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Recently, large efforts were directed to numerical simulations of high-incidence flows around slender bodies of
revolution to gain more insight into the problem of flow asymmetry. One of the significant advantages in using
numerical simulation to investigate these flows is the ability to obtain a disturbance-free base solution. This base
solution can then be perturbed for parametric studies of controlled disturbances. The experimentally observed
asymmetric flow is numerically simulated by the introduction of a simulated disturbance (bump) placed near the
body apex. A series of asymmetric flows over an ogive cylinder at a high angle of attack is computed by systematically
varying the bump size. The results reproduce the experimentally observed effect of nose imperfections on flow
asymmetry and are used to demonstrate the role of the sectional side force variation along the body. Analysis of
the numerical results and the correlation between the disturbances and the asymmetrlc flow point to a convective

instability mechanism as the origin of flow asymmetry

Introduction

HEN a slender body of revolution is placed at a high angle
of attack (typically an angle between 30 and 50 deg), the
flow around it becomes asymmetric, and the body experiences a
side force and a yawing moment.'~3 The flow asymmetry is chat-
acterized by asymmetric pairs of vortices that curve away from the
body from alternate sides and ultimately virtually align themselves
with the freestream direction. The flow in this regime is highly sensi-
tive to small disturbances, including infinitesimal surface roughness
around the nose as well as disturbances originating in the freestream.
Experimental results also show that the asymmetry is highly depen-
dent on the roll angle of the model relative to the oncoming flow.!4—#
The phenomenon of asymmetric flow around slender bodies of
revolution at high incidence has been known to exist since the early
1950s. It was first brought to light in two reports by Allen and
Perkins.> 10 Analysis of the flow-visualization experiments that they
conducted led them to propose a model for the flow. According
to the model, which has come to be known as the impulsive flow
analogy, the development of the crossflow with distance along the
body behaves in a similar way to the development with time of the
flow around a two-dimensional circular cylinder after it is impul-
sively started from rest. On that basis, Allen and Perkins were led
to postulate the existence of a stationary asymmetric flow around
long inclined bodies of revolution. Thomson and Morrison!! were
able to interpret schlieren photographs of high-angle-of-attack flows
by an application of the model. The vortical structure that emerged
from use of the model was consistent with the photographs, i.e., vor-
tices that curve away from the body from alternate sides and move
downstream at a small angle to the freestream direction.
Later results from investigations of flows around ogive-cylinder
bodies conducted by Hunt and Dexter* and Dexter and Hunt® re-
vealed that the pattern of vortices that detach from the body and
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curve away from alternate sides results in a lengthwise-periodic
distribution of the sectional side force that similarly alternates in
sign. By conducting simultaneous flow visualization and force mea-
surements they were able to show that the sectional side force is
directed toward the side containing the vortex that lies closer to the
body (because of the larger suction that it generates). The sectional
normal-force distribution along the body is also lengthwise peri-
odic but is single signed and has smaller amplitudes and a higher
frequency.

The first successful numerical simulation of fully three-
dimensional asymmetric flows was achieved by Degani'*!* and
Degani and Schiff.* Their study, aimed at revealing-the origin of
flow asymmetry, pointed to the necessity of maintaining a fixed
asymmetric disturbance to sustain the flow asymmetry. Based on
the observation that removal of the disturbance allowed the flow
to return to the undisturbed symmetric state, Degani'>1* suggested
that there is a flow regime (roughly between ¢ = 30 and 50 deg)
where the asymmetry is the result of a convective instability mech-
anism. (Numerical simulations obtained on the basis of a conical
flow assumption'>1¢ show that asymmetric conical solutions can be
obtained without fixed perturbations. These results are consistent
with the presence of an absolute instability mechanism. The authors
believe that the conical assumption, by eliminating one coordinate
direction, eliminates the possibility of convective instability mech--
anism coming into play and forces the occurrence of the absolute
mstablhty mechanism.)

The results of the numerical simulations prcsented by Degani'>13
were the initial motivation for an extensive experimental investi-
gation that was conducted by Zilliac et al.® Side force variations
with role angle position were measured at angles of attack rang-
ing from & = 20 to 90 deg. The experimental results showed that
as the angle of attack is changed between 30 < o < 50 deg, the
side force response to roll angle position changes from a continuous
periodic function (with growing amplitudes) to an almost discontin-
uous square-wave variation, known as a bistable variation. Another
interesting revelation made by Zilliac et al. was the effect of dust
particles on the side force variation. They found that the trends of
the side force response to roll angle position could change over
time. Dust particles that had coated the nose caused a change that
was overturned by cleaning the nose. This was another indication
of how sensitive these flows are to nose imperfections.

Experimental studies conducted by Degani and Tobak!”!® and
Williams and Bernhardt!® suggest that the stationary asymmetric
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flows are a result of a convective instability mechanism in this
regime of the flow. They have shown experimentally that a small
symmetry-breaking disturbance, acting on the body’s surface near
the tip, is sufficient to excite an asymmetric flow component that
vanishes when the disturbance is removed. In a more recent ex-
periment, Degani and Tobak® reproduced this type of behavior by
disturbing the flow upstream of the body, providing additional evi-
dence of the existence of a convective instability mechanism.

In a computational study paralleling the experimental ef-
fort,'1%-2® Degani and Levy?! used a time-marching thin-layer
Navier-Stokes code and a simulated disturbance (a bump) placed

near the body apex in an attempt to numerically simulate the

particular asymmetric turbulent flows experimentally observed by
Lamont.® After a systematic variation of the bump height revealed
the one most representative of the net effect of nose roughness for
each of the roll angle orientation in Lamont’s experiment,® it was
found possible to achieve a quantitative agreement between the nu-
merical and experlmental results.

The favorable comparisons reported in Ref. 21 suggested that it
might be possible to systematically study the effect of disturbance
height on the resulting asymmetric flow. Such a study is the sub-
ject of this paper. Computations are carried out about a 3.5 caliber
tangent ogive-cylinder body with an overall length-to-diameter ra-
tio of 7.5. A model having this geometry was extensively tested by
Lamont® in the NASA Ames Research Center 12-ft pressure wind
tunnel, and detailed surface pressure distributions were obtained at
Reynolds numbers ranging from Rep. = 2.0 x 10° to 4.0 x 105 and
angles of attack ranging from o = 20 to 90 deg. The time-marching
thin-layer Navier—Stokes code .is utilized to compute a series of
subsonic turbulent flows over an ogive cylinder for the flow condi-
tions: M, = 0.28, angle of attack o = 40 deg, and Reynolds number
Rep = 3.0 x 10 Each numerical solution of the series corresponds
to adifferent bump height. The series of solutions provides the means
to systematically study the effect of nose imperfections on asym-
metric flows. A well-defined progression of the flow asymmetry as
a function of the bump height is demonstrated. The quantitative and
qualitative agreements between the computational and experimental
results show that the wide variety of physical phenomena observed
in the experiments could be captured by using a suitable algorithm
and a single disturbance. Results confirm the correlation between
the vortical structure and the variation of sectional side force coef-
ficient along the body that was observed by Hunt and Dexter* and
Dexter and Hunt.’

Theoretical Background

The equations governing fluid flow are derived from the laws of
conservation of mass, momentum, and energy. The set of five par-
" tial differential equations is known as the Navier—Stokes equations
and can be represented in a conservation law form that is conve-
nient for numerical simulations. Written in body-fitting curvilinear
coordinates, these equations take the form

0.0+ E-E)+a,(F-F)+8,G-6)=0 ()

where 7 is the time, and the independent spatial variables &, #,
and ¢ are the streamwise, circumferential, and radial coordinates,
respectively. In Eq. (1) 0 is the vector of dependent flow variables,
mass, momentum, and energy; E=E O, F=F (Q) and G =
G(Q) are the inviscid flux vectors; whereas the terms Ev, F,,, and
G, are fluxes containing the viscous derivatives.

For body-conforming coordinates and flow at high Reynolds num-
ber (with ¢ the coordinate leading away from the surface), the thin-
layer approximation can be applied. By using nondimensional vari-
ables, the Reynolds number Re can be factored out and Eg. (1) takes
the following form?>2:

a,Q+a§E+anﬁ+agé=Re—‘a;§ V)

The equation of state is used to compute the pressure from the known
flow variables.

The implicit scheme employed in this study is the algorithm
reported by Steger et al.?* The two-factor implicit algorithm is
obtained by using upwind differencing of the convective terms in

the streamwise direction and central differencing in the radial and
circumferential directions. It has been shown that this algorithm is
unconditionally stable for a representative model wave equation.?

The computational mesh consists of 120 equispaced circumfer-
ential planes extending completely around the body. In each cir-
cumferential plane the mesh contains 50 radial points between the
body surface and the computational outer boundary and 59 axial
points between the nose and the rear of the body. The. computed
body length is extended 3.0 cylindrical diameters beyond the phys-
ical length of the body, to a total of 10.5 diameters, to minimize
the effect of the outflow boundary conditions. The nondimensional
cylinder diameter is D = 1.0, and the minimum grid spacing at the
body surface is chosen to be AZ = 0.00001 to maintain a value of
y* <5 at the first shell of points above the surface. Together with
proper radial stretching, this ensures having at least 20 grid points
within the viscous layer. The outer boundary is located 11 body
diameters from the body surface. .

The boundary conditions applied in the present computations
were chosen to simulate viscous flows. The wall boundary con-
ditions enforce zero slip and adiabatic wall conditions. The con-
travariant velocities are set to zero, and a zeroth-order normal pres-
sure gradient condition is applied. The inflow boundary condition
enforces freestream conditions, whereas the exit boundary condition
is a simple zeroth-order zero-axial-gradient extrapolation condition.
A periodic boundary condition is applied, allowing the flow to be-
come asymmetric, if warranted by the flow physics.

An algebraic turbulence model is utilized to calculate the co-
efficients of viscosity and thermal conductivity. It was developed
originally by Baldwin and Lomax?? for a flat-plate boundary layer,
based on the two-layer model reported by Cebeci et al.,?6 and was
later modified by Degani and Schiff?’ to be applicable to flowfields
containing crossflow separation. The modified model has been used
successfully to simulate subsonic as well as supersonic symmetric
flows?”? and was also successfully applied in numerical simula-
tions of asymmetnc flows 2!

Examination of Previous Results

In previous work, Degani and Levy?! presented results from nu-
merical simulations of subsonic turbulent flows over an ogive cylin-
der for the following flow conditions: My, = 0.2, angle of attack
o = 30 deg, and Reynolds numbers Rep = 3.0 x 10% and 4.0 x 10°
(each utilizing a different bump height to simulate the asymme-
try level of the experimental-results); and M, = 0.28, angle of
attack o = 40 deg, and Reynolds number Rep = 3.0 x 108 for one
bump height. Results for all three cases were compared against re-
sults from Lamont’s experiment® and a good agreement was demon-
strated. However, the behavior of the sectional side force coefficient
along the body was not presented. In the following sections it will
be shown that this behavior can be reproduced by numerical simu-
lations, again by the choice of an appropriate bump height. -

Ogive Cylinder Flow at o = 30 deg

The experimental results for the flow at the.angle of attack
a =30 deg and Mach number M,, = 0.2 included pressure mea-
surements for Reynolds numbers ranging from Rep = 2.0 x 10° to
4.0 x 10 but included only one roll angle orientation per Reynolds
number. The two cases that were chosen for the simulation—
Rep = 3.0 x 10° and roll angle ¢ = 0.8 deg, and Rep = 4.0 x 106
and roll angle ¢ = 89.6 deg—exhibited a small and a large asym-
metry, respectively. As a result of the different roll angles, each of
these cases had a different set of surface roughness disturbances
that were numerically simulated by the appropriate bump size. The
geometry of the bump is illustrated by a top view of the body apex
in Fig. 1. Note that the portion of the body presented in the figure
is only 1% of the total body length. The shape, axial location, and
circumferential location (¢ = 90 deg) of the bump were fixed for
all cases considered in this work. The height of the bump (k) was
the only parameter that was varied. In Fig. 1 the bump height is
h = 0.01D or approximately 25% of the local diameter. Results for
the case of a small asymmetry were obtained with the use of a small
bump (h/D = 0.0025), whereas results for the large asymmetry
case were obtained with the use of a larger bump (A/D = 0.01).
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Fig.1 Plan view of nose tip with geometrical disturbance (2 /D = 0.01).
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Fig. 2 Computed off-surface streamlines around an ogive-cylinder
body and sectional side force coefficient along the body; M., = 0.2,
o =30 deg, and Rep = 3.0 x 105

The role of the disturbance sizc and its effect on the flow asym-
metry can be demonstrated by presenting the sectional side force
coefficient distribution along the body alongside the off-surface
streamlines that describe the vortical structure of the flow around the
body. The sectional side force coefficient C, is defined as follows:

fy(x)

C,(x) =
W=

3)

where D is the diameter of the cylinder, and the sectional side force
Jy(x) is obtained through integration of the pressure as follows:

2
fy(x):/ plx, ¢)sin(@)r dg @

0

Figure 2 shows the computed off-surface streamlines around the
body and the sectional side force coefficient along the body for the
small asymmetry. Also prescnted in the figure are the experimental
data. A good agreement is observed for the axial locations for which
experimental data are available (Lamont’s data® include pressure
mecasurements for values of x /D between 0.0 and 6.0). Streamlines
emanating from one side of the body are represented by black lines,
whereas streamlines emanating from the other side are represented
by gray lines. The structure of the streamlines on opposite sides of
the body shows that the asymmetry level is very low. Furthermore,
the vortical structure resembles the structure of a symmetric flow
where the vortices run parallel to the body. This is well reflected in
the sectional side force distribution. The asymmetry level remains
very low up to x/D = 3.0, resulting in a symmetric-like structure

of the lee side vortices and a virtually zero sectional side force
throughout the ogive part of the body. The low sectional side force
values along the cylindrical part of the body are the result of the
small asymmetry in that region.

The results for the large asymmetry case are presented in Fig. 3.
In this case, the nose asymmetry created by the bigger bump grows
rapidly, resulting in an asymmetric vortical structure. The sectional
side force coefficient behaves accordingly, departing from zero right
from the apex, reaching a maximumof C, ~ 0.4 atx/D =~ 5.0. This
is where the primary vortex from the right side of the body starts
to curve away from the body, diminishing its cffcct, whercas the
primary vortex from the left side remains close to body at this region,
thus becoming more dominant. The experimental data presented in
the figure show good agreement with the computational results and
follow a trend that supports the computational findings even though
ne experimental data are available for the region 6.0 < x/D < 10.5.

Ogive Cylinder Flow at o« = 40 deg

Figure 4 contains a description of the vortical structure by way of
the computed off-surface streamlines around the body and a com-
parison between the computational sectional side force coefficient
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Fig. 3 Computed off-surface streamlines around an ogive-cylinder
body and sectional side force coefficient along the body; Mo, = 0.2,
o = 30 deg, and Rep = 4.6 x 105,
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Fig. 4 Computed off-surface streamlines around an ogive-cylinder
body and sectional side force coefficient along the body (the experimen-
tal results are reflected); M, = 0.28, & = 40 deg, and Rep = 3.0 X 106,
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along the body and the experimental data. Just as for the two cases
ata = 30 deg, a good agreement between the computational and ex-
perimental results is observed. Note that the maximum value of sec-
tional side force coefficient obtained here (C, # 0.5) is roughly that
obtained for the high-asymmetry-level case at « = 30 deg (Fig. 3).
However, the bump height required to produce it was only 14% of the
height needed to simulate the high-asymmetry case at o = 30 deg.

Results for this case further show the effect of the vortical struc-
ture on the sectional side force variation along the body. The primary
vortex from the right side of the body curves away from the body at
a point further upstream when compared with the large asymmetry
case at « = 30 deg. As a result, the primary vortex from the left
side also curves away at a further upstream location, allowing the
second vortex to develop and to create a suction peak that causes
the crossing point of the sectional side force with zero to move fur-
ther upstream as well. This is all the result of the higher sensitivity
of the flow in this regime to surface imperfections. Although the
asymmetry around the nose area is small, it grows to assume a fully
developed asymmetric flow. i

The simultaneous examination of the computed off-surface
streamlines (Figs. 2—4) and the corresponding variation of the side
force coefficient reveals that the results conform with the observa-
tions of Hunt and Dexter* and Dexter and Hunt® that the sectional
side force is directed toward the side containing the vortex that lies
closer to the body.

Systematic Study of the Effect of
Bump Height Variation

Although, as observed, the results from the computational simu-
lations were in good agreement with the experimental results of one
roll angle position (Fig. 4), the achievement of a similar agreement
for other roll angles might require changes in more than one param-
eter. Such changes might include the location of the disturbance,
both axially and circumferentially, the introduction of additional
disturbances, and changes to the disturbance geometry. The higher
number of degrees of freedom will make the task of simulating the
effect of an actual nose orientation a difficult one.

Rather than seek an appropriate bump height and location for
each change in roll angle, in theory the problem could be solved
simply by duplicating the exact geometry of the body, including
the shape of minute imperfections at the tip, and an accurate rep-
resentation of minute surface roughness elements. The computer
simulation would then require sufficient grid resolution to achieve
an accurate reproduction of the body geometry. In principle, achiev-
ing a perfect match between the numerically simulated model and
the wind-tunnel model should allow computational results to match
experimental data for every roll angle. This solution is currently in-
feasible owing to the high computational costs. However, it will be
shown later that, at least qualitatively, the essential features of flow
asymmetry can be captured by the use of a simple simulated distur-
bance. The numerical results presented in this section correspond
to the flow conditions M., = 0.28, angle of attack « = 40 deg,
Reynolds number Rep = 3.0 x 10°, and bump heights between
h/D = 0.0008 and 0.01. The available experimental data® included
pressure measurements from seven different roll angle positions.

Figures 5-7 show the computed off-surface streamlines around
the body and the sectional side force coefficient along the body
for bump heights 2/D = 0.0008, 0.002, and 0.01, respectively.
These three cases represent the range of solutions that were obtained
through systematic changes to bump height. The vortical structure
of the small asymmetry case (Fig. 5) remains symmetric around the
nose region and becomes asymmetric around the cylindrical part of
the body. This is well reflected in the sectional side force coeffi-
cient distribution along the body. The side force coefficient remains
virtually zero throughout the ogive part of the body, whereas the
strength difference between the vortices around the cylindrical re-
gion is sufficient to create a sizable sectional side force toward the
end of the body. The large asymmetry cases (Figs. 6 and 7) exhibit
fully developed asymmetric vortical structures that are reflected in
the sectional side force coefficient variation of the respective cases.
Both show how the lengthwise-periodic distribution of the side force
is adirect result of the lengthwise-periodic vortical structure. Further
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Fig. 5 Computed off-surface streamlines around an ogive-cylinder
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Fig. 10 Sectional side force coefficient for several roil angies (experi-
ment, data extracted from Refs. 6 and 7); M, = 0.28, o = 40 deg, and
Rep =3.0 X 106,

examination of all four cases corresponding to these flow conditions
(Figs. 4-7) show that there is an excellent correlation between the
location where the vortices curve away from the body and the loca-

tion of the maxima, minima, and zero crossing of the sectional side

force coefficient. i

Figure 8 shows the variation of the sectional side force coefficient
along the body for the different bump height cases that were com-
puted. It is assumed that the mirror image of each of these simulated
cases could have been obtained by placing the bump on the opposite
side of the symmetry plane. This assumption is based on the fact
that the flux-split algorithm has symmetry-preserving properties and
therefore is unbiased.?*

The experimental results of the variation of sectional side force
coefficient along the body for the different roll angle positions are
divided into two figures. One, Fig. 9, includes results from four
roll angle positions for which the sectional side force coefficient is
negative near the body apex, and the other, Fig. 10, includes results
from three roll angle positions for which the sectional side force
coefficient near the body apex is positive.

Of all 18 bump heights for which results were obtained (the 9
cases that were actually computed plus 9 mirror images), only the
computational results for bump height #/D =0.0014 match the
experimental data. The data correspond to the roll angle position
of ¢ = 29 deg (see Fig. 4). Although the other computed cases do
not match any of the other roll angle position measurements, the
computational and experimental results follow the same trends. For
the computational results, the sectional side force variation along the
body is almost uniquely determined by the bump height. Increasing
the bump height from /D = 0.0008 to 0.01 results in a consistent
increase of the sectional side force level near the nose. The increase
is caused by the higher asymmetry level in this region caused by the
bump. A larger bump also causes the first primary vortex to curve
away from the body at a point further upstream, creating a lower
pressure area that allows the second primary vortex to curve away
as well, this one from the other side of the body. This results in
a lengthwise-periodic distribution of the sectional side force that
alternates in sign. Increasing the bump height also causes the axial
location where the sectional side force variation crosses zero to move
upstream (see Fig. 8). Note that the maximum value of sectional side
force coefficient tends- to reach the same limit for all bump sizes.
Further, when the bump is increased beyond a certain threshold, the
axial distance between the maximum and minimum of the sectional
side force coefficient remains almost constant. This is because the
lengthwise distance between the primary vortices from opposite
sides of the body remains virtually unchanged as well.

A similar evaluation of the experimental results requires an ap-
proximation of the disturbance level for each of the experimental
results. The level of disturbance that is the net result of the nose im-
perfections is not known, but it is obvious from Figs. 9 and 10 that
every roll angle position creates a different disturbance to the flow.
One way of approximating the actual disturbance created at each of
the various roll angle positions is to use the sectional side force coef-
ficient at the closest point to the apex (at x/D = 0.5) as an indicator
of the disturbance magnitude. Adopting this approximation permits
the following observations. Although the data available from the
experiment extend only to x /D = 6.0, one can see that the sectional
side force variation along the body also will be lengthwise peri-
odic. Just as for the computational results, a larger disturbance near
the nose causes the axial location where the sectional sxde force
coefficient crosses zero to move upstream.

Further analysis of the computational and experimental results
reveals the effect of the disturbance on the total side force coefficient.
One might expect that an increase of the disturbance would yield a
higher overall side force coefficient, but the results show that this is
not necessarily the case. For example, increasing the bump height
from /D = 0.0008 to 0.0014 causes the sectional side force along
the body to pass through zero, resulting in a decrease of the total
side force coefficient (see Fig. 11). An additional increase of the
bump height results in a still smaller total side force. This trend
changes when the bump height is increased from 4/D = 0.002
to 0.0025, where an increase in the total side-force coefficient is
observed. Further increase of the bump height results in a saturation
of the side force coefficient. This behavior, that is consistent with
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Fig. 11 Overall side force coefficient for various bum 6p heights (com-
putation); My, = 0.28, a = 40 deg, and Rep = 3.0 x 10°,
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experimental observations, suggests that different asymmetric flows
may yield the same overall side force.

The experimental results exhibit similar trends. The nose orien-
tation of the model at the roll angle of ¢ = 0 deg is such that it
creates a small perturbation resulting in a low side force coefficient,
Cy = —0.77. A larger perturbation was created by placing the
model at a roll angle of ¢ = 29 deg, resulting in a higher side force,
Cy = —2.34. Placing the model at the roll angle of ¢ = 179 deg
created an even larger disturbance, but the overall side force coeffi-

cient has become positive, Cy = 2.46. These results indicate that the -

sign and magnitude of the side force coefficient cannot be used as
an indication of the level of flow asymmetry. One must investigate
the whole flowfield to determine the asymmetry level. Furthermore,
both experimental and computational results presented in this sec-
tion show that the asymmetric solutions change with every change
in flow conditions. This observation supports the school of thought
claiming that the flow asymmetry is the result of a convective insta-
bility mechanism. ' '

Summary

The complex flow structure exhibited by high-angle-of-attack
flow around the ogive cylinder body was simulated by using an
unbiased flow solver, a perfectly symmetric computational mesh,
and a disturbance appropriately placed near the body apex. This
disturbance represents the small surface roughness that exists on
wind-tunnel models. The qualitative comparison between the nu-
merical results corresponding to different disturbance sizes and ex-
perimental results corresponding to different roll angle orientations
revealed that the variation of the sectional side force coefficient
along the body can be used to characterize asymmetric flows. The
good correlation between the sectional side force variation along
the body and the vortical structure indicate that the results of the
numerical simulations are consistent with the observations made by
Hunt and Dexter* and Dexter and Hunt. It is also shown that the
variation of the sectional side force around the body apex virtually
determines its variation along the rest of the body.

The abilities to control the degree of asymmetric flow and to pro-
duce flows that depend continuously on the size of the disturbance
support the hypothesis that this feature of the asymmetric flow is
consistent with the presence of a convective instability mechanism.
The experimental results corresponding to the seven different roll
angle positions that were presented likewise showed that results
changed as the roll angle position changed, thus providing addi-
tional experimental evidence in support of this hypothesis.
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