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Vortex Panel Calculation of Wake Rollup
Behind a Large Aspect Ratio Wing

D.T. Yeh*
Stanford University, Stanford, California

and

A. Plotkint
San Diego State University, San Diego, California

A higher-order (linear vortex) panel method is used to calculate the three-dimensional wake rollup behind
large aspect ratio symmetric wings in steady inviscid incompressible flow. Triangular-shaped panels are chosen
to increase the geometric flexibility of the wake sheet. The wing spanwise circulation distribution is obtained
from lifting-line theory, and the wake geometry is then evaluated in an iterative fashion by satisfying conserva-
tion of circulation, flow tangency, and zero-pressure jump for all wake panel surfaces in the near-wake region
(two spans in length). The far wake is modeled by straight semi-infinite vortex filaments that are in the uniform
stream direction. Numerical results are shown to compare favorably with those in the literature. The capability
of the method to model a rectangular wing with a deflected flap is also studied.

Introduction

Background

HE accurate calculation of the position and strength of

the vortex wake behind a blade in motion is a critical
problem for rotorcraft applications. A detailed model of the
vortex wake would permit substantial improvements in many
aspects of rotary wing design such as performance, acoustics,
vibrations, and response. For the vortex flow behind a wing of
finite span at angle of attack, there exists a pressure differen-
tial between the top and bottom surfaces as a byproduct of the
lift force. The vorticity is shed as a result of the difference in
the direction of the flow between the wing surfaces at the trail-
ing edge.

For high Reynolds number flow past a thin wing at
moderate angles of attack, convection dominates diffusion
and the vorticity is confined to a thin, free shear layer. Under
the influence of the self-induced velocity, the shear layer has
the tendency to roll up into vortex cores. In the downstream
direction, the vorticity is continuously fed into the vortex
cores resulting in a growth both in strength and dimension.
Further downstream of the wing, the rollup process will be
completed and most of the vorticity is contained within the
cores. At this stage, the velocity gradients in the cores are large
and the viscous effects become important. Consequently, in-
stabilities may occur which can result in the breakup of the
trailing vortex system. The present research only considers the
initial stage of the wake rollup—potential flow is considered
with embedded vortex sheets.
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An excellent review of the literature on vortex wakes is given
by Hoeijmakers.! Many of the studies use a two-dimensional
time-dependent analogy to study the wake rollup for the large
aspect ratio case. The technique is developed under the
assumptions that the flow varies slowly in the streamwise
direction and that there is no direct influence due to the
upstream wing. The two-dimensional time-dependent problem
can be considered as a marching problem in the sense that the
vortex sheet is determined at each cross-flow (Trefftz) plane
and is convected with its own induced velocity in subsequent
cross-flow planes. There have been many methods developed
to model the vortex sheet motion using this analogy. The work
by Fink and Soh? appears to be the most successful in produc-
ing smooth wake rollup by using the discrete-vortex method.
Murman and Stremel® utilized the “‘cloud-in-cell”” method to
capture the vortex wake motion. A sophisticated second-order
doublet panel method (curved segments) developed at the Na-
tional Aerospace Laboratory (NLR), the Netherlands,* is
capable of describing complicated vortex sheet motion, and
vortex cores are also included to model highly rolled up
regions.

Through the advance of computer technology, a number of
fully three-dimensional flow models have been developed for
the prediction of the wake rollup. The vortex-lattice method
has found wide application for computing the attached-flow
loading of lifting surfaces. In the vortex-lattice method the lift-
ing surface is divided into elements. Each element carries a line
vortex along its quarter-chord line connected to line vortices
trailing to infinity downstream along the side edges of the ele-
ment. The strengths of the vortices are determined by impos-
ing the no-penetration condition at the midpoint of the
quarter-chord line of the elements. Rom and Zorea’
developed a computational procedure to relax the wake. They
use a finite number of line vortices to represent the trailing
vortex sheet. The wake geometry is evaluated in an iterative
fashion starting from an assumed initial wake position. Suciu
and Morino® developed a method that uses constant doublet
panels on the wing and wake to calculate the wake rollup
behind rectangular wings. The use of constant doublet panels
for the wake modeling is equivalent to using vortex filaments.
In recent years, the constant doublet panel method has been
widely applied to helicopter applications to model the blade
and wake.”-?



1418 D. T. YEH AND A. PLOTKIN

For cases when the vortex wake passes close to a lifting sur-
face, the filament wake model may not be adequate to
describe the flow details. This is true for the leading-edge sheet
of a low aspect ratio wing.! It is also noted that a higher-order
panel method solution for the wake rollup behind. a large
aspect ratio wing is not available in the literature.

Higher-order panel methods for three-dimensional vortex
calculations have been developed by Johnson et al.,® Hoeij-
makers and co-workers (see Ref. 1), and Kandil et al.!%!! These
methods have been used to study leading- and side-edge separa-
tion for low aspect ratio wings. The methods developed at Boe-
ing® and NLR! use second-order doublet distributions.

In the method of Kandil et al.,'!! vortex panels
(triangular panels in the wake) with a first-order vorticity
distribution are used in the near-field calculations. In the far-
field calculations, the distributed vorticity over each far-field
panel is lumped into equivalent concentrated vortex lines.
We choose to modify this vortex panel method and apply it
to large aspect ratio wings with a closer look at the trailing
wake rollup.

It is the purpose of the present research to consider a
higher-order (linear vortex) panel method for the vortex
wake modeling. The technique is first developed for a finite
wing in steady flight as the initial step toward the helicopter
free-wake analysis.

Approach

A theoretical investigation is made to calculate the three-
dimensional wake geometry in a steady incompressible flow
behind a symmetrical wing of large aspect ratio (R) for a
given spanwise circulation distribution (obtained from
lifting-line theory). This method uses triangular vortex
panels with a linear vorticity distribution for near-wake
modeling. To model this problem, the wake is first initialized
as a flat sheet of zero thickness, extending from the wing
trailing edge (TE), which is divided into three regions—ad-
joining, near, and far regions, as shown in Fig. 1.

The adjoining region is described as a small region of
planar vortex sheet where the wake surface lies in the direc-
tion of the chord axis and stays fixed. This region is in-
troduced to model the satisfaction of the Kutta condition
that the flow will leave the trailing edge smoothly.

In the near region, approximately two spans in length, the
wake surface is split into a network of flat, triangular
elements (panels) with linearly distributed vorticity in the
local spanwise direction and constant vorticity along the
streamwise direction (local flow direction).

In the far region, straight semi-infinite vortex filaments of
equivalent strengths are shed from the TE of the vortex
panel sheet to infinity. Such representation for the far wake
is introduced for economic feasibility while accuracy is main-
tained in the near region as well.

The wake geometry is then evaluated in an iterative
fashion by satisfying conservation of circulation, the flow
tangency condition, and zero-pressure jump for all wake
panel surfaces in the near region. The iteration continues un-
til the wake shape converges, or equivalently, the wake sheet
truly becomes a stream surface in the near region. Straight
semi-infinite vortex filaments in the far wake are assumed to
be in the uniform stream direction.

The flow problem of a wing-flap configuration is also
studied by utilizing the current wake model. This is studied
to demonstrate the versatility of the present model as well as
the effect of a flap on the wake rollup of a rectangular wing.

Mathematical Problem

Consider the flow of a steady freestream of speed U, at
angle of attack « past a thin wing of large &R, as shown in
Fig. 1. Since the flowfield considered here is the high
Reynolds number flow past a thin wing at a moderate angle
of attack, the viscous boundary layer and wake are essentially
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confined to a thin region. Outside the boundary layer and
wake, the velocity gradients become so small that the shear
stresses acting on a fluid element are negligible. For a region
near the center of the rolled up region, however, velocity
gradients are large and the viscous effects become domi-
nant.! In the present study only the initial rollup stage is
analyzed and, consequently, the fluid is considered to be
inviscid.

The global reference frame is expressed in terms of a
space-fixed Cartesian coordinate system (x,y,z), where the x
axis is in the direction of the freestream velocity, the y axis is
in the spanwise direction, and the z axis is perpendicular to
the x and y axes such that a right-handed coordinate system
is formed. The midpoint on the wing TE (or lifting line)
serves as the origin.

The freestream velocity vector can be expressed as

U.=U.i [0
The continuity equation for an incompressible flow is

v V=0 )
and the flow irrotationality condition is

VXV=0 3

where V is the velocity vector. Equation (3) holds everywhere
in the flowfield except on the wake surface and on the lifting
line, where the rotational regions are confined. If we define
the velocity potential ¢ and perturbation velocity potential ¢
such that

V=U.i+Vé¢=Ve @

then Eq. (3) is satisfied identically.

Substituting Eq. (4) into Eq. (2), the Laplace equation for
both ® and ¢ is obtained. The no-penetration condition is
applied to enforce flow tangency on the wake surface,

Uy i+ Ve)-VW=0 on W(x,y,z)=0 ®)
where W(x,y,z) =0 is the equation of the wake surface.
The zero-pressure jump condition is given in Ref. 11 as

0=AC,=2(n, xw)-V/U% on W(x,y,z)=0 (6)
where n,, is the unit vector normal to the sheet and w is the
vorticity vector.

Since Eq. (5) requires the velocity to be tangent to the
wake surface, Eq. (6) implies that the vorticity is parallel to
the local velocity in order to have zero-pressure jump on the
sheet.

In addition, the velocity must approach the freestream
value as the distance from the wake surface becomes large,

Far
Region

Region

=

Adjoining
Region

Fig. 1 Initial wake geometry.
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which leads to the infinity condition

V¢—0as [x*+y?+z2—o0 and away from W (7)
From Kelvin’s theorem for an inviscid flow,

Dr ®
Dt
Physically, it states that once the circulation around a fluid
curve is generated, its strength remains constant as the same
fluid particles are convected downstream.

Method of Analysis

This section introduces the numerical formulation and
basic elements involved in the present higher-order panel
method, including wing modeling, treatment of the wake,
and, ultimately, the wake rollup iteration procedure.

The emphasis in this study is on the calculation of the
wake rollup. For the large aspect ratio case considered here,
Suciu and Morino® demonstrated that the effect of the wake
rollup on wing loading was negligible. Therefore, for
simplicity, the spanwise circulation distribution is calculated
with the use of Prandtl’s lifting-line theory (see, for example,
Karamcheti!?) and is not updated during the wake rollup
iteration. (The rollup procedure developed here can be used
in conjunction with any wing loading calculation method
which supplies the spanwise circulation distribution.)

Once the spanwise circulation distribution I'(y) is ob-
tained from the lifting-line theory, the vorticity shed by the
wing (or the strength of the trailing vortex sheet) can be ex-
pressed as

dr

Cdy

®

The direction of the shed vorticity is taken to be perpen-
dicular to the lifting line.

For a piecewise linear distribution of vorticity in the span-
wise direction, along with the fact that the change of circula-
tion (I'; —T';, ;) must be shed behind and into the wake (Fig.
2), Eq. (9) can be written as follows with the use of the
trapezoidal rule:

n d
Yivr — Vi

(w.”+w?+1)[ 3 ]=—(1‘,~+1—I‘i)=const (10)

where the superscript n denotes the nth row of panels
downstream.

n=| n=|
i Yini
Fig. 2 Spanwise circulation and shed vorticity distribution.
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As a consequence of Kelvin’s circulation theorem, the cir-
culation arQund a closed curve bounded by streamlines re-
mains constant for all times. Referring to Fig. 2, Eq. (10)
reflects that the vorticity distribution is adjusted such that
the shaded area under the vorticity curve is always equal to
the change of the circulation provided that the vorticity is
continuous at the common node between two adjacent
panels. By using Eq. (10) for w7, ; along with the symmetry
condition

@it ,_o=0 (11

the value of vorticity at each nodal point can be obtained
starting from the symmetry plane and marching outward.

Equation (6) requires the vorticity on the wake to be
parallel to the flow, while the local X axis is designated as the
local stream direction (see Fig. 3). Therefore, the vorticity
vector is given as

w=we, (12)

where e, is the unit vector in the local X direction. (Note that
this assumes the velocity to be in the same direction across a
panel, an approximation that improves as the number of
panels increases.) Furthermore, vorticity is divergence-free,

V- -0=0 (13)
I3 Ym-f
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Fig. 3 Geometry of a triangular panel.
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since V:-(V X V)=0.
Substituting Eq. (12) into Eq. (13) yields

dw

=0 14
Y (14)
Equation (14) shows that the vorticity distribution on each
panel is independent of X, or the vorticity remains constant
along the streamwise direction for each panel.

Induced Velocity

The induced velocity at a point on the wake surface is
calculated by summing the contributions from three major
sources. They are:

1) Bound vortex segments for the wing modeling.

2) Triangular vortex panels in the adjoining and near
regions.

3) Straight semi-infinite vortex filaments in the far region.

Straight Vortex Segments

The lifting-line model is used to take account of the
presence of a three-dimensional wing, where a series of
bound vortex segments is placed along the lifting line. Cosine
spacing is used to divide the lifting line into segments, with
the emphasis on the wingtip region where the circulation
distribution is expected to change rapidly. Moreover, to in-
crease the accuracy of the influence of the lifting line, each
segment is further divided into two equal-length subsegments
with locally piecewise linear distribution of circulation.

Once the continuous vortex sheet ends in the near region,
the far-wake representation is carried out by straight semi-
infinite vortex filaments of equivalent strengths. These
filaments are shed from the midpoints of the TE panels to
infinity with the direction of the freestream velocity. The
strength of each filament is determined from the change of
the circulation distribution at the corresponding wing section
upstream, and remains constant throughout the far region.

The Biot-Savart law is used to calculate the velocity in-
duced by both the lifting line and the far wake.

Triangular Vortex Panels

The velocity induced by a distribution of vorticity on the
surface o at the field point P(x,,, ¥,, Z,) in the local panel
coordinates can be calculated by means of the Biot-Savart
law to yield

_ 1 -
V(sz,);m,z-m) = -4—58—%_%(10 (15)
T —

where r=Xx,e,+y,e,+ e, is the position vector of point

P, and 5= {e, + £e, is the position vector of a point in o.
On the vortex panel, a local linear distribution of vorticity

is considered along the local spanwise direction, which can

N
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be expressed as

w=(A+B¢t)e, (16)

where A and B are obtained by satisfying the spatial conser-
vation of circulation, and £ is the distance in the y direction
measured from the local origin.

Carrying out the cross product and using the definition of
the panel geometry as shown in Fig. 3, Eq. (15) becomes

V (% Fmsem )

__Lgszgrmm (A+BE)[z,e,— (F—E)e,]
T oA o dne® [(B =02+ (P, —8)?+25 1372

dgdg
an

This integral can be evaluated in closed form (the details can
be found in Ref. 13).

Control Points

The control points are introduced here as the points at
which the resultant flow is required to be tangent to the
panel surfaces. The control point is chosen to be the
geometric center of a triangular panel, which is defined as
the intersection of the lines drawn from the vertices that
bisect their opposite sides.

Moving the Panels

In the present study, each of the triangular panels is con-
sidered to be a stream surface composed of the streamlines
that are parallel to one another with respect to the side 1-3
(see Fig. 3). Once the induced velocity at a control point is
determined, the streamline which contains the control point
is moved in the same direction as that of the local velocity.

To demonstrate the approach, the unit vector of the
streamline at the control point e, is given by

e—'ZR —e+w (18)
AN A A

where dR, U, and wy are the components of the induced
VClOClty in the X, y, and Z directions, respectively, and

= (4% + 0%+ wg)*. Side 1-3 is then moved in the direc-
tlon parallel to the unlt vector and, with the use of Eq. (18),

u D w
by = ”13'(‘—,—: Frotpe c.) (19)

where I); =X;e, + V;e, + Z;e, is the position vector of point 3
in the local coordinates (recall that point 1 is the local
origin), and 1,1 is the length of side 1-3 and remains con-
stant throughout the computation.
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Fig. 5 Convergence study for a rectangular
wing: R=8; a=5 deg; x,,/b=1.69.
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—O— Ref. 5, X, /c=5
& Present Analysis, Xy £=4.69

«=5°

Fig. 6 Wake shapes at different angles of
attack for a rectangular wing: R=38.

. 2y

Because the number of triangular panels is always greater
than the number of corner points, Fig. 4 shows that only the
control points on the K=2 panels are used to move the
nodes such that side 1-3 of each triangular panel is aligned in
the direction of the streamlines. The nodal points along the
centerline, however, are moved according to the control
points of the K=1 panels along the symmetry line.

Wake Rollup Iteration Procedure

This section presents the wake rollup iteration procedure
which is an extension of the previous discussion that il-
lustrates the mechanism to move a single panel surface. The
objective of the iteration is to satisfy the boundary condi-
tions on the panel surfaces; at the same time, the panel sur-
faces have to be connected so that a continuous wake sheet is
formed.

To develop an efficient computational technique, an idea
similar to overrelaxation is adopted in the first iteration such
that a newly adjusted or better extrapolated downstream
wake shape is introduced whenever a row of upstream panels
is moved. The numerical procedure for the first iteration is
summarized as follows:

1) The first row of panels lies in the direction of the chord
axis and stays fixed.

2) The computation is initiated by specifying the rest of
the wake to be planar (in the x direction).

3) Align the second row of panels with the local velocities.

4) The downstream wake shape is adjusted so that the
nodal points will have the same y and z coordinates as that
of the second row. The vorticity distribution is calculated
again due to the new wake geometry.

5) Align the third row of panels with the local velocities,
and adjust the downstream wake shape in the same way as in
step 4.

6) This process continues until the last row of panels is
moved in the direction of the local velocity.

Starting from the second iteration, the procedure is altered
due to the fact that the geometry of the upstream wake will
be affected by the change of the wake shape downstream
which is left out in the first iteration. To continue the itera-
tion, the following steps are used.

1) Calculate the resultant velocities at all of the control
points.

2) Move the downstream nodal points simultaneously in
the directions of the local velocities and connect these points
to form the new wake sheet.

3) Adjust the vorticity distribution to account for the
change of the wake geometry.

4) Repeat steps 1-3 until the wake shape is converged, or
the change of the successive wake geometries becomes suffi-
ciently small (i.e., Ay and Az are less than 0.0005 of span
length at each node).

2 3 4 5 6 1 8 9 10 b

Results and Discussion

The method of calculating the wake shape behind a sym-
metric wing is implemented using a computer program. In
the program, the initial wake geometry is automatically
generated by dividing the straight wake into Nx rows and Ny
columns (semispan) to form (Nx) (Ny) rectangular elements.
Each rectangular element is then divided into two triangular
panels.

In the wake rollup calculations, the panels in the near
wake are distributed using cosine spacing in the spanwise and
streamwise directions to emphasize the details near the
wingtip and lifting line, respectively. For all of the numerical
runs presented, the results of the wake shapes are shown
only for the half-plane from the symmetry axis.

The convergence properties of the method are studied for
a rectangular wing of R=8 at 5-deg angle of attack as
shown in Fig. 5, where the number of panels in the spanwise
direction is varied from Ny=6-18. The wake geometry is
usually converged after three iterations. Such rapid con-
vergence is attributed to two factors: the robust scheme in
the first iteration, and the use of cosine spacing for the panel
distribution in the spanwise direction. It is seen that the
nodes of the converged wake shapes at 1.69 span lengths
behind the TE virtually fall on top of one another and form
a defined contour which is predicted consistently by the pres-
ent method. It is also learned that as the number of the
spanwise panels increases (bringing the outboard panel closer
to the tip) the wake sheet becomes more flexible and tends to
roll up more. Due to the lack of vortex core modeling,
however, the present method is limited to calculations with
less than one turn of rollup. For this and the following
calculations, the length of the near wake is taken to be two
spans. For this choice and the choice of Ny, no streamwise
stations of the near wake exhibit more than one turn of
rollup.

A comparison with the results of Suciu and Morino® for a
rectangular wing of R=8 is presented to demonstrate the
validity of the method in predicting the wake rollup. The
results of the converged wake shapes are shown in Fig. 6 for
two different angles of attack, =5 and 10 deg. In Ref. 6,
the results are given at 5 chord lengths downstream of the
TE. Since cosine spacing is used in the present calculation,
the closest station for comparison is at 4.69. The agreement
is satisfactory in the sense that Suciu and Morino use con-
stant doublet panels to model the wake; this is equivalent to
using vortex filaments. Suciu and Morino’s results for the
location of the vortex centers appear to agree well with the
experimental observations of Chigier and Corsiglia.!4

To illustrate the evolution of the rolled up wake pattern in
the streamwise direction, Fig. 7 shows the rolled up wake
sheet for a rectangular wing of R=28 at 5 deg angle of attack
for four different downstream stations, x,, =0.38, 0.82, 1.38,
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and 1.69 span lengths measured from the TE with the panel
arrangement of Nx=10 and Ny=12. By looking at these
four streamwise stations, stretching and spiral motions are
observed on the wake panels over the tip region during the
rollup process while the wake sheet remains relatively flat at
the middle of the wing.

In Fig. 8, a similar calculation is made for an elliptic wing
of R=238 at 5 deg angle of attack. The wake geometry is then
compared with the rectangular-wing case shown in Fig. 7.
Equation (9) states that the strength of the shed vorticity is
proportional to the rate of change of the spanwise circula-
tion distribution, and lifting-line theory shows that the cir-
culation distribution depends on the local chord length.
Therefore, the strength of the vorticity distribution near the
tips of a rectangular wing is stronger than that of the elliptic
wing of the same aspect ratio. As was expected, the wake
geometry of the elliptic wing has a smaller disturbance
(downward displacement) at the tips than in the rectangular-
wing case.

Wing-Flap Configuration

The capability of the present method to predict the multi-
ple rollup of the wake behind a rectangular wing with a
deflected flap is also studied herein. The flap is located at
the central part of the wing and has the dimensions of
b,=b/2 and ¢;=c/4, where b, and ¢, are the flap span and
chord, respectively. The spanwise circulation distribution of
the wing-flap configuration is found numerically by using
lifting-line theory where the angle of incidence « (y) becomes
a function of the spanwise location,

a(y)=o, 0<y<b/2 (20)

a(y)=qa, bp/2<y<b/2 Q1
where «, is the absolute angle of attack and can be obtained
from thin-airfoil theory!? by treating the flap section as a
two-dimensional cambered airfoil.

Figure 9 shows the circulation distribution curves for a
rectangular wing of R=8 at =35 deg with the flap deflec-
tion angles 8,=0, 2, and 5 deg. It is noted that the rate of
change of circulation at the flap-tip region increases as the
flap deflection angle becomes large. As a result of the
partial-flap configuration, the use of cosine spacing for the
panel distribution in the spanwise direction is modified. In-
stead of putting all of the emphasis on the wingtip, equal AT’
spacing is employed for the inboard portion (~80% of the
span) while the cosine-spaced panels at the wingtip (~20%
of the span) are still being used.

Figure 10 presents the rolled up wake geometry at two
downstream stations, x,/b=0.59, 1.69 for a rectangular
wing of R=8 at =5 deg and 4,=2 deg. Similar results are
also presented in Fig. 11 for §,=5 deg. A wide range of
combinations of the panel spacing was used, but only the
three successful results are shown. When the chosen spacing
allows for the rollup of both the flap and tip vortices, the
same basic sheet shape is predicted. The main cause of the
unsuccessful numerical experimentations starts from the in-
ternal rollup of the flap vortex. It is seen that the continuous
vortex sheet tends to break apart when the amount of the
flap-vortex rollup tightens as a result of a fine spanwise
mesh in the neighborhood of the flap-tip region. On the
other hand, a coarse spanwise mesh tends to smear out the
effects of the deflected flap, which may not give the correct
vorticity distribution. Therefore, it is thought that vortex
core modeling at the flap tip, as shown in Fig. 12, may be a
possible cure for the unstable wake rollup calculations of
the wing-flap configuration. This approach is taken in Hoeij-
makers! in conjunction with a two-dimensional unsteady
calculation. It is also interesting to note that the additional
amount of rollup for the flap vortex results in a smaller
rollup at the wingtip as shown in Fig. 10.
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Fig. 7 Wake geometry at different downstream stations for a rec-
tangular wing: R=8; «=5 deg.
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Fig. 8§ Wake geometry at different downstream stations for an
elliptic wing: R=8; a=5 deg.
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Fig. 9 Spanwise circulation distribution for a rectangular wing-flap
model of R=8 at a=S5 deg with flap deflection angles of 6,=0, 2,
and 5 deg.
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ZTZ Spanwise Spacing panels in the near region and semi-infinite vortex filaments
2 o AL . 0025 in the far region. Moreover, the method is capable of
) | X /b=.59 Ugb ° calculating the wake geometry for a variety of planforms and
'o O o AL . 00375 shapes when the spanwise circulation distribution is known
o Uwb either from numerical calculation or experiment (lifting-line

- O Trial and error theory is currently used).

-2 — Hand-fitted curve Good comparisons are obtained between the present

-3 theory and those in the literature for the rolled up wake
2 geometries. In addition, the capability of the method to
A Xw/b=1.69 model a wing-flap configuration is also studied. It is
0 discovered that care is needed in the choice of the spanwise
-1 5 panel spacing to adequately model the regions of rapid

-2 change in wake shape.
3 Finally, two recommendations are suggested for further
' 2y study or expansion of the method.

.8 0 L2 b 1) The wing as well as the wake should be modeled with
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Fig. 10 Wake rollup for a rectangular wing-flap model: R=3§;

a=5 deg; 5,=2 deg, at two streamwise stations.
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Fig. 11 Wake rollup for a rectangular wing-flap model: R=8;
=S5 deg; 6,=5 deg, at two streamwise stations.
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Fig. 12 Schematic view of suggested vortex core modeling.

Conclusions and Recommendations

An analysis of a higher-order (linear-vortex) panel method
has been developed to calculate the wake rollup for a steady
flow past a high aspect ratio wing. The present wake model
bears no small-perturbation assumptions, and all of the
equations engaged in the wake calculation are solved
analytically. The flowfield considered here is incompressible
and inviscid, and the wake is made up of triangular vortex

linear-vortex panels to remove the restrictions on wing
geometry and to provide for a more accurate modeling of
the wake adjacent to the trailing edge.

2) Vortex core modeling should be included to allow for
more accurate prediction of wakes with multiple rollup.
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