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Method for Designing Leading-Edge Fillets
to Eliminate Flow Separation

Bradford E. Green¤ and John L. Whitesides†
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A design method is presented whereby the � ow separation in the wing–fuselage juncture of aircraft is eliminated
by the use of a leading-edge � llet. The design method uses a design rule that relates a change in skin friction to a
change in surface slope. After determining the current skin-friction distribution on the plate ahead of the leading
edge of the wing, a target skin-friction distribution that will eliminate � ow separation is calculated. By the use
of the design rule, the current skin-friction distribution is moved toward the target distribution by extending the
leading edge of the wing to form a leading-edge � llet. The new leading-edge � llet is then analyzed by the � ow solver
and the process is iterated until convergence is achieved.

Nomenclature
A = proportionalityconstant in design rule
CD = drag coef� cient
CL = lift coef� cient
C p = pressure coef� cient
c f = skin-friction coef� cient
n = coordinate in principal normal direction
s = arc length along streamline
u = velocity vector
x; y; z = cartesian coordinates
´ = distance normal to surface
· = curvature of streamline
· n = curvature of principal normal
¹ = dynamic viscosity
» = unit vector along grid line
½ = density

Subscripts

i; j = grid indices
min = minimum
max = maximum
T = target
1 = freestream

Superscript

n = iteration index

Introduction

J UNCTURE � ow has captured the attentionof many researchers
over the past several decades because its adverse effects are

present in many practical applications. Juncture � ow occurs when
the � ow on a body interactswith a surface mounted to that body. An
example of this type of � ow occurs when the � ow on the fuselage
of an aircraft interacts with the wing.
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One of the main features of juncture � ows is � ow separation.
Flow separation occurs when the oncoming boundary layer on the
fuselage encounters a steep adverse pressure gradient as the � ow
approachesthe wing. As a result of � ow separation,streamwise vor-
ticity is created in the juncture. The streamwise vorticity contained
within the horseshoe vortex originates in the upstream boundary
layer and is skewed into the streamwise direction during the for-
mation of the vortex. This horseshoe vortex, which wraps around
the wing, provides a mechanism for the diversion of low-energy
boundary-layer � uid around the wing. This vortex can also reduce
the lift and increase the drag of the aircraft. In addition, the regions
of concentrated streamwise vorticity that trail behind the juncture
decay slowly and interact with components downstream, such as
ailerons and engines. Therefore, the horseshoevortex can also alter
the stability and control characteristicsof the aircraft.1

On aircraft, juncture � ow is present at, for example, the
wing–fuselage,wing–winglet,wing–pylon,pylon–nacelle,and tail–
fuselagejunctures.The � ow in these juncturescan increasethe drag,
reduce the lift, and adversely affect the stability and control charac-
teristics of the airplane. However, the vortex � ow that results from
wing leading-edgeextensionsand fuselageforebodieshas beenused
to improve the performance of airplanes at high angles of attack.2

In addition to aircraft, juncture � ows are present on ships, between
the blade and endwall in turbomachinery,3 at the intersection of a
bridge pier and the river bed,4 in wind-tunnel airfoil testing,5 and
semispan model testing.6

Despite the many occurrences of juncture � ows, only the � ow in
the wing–fuselage intersection of aircraft will be considered in this
paper. To simplify the con� guration, the wing–fuselage intersection
was approximated using a wing–plate juncture. However, the de-
sign rule developed from this research may be applicable for other
juncture � ows.

Designing the proper � llet to alleviate one or more of the adverse
effects caused by juncture � ow can be onerous. For this reason,
many researchershave used cut-and-trymethods to design � llets to
determine whether improvements could be made through � lleting.

Kubendran et al.7 experimentally investigated the laminar � ow
around an unsweptwing of rectangularplanformshape with a chord
of 6 in. (15.24 cm) and a half-spanof 7 in. (17.78cm). The wing had
a NACA 0012 airfoil section. They compared results between the
un� lleted wing and two different con� gurations having � llets with
a linear cross section at the leading edge. In both � lleted con� gura-
tions, the section of the wing near the root was linearly stretched so
that the maximum thicknessof each airfoil section was maintained.
The authorswere able to eliminate the leading-edge� ow separation
with these � llets. Although a 9.2% drag reduction was achieved
with the larger � llet, a 6.8% increase in drag was obtained with the
smaller � llet.

Maughmer8 tested two leading-edge� llets on a sailplane con� g-
uration. One of these � llets had a linear cross section, though it was
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smoothly blended into the wing and fuselage,whereas the other had
a parabolicplanform.Maughmerclaims that a 2–3% drag reduction
is possible through � lleting. He also declares that the performance
of the � llet with a linear planformis better than that of the parabolic
� llet planform.

Sung and Lin9 performed a computational investigation to de-
termine the effects of � lleting a wing with a NACA 0020 airfoil
section with the nose replaced with a 1.5:1 ellipse. Overall, the au-
thors analyzed � ve different � lleted con� gurations. Three of the
con� gurationshad � llets of linear cross section at the leading edge,
whereas two of the con� gurations had � llets of linear cross section
at both the leading and trailing edges. In each of the con� gurations,
the thickness of the incoming boundary layer on the plate was used
as the main parameter to determine the size of each of the � llets.
The elliptic leading-edge nose section was modi� ed to create the
leading-edge � llets, whereas the maximum thickness and shape of
the airfoils were maintainedaft of the maximum thickness location.
Sung and Lin did obtain a small drag reduction with most of their
� llets.

As already mentioned, there are many negative aspects of junc-
ture � ows. As a result, � llets could be designed to eliminate � ow
separation,reduce the loss of lift, minimize the drag, or improve the
stability and control characteristics.The goal of this research is to
develop a method by which a leading-edge� llet can be designed to
eliminate � ow separation in the wing–plate juncture.Although a re-
ductionin drag is not guaranteedwhen � ow separationis eliminated,
any drag reductionobtainedwould be of great bene� t. Thoughmuch
research has been performed in the area of leading-edge � llet de-
sign, a standard design method to eliminate � ow separationappears
to be absent.

Three-dimensional � ow separation occurs when a saddle point
is formed on the surface of the body. The saddle point is the loca-
tion where the shear stress and, hence, the skin friction vanish and
the surface streamlines split. Downstream of the saddle point, the
surface streamlines begin to converge toward a single streamline,
known as the line of separation. Flow separation is eliminated by
modifying the skin-frictiondistribution upstream of the wing lead-
ing edge to eliminate the saddle point. Only the � ow separation
originating upstream of the wing leading edge is considered in this
research.

The development of the design rule, which was derived by
Green,10 is brie� y discussed in this paper. In addition, the design
method that implements the design rule to eliminate � ow separa-
tion in the wing–fuselage juncture of aircraft is also discussed.The
results of two applicationsof the design method are also presented.

Design Rule
The design rule was developed starting from the three-

dimensional incompressibleNavier–Stokes equations in streamline
coordinates. After taking the derivative of the s-momentum equa-
tion, the continuity equation, the s-momentum equation and its
derivative were evaluated at the surface. A two-dimensional � ow
was then assumed and the skin-friction coef� cient was written as
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This equation was then reduced to show that
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Relation(1)predictsthepropertrendfor a changein skin friction,but
is useless for design applicationsbecause @·=@s would be dif� cult
to modifyduringa designprocess.To � nd a parametermore suitable
for design, the functional dependence of @·=@s on the shape of the
body was found. A sensitivity study was then performed to show
that the largest change in @·=@s occurs when dy=dx is changed.As
a result, the relation

1c f / 1
dy

dx
(2)

was obtained. Relation (2) indicates that a change in skin-friction
results froma changein the slopeof the surface.As a result, the slope
of the surface was used in this research to modify the skin-friction
distribution to avoid � ow separation.

The design rule written in relation (2) was developedassuming a
two-dimensional � ow. This rule can be applied in three dimensions
by making the substitution

dy

dx
D d´

ds

where s is along the streamline and ´ is normal to the surface.
Substituting this equation into relation (2) yields

1c f / 1
d´

ds

Writing the design rule in this form could allow the relationship
to be applied in a variety of three-dimensional cases where � ow
separation occurs, including the design of a corner between two
intersecting surfaces.

Approach
Although any Navier–Stokes � ow solver could be used to

implement the design rule presented in the preceding section,
OVERFLOW11 was chosen as the � ow solver for this project.
OVERFLOW solves the compressible continuity, Navier–Stokes,
and energy equations in strong conservation law form. These equa-
tions are solved using � nite differences in space and implicit time
stepping. Both central differencing and Roe upwind differencing
are available within the � ow solver. In addition, a block tridiag-
onal method and a scalar pentadiagonal method are available for
implicit time stepping. Moreover, a multigrid method, a low Mach
number preconditioning algorithm, and a matrix dissipation algo-
rithm have been included to improve solution convergence and/or
quality. For turbulent � ow, the Baldwin–Lomax, Baldwin–Barth,
Spalart–Allmaras,12 k–!, and Menter’s shear stress transport turbu-
lence models are available.

In addition,OVERFLOW uses overset grids for complex geome-
tries. This allows the � ow solver to be used in a wide variety of
applications, including juncture � ows.

The Spalart–Allmaras turbulence model12 was chosen for use
with OVERFLOW in the applications presented in this paper. Al-
though this turbulencemodel was not speci� cally developed for use
in juncture� ow problems,it was used with successduringthe design
of standoff geometries for semispan model testing.6

The Spalart–Allmaras turbulencemodel12 consists of a transport
equation for the turbulent viscosity. This model was constructed
using empiricism and arguments of dimensional analysis, Galilean
invariance, and selective dependence on the molecular viscosity.
The model has been used for two- and three-dimensional� ows and
is compatible with both structured and unstructuredgrids.

Application of the Design Rule
to the Wing–Plate Juncture

The design rule just discussed will now be used to design a
leading-edge� llet for a wing–plate juncture.

Strategy for the Implementation of the Design Rule
Relation (2) is used to design a new � llet for the wing. This

expression can be rewritten as

1

³
dz

dx

´

j

D A1.c f / j (3)

where j is a point on the leading edge of the wing and y has been
replaced with z. The coordinate system used for the wing–plate
juncture is shown in Fig. 1. In Fig. 1, z is in the spanwise direction.
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Fig. 1 Coordinate system used for the wing–fuselage juncture.

To apply this equation in the design of a new � llet, both sides are
multiplied by .x j ¡ x j ¡ 1/ to form

.x j ¡ x j ¡ 1/1

³
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dx

´

j

D A1.c f / j .x j ¡ x j ¡ 1/ (4)

Because .x j ¡ x j ¡ 1/ is independentof the iteration,this term can be
distributed through the differential on the left-hand side of Eq. (4)
to form
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Equation (5) can then be reduced to

1.z/ j D A1.c f / j .x j ¡ x j ¡ 1/ (6)

1.z/ j is applied to each point downstream of j so that only the
slope at point j is changed. As a result, the new surface of iteration
n is given by
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where the second term on the right-hand side represents the cumu-
lative change made in z at point j and every point upstream. In the
case of an unswept wing, the slope at the leading edge of the wing
is large because .x j ¡ x j ¡ 1/ is small. The calculation of the slope
is avoided by applying the design rule in the manner shown earlier.

During the design process, Eq. (7) is applied along the grid line
containing the leading edge of the wing. Although the design rule
was derived from the Navier–Stokes equations in streamline coor-
dinates, Eq. (7) is not applied along a streamline of the � ow. It is
assumed that the grid line of the leading edge is aligned with a
surface streamline.

In Eq. (7), A is chosen to be positive, based on experimentswith
several design cases. Values of A between 100 and 300 seem to
work best.

Design Method
The design process for � lleting a wing–plate juncture is shown

in Fig. 2. If the initial wing is un� lleted, then a circular � llet is
placed on the con� guration. In reference to Fig. 1, a circular � llet is
a � llet in which the planform shape of the leading edge of the initial
wing near the � at plate is extended upstream to create a planform
shape that is circular in the x–z plane near the plate. A circular
� llet was chosen because it is tangent to both the leading edge of an
unswept wing and the � at plate. The radius of the circular � llet is
equal to the separation distance ahead of the wing on the un� lleted
con� guration. The reason for adding this circular � llet is not to
eliminate � ow separation,but rather to reduce the number of design
iterations.

After this new con� guration is analyzed, the saddle point on the
plate or � llet is located. If a saddle point does not exist, then the
grid line along which the preceding saddle point was located is
used. Even though the saddle point has been eliminated, it may be

Fig. 2 Flowchart of the design method for wing–fuselage junctures.

desirable to continue iterating the design process, so that the target
skin-frictiondistribution is achieved.

Once the saddle point is located, the skin-friction distribution is
calculated along the grid line containing this saddle point. Specif-
ically, the skin-friction distribution in the direction of the grid line
is calculated. In other words,

c f D ¹.@=@´/.u ¢ »/j0¡
0:5½1u2

1

¢

After the skin-friction distribution is calculated, a target skin-
friction distribution is determined in two steps. In the � rst step, a
preliminary target skin-frictiondistribution is calculated as

c f;T ;1 D max.c f ; c f;min;1/ (8)

where c f is the current skin-friction distribution and c f;min;1 is the
minimum allowableskin-frictioncoef� cient.Equation (8) is applied
at each point along the grid line containing the saddle point.

In the second step, a constant c f;min;2 is used, where c f;min;2 ¸
c f;min;1. The target skin-friction coef� cient at a point is

c f;T D c f;T ;1

unless the maximum value of c f;T ;1 upstream of the current point is
greater than c f;min;2 and the maximum value of c f;T ;1 downstream is
greater than c f;min;2, in which case

c f;T D c f;min;2
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Fig. 3 Sample target skin-friction distribution ahead of the wing lead-
ing edge.

Fig. 4 Flowchart of the design new wing module.

To ensure that the target skin-friction distribution is greater than
zero, the value of c f;min;2 is used when a local minimum exists in
the skin-frictiondistribution.

Sample preliminaryand � nal target skin-frictiondistributionsare
shown in Fig. 3, where a value of 0.00005 was chosen for c f;min;1,
and a value of 0.0002 was chosen for c f;min;2 . The � nal target was
determinedbased on the precedingmethod. Notice in Fig. 3 that the
� nal target skin-frictioncoef� cient at ¡5% chord is equal to 0.0002
because the maximum preliminary target skin-friction coef� cient
both upstream and downstream is greater than 0.00005. At ¡0.5%
chord, on the other hand, the � nal target skin-friction coef� cient
is equal to 0.00005 because the maximum skin-friction coef� cient
downstream is less than 0.00005.

The rationale for choosinga target skin-frictiondistributionsimi-
lar to that shown in Fig. 3 is to eliminate the saddlepoint to eliminate
� ow separation.Because the skin-frictioncoef� cient vanishesat the
saddle point, then the saddle point, and, hence, � ow separationwill
be eliminatedby forcing the skin-frictioncoef� cients to be positive.

After calculating the target skin-frictiondistribution,a new wing
is designed in the design new wing module in Fig. 2. The details of
this module are shown in Fig. 4.

In the � rst module in Fig. 4, the wing is sheared as illustrated
in Fig. 5. First, a baseline wing must be determined, which will be
discussedin more detail later.After the baselinewing is determined,

Fig. 5 Process by which a wing is sheared before design.

the function 1» is calculated,where 1» varies with z. As shown in
Fig. 5, 1» is the difference in x between an unswept leading edge
and the leading edge of the baseline wing. The function 1» should
be negative for baseline wings of positive leading-edge sweep.

In step 3, the shearedwing is obtainedby adding the function1»
to the x ordinates of the initial wing. The sheared wing is the wing
to which the design rule will be applied. As a result, there should
be no leading-edge sweep on the sheared wing except in the region
of the leading-edge � llet.

There are two reasons for shearing the wing. First of all, the size
of the leading-edge � llet can easily be scaled in this con� guration.
Scalingthe � llet is important to reducingthe size of the leading-edge
� llet placed on the wing. Second, shearing the wing allows the new
design to be easily blended into the leading edge of the preceding
wing, while avoidingany possibilitiesof having kinks in the leading
edge of the new wing.

After shearing the wing, Eq. (7) is used to design a new leading-
edge � llet. This equationis applied along the grid line of the leading
edge, using the current and target skin-frictioncoef� cients along the
line containing the saddle point.

In the next module of Fig. 4, the new � llet is scaled to reduce
the height of the leading-edge� llet. If the design method is applied
without scaling the leading-edge � llet, then the � llet will become
larger than is necessary to eliminate � ow separation.When design-
ing a leading-edge � llet for an unswept wing, it was noticed that a
local maximum in the skin-friction distribution appeared midway
through the design. As the design progressed, the skin-friction co-
ef� cient at the local maximum and the size of the leading-edge� llet
both grew larger.
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The leading-edge� llet is scaledat each point j using the equation

z j;new D
¡
zn ¡ 1

i

¯
zn

i

¢
zn

j (9)

where i is the location of the local maximum of the current skin-
friction distributionand zn

j is the � llet surface obtained after apply-
ing Eq. (7). The value z j;new becomes the new � llet shape. Notice
from Eq. (9) that at point i the value of zi;new is equal to zn ¡ 1

i .
After the � llet is scaled, the next step in Fig. 4 is to stretch the air-

foil sections in the � llet region of the current wing to obtain the new
wing. Figure 6 illustrates the process by which this is accomplished
for a given wing airfoil section. First, the initial airfoil section is
divided into its camber distribution and its thickness distribution.
Then the camber distribution is linearly extrapolated to align the x
ordinate of the leading edge of the camber line with the x ordinate
of the new � llet leading edge determined by the method presented
earlier.The camber line is extendedbasedon the slopeof the camber
line at the leading edge of the initial airfoil.

After extending the camber line in Fig. 6, the thickness distribu-
tion of the initial airfoil is distributed along the new camber line to

Fig. 6 Process by which the airfoil sections are stretched to obtain the
new wing.

Fig. 7 Process by which a wing is sheared after design.

obtain the stretched airfoil. The maximum thickness of the airfoil
section is maintained while the thicknessalong the new camber line
is distributed. The maximum thickness ratio, however, is reduced
because the chord length of the stretched airfoil is larger than that
of the initial airfoil. The process for extending the camber line is
applied to each airfoil section in the wing.

The next step in Fig. 4 is to shear the wing back to its original
sweep. This is demonstratedin Fig. 7, where the function1» calcu-
lated in Fig. 5 is subtractedfrom the current unswept wing to obtain
the new wing.

After completing the design new wing module in Fig. 2, the pro-
cess is iterated until � ow separation is eliminated.

Results
The design method just presented was used to redesign several

un� lleted con� gurations. These con� gurations include an unswept
wing without lift anda liftingwingwith 30-degsweep.The resultsof
each of the designcasesare presentedand discussedin the following
sections.

Unswept Wing
In this example, an unswept wing without a � llet was redesigned

to eliminate � ow separation ahead of the wing leading edge. The
wing had a rectangular planform shape with unit chord and a half-
span of 1.16 chords.The wing had a NACA 0012 airfoil section and
was analyzed at a Mach number of 0.2 and a Reynolds number of
1 £ 107 at an angleof attackof 0 deg.Because the wing is symmetric
and the angle of attack is 0 deg, only one-half of the con� guration
was analyzed. A grid re� nement study was performed to verify
that the grid size was adequate to model the � ow in the juncture
accurately.10

The wing was redesigned using the method described earlier.
Because the � ow and geometry are symmetric, the saddle point
is located in the symmetry plane ahead of the wing leading edge.
Thus, the skin-friction distribution on the symmetry plane of the
plate ahead of the initial wing is shown in Fig. 8. The leading edge
of the wing is at x D 0. It can be seen in Fig. 8 that the skin-friction
coef� cient vanishes on the initial wing at approximately 3% chord
ahead of the wing leading edge. This indicates that the saddle point
is at this location.

Because the initialwing did not have a � llet, a � llet with a circular
planformwas addedto the leadingedgeof thewing.The radiusof the
circular � llet is 3% chord, which is equal to the separationdistance
ahead of the leading edge of the un� lleted wing. The skin-friction
distributionassociated with this intermediatewing is also shown in
Fig. 8. From Fig. 8, one can see that the skin-friction coef� cient
vanishes near ¡3.5% chord for the intermediate wing, indicating
that � ow separation still exists.

Fig. 8 Skin-frictiondistribution alongthe symmetry plane of the plate
for the initial and new wing con� gurations for the case without sweep.
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Fig. 9 Fillet shape of the new wing for the case without sweep.

Fig. 10 New wing for the case without sweep.

The target skin-friction distribution and the skin-friction distri-
bution for the new con� guration are also shown in Fig. 8. There is
excellent agreement between these two curves, indicating that the
design method was successful in increasing the skin-frictiondistri-
bution toward the target distribution.Because the skin friction does
not vanish until near the wing leading edge, the � ow separation has
been eliminated. In determining the target skin-frictiondistribution
in this plot, values of 0.00001 and 0.0001 were used for c f;min;1 and
c f;min;2, respectively.

The � llet shape for the initial, intermediate, and new wings are
shown in Fig. 9. From Fig. 9, one can see that the � llet for the new
wing extendsnearly7% chordaheadof the wing leadingedge.Also,
the � llet extends to a height of about 7% chord in the z direction.
Because many researchers in the past have correlated the required
leading-edge � llet size to plate boundary-layer height, note here
that the boundary-layerheight on the plate at the wing leading edge
is about 5% chord. A three-dimensional view of the new wing is
shown in Fig. 10.

A comparisonof the surfacestreamlinesof theun� lletedwing and
the � lleted wing is shown in Fig. 11. The surface streamlinesare the
lines that are tangentto the surfaceshearstress.InFig. 11, the surface
streamlines are shown from a viewpoint located upstream of the
leadingedge of the wing, looking into the cornerof the leading edge
at an angle of about 45 deg to the � at plate. The surface streamlines
of the un� lleted con� guration are shown on the left-hand side of
Fig. 11, whereas the surface streamlines of the new con� guration
are shown on the right-hand side of Fig. 11. The saddle point on
the un� lleted con� guration is labeled S in Fig. 11. Notice that this
saddle point has been eliminated on the new con� guration and � ow
separation no longer exists.

The drag coef� cients of the two con� gurations are compared in
Table1.Table1 indicatesthat thedragremainsrelativelyunchanged,
even though � ow separation has been eliminated.

Table 1 Comparison of drag coef� cients between
un� lleted and � lleted wings for the case without sweep

Wing CD , viscous CD , pressure CD , total

Un� lleted 0.0072 0.0008 0.0080
Filleted 0.0073 0.0008 0.0081

Fig. 11 Comparison between the surface streamlines of the un� lleted
and � lleted wings for the case without sweep.

Fig. 12 Skin-friction distribution along the symmetry plane of the
plate for the initial and new wing con� gurations for the case with 30-deg
sweep.

A value of 150 was used for parameter A in Eq. (7). This design
required 37 iterations and 82 CPU hours on a Silicon Graphics
Octane computer with an R12000 processor. The � ow solver was
run for 100 iterations between each design, ensuring that the skin
friction was converged to 0.00001 before the design was complete.

Lifting Wing with 30-Degree Sweep
The design method was also used to redesign a lifting wing with

a 30-deg leading-edgesweep. The wing was of constant unit chord
and had a half-span of 1.16 chords. The wing had a NACA 4412
airfoil section and was redesigned at a Mach number of 0.2 and a
Reynolds number of 1 £ 107 at an angle of attack of 0.5 deg.

The skin-friction distribution of the initial wing along the grid
line containing the saddle point is shown in Fig. 12. Because the
skin-friction coef� cient vanishes at about 2% chord ahead of the
wing leading edge, � ow separation does exist. Because the initial
wing was un� lleted, a � llet with a circular planform was added to
the wing. The skin-friction distribution for this intermediate wing
is also shown in Fig. 12. From Fig. 12, one can see that the skin-
friction coef� cient vanishes near ¡2.5% chord, indicating that � ow
separation still exists.
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Table 2 Comparison of lift and drag coef� cients between un� lleted
and � lleted wings for the case with 30-deg sweep

Wing CD , viscous CD , pressure CD , total CL

Un� lleted 0.0141 0.0063 0.0204 0.390
Filleted 0.0142 0.0062 0.0204 0.390

Fig. 13 Fillet shape of the new wing for the case with 30-deg sweep.

Fig. 14 New wing for the case with 30-deg sweep.

The target skin-frictiondistributionand the skin-frictiondistribu-
tionof thenew wing are also shownin Fig. 12.A valueof 0.0001was
used for c f;min;1 and c f;min;2 in determining the target skin-friction
distribution. Notice in Fig. 12 that the target skin-friction distribu-
tion and the skin-friction distribution of the new wing agree well.
This indicates that the design method was successful in eliminating
� ow separation.

Figure 13 shows the leading-edgeshape of the initial, intermedi-
ate, and new wings. From Fig. 13, one can see that the leading-edge
� llet of the new wing extends to approximately4% chord upstream
of the leading edge and about 5% chord in the z direction. A three-
dimensional view of the wing is shown in Fig. 14.

The surface streamlines of the un� lleted and � lleted wings are
shown in Fig. 15. In Fig. 15, the surface streamlines are shown
from a viewpoint located upstream of the leading edge of the wing,
looking into the corner of the leading edge at an angle of about
45 deg to the � at plate. In Fig. 15a, the surface streamlines for the
un� lleted wing indicate that � ow separation exists. The location of
the saddlepoint is indicatedwith the letter S. In Fig. 15b, the surface
streamlinesshow that both the saddlepoint and � ow separationhave
been eliminated.

The lift and drag coef� cients of the initial wing and new wing are
compared in Table 2. Once again, the lift and drag did not change
signi� cantly as a result of the elimination of � ow separation.

A value of 200 was used for parameter A in Eq. (7). This design
required 26 iterations and 115 CPU hours on a Silicon Graphics

a)

b)

Fig. 15 Comparison between the surface streamlines of the un� lleted
and � lleted wings for the case with 30-deg sweep.

Octane computerwith an R12000processor.The � ow solverwas run
for 100 iterations between each design. Once again, 100 iterations
were adequate to ensure that the skin friction was converged to
0.00001 before the design was complete.

Conclusions
A design method has been developed whereby a leading-edge

� llet for a wing can be designed to eliminate � ow separation in
the wing–fuselage juncture of aircraft. After calculating the current
skin-friction distribution ahead of the leading edge of the wing,
a target skin-friction distribution is speci� ed that would eliminate
� ow separationahead of the wing leading edge. Then, a new design
rule, which relates a change in skin friction to a change in the slope
of the surface, is used to move the current skin-frictiondistribution
toward the target distribution by extending the leading edge of the
wing forward to form a leading-edge � llet. After determining the
shape of the new leading-edge � llet, the con� guration is analyzed
by the � ow solver and the design process is iterated until the target
skin-friction distribution is achieved. The method was then shown
to eliminate � ow separation in two wing–plate junctures.

This design method for leading-edge � llets differs from pre-
viously existing methods in that this method employs a skin-
friction/slope relationship to eliminate � ow separation. Previous
methods for designing leading-edge � llets are based primarily on
trial- and-error approaches.

The design rule that has been developedcould be applied to elim-
inate � ow separation in cases other than wing–fuselage junctures.
Because the design rule was derived from the governing equations,
the relationship between a change in skin friction and a change in
slope should be valid in many other cases where � ow separation
occurs. Some examples of potential applications of the design rule
include automobiles, trucks, trains, ships, submarines, torpedoes,
and missiles.
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