
398 AIAA JOURNAL VOL. 21, NO. 3

Calculation of Symmetric Vortex Separation
Affecting Subsonic Bodies at High Incidence

D. Almosnino* and J. Rom|
Technion—Israel Institute of Technology, Haifa, Israel

A method for calculating the longitudinal aerodynamic coefficients and the pressure distributions on a body at
reasonably high angles of attack is presented. The body is represented by a combination of source elements and
vortex-lattice elements, including separation of the vortices at increasing angles of attack. The method is self-
consistent in that the body and the separated vortex wake are treated as an integrated interacting system. The
location of the separation line can be included as an arbitrary input from experimental data or can be evaluated
approximately by a pressure-dependent criterion. Calculated values of the aerodynamic coefficients and pressure
distributions on cone-cylinder and ogive-cylinder bodies compare well, qualitatively and quantitatively, with
experimental data, including simulation of the dependence on Reynolds number.
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Nomenclature
A .= influence coefficient matrix
b -vector
CD = induced-drag coefficient
CL = lift coefficient * .
Cm = pitching moment coefficient about nose tip

= normal-force coefficient
= pressure coefficient

d . = maximum body diameter
F = fixed part of influence coefficient matrix
ij = indices
£ = body length
M =Mach number
n - iteration number
n = vector normal to surf ace
Nc = axial number of elemental panels for a part of the

body
Ns = circumferential number of elemental panels over

half a body
Red = Reynolds number based on diameter
S0 = potential sources strength vector
U = freestream velocity
u, vy w = velocity disturbance Cartesian components
v (x) = variable part of influence coefficient matrix
•x,y,z = Cartesian coordinates
x = potential vortices strength vector [Eq. (2)]
a = angle of attack
Ax = integration step size
e = difference vector
6 = circumferential angle
ps = spectral radius of a matrix
II II = norm of a matrix
Subscripts
0 = ata = 0deg
NOR = normal
ref = reference
max = maximum
N =nose
s = separation
oo = of the freestream

Received Oct. 28, 1981; revision received June 28, 1982. Copyright
© American Institute of Aeronautics and Astronautics, Inc., 1982.
All rights reserved.

* Instructor, Department of Aeronautical Engineering. Presently
NASA/NRC Research Associate, NASA Ames Research Center,
Moffett Field, Calif. Member AIAA.

fProfessor, Lady Davis Chair in Experimental Aerodynamics.
Associate Fellow AIAA.

I. Introduction

PREDICTING the nonlinear aerodynamic characteristics
of wing-body configurations at high incidence in subsonic

flow is one of the most demanding aerodynamic problems.
The difficulty in these calculations is the mutual interaction
between the configuration and its vortex wake, which is
separated from the surface, rolling up in the flow, and form-
ing a shape that is not known a priori. The vortex wake in-
fluences the pressure distribution, causing a nonlinear
variation of the aerodynamic coefficients as the angle of
attack is increased.

Since the beginning of the 1970's, several panel-type
computation methods1'14 that can be used to make reasonable
predictions of the nonlinear behavior of lifting-surface
configurations at high angles of attack have been developed.
Some methods5'7'9 also include a linear model for the presence
of the body, using potential source panels distributed over the
body surface, or in some cases1'7'9 making use of quadri-
lateral vortex rings, as well as a combination of source and
vortex elements.

However, the accuracy of the results of such combined
methods is limited by the fact that even at rather low incidence
(already at 5 deg) nonlinear characteristics that are due to
vortex shedding from the surface of the body itself do occur.
The pair of vortices shed from a slender body stays symmetric
up to about OL = 25 deg, depending mainly on the slenderness
ratio and on the shape of the nose.15'16 This complex flow
structure causes large differences between the measured
aerodynamic coefficients of the body and those predicted by
the linear theories.

The discrepancy between the calculated results that use a
linear model for the fuselage and the experimental data is
especially noted for integrated modern-type, low-aspect-ratio
wing-body configurations and many missile configurations.

Some simplified methods can be used in efforts to predict
the nonlinear aerodynamic coefficients of slender bodies
using cross-flow assumptions.17'19 However, the applicability
of these methods is limited to cases that fit the simplifying
assumptions, and additional data are needed if any reasonable
results are to be achieved. A more advanced calculation is
suggested by taking into consideration the two-dimensional
development of the boundary layer and its separation on the
body surface in the cross-flow plane.20 These methods are
very restricted because of the strong three-dimensional flow
effects on the development of the boundary layer on the body
at angles of attack.

In view of this partial review it seems that a good prediction
of the behavior of a wing-body configuration depends on a
proper model for the presence of the vortex flow emanating
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from the body. The present method is self-consistent in that
the body and its vortex wake are treated as an integrated
interacting system, thus eliminating the need of any in-
dependent input, except for a criterion for determining the
separation of the vortices from the body.

II. Present Method of Calculation
The surface of the body is divided into elemental panels

(Fig. 1); equal or unequal axial spacing may be used (Figs. 1
arid 2). A horseshoe vortex is placed within each panel, its
head at the one-quarter chord line of the panel (Fig. 1). The
trailing vortices continue over the surface of the body to its aft
portion and then cancel on the centerline, if the body is closed
in its rear part. The trailing vortices may stay in the surface of
the body, or may leave the surface in order to simulate vortex
shedding from the body (Fig. 1). Because of the three-
dimensional shape of the surface of the body, the trailing
vortices are not parallel to iach other, unlike the classic
horseshoe vortex model. This fact poses some problems
concerning the best location of the control points, since there
is no theory to indicate which is the best location for the
present case. Therefore, the same location is used as in the
classic vortex lattice method, that is, each panel contains a
control point at mid-three-quarter chord line of the panel, in
order to fulfill the "no-penetration" boundary condition for
the flow at that point (Fig. 1).

A set of potential point sources is distributed along the
body axis of revolution when the body is axisymmetric, and
source panels are used in cases in which the body is of any
three-dimensional shape. The location of the point sources is
such that their axial position coincides with that of the control
points on the body surface, and their own control points
coincide with the control points of the vortex lattice ac-
cordingly (Fig. 1).

In the first stage of calculation, the body is placed at zero
incidence. The strength of the sources S0, which describe
approximately the thickness distribution of the body at zero
incidence, is calculated using the no-penetration condition at
the control points, meaning that the net flow thrpugh that
point should be zero

A0-S0=-U-n0 (1)

Here, . A0 is the geometric influence-coefficient matrix
calculated for unit strength sources at each control point.
Such calculations have been performed since von Karman
first suggested this method for axisymmetric thickness
distribution.21 The same type of equation holds if source
panels are to be used, but a different influence-coefficient
matrix must be calculated in that case.

The body now undergoes an angle-of-attack trans-
formation. A geometrical influence-coefficient matrix A for
the horseshoe vortices is calculated, and then the strength x of
the bound vortices m,ay be calculated using the new boundary
conditions of no-penetration of the flow, considering also the
induced velocity of the previously calculated source field

Ax=-(U-n-U-n0) (2)

Note that the previous is a linear calculation, and that this
procedure is fully justified by the nature of Laplace equation,
which allows for any combination of potential sources and
vortices (or doublets) for the description of the body at in-
cidence. In such calculations, the strength of one type of
element is prescribed and the strength of the other type of
element is then calculated using the boundary conditions.

Determination of the Separation Line
At this stage the computer program sets the points where

vortex shedding should occur. This is done either by imposing
the location of separation based on external empirical data or
by using the results of calculations. The calculation program
itself may be used to impose a separation criterion based on
initial pressure distribution, by determining the vortex
separation at the location of the minimum pressure coef-
ficient, assuming that this flow cannot resist an adverse
pressure gradient.' The last choice is, of course, only a rough
approximation, but it seems to yield reasonable results
considering the fact that the body is divided into cells of finite
size. It is known that the separation line is expected to be
located close to the line of minimum Cp values on the body; a
comparison between those lines is presented in Fig. 2, where
the separation line is calculated by the method of Ref. 20.

PART OF A BODY, DIVIDED INTO
ELEMENTAL PANELS

SEPARATION
POINT FOR

VORTEX
SHEDDING

BORDER LINE
BETWEENCELLS

IN-SURFACE
TRAILING

. VORTICES

BOUND VORTEX

TYPICAL CELL
MODEL FOR SEPARATING VORTICES FROM

THE SURFACE OF THE BODY TRAILING VORTICES

TYPICAL ARRANGEMENT OF POINT SOURCES ON BODY AXIS
FOR ZERO ANGLE OF ATTACK SOLUTION (FOR AXI-SYMMETRIC

BODIES ONLY)

BOUND VORTEX
AT 1/4 LINE

OF THE CELL
n - VECTOR NORMAL

TO THE SURFACE AT CONTROL
POINT (MID-3/4 LINE OF CELL

ON THE SURFACE)

Fig. 1 The model of the body in the present method, including the capability for vortex shedding.
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—— CALCULATION FOR Rerf = 0.44 X 106, REF. (20)
PRESENT METHOD, LINE OF MINIMUM Cp VALUES
PRESENT METHOD, VORTEX SHEDDING POINT

ZBODY/d

:BODY/d

a = 10°

OGIVE-CYLINDER BODY, 1N/d = 3, 1/d = 10.74
NC = 10, NS = 8 FOR THE OGIVE
NC = 10, NS = 8 FOR THE CYLINDER

a = 20°

Fig. 2 Position of separation of vortices from body as used in the
present method. .

In order to carry on the in viscid calculation, some ad-
ditional assumptions are required. The separation of the
boundary layer from the body, which later forms the vortex
cores, is dominated by the viscous-inviscid interaction be-
tween the boundary layer and the outer flow. Reynolds
number has a most significant role in determining the position
of this separation line. However, it is assumed that once the
separation occurs, the resulting vortex wake may be treated by
inviscid methods. It is also assumed that the separation zone is
confined to a very narrow area (line) so that vortex shedding is
concentrated at several points close to this line. (The method
of shedding the vortices is described in Fig. 1.) The last
assumption is supported (especially for slender bodies) by
experimental results.15'22'28

Calculation of the Vortex Wake
The position of the free vortices undergoes an iterative

process at the end of which the vortices find their stationary
position in space. This is done by dividing each line vortex
into a finite number of segments and by imposing the
boundary condition in the free wake; that is, the free vortex
may not carry any forces. The new position of an edge point
of a segment is calculated, in its turn, using a Euler-type
integration process

U+uli\ A*,- =*/£>; (3)

Here, / is the index of the point to be moved (belonging to the
segment /) and the superscripts (2) and (1) denote the new set
and the old set of points, respectively. More accurate in-
tegration methods have been tried but it seems that their high
cost in computer resources does not justify the additional
marginal improvement in the accuracy of the results. The
calculation starts from an initial guess for the shape of the line
vortices. If there is no information on this shape it is found
that linear conditions may be used successfully (starting from
lines attached to the surface of the body). The common
assumption of a/2 initial vortex detachment angle may be
inadequate for use in the case of three-dimensional bodies,
leading to numerical problems.

An example of the calculated vortices paths appears in Fig.
3, where the paths of the free vortices over an ogive cylinder at
a = 20 deg are shown. This vortex pattern is very similar to

z/d

OGIVE CYLINDER BODY (A)
' a = 20°

Fig. 3 A typical example of the path of the free vortices (half-body)
as calculated by the present method.

that appearing in experimental flow-visualization photo-
graphs; however, it is too high above the body surface at its
rear part. In reality, the flow about the base of the body may
affect the actual position of the vortices at this region, but in
the present calculation it is unaccounted for. Another reason
for this behavior is the fact that the vortex wake that separates
from the body is represented here by only four line vortices.
An increase in the number of free vortices would cause a large
increase in the computing time.

Some Interesting Numerical Aspects
As described in the previous section, the process of

calculation in the present method is a combination of two
iterative cycles: a main cycle, from which the strength of the
bound vortices is obtained, and an inner cycle for the
calculation of the free vortices paths. The two cycles are
strongly interconnected and interdependent.

Suppose that Eq. (2) is written simply as

Ax=b (4)

where b is the right-hand side vector of Eq. (2). Matrix-^4 may
be written as a combination of a constant part denoted by F,
which is independent of the shape of the free vortices, and of a
variable part denoted by v(x). The last part depends on the
geometrical shape of the free vortices representing the vortex
wake. Although the values of v (x) change from iteration to
iteration, the function by which these values are calculated is
unchanged in its form (Bio-Savart law1).

Equation (4) is then

A=F+v(x)

[F+v(x)]x=b

(5)

(6)

If one could know the shape of the wake and its exact
representation by the vortex cores, then v(x) would be known
and Eq. (6) would give the final solution x which ap-
proximates the vorticity distribution on the surface. It is
assumed that such a solution exists and that it is unique.

Since the shape of the wake is unknown, the process of
calculation is iterative, trying to get to the final solution x
together with the corresponding final matrix v(x). The
iterative process is '

[F+v(xn)]xn+]=b (7)

where xn and xn+1 are the solutions of iteration n and n+ 1,
respectively.

Subtraction of Eq. (6) from (7) gives

(8)
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where en+1 is the difference between the approximated
solution xn+1, and the final solution x.

If the initial guess for the free vortices path is close enough
to the final solution, then it is possible to expand v(x)n to a
series around x, using only the first approximation

dvv(xn)=v(x+en) ^v(x) +en —ox (9)

After replacing v(x) in Eq. (8) by the last approximation, it
follows that

dv dv
[F+v(x)]en+1 = -en — en+1-en —x (10)

If convergence is assumed, then en+f <x, so that Eq. (10) may
be written approximately x

dv
[F+v(x)]en+J=*-en—x

or
dv

en—

(11)"

(12)

(13)

where e0=x0— x for the initial guess. It is well known29 that
the sufficient condition for convergence in such a case is

and for n + 1 steps

dx\
(14)

fulfilled, thus minimizing the chance of a free vortex to
penetrate the surface.

The factor (dv/dx)n in Eq. (16) points out that the rate of
convergence is increased when the initial guess for the free
vortices paths is close to the final solution. A poor initial
guess may lead to a diverging calculation, or increase the
number of iterations required.

The last factor on which Eq. (16) is dependent is the
solution vector xn itself. The magnitude of xn depends mainly
on the angle of attack, and in many cases it increases even in a
nonlinear manner as the angle of attack is increased. This
indicates that the rate of convergence is slowing as the angle
of attack is increasing. It is important in such a case to start
from a good initial guess or to "build up" the calculation
starting from low incidence, increasing the angle of attack
gradually while using the previously calculated paths of free
vortices as the initial guess for the increased angle of attack.

A typical behavior of the convergence of the main iterative
process for the case of an ogive-cylinder body is presented in
Fig. 4, where three to four iterations are sufficient for con-
vergence with engineering accuracy. The points corresponding
to « = 0 in this figure are obtained for the linear initial
solution (no separation).

Calculation of the Aerodynamic Coefficients
Once the path of the free vortices is calculated, a new

geometric influence coefficient matrix A is recalculated, using
the last calculated paths as the initial guess. The strength of
the bound vortices x is solved for, together with the
aerodynamic coefficients and the new pressure distribution.
The whole process repeats itself until convergence of the
aerodynamic coefficients is achieved.

The pressure coefficient Cpr.is calculated for each dell ij in
the lattice, taking all contributing parts into consideration

or, alternatively,
- _ — _ u2 +

pu ~ ~ 77 ~ u2 (17)

(15)

In some conditions29 the sufficient condition for con-
vergence is that for each iteration/z

(16)

However, these conditions demand that xn should be inside
some radius of the final solution x\ the difficulty is that this
radius is unknown a priori. Although the lack of an existence
and uniqueness theorem for the vortex-lattice methods
strongly limits the last analysis, it seems that the last results
give some important insight into the present method. This
insight may prove useful in indicating some basic conditions
for the success of the calculation. Equation (16) depends on
'[F+v.(xn)]~J. The structure of the vortex lattice guarantees
that Fis not ill conditioned. However, v(xn) may weaken this
condition, since the free vortices may get close to a control
point occasionally, and, thus, [F+v(xn)] may be ill con-
ditioned. A possible (but costly) way to strength [F+ n(xn)] is
to increase the number of cells in the mesh. Increasing the
number of cells strengthens [F+v(xn)] because the coef-
ficients of F depend inversely on their distance from the
control points, so that a fine mesh increases the magnitude of
these coefficients, especially on the main diagonal of F. On
the other hand, v(xn) is not so strongly affected by an in-
crease in the mesh size, while such an increase also means
more control points where the boundary conditions are

CL i.o

a = 24°

a = 20°

0 1 2 3 4
NUMBER OF ITERATIONS

Fig. 4 A typical convergence of the main iterative scheme for ogive-
cylinder body (A).
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(Close-field velocity disturbance is obtained by conventional
considerations,1 assuming that each in-surface vortex is
spread evenly within its corresponding element surface.)

Now the longitudinal aerodynamic coefficients are
calculated by integrating the pressure coefficient over the
body. Here the index / runs for the total number of axial
divisions, and the index j runs for the number of cir-
cumferential divisions on half a body, due to the symmetry of
the flow.

III. Results
Effect of Grid Spacing

The grid spacing has an effect on the magnitude and on the
quality of the calculated pressure distribution. In the linear
case (no vortex shedding along the body) there is almost no
effect when the fineness of the mesh is increased over about 10
divisions axially and over 8 divisions circumferentially for the
cylindrical part of an ogive cylinder body (A), of VN/d=3.0,
?/d= 10.74 at a = 20 deg (Fig. 5). A clear improvement is
obtained for the nose tip of the same body compared with the
experimental data30 at x/d=0.5, when the number of axial
divisions is increased from 10 to 20, as a result of the im-
proved capability to handle the large pressure gradient there
(Fig. 6). Vortex shedding from a point farther downstream
has almost no effect on the pressure at this station. In any
case, the contribution of the pointed nose tip pressure to the
overall aerodynamic coefficients is small. Results of the
present method in the linear case are very similar to those
obtained by a source-panel method for the same body (not
presented here).

In the nonlinear case (with vortex shedding), the cir-
cumferential grid spacing has a more significant influence on
the pressure distribution than in the linear case. This is
demonstrated in Fig. 7 for x/d=4.5 over the same body at
a = 20 deg, where using • Ns = 16 over half a body yields a
better sensitivity of the pressure distribution to the vortex
influence over the lee of the body than that obtained with

x NC=10, NS = 8, BOTH PARTS
O NC = 10, NS = 8 FOR OGIVE, NC = 5,

NS = 8 FOR CYLINDER
+ NC = 20, NS = 8, BOTH PARTS
A NC = 10, NS = 16, BOTH PARTS

.2

Cp-.1

-.3

-.4

A
O

A

A

O

A A

x/d = 6.0
a = 20°

NO SHEDDING

+AA

40 80 120 160

Fig. 5 The effect of mesh size on the circumferential pressure
distribution, ogive cylinder (A) at a = 20 deg, no vortex shedding.

.3

.2

-.1

-.2

-.3 -

-.4 -

-.5

O EXP., Red = 0.44 X 106, REF. (30)
D EXP., Red = 3.0 X 106, REF. (30)
+ PRESENT METHOD, NO SEPARATION

NC = 20, NS = 8, BOTH PARTS
O PRESENT METHOD, WITH SEPARATION,

NC = 20, NS = 8, BOTH PARTS
X PRESENT METHOD, NO SEPARATION,

NC = 10, NS = 8, BOTH PARTS

0

r

Q x

x/d = 0.5
a =20°

30 60 90
0, deg

120 150 180

Fig. 6 The effect of mesh size on the circumferential pressure
distribution near the nose tip of ogive cylinder (A).

——M-.— NO SEPARATION

5 VORTICES SEPARATED
STARTING AT x/d = 1.66

GRID

^ 2*(NC = 10,NS = 8)

2*(JMC = 20, NS = 8)
2 * (NC = 10, NS = 8)

2 * (NC = 10, NS = 16)

0 60 120
B, deg

Fig. 7 Grid-size effect on the circumferential pressure distribution,
ogive cylinder (A) with separation.
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• 1E

A WITH SEPARATION J

O EXPERIMENT (30), Red = 0.44 X 10b

D EXPERIMENT (30), Red = 3.0 X 106

PRESENT METHOD
x NO SEPARATION 2*(N =10,N =8)

0 40 80 120 160
6, deg

Fig. 8 Circumferential pressure distribution over ogive-cylinder
body (A) at a = 15 deg.

NS = S. Longitudinal spacing has less effect in the last case,
possibly because the same number of vortices has been shed in
all cases for the sake of equal comparison.

Comparison with Experimental Data
The circumferential pressure distribution for a tangent

ogive-cylinder body (A) of tN/d=3.Q and £/d= 10.74 is
presented in Figs. 8 and 9 for x/d=2.Q, 4.5, and 6.0. ..The
experimental data30 are for Af= 0.3 at Red = 0.44 x 106 and at
Red = 3.Ox 106. At the lower incidence of 10 deg (not shown)
the effect of the separated vortices is not strong, although
some effects exist on the lee of the body. \

At a higher incidence, the effect of vortex separation ,
becomes stronger (Figs. 8 and 9 for a = 15 and 20 deg). The
difference between the separated solution and the npn-
separated one becomes more distinct at the aft stations of the
body. The separated solution gives the right tendency of the
curve, although not accurately. The reasons for this inac-
curacy are the rough mesh size, inexact location of the
separation points, and the small number of vortices shed from
the body surface (four or five from the shoulder region). The
last reason is probably responsible for the relatively too small
influence of the calculated vortices at x/d=6.Q, together with
a possible base effect at this station.

Although the present method is inviscid; it allows for
various choices of the location of vortex shedding. As a result,
a new pressure distribution is formed and together with it the
total aerodynamic coefficients are influenced, Figure 10
shows the effect of moving the vortex-shedding locations on
the total aerodynamic coefficients for 7VC = 10 and Ns = 8 on
both parts of the body. It can be seen that moving the initial
separation from xs/d = 0.38 to xs/d=l.66. has an effect
similar to that of varying the Reynolds number from 3.0 x 106

to 0.44 xlO6 , respectively; however, the results should be
interpreted with caution, since there is no exact information
concerning the location of separation in this case.

O EXPERIMENT (30), Red = 0.44 X 106

D EXPERIMENT (30), Red = 3.0 X 106

PRESENT METHOD
x NO SEPARATION,

2* (NC = 10, NS = 8)
A WITH SEPARATION,

2* (NC=10,NS = 8)
V WITH SEPARATION,

2* (NC= 10,NS=16)

0 40 80 120 160
0, deg

Fig. 9 Circumferential pressure distribution over ogive-cylinder
body (A) at a = 20 deg.

The absolute values of the pitching-moment coefficient are
rather low (Fig. 10), which means that the influence of the
calculated vortices in the near part is not strong enough. This
may be explained by the lack of vortices separating from the
aft portion and by the effect of the base flow, which is
unaccounted for.

The circumferential pressure distribution for another ogive-
cylinder body (B) with tN/d = 2.598 and. t/d= 10.352 is
presented in Fig. 11. Using some empirical information about
the separation in this case greatly improved the behavior of
the calculated CD values for 0>90 deg at a. = 20 deg. The
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PRESENT METHOD, SEPARATION AT
xs/d = 0.38

PRESENT METHOD, SEPARATION AT

-4.0

-6.0

-8.0

— -*- — CALCULATION (20), Red = 0.44 X '
——-I-—- PRESENT METHOD, v

g
D

O

NO SEPARATION
SLENDER BODY THEORY
EXPERIMENT (30),

Red = 3.0X106
/

/ A
EXPERIMENT (30), °^ °

Red = 0.44X106 j* '.

*/ * '

12
,<*,dec

16 20 24

Fig. 10 Normal-force and pitching-moment coefficients for ogive-
cylinder body (A).

EXP. (31), M = 0.4, x/d = 3.49
POTENTIAL THEORY (31) (SOURCE PANELS)

.2

0

'-.Z

-.4

PRESENT METHOD
A 2 * (NC = 10, NS = 16), NO SEPARATION

——V—— 2 * (NC = 10, NS = 16), WITH SEPARATION

a = 20°

30 60 90
0,deg

120 150 180

Fig. 11 Circumferential pressure distribution over ogive-cylinder
body(B).

present method seems to give a better comparison with the
experimental data than the vortex method of Ref. 31 (not
presentedinFig.il).

In the linear case the present method gives results similar to
those obtained by a source-panel method,31 but there is an
unexplained mismatch at the region 0 = 90 deg where the
present method gives higher absolute Cp values.

The normal-force coefficient vs the angle of attack is
presented in Fig. 12. Here too the nonlinear values of CNOR
are much higher than those predicted by the slender body
theory. The calculated results tend to match the higher
Reynolds number experimental data.32

The total aerodynamic coefficients of a cone-cylinder
body33 with tN/d=2 and £/tf-6.53 are presented in Fig. 13.
The behavior of the coefficients is similar to that reported
before for the first case, including the low calculated absolute
value of Cm.

1.5

1.0

LNOR

.5

EXP., Red = 3.17 X 106 ]
EXP., Red = 0.633 X 106 I
EXP., Red = 0.317 X 106 j
SLENDER BODY THEORY

REF. (32)

PRESENT METHOD
— — — 2* (NC=10 ,NS = 8),

NO SEPARATION
——*—— 2 * (NC = 10, NS = 8),

WITH SEPARATION

20 250 5 10 15
a, deg

Fig. 12 Normal-force coefficient for ogive-cylinder body (B).

M = 0.4, Red = 0.27 X 106, UNPUBLISHED
DATA, ALMOSNINO & ROM, 1980

M = 0.1, Red = 0.65 X 105, REF. (33)
SLENDER BODY THEORY

2.0

CNOR

Cm-4.0

-8.0

PRESENT METHOD
—— NO SEPARATION,

2* (NC = 10, NS = 8)
-— WITH SEPARATION,

2*(NC = 10, NS = 8)

10 20
a, deg

Fig. 13 ' Normal-force and pitching-moment coefficients for a cone-
cylinder body.

Figure 14 gives the circumferential pressure distribution on
a cone forebody. The experimental data23 measured at
M= 0.6 and the results calculated for M= 0.0 and 0.6 are
compared using the Gothert similarity law. The calculated
effect of the vortices is small because only one vortex was
separated in this case/The results should be viewed with some
caution since the separation position in the experimental data
is located at 95% of the length of the cone, near its base;
therefore, it is influenced by the base itself.
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.15

.10

.05

0
3 "
-.05

-.10

-.15

-.20

O EXPERIMENT (23),
M = 0.6, X/1 = 0,95, Re-, = 13.5 X 106

PRESENT METHOD (NC = 20, NS = 12)
—-A-— NO SEPARATION
— .y._ WITH SEPARATION (ONLY ONE FREE

VORTEX), INCOMPRESSIBLE
——*—— WITH SEPARATION (ONLY ONE FREE

VORTEX), APPLYING GOTHERT
RULE FOR COMPRESSIBILITY
EFFECT

0 20 40 60 80 100 120 140 160 180
0,deg

Fig. 14 Circumferential pressure distribution over a slender cone
forebody at a = 12.75 deg.

Code Performance
At present, a typical solution for the bodies mentioned in

the previous section would take about 3 min per iteration on
an IBM 370/168 computer. This time is based on a grid of
Nc = 10, Ns = 8 for each part of the body, separating five
vortices from the surface, each including about 25 segments,
and demanding a convergence ratio of 0.5% for the main
iterative process. The computer time may vary largely,
depending on the grid size selected, the number of free vortex
lines, and the degree of accuracy demanded. The quality of
the results depends on a good simulation of the vortex wake
and its roll up. This can be achieved by increasing the number
of vortices shed along the body, together with a better
treatment of the roll up process. Recently published works
may prove to be useful in this context.34'36

IV. Discussion and Conclusions
A method for calculating the longitudinal aerodynamic

coefficients and the pressure distribution on a- body at high
angles of attack is presented in this report. This method is
self-consistent in that the body and the vortex wake, which is
separated from the body, are treated as an integrated in-
teracting system. The method is self-consistent also in that no
outside independent input is required, except for determining
the location of the separation line of the vortices that are shed
from the body. This location of the separation line can be
inserted by arbitrary predetermination based on independent
calculation or experimental results or can be determined by a
separation criterion such as position of minimum pressure
coefficient or any other function of the pressure distribution
on the body.

In the present method it was found that because of the
limitation on the accuracy of the calculations imposed by the
mesh size used, the simplified criterion of minimum Cp as the
position of the cell from which vortex separation occurs was
sufficient. Utilizing this criterion enables a complete self-
consistent computational program. The results for the ogive-
cylinder and cone-cylinder models at angles of attack up to 25
deg clearly indicate that this method simulates well the
pressure distributions over the body, even in the separated
zones. l

The other option of determining the separation line as an
arbitrary input allows the simulation of effects of Reynolds
number on the aerodynamic characteristics. Here we assume
that the variation of the location of the separation line as a
function of the Reynolds number is known from experimental

measurements (or may be available in the future from a
theoretical evaluation).

The combination of vortex elements and source/sink
elements enables a fair calculation of the three-dimensional
body aerodynamics, as shown in the cone-cylinder and ogive-
cylinder cases. The characteristics of thick wings can be
calculated by a similar method, opening the possibility of
evaluating the aerodynamic characteristics of complete wing-
body configurations with separated vortex flow.
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