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ABSTRACT

For studying the axial evolution of the flow around slender body
of revolution at high incidence under different conditions, numerical
simulations are performed. Based on the computational results, several
conclusions and deductions are obtained. When the flow is asymmetric
and whether the asymmetry is remarkable or not, downstream axially
it always presents itself in the structure of leeside vortices forming,
rising and shedding alternately from opposite sides of the body and
induces the sectional side force of waving sinusoidally. Based on the
idea of vortex dividing, a forming mode of shed and new leeside
vortices is put forward, which is composed of two idiographic
manners. The axial evolutions on the forming manner can be reduced
to three idiographic laws. The global asymmetry degree of the flow
lies on both the axial evolution law on the forming manner and the
intensity of leeside vortex. The influences of incidence, freestream
Mach number and nose-perturbation location on the axial evolution of
the asymmetric vortical flow are achieved as well.

Slender body of revolution; High-incidence aerodynamics;
Asymmetric vortical flow

INTRODUCTION

The flow around slender body of revolution at incidence has been
studied extensively for decades [1-6]. Since the flow is influenced
simultaneously by lots of factors, it may appear in a wide variety of
patterns and accordingly present distinct aerodynamic characteristics.
For fully understanding the complicated flow, lots of studies have been
carried out to study the influences of these factors [6-10].

With incidence increasing from 0° to 90°, the flow sequentially
appears in steady attached pattern (in low incidence range), steady
Symmetric Vortical Pattern (abbr., SVP, in middle incidence range),
steady Asymmetric Vortical Pattern (abbr., AVP, in high incidence
range) and unsteady vortical pattern (in extremely high incidence
range) [4,11]. For the steady AVP is most complicated, uncertain and
usually induces remarkable side force and yawing moment on the
body even under zero sideslip condition, the flow at high incidence
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has become one of the most significant objects in the research field of
aerodynamics.

With freestream Mach number increasing from zero, the global
asymmetry degree of the flow at high incidence increases firstly and
then decreases [2,7]. The most asymmetric flow appears under the
condition of subsonic freestream, and the asymmetry nearly vanishes
when freestream Mach number increases into the supersonic extent.

The flow at high incidence is highly sensitive to the perturbation
located near nose apex (such as unavoidable minute imperfections
produced in model machining) [9,10,12-14]. The nose perturbation
may be directly responsible for the generation of the flow asymmetry,
and it is just about the size and distribution randomness of nose-
perturbation that results in the flow uncertainty.

Besides, lots of studies on the influences of the other factors
(such as Reynolds number, nose configuration, etc.) have also been
performed [15-17], and much valuable information has been obtained
as well. Now, a question comes out naturally: are there any common
or similar characteristics among the flows under different conditions?
The primary objective of the current work is trying to answer it
numerically, and several productions are achieved.

NOMENCLATURE

C, = (p -p, )/ q , surface-pressure coefficient

C. = —(02“ p(0)sin Hde)/(Zq sin’ a), coefficient of sectional
side force

D Diameter of cylindrical afterbody

H Bump height

Hy = (V xV )~V , helicity density

LaLy  Lengths of cylindrical afterbody, ogive nose

Ly Distance between nose-bump forefront and nose apex

M, Freestream Mach number

D, P Surface pressure, freestream pressure

q = pwaz/Z , dynamic pressure
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Rep =U_Dsin a/v , Reynolds number

Us Freestream velocity

\% Velocity vector

a, apy  Incidence, minimal incidence for flow asymmetry forming
y Circumferential angle of bump

0 Azimuthal angle

v Kinematic viscosity

Poo Freestream density

THEORETICAL BACKGROUND

Governing Equations and Numerical Algorithms

The conservation equations of mass, momentum and energy can
be expressed generally in a conservative flux-vector form, which is
convenient for numerical computation, i.e.,

0.Q+0,(F+F)+0,(G+G)+0, (H+H,)=0 (1)
where the variables and flux vectors are well explained in Ref. [18].

A control-volume based method is employed to discretize the
governing equations. The convection terms are discretized spatially
with the MUSCL scheme, which can reduce numerical diffusions. The
diffusion terms are discretized spatially with the second-order central-
differencing scheme. The temporal discretization is implemented with
a second-order fully-implicit scheme, which is unconditionally stable
with respect to time-step size. For the flows of M,<0.2, the SIMPLE
algorithm is adopted to resolve the difficulty originated from the flow
incompressibility; for the flows of M.>0.2, the above governing
equations are solved simultaneously, and the Roe Flux-Difference
Scheme is adopted to split the convection terms.

Turbulence Model

The coefficients of viscosity and thermal conductivity in the
governing equations are given independently from auxiliary relations.
The coefficients of molecular viscosity and turbulent viscosity are
obtained respectively from the Sutherland’s law and the SST k-w
turbulence model [19], which is suitable to outer flows and is accurate,
reliable for both near-wall and far-field flow zones. The coefficient of
thermal conductivity is obtained as the viscosity coefficient is known
by assuming a constant Prandtl number. The discretization schemes
adopted here are similar to those for the above governing equations,
except that the convection terms are discretized spatially with a
modified QUICK scheme, which can reduce numerical diffusions and
is unconditionally stable.

Body Configurations and Computational Grids

The slender body of revolution consists of a 3D-long ogive nose
(i.e., Ly=3D) and a 7D-long or 20D-long cylindrical afterbody (i.e.,
La=7D or 20D). They are tangentially jointed. A single geometric
bump sketched in Fig. 1. is adopted to act as the nose perturbation,
which was employed typically [10,14,20,21]. For simulating the
minute imperfections lying objectively near nose apex of a physical
model more closely, the bump size is of the same order as the physical
surface roughness. The height is fixed at 0.0006D and 0.0009D
respectively.

The computational outer boundary extends 12D radially from
body surface and 10D (for subsonic flow) or 2D (for supersonic flow)
axially in front of body (sketched in Fig. 2.). The computational grid is
kept symmetric, aside from in a weeny zone around bump. The grid
extending completely around the body consists of 120 circumferential
planes. In each circumferential plane, the grid contains 60 radial points

between body surface and computational outer boundary, and 85 (for
La=7D) or 140 (for L,=20D) axial points between nose apex and body
rear. The circumferential grid planes are clustered properly in leeside
of the body to resolve the vortices. The radial grid points are clustered
properly near body surface to resolve the viscous layer. The minimal
radial grid spacing near body surface is fixed at 10°D to assure a
value of y*<5 and to have at least 20 radial grid points within the
viscous layer.
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FIGURE 1. SKETCH OF MINUTE NOSE BUMP AND
COORDINATE SYSTEM FOR DATA PROCESSING.
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FIGURE 2. SKETCH OF SOLUTION DOMAIN AND GRID:
(a) SUBSONIC FLOW, (b) SUPERSONIC FLOW.

Boundary Conditions and Initial Conditions

An adiabatic no-slip condition is maintained on the body surface.
Namely, all the velocity components on the body surface and the total
heat flux through the body surface are zero. A characteristic condition
is kept at the computational outer boundary: at the upstream, the
freestream values are specified; at the downstream, for the type of
governing equations changes with M., increasing from subsonic into
supersonic extent, the non-reflected condition is applied for subsonic
flows and the extrapolation condition is applied for supersonic flows
instead [22]. A periodic continuation condition is enforced at the
circumferential grid edges.

When performing a computation, the entire flowfield is initially
set to the freestream condition throughout the grid or to a previously
obtained one. A global-constant time step is employed for time-
dependent computation, and the solution is marched in time until a
quasi-steady flowfield is achieved.

COMPUTATIONAL RESULTS AND DISCUSSIONS

All computations are performed for o ranged from 25° to 60°, M,
ranged from 0.01 to 2.2 and Rep ranged from 6.8x10* to 1.5x10. In
addition, all computations are turbulent by respectively setting the
freestream turbulence intensity and turbulent viscosity ratio to 1.0%
and 1.0.
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Conventions for Data Processing

The right-handed coordinate system sketched in Fig. 1. is
adopted, where the origin is located at the nose apex, and the x axis is
aligned with the principal axis. The orientations of “left” and “right”
appearing below are defined with respect to plane z=0 as looking
along the positive x direction. The “symmetric” and “asymmetric” are
also defined with respect to plane z=0. Both £=0° and y=0° are fixed at
the windward sideline of the fore-and-aft symmetric plane of the body,
and their positive directions are both defined anticlockwise as looking
along the positive x direction.

Examinations of Computational Results

It has been validated in Ref. [14] that the numerical methods and
flow models adopted here are suitable for the current study and the
computational results are fairly reliable. Since the slender body has
two types of L,, several additional computations are performed to
examine the effect of L, on the computational results near forebody,
and a quantitative agreement (demonstrated in Fig. 3.) is achieved. It
indicates that the computational results obtained from different Las
can be united together to perform uniform study.
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FIGURE 3. EFFECT OF L, ON AXIAL EVOLUTION OF C,,
H=0.0006D, L=0.022D, y=90°, a=50°, M..=0.2, Rep=1.4x10°.

Typical Flow Patterns

All the flow patterns obtained here can be classified into two
quasi-steady types (except for micro-amplitude and high-frequency
unsteadiness in shear layer): SVP and AVP. As a<30°, the flow always
appears in SVP; as =300, the flow is likely to appear in AVP instead.
It indicates that aay is about 30° in the current work, which is
consistent with the previous results [7,8,23]. That’s to say, the high
incidence range starts at about 30° here.

On the premise of a=apy,, Without nose perturbation, the flow
always remains symmetric; when nose perturbation is appended, the
flow usually turns to remarkably asymmetric promptly; further as nose
perturbation is removed again, the flow returns to symmetric. It shows
that the flow is highly sensitive to the nose perturbation, which is in
good agreement with both the earlier experimental and numerical
results [9,10,13]. Thus it can be seen that two conditions are necessary
for the flow to appear in AVP: one is o=aay, and the other is proper
perturbations existing near nose apex.

When the flow appears in SVP, two nose vortices run almost
parallel to the body upper surface as growing downstream (illustrated
in Fig. 4. (a)). For convenience, the vortex forming on leeside of the
body due to the primary separation of boundary layer is named leeside
vortex, and further the two leeside vortices rooting near nose apex
(i.e., Vi1 and V) are named nose vortices. The symmetric structure
induces symmetric aerodynamic characteristics. The circumferential

distribution of C, at any axial location is approximately symmetric
(demonstrated in Fig. 5. (a)), and the sectional side force at any axial
location is almost zero (demonstrated in Fig. 6.).
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FIGURE 4. CONTOUR MAPS OF |Hy| [24], La=7D,
a=50°, M..=0.2, Rep=1.4x10°% (a) NO BUMP,
(b) H=0.0006D, L=0.006D, y=90°.
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FIGURE 5. CIRCUMFERENTIAL DISTRIBUTIONS OF C,,
LA=7D, a=50°, M..=0.2, Rep=1.4x10°% (a) NO BUMP,
(b) H=0.0006D, L=0.006D, y=90°.
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FIGURE 6. AXIAL EVOLUTIONS OF C,,
La=7D, a=50°, M..=0.2, ReD=1.4X106.

As the flow appears in remarkable AVP, it is obvious that it shows
itself in the structure of leeside vortices forming, rising and shedding
alternately from opposite sides of the slender body downstream axially
(illustrated in Fig. 4. (b)) and induces remarkably lateral aerodynamic
characteristics (illustrated in Fig. 5. (b) and 6.).
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FIGURE 7. CONTOUR MAPS OF |Hq| AT x/D=2.0/4.0/6.0/8.0/10.0 AT DIFFERENT aS, L,=20D, H=0.0006D,
L=0.022D, y=90°, M..=0.2: (a) a=38°, Rep=2.7x10°, (b) a=50°, Rep=3.3x10°, (c) a=60°, Rep=3.8x10°.
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FIGURE 8. CONTOUR MAPS OF [Hy| AT x/D=1.0/3.0/5.0/7.0/9.0 UNDER DIFFERENT M..S, L,=7D, H=0.0006D, y=90°, a=50°:

(a) L=0.022D, M.=0.2, Rep=1.4x10°, (b) L;=0.022D, M.=0.6, Rep=4.1x10%, (c) L=0.014D, M.=1.2, Rep=8.1x10°.

FIGURE 9. CONTOUR MAPS OF |H,| UNDER DIFFERENT PERTURBATION CONDITIONS, La=7D, y=90°, a=50°,
M.=0.2, Rep=1.4x10°% (a) H=0.0006D, L=0.006D, (b) H=0.0006D, L=0.022D, (c) H=0.0009D, L=0.009D.

For the inducement of leeside vortex on body surface mainly lies
on its intensity and distance away from body surface, variational
intensity and/or variational distance lead to variational inducement and
further variational negative pressure on body surface [25]: with leeside
vortex intensifying and/or the distance decreasing, the inducement
strengthens and further the negative pressure increases. Therefore,
when V| rises firstly downstream axially, its inducement weakens and
further the negative pressure on body surface of left side decreases
(illustrated in Fig. 5. (b)); at the same time, for Vg, keeps close to
body surface, its inducement strengthens a little due to its intensity
increasing, and further the negative pressure on body surface of right
side increases a little. It is just about the negative-pressure difference
on opposite sides that leads to the generation of sectional side force
(illustrated in Fig. 6.). Downstream axially, along with leeside vortices
forming, rising and shedding alternately from opposite sides of the
body, the difference sign of negative pressure on opposite sides is
alternate, and consequently the sectional side force waves sinusoidally.

Axial Evolution of Asymmetric Vortical Flow

The asymmetric flow pattern at high incidence is influenced by
many factors, so with flow conditions changing, it is uncertain and
may be quite different from the remarkable AVP presented above.

However, several common or similar characteristics among the flows
under different conditions are observed. It is deduced from the flow
structures obtained numerically here (such as illustrated in Fig. 7. to
9.) that, as long as the flow appears in AVP and whether the
asymmetry is remarkable or not, downstream axially it always
presents itself in the structure of leeside vortices forming, rising and
shedding alternately from opposite sides of the body.
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FIGURE 10. AXIAL EVOLUTIONS OF C,AT DIFFERENT asS,
LA=20D, H=0.0006D, L=0.022D, y=90°, M..=0.2.

Copyright © 2010 by ASME



2.0

(a) ¢ M.=0.1, Rep=6.8x10°
0 M=0.2, Rep=1.4x10°
& M.=0.4, Rep=2.7x10°

0.6, Rep=4.1x10°
M.=0.8, Rep=5.4x10°

-2.0
xID

0.2 (b) © M.=0.8, Rep=5.4x10°

0 M.=1.0, Rep=6.8x10°

& M,=12, Rep=8.1x10°

0.1 % Mu=1.4, Rep=9.5x10°
O 0

g

-0.1
-0.2

xID

FIGURE 11. AXIAL EVOLUTIONS OF C, UNDER DIFFERENT
M..S, Lo=7D, H=0.0006D, L=0.022D, y=90°, a=50°:
(a) M.<0.8, (b) M..>0.8.
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FIGURE 12. AXIAL EVOLUTIONS OF C, UNDER DIFFERENT
LS, La=7D, H=0.0006D, y=90°, a=50°, M..=0.2, Rep=1.4x10°:
(a) L<0.00867D, (b) L>0.00867D.
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FIGURE 13. AXIAL EVOLUTIONS OF C, UNDER DIFFERENT yS, L,=7D, H=0.0006D, a=50°, M..=0.2, Rep=1.4x10°:
(a) L=0.006D, (b) L=0.022D.

Maybe under some conditions, it is hard to distinguish such a
structure (such as illustrated in Fig. 9. (c)), while the structure can still
be inferred from the axial evolution of C.. When the flow appears in
AVP and whether the asymmetry is remarkable or not, C, always
waves sinusoidally downstream axially (such as illustrated in Fig. 10.
to 13.). As is discussed above, such a situation is just an image of the
flow structure that leeside vortices form, rise and shed alternately from
opposite sides of the body downstream axially.

However, it should be accepted that there are notable differences
among the flows under different conditions. For example, the axial
pace of leeside vortices forming, rising, shedding as well as the size of
shed vortex is different obviously (demonstrated in Fig. 7. to 9.); the
axial phase as well as the amplitude of C, waving is naturally different
obviously (demonstrated in Fig. 10. to 13.). Why on earth do these
differences exist? For answering it, the forming mode of shed and new
leeside vortices is to be discussed firstly.

Forming Mode of Shed and New Leeside Vortices

How on earth do shed and new leeside vortices form in the
asymmetric flow around slender body of revolution at high incidence?
Based on the computational results obtained in the current work, an
opinion founded on the idea of vortex dividing is advanced. It includes
two idiographic manners: (1) secondary vortex extruding and dividing
primary vortex on same side; (2) lower-lying vortex extruding and
dividing higher-lying vortex on opposite side. In AVP, there is always
a pair of leeside vortices attaching body surface at any cross section.
For convenience, the one staying farther away from body surface is
named higher-lying vortex (such as Vg; at x/D=4.0 in Fig. 4. (b)) and
the other is named lower-lying vortex (such as V|, at x/D=4.0 in Fig.
4. (b)). Two examples are taken here to respectively explain these two
idiographic manners: Ex.1 — L,=20D, H=0.0006D, L{=0.022D, y=90°,
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a=50°, M,=0.2, Rep=3.3x10°% Ex.2 - La=20D, H=0.0006D,
L=0.022D, y=90°, a=38°, M.,=0.2, Re;,=2.7x10°.

Secondary Vortex Dividing Primary Vortex on
Same Side Ex.1 is used here. Downstream axially, nose vortices
V1 and Vg, induce secondary separations to form secondary vortices
Vs and Vs respectively; with Vs, Vgs expanding and intensifying
by degrees, Vi, and VR, are respectively extruded and divided into
two parts (illustrated in Fig. 14.). For convenience, the above parts are
denoted with the symbols for the original primary vortices and the
lower parts are denoted with V1, Vgr respectively. With Vr; keeping
rising, the separated shear layer doesn’t provide vorticity for Vg, any
more, and Vg, goes on rising to become the first shed vortex;
subsequently, the downstream separated shear layer on the right side
begins to convolute around Vgr to form the new leeside vortex Vg,.
Hereto, V1 becomes the new higher-lying vortex and Vg, grows into
the new lower-lying vortex. For convenience, this manner is named
Manner A. It is obvious that the secondary separation is a necessary
condition for Manner A. It can be seen that vortices V1 and Vgr are
just the tertiary vortices advanced by Wang et al. [26], and Manner A
is in accord with the experimental phenomenon that tertiary vortex
evolves to form new leeside vortex.

FIGURE 14. CONTOUR MAPS OF |Hy|, La=20D, H=0.0006D,
L=0.022D, y=90°, a=50°, M..=0.2, Rep=3.3x10°.

Lower-Lying Vortex Dividing Higher-Lying Vortex
on Opposite Side Ex. 2 is used here. Downstream axially, with
V1 and Vg, intensifying, they also induce secondary separations to
form secondary vortices Vs, Vgs respectively. With V s and Vgs
expanding and intensifying, V1 and Vg, are also extruded and divided
into two parts respectively (illustrated in Fig. 15.). While in this case,
the formation of shed vortex Vg, has nearly nothing to do with the
secondary and tertiary vortices, which is distinct from the instance
discussed above. That’s to say, the secondary separation is not a
necessary condition for Manner B.

FIGURE 15. CONTOUR MAPS OF |Hy|, Lo=20D, H=0.0006D,
L=0.022D, y=90°, a=38°, M..=0.2, Rep=2.7x10°.
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FIGURE 16. INDUCEMENTS OF LEESIDE VORTICES [25]:
(a) ASYMMETRIC TWO LEESIDE VORTICES,
(b) ASYMMETRIC THREE LEESIDE VORTICES.

Downstream axially, with Vg, rising, for the lateral component of
the inducement velocity of Vg, on V; directs right (i.e., [Vre|Sind;
illustrated in Fig. 16. (a)), V1 begins to shift right and extrude Vg, in
the middle. After developing in the axial extent of SVP near nose
apeX, V1 has expanded and intensified a lot when Vg, begins to rise
(illustrated in Fig. 7. (a)), so the position of V| ; extruding Vg, is
higher and the inducement of V; on Vg, is relatively strong. At the
same time, for the upright component of the inducement velocity of
Vi1 on Vg (i.e., |Vig|cosd;) directs downwards, the rise of Vg is
restrained. It can be seen from Fig. 15. that Vg, just rises a little. The
lesser height difference between V| ; and Vg, means that d; is lesser
and |V g|cosd; is biggish, so the rise of Vg, is restrained strongly.
Simultaneously, for the directions of |V g|cosd; and the “entrainment”
of mainstream are contrary and Vg, is extruded by V , from side at a
higher position, Vg, elongates (along y direction) by degrees. In the
course of Vg, rising slowly and elongating by degrees, V|, also rises
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gradually. With V; expanding, intensifying and shifting right further,
its extrusion on Vg, strengthens further. Since the vorticity signs of
V| and Vg, are contrary, when the extrusion of V| ; on Vg; reaches a
certain extent, Vr; is divided into two parts: the above part doesn’t
absorb vorticity any more and goes on rising to become the first shed
vortex Vg (i.e., denoted with the symbol for the original primary
vortex); the lower part keeps on absorbing vorticity from separated
shear layer to grow into the new leeside vortex Vg,. Hereto, V
becomes the new higher-lying vortex, and Vg, grows into the new
lower-lying vortex. For convenience, it is named Manner B, and the
proportions of the vorticity above and below the dividing point to the
whole vorticity of the original higher-lying vortex are signed with r,,
and r,q respectively. Under different conditions, as the shed and new
leeside vortices are formed with Manner B, r,,, and r,4 are variational.

Axial Evolution on Forming Manner of Shed and New
Leeside Vortices

It can be inferred that, when higher-lying vortex is too weak to
induce secondary separation or the induced secondary vortex is too
weak, the shed and new leeside vortices can just be formed with
Manner B. Besides, as the height difference between higher-lying and
lower-lying vortices is lesser, the shed and new leeside vortices are
also usually formed with Manner B: for lower-lying vortex has strong
restraint on higher-lying vortex rising, the higher-lying vortex can just
rise a little and keeps absorbing vorticity from separated shear layer;
simultaneously, for lower-lying vortex has strong extrusion and
division effect on higher-lying vortex and lastly divides higher-lying
vortex into two parts. When shed and new leeside vortices are formed
with Manner B, the less the height difference is, the smaller r, is and
the bigger r,qis, further the weaker the shed vortex is and the more
intensive the new lower-lying vortex is initially. Contrarily, when the
height difference is biggish, the shed and new leeside vortices are
usually formed with Manner A instead.

The asymmetric structures of leeside vortices forming, rising and
shedding alternately from opposite sides of the body downstream
axially are all implemented with the combinations of Manner A and B.
For example, the asymmetric structure of Ex.1 is implemented with
the combination A-A-B-B-B, while the asymmetric structure of Ex.2 is
implemented with the combination B-A-B-B-B instead. Why on earth
are the asymmetric structures under different conditions implemented
with different combinations of Manner A and B?

The upright components of inducement velocities of lower-lying
and shed vortices on higher-lying vortex both direct downwards (such
as |VgL'|cosds, [Vr|cosd; illustrated in Fig. 16. (b)), and they restrain
the rise of higher-lying vortex obviously; while the higher-lying vortex
can still rise by degrees. It indicates that the “entrainment” of the
mainstream is decisive to the rise of leeside vortex, which is consistent
with the experimental phenomenon that the locomotion trails of all
shed vortices went to the mainstream direction lastly [25]. That’s to
say, though the upright components of inducement velocities of
higher-lying and shed vortices on lower-lying vortex both direct
downwards (such as |V g'|cosds, [VrR'|cOSd,), the lower-lying vortex
can still rise (demonstrated in Fig. 14. and 15.). Downstream axially,
with the distances between shed and lower-lying vortices increasing
one by one and leeside vortices weakening one by one, the downward
components of inducements of shed and higher-lying vortices on
lower-lying vortices decrease one by one, so the restraints on lower-
lying vortices rising weakens one by one and further the rising scopes
of lower-lying vortices have the trend of increasing one by one, which
means that the height differences between higher-lying and lower-
lying vortices have the trend of decreasing one by one. As a result,

downstream axially, the forming manners of shed and new leeside
vortices have the trend of transforming from A to B or r,,,s minishing
one bye one, which is the first type of trend here.

It can be inferred from the asymmetric structure of Ex. 2 that,
downstream axially, if there is an obvious axial extent of SVP existing
near nose apex, the first shed and new leeside vortices will be formed
with Manner B; the longer the axial extent of SVP is, the bigger and
the more intensive the lower-lying vortex is at the beginning of flow
asymmetry appearing, so the higher the position of lower-lying vortex
dividing higher-lying vortex is, and the smaller r,, is when the first
shed and new leeside vortices are formed. Downstream axially,
through the regulation of the forming process of the first shed and new
leeside vortices, the influence of the axial extent of SVP near nose
apex on the forming manners of downstream shed and new leeside
vortices weakens, and the forming manners of downstream shed and
new leeside vortices have the trend of transforming to Manner A,
which is the second type of trend here. The bigger r,,, is when the first
shed and new leeside vortices are formed, the more possibly the
downstream shed and new leeside vortices are formed with Manner A.

Thus, the axial evolution on forming manner of shed and new
leeside vortices is influenced simultaneously by the above two distinct
types of trends. If there is no obvious axial extent of SVP existing near
nose apex (such as Ex. 1), the first shed and new leeside vortices will
be formed with Manner A, and the forming manners of downstream
shed and new leeside vortices will transform from A to B (r,,s in Bs
will decrease one by one). While if there is an obvious axial extent of
SVP existing near nose apex, the first shed and new leeside vortices
will be formed with Manner B, and the axial evolution on forming
manner of downstream shed and new leeside vortices will have two
possibilities: (1) as the obvious axial extent of SVP is lesser (such as
Ex.2), the forming manners will transform to A firstly (r,,S in Bs
maybe will increase one by one firstly) and then back to B (r,,.S in Bs
will decrease one by one); (2) as the obvious axial extent of SVP is
biggish (such as illustrated in Fig. 9. (c)), all the shed and new leeside
vortices will be formed with Manner B (r,,,s in Bs will increase firstly
and then decrease one by one). The first type of trend is the nature of
the flow, while the second type lies on the obvious axial extent of SVP
near nose apex, so the axial evolution on forming manner of shed and
new leeside vortices mainly lies on whether the obvious axial extent of
SVP near nose apex exists and how long it is. It can be drawn that with
the obvious axial extent of SVP near nose apex elongating from zero
by degrees, the axial evolution on forming manner of shed and new
leeside vortices will sequentially appear in: (1) law x — from Manner
A to B gradually (r,,s in Bs will decrease one by one); (2) law A —
from Manner B to A firstly (r,,s in Bs maybe will increase one by one
firstly) and then back to B (r,.S in Bs will decrease one by one); (3)
law y — Manner B all through (r,.S in Bs will increase firstly and
then decrease one by one).

Correlations between Aerodynamic Characteristics
and Flow Structures

Since secondary and tertiary vortices are much smaller and
weaker than primary vortices, their influences on the aerodynamic
characteristics are usually ignored [25].

Distribution of Sectional-Side-Force Extremum It
was usually considered that the sectional side force of waving
sinusoidally always reached an extremum downstream axially just as a
shed vortex was formed [3]. Namely, an extremum point was just
corresponding to a vortex-shedding point. While distinct phenomenon
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has been observed in the current work: downstream axially, the
formation of C.e, (i=1, 2, 3, -+, the ith extremum of sectional-side-
force coefficient) always lags behind the formation of the ith shed
vortex (demonstrated in Fig. 17.), which is consistent with the
experimental results in Ref. [25]. That’s to say, downstream axially,
the flow asymmetry will keep on increasing after a vortex shedding
fresh. Why on earth does the phenomenon happen?

12+  Extremum point
X a=38°, Rep=2.7x10°
10+ 0 a=50°, Rep=3.3x10° o
A g=60°, Rep=3.8x10° " -~
8t ,/ - a
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. , _ — 0=60° Rep=3.8x10°

0 1 2 3 4

FIGURE 17. AXIAL DISTRIBUTIONS OF C,exrS
AND VORTEX-SHEDDING POINTS, L,=20D,
H=0.0006D, L=0.022D, y=90°, M..=0.2.
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FIGURE 18. FORMING PROCEDURE OF C,ey1, L4=20D,
H=0.0006D, L=0.022D, y=90°, a=50°, M..=0.2, Rep=3.3x10°:
(a) CONTOUR MAPS OF |Hy|, (b) CIRCUMFERENTIAL
DISTRIBUTIONS OF C,.

C.exir1 OF EX.1 is taken here to present the forming procedure of a
C.exr (illustrated in Fig. 18.). Downstream with Vg, rising firstly, the
negative pressure on body surface of right side begins to decrease. The
emergence of the negative-pressure difference between opposite sides
leads to the generation of a non-zero C., which directs towards the side
of lower-lying vortex V4 (illustrated in Fig. 10.). With Vr, keeping on
rising, the height difference between Vg; and V|, increases, which
leads the negative-pressure difference to increase, so C, increases. At
about x/D=1.3, the first shed vortex Vg, and new leeside vortex Vg,
are formed with Manner A. With Vg, rising further, its inducement on
body surface weakens further; with Vg, intensifying due to absorbing

vorticity from separated shear layer, its inducement on body surface
strengthens. At the beginning, the strengthening scope of inducement
on body surface due to Vg, intensifying can not compensate the
weakening scope due to Vg, rising further, so the negative pressure on
body surface of right side decreases further; simultaneously, though
V1 has begun to rise, the strengthening scope of its inducement on
body surface due to intensifying is high enough to compensate the
weakening scope due to rising, so the total inducement of V,; on body
surface keeps strengthening and the negative pressure on body surface
of left side keeps increasing. As a result, the negative-pressure
difference increases further and C, goes on increasing.

Downstream axially further, with Vg, keeping absorbing vorticity
to intensify, the strengthening scope of its inducement on body surface
gradually approaches, reaches and lastly exceeds the weakening scope
due to Vg, rising up further (in the course, the inducement of Vg,
becomes secondary), and the negative pressure on body surface of
right side turns from decreasing to increasing; at the same time, with
V rising up further, the weakening scope of its inducement on body
surface duo to rising gradually approaches, reaches and lastly exceeds
the strengthening scope due to intensifying, so the negative pressure
on body surface of left side turns from increasing to decreasing. Thus,
the difference of negative pressure turns from increasing to decreasing
gradually. In the course, C.exy is formed at about x/D=2.8 axially.

Thus it can be seen that the reason for flow asymmetry keeping
increasing downstream after a vortex shedding fresh includes two
aspects, in the beginning period of a shed vortex forming: (1) the
strengthening scope of inducement on body surface due to new leeside
vortex intensifying can still not compensate the weakening scope due
to shed vortex keeping rising, so the negative pressure on body surface
of shed-vortex side decreases further; (2) the strengthening scope of
inducement on body surface due to higher-lying vortex intensifying is
higher than the weakening scope due to rising further, so the negative
pressure on body surface of the opposite side of shed vortex increases
further. That’s to say, in the beginning period of a shed vortex forming,
the negative pressure on body surface of the side where the negative
pressure is higher will increase further, while the negative pressure on
body surface of the side where the negative pressure is lower will
decrease further, so the negative-pressure difference between opposite
sides will increase and naturally C, will increase further. This is the
main reason for that the formation of C..,; always lags behind the
formation of the ith shed vortex downstream axially.

Magnitude of Sectional-Side-Force Extremum The
magnitude order of C.es distributed downstream axially is uncertain:
when a=50° and 60°, |C.extr1|>|Ceextro|>| Czextral; however, when a=38°,
|Czextr1|<|Czextr2| and |Czextr2|>|Czextr3| instead (iIIustrated in Flg 10)
Since the aerodynamic characteristics are the exterior reflections of
the flow structure, for mastering the magnitude order, the study should
also be started from analyzing the flow structure.

It can be considered that Manner A is a special case of Manner B,
where r,4=0, so these two manners can be discussed uniformly with
Manner B. The higher the position of lower-lying vortex dividing
higher-lying vortex is, the smaller r,, is, the lower the weakening
scope of inducement on body surface is due to shed vortex rising, the
smaller the loss of negative pressure on body surface of shed-vortex
side is; simultaneously, higher position of lower-lying vortex dividing
higher-lying vortex indicates that the rising scope of lower-lying
vortex is higher, so the restraint on the strengthening scope of
inducement on body surface due to lower-lying vortex intensifying is
stronger and the increase scope of negative pressure on body surface
of lower-lying-vortex side is smaller. Thus it can be seen that the
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higher the position of lower-lying vortex dividing higher-lying vortex
is, the smaller the negative-pressure difference between opposite sides
is in the course of shed and new leeside vortices forming, the smaller
the magnitude of C.ey is. In addition, the magnitude of C.ey is also
impacted by the intensity of leeside vortices: the weaker the leeside
vortices are, the smaller the possible biggest magnitude of C.ey iS.
Downstream, for leeside vortices always weaken one by one, from the
aspect of leeside-vortex intensity, the magnitudes of C.,S have the
trend of decreasing one by one. It means that the uncertainty of the
magnitude order of C.eS distributed downstream mainly lies on the
uncertainty of the heights of lower-lying vortex dividing higher-lying
vortex in the axial evolution of the asymmetric vortical structure.

When the axial evolution on forming manner of shed and new
leeside vortices appears in law ¥, the positions of lower-lying vortex
dividing higher-lying vortex heighten one by one downstream, so from
both the aspects of the height of vortex dividing and the vortex
intensity, the magnitudes of C.eS Will decrease one by one. Ex.1 is
such a case (demonstrated in Fig. 10.). While the axial evolution
appears in law A or p, the positions of lower-lying vortex dividing
higher-lying vortex lower firstly and then heighten downstream, and
thus the magnitude order of C..S is uncertain. For example, in Ex.2,
in the course of C.q forming, for the position of V|, dividing Vg, is
higher (illustrated in Fig. 15.), though the vortices are stronger, the
magnitude of C.eyyq is Still smaller; in the course of C.eyyr, forming, for
the position of Vg, dividing V| ; lowers obviously, though the vortices
are weaker, the magnitude of C.eyr Still grows larger; downstream
further, in the course of downstream extrema forming, for both leeside
vortices weaken and the positions of lower-lying vortex extruding and
dividing higher-lying vortex heighten one by one, the magnitudes of
downstream extrema minish one by one.

Thus it can be seen that, for neighbor C.exr; and Coexirs1) the
magnitude of C.exu+1y i smaller doubtless from the aspect of vortex
intensity. At the same time, if the position of lower-lying vortex
dividing higher-lying vortex heightens downstream, the magnitude of
Cexri+1) IS also smaller from the aspect of vortex dividing, so it is sure
that the magnitude of C.exy(+1y is smaller; however, if the position
lowers downstream, the magnitude of C.exu(+1) i larger from the aspect
of vortex dividing instead, so the relative magnitude between C.ey;
and C.expr(+1) IS uncertain and mainly lies on the relative magnitude
between the decrease scope of C, due to leeside vortices weakening
and the increase scope due to the position of lower-lying vortex
dividing higher-lying vortex lowering: if the former is lager, the
magnitude of C.exu+1) is smaller; if the latter is larger, the magnitude
Of Ceexri+1) IS larger instead.

In sum, it can be drawn that: (1) relatively to induced by the case
of shed and new leeside vortices formed with Manner A, the
asymmetry induced by the case of formed with Manner B is weaker,
and with r,, decreasing, the asymmetry decreases; (2) with the axial
evolution on forming manner of shed and new leeside vortices
transforming from law X to A and then to y, the global flow asymmetry
decreases; viz., with the obvious axial extent of SVP near nose apex
elongating from zero, the global flow asymmetry decreases.

It should be supplied that the global flow asymmetry will not
increase infinitely. The asymmetry degree lies on both the height of
lower-lying vortex dividing higher-lying vortex and vortex intensity:
with the height lowering and/or vortex intensifying, the asymmetry
strengthens. So with the obvious axial extent of SVP near nose apex
shortening and vanishing lastly: (1) the height decreases by degrees,
and the flow asymmetry has the trend of increasing; (2) the axial pace
of leeside vortices forming, rising and shedding alternately from
opposite sides of the body downstream quickens, and the axial extent

of leeside vortices intensifying through absorbing vorticity from
separated shear layer shortens, so the flow asymmetry has the trend of
decreasing. Namely, the above two distinct trends in one course insure
that the flow asymmetry will not increase infinitely and will reach a
saturation state under a special balance between these two trends,
which is consistent with previous experimental phenomena [9,12,13].

Influences of Factors on Axial Evolution of
Asymmetric Vortical Flow

Incidence With a increasing from aay, the obvious axial extent
of SVP near nose apex shortens by degrees and vanishes lastly, so the
axial evolution on forming manner of shed and new leeside vortices
appears in law p, A and X sequentially and the global flow asymmetry
strengthens gradually (demonstrated in Fig. 7. and 10.).

Freestream Mach Number With M., increasing, the flow
sequentially appears in subsonic, transonic and supersonic patterns. As
the flowfield is completely subsonic, M, is subcritical; otherwise, M,
is supercritical. In the current work, the critical value is in between 0.4
and 0.5.

With M, increasing gradually in the subcritical extent, the
obvious axial extent of SVP near nose apex shortens by degrees and
vanishes lastly, so the axial evolution on forming manner of shed and
new leeside vortices sequentially appears in law y, A, X and the global
flow asymmetry strengthens gradually (demonstrated in Fig. 11.).

When M,, increasing into the supercritical extent and increasing
further, the obvious axial extent of SVP near nose apex comes into
being afresh and elongates gradually, so the axial evolution on forming
manner of shed and new leeside vortices transforms back from law x
to A and then to p. When M, is larger than 0.8, r,,s in law p have
become very minute (illustrated in Fig. 8. (c)). In the course, the
global flow asymmetry weakens gradually and becomes very weak
when M, is larger than 1.2 (demonstrated in Fig. 11.).

Nose-Perturbation Location With nose perturbation
shifting closer to both circumferential and axial critical locations [14]
or farther away from nose apex gradually, the obvious axial extent of
SVP near nose apex elongates from zero by degrees, so the axial
evolution on form manner of shed and new leeside vortices
sequentially appears in law X, A, p and the global flow asymmetry
weakens gradually (demonstrated in Fig. 12. and 13.).

CONCLUSIONS

A numerical study is performed to investigate the axial evolution
of the flow around slender body of revolution at high incidence under
different conditions. Based on the computational results and the
correlative qualitative analysis, several conclusions as well as
deductions are achieved.

(1) When the flow appears in AVP and whether the asymmetry
is remarkable or not, it always presents itself in the structure of leeside
vortices forming, rising and shedding alternately from opposite sides
of the body downstream axially, and always induces the sectional side
force of waving sinusoidally.

(2) A forming mode of shed and new leeside vortices is put
forward. It is composed of two idiographic manners: Manner A —
secondary vortex extruding and dividing primary vortex on same side;
Manner B — lower-lying vortex extruding and dividing higher-lying
vortex on opposite side.
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(3) All the asymmetric vortical flows are implemented with the
combinations of Manner A and B. With the obvious axial extent of
SVP near nose apex elongating from zero, the axial evolution on
forming manner of shed and new leeside vortices sequentially appears
in: law x — from Manner A to B; law A — from Manner B to A firstly
and then back to B; law y — Manner B all through.

(4) Downstream axially, the formation of C.y; always lags
behind the formation of the ith shed vortex. The extremum magnitude
lies on both the height of lower-lying vortex dividing higher-lying
vortex on opposite side and vortex intensity. With the obvious axial
extent of SVP near nose apex elongating from zero, the global flow
asymmetry weakens gradually.

(5) With a increasing from aa, Or M, increasing in subcritical
extent by degrees, the obvious axial extent of SVP near nose apex
shortens and vanishes lastly, so the axial evolution on forming manner
of shed and new leeside vortices sequentially appears in law p, A, X
and the global flow asymmetry strengthens gradually; with A,
increasing in supercritical extent, nose perturbation shifting closer to
both axial and circumferential critical locations or farther away from
nose apex, the variation directions of both flow structures and
aerodynamic characteristics are converse.

These conclusions as well deductions can provide elicitation and
reference for the future study on the asymmetric flow around slender
body of revolution at high incidence. Accordingly, for enhancing the
reliability and persuasion, it is necessary for the future to validate
them further with numerical results from higher accuracy approaches
(such as LES), experimental results and quantitative analysis.
Additionally, in order to verify their universality, further studies
should be carried out for the flows in more situations.
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