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High Angle-of-Attack Calculations of the Subsonic
Vortex Flow on Slender Bodies

D. Almosnino*
NASA Ames Research Center, Moffett Field, California

A nonlinear vortex-lattice method is used for the calculation of separated vortex flows over slender bodies
at high incidence. Symmetric and asymmetric vortex flow cases are calculated showing good agreement with re-
cently obtained experimental data for an ogive-cylinder body at high Reynolds numbers. The only input needed
for these calculations is the positions of the separation lines on the body. Studies of some of the numerical
aspects of this method are described and conclusions are implemented to improve the calculations.

Nomenclature
A =influence coefficient matrix
(o =lift coefficient
C, = pitching moment coefficient about nose tip
C, =yawing moment coefficient about nose tip
Cy =normal force coefficient
C, =pressure coefficient
Cy =side force coefficient
D =maximum body diameter
F = fixed part of A
L =body length
M =Mach number
n =vector normal to surface
Nc¢ = axial number of elemental panels
Ns =circumferential number of elemental panels
R =maximum radius of body
r =distance
Re, =Reynolds number based on diameter
Sy = potential sources strength vector
U = freestream velocity
u,u,w =velocity disturbance Cartesian components
V(X,) =variable part of A
xX,,2 = Cartesian coordinates
X = potential vortices strength vector
o = angle of attack
B,y = geometrical angles
T =vortex strength
Ax =vortex trajectory integration step size
0 = circumferential angle
Mathematical Symbol
I =norm of ‘a matrix
Subscripts
0 =at a=0 deg
i =index
N =nose
n =jteration number

1. Introduction

HE increasing interest in high-angle-of-attack aero-
dynamics has heightened the need for computational
tools suitable to predict the flowfield and the aerodynamic
coefficients in this regime. Of particular interest and complex-
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ity are the symmetric and the asymmetric separated vortex
flows which develop about slender bodies as the angle of at-
tack is increased.! The viscous influence on the separation
lines and the unknown three-dimensional (3D) shape of the
vortex wake are some of the main flow features that must be
modeled in the construction of a computational method to
properly treat this problem.

Among the many potential flow methods developed in at-
tempting to solve body vortex flows are early two-dimensional
(2D) multivortex methods,?* 2D timé-stepping vortex models
that include boundary-layer considerdtions,>® and a quasi-3D
potential flow method® that uses source and vortex elements.
Linear, unseparated potential flow models, as well as purely
viscous models, are not mentioned here. A survey of the
various methods may also be found in Ref. 10. The potential
flow methods are of special interest because of their ability to
treat 3D body shapes and their separated vortex flows using a
simple and relatively inexpensive model. However, the pre-
viously mentioned methods suffer from some limitations
mainly concerning the treatment of the vortex wake formation
and its interaction with the body. The first group of
methods?* cannot treat 3D flows and is limited to very slender
bodies. The second group of computational metheds’® is time
consuming and therefore expensive, and its separation predic-
tion is not sufficiently accurate. Both the methods in this
group and the method in Ref. 9 suffer from the dependency on
too many semiempirical inputs and assumptions concerning
the vortex wake and its separation. The steady, 3D nonlinear
vortex-lattice method, 2 upen which the present method is
based, eliminates many of these limitations by introducing a
more consistent model, but it can treat only symmetrical flow
cases. The present work extends the use of the last model to
asymmetric, body-vortex flow cases, thus increasing the range
of flow problems that can be investigated. In addition, an ef-
fort is made to improve the numerical procedure to accelerate
the convergence of the iterative solution and to get a better
rollup of the vortex lines representing the wake.

II. Present Method

Geheral

The recently developed nonlinear vortex-lattice method!':!?
has been modified and improved to include asymmetric flow
calculations. The basic mathematical model used for the
calculations is similar to that used in Ref. 12, except that no
symmetry condition is imposed on the body or on its vortex
wake, and the calculation of the aerodynamic coefficients in-
cludes the static lateral coefficients C, and C,. The model
(Figs. la-c) consists of potential-flow elements to describe the
body in an inviscid flow. A discrete source distribution along
the body axis approximately describes the thickness function
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of the body at zero incidence (Fig. 1a), while a vortex-lattice
system of elemental panels is imposed on the source flowfield
to account for the angle-of-attack effect.!? The vortex system
is composed of horseshoe vortices that are distributed on the
surface of the body (Fig. 1b). The head of each vortex lies in
the surface; its trailing arms may either stay in the surface or
leave it entirely to simulate the vortex separation (Fig. 1¢). The
shedding of trailing vortices is restricted to certain predeter-
mined separation points. Either empirical data or calculated
results may be used for this purpose; the former option is be-
ing used in this work as an external input. It is assumed that
the separation is confined to a narrow region (line) on the sur-
face as shown by empirical evidence,’*? and that the
separated vortex sheet may then be treated by using potential
flow elements.

Calculation Procedure

The calculation method is illustrated in Fig. 2. First, the
source strengths at zero incidence, S,, are determined from

ApSy=—U-h, e}

where A, is an influence coefficient matrix that calculates
the velocities induced by the axial sources of Fig. 1a, in this
case of unit strength, at the control points on each elemental
panel, normal to its surface. No net flow is allowed through
the surface at these points, 7, being the vector of normals to
the surface at the control points. The body is now positioned
at the prescribed angle of attack and a second influence coef-
ficient matrix A4 is calculated. This matrix computes the nor-
mal component of the velocity, induced by unit strength vor-
tices located in the panels of Figs. 1b and lc and by their
wake, at the control point on each elemental panel. The
strength X of the bound vortices can be calculated from

AX+A,Sy=~U-# )

where 7 is the vector of the normals to the surface at the
control points for the given angle of attack. The tangency
boundary condition for the flow over the body surface is
again used in Eq. (2). In the first iterative cycle, an initial
guess has to be made as to the shape of the free vortex lines
representing the wake downstream of the prescribed separa-
tion line. Each of the free vortex lines is constructed in the
code out of a number of straight, finite-length segments be-
tween designated points. In the absence of any data about
the shape of the wake, the calculation may be started from
an unseparated, potential flow solution over a closed body.
Since the form of the wake is not known a priori, the
segmented vortex lines which represent the wake have to
relax to their steady position in the flow by an iterative pro-
cess. For that purpose, the downstream point of each seg-
ment is moved so that the segment is approximately aligned
with the local flow direction to satisfy the boundary condi-
tion on the wake, as the wake is not allowed to support any
forces. A Euler-type integration method is used for that
purpose:

*
v
=yt +< ) Ax;
Yi=Yi_; U+u i i

w *
z?:z?k1+(U+u>< IAxi €))

where y} and z} are the new coordinates of the downstream
end of segment #, and are being calculated by using the new
position of the downstream end point of segment i—1 found
in the previous step. The asterisk denotes that the locations
of the newly calculated vortex trajectories and the velocities
they induce take part in the relaxation process to enhance the
convergence of the wake. The velocity disturbance com-
ponents (u,v,w) at each point are obtained using the Biot-
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a) Typical arrangement of point sources on body axis for zero
angle-of-attack solution (for axisymmetric bodies only).
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Fig. 1 Vortex model including separation, present method.

Savart law for the velocity induced by a vortex segment on a
given point. Contrary to previous practice,'> no symmetry
condition is imposed on the free vortices or on the body in
the present method, and the integration involves all vortices
from both sides of the body. Other integration methods,
such as second-order Runge-Kutta, have been tried in the
present work, but their effect on the results was too small to
justify the increased cost. The relaxation of the wake is
usually carried out only once in every main iteration for the
strength X. An inner iterative cycle (Fig. 2) is optional, but is
not necessary in most cases. Note that any geometrical
change occurring in the shape of the vortex trajectories dur-
ing the relaxation cycle also produces a slight change in the
local flow direction at previously calculated points of the
wake. The inner cycle repeats the relaxation procedure over
the wake for a specified number of times to correct the error
accumulated in the local inclination of each vortex segment
and realign it with the local flow direction. Upon completing
the inner loop, the influence-coefficient matrix is updated to
account for the new geometry of the wake, and the whole
process is repeated until convergence of the bound vortices
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strength and the free vortices trajectories is achieved (Fig. 2).
The main iterative cycle can be written as!?

[F+V(X,)1X,, = —(U-A-T-A,) @)

where X, and X, ., are the solution vectors for the bound
vortices strength in the corresponding iterative cycles n and
n+1, and the influence coefficient matrix A is divided into a
fixed part F that depends on the body geometry only and a
variable part V(X,) that depends on the relaxed wake
geometry in iteration cycle n. To save computer time, matrix
F is computed only once for a given configuration and mesh,
because the bound vortex segments do not change their posi-
tions relative to the control points. Once convergence is
achieved, the pressure distribution and the aerodynamic
coefficients are calculated. The cost involving the addition to
the other half of the body and the corresponding part of the
wake is substantial. The CPU time is roughly quadrupled
when compared with the symmetrical code for an equal
number of iterations with the same mesh density. There is
also a substantial increase in required core memory that is
four times as large for the same comparison, but this prob-
lem is less acute because inactive large arrays are written in a
temporary file.

Numerical Considerations

While the method was being modified to accommodate
asymmetry, various numerical considerations that were
developed!? were also incorporated here. In Ref. 12, a simple
analysis of Eq. (4) shows that if a solution exists, and if the
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Fig. 2 Flowchart of the calculation scheme.
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initial guess for the wake is close enough to its final shape,
then the sufficient condition for the convergence of the main
iterative process is that for each iteration n,

IHF+V(X,)]~1-X, (3V/0X) I <1 (5)

provided that X is within a certain radius (not known a
priori) from the converged solution. Simple conclusions!?
drawn from examining the meaning of Eq. (5) are im-
plemented in the present modified method to accelerate the
convergence rate of the solution:

1) The initial shape of the vortex filaments required to
start the iterative process may now be specified using pre-
viously calculated data at a lower angle of attack. This
allows for a gradual buildup of a solution from an initially
low incidence to a higher one, improving the overall con-
vergence rate. This procedure leads to lower values of
(dV/0X), in Eq. (5), and it is found that the number of
main iteration cycles needed for convergence at high in-
cidence is typically about half of that required when solving
the same problem with an unseparated flow as an initial
guess. Some high-incidence cases that could not converge
before can now do so using this procedure.

2) The inverse of the influence coefficients matrix,
[F+V(X,)] 7, plays an important role in determining the
convergence rate of the method. F is never ill-conditioned
because of the geometric structure of the vortex lattice;
however, V(X,) depends on the geometry of the wake and
may cause numerical problems. For example, this happens
when a free vortex passes too close to a control point. The
condition for convergence [Eq. (5)] calls for a strengthening
of the dominance of the main diagonal of F to improve the
convergence rate. Increasing the number of cells in the lattice
may achieve this goal!’ since the main diagonal of F is
strengthened when the distance between the bound vortex
and the control point decreases, but such an increase is very
costly and may also lead to other numerical problems involv-
ing the solution of very large systems of linear equations.
Another way to strengthen the main diagonal of F is to move
the control points slightly closer to the heads of the cor-
responding bound vortices, thus increasing the self-induced
velocity of each elemental panel. A preliminary investigation
of this idea revealed that moving the control points in this
manner helped convergence, but that the overall aero-
dynamic coefficients were also affected. This method was used
to achieve convergence under severe conditions of high in-
cidence (o >20 deg), but the sensitivity of the solution to the
geometrical structure of the cell requires further investiga-
tion.

3) To prevent the generation of exaggerated induced
velocities due to the singularity of potential flow vortex
elements, all vortex-lattice methods use some kind of a
“‘cutoff distance’’ that puts a limit to the influence of such
vortex elements. In the present method, the cutoff distance is
used to determine the distance from a vortex segment, inside
which a solid-body rotation is assumed for the influencing

INFLUENCED VORTEX POINT P

INFLUENCING VORTEX SEGMENT

Fig. 3 Geometry used for cutoff distance evaluation.
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vortex. The numerical results and the convergence rate are
influenced by this parameter, which introduces numerical
damping into the calculations. Experiments with this
parameter in the present work showed, as expected,?! that
the main effect of a cutoff distance is on the wake rollup. A
large cutoff distance prevents a good rollup, whereas a small
one may cause divergence of the vortex filaments or a non-
physical wake form where the vortex sheet formed by the
filaments cuts through itself. A small cutoff distance may
also generate large local pressure variations on the surface of
the body in the proximity of a free vortex. The problems
associated with a small cutoff distance usually give rise to
longer computation times. In view of these observations,
which are well known to users of discrete-vortex wake-
representation methods, an attempt was made to define a
criterion for an optimum cutoff distance by studying its ef-
fect on the rollup iterative relaxation process of Eq. (3).
Given a single vortex segment of strength T' that induces a
velocity on another vortex segment of length Ax (Fig. 3), it
can be shown (with some simplifying assumptions) that the
maximal induced angular velocity of point i relative to the
inducing vortex segment is obtained in the consecutive in-
tegration step of Eq. (3), when the distance between the seg-
ment and point i— 1 is given approximately by

. %

o [I‘ Ax(cosB+cos'y)] ©
47U

This maximum angular velocity enhances the rapid and proper
rollup of the vortex lines. For a cutoff distance that is
larger than r*, the angular velocity is too low causing a weak
rollup. For any cutoff distance smaller than r*, the angular
velocity is lower than the maximum, but the induced linear
velocity increases very rapidly so that point i of the segment
would be displaced by an excessive distance when using the
integration given by Eq. (3). This would prevent a good roll-
up in the following steps and may even lead to the diver-
gence of the relaxation process. Note that when r* is used as
a cutoff distance, it is locally dependent on two main
features of the vortex model, namely the strength of the in-
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Fig. 4 Normal force and pitching moment coefficients on an ogive-
cylinder body in subsonic flow.
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fluencing vortex and the lengths of both segments (or the in-
tegration step). This makes the cutoff criterion sensitive to
the local conditions at each step of the relaxation process, as
opposed to an arbitrary choice of a single-valued cutoff
distance for the whole flowfield. Although some additional
computational effort is required, the cost of using this
parameter is not substantial (estimated additional 5%)
because the required quantities already have been calculated
by the subroutine that computes the induced velocities, and
because it produces an accelerated convergence. The im-
plementation of Eq. (6) for a cutoff criterion yields better
convergence than a fixed cutoff distance case (10-20% fewer
iterations) and yields a better rollup of the wake (by
qualitative comparison only), and in some cases it makes the
difference between unconverged and converged solutions.
The various improvements in the calculation procedure,
together with some other technical improvements, have
significantly increased the efficiency of the computer code.
In particular, computing time and active memory core have
been reduced, compared with previously reported data,!!>12
by at least 50% (an approximate estimate of the actual sav-
ing for the same computer, when computing identical cases).

III. Results

The modified code was tested on an ogive-cylinder body
with a nose fineness ratio of L,/D=3.5 and an overall ratio
of L/D=17.5. Detailed pressure data for this body at low
speed (M=0.27), Reynolds numbers from Re,=0.2x 10° to
3.9x 108, and for angles of attack ranging up to 90 deg were
published by Lamont?? (also unpublished data, 1980). These
data, together with some qualitative information from oil-
flow visualization tests?® at lower Reynolds numbers, give in-
dications of the positions of the separation lines on the
body. The separation lines are specified for the computer
code as part of the input. Only the high Reynolds number
data are used in the present calculation because the separa-
tion lines can then be easily determined from the pressure
data.

O EXP. (LAMONT, UNPUBLISHED)
M=0.27, Rey=3.84 X 108
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Fig. 5 Circumferential surface preséure distributions on an ogive-
cylinder body in subsonic flow.
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a) Side view of body vortices, wind axes.
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b) Cross-flow view of vortex wake, body axes.
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Fig. 6 An example of the calculated vortex rollup.

Symmetric Flow Calculations

The modified method was first checked out in symmetric
flow cases to evaluate the numerical improvements. Good
agreement was obtained for the normal force and the pitch-
ing moment coefficients for angles of attack to a=25 deg
(Fig. 4). Some examples of the surface pressure distributions
at =15 deg are shown in Fig. 5. The agreement between the
calculated results and the experimental data is good for the
nose data. The calculated pressures on the cylindrical part of
the body show a correct qualitative sensitivity to the presence

of the vortex wake in spite of a coarse mesh and a possible
secondary separation in the real flow. The description of the
wake development, obtained when the separation of multiple
vortex filaments along the body length was permitted, was
much better than the one reported in Ref. 12, where the
number of filaments is small because of computer limita-
tions. As a result, there was a substantial improvement in the
leeside pressure distribution on the aft portion of the body
and consequently also in the pitching moment coefficient
that was erroneous in Ref. 12. (A direct comparison is not
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Fig. 7 Cross-flow view of vortex, asymmetric case.

shown here since the cases treated were different.) The
discrepancy between the calculated levels of the pressures
and the experimental data on the windward side of the
cylinder (Fig. 5) may be due in part to the effect of the sup-
port system used in the experiment,?*?5 an effect that can be
found even in Lamont’s zero incidence data (1980, un-
published). An example of the calculated vortex rollup is
presented in Fig. 6, using 12 vortices to represent the vortex
wake. The vortex flow in this figure is in good qualitative
agreement with various flow visualization pictures taken on
ogive-cylinder bodies at similar angles of attack (e.g.,
Fiechter, 1969, in Ref. 26) and is an improvement over the
corresponding case in Ref. 12,

Asymmetric Flow Calculations

The present vortex-lattice method handles the entire body
and flowfield so that asymmetric flows can be simulated.
The stability of this method in the asymmetric mode was
first checked by creating a slight disturbance in the shape of
the vortex lines representing the wake at o=18 deg, while
keeping the separation points symmetric. It was found that
the solution converged to the symmetric one after a few
iterations.

Next, asymmetry between the left and the right separation
lines on the body was imposed. The asymmetry between the
two separation lines was obtained by moving the separation
line on the right side of the body slightly downstream,
resulting in an asymmetric flow solution (Fig. 7). The asym-
metric flow influenced the pressure distribution and caused
the appearance of a steady side force and yawing moment.
The asymmetric pressure distribution at «=25 deg is
presented in Fig. 8. Of particular interest is the effect of the
asymmetry on the pressure distributions along the sides of
the body (8= +£90 deg) due to the influences of the leeside
asymmetric vortex flow that is fed through the flowfield to
the windside part of the body. This asymmetry is the main
cause for the existénce of the side force, while the asymmetry
of the pressure distribution due to the effect of the primary
vortices on the leeside of the body contributes much less to
it. The side force and yawing moment coefficients are
depicted for a range of angles of attack in Fig. 9. Although
these results are correctly indicative of the effects of asym-
metric shedding, they cannot be directly compared with La-
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Fig. 9 Side force and yawing moment coefficients due to asymmetry
in separation.

mont’s experimental data (1980, unpublished). Lamont
found the onset on asymmetry for this body at about 18 deg
and different values for the side force and yawing moment
coefficients, but he did not present detailed experimental
data concerning the position and the shape of the separation
lines at the various angles of attack. These were also highly
dependent on the roll angle of the body and on the Reynolds
number. The lack of such data rules out a direct com-
parison. The nonphysical asymmetry imposed in this com-
putation was used to illustrate the potential of the modified
code in asymmetric cases. There was no experimental
guidance in choosing the positions of the separation lines
(Fig. 7) when the angle of attack increased. Figure 9
therefore represents only a qualitative effect of increasing
angle of attack on the lateral aerodynamic coefficients. In
spite of this, the magnitude of the calculated side force and
yawing moment is found to be within the large scatter of ex-
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perimental results for different roll angles. This may be ex-
plained by the fact that the asymmetry actually starts to
grow gradually from a slight disturbance in the symmetry of
the separation lines, so that the order of magnitude of the
resulting lateral force is similar in both cases.

IV. Summary

The nonlinear vortex-lattice method of Ref. 12 has been
extended to calculate asymmetric flows over slender bodies
as follows:

1) The method has been extended to include the calcula-
tion of asymmetric flow on the body, using externally
specified data for the asymmetric separation lines.

2) The initial form of the vortex filaments at the begin-
ning of the iterative process may be specified using data
previously calculated at a lower angle of attack. This allows
for a gradual buildup of a solution from an initial low in-
cidence to the higher one, improving the convergence rate
and saving computer resources.

3) The use of a new, variable cutoff-distance criterion im-
proves the rollup of the wake and the relaxation process.

4) Computing time and active memory core have been
substantially reduced compared with previously reported
data.!h12

The main input needed to obtain results that can be com-
pared with experimental data is the positions of the separa-
tion lines. When provided by this input the method can be
effectively used to calculate steady symmetric and asym-
metric subsonic separated vortex flows over three-dimen-
sional bodies. More detailed studies of the numerical
characteristics of this method will be published in a later
paper. It is also recommended that further investigations be
made on the effect of the experimental support system on
the body at all angles of attack, and that the feasibility of
allowing a viscous calculation to interact with the inviscid
vortex code in order to obtain independent data on the
separation positions be checked. Some recent attempts to
calculate such an interaction look promising.?’
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