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Abstract

The method of the flourescent mini-tuft
has been used to investigate the changes
of the spatial vortices with the angle of
attack on lee side of some slender bodies
in low speed tunnel without sideslip. Four
models of slender bodies with different
seetion have been used. Top view as well
as side view of the vortex have been ac-
quired. The axial velocities of the vortex
by the hot wire anemometer and the circula-
tion of the vortex by the method of the
flourescent mini-tuft along the track of
vortex are measured. Both have been given.
for the symmetric and asymmetric vortex
pattern on the sharp ogive body of revolu-
tion. This investigation clearly shows the
relations of the asymmetric side force to
the asymmetric vortices. Also, the model
of the asymmetric vortices and the inter-
ference between the vortices are realized
to some extent. The effects of the distur-
bance caused by a small protrustion at the
fore part of the slender body on the posi-
tion of vortex are also investigated.

Introduction

It is necessary for modern aircraft and
missiles to fly at large angles of attack
in order to obtain high manoceuvrability.
With increasing angle of attack, the vor-
tex patterns on the lee-side of slender
bodies become asymmetric even without
sideslip. The asymmetric vortices produce
an unwilling large side force and yawing
moment. The mechanism of the asymmetric
vortex pattern is not clearly understood

to assure prediction yet. In the past,
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most of the researchs of asymmetric vortex:
have been restricted to the force and mo-
ment measurements in the wind tunnels to
study the effect of the geometric para-
meter of the body on the side force.(1)(2)
Nevertheless it is lack that the spatial
vortex pattern, the interference between
vortices, the axial velocity of the vortex
core centre and the circulation of the
vortex along the vortex tracks are inves-
tigated. Some researchers have only mea-
sured the pattern and circulation of vor-
tex at a few sections.(3)(4)(5) piqg
others have acgquired the side view of
vortex track by schlierengraph.(ﬁ) The

top view of the vortex track have not been
shown yet.

The objective of present study is to
measure the change of spatial vortex
tracks with angles of attack on lee side
of some slender bodies in low speed tun-
nel without sideslip. The method of the
flourescent mini-tuft is used so that the
vortex pattern can be acquired in detail
and more completely. The top view as well
as side view of the vortex tracks have
been shown. Four different slender bodies
are studied in order to realize the effect
of the geometry of the body on the vortex
pattern. The axial velocity of the vortex
core centre measured with the hot wire
anemometer and the circulation of the vor-
tex measured by the method of the flou~
rescent mini-tuft along the vortex tracks
have been given for the symmetric and
asymmetric vortex pattern on the sharp
ogive body of revolution so that the cha-
racter of the spatial vortex can be clear-
1y understood. The effects of the distur-



bance caused by a small protrusion at the
fore part of the slender body on the vor-
tex tracks are also investigated.

Description of the model and
experiment equipment

The vortex trails was measured in a
0.75x0.75 meter low speed wind tunnel at a
veloeity of wind of 30 m/s. The Reynolds
number was about 1.2x105 bagsed on the
diameter of the cylindric part of slender
bodies. The angle of attack of the model
was from 10° to 60°. The axical velocity
of vortex core centre and the circulation
of the vortex were measured in the 1.5x1.5
meter low speed wind tunnel. The gize of
the large model was twice as long as the
small model. The test Reynolds number was
about 1.6x10°.

Figure 1. shows the shape of four slen-
der bodies of different section shepe. The
nose fineness ratio is 3.5 and the after-
body fineness is also 3.5. The afterbody
is of cylindric shape. The difference among
these four models are shown in Figure 1.
in detail.

The method of the flourescent mini-tuft
is used to measured the tracks and the cir-
culation of the spatial vortex.(7) The
flourescent mini-tuft is made of nylon
filament. It's diameter is about 0.02 mm.
It is treated in special material in order
to decrease the static electric effect.
When it is set in the vortex flow, the
rotary speed of the mini-tuft was measured
by nitrogen molecule Laser, so the circula-
tion of the vortex can be calculated. The
spatial vortex track was recorded by the
camera, The cooerdinate of vortex track and
the circulation of vortex was dimension-
less. The lengiéi of model, L and the maxi-
mum circulation, [wax along the vortex
track are used as reference.

Results and Discussgion

A. The change of the vortex track on the

sharp revolution bedy with th e of

attack, o without sideslip

The change of the side force with «
without sideslip has been given in refere-
nce (1, 2) for sharp and blunted body of
revolution. It has been shown that at the
angle of attack more than about 30° the
side force is generated for the sharp re-
volution body. It increased continually
with increasind « and was maximum at about
X=45", then it decreased with increasing
. The angle of attack at which the side
force is generated for the blunted revolu-
tion body is large than that for 4the
sharp revolution body. The maximum side
force for the blunted revolution body is
less than that for the sharp revolution
body. The change of the vortex tracks with
xcan be divided into the following stages:

(1) Partial symmetric vortex pattern
(¢<10°). 1In this stage there is attached

flow in the froant of the body, howsver
there are two symmetric vortices in the
rear of the body (see Fig. 2). The point
where the symmetric voritex originates move
from the base to the apex of the body with
increasing o »

(2) vhole symmetric vortex pattern (Xx=
;2°-20°2. There are two symmetric vortices
originated from the apex of the body and
extended to the base of the body on lee-

side. The vortex tracks are above the cy-
linder and nearly parallel to the axis of

the body as shown in Pig.3. It can also

be shown that both the axail velocities of
the vortex cores and the vortex circulatioen
of the two symmetriec vortices are egqual and
increases along the vortex track as shown

in Figure 4. It can be illustrated that
separation vortex around the circular cylin-
der in the two-dimensional case are fed

into the spatial vortex on the lee side of
the body. The flow around the slender body
is similar to the two-dimensional flow

around a circular cylinder. Besides a pair
of main vortices, there is a pair of second
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vortices with rotation direction same as
that of the main vortices and its position
is near the Separation line. There is still
& pair of secondary vortex induced by the
main vortex as shown in the test of the oil
flow. Its rotation direction is contra to
the main vortex. Its core is smaller than
the main vortex. The position of the main
and the second vortex 1ift up continuly
with increasing o as shown in Figure (3)
(5). The second and secondary vortex are
usually negligible.

(3) Two asymmetric vortices pattern
(x=30°-47"). As o>30°, the circulation
and the position of the symmetric vortex
at the base of the body would develop to
some state, similar to the flow pattern of
the two
main vortices begin to become asymmetrie
from the base of the body. One of them is

a cylinder starting from rest(s)

lower, while the other is higher and slight-

ly turnning up near the base of the body.
Because of the inductive effect between
each other, the lower vortex is near to
the symmetric plane of the body, while the
higher one bends further away. (see PFigure
5.). Therefore the side force and moment
are created obviously. With increasing « ,
the asymmetric phenomenon becomes violent
and moves forwards. The rear of the higher
vortex gradually begin to turn up parallel
to the free stream. With the turnning up of
the main vortices, the second vortices lift
up.

The change of axial velocity of the vor-
tex cores and the circulation of the main
vortex at« =45 are given in Figure 6. It
can be shown that when the vortices turn
up, the axical velocity and the circulation
of the vortex begin to decrease for asym-
metric state. It shows that the vortex
gradually begins to shed from the body and
becomes the free vortex. The separated vor-
tex around the circular cylinder nc longer
fed into the turnning up vortex, while it
fed into the second vortex. The second vor-
tex circulation is increased. It gradually
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becomes the second main vortex whose ef-
fect can not be negleeted. This is simi-
lar to vortex shedding process behind two-
dimensional circular cylinder. Comparison
of the axial velocity and the circulation
of two vortices indicates that if the vor-
tex tracks are symmetric, the axial veloci-
ty and the circulation are equal approxi-
mately on the forebody (x/L<0.5). The vor-
tex tracks are asymmetric obviously for
x/L>0.5. Both the axial velocity and the
circulation of the lower vortex are ob-
viously larger than that of the higher
one. The inductive effect of the lower vor-
tex on the body is more strong than that

of the higher one.

The maximum value of the circulation at
x=45° is twice as large as at K =22.5° .
It can be shown that the circulation of
the vortex increases with « .

(4) Three asymmetric vortex pattern
(x=47°-55"). After the second vortex has

become the second main vortex, the asym-
metric two vortex pattern changes into
asymmetric three vortex pattern as shown

in Figure 7. Under the inductive effect of
the maln vortex of other side, the second
main vortex always turns to the symmetric
plane of the body. The main vortex of
other side deflects apart from the symme-
tric plane of the body. Therefore the asym-
metric side force does not increase and
begins to decrease. The maximum side force
occures at this stage at which two main
vortex deflect most severely and the se-
cond vortex does not become the second main
vortex. The main vortex of other side be~
gins to diverge at this stage.

(5) Asymmetric multiple vortex pattern
{x>55°). After the second main vortex

has begun to turn up and become the free
vortex, as mentioned above, a third main
vortex will occur under the second main
vortex. The vortex breakdown will appear

in the rear of the main vortex of the other
gide, as shown in Fig, 8.



(6) Asymmetric vortex with the wake re-
gion (A>60°). When the angle of attack
is very large, the point at which the vor-
tex begins to turn up and deflect moves
forwards from the back to the apex of the
body. At this time, the vortex breakdown
can appear in the rear of the high main
vortex. Therefore the wake region begins
to appear on the lee side in the rear of
the body. When & >70°, except in the re-
gion of the head of the body, the rest of
the body is wake region as shown in Fig.9.
The side force disappears.

B. The change of the vortex track with «
on the blunted revolution body and the
sharp slender body with the horizontal
or perpendicular elliptical section
The process of change of the vortex

track o f these bodies is similar to that

of the sharp revolution body. The angle of
attack at which the various vortex pattern
appears is different, as listed in table }.

VORTEX ANGLE OF ATTACK (deg.)
PATTERN  'model 1.|model 2|model 3|{model 4
PARTIAL
<12 22 10 16
SYMMETRIC < < <
WHOLE | 15 30 | 20-38 | 10-30 | 16-20
SYMMETRIC
WO 30-47 | 38-48 | 30-45 | 20-25
ASYMMETRIC
THREE | 47.55 | 48-57 | >45 | >25
SYMMETRIC

TABLE 1. THE ANGLE OF ATTACK
FOR VARIOUS VORTEX PATTERN

The particular characters are:

(1) Por blunted revolution body, owing
to the effect of flow around the blunted
head, the change 0f the partial symmetriec
vortex pattern into the whole symmetric vor-
tex pattern is delayed, the angles of at-
tack at which the two and three asymmetric
vortex patterns occur are also delayed.
Comparison of Figure 5 and 10 indicates
that the vortex deflection generated on the
blunted revolution body is more moderate
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than on the sharp revolution body. There-
fore the asymmetric side force on the
blunted revolution body is less than that
on the sharp revolution body.

(2) For sharp slender body with horizon-
tal elliptical section, only the three
asymmetric vortex pattiern appears. When
X >50°, the vortex breakdown appears in
the rear of the main vortex of the other
side as shown in Figure 11. Therefore
before the third vortex takes place, the
rear of the body becomes the wake region.

As increasing ofs the high and the low
vortex change atternately. For example,
when ®=30° the right vortex 1is higher than
the left vortex. While ®=40° they are re-
versed.

(3) For the sharp slender body with per-
pendicular elliptical section, once the
whole symmetric vortex pattern is formed,
the asymmetric two vortex pattern will
appear soon. Like the two-dimensional flow
around the circular cylinder the vortices
will alternately shed from both Sides of the
body. The vortex pattern is similar to
Kdrman street pattern as shown in Figure
12. As & >30° the divergence and the break-
down of the vortex which appear for three
bodies as mentioned above can not be ob-
served in this case.

C. The effects of disturbance on the spa-

tial vortex track

A small protrusion whose height and
area are about 1/50 of the diameter and
0.5% of the section area of the model cor-
respondently was set at the fore part of
the model of the sharp revolution body in
order to study the effect of disturbance
on the spatial vortex track. Because of
the effect of the axigl flow, the vortex
generated by the disturbance at the head
moves along the freestream approximately.
Therefore the disturbance only affect its
down stream track. It is found that for
symmetric vortex pattern the down stream




local track can move down due to the dis-
turbance, however the vortex track near
the rear of the body is hardly affacted
as shown in Figure 13.

As for asymmetric vortex pattern, if
the disturbance was set at the side of the
higher vortex, the disturbance affects its
whole down 8stream track strongly; while
the effect of the disturbance on the lower
vortex of the other side is smaller as
shown in Figure 14. Comparison of Figure S
and 14 indicates that the d isturbance can
move down the higher vortex track of the
down stream and its position can be lower
than the lower vortex of other side. Owing
to the inductive effect of vortices between
each other, the higher vortex always de-
flects apart from the symmetric plane of
the body. It can be illustrated that the
symmetric vortex pattern is more stable,
it seems to be able to absorb the distur-
bance. However, the asymmetric vortex pat-
tern seems not 80 stable. Once there is a
disturbance, it can change its track im-
mediately. The problems of the vortex
stabilization have still to be study fur-
ther.

Conclusions

1. The change of the vortex tracks with
the angle of attack is almost the same. The
development of the vortex track follows the
following process; partial symmetric vortex
pattern (for sharp revolution bodyo<12°)
—=whole symmetric vortex pattern (A< 30°)
——agymmetric two vortex pattern (x<47°),
the asymmetric side forece is maximum in
this range. — . asymmetric three vortex pat-
tern (X<55°), the side force begins to
decrease —e-asymmetric multiple vortex pat-
tern (X< 60° )—easymmetric vortex plus the
wake pattern (X >60°).

2. Besides some general characters of
the vortices, there are some particulars
for slender bodies of different shape.
For example, the angle of attack at which
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the asymmetriec vortex pattern occurs is
delayed and the vortex deflection is more
moderate for the blunted revolution body.
However the asymmteric vortex pattern can
appear more early and is similar to that
of the Kdrman's street for the sharp slen-
der body with perpendicular elliptiecal
section. For the sharp slender body with
horizontal elliptical section only the
three asymmetric vortex pattern is observ-
ed. The height of the right-left vortex
track changes atternately.

3. The development of the vortices on
the slender body with the increasing «
is similar to the case of the two-dimen-
sional circular cylinder starting from
rest. Besides the right and left main vor-
tices, there are a pair of second and se-
condary vortex whose rotary direction is
the same.-as that of the main vortex and
against respectively. When the main vortex
have shed from the body and become the free
vortex, the second vortex become a second
main vortex.

4. After the second vortex have become
the second main vortex, because of the
inductive effect of each vortex, on the
one hand the vortex track can be changed,
on the other hand the vortex divergenece
and breakdown can appear in the rear of
the lower main vortex. The asymmetric
breakdown of the vortex can be noticed.

5. The down stream local track can move
down due to the disturbance, however the
vortex track near the rear of the body is
almost not affected for symmetric vortex.
As for asymmetric vortex, the disturbance
can strongly affect the whole vortex track
of 8own stream.The problems of the vortex
stabilization have still to be study fur-
ther.
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