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Chine-Shaped Forebody Effects on
Directional Stability at High-a

R. Ravi* and William H. Masont
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

Computational fluid dynamics has been used to study the flowfields over chine-shaped forebodies at low-
speed high angle-of-attack conditions with sideslip. The purpose is to define forebody geometries that provide
good directional stability characteristics under these conditions. An analytically defined generic forebody model
is described, and a parametric study of various forebody shapes was then conducted to determine which shapes
promote a positive contribution to directional stability at high angle of attack. An unconventional way of
presenting the results is used to illustrate how the positive contribution arises. The effect of cross-sectional shape
on directional stability was found to be very significant. Broad chine-shaped cross sections were found to promote
directional stability. Also, directional stability is improved if the chine is placed closer to the top of the cross
section. Planform shapes also played an important role in determining the forebody directional stability char-
acteristics. Based on the results of this initial parametric study, some guidelines for aerodynamic design to
promote positive directional stability are presented.

Nomenclature
a = maximum half-breadth of the forebody

definition
b = maximum centerline of the forebody definition
b' = wingspan based on Erickson's wind-tunnel

model, 46.8 in.
Cn = yawing-moment coefficient,

yawing moment/q^STefbf

Cnfi = directional stability derivative, dCJdfi
Cp = pressure coefficient, (p — p^)lq^
cy = sectional side force, section side force/qx
d = maximum forebody planform width, 8.7 in.
/ = forebody length, 30 in.
Mx = freestream Mach number, 0.2
m, n = adjustable parametric coefficients
p - pressure
px - freestream pressure
q^ = freestream dynamic pressure
Rei = Reynolds number based on model length,

1.02 x 106

5ref = reference area based on Erickson's wind-tunnel
model wing area, 1264.32 in.2

u* = wall friction velocity, Jrjp
^seP

 = crossflow velocity magnitude at separation point
(chine edge)

jc, y, z = coordinate system: x positive aft along model
axis, y positive to right, and z positive up

xn = distance from the nose tip to the station where
the planform span becomes a constant

y+ = inner law variable, yu*lv
a = angle of attack, deg
j8 = angle of sideslip, deg
ACP = difference between leeward and windward Cp

across the vertical plane of symmetry
v = kinematic viscosity
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p = density
TW = shear stress at the wall

Introduction

F UTURE advanced fighters are likely to possess chine-
type forebodies, as evidenced by the YF-22 and YF-23

configurations (Fig. 1). For these aircraft, high levels of agility
are demanded, and the aerodynamic characteristics at high
angle of attack play an important role in determining aircraft
handling qualities and agility. At high angle of attack, fore-
body aerodynamic characteristics make significant contribu-
tions to the complete configuration aerodynamics.

One specific characteristic of interest is directional stability.
For the F-5A, which has good high angle-of-attack charac-
teristics, it has been shown experimentally1 that the forebody
makes a significant positive contribution to directional sta-
bility at angles of attack above which the vertical tail ceases

C positive

p windward

Looking from behind

Plan view
Fig. 1 Sign convention used in the forebody study.
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to be effective. The F-5A forebody had a smooth cross sec-
tion, although it was not axisymmetric. The current authors
recently demonstrated that the F-5A experimental results could
also be predicted using computational fluid dynamics (CFD)
methods.2 The ability to reproduce previously obtained ex-
perimental results meant that it would be valid to use CFD
to try to design shapes for specific aerodynamic characteristics
at high angle of attack, where large regions of separated flow
are present.

In general, current objectives of aerodynamic forebody de-
sign require that a stabilizing contribution to directional sta-
bility (Cnfi > 0) at moderate angles of attack (a ~ 15-30 deg)
be obtained without producing extreme stability at high angle
of attack (a ~ 40-60 deg), which is considered to contribute
to poor yaw-damping characteristics. Tailoring the aerody-
namic properties of forebodies through forebody shaping could
greatly improve aircraft performance, and minimize the as-
sociated problem of vehicle stabilization and control. The
survey by Chambers,3 and more recently by Rom,4 define the
basis of the current understanding of high angle-of-attack
aerodynamics.

Because of the interest in chine-shaped forebodies, a key
issue in the application of computational methods to forebody
design is the ability to treat chine sectional shapes. Few gen-
eral chine-shaped forebody wind-tunnel tests are available to
use for comparison with computational methods. One is the
wind-tunnel investigation conducted by Erickson and Brandon5

(the "Erickson forebody"). In that test chine effects were
investigated for a generic fighter configuration, and pressure
distributions were measured on the chine forebody. All
forebody results were obtained in the presence of the wing.

The current authors simulated the flowfield on the Erickson
forebody computationally and the results are presented in
Ref. 6. For geometries where the crossflow separation loca-
tion is fixed, the Euler equations were found to produce sur-
face pressure results in good agreement with both the Navier-
Stokes equation solutions and the experimental data. Having
established the validity of the use of the Euler equations for
analysis of chine-shaped forebodies, CFD can then be used
for aerodynamic design investigations for this class of shapes,
where separated flow is present. Insight into the flowfield
physics, which are extremely difficult to obtain experimen-
tally, arise naturally using this approach. The resulting insight
provides guidance to aerodynamic designers, and a basis for
focusing future experimental investigations on the key por-
tions of the design space.

The purpose of this article is to investigate the effect of
various chine-shaped forebody geometries on directional sta-
bility characteristics using the approach established in Ref. 6.
An analytic forebody that can be used to systematically study
forebody aerodynamics for families of forebody shapes at high
alpha is proposed. Using this model, a computational study
is carried out to determine which shapes lead to the best
directional stability characteristics. The results of this com-
putational study are then used to propose some guidelines for
high angle-of-attack forebody design.

General Analytic Model: The Generic Forebody
To study geometric shaping effects on forebody aerody-

namic characteristics, an analytic forebody model with the
ability to produce a wide variation of shapes of interest is
defined. This generic forebody model makes use of the equa-
tion of a superellipse to obtain the cross-sectional geometry.
The superellipse, used previously to control flow expansion
around wing leading edges,7 can recover a circular cross sec-
tion, as well as produce elliptical and chine-shaped forebody
cross sections. Thus, it can be used to define a variety of
cross-sectional shapes.

The superellipse equation for the forebody cross section is
defined as
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Fig. 2 Cross sections used in the analytic forebody parametric study
(m = 0): a) n = -1.5, b) n = -1.25, and c) n = -I.

where n and m control the surface slopes at the top and bottom
plane of symmetry and chine leading edge. The case n = m
= 0 corresponds to the standard ellipse. The body is circular
when a = b.

When n = — I, the sidewall is linear at the maximum half-
breadth line, forming a distinct crease line. When n < — 1,
the body cross section takes on the cusped or chine-like shape.
The derivative of zlb with respect to y/a is

dz
dy

[(2 + m)l(2 + n)}
(2)

where z = zlb and y = y/a. As y
breadth line) the slope becomes

[1 - /»->][(! + n)/(2 + n)|

1, (the maximum half-

n > -1
n = -I
n < -1

(3)

(zlb)2 (y/a)2 __ -|

The resulting wide variety of cross-sectional shapes is shown
in Fig. 2. Different cross sections can be used above and below
the maximum half-breadth line to generate asymmetric shapes.
More generality can be provided by allowing n and m to be
functions of the axial distance x. However, in this study the
parameters n and m were taken to be constants with respect
to x. The parameters a and b are functions of the axial location
x, and can be varied to study planform effects. Notice that
when n = — 1, the value of m can be used to control the
slope of the sidewall at the crease line.

Computational Approach
The methodology used for the analytic forebody calcula-

tions was similar to that used to compute the flowfield over
the Erickson forebody,6 and builds on the earlier work done
on the F-5A2 and F/A-18.8 An isolated forebody geometry
was used for all the computations presented.

Flowfield Solver
The baseline code for this work was the NASA Langley

program CFL3D.9 The computations were made on the NASA
Langley Cray-2S computer. In this code the time-dependent
conservation law form of compressible Euler or Reynolds
averaged Navier-Stokes equations are solved using a cell-cen-
tered finite volume formulation. The code uses a 3-factor
implicit time advancement algorithm with multigrid acceler-
ation to the steady-state solution. The Roe-type inviscid flux-
difference-splitting scheme option in the code was used to
obtain the results presented. Numerous previous investiga-
tions have demonstrated the basic capability of the code, e.g.,
Refs. 2 and 8.
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Boundary Conditions
The far-field computational boundaries were chosen suf-

ficiently far away from the body so as not to affect the forces
on the body. The forward boundary extends upstream of the
nose by 0.57/, and the radial outer boundary extends 0.97/
from the model centerline. These values were established
after computational experiments on an equivalent tangent-
ogive,10 an F-5A forebody,10 and work by others on the
F/A-18.8 The reference length / is equal to the longitudinal
extent of the forebody which was 30 in.

Freestream values are specified at the far-field boundaries,
except along the outflow boundary where a zero-axial-gra-
dient extrapolation condition was used. This extrapolation
boundary condition is not strictly valid in subsonic flow, since
the wake could affect the flow on the body. To minimize this
effect, the computational body length was extended beyond
the physical length of the body, keeping the cross section
constant. A singularity-type boundary condition was imposed
on the boundary that runs from the nose to the far field ahead
of it. Flow tangency is enforced on the inviscid body surface.
The code was modified slightly to handle the boundary con-
ditions for combined a/p flows. At the plane of geometric
symmetry, periodic conditions are used to include sideslip as
well as angle of attack in the freestream flow.

Solution Strategy for Parametric Forebody Geometry Study
Based on the analysis of the computational solutions ob-

tained on the Erickson chine forebody,6 a computational strat-
egy for the forebody shaping study was chosen. It was shown
in the case of the Erickson chine forebody that the inviscid
predictions were very close to the experimental data. The side
force and C/f/3 trends were qualitatively similar, and nearly the
same for the Euler and turbulent flow computations. There-
fore, for chine-shaped geometries where the flow separation
location is fixed, Euler computations, which require much
less CPU time than turbulent flow computations, can be used
to predict the surface pressure distribution.

The computational grids used for this study were generated
using a transfinite interpolation grid generator,11 and were
similar to those used in Ref. 6 on the Erickson forebody. A
C-O grid topology was used, having 45 points in the radial
direction and 101 points in the full circumferential direction.
Longitudinally, the grid was clustered near the nose with 25
stations on the forebody as shown in Fig. 3a. A typical cross-
sectional grid is shown in Fig. 3b. To avoid large cell volume
discontinuities, the surface unit normals were smoothed. This
introduced some grid skewness near the chine nose as well as
around the chine edge.

The CPU time required for each Euler case on the baseline
grid was 3400 s. A grid refinement study was done in Ref. 6
for the Erickson forebody with the inviscid grid. The number
of grid points were doubled in the normal direction with in-
creased clustering in the normal direction. The circumfer-
ential and axial densities were kept the same. Approximately
four fine grid points were packed in the first cell of the baseline
grid for the fine inviscid grid. The CPU time required for the
fine grid cases were nearly twice those of the baseline grid.
Although the grid refinement study made a slight change in
the Euler results, it was very expensive considering the minor
change in the results. Hence, it was decided that to assess
aerodynamic trends arising from forebody geometry varia-
tions on chine-shaped forebodies, the computations could be
done with the Euler analysis on the baseline grid.

Analytic Chine Forebody Study
Using the generic forebody parametric model defined above,

and the computational strategy developed based on the
Erickson forebody results,6 the plan for the investigation of
directional stability characteristics of various chine-shaped
forebody geometries was developed. It was decided to analyze
the effect of changing bla, n, and combinations thereof. This

Fig. 3 Inviscid grid used in the analytic forebody geometry: a) lon-
gitudinal grid and b) cross-sectional grid at the base plane.

range of cross-sectional shapes provides an extremely broad
design space to investigate aerodynamic tailoring of forebody
characteristics through geometric design.

Initially, it was decided that the geometric parameters would
be m = 0, and n would vary between — 1 and — 1.5 (Fig. 2).
The value of bla was varied between 0.5 and 1.5. The range
of flow conditions analyzed was a. = 20 ~ 40 deg and /3 =
0 - 5 deg.

The objective of the study was to determine the shape that
leads to the highest value of directional stability. This test
case matrix resulted in 54 different configurations with sym-
metrical upper and lower surfaces, and a reduction in study
scope was required. The fi = 0-deg cases had been included
to compare the flow physics with and without sideslip. How-
ever, results at ft = 0 deg produced symmetrical flowfields,
Cn = 0, and were eliminated. This reduced the number of
cases to 27. Further combinations were eliminated as the study
progressed and the results examined. However, the study
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scope was widened by analyzing some cross sections with
asymmetric upper/lower geometries. These geometries were
defined using different bla or different n for upper and lower
surfaces.

Initially, the Erickson chine case5 planform (Fig. 1) was
used and the effects of varying cross-sectional geometry were
studied. The moment center for the computation of the di-
rectional stability was kept fixed at the value used in the
Erickson forebody test,5 which was 12.816 in. from the nose.
Based on the best cross-sectional shape, limited planform
effects were studied, as presented below.

Results

Effect of Varying bla
This study was conducted for cross-sectional shapes with m

= 0, n = -1.5, and bla = 0.5, 1, and 1.5 (Fig. 2). Both
symmetric and asymmetric upper/lower cross-sectional ge-
ometries were analyzed. Figure 4 shows various cross-sec-
tional shapes together with the computed C,//3 for the angle-
of-attack range. For symmetrical upper and lower surfaces,
the contribution to positive directional stability increases as
bla decreases at a fixed angle of attack. The bla = 0.5 ge-
ometry produces the highest C/1/3. The Erickson forebody re-
sult from Ref. 6 is also included, which is geometrically sim-
ilar, with symmetrical bla equal to 0.597. In the asymmetric
upper/lower cross-sectional cases, the shallow upper surface
(bla = 0.5 upper, bla = 1.5 lower) is seen to provide higher
Cnfi than the shallow lower surface geometry. This is because
the shallow upper surface (bla = 0.5 upper) results in in-
creased vortex asymmetry compared to bla = 1.5 for the
upper surface. Putting the shallow surface on the bottom re-
duces the negative contribution to side force at any cross
section (as shown below). Still, this effect is not as significant
as using a shallow upper surface.

Using the bla = 0.5 case as the baseline in Fig. 4, it is
interesting to contrast the effects of increasing the body height
above and below the chine line. The change of Cn/3 with angle
of attack differs depending on whether the height is added
above or below the chine line. The rate of change of Cn/3 with
angle of attack is less when thickness is added above the chine
line instead of below it. An understanding of these results
requires an examination of the flowfield details shown in this
study.

-0.003

- b/a = 0.5(top and bottom)
- b/a = 1.0(top and bottom)
- b/a = 1.5 (top and bottom)

—•— b/a =1.5 (top) and 0.5 (bottom)
—*- b/a = 0.5 (top) and 1.5 (bottom)
—*— Erickson forebody

Figure 5 shows the variation of the sectional side force with
the axial distance for the symmetric bla geometry cases at
a = 20 and 40 deg, with the value of /3 fixed at 5 deg. Near
the nose the force is initially destabilizing, being negative for
all cases computed. Moving aft from the immediate vicinity
of the nose, the trend is reversed and the side force starts to
increase toward positive values. The side force becomes more
positive with increasing angle of attack. In general, the side
force becomes increasingly negative as the value of bla in-
creases, making the body more unstable. Some crossover oc-
curs at the aft end of the body at the higher a, where the
bla = 0.5 case is not as positive as the bla = 1 case.

Figure 6 shows how the side force arises. The difference in
pressures on the two sides of the body, AC,,, is plotted against
the normal coordinate, z, starting at the bottom of the cross
section and moving to the top at a typical axial station (x =
18.35). The integration of this pressure difference produces
the side force value presented in Fig. 5. The cross section
below the chine edge always makes a negative contribution
to the side force. Above the chine edge there is an abrupt
large positive spike in the side force. This arises because of
the asymmetry in strength and position of the vortices. At
a = 20 deg (Fig. 6a), the shallow bla = 0.5 case produces a
much larger spike than the bla = 1.5 case. At a = 40 deg
(Fig. 6b), the bla = 1 case has nearly the same size spike.

The asymmetry in the position and strength of the windward
and leeward vortices which is responsible for the positive side
force on the forebody is shown in Fig. 7 for a = 30 deg and
bla = 0.5 and 1.5. Figure 7a presents the minimum static
pressure found in the vortex over the length of the body. In
this case, the lower pressure for the bla = 0.5 geometry shows
that both the leeward and windward vortices are stronger
compared to the b/a = 1.5 case. Also, the windward vortex
for this geometry is much stronger than the leeward vortex
resulting in a larger asymmetry. This corresponds to the large
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Fig. 4 Effect of varying bla on the directional stability characteristics,
with cross-sectional shapes shown (ft — 5 deg).

Fig. 5 Effect of varying bla on sectional side force at different angles
of attack: a) a = 20 deg, 0 = 5 deg and b) a = 40 deg, 0 = 5 deg.
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-8.0
-0.5

b)

Fig. 6 Effect of varying bla on ACP: a) a = 20 deg, /3 = 5 deg and
b) a = 40 deg, 0 = 5 deg.

difference in directional stability shown in Fig. 4. In the
side view shown in Fig. 7b, for bla = 0.5, both the vortices
are further away from the chine line than in the bla = 1.5
case. The bla = 0.5 case vortices are above the top centerline,
allowing communication between the windward and leeward
vortices. In the planform view, Fig. 7c, the bla = 0.5 case
shows more lateral movement, particularly in the aft region,
than the bla = 1.5 case. Here, the windward and leeward
vortices are separated by the large hump on the upper surface
all along the length of the forebody. This restricts the influ-
ence of one vortex on the other, as well as the vortex move-
ment.

Using these results, an understanding of the physics of chined
forebody aerodynamics emerges. A shallow upper surface
(bla = 0.5) results in a stronger, more asymmetric vortex
system compared to a deep surface (bla = 1.5). A deep lower
surface results in a larger negative contribution to directional
stability. Thus, large bla for either the upper or the lower
surface are undesirable.
Effect of Varying Chine Angle

In this study bla was held constant at 0.5 (corresponding
to the best result obtained above), and n was varied over
-1.5, -1.25, and -1 (Fig. 2). Recall that, theoretically, the
chine edge has a zero angle when n — —1.5 and n — —1.25,
resembling a sharp-edged wing or strake, and therefore has
a 180-deg slope discontinuity. When n — — I the included
edge angle is finite (127 deg) and the slope discontinuity is
smaller.

The effect of changing the shape parameter n on the di-
rectional stability is shown in Fig. 8. Essentially, all the results
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Fig. 7 Vortex strength and position variation with b/a at a = 30 deg
and ft = 5 deg: a) minimum pressure, b) side view, and c) plan view.

are similar at a = 20 and 30 deg, but show differences at
a = 40 deg. The sudden decrease in Cwj8 for n — — 1 at
a = 40 deg was further investigated by looking at the side
force variation in Fig. 9. Based on the results shown in this
figure for the n — — I case over the axial distance from about
3-23, the source of the decrease of Cnf3 at a = 40 deg for
n = — 1 can be identified. All the results are similar at a =
20 deg, as expected from Fig. 8. The a = 40-deg case in Fig.
9b provides an indication of how to keep Cnf3 from becoming
too positive at high angles of attack.

An investigation of the reason for the sudden decrease of
Cw/3 at a = 40 deg was made. The vorticity being generated
due to flow separation has been shown to be proportional to
the square of the velocity at the separation point.12 When n
< — 1 for both upper and lower surfaces, the slope discon-
tinuity is maximum at the chine edge, resulting in large ve-
locities approaching the separation point. Figure 10 shows the
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m = 0, n = -1.50(top and bottom)
m = 0, n = -1.25(top and bottom)
m = 0, n = -1.00(top and bottom)
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m = 0, n = -l.OO(top) m = 0, n = -1.50(bottom)
Erickson forebody
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Fig. 8 Variation of directional stability with chine angle (fi = 5 deg).
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Fig. 9 Variation of sectional side force for different chine angles at
different angles of attack: a) a = 20 deg, ft = 5 deg and b) a = 40
deg, ft = 5 deg.

square of the velocity at the separation point plotted for dif-
ferent chine angles at a = 40 deg. The n = — 1 case is
distinctly different from the other cases. When n < — 1, very
close to the nose the leeward vortex is stronger than the
windward vortex, leading to a negative side force. As the
axial distance increases the vorticity shed on the windward
side increases and the side force is positive. Such observations
were also made by Kegelman and Roos13 based on experi-
mental results. When n = — 1, as expected, the vorticity shed
is much less and of an entirely different character because of
reduced slope discontinuity. Moving downstream from the
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Fig. 10 Comparison of square of velocity at separation point for
various chine angles at a = 40 deg and /3 = 5 deg.
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Fig. 11 Planform shapes considered in the present study.

nose, the edge with the largest separation velocity switches
sides several times. This is reflected in the side force plot of
Fig. 9b. Here, very close to the nose the windward vorticity
shed is larger than the leeward vorticity, leading to a positive
side force. As we move aft, the side force changes sign as the
relative shed vorticity strength changes. This difference in
behavior with the different chine angles suggests the existence
of a critical angle that controls the rate of feeding of the vortex
as the angle of attack changes.

Effect of Varying the Planform Shape
The planform shape for the forebodies studied thus far was

the same as that of the Erickson forebody.6 This planform is
shown in Fig. 11. The parameter xn shown for the tangent
ogive forebodies is the distance from the tip of the forebody
to the station where the planform span becomes a constant.
The side force variation in Figs. 5 and 9 showed that most of
the positive side force came from the aft portion of the
forebody, where the chine line was swept nearly 90 deg. It
was thought that expanding to a constant cross section faster
would produce a greater positive side force. Because the Er-
ickson planform6 approximates a tangent ogive with xn = 18,
the alternative planform was chosen to be a tangent ogive
with xn = 7, as shown in Fig. 11.

The effect of the planform variation on the directional sta-
bility is shown in Fig. 12 for three cross-sectional shapes.
There is a small increase in Cw/3 for a fixed cross-sectional
shape with b/a = 0.5, m = 0, and n = -1. One other cross
section, with a flat lower surface, was computed with this
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- Erickson planform
- Tangent ogive planform xn= 1
- Tangent ogive planform xn = 7 (flat bottom)
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Fig. 12 Effect of planform shape on directional stability character-
istics at ft = 5 deg (cross-sectional shape defined by m = 0 and
n = -1).
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Fig. 13 Effect of planform shapes on variation of sectional side force
(cross-sectional shape defined by m = 0 and n = -1): a) a = 20
deg, /3 = 5 deg and b) a = 40 deg, /S = 5 deg.

planform, and resulted in a C,l/3 increase. This supported the
previous assertion that a smaller b/a on the lower surface
reduces the adverse contribution to C,I/3 at a = 20 deg, and
also at a — 40 deg. Here, note that the chine included angle
is much less than the symmetric case. The directional stability
continues to increase at a = 40 deg, rather than remain nearly
constant, reinforcing the idea that a critical chine angle might
exist, which reduces extreme contributions to stability at high
angle of attack.

Figure 13 shows the effect of planform shape on side force
variation at a = 20 and 40 deg. As expected, after the initial
negative side force, the rate of increase of side force is greater
in the aft portion of the forebody for the blunt-nosed plan-
form. However, very close to the nose the side force is more
negative. Also note, that at a = 40 deg, the double hump is
eliminated with a blunt-nosed planform, and with the flat
bottom surface the configuration is even better. The connec-
tion between planform geometry and shed vortex strength
requires further investigation, even in the case of zero sideslip.

Conclusions
For aerodynamic design consideration the following con-

clusions were made:
1) The best ratio of maximum half-breadth to the maximum

centerline width was b/a = 0.5 among the cases analyzed for
positive directional stability. In general, lower b/a for both
the upper and lower surfaces improves directional stability.
In cases where higher b/a is a requirement, it is better to
increase the lower surface b/a. This results in a smaller penalty
than if we were to increase upper surface b/a. The rate of
change of C/J/3 with angle of attack is also a function of the
surface to which the thickness is added.

2) The effect of chine angle on the directional stability
characteristics was found to be insignificant unless the chine
angle was large. There could be a critical chine angle beyond
which it becomes an important factor. If such a critical angle
exists, it provides an indication of how to keep C,J/3 from
becoming too positive at high angles of attack.

3) The positive contribution to the stability is seen to come
from the aft portion of the forebody where the chine line is
swept nearly 90 deg. Changing the planform shape by allowing
it to expand faster to a constant value, increases the C/J/8 only
by a small amount. But, the behavior of the side force plots
varies significantly for different planform shapes.
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