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Vortex Filament Model of the Wake Behind a Missile
at High Angle of Attack

Andrew H. Van Tuyl*
Naval Surface Weapons Center, Silver Spring, Maryland

A method for calculation of the flow past a missile at high angle of attack is described in which the vortex wake
is approximated by means of three-dimensional vortex filaments attached to given open separation lines. The
condition of tangential flow on the body is satisfied by use of quadrilateral source pariels. Each filament consists of
straight-line segments, ending in a semi-infinite segment parallel to the freestream, and is made part of a system of
vortices of horseshoe type by means of connecting segments inside the body. The method involves the
simultaneous calculation of the rollup and circulations of the vortex filaments, using conditions that hold along the
juncture of a separating vortex sheet and the body. Calculations are presented for a blunted ogive cylinder at
10-deg incidence and for a hemisphere cylinder at 19-deg incidence, starting from separation lines obtained by use

of the thin-layer Navier-Stokes equations.

Introduction

HE flow past a missile at high angle of attack is difficult

to calculate because of the occurrence of three-dimen-
sional flow separation on the leeward portion of the body.
Past work, however, has shown that many features of this
vortex wake can be calculated by means of potential theory
when the separation line is known approximately. Most of
these earlier compiutational methods are based on the impul-
sive crossflow analogy (Refs. 1-9, for example). Three-dimen-
sional vortex filaments have been used to model the vortex
wake behind a wing at high angle of attack (Refs. 10 and 11,
e.g.), where separation occurs at subsonic leading edges in
addition to the trailing edge. Boundary conditions on the wing
in these references were satisfied by use of a vortex lattice.
This method has been recently applied to the case of a smooth
body with a given separation line,'>~'* where the boundary
condition of tangential flow on the body is satisfied either by
use of vortex lattice!>!* or by a combination of a vortex lat-
tice and a source distribution along the axis of the missile.!
Calculations involving vortex filaments have also been carried
out in which the missile boundary condition i$ satisfied by use
of a surface sovrce distribution.’® In Ref. 15, the stréngths
and locations of vortex filaments are determined from experi-
ment, and the forces on the body aie calculated. Portnoy'®
has suggested an application of vortex filament models to the
interactive boundary-layer calculation of separated flow, in
which a combination of vortex sheets and vortex filaments is
used.

In the present paper, a method for calculation of the vortex
wake is given in which it is assumed that the vortex wake can
be approximated by vortex sheets attached to the body along
given separation lines. Each vortex sheet is replaced by a given
number of segmented vortex filaments attached to the body
along a given separation line with the flow tangency condition
on the body satisfied by use of a surface source distribution.
The circulations of the filaments are determined by use of
conditions that hold along the juncture of a vortex sheet and a
smooth body when vorticity is being shed. These conditions
are given by Smith.'” They lead to an expression for the rate
of change of circulation along the separation line with respect
to distance which becomes identical with a result given in Ref.
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17 when slender-body assumptions are made. The present
method differs from those that use a vortex lattice (Refs.
12-14), mainly in the use of the conditions of Ref. 17 for
calculation of the circulations of the filaments. Because of the
use of a surface source distribution, it is applicable to non-
slender bodies. The present method is intended only for the
approximate calculation of the vortex wake when separation
lines are given and is not concerned with the determination of
the separation lines themselves.

Calculations by the present method are presented for a
blunted ogive cylinder at 10-deg incidence and for a hemi-
sphere cylinder at 19-deg incidence, starting from separation
lines given by the thin-layer Navier-Stokes calculations of
Refs. 18 and 19. The surface pressure distributions obtained
are compared with those of Refs. 18 and 19 and with experi-
mental data of Ref. 20. These exampleés are also included in
Ref. 21 as part of a comparative study.

Conditions Along a Separating Vortex Sheet

We will consider a missile-type body in a steady incom-
pressible potential flow such that there is a separating vortex
sheet on each side of the body attached to a separation line of
open type. We will assume that the separation lines are
smooth and that the body has a continuously varying tangent
plane. Because of the restriction to open separation, the
condition of continuity of pressure across a vortex sheet implies
continuity of the velocity magnitude. As shown in Fig. 1,
when a separating vortex sheet satisfies these conditions, and
when in addition vorticity is being shed from the body into
the vortex sheet, the following three properties hold:

1) The vortex sheet is tangent to the body.

2) The separation line is a streamline on the downstream
side of the vortex sheet, while the velocity at the separation
line on the upstream side of the vortex sheet is equal to the
upstream velocity on the body.

3) The vortex line at a point of the vortex sheet bisects the
angle between the streamlines on opposite sides of the vortex
sheet. ,

The first two properties were shown in Ref. 17; and the third
follows -from the continuity of the velocity magnitude across
the vortex sheet and from symmetry considerations.

As shown in Fig. 2, we will use coordinates &, 7, and { with
origin at an arbitrary point of one of the separation lines.
Coordinates £ and 7 lie in the tangent plane of the body at
the origin, with the £ axis tangent to the separation line as
shown. We will first consider the left side of the body when
facing the oncoming flow, as shown in Fig. 2a. The corre-
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sponding results for the right side are then obtained by
inspection.

Let superscripts 1 and 2 refer to the upstream and down-
stream sides of the vortex sheet, respectively, and let the
upstream velocity at the origin in Fig, 2a be denoted by

U(1)=(01,I)2,O) (1)

Then from conditions 1 and 2 and the continuity of the
velocity magnitude across the vortex sheet, it follows that the
downstream velocity at the origin is given by

U®=(v,0,0) (2)

where V'=(v? +1v3)/2. Let ¢ be the potential of the flow,
defined so that the velocity is the gradient of ¢, and let s be
the arc length along the separation line measured from the
upstream end. The circulation of the vortex sheet from the
beginning (s = o) up to the arc length s is given by

I(s)= /0 Tv® - v®]-ds 3)

From Egs. (1-3) we find that
dr

T =u-V (4)
at the origin. By multiplying and dividing the right-hand side
of Eq. (4) by V' + v;, we can also write the preceding equality
in the form

ds  V+uy ©)

Equation (5) can be shown to be equivalent to Eq. (A-10) of
Ref. 17 when slender-body assumptions are made and the
angle of incidence is small. Proceeding similarly in Fig. 2b,
noting that we then have U® =(-V,0,0) and that v, is
negative in Fig, 2b, we find that '

dar o
ds  V-y, (6)

on the right-hand side of the body.

Description of the Vortex Filament Model

As in Fig. 2, we will consider a body at angle of attack a in
a Cartesian coordinate system with a freestream velocity of
magnitude ¥ in the positive x direction. We will assume that
separation lines are given as separate curves on the left- and
right-hand sides of the body, respectively. In the present
method, the boundary condition of tangential velocity on the
body is satisfied by use of a source distribution on the body
surface. The body is covered by quadrilateral panels and, for a
given external potential flow, the method of Hess and Smith,
as implemented by Dawson and Dean,?? is used to calculate a
constant source density on each quadrilateral. The boundary
condition on the body is satisfied at the null point of each
quadrilateral, defined as the point at which the velocity due to
the quadrilateral alone is normal to the plané of the quadri-
lateral. The results obtained are nearly the same when the
centroid of the quadrilateral is used rather than thé null point.
The quadrilaterals are determined as in Fig. 3 so that each of
the given separation lines passes through the null points or
centroids of quadrilaterals at chosen axial stations. Quadri-
laterals are not placed on the base of the cylinder, and
modeling of the base flow is not considered. '

The vortex sheets attached to the body along the given
separation lines are approximated by a given number of
ségmented vortex filaments; each beginning at the null point
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or centroid of a quadrilateral and ending in a semi-infinite
vortex filament parallel to the freestream. Each filament con-
sists of a given number of straight-line segments which may be
of unequal lengths. In the present method, the segments
nearest the body should have lengths not less than the maxi-
mum dimension of the nearby source quadrilaterals. The
purpose of this condition is to prevent the velocity at the
midpoint of a segment from being determined mainly by a
single quadrilateral. In order to prevent strong interactions
between closely neighboring filaments, a small cutoff radius is
placed about each segment, within which the velocity due to
the segment vanishes. More elaborate treatments of cutoff,
such as the variable cutoff procedure of Ref. 13, were not
investigated.

These filaments can be made part of a system of horseshoe-
type vortices in several ways. In the symmetric case, one
procedure is to connect symmetrically placed pairs of vortex
filaments by straight-line segments inside the body. A second
method, applicable to both the symmetric and asymmetric
cases, is to connect each filament to the body axis by a seg-
ment perpendicular to the axis and to complete each vortex by
means of a portion of the axis within the body and a seg-
mented vortex filament outside the body. The latter is com-
mon to all the vortices, and its circulation is zero in the
symmetric case. These procedures are shown schematically in
Fig. 4. _

The present method is an iterative one in which two calcula-
tions are carried out alternately. In the first calculation,
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the shapes of the vortex filaments are held constant, and the
source densities and the circulations of the filaments are
determined simultaneously. In the second calculation, the
filaments are made approximately force-free by means of a
rollup calculation, with the source strengths and circulations
held constant. Imtla.lly, the vortex filaments are chosen as
semi-infinite straight filaments parallel to the freestream.

Calculation of the Circulations and
Source Densities

Let the separation lines in Figs. 2a and 2b be denoted by C,
and C,, respectively, with quadrilaterals determined as in Fig.
5 so that N, null points lie on C; and N, on C, in the general
asymmetric case. Vortex filaments of given shapes are at-
tached to the body at these null points, and vortices of
horseshoe type are formed as in Fig. 4. Let s be the arc length
along each of the separation lines measured from the up-
stream end, and let s =s, at the null points, where 1 <i < N;
on C; and 'Nl' +l<i< N1 + N, on C,. In the symmetric case
we have N, =N,, and it is necessary to consider only the
rangel <i < N,.

In the present method, the circulation AT, of the vortex
sheet between the (i — 1)st and ith null points is concentrated
at the ith filament for 2<1<N1 and N, +2<i<N; +N,.
The values of AT, and AT), ,; are determined by a linear
extrapolation procedure to be described later. The circulation
along each separation line due to the vortex filaments is seen
to be a step function. In partlcular, the circulation along C; is
zero for 0 <s<s; and is equal to AT} + AT, + ... +AT;_
for 5;_; <s<s;,2<i< N,. For given values of AI‘,, we can
calculate the ﬁow about the body by the procedure used by
Dawson and Dean.?? The flow due to the vortex filaments and
the connecting segments is then part of the onset flow on the
body and is calculated by use of the Biot-Savart law.

In the present calculation, successive approximations to the
circulations and source densities are found by means of an
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Fig. 4 Formation of vortices from vortex filaments.
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Fig. 5 Procedure for rollup calculation.
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iterative procedure. Let the nth approximation to AT} be
denoted by AT{™, n > 0, where the q)uantmes AT are initial
guesses. Given the values of AT{™ for a given n>0, we
obtain new values AT("*D a5 follows. By means of the
Hess-Smith procedure, we first calculate the source densities
corresponding to the given n and the velocity components
v{"} and v{" at the points of attachment of the filaments. The
veloc1t1es obtamed by linear interpolation at the midpoints of
the arcs between successive ﬁlaments on each separahon line
are then glven by

U(lnx) 1/2‘[”1; 1+v§"',)]/2
021 12 [05"?—_1+v$f’?]/2 @)

for 2<i< N, and N, +2<i<N, + N,. Substituting Eq. (7)
in Eqs. (5) and (6), we obtain

(n)
(%E—), = _[v2nl 1/2] /[V( Lo+l 1/2] (®

along C; and

(n)
(ﬁ) —[Uzz 1/2]2/[1/1‘(—"{/2*05':1}—1/2] 9

along C,, where

K‘I’%/2= {[0(1','3-1/2]2‘*' [037,)—1/_2]2}1/2 (10)

Finally, we have
(n)
AT+D = (‘(111;) As, (11)

for2_<_t<N1andN1+2<z<N1+N2,whereAs - 81
The quantities AT"*1 may be calculated in any order In the
symmetric case we have AT = AI‘N +i» and it is necessary to
calculate new values AI‘(”“) only for 1 <i<N,.

We calculate AI‘1 from AT, and ATy, ,; from ATy ,, by
extrapolation, assuming that the cuculatmn of the vortex
sheet decreases to zero linearly with respect to s at the
upstream end of each separation line. We then have

AT, =5,AT, /As, (12)
on C; and
,AFN1+1 =sN1+1ArN1+2/A.SNl+1 (13)

on G,.

At the beginning of the calculation, it is convenient to take
the quantities AT*) to be equal. Examples show that conver-
gence is usually rapid, and that the number of iterations
required for convergence is not very sensitive to the initial
guess. In particular, convergence is obtained when the AI‘(")
are zero.

The Rollup Calculation

The purpose of the rollup calculation is to determine the
positions of the vortex segments so "that they are nearly
force-free. In Ref. 10 and in Refs. 12-14, this is approxi-
mately done by making each segment parallel to the local
velocity at the upstream endpomt of the segment. An alternate
procedure is described in Ref. 11 in which each segment is
made approximately parallel to the local velocity at an inter-
mediate point of the segment. As shown in Fig. 5, the local
velocity is calculated at a point on ‘the extension of the
previous segment at a distance BAs; from the upstream end-
point, wnh 0 < B < 1. The case 8 =0 corresponds to the first
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procedure described. Numerical experiments in Ref. 11 indi-
cate that for vortex segments of a given length, the greatest
accuracy is obtained when B is approximately equal to 0.5.

The present method uses the procedure of Ref. 11 with
B = 0.5 at segments not attached to the body, and is described
as follows. During a given iteration, the filaments are modified
in the order of increasing i. When a given filament is mod-
ified, it is changed segment by segment starting at the body.
The first segment is made tangent to the body at a null point,
such that it is parallel to the direction of the vortex line
passing through the null point. As shown in Fig. 1, this vortex
line bisects the angle between the upstream velocity at the null
point and the separation line. This segment is seen not to be
force-free, but calculations show that there is little change in
the flow due to small changes in the orientations of the initial
segments. The remaining segments are then moved in order by
the procedure of Fig. 4 until the modification of the given
filament is complete. The final segment is a semi-infinite
segment parallel to the freestream direction. The velocity of
the segment being moved is not included in the calculation of
the local velocity.

The convergence obtained at a given segment during an
iteration was measured by the greater of the distances through
which the endpoints of the segment moved. The rate of
convergence was found to decrease strongly when either the
number of filaments or the number of segments on each
filament was increased. In particular, rapid convergence was
found in the case of five vortex filaments attached to each
separation line, while much slower convergence was obtained
with 10 filaments on each side. In the latter case, good
convergence was found near the body after several iterations,
while convergence to only one or two figures was obtained at
the segments farthest downstream. The slower convergence at
downstream segments is due to the smaller magnitudes of the
transverse components of velocity there. The effect of these
segments at the body is found to change very little between
iterations.

Development of the Computer Programs

The computer programs used in the present calculations are
based in part on modifications of the programs PFP1 through
PFPS of Ref. 22. The calculation of quadrilaterals is carried
out by means of the program PFP1, modified by changes in
input-output statements. The input to PFP1 is calculated as
shown in Fig. 3, so that the given separation line passes
through the null points of quadrilaterals at selected axial
stations.

The matrix of influence coefficients used to obtain the
source densities is calculated by the procedure used in the
program PFP2 of Ref. 22, Calculation of the source densities
is then carried out by use of a modification of the program
PFP3. When the iterative procedure for determination of the
circulations and source densities has converged sufficiently,
the flow is calculated at all null points by means of a modifi-
cation of the program PFP4 of Ref. 22. The velocity at
external points due to the quadrilaterals and vortex filaments
is calculated by means of a modification of the program PFP5
of Ref 22. The latter has been reorganized extensively, re-
ducing the computation time by about 20%.

Numerical Results

Results have been obtained on the CDC 170,/720 for a 10%
spherically blunted ogive cylinder at 10-deg incidence and for
a hemisphere cylinder at 19-deg incidence, using separation
lines obtained from thin-layer Navier-Stokes calculations.!®!°
The latter were carried out at a freestream Mach number
M, = 0.2 corresponding to nearly incompressible flow and at
a Reynolds number of 10°. The ogive cylinder had an overall
length of 11 calibers and a nose length of three calibers before
blunting, and the hemisphere cylinder had a length of five
calibers.
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Let R be the radius of the cylindrical portion of each body,
let x be the distance along the axis measured from the nose,
and let @ be the azimuthal angle in degrees measured from the
windward portion of the plane of symmetry. Then the equa-
tion of the separation line on the blunted ogive cylinder used
in the present calculations is given by'®

8 =110 + e~ *9"(1928.792 — 1115.694x}/2 + 149.925x, )
(14)

for x; > 6.6, where x; = x/R. The coefficients in Eq. (14) were
obtained from the results of Ref. 18 by means of a least-squares
fit. Similarly, the equation of the separation line on the
hemisphere cylinder is given by

6 =98.6 + e~ 15%(481.351 — 229.558x1/2 + 21.250x;) (15)

for x, > 2.7.1° The maximum deviation of these fits from the
separation lines obtained by the thin-layer Navier-Stokes
calculations is about 3%.

Both types of quadrilateral configurations shown in Fig, 3
were used in the present calculations. For convenience, the
configurations corresponding to Figs. 3a and 3b will be re-
ferred to in the following as QD1 and QD2, respectively. The
spherical portion of each body was covered by 48 quadri-
laterals, with 24 on each side of the plane of symmetry in both
QD1 and QD2. The separation lines do not lie on the spheri-
cal portions of the body in the present cases; hence, it is not
necessary to rotate quadrilaterals there. The configuration
QD1 was used for both the blunted ogive cylinder and the
hemisphere cylinder, while QD2 was used only in the case of
the blunted ogive cylinder. In the configuration QD1, the total
number of quadrilaterals on the blunted ogive cylinder was
408 without symmetry and 234 when symmetry is taken into
account. The corresponding numbers for the hemisphere cyl-
inder were 312 and 176. In the configuration QD2, the num-
ber of quadrilaterals on one side of the plane of symmetry of
the blunted ogive cylinder was 204.

The number of filaments on one side of the body in the
present calculations was 12 in the case of the blunted ogive
cylinder and 9 in the case of the hemisphere cylinder. Each
filament consisted of 17 segments of unequal lengths where
the segment lengths increased from 1.0 for the first five
segments to 2.0 for the last five. The configuration QD2 for
the blunted ogive cylinder is shown in Fig. 6.

In each case, the source densities and circulations were first
calculated with the filaments parallel to the freestream. Two
more calculations of source densities and circulations were
then carried out, each preceded by a rollup calculation of
seven iterations. Complete convergence of the rollup calcula-
tion was not obtained, but convergence to several significant
figures occurred near the body. The procedure of Fig. 4a for
the formation of horseshoe-type vortices was used in the

x  POINTS OF ATTACHMENT OF FILAMENTS
SEPARATION LINE

(b) SIDE VIEW

Fig. 6 Quadrilateral configuration QD2 on blunted ogive cylinder.
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present calculations. However, some of the calculations were
repeated using the procedure of Fig. 4b, and agreement to
three or four decimal places was found.

In the calculation of source densities and circulations, con-
vergence to five or six figures was always found after six
iterations. Fewer than six iterations were usually sufficient in
the second and third calculations because of improved initial
guesses. In Tables 1-3, the circulations of the filaments on the
right side of the body are given for the three cases calculated.
In each table, the circulations are given after each calculation
of source densities and circulations. The circulations on the
left sides of the bodies are the negatives of those shown. These
tables indicate convergence in each case as the number of
calculations of source densities and circulations increases,
with the slowest convergence at the filaments farthest down-
stream. This is consistent with the incomplete convergence of
the rollup calculation. The leading vortex filaments were
slightly upstream of the beginning of separation on each body,
as seen from Tables 1-3. The circulations of these filaments
are very small, however, and small changes in their positions
have negligible effect on the flow at the body.

Figure 7 gives the circumferential pressure distributions on
the blunted ogive cylinder at several axial stations obtained by
the vortex filament method and the thin-layer Navier-Stokes
calculations. Axial distances are denoted by x/D, where
D =2R is the diameter of the cylinder. The pressure is also
shown for the potential flow solution, which is found by using
the same quadrilateral configurations but with the vortex
filaments omitted. At x/D =0.9 and x/D = 2.0, the results
obtained by the vortex filament method nearly coincide
with the potential flow results, and hence, only the former
are shown. Close agreement between the vortex filament

Table 1 Circulations AT; / V, R and axial locations x; /R of
filaments on the right side of a blunted ogive cylinder at
10-deg incidence using guadrilateral configuration QD1

Number of source density calculations

i x,/R 1 2 3
1 4.72 0.003 0.003 0.003
2 6.15 0.045 0.044 0.044
3 7.63 0.063 0.063 0.063
4 9.10 0.060 0.061 0.061
5 10.58 0.053 0.053 0.053
6 12.05 0.047 0.050 0.050
7 13.52 0.043 0.049 0.050
8 15.00 0.041 0.045 0.048
9 16.47 0.039 0.044 0.047
10 17.95 0.037 0.042 0.043
11 19.42 0.035 0.040 0.043
12 20.89 0.033 0.036 0.039
Table 2 Circulations AT; /¥, R and axial locations x; /R
of filaments on the right side of a blunted ogive cylinder at
10-deg incidence using quadrilateral configuration QD2
Number of source
density calculations
i x;/R 1 2 3
1 4.72 0.003 0.003 0.003
2 6.15 0.051 0.050 0.050
3 7.63 0.061 - 0.061 0.061
4 9.10 0.057 0.059 0.059
5 10.58 0.051 0.054 0.054
6 12.05 0.046 0.050 0.050
7 13.52 0.043 0.045 0.045
8 15.00 0.040 0.042 0.042
9 16.47 0.038 0.042 0.041
10 17.95 0.037 0.040 0.040
11 19.42 0.035 0.038 0.039
12 20.89 0.032 0.034 0.035
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and thin-layer results is also found at these stations, except
near § =0 deg and 0 =180 deg at x/D=2.0. At x/D=3.8
and x/D=71.5, the largest discrepancy between the results
obtained by the vortex filament method and the thin-layer
calculations is found near & = 0 deg, while the vortex filament
results are in good agreement with those obtained by the
thin-layer calculations near § =180 deg. The potential flow
results are nearly equal to the vortex filament results at these
stations up to about =90 deg and are larger near ¢ =180
deg.

Figure 8 gives the meridional pressure distributions on a
blunted ogive cylinder at 8 = 0, 90, and 180 deg calculated by
the same three methods as in Fig. 7. The vortex filament
calculations were carried out using only the configuration
QD1. The pressures at § = 90 deg were obtained by quadratic
interpolation, since the centroids that were originally at 90 deg
were rotated during calculation of the quadrilateral input data
by the procedure of Fig. 3a. When 6 =0 deg, the pressures
calculated by the vortex filament method are seen to be nearly
the same as the potential flow results and to be lower than the

Table 3 Circulations AT;/ ¥, R and axial locations x;/R of
filaments on the right side of 2 hemisphere cylinder at
19-deg incidence using quadrilateral configuration QD1

Number of source density calculations

i x,/R 1 2 3

1 213 0.024 0.023 0.023
2 3.03 0.128 0.126 0.126
3 3.93 0.128 0.127 0127
4 4.83 0.114 0117 0118
5 573 0.105 0.113 0113
6 6.63 0.099 0.107 0.106
7 753 0.094 0.100 0.099
8 8.43 0.088 0.093 0.091
9 9.33 0.080 0.084 0.083

o THIN-LAYER N.S. SOLUTION

2QD1, VORTEX METHOD

v QD2, VORTEX METHOD
-0-QD1, NO VORTICES
-0-QD2, NO VORTICES

-0 2

-0.1+

<0.2L
0:1[{d)

‘-0 =

-0.2 L 1 t L L
0 30 60 90 120 150 180

8{deg)

Fig. 7 Circumferential pressure distributions on a 10% blunted
ogive cylinder at 10-deg incidence; a) x/D = 0.9, b) x/D = 2.0,
¢ x/D=38,d)x/D=1.5.
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Fig. 8 Meridional pressure distributions on a 10% blunted ogive
cylinder at 10-deg incidence; a) 0 =0 deg, b) 0 =90 deg, ¢) 6= 180
deg.
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Fig. 9 Meridional pressure distributions on a hemisphere cylinder at
19-deg incidence; a) 0= 0 deg, b) 0 = 90 deg, c) 6 = 180 deg.

thin-layer values by a nearly constant amount. At # = 90 deg,
the thin-layer and potential flow results nearly coincide
throughout. The pressures calculated by the vortex filament
method are nearly equal to the other results near the nose and
are slightly higher on the back part of the body. At 8 =180
deg, good agreement is found between the vortex filament and
thin-layer results on the back part of the body, while the
potential flow pressures are much higher.
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Finally, the meridional pressure distributions on the hemi-
sphere cylinder obtained by the thin-layer, vortex filament,
and potential flow calculations are shown in Fig. 9. As before,
only the configuration QD1 was used. The trends in Fig. 9 are
seen to be similar to those found for the blunted ogive
cylinder in Fig. 8. In addition, experimental data from Ref. 20
at M, = 0.6 are included. We see that the data agree best with
the vortex filament results when 6 = 0 deg and that they agree
well with both the vortex filament and thin-layer results when
6 = 90 and 180 deg.

Summary and Conclusions

A model of the vortex wake behind a missile at high angle
of attack has been described in which it is assumed that the
effect of the vortex wake can be approximated by vortex
sheets attached to the body along open separation lines. The
vortex sheets are replaced by a given number of segmented
vortex filaments, and the circulations of the filaments are
determined by use of the relations that hold along the juncture
of a separating vortex sheet and the body. In the present
paper, this model is used for calculation of the flow past the
body when open separation lines are given. The calculational
procedure has been described in the general asymmetric case,
when the separation lines on the two sides of the body are
different.

Calculations have been carried out for a slightly blunted
ogive cylinder at 10-deg incidence and for a hemisphere
cylinder at 19-deg incidence using separation lines obtained
from thin-layer Navier-Stokes calculations. In the latter calcu-
lations, the separation lines obtained were of open type except
for a nose separation bubble near the shoulder of the hemi-
sphere cylinder. Comparison of calculated surface pressure
has been made with these calculations and with experimental
data for a hemisphere cylinder at 19-deg incidence at M, = 0.6.
Good agreement with both the thin-layer Navier-Stokes calcu-
lations and the experimental data was found on the leeward
portions of the bodies toward the back. On the windward
sides of the bodies, however, good agreement was found with
the experimental data but not with the thin-layer Navier-Stokes
calculations. The calculated pressures on the windward sides
nearly coincide with the potential flow results. The results on
the windward sides of the bodies are therefore not conclusive,
but it follows that the present model leads to reasonable
results on the leeward sides of the bodies considered.

The separation lines in these examples were obtained by
curve fits, starting from the calculations of Refs. 18 and 19.
These examples were selected for test purposes because of the
availability of surface pressures consistent with the separation
lines. The results obtained indicate that the thin-layer ap-
proximation was adequate in these cases and that the vortex
wakes can be approximated by vortex sheets. In each of these
examples, the distribution of panels was rather coarse and the
number of filaments was small. A larger computer would
allow the use of more panels and larger numbers of filaments
and segments.
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