fig. 14 shows, the wave drag
level based on the full-potential results agrees very well with
the measured values whereas the far-field result is much
lower. If the computed skin-friction and incremental wave
correction levels are accepted, it may be concluded that the
full-potential methodology has provided more accurate
estimates of the supersonic wave drag.

Concluding Remarks
Wave drag coefficients for several aircraft configurations

have been computed using a full-potential method and have
been compared with the results of parallel far-field analyses
and experimental zero-lift drag data. The aircraft analyzed
included a supersonic cruise wing-body configuration, an ad-
vanced fighter concept, and the F-16.

The results of these studies generally indicated that the
full-potential method computed more accurate wave drag
levels than did the far-field technique. The full-potential
method did not encounter difficulties when sonic conditions
occurred on the wing or tail leading edges or on the canopy
forward face, as did the far-field method.
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