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Abstract

Experiments on the effects of conditions at the tip of an axisymmetric body
on the vortex wake of the body at large angle of attack in incompressible flow have
been performed. The separation patterns that occur at the nose of a cone with
a hemispherical tip have been documented for ranges of Reynolds number based
on tip radius and of relative angle of attack. Tips with cross sections that vary
smoothly from elliptic to circular have been designed and tested on a cone. The
effectiveness of the tips in varying the cone side force coeflicient as the tip is rotated
has been demonstrated. The relation between tip roll angle and side force coefficient
has been shown to be essentially independent of Reynolds number, for the range
of Reynolds number tested, as well as cone base conditions and roll direction. The
relation between tip roll angle and side force coefficient has been shown to be a
strong function of angle of attack. The reasons for nonsmooth variation of side
force coefficient with tip roll angle at higher angles of attack have been determined
by examinations of the vortex wake geometry. Peaks in the magnitude of the side
force coefficient after zero crossings have been shown to be caused by a rapid shift
in the wake vortices away from a symmetric configuration as the tip rotates away
from a symmetry condition. Reductions in magnitude of the side force coeflicient
between magnitude peaks have been demonstrated to be a result of the near vortex
crossing over the cone centerline. This vortex crossover has been shown to occur
near and after the breakaway from the cone of the far vortex. The ability of one of
the elliptic cross section tips to produce smooth variations of side force coefficient
with roll angle ahead of vortex breakaway has been demonstrated, suggesting that

the tip might be an effective yaw control device for aircraft at high angle of attack.
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CHAPTER 1

Introduction

1.1 Statement of the problem

One of the many unsolved problems of fluid mechanics is that of the side force
on an axisymmetric body at high angle of attack. If a pointed, axisymmetric body
is placed in a flow such that there is an angle between the body axis and the free-
stream velocity vector of the oncoming flow, the plane defined by the body axis and
the free-stream velocity vector is a plane of symmetry with respect to the body and
the oncoming flow. This plane is referred to as the incidence plane of the body.
The angle between the body axis and the free-stream velocity vector is defined as
the angle of attack a of the body (see Fig.1.1). If a is large enough, the body will
experience a force in a direction normal to the incidence plane. In other words, a
symmetric body-and-flow condition will produce an asymmetric body force. This
force is referred to as the out-of-plane force or side force, and can be as large as or

larger than the in-plane lift and drag forces on the body.

This large side force is caused by the vortex wake which forms behind the body.
At zero and small angles of attack, the flow remains attached to the body. When
the angle of attack is increased to a value equal to or larger than a value usually
denoted by asy, the flow separates from the body and rolls up into two vortices
which remain attached to the body, one on either side (see Fig. 1.2). For a range of
angle of attack larger than agy, these two vortices maintain an essentially steady,

symmetric configuration behind the body, and the body side force remains zero.
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F1G.1.3 Asymmetric vortex wake: aayv < a < ayy

When the angle of attack is increased further, to a value equal to or greater than
a value usually denoted by aay, the steady, symmetric vortex wake switches to a
steady, asymmetric vortex wake (see Fig. 1.3). The asymmetric pressure distribution
induced on the body by this asymmetric vortex configuration is the cause for the
large body side forces. If the angle of attack is increased still further, to a value
usually denoted by ayv, the steady, asymmetric wake changes to an unsteady flow
in which vortices are shed in a manner very similar to that in which vortices are shed
from a two-dimensional circular cylinder. It is the switch from a steady, symmetric
vortex wake to a steady, asymmetric vortex wake behind the symmetric body that

is the main part of the problem to be solved in the flows just described.

The side force on an axisymmetric body at high angle of attack is not merely
an academic problem. The flight envelopes of modern fighter aircraft and missiles
include high angle of attack regimes. The flow past the nose of a modern fighter
aircraft at high angle of attack bears a great resemblance to the flow past a pointed

axisymmetric body, such as a missile, at high angle of attack. If the wake of the
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missile or aircraft nose at high angle of attack suddenly assumes an asymmetric
configuration, a large side force can suddenly be generated, leading to a large yawing
moment and subsequent loss of control of the vehicle. Further, when a fighter
aircraft is at high angle of attack, the rudder, the normal yaw control surface of the
aircraft, is submerged in the wake of the aircraft’s wing, and the effectiveness of
the rudder, and hence the yaw control of the aircraft, is diminished. If some means
could be found to control the magnitude and direction of the side force on the nose
of the aircraft, then this side force could be used as a steering mechanism for the
aircraft at those angles of attack where the rudder is ineffective. Thus a solution to
the side force problem would have immediate applications in the military aircraft

industry.

1.2 Review of earlier work

The first researchers to make note of the asymmetric vortex wake behind an
axisymmetric body at high angle of attack were Allen and Perkins (1951a, 1951b).
The first to measure the side force and yawing moment on an axisymmetric body
at high angle of attack was Letko (1953). These studies were only the beginning of
an intensive research effort that has produced a considerable number of papers over
the last forty years. In recent years, a number of summary papers have appeared.
One of the best introductions to the side force problem is the survey paper by Hunt
(1982), in which can be found substantiation for all of the statements made in the
opening paragraphs. Two authors who have produced a number of recent summary
papers which present in some cases alternative viewpoints to those expressed by
Hunt are Ericsson and Reding (1980, 1981a, 1981b). Two survey works which
include emphases on modelling and design approaches are those of Wardlaw (1979)
and Ericsson and Reding (1986). An introduction to the application of the results
found in these papers to modern aircraft design can be found in the paper by Skow

and Erickson (1982).

Some details of the flows described in the opening section are provided by Hunt.

The angle at which the symmetric vortex wake first appears, agy, is on the order
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of 10°. The angle at which the asymmetric vortex wake first appears, aav, is on
the order of 30°. The angle at which unsteady vortex shedding first appears, ayv,
is on the order of 60°. These are rough estimates, as these angles are functions of
many variables. As might be gathered from this discussion, the angle of attack is a
very important parameter in these flows, if not the most important parameter. The
experimental evidence seems to indicate that the correct normalizing factor for the
angle of attack is the nose apex angle 84 (Ericsson and Reding 1980; Hunt 1982).
The nose apex angle for a cone is simply the cone semi-angle 8., while the apex
angle for an ogive is given by

_ F
64 = tan™" (m) , (1.2.1)

where F is the ogive fineness ratio, or the ratio of the ogive length to ogive base
diameter (Ericsson and Reding 1986). Rainbird et al. (1963) conducted an extensive
study of the boundary layers on and symmetric vortex wakes behind two cones
with different semi-angles. The results for separation locations, vortex positions,
and other boundary layer and wake properties were correlated by the relative angle
of attack a/8.. Their results were also in general agreement with the results of an
application of slender body theory, such as that described by Liepmann and Roshko
(1957), from which the governing parameter for the flow was found to be a/6..
Keener and Chapman (1974) observed from experimental data for axisymmetric
noses alone that the angle of attack at which the vortex wake became asymmetric,
aAv, was more or less a constant multiple of the apex angle 84, with aav /64 = 2.1,
independent of whether the nose was a cone or ogive. Since for a given fineness ratio
an ogive has a larger apex angle than a cone, this result implies that symmetric
wakes may be obtained at higher angles of attack for an ogive than for a cone. This
was what Keener and Chapman observed. Ericsson and Reding (1979) observed
from experimental data for an axisymmetric body with cone and ogive noses with
identical fineness ratios that the magnitude of the side force coefficient for the body
had the same variation with relative angle of attack a/6 4 for both cone and ogive

noses, although the apex angle of the ogive was twice that of the cone. An analysis
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conducted by Keener and Chapman (1977) could explain why aayv might increase
with an increase in 64. There has been some debate over whether the asymmetric
wake behind an axisymmetric body at high angle of attack is caused by viscous
or inviscid effects. Keener and Chapman (1977) compared the onset of asymmetric
wakes behind slender bodies and delta wings with large sweepback angles, where the
separation point is fixed. The similarities between the two phenomena led Keener
and Chapman to conclude that the asymmetric wake is the result of an inviscid
instability that occurs when the two wake vortices are “crowded together” near the
tip of the body. One vortex moves away from the body and the other vortex moves
underneath the first. A larger nose apex angle would increase the distance between
the vortices and thus reduce the vortex “crowding,” so that a higher angle of attack

would be required for onset of wake asymmetry.

Hunt also discusses the effects of two other parameters that are important
in flows past bodies at high angle of attack, the Reynolds number and the Mach
number. One general trend described by Hunt is that the maximum time-averaged
side force on a body seems to occur when the boundary layers on the body ahead
of separation are either fully laminar or fully turbulent, the side force having a
minimum when the Reynolds number based on body diameter, Rep, is in the
transitional range. One work in particular which demonstrates this trend explicitly
is that of Lamont (1980). Another trend described by Hunt, and shown in particular
by Pick (1975), is that the side force seems to decrease as the Mach number M
increases. Hunt attributes the decrease in side force to the presence of supersonic
crossflow in the vortex wake which partially isolates the vortex wake from the body
and thus diminishes the effects of the vortex wake configuration on the pressure
distribution on the body. The reader is referred to the summary papers listed

above for other general information regarding the side force problem.

Many efforts to model the flow past an axisymmetric body at high angle of
attack have been attempted. These generally tend to fall into three categories:

using an analogy between this flow and the flow past a circular cylinder impulsively



-

started from rest, modelling with discrete vortex elements such as filaments and
sheets, and more direct computations using vortex particle, Euler, and Navier-

Stokes methods.

U_cos o

\Uw cos O
/

F1G.1.4 Illustration of impulsive flow analogy

The impulsive flow analogy was first introduced by Allen and Perkins (1951a).
If the axisymmetric body at high angle of attack has a pointed tip and then a
cylindrical afterbody that is long enough, a series of steady vortices may develop
which originate on the body and then break away from the body at some point and
align themselves with the free-stream direction, while the portion of each vortex
upstream of each breakaway point remains attached to the body. The breakaway
points will alternate from side to side along the body. See Fig.1.4. Consider a
plane normal to the axis of the body being convected down the body with a speed
equal to Uy, cosa, the component of the free-stream velocity parallel to the body

axis In this plane, there will be a cross-flow velocity given by U sina. As this
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plane convects down the body, it will encounter the vortices being formed on and
breaking away from the body. The flow in this plane will bear a great resemblance
to the flow past a circular cylinder impulsively started from rest. Studies and
applications of this model may be found in Sarpkaya (1966), Thomson and Morrison
(1971), and Lamont and Hunt (1976), among others. These studies attempted to
use information that is known about the wake of the impulsively-started circular
cylinder, such as the stable Karman vortex street configuration and the variation
with time of the lift and drag of the circular cylinder, to predict the steady flow
past the axisymmetric body at high angle of attack. More recently, Hall (1987) has
examined the impulsive flow analogy and has shown its usefulness in correlating
various flow quantities. The impulsive flow analogy is not a complete solution to
the high angle of attack problem, however, because of effects caused by the shape
of the nose, which is neglected in the impulsive flow analogy (Ericsson and Reding

1980).

Modelling the vortex wake of a delta wing at high angle of attack with dis-
crete vortex filaments was first suggested by Brown and Michael (1955). This is a
potential flow analysis which assumes that the vorticity contained in the separated
vortex sheets is collapsed into two discrete vortex filaments that extend from the
apex of the delta wing. This model has also been used to compute the flow past
axisymmetric bodies at high angle of attack and is most often used when the body
is a right circular cone or a conical body with elliptic cross sections (Bryson 1959;
Fiddes 1980). One of the key features of this model is the “no-force” condition. In
order for the velocity potential to be single-valued, a cut extending from the vortex
has to be introduced into the flow field. This cut usually connects the vortex to
some point on the body, most often a point related to the separation point in some
manner. Because of the jump in the velocity potential across this cut, there is a
pressure difference across the cut, and hence a hydrodynamic force acting on the
cut. Also, since the vortex filament is inclined to the flow direction so that there is

a component of flow velocity normal to the filament, there exists a hydrodynamic
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force on the filament. The “no-force” condition states that only the body and not
the fluid can sustain forces (Brown and Michael 1955). Therefore, the vector sum
of the forces on the cut and on the vortex filament are set equal to zero, and this
condition is used as part of the calculation of the vortex strength and position.
One development of these ideas and the related mathematical derivations is given
by Smith (1968), who also extended the notion of the cut to obtain the shape and
strength of the rolled-up vortex sheet that connects the vortex to the body for a
delta wing. The first to apply the vortex filament model to the flow past a cone at
high angle of attack was Bryson (1959), who limited the flows considered to sym-
metric vortex wakes by enforcing a symmetry condition. Dyer et al. (1982) showed
that the vortex filament model could yield asymmetric vortex wakes behind circu-
lar cones even when the separation points on the body were symmetric. Pidd and
Smith (1990) is representative of the current state of these models, and Chin and
Lan (1988) provide a comparison of some of the different implementations of these

models.

The advent of fast supercomputers, the development of codes and grid gen-
eration algorithms to take advantage of these computers, and the difficulties and
expense involved in trying to conduct experiments at the correct Reynolds num-
bers have caused a shift in research emphasis from experimental to computational
studies in the past few years. The recent book by Rom (1992) gives an extensive
overview of current computational techniques for high angle of attack aerodynam-
ics. The work of Hartwich et al. (1990) at NASA Langley Research Center and
Degani and Schiff (1989a) at NASA Ames Research Center are representative of
current computational efforts applying Navier-Stokes methods to the problem of an
axisymmetric body at high angle of attack. When considering the results presented
by these works, one should keep in mind the difficulties in computing large Reynolds

number (10°), massively-separated, three-dimensional, turbulent flows.

One of the difficulties encountered in analyzing the separated flow behind an

axisymmetric body at high angle of attack is that the flow is a three-dimensional
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separated flow. As pointed out by Hornung and Perry (1984), there is a debate
over the very definition of separation in three dimensions. Maskell (1955) was one
of the first to attempt a thorough analysis and description of three-dimensional,
separated flows. One important concept introduced by Maskell was that of the
limiting streamline. Because of the no-slip condition, fluid particles in contact with
a body surface can have no velocity relative to the body, and hence streamlines
cannot be defined on the body itself, if the standard definition of a streamline is
used. However, a streamline passing a small distance above the surface can be
defined using the standard definition of a streamline. When this small distance is
allowed to approach zero in the limit, the limiting streamline is defined. The limiting
streamlines are related to the skin friction distributions on the surface of the body.
Legendre (1956) stated that isolated points on the body where the surface skin
friction vector went to zero were singular points of the surface flow patterns, and
that these points were of the node, focus, and saddle point types. Lighthill (1963)
stated that the range of possible overall patterns of skin friction and vortex lines on a
smooth surface was subject to a simple topological law, that on a simply-connected
body, the number of nodes must exceed the number of saddle points by 2. Peake
and Tobak (1980; see also Tobak and Peake 1982) used the results of Legendre and
Lighthill to obtain simple topological rules governing the set of nodes and saddle
points contained in the flow. Ahn and Simpson (1992) prbvided this outline of
the development of topological ideas applied to three-dimensional separated flows.
Peake and Tobak (1980) contains a more thorough description of the development
of these ideas and an extensive collection of flow visualization photographs with
accompanying topological descriptions to demonstrate the application of these ideas.
Perry and Fairlie (1974) extended the work of Oswatitsch (1958) in relating the
singular points discussed above to the critical points of phase-plane and phase-
space theory of ordinary differential equations and in systematically classifying these
critical points using local solutions of the Navier-Stokes and continuity equations.
The type of critical point (focus, node, saddle) is determined by the signs and values

of the invariants of the systems of ordinary differential equations obtained from
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the local analyses of the Navier-Stokes and continuity equations. These invariants
are combinations of pressure and shear stress gradients. Perry and Chong (1987)
contains a description of this type of analysis. A more complete discussion of flow
invariants and the resulting critical points can be found in Chong et al. (1990).
Perry and Chong (1986) used such local solutions to the continuity and Navier-
Stokes equations to synthesize three-dimensional separation patterns. By varying
the number of critical points in the flow field and the flow field boundary conditions,
they could reproduce a variety of separation patterns that were similar to those on

the nose of an axisymmetric body, as described by Peake and Tobak (1982).

1.3 Importance of conditions at the body tip

According to Hunt, one of the most important factors in the axisymmetric
body side force problem is the influence of the nose of the body on the side forces
on the entire body. The data of Lamont and Hunt (1976) and Kruse et al. (1979)
show that the side force on the entire body is greatest when the flow asymmetry,
indicated in these two works by the sectional side force (side force per unit length),
begins on the nose of the body. Coe et al. (1972) investigated bodies with conical,
tangent ogive, and paraboloid noses and found a different side force-angle of attack
characteristic for each nose shape. Keener and Chapman (1974), Jorgensen and
Nelson (1974, 1975), Kruse et al. (1979), Keener et al. (1977), and more recently,
Koren et al. (1992), also report changes in the side force-angle of attack characteris-
tics with changes in nose shape. Further, Keener and Chapman (1974) and Keener,
Chapman, Cohen, and Taleghani (1976) show that the side force on a tangent ogive
forebody is essentially unaffected by the addition of a cylindrical afterbody. Keener,
Chapman, and Kruse (1976) describe the effect of afterbody length on the forces
on the body as a whole as a delay in the onset of side forces as angle of attack is
increased and a slight reduction of the maximum side force as afterbody length is
increased. Hall (1987) has shown that the sectional side force coeflicient nearest to
the apex of the body nose can determine the side force distribution on the entire

body. The test conditions in these papers cover wide ranges of Reynolds and Mach
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numbers, and so the results stated are relevant for a wide variety of flow conditions.
The importance of the tip apex angle 64 discussed in Sec.1.2 is also an indica-
tion of the importance of the conditions at the tip of the body (see Ericsson and
Reding 1979). Ericsson and Reding (1980) contains a review of the importance of

nose-induced asymmetric vortices as opposed to those occurring on the afterbody.

1.3.1 Tip blunting

Hunt also points out works that show that not only is the shape of the nose of
the body important to the side force behavior, but also that conditions at the tip
of the nose are significant contributors to side force behavior characteristics. One
such tip effect is that of tip rounding or tip blunting. Letko (1953) documented
a substantial reduction in yawing moment coefficient for an axisymmetric body at
high angle of attack as a result of cutting off portions of the sharp tip of the body.
Gowen and Perkins (1958), and more recently, Jorgensen and Nelson (1974, 1975),
Keener and Chapman (1974), Pick (1975), Keener et al. (1977), Kruse et al. (1979),
and Chu et al. (1988), among others, have shown that increasing the radius of the
nose of an axisymmetric body at high angle of attack generally leads to a decrease

in the side force on the body.

As was pointed out earlier, experiments have shown that the side force reaches
maximum values when it begins on the nose of the axisymmetric body. According to
Ericsson and Reding (1980), nose-induced separations on blunt axisymmetric bodies
at high angle of attack prevent the formation of open separations and wake vortices
on the nose of the body. These open separations are associated with high wake
asymmetry. The wake vortices are generated by the afterbody instead, resulting in
lower side forces. Hunt (1982) makes a similar argument. Separation patterns at the
noses of axisymmetric bodies at angle of attack such as those discussed by Ericsson
and Reding have been documented in the transonic range by Hsieh and Wang (1976),
Hsieh (1977), and Bippes and Turk (1984). These same separation patterns can also
occur for zero Mach number, as is illustrated by Werlé (1962) and Bippes and Turk
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(1984). Some examples of such separation patterns are shown in Fig. 1.5, which was
taken from Peake and Tobak (1982a). The separation pattern in the figure labeled
“Legendre-type separation”* was included to represent a class of separation patterns
in which the vortex appears to emerge from the surface of the body in a direction
normal to the body surface, as opposed to vortices that originate in directions close
to parallel to the body surface, as in the local separation, or vortices that do not
intersect the body surface at all, as in the “U”-shaped separation. The separation
patterns documented by Hsieh and Wang (1976), Hsieh (1977), and Bippes and
Turk (1984) were predominantly Legendre-type separations. The local separation
in this figure corresponds to the open separation discussed by Ericsson and Reding.
It should be noted that all of the separation patterns shown in this figure are at the
origins of the wake vortices, as opposed to the nose separation patterns discussed
by Ericsson and Reding, which were distinct from the wake vortices. However, the
separation patterns in this figure do give an indication of the nature of the nose

separation patterns discussed by Ericsson and Reding.

The analysis by Keener and Chapman (1977) with regard to the effects of
vortex “crowding” that was discussed in Sec. 1.2 might also be applicable at this
point. If for some reason the vortices should originate at points on the body where
distance between the vortices is large enough to prevent “crowding,” then, by this
analysis, the vortex wake asymmetry should be eliminated, or at least reduced.
This seems to be the case in the analysis by Ericsson and Reding. The appearance
of the nose-induced separations forced the vortices to originate further back, on
the afterbody, where the distance between vortices was greater. As was pointed
out in reference to Fig. 1.5, it is possible for the wake vortices to originate in the
nose separation patterns themselves. Such vortex origins could result in reduced
wake asymmetry if either the distance between the vortices caused by the global
separation was large enough to prevent “crowding,” or the freedom of movement

that exists between vortices originating in local separations was reduced by the

* Names for separation patterns in figure provided by author.
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(a) Local separation

(b) "U"-shaped global separation (c) Legendre-type global separation

F1G.1.5 Separation patterns on axisymmetric bodies (from Peake and Tobak 1982a)

connection of the wake vortices in the global separations. In any case, there does
appear to be a connection between the appearance of the global separations on

blunt bodies such as those shown in Fig. 1.5 and the reduction of wake asymmetry

caused by tip blunting.

The separation patterns shown in Fig.1.5 are all located at the origins of the
wake vortices. Another type of separation at the nose of an axisymmetric body at
angle of attack has been observed. Small, localized regions of separated flow can
occur near the tip of a blunted body. These regions are usually referred to as “sep-
aration bubbles.” Werlé (1962) contains photographs of the flow past a cylinder
with a blunt axisymmetric nose at zero angle of attack. These photographs show

the existence of a separation bubble which extends completely around the circum-
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ference of the body slightly downstream of the transition from nose to cylinder.
This separation bubble is analogous to the separation bubbles which form on two-
dimensional airfoils at low Reynolds number. At small angles of attack, the bubble
which forms on the axisymmetric body is a small, localized region of separated flow
on the lee side of the body which does not extend around the circumference of the
body. Such bubbles were observed by Hall et al. (1957) and are discussed in Eric-
sson and Reding (1980). In Ericsson and Reding, these bubbles are referred to as
“nose-induced separations.” In these flows, the separation bubble near the tip was
a flow feature distinct from the wake vortices which formed further aft on the body

and which originated in local separations.

The flow separation patterns shown in Fig. 1.5 were analyzed in the context
of the topological descriptions of the flow field discussed above. Peake and Tobak
(1980, 1982a, 1982b) have shown a large variation with angle of attack and Mach and
Reynolds numbers of the skin friction and flow patterns on and around axisymmetric
bodies. In particular, they have documented the existence of a large variety of flow
structures on and near the noses of blunt bodies at angle of attack as the Mach and

Reynolds numbers are varied.

The variation of side force with Reynolds number was described briefly in
Sec.1.2. Detailed analyses of Reynolds number effects may be found in Lamont
(1980), Hunt (1982), Polhamus (1984), Champigny (1984), and Ericsson and Red-
ing (1986). One important point that should be kept in mind when considering
the effects of Reynolds number on the flow past a pointed, axisymmetric body at
high angle of attack is the proper definition of Reynolds number for such a body.
The Reynolds number discussed in the literature is usually based on the afterbody
diameter or the nose base diameter, if there is no afterbody. If the body in question
is a sharp-tipped right circular cone with no afterbody, the only physical length
scales available with which to define a Reynolds number are the cone length and
base diameter. If interest is centered on the flow near the tip of the cone, where base

effects are unimportant, then neither of these length scales is suitable for defining
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the Reynolds number. Changes in the flow field near the tip of the body might be
expected if the flow velocity were increased, but not if the cone were made longer.
Both of these changes would increase the Reynolds number based on base diameter
(for a fixed cone semi-angle), but only the first should actually affect the flow near
the tip. In this case, a more relevant Reynolds number would seem to be that based
on the local diameter. This Reynolds number would vary along the cone but would
probably be an accurate indicator of local conditions at any particular location on
the cone. This proposition is supported by the photographs of Keener (1986), which
show the surface skin friction patterns on a tangent ogive at various angles of attack,
using the oil flow technique. For a Reynolds number based on nose base/afterbody
diameter on the order of 108, where the flow on the cylindrical afterbody is fully
turbulent, the photographs show evidence of laminar, transitional, and turbulent
separation on the ogive nose of the body, in that order as distance from the nose
tip and hence local Reynolds number increases. The necessity of using the local
diameter in defining the Reynolds number for a conical flow field was also pointed

out by Hall (1987) in his discussion of the impulsive flow analogy.

If, however, the circular cone described in the previous paragraph is blunted in
some manner such that the tip has a finite radius of curvature, then a length scale
is introduced that can be used to define a Reynolds number that should govern the
flow at the tip of the cone. Recall the discussion above of the effects of nose blunting
and the appearance of various structures near the noses of blunted bodies as the
angle of attack and Reynolds number were varied. Even if the asymmetric wake
is an inviscid phenomenon, the appearance of flow separation structures should be
dependent at least in part on viscous effects. It is plausible then to suggest that
the appearance and behavior of such structures might be governed by a Reynolds
number based on the tip radius, referred to as the tip Reynolds number and denoted

by Re;.
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1.3.2 Tip asymmetry

Another tip effect described by Hunt is that of tip asymmetry. This effect is
usually discussed in the context of variations of side force with roll angle. Not only
does an axisymmetric body placed at high angle of attack experience an asymmetric
wake and a large side force, but the wake asymmetry and the side force can vary sig-
nificantly as the model is rolled about its axis. These variations with roll angle were
documented by Coe et al. (1972), Keener and Chapman (1974), Hunt and Dexter
(1978), Ericsson and Reding (1979), Lamont (1980), and Dexter and Hunt (1981),
among others. In particular, Dexter and Hunt (1981) established the dependence
of the body side force on the roll orientation of the nose of the body. Rotating only
the tangent ogive nose of an axisymmetric body at high angle of attack produced
a variation in local side force coefficient with nose roll angle that was almost iden-
tical to the variation obtained by rotating the entire body, for two different noses.
In all of these experiments, the variations with roll angle were attributed to small
geometric imperfections near the body tip, the conclusion also drawn by Ericsson
and Reding (1979). More recent works that also show wake asymmetry variations
attributed to geometric imperfections or disturbances at the body tip are Chu et
al. (1988), Zilliac et al. (1991), and Modi and Stewart (1992). The level of flow
sensitivity to tip disturbances was shown by Zilliac et al., who discovered that the
accumulation on the body tip of dust particles with diameters on the order of 3 ym
(0.014% of the body diameter) produced large changes in the side force-roll angle
characteristic which were eliminated when the dust particles were removed with

lens tissue.

Once the importance of body tip conditions had been established, researchers
began to deliberately introduce small perturbations to the body tip. Moskovitz
(1989) and Moskovitz et al. (1989) studied the effects of tip roughness, bluntness,
and geometric disturbances in the form of beads attached to the nose of the body
near the tip, and found that all had large effects on the body side force. In particular,
they found that the closer to the tip the beads were attached, the larger the effect
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the beads had on the side force-roll angle characteristic. A similar increase in
disturbance effectiveness with decrease in distance from the body tip was observed
computationally by Degani and Schiff (1989b) for a disturbance consisting of a small
jet, and by Degani (1991) for a small “bump” on the body surface. One result
of these two numerical investigations was that the vortex wake asymmetry only
existed when the disturbance was present. Whenever the disturbance was removed,
the flow would always return to a symmetric state. Since it should be possible
to produce a perfectly symmetric body computationally, this result supports the
theory that small geometric disturbances were responsible for the wake asymmetry
reported in the investigations discussed above. One should not conclude from this
discussion, however, that the issue of the effects of microasymmetry at the body tip
is completely resolved. Ericsson (1990) refers to nose microasymmetry as a “fickle
effect” that will be dominated by moving wall effects which will occur whenever
an aircraft or missile executes a maneuver that places it into a high-angle-of-attack

regime.

As was stated in Sec. 1.1, one of the reasons for the investigation of the side force
problem is the possibility of using the side force on the nose of an aircraft or missile
for control. Various methods for manipulating the vortex wake for control purposes
have been attempted. One active wake control method that has been investigated
extensively is that of blowing from a small jet placed near the tip of the body. The
works of Malcolm and Ng (1991), Guyton et al. (1991), and Guyton and Maerki
(1992) are representative of these studies. Another active method of control that
has been studied by Fidler (1980) and Modi and Stewart (1992), among others,
is that of spinning the tip of the body. The most extensively investigated passive
method of vortex wake control has been that of strakes near the body tip. The work
of Malcolm and Ng (1991) is representative of these studies. The success of these
attempts has been mixed. The method employed is usually able to predictably set
the sign of the side force but is less successful at providing a smooth variation of

side force with control parameter, whether the parameter is jet blowing rate, strake
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deflection, or nose tip rotation rate. Recent work by Bernhardt and Williams (1992)
has shown that for a limited Reynolds number range, a continuous variation of side

force coefficient with jet suction ratio may be obtained.

The realization that the vortex wake configuration and thus the body side force
were extremely sensitive to conditions at the body tip has caused attention to be
focused on the possibility of developing a tip shape that could be used as a control
mechanism. The ability of a small perturbation in tip shape to create a large yawing
moment on an actual aircraft configuration was demonstrated by Chambers et al.
(1970), in tests on a one-tenth scale model of the F-111 fighter-bomber. These
researchers discovered that a flat spot on one side of the nose tip would repeatably
produce a large out-of-trim yawing moment in the opposite direction. The influence
of a change in nose shape on the stability of another sharp-nosed aircraft, in this
case a full-scale, flying, production version of the Northrop F-5F, was documented
by Edwards (1978). A change from the production sharp nose with slightly elliptic
cross sections to a blunted nose with more elliptic cross sections produced a large
increase in lateral-directional stability caused by the alleviation of side forces on
the nose of the aircraft. These two works seem to indicate that modifications to
the basic tip shape, without the additions of strakes or jets, might be effective in

controlling vortex wake asymmetry and nose side force on an aircraft.

The reason that a variation in basic tip shape might be more effective than
strakes or jets in modifying the vortex wake asymmetry is related to the “viscous
versus inviscid” debate mentioned in Sec. 1.2. Strakes work by fixing the circumfer-
ential location of separation on the body. Jets work by either promoting boundary
layer separation through the creation of an adverse pressure gradient or by prevent-
ing boundary layer separation through entrainment. All of these mechanisms are
viscous in nature. If, however, it is true that the inviscid part of the problem is the
most significant, then a variation of basic tip shape might be more effective in con-
trolling wake asymmetry, since it would work by varying the pressure distribution

on the body. Using this inviscid mechanism to control the vortex wake asymmetry
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would have the added advantage of minimizing Reynolds number effects, so that a

given tip shape might be effective in both laminar and turbulent regimes.

The mechanism by which an asymmetry in tip shape might produce a variation
in wake asymmetry through a variation of the pressure distribution is described by

Hunt (1982, p. 6):

“Perhaps more plausible is that the critical imperfections on an axisymmetric
body take the form of eccentricities in the cross-sectional shape. The pressures
and, hence, velocities at separation will then differ on the two sides of the body,
with the result that the rate of feeding of vorticity into the primary vortices will
differ and hence asymmetry will be promoted. The influence of roll angle will
then arise because, as the body is rotated, the eccentricity will rotate and the
magnitude and sense of the perturbation will change. For a cone, an eccentricity
very near the nose might well determine the entire flow along the body since, in
conical flow, similarity is preserved at all stations along the body.”

Thus it would appear that, if this analysis is correct, a mechanism might exist
that would cause a smooth variation in vortex wake asymmetry and side force
as the body tip is rotated, for the proper choice of asymmetric body tip. Such
an analysis was reinforced by the work of Moskovitz (1989) and Moskovitz et al.
(1991). After studying various published data, Moskovitz concluded that the flow
field asymmetry variation with body roll angle could be divided into two parts: a
regular variation caused by the body being out of round, and irregular variations
caused by surface imperfections. Further, he reasoned that a body with elliptic
cross sections would produce a side force that would vary smoothly with body roll
angle and would undergo four changes in sign over one complete revolution; i.e., the
side force variation with body roll angle would be a smooth two-cycle sinusoid. To
validate his hypotheses, Moskovitz constructed tips with cross sections that were
elliptic near the pointed end of the tip and that gradually became circular near
the base of the tip, where the tip attached to the nose of the axisymmetric body.
These tips were tested on axisymmetric bodies with conical and ogive noses. At
an angle of attack of 30°, Moskovitz obtained smooth two-cycle sinusoids for the

sectional side force coefficient-roll angle characteristics for both conical and ogive
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noses, as expected. For angles of attack of 40° and 50°, the variation of sectional side
force coefficient with roll angle for the body with the ogive nose was also a mostly
smooth, two-cycle sinusoid. These results would seem to validate the hypotheses of
Moskovitz and the analysis by Hunt. However, the results for the elliptic tip on the

body with a conical nose at angles of attack of 40° and 50° were not as supportive.

At angles of attack of 40° and 50°, for the body with a conical nose and elliptic
cross section tip, Moskovitz obtained side force coefficients that varied with roll
angle as a two-cycle square wave. These results were similar to those of Zilliac et al.
(1991) for two different modifications to the tip of an axisymmetric body with an
ogive nose. The first modification was the addition of a small, cylindrical, transverse
rod, mounted directly on the tip of the body. The second was the machining of two
flats, one on either side of the axisymmetric ogive tip, to produce what is usually
referred to in the literature as a “chisel” tip. Both of these tip geometries produced
smooth, two-cycle, sinusoidal variations of body side force coefficient with roll angle
for angles of attack of 30° or less, and two-cycle square wave variations of side force
coefficient with roll angle for angles of attack greater than 30°. It would appear
from these results that the nose shapes constructed and tested by Moskovitz were

not a complete solution to the side force control problem.

1.4 Research goals and thesis overview

Since the vortex wake behind an axisymmetric body at angle of attack has been
shown in the literature to be strongly dependent upon conditions at the tip of the
body, the goal of the present study was to explore the effects of tip geometry on
vortex wake asymmetry. Two sets of effects in particular were to be studied, those

of tip Reynolds number and of tip asymmetry.

As was pointed out in Sec.1.3.1, there is a possibility that the reduction of
vortex wake asymmetry caused by tip blunting might be related to the appearance
of various flow separation patterns at the tip of the body. Further, it was argued

that these patterns might be governed by the Reynolds number based on the tip
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radius, the tip Reynolds number Re;. While the existence of various flow patterns
and structures at the tips of axisymmetric bodies at angle of attack have been
documented, no systematic study to determine the ranges of angle of attack and
Reynolds number over which different structures might appear has been conducted.
Thus the first purpose of the present study was to systematically vary the tip
Reynolds number Re; and the relative angle of attack a/64 of an axisymmetric body
and record the appearance of the various flow separation patterns. Hemispherical
tips were attached to a right circular cone and dye was injected from within the cone.
Side views of the resulting flow patterns were videotaped and classified according to
type of separation pattern for ranges of angle of attack and tip Reynolds number.

Chapter 2 describes these experiments and their results.

The elliptic cross section tips designed and constructed by Moskovitz and dis-
cussed in Sec. 1.3.2 seemed to provide the desired results for some angles of attack
and for some bodies, but not all. The similarity of his results to those obtained
by Zilliac et al. for the cruder transverse rod and chisel tip geometries, particularly
the square wave variations of side force with roll angle, seemed to suggest that
the effects of slight tip asymmetry in the form of elliptic cross sections had not
been totally isolated by the tips constructed by Moskovitz. This supposition was
reinforced by an examination of photographs of the tips in the thesis by Moskovitz,
which illustrated the rather crude nature of the tips. Thus the second purpose of the
present study was to design and construct cone tips with slight tip asymmetry, in
the form of elliptic cross sections that gradually merged into circular cross sections,
and then to test the effectiveness of these tips in producing smooth variations of
wake asymmetry and body side force with roll angle. The major and minor axes of
the elliptic cross sections were obtained by inverting two sixth-degree polynomials
that gave axial body distance as a function of body radius. These polynomials were
used so that the radius, slope, and curvature of the polynomials could be matched
to the radius, slope, and curvature of the cone at the points where the polynomials

became tangent to generators of the cone. Chapter 3 describes the design and
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construction of two such tips.

One of the two elliptic cross section cone tips was used in a preliminary flow
visualization experiment. Cross sections of the vortex wake behind a right circular
cone with the elliptic tip were obtained by injecting fluorescein dye from within the
cone and illuminating the vortex wake with a laser sheet normal to the axis of the
cone. The variation of the angle that a line connecting the two vortex cores made
with the horizontal as the cone roll angle was varied was used as an indicator of
the effectiveness of the tip in controlling the vortex wake configuration. Chapter 4

describes these experiments and their results.

Because of the results obtained from these preliminary experiments, a set of
force measurement experiments was planned and conducted, in order to determine
the variation of the body side force with roll angle. The variation of the side force
coefficient with roll angle for a right circular cone with two different elliptic cross
section tips was measured for ranges of angles of attack and tip Reynolds numbers.

These experiments are described in Chapter 5.

The force measurement experiments produced some rather unexpected results,
and so more flow visualization experiments were conducted, in order to understand
the side force behavior. The same experimental setup as described above was used
to document the structure of the vortex wake. Variations of the vortex locations
with roll angle and the vortex trajectories along the body were documented, and
a simple potential flow analysis was used to estimate the effect of the vortex wake
configuration on the body side force. These flow visualization experiments and ac-
companying results are described in Chapter 6. Chapter 7 contains the conclusions

of this study.
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CHAPTER 2

Tip Reynolds number effects

2.1 Introduction

As was discussed in Sec. 1.4, the purpose of the experiments to be described in
this chapter was to determine the types of flow separation patterns and structures
that would occur as the tip Reynolds number and relative angle of attack of an
axisymmetric body were varied. In particular, since it has been shown that the
reduction of wake asymmetry caused by tip blunting may be related to the appear-
ance of global separations at the tip of the body, such as those shown in F 1g. 1.5,
the values of Re; and a/6. at which these separation patterns might be expected

to be found were to be determined.
2.2 Experimental apparatus and procedure

2.2.1 Facility

The facility used in the Re;~a/6. experiments was a low-speed, free-surface
water channel. A schematic diagram of this facility is shown in Fig.2.1. A descrip-
tion of the water channel as originally constructed and operated at the NASA Jet
Propulsion Laboratory (JPL) can be found in Gharib (1985). The flow from the
return pipe emptied into a 22° half-angle diffuser. Three perforated plates were
installed in the diffuser to provide pressure drops that matched the pressure rise in
the diffuser, in order to prevent severe separation from the diffuser walls. The flow
then passed into a straight-wall settling chamber which contained more flow ma-

nipulators, including perforated plates, a honeycomb, and 4 turbulence reduction
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screens. The quieted flow passed through a 4:1, fifth-order polynomial contraction
and into the test section. The test section was 1.52 m long and 46 cm wide. The
bottom and side walls of the test section were glass, allowing optical access from
the bottom and both sides. After the test section, the flow passed through énother
honeycomb before passing through the bottom of the water channel and into the

pump at the head of the return line.

return line
honeycomb ¢ discharge
feed bend r \\‘ i bend
— W /
| ]
1 1
I ]
: : motor
] ]
] 1
] ]
feed pipe b .
L L test section
diffuser settling chamber contraction

pump

---------- perforated plates
....................... screens

F1G. 2.1 Water channel schematic

The channel was disassembled and reassembled in the basement of the Guggen-
heim Aeronautical Laboratory building in a slightly different configuration, the one
shown in Fig.2.1. The principal differences between the two configurations were
the location of the return line and the method of flow speed control. In the new
configuration, the return line was located on the floor of the room in which the
channel was located, resulting in a pump location approximately 1.5 m below the
level of the free surface of the water, as opposed to a 5 m free surface-pump level

difference in the old configuration.

To vary the flow speed, an Eaton Dynamatic AF-500507-0480 adjustable fre-
quency AC drive was acquired to vary the speed of the 50 hp AC motor driving
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F1G.2.2 Water channel speed calibration

the 50 hp centrifugal pump, replacing the bypass and throttle valve arrangement
of the old configuration. The AC drive speed setting was calibrated using a laser
Doppler velocimeter (LDV) system. The channel was filled to a certain level (51
cm) which was marked as a reference level. The AC drive speed setting was var-
ied, and the mean u-component of the velocity at the center of test section was
measured. The calibration data are shown in Fig.2.2, along with the calibration
curve resulting from a linear regression fit to the data and the associated value of
the linear regression correlation. The test section mean velocity, U, is given as a
function of the AC drive speed setting, in per cent of the drive full speed. The
data showed a slight nonlinearity, as indicated by the nonzero intercept. However,
at a speed of 10 cm/sec, the difference between the measured speed and the speed
calculated from the calibration curve was less than 0.125 cm/sec, an error of 1.25%.
The errors for U > 10 cm/sec were less than 1%. Because of these small errors, this
calibration curve was considered adequate for the experiments that were conducted

in this facility.

As origina,lly constructed, the water channel had a very low free-stream tur-
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bulence level. Gharib (1985) reports that over a range of frequencies up to 25 Hz
or more, the free-stream turbulence level was on the order of 0.05% or less, with
most of the energy of the free-stream velocity fluctuations that were present con-
centrated at frequencies below 0.5 Hz, for a free-stream speed of 25 cm/sec. Hot
film anemometer studies were conducted in the reconstructed channel to see if the
channel in its new configuration still had these low values of free-stream turbulence.
The channel speed was set at 20 cm/sec. The output of a TSI 1210-20 Pt hot film
sensor positioned in the center of the test section was passed through a TSI 1054B
constant-temperature linearized anemometer with a TSI 1117 linearizer card. The
output from the card was then filtered with a bandpass filter with cutoff frequencies
set at 1 and 200 Hz. The frequencies below 1 Hz were removed to eliminate the ef-
fect of U-tube oscillations which are characteristic of such facilities and which were
not expected to contribute significantly to the flow patterns to be studied. The
frequencies above 200 Hz were removed to eliminate the instrument noise revealed
by a check of the anemometer signal with a Hewlett-Packard 3582A spectrum an-
alyzer. An average value of the RMS level of the output of the bandpass filter was
obtained from a Hewlett-Packard 3468B digital multimeter. Since the output of the
hot film anemometer had been linearized, the turbulence factor for the flow could
be obtained by dividing the RMS voltage level by the mean voltage level. The mean
voltage level was obtained using the same multimeter to measure the mean of the
hot film signal filtered with a low-pass filter whose cutoff frequency had been set
at 200 Hz. The turbulence level thus obtained was on the order of 0.1% or less.
An analysis of the hot film anemometer signal using the spectrum analyzer yielded
no significant broadband noise characteristic of free-stream turbulence. These re-
sults seemed to indicate that the facility had retained its low free-stream turbulence

characteristics.

Gharib (1985) also reports that the water channel had good flow uniformity
in the test section. A 30 cm X 30 cm square area in the center of the test section

was surveyed by Gharib, and the resulting non-uniformity was less than 1% of the
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centerline mean velocity. No such surveys were conducted in the reconstructed

channel, but a hydrogen bubble wire test of the flow in the test section revealed no

major flow non-uniformities.

2.2.2 Model and sting

The basic axisymmetric body that was used in all of the experiments of this
study was a right circular cone, the simplest pointed, axisymmetric body, and what
might be considered to be a “first-order approximation” to the pointed noses of
aircraft and missiles. The cone had a 5° semi-angle 6. and a 9.9 cm base diameter,

yielding a 56.6 cm overall length with a sharp conical tip in place (Fig. 2.3).

56.6 cm >
dye injection holes
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9.9 cm Bc= 5° [ 3 Y
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dye injection holes dye hole rows
l——+—— 28.8 cm -1 17.8 cm ——>»
4.88 cm diameter 1.77 cm diameter
joint joint

5°semi-angle sharp tip =~ ——

F1G. 2.3 Cone model

The cone was constructed from aluminum and was anodized black. The cone
had threaded joints at the 1.77 cm and 4.89 cm diameter locations. The cone also
had 6 rows of 24 equally circumferentially spaced, 0.0508 cm diameter holes drilled
at 19.3 cm, 24.3 cm, 29.4 cm, 34.5 cm, 39.6 cm, and 44.6 cm from the base of the

cone, for the purpose of injecting dye from within the cone.
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F1G. 2.4 Axisymmetric cone tips

Two tips for the cone were used in the tip Reynolds number experiments. These
are shown in Fig.2.4. Both tips were hemispheres truncated at the 85° latitude so
that their slopes would match the slope of the 5° cone at the diameter where each
tip was attached to the cone. The smaller tip was constructed to attach to the
cone at the 1.77 cm diameter joint, yielding a tip radius R; of 0.889 cm. With
this tip in place, the model had an overall length-to-tip radius ratio L/R; of 53.3.
The larger tip was constructed to attach to the cone at the 4.89 cm diameter joint,
yielding a tip radius Ry of 2.44 cm. With this tip in place, the model had an overall
length-to-tip radius ratio L/R; of 12.7. Both tips were hollow, and each tip had a
row of equally circumferentially spaced, 0.0508 cm diameter holes drilled at the 50°
latitude so that dye could be injected from within the tip. The small tip had 12
dye injection holes and the large tip had 24.

The cone was sting-mounted. The sting is shown in Fig. 2.5. The sting rotated
about the pivot screw to adjust the angle of attack. The rotating portion had holes
drilled so that by passing the set screw through one of the holes, the sting was
locked at a particular angle of attack. The holes were drilled such that the sting
could be set at angles of attack o from 0° to 100° in 10° increments. Adjustment
screws in the sting base mount allowed for 10° adjustments so that the entire angle
of attack range from 0° to 100° could be traversed. Once set, the angle of attack
was measured with a digital inclinometer to within 0.1°. The DC motor and linkage

shown in the figure allowed the cone to be rotated about its axis continually or set



- 31 -

[ J&—sting mounting block
angle-of-attack set screw
Qo

\ angle-of-attack pivot screw
4—— DC motor

/‘67 universal jOintS
roll angle cone mounting cone

/ indicator b|°Ck\

shaft

N TR ]

[T e—

dye injection port
shaft support ye P
gear

box a. Sketch of complete sting apparatus

BV N W, .

M A S S S S S

N

"Q"-rings

cone attachment bolt

b. Cutaway sketch of shaft showing dye injection path

Fi1G. 2.5 Schematic of sting mount for cone

to a particular roll angle. The roll angle indicator shown in the figure was marked
in 8° increments. The roll angle of the cone could be set to one of the marks on the
indicator to an accuracy of +1°. The cutaway diagram in Fig. 2.5b shows how the
cone shaft was supported. The figure also shows how the capability to inject dye

from within the model was provided by the sting.*

* The sting actually had two dye injection paths and 3 “O”-rings. Since only one dye path was
used, the other path and 1 “O”-ring have been omitted from the cutaway drawing for purposes
of clarity.
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2.2.3 Procedure

For these experiments, the angle of attack of the cone with one of the two
hemispherical tips attached and the free-stream speed of the water channel were set.
Opaque dye was injected from within the model, which was backlit with fluorescent
lights. The resulting flow was videotaped through the glass side wall of the channel

test section, so that side views of the flow patterns were recorded.

The cone was always assembled under water to prevent bubbles from being
trapped within the cone. The height of the cone was adjusted so that the distance
between the cone tip and the floor of the test section was at least as much as the
distance between the cone base and the side walls of the test section. This practice
sometimes resulted in the cone not being completely submerged at large angle of
attack. The water channel blockage by the cone with the sharp conical tip, at an
angle of attack of 60°, was calculated to be approximately 6%. Since all of the tips
used in this water channel produced less blockage than the sharp tip, and since
60° was the maximum angle of attack studied in this water channel, the value of
6% for the blockage was actually a maximum for all of the models and conditions
of the experiments conducted in this facility. The angle of attack of the cone was
varied from 0° to 60° in 5° increments. The range of angle of attack studied yielded
values of the relative angle of attack o/, in the range 0 < a/f. < 12. As was
stated previously, once the angle of attack was set, it was measured with a digital

inclinometer to within 0.1°. The uncertainty in the angle of attack was thus 2% of

the cone semi-angle 6..

The tip Reynolds number was varied by changing the channel speed and by
using the two hemispherical tips with different R,. The tip Reynolds number was
defined as Re; = U R, /v, where U, was the free-stream speed, R, was the tip
radius, and v was the kinematic viscosity. The flow speed was set using the proce-
dure described in Sec.2.2.1. Once the channel speed was set, the flow was allowed
to stabilize for at least 20 minutes before images of the flow were recorded. The

temperature of the water was monitored using an Omega HHT71 type “J”digital
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thermometer with a type “J” grounded thermocouple probe. The water channel
was located in an air-conditioned room, and the air conditioner was always set to
the same level and constantly running. Because of the more or less constant room
temperature during the experiments, the water temperature never varied more than
0.5°C from 20.0°C, so a value for the kinematic viscosity v of 0.01 cm?/sec (Fox
and MacDonald 1978) was used in the definition of Re, for all of the values of Re,
to be discussed in this chapter. Combining an estimated 2.4% uncertainty in v with
the 1% uncertainty in the free-stream speed discussed in Sec.2.2.1 and the 0.1%
or less uncertainty in R, for the two tips yielded a value of approximately 3% for
the estimated uncertainty in Re,. At each angle of attack, the free-stream speed
was varied from 10 to 50 cm/sec in 5 cm/sec increments for the 2.44 cm radius tip,
yielding a Re, range 2,440 < Re, < 12,200. The specific values of Re, studied with
this tip were 2,440; 3,660; 4,880; 6,100; 7,320; 8,540; 9,760; 10,980; and 12,200. For
the 0.889 cm radius tip, the free-stream speed was varied from 10 to 30 cm/sec in
5 cm/sec increments, yielding a Re; range 889 < Re; < 2,667. The specific values
of Re; studied with this tip were 889; 1,334; 1,778; 2,223; and 2,667. Thus a Re,

range 889 < Re; < 12,200 was covered in the experiments.

The opaque dye used was a food coloring that had been mixed with isopropyl
alcohol in order to match its density to that of the water. The specific gravity of the
dye-alcohol mixture was measured in a tall, graduated cylinder using a hydrometer
and could be measured to an accuracy of 0.05%. The dye was contained in a
reservoir mounted approximately 1 m above the free surface of the water channel.
The reservoir was connected to the dye injection port on the sting. The rate of dye
injection was controlled with a needle valve. Once the channel speed had stabilized,
the valve would be opened until the dye began to seep out of the model. The rate
of dye injection would be adjusted to produce a minimum disturbance to the flow,
based on a visual inspection. As was stated before, the model was backlit with
fluorescent lights. Once the dye had sufficiently permeated the flow patterns, a side

view of the flow would be videotaped for 1 to 2 minutes.
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These investigations were conducted in water for a number of reasons. One was
the ability to achieve larger Reynolds numbers at lower speeds than in air. The use
of large tips further increased the available Reynolds number, as well as increasing
the scale of the problem, so that the details of the separation patterns could be
observed. Flow visualization in water is easier than in air, and the low speeds and
relatively large model sizes aided the observation of the flow patterns significantly.
Finally, as discussed in Sec. 1.2, these patterns are governed by both Reynolds and
Mach numbers. Since the parameter of primary interest in this problem was the
tip Reynolds number, the use of water set the Mach number to zero so that tip

Reynolds number effects were isolated from the effects of compressibility.
2.3 Results
2.3.1 Classification of flows

The results of the Re;~a/6. experiments are shown in Fig.2.6. This figure
shows the different separation patterns that were observed at points in Req—a/8,

parameter space.

The relative angle of attack range of 0 < /6, < 12 corresponded to an angle
of attack range 0° < « < 60°. The experiments indicated that for the cone with
the hemispherical tips, this range covered the attached flow range 0 < o < agy, the
symmetric wake range asy < a < aav, and entered the asymmetric wake range
apy < a < aygy, as discussed in Sec.1.1. Symmetric wakes were observed up to
an angle of attack of 50° (a/6, = 10), and asymmetric wakes were observed at
angles of attack of 55° and 60° (a/f8. = 11 and 12, respectively). Here, the terms
“symmetric” and “asymmetric” are used to refer to the portions of the vortices that
remained attached to the cone. In some cases, the portions of the vortices which
remained attached to the cone were symmetric (at least from a visual inspection),
but the points at which the vortices broke away from the cone were asymmetric.

No unsteady, Karman-like vortex shedding was observed.
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F1G. 2.6 Separated flow patterns in Re;—~a/6, parameter space

Four different basic separation patterns that were dependent upon Re; and
a /8. were observed. These are shown by solid symbols (arrows, crosses, wedges, and
asterisks) in Fig.2.6. These patterns will be discussed in detail below. A number
of types of unsteadiness were observed, with one type, the shedding of vortical
structures, being of particular interest. The types of unsteadiness are shown by
the open symbols (circles and squares) and will be discussed in detail below. If,

in Fig. 2.6, a solid symbol indicating the type of basic separation pattern observed
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is not accompanied by an open symbol indicating the type of unsteadiness, that
pattern was steady. Similarly, if an open symbol indicating the type of unsteadiness
is not accompanied by a solid symbol indicating the type of separation pattern,
that pattern could not be determined from the videotape. This tended to happen
at the larger values of Re; and «/6., where rapid diffusion of the dye occurred.
There are four points in Fig.2.6 at which no symbol appears. These points were

unintentionally omitted from the experimental grid.

2.3.2 Basic flow separation patterns

The basic flow separation patterns from Fig. 2.6 are shown in Fig. 2.7 for clarity.
These patterns were identifiable flow patterns that seemed to be dependent primar-
ily upon Re; and «/6.. Any unsteadiness that occurred seemed to be superimposed

upon these basic patterns.

For some Re; and «/f., the flow remained attached to the cone. The flow
conditions at which this occurred are indicated by dashes () in Fig. 2.6 and Fig. 2.7.
These occurred for a large Re,; range at a/6, = 0, and for a smaller range of Re; at

a/8. =1, as might have been expected.

The first basic separation pattern observed was a thickening of the boundary
layer immediately behind the joint between the hemispherical tip and the cone.
These patterns are indicated by arrows (—). The thickening of the boundary layer
seemed to be a precursor to the separation bubble, the second separated flow pattern
observed, indicated by a cross (+). Separation bubbles were labeled as such when
it was possible to distinguish clearly a separation streamline and reversed flow. In
Fig. 2.6 and Fig. 2.7, the separation bubbles are to be understood in the two ways
discussed in Sec.1.3. For a/6. = 0, the separation bubble extended completely
around the circumference of the cone. The bubble usually developed immediately
behind the joint between the hemispherical tip and the cone itself. For /6. > 0,
the separation bubble was a region of separated and reattached flow on the lee side

of the cone that did not extend completely around the circumference of the cone.
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F1G.2.7 Basic flow separation patterns

From Fig. 2.7, it can be seen that, for a/6. = 0, the boundary layer began to thicken
to a point where the thickening could be detected by visual inspection at Re; some-
where between 5,000 and 6,000, and the subsequent recognizable separation bubble
appeared at Re; somewhere between 8,540 and 9,760. Note that this progression
from attached flow to boundary layer thickening to separation bubble occurred over

a Re; range 1,778 < Re; < 2,223 for a/0,. = 1.

The third basic flow separation pattern was a combination of an a/6, > 0

separation bubble near the tip plus wake vortices that appeared to originate from
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separation bubble
possible local separation wake vortices

F1G.2.8 Example of separation bubble plus local separation: Re; = 889, o/, = 2

local separations further down the body (see Fig.1.5). This pattern was labeled
“separation bubble plus local separation” (for future reference) and is indicated by
the wedge symbol (A) in Fig. 2.6 and Fig.2.7. This pattern is illustrated in Fig. 2.8,
which is an image of the flow at Re; = 889, a /8. = 2. In this picture, the separation
bubble is discernable near the tip and the wake vortices are discernable near the
base. The possible local separation is indicated. It is not totally certain that the
wake vortices in these flows were originating from local separations, because a black
cone model was used. This prevented the determination of separation features on
the cone surface itself. A laser sheet traverse of the vortex wake with fluorescein
dye for Re; = 889, /0, = 2 was also inconclusive regarding the local separation
issue. However, it was reasonably clear that the wake vortices were not originating
in the separation bubble at the tip (which would have made the pattern a global
separation, to be discussed next), and so the conclusion was drawn that the origins

of the wake vortices had to have been in local separations.

One other aspect of the local separation should be noted. In Fig.2.7, as Re;
increases from 2,223 to 2,440 to 2,667 for o/6. = 2 and a/8. = 3, the pattern
appears to switch from separation bubble plus local separation to separation bubble

only to separation bubble plus local separation. This is probably a length ratio
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or base effect. The Re; values of 2,223 and 2,667 were obtained using the small
hemispherical tip. In this configuration, the ratio of overall model length to tip
radius (L/R;) was approximately 53, and the vortices seemed to originate roughly
17 tip radii downstream of the joint between the tip and the cone. The case Re; =
2,440 was obtained using the large hemispherical tip. In this configuration, the
model had a length ratio L/R; of approximately 13. If the length from tip to
vortex origin scaled with R;, then there would not have been enough room left
on the cone in the second configuration for the vortices to form, and so only the

separation bubble would appear.

The fourth basic flow separation pattern was the “U”-shaped global separation,
indicated with asterisks (*) in Fig.2.6 and Fig. 2.7, and labeled simply “global sep-
aration” in these figures. In these experiments, this was the only global separation
of the two in Fig. 1.5 encountered, so it will be referred to as simply “the global
separation” for purposes of discussion for the remainder of this chapter. This pat-
tern is illustrated in Fig. 2.9, which is an image of the flow at Re; = 889, a/§. = 8.
In the majority of the cases in which the wake vortices originated from a global
separation, the vortex wakes appeared from a visual inspection to be symmetric.
It is possible that if a longer cone model had been used, the wake vortices might
have become asymmetric further downstream. In some cases, there was asymmetry
in the form of asymmetric vortex breakaway locations (as discussed in Sec. 2.3.1),
but in the regions where the vortices remained “attached” to the cone, they were
symmetric. For a/0, = 12 and a/6. = 13, however, even the attached vortices were

(visually) asymmetric.

For /6, = 4 and 889 < Re; < 2,667 (but not for Re; = 2,440, obtained with
the large hemispherical tip), it was unclear from the videotape images whether the
pattern was the separation bubble plus local separation or the global separation.
These points were thus labeled with both the wedge (A) and asterisk (*) symbols.
An examination of the videotape record revealed that this pattern was possibly the

merging of the local separations with the separation bubble. As the angle of attack
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F1G.2.9 Example of global separation: Re; = 889, a/f. = 8

increased, the cross-flow Reynolds number along the cone increased, increasing the
local cross-flow Reynolds number at each point on the cone. The local cross-flow
Reynolds number is the Reynolds number based on the local cone diameter and the
component of the free-stream velocity normal to the cone axis. If, as seems reason-
able, a threshold cross-flow Reynolds number was required for local separations to
form, then, as the angle of attack was increased, this threshold value would exist at
points closer and closer to the cone tip, so that the local separations would move
toward the cone tip and the separation bubble at the tip. Eventually, the local
separations and the separation bubble at the tip would have to merge, creating the
global separation. Because the primary purpose of these experiments was to catalog
flow patterns, the videotape equipment was not set up in such a manner that the
resulting video images could be analyzed quantitatively, and so the conjecture of the
existence of a threshold cross-flow Reynolds number and the movement of the local
separations could not be proved quantitatively. However, the explanation offered

here for the appearance of these apparently merging flow patterns is plausible.
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In Fig. 2.6, there is a rather large region in which the only symbol is the one for
the type of unsteadiness. This means that the separation pattern at that particular
Re; and a/6. could not be determined from the videotape. This occurred for
Re; > 6,100. The primary reason for the inability to determine the pattern was the
rapid diffusion of the dye in an apparently turbulent wake. It is probable that some
other means of measuring the flow, such as velocity measurements or analysis of
surface skin friction patterns, would reveal these patterns to be global separations or
separation bubbles or some other type of separation, at least in a mean-flow sense.
It is also possible that if higher values of Re; had been obtained with the longer
model, more of the separation bubbles would in fact have included local separations |
or would have been global separations. One conclusion can be drawn from the figure
concerning global separations. It is apparent from the figure that as a/8. increased,

a recognizable global separation pattern persisted to higher values of Re;.

As can be noted from Fig. 2.7, separation bubbles, either alone or in combina-
tion with local separations, occurred at low values of both Re; and «/6.. This might
have been expected. Flow separations on circular cylinders and spheres typically
occur at relatively low Reynolds numbers (see the photographs in Van Dyke 1982,
for example), because of large adverse pressure gradients. In some sense the hemi-
spherical tip on the cone at non-zero angle of attack resembled a sphere. When the
cone was at an angle of attack greater than 5° (a/6. > 1), the adverse pressure gra-
dient on the lee side of the tip caused the flow on the lee side of the cone downstream
of the tip to separate and form a bubble. The adverse cross-flow pressure gradients
that caused the local separations to form were less severe, because of the axial flow
component. This resulted in a larger cross-flow Reynolds number being required for
the local separations to form, if the earlier analysis regarding the threshold Reynolds
number is correct. The relative values of the Reynolds numbers required for the
formation of separation bubbles and local separations indicates that perhaps the
separation bubbles at the nose, referred to as “nose-induced separations” by Erics-

son and Reding (1980), did not delay the formation of local separations further aft
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on the body, as suggested by Ericsson and Reding and discussed in Sec. 1.3. Rather,
the separation bubbles simply formed before the local separations. Then, as dis-
cussed above, the local separations moved forward on the model as the cross-flow
Reynolds number was increased until they merged with the separation bubble at

the tip to form a global separation.

2.3.3 Unsteady flows

The regions in Res—a/8, space in which flow unsteadiness occurred are shown
in Fig. 2.6 and in Fig. 2.10, for purposes of clarity. It is obvious that a number of flow
conditions resulted in unsteady flows. A number of different types of unsteady flows
were observed, including the shedding of vortical structures. The flow conditions
resulting in the shedding of vortical structures are labeled with squares in Fig.2.6
and Fig.2.10. All flow conditions resulting in other types of unsteady flows are
labeled with circles. As stated in Sec.2.3.1, no Kérman-like vortex shedding was
observed. Since the primary emphasis of these experiments was on the appearance
of steady separated flow patterns, the types of flow unsteadiness will be discussed
only briefly, with slightly more attention being paid to the shedding of vortical

structures.

One reason for the flow unsteadiness to be separated from the basic flow sep-
aration patterns was that the flow unsteadiness seemed to be governed by water
channel speed, and not by Re;. A possible explanation for this phenomenon will be
given shortly. Another reason for the separation of flow unsteadiness was that, in
many cases, the particular type of unsteadiness seemed to be superimposed on the
basic separation pattern without causing any real disturbance to the pattern. It
was still possible to easily identify the basic pattern, even though the flow unsteadi-
ness was present. In other cases, however, the flow unsteadiness seemed to disrupt
the basic separation pattern. This appeared to be the case for the unidentifiable

separation patterns.

The primary flow unsteadiness encountered was Kelvin—-Helmholtz instability.
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F1G.2.10 Unsteady flows

For smaller values of o/, and values of Re, large enough to cause the boundary
layer at the tip to separate, long separation bubbles would form that bore many
similarities to free shear layers, one resemblance in particular being the Kelvin-
Helmholtz instability. This instability occurred in situations where disturbances
introduced into the bubble by the dye injection process would propagate along
the bubble edge, either growing or decaying, depending upon the flow conditions.
Disturbances that grew would eventually cause the shear-layer-like edge of the bub-
ble to roll up into vortices or otherwise disrupt the separation bubble. For the
smaller hemispherical tip, the rollup process became roughly periodic for some val-

ues of a/f, at Re, = 1,334, and then for all values of /6. except 11 and 12 for
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Re; = 1,778. These two values of Re; corresponded to water channel speeds of 15
and 20 cm/sec, respectively. For the larger hemispherical tip, the rollup became
periodic for all values of o/, at Re; = 3,660, corresponding to a water channel
speed of 15 cm/sec. Both tips yielded primarily steady flows at a water channel

speed of 10 cm/sec.

The reason that such behavior caused concern can be understood from a de-
tailed examination of Fig.2.6. At Re, = 2,440, a steady global separation was
observed for 7 < /6. < 10. These flows were obtained with the large hemispheri-
cal tip at a free-stream speed of 10 cm/sec. Note from the figure that these steady
global separations seemed to occur between unsteady global separations that were
observed at Re;, = 2,223 and 2,667 for the same range of «/6,. These flows were
obtained with the small hemispherical tip at free-stream speeds of 25 and 30 cm/sec,
respectively. Thus it would appear that the occurrence of unsteadiness was gov-
erned by some factor other than Re,;. The studies by Ho and Huerre (1984) and
Lowson (1989), among others, have indicated that shear layers are very susceptible
to periodic disturbances. It is plausible that the following scenario occurred. At
a water channel speed of 15 cm/sec, a very small but periodic vibration occurred
somewhere in the water channel machinery that was transmitted through the sting
mechanism to the cone, causing periodic disturbances in the dye jets (themselves
susceptible to Kelvin—Helmholtz instability). These periodic disturbances were fed
into the separated boundary layer which bore resemblances to the free shear layer,
causing the separated boundary layer to roll up into vortices, a behavior character-
istic of free shear layers. Either the lack of separated boundary layer susceptibility
to disturbances at a free-stream speed of 10 cm/sec, or the lack of channel vibra-
tion at 10 cm/sec, could explain the existence of steady flows at Re; = 2,440 for
7 < a/6. < 10 while the flows for the same «/6. at Re; = 2,223 and 2,667 were
unsteady. Since the steady basic separation patterns were of primary interest, and
since shear layer stability studies lay outside the realm of these experiments, no

attempt was made to investigate these phenomena in more detail.
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One type of unsteady flow did receive slightly more attention. Perry and Lim
(1978) and Perry et al. (1980) describe the existence and behavior of coherent
structures in coflowing jets and wakes. These structures usually took the form of
what they called “vortex loops.” The existence of such structures was noted in the
present experiments. The regions in Res—a/6. space where these structures were
found are shown in Fig. 2.6 and Fig. 2.10. An image of such a flow at Re; = 1,180
and a /8. = 4 is found in Fig. 2.11, where it is compared to the flow past a rivet head,
with a Reynolds number based on the height of the rivet head of 150 (photograph
from Perry et al. 1980).

F1G.2.11 Comparison of vortical structures shed from blunted cone (Re; = 1,180,
a/6. = 4) and rivet head (Rey = 150; photograph from Perry et al. 1980)

The behavior of the structures in the present experiments matched very closely
the behavior of the vortex loops described by Perry and Lim (1978) and Perry

et al. (1980). In these references, the frequency of the appearance of the vortex
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loops was found to lock in to a forcing frequency. In the present experiments, at a
water channel speed of 10 cm/sec (i.e., a non-periodic-disturbance case, as described
above), the structures appeared randomly. However, for a water channel speed of
15 cm/sec or greater (i.e., a case where a periodic disturbance was apparently
present), the structures appeared to lock in to some frequency, probably that of
the periodic disturbance. In Perry and Lim (1978), the vortex loops were observed
to point up (against gravity) in positively buoyant wakes and down (with gravity)
in negatively buoyant wakes. In some of the flows in the present experiments,
the loops of the vortical structures pointed up, while in others, the loops pointed
down. As was discussed previously, the specific gravity of the dye was matched to
that of water by mixing with alcohol, to an accuracy of 0.05% or better. Within
that accuracy range, however, the dye could be slightly lighter or slightly heavier
than water. The connection between dye buoyancy and vortex loop orientation
was not confirmed directly in these experiments, since no systematic record was
kept of buoyancy errors or vortex loop orientations. However, the buoyancy effect
as described by Perry and Lim is a plausible explanation for the variations in the

vortex loop orientation observed in these experiments.

2.3.4 The missing flow pattern

As was mentioned in Sec. 2.3.2; only the “U”-shaped global separation pattern
shown in Fig. 1.5 was observed in these experiments. This was somewhat puzzling,
since these experiments were conducted over ranges of Re; and angle of attack
within which Legendre and others recorded the existence of the Legendre-type global
separation. The appearance of the Legendre-type separation has been observed in
particular near the nose of a hemisphere-cylinder (Hsieh and Wang 1976; Hsieh 1977;
Bippes and Turk 1984). The hemisphere-cylinder would seem to be a geometry very
close to that of a small-semi-angle cone with a hemispherical tip, so the appearance
of the Legendre-type separation would have been expected. It is believed, however,
that this pattern is very sensitive to fineness ratio effects. Bippes and Turk (1984)
contains photographs of the flow past an ellipsoid and a hemisphere-cylinder, both at
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a = 28° and Rep = 5,000 (which would correspond to /6. = 5.6 and Re; = 2,500
for the model in the current experiments). The Legendre-type global separation
appears on the hemisphere-cylinder but not on the ellipsoid. Werlé (1982) contains
photographs of the flow past a hemisphere-cylinder and a rounded-nose ogive at
a = 20° and Rep = 6,000 (Re; = 3000). The Legendre-type separation is present
on the hemisphere-cylinder, but its appearance on the rounded nose ogive seems to
depend on the manner in which dye is injected into the flow from the model. There
is also a photograph of the flow past a cone with a hemispherical tip at @ = 40° and
Rep = 8,000 (the cone semi-angle and tip radius are not given). This photograph is
inconclusive as to whether the flow is a “U”-shaped global separation or a Legendre-
type global separation. The videotape record of the current experiments indicated
that at @ = 40° (a/6, = 8), the cone with a hemispherical tip experienced a definite
“U”-shaped global separation for all Re;, which probably would have included the
value of Re; in Werlé’s photograph. It is possible that some of the merging flows
discussed in Sec.2.3.2 were Legendre-type separations. However, the discussion
above would seem to indicate that the appearance of the Legendre-type global
separation is a strong function of body fineness ratio and afterbody shape, and
that there is apparently sufficient difference between the hemisphere-cylinder and
the hemisphere-cone to preclude the appearance of the Legendre-type separation

on the cone.
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CHAPTER 3

Elliptic cross section tip design and construction

3.1 Why an ellipse?

As was pointed out in Sec.1.3.2, Hunt (1982) described how eccentricities in
cross-sectional body shape, particularly at the tip, might produce a variation in
vortex wake asymmetry with body roll angle. Moskovitz (1989) and Zilliac et al.
(1991) both reasoned and verified experimentally that imposing planes of symmetry
upon the body tip would regularize the behavior of the vortex wake with body roll
angle. The elliptic cross section tips of Moskovitz and the transverse cylindrical rod
and chisel tips of Zilliac et al. both produced side force variations with roll angle
that went through zero side force more or less at the roll angle where one of the
planes of symmetry of the tip coincided with the incidence plane (see Sec.1.1). The
resulting side force variations with four zero crossings in one complete revolution

thus had the same periodicity as two-cycle sinusoids.

Prior to the work of Moskovitz, little research into the use of elliptic cross
section bodies as a control device was performed. More work was done in studying
the effectiveness of elliptic cross section bodies in improving the lateral-directional
stability of missile configurations. Graves (1977), Gregoriou (1982), and Allen and
Pittman (1984) report an improvement in lateral-directional stability of missile
configurations at angle of attack with elliptic instead of circular cross sections (see
also references in Graves 1977). A discussion of various studies of the effects on
fuselage/ missile lateral-directional stability characteristics of body cross- sectional
shape, including elliptical, is given by Polhamus (1984). As was mentioned in
Sec. 1.3.2, the lateral-directional stability of a production model F5-F was improved

by using an elliptic cross section nose on the aircraft (Edwards 1978).
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None of these works, however, discuss the effects of rotating the elliptic cross
section body or tip about its longitudinal axis. In all of the discussions that follow,
the roll angle ¢ of the elliptic cross section bodies or tips will be defined to be the
angle between the plane formed by the major axes of the elliptic cross sections and
the normal to the incidence plane. Zero ¢ will correspond to the major axes being
perpendicular to the incidence plane. Exceptions to these definitions will be noted.
Jorgensen (1977) compared the side force on a 2:1 elliptic cross section missile
configuration at roll angles of 0° and 90, both of which presented a symmetric
body shape to the oncoming flow. Jorgensen found essentially zero side forces at

¢ = 0° and large side forces at ¢ = 90°, for an angle of attack of 50°.

F1G6.3.1 Elliptic cross section missile configuration (Allen et al. 1983)

Allen et al. (1983) examined in more detail the effect of rotating an 3:1 elliptic
cross section body about its longitudinal axis. The body used in these experiments
is shown in Fig.3.1. The body was rotated from ¢ = 0° to ¢ = 90° in 22.5°
increments. Pressure distributions on a body-alone configuration (no wings) at a
station x/L = 0.6, for a nominal body angle of attack of 20°, are shown in Fig. 3.2.
The data show a gradual transition between distributions that are symmetrical
about the most windward point on the body section, indicating that the side force

on the body had the same periodicity as a two-cycle sinusoid and probably varied
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F1G.3.2 Elliptic cross section missile pressure distributions: @ = 20° (nominally),
x/L = 0.6, M = 2.5, blunt nose configuration (Allen et al. 1983)

smoothly with roll angle. Similar results were reported for an angle of attack of
25°, the highest angle studied (see also Allen and Pittman 1984 for a discussion of

these results).

A computational work which supports the idea of using an elliptic cross section
tip to control vortex wake asymmetry is that of Hartwich et al (1990). Hartwich
et al. computed the flow past an axisymmetric body with a tangent ogive nose that
had elliptic cross sections at the tip. The pressure distributions for a tip roll angle
of 45° (i.e., the roll angle at which the tip presented the maximum asymmetry to
the oncoming flow) and a large angle of attack matched very closely experimental

pressure distributions at conditions of maximum flow asymmetry, obtained on a
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similar body with a nominally axisymmetric tip. Thus this work showed compu-
tationally that an elliptic cross section tip could produce the same maximum side

force on a body as that obtained from experiment.

B-B

F1G.3.3 Sketch of elliptic cross section tip used by Moskovitz (figure from thesis by
Moskovitz, 1989)

These works taken together indicate that the hypothesis of Moskovitz was
reasonable: an elliptic cross section tip should produce a controllable side force
on an axisymmetric body. They do not explain, however, why the tips used by
Moskovitz failed to produce a smooth variation in side force with roll angle for the
bodies with conical noses at angles of attack higher than 30°. Perhaps the reason
for this failure lies in the construction method used by Moskovitz. As Moskovitz
points out in his thesis (1989), the tips were filed into elliptic cross sections by
hand. The drawings and photographs of the tips in the thesis show the somewhat
crude nature of the resulting tips. An example is shown in Fig.3.3. In particular,
this figure illustrates that the profiles of the resulting tips were not smooth, with
changes in curvature between the elliptic tip and the circular tip base. Because of
the promise of vortex wake control demonstrated by the elliptic cross section tip in

the experiments by Moskovitz and others, it was decided to design and construct a
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new elliptic cross section tip that avoided some of the defects in the tips used by
Moskovitz, and to test the resulting tips on a right circular cone model. The design

and construction of the tips is discussed next.

3.2 Design

The goal of the design process was to produce a tip with elliptic cross sections
at the end of the tip and a smooth transition to circular cross sections at the base
of the tip, where the tip would be attached to the cone. Since the tip was to be
attached to a cone, matching the slope and curvature of the tip to the cone slope
and zero curvature of the cone at some point on a cone generator would ensure a
smooth transition from the tip to the cone. The goal was accomplished using two
sixth-degree polynomials in tip radius r for the axial distance z from the end of the

tip (see Fig. 3.4).
The polynomials were of the form
z=cer® +csr® +cyrt + e3r® +car? + oy + . (3.2.1)

The use of sixth-degree polynomials allowed the radius, slope, and curvature of the
tip to match that of the cone at the point where the polynomial became tangent to
the cone generator (the points (r¢;, z.;), ¢ = 1,2 in Fig. 3.4). The radius of curvature
of the polynomial at the origin could be varied by varying z.;. Smaller values of
z¢; yielded larger radii of curvature at the origin. By choosing two different values
of z.;, two polynomials with different radii of curvature at the origin, and hence
different “widths” near the origin, could be constructed. These two polynomials
then provided the major and minor axes of the elliptic cross sections. For purposes
of discussion, the subscript “1” will be associated with the polynomial providing the
major axes, and the subscript “2” will be associated with the polynomial providing
the minor axes, so that z.; < z.2. Since the polynomials both smoothly joined the

cone at the points of tangency, the elliptic cross sections would smoothly transition

to circular cross sections.
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FiG. 3.4 Elliptic cross section tip definitions

Each polynomial was constructed to be symmetric about the z axis. This
meant that the coeflicients with odd subscripts in Eq. 3.2.1 were all zero. The

value of ¢y was the shift in z of the origin of the polynomial from the origin of
the z axis. In practice, the base of the tip was chosen as the origin for the z

axis, so that ¢g = —z; < 0. To simplify matters, ¢y will be taken to be zero in
this chapter. The other coefficients for each polynomial were determined from the

following conditions (the i subscript denoting the two different polynomials will be
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dropped for convenience):

2(re) = éc (3.2.2a)
2'(re) = ta,n(-;1 —6.)=m (3.2.2b)
2"(re) = 0. (3.2.2¢)

These conditions yielded the following set of linear algebraic equations for the

coefficients cg, ¢4, and ¢y:

r8 rd  p2 Co Zc
6rS  4rd 2r. cg p =< m ;. (3.2.3)
30rt 1202 2 Co 0

The equation for the radius of the cone as a function of z for z > z, is
r=(z—zj)/m+r; (3.2.4)

where z; is the (specified) axial location of the tip-cone joint and r; is the cone
radius at that location. Once z, was specified, r. was calculated from Eq.3.2.4 and
then Eq.3.2.3 was solved numerically using double precision arithmetic. Since 6,
was 5%, m was equal to tan 85° = 11.43. Two choices of z. produced two solutions
to Eq. 3.2.3 and thus two polynomials with the desired radius, slope, and curvature
matches to the cone and different widths near the origin, so that the major and

minor axes of the elliptic cross sections were obtained.

In order to produce the tip, however, the major and minor axes of the elliptic
cross sections had to be given as a function of the axial coordinate z, which meant
that Eq. 3.2.1, with the non-zero coefficients given by Eq. 3.2.3, had to be inverted.
Initially, this was done numerically. Then, it was realized that since the coefficients
of the odd powers of r in Eq. 3.2.1 were zero, Eq. 3.2.1 could be expressed as a cubic
in R=r%

R+4pr 4 2p 2 = (3.2.5)
Ce s

C¢
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An analytic solution to a cubic polynomial is given by Abramowitz and Stegun

(1964). Two functions A;(z) and A;(z), given by
Al(z) = ay -+ az,

(3.2.6)
Ay(2) = az + azz + as2?,
with .
g = L2 (s _1 (e
0= 6 Cg Ce 27 Cg ’
g =
1= 206 ’
213
_|ee_lfa 2
az = [366 9 (Ce) J + ay, (3.2.7)
az = 2apay,
(14 = (Zl,

1 C4
as =—= | —
5 3 Cs y
are useful in evaluating the solution given by Abramowitz and Stegun. If A;(z) > 0

for 0 < z < z., then the solution to Eq.3.2.5 is given by

R= [Al(z) + Az(z)%] L [Al(z) - Az(z)%} ¥ s (3.2.8)
If A3(z) < 0for 0 < 2z < 2, then the solution to Eq. 3.2.5 is given by
R=-— % { [Al(z) + A?(z)*%];‘k + [Al(z) - Ag(z)‘l’"} %}
+ as . (3.2.9)

-2 e+ 2] - [0 - 2]

In the simplification process, the roots and signs were chosen so that Eq. 3.2.8 and
Eq. 3.2.9 would yield the proper real solutions. Further analysis revealed that the
solutions given by Eq. 3.2.9 could be expressed completely in terms of real functions.
Since A,(2) is negative for 0 < z < z, the combination A;(z) + Az(z)¥ can be
expressed as a + 2b, where a = A;(z) and b = \/:7;(—25 Then,
(a+1ib)3 4 (a—ib)d = (neic)é + (ne’ic)%
= 77% (elé + e""fi)

1 ¢
=9 A3
N3 cos (3),
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a'nd . P S a4
(a+ib) — (a—ib)3 = (e*)® — (ye™¥)>

. . ¢
= %n3 2
in38 sin (3 ,

where 7 = va? + b2 and { = tan~!(b/a) are the polar components of the complex
number a + tb. Using these results, Eq. 3.2.9 becomes

R=nt (\/?:sin-g- — CoSs -g) + as. (3.2.10)
Then, r as a function of z is given by either
1 1 3
113 113 z
r= ([Al(z) + A2(2)2] + [z - Ag(z)z] + a5> , (3.2.11)

if A43(2z) >0for 0 <2<z, or

r= [77% (\/ﬁsing- - cos-g) + asJ ’ , (3.2.12)

if Ay(z) < 0for 0 < z < z, where

1=V Ai(2)? — Ay(2),
1V —As(2)

Ay(z)

¢ =tan”
and A;(z) and A2(z) are given by Eq. 3.2.6, Eq. 3.2.7, and the solutions to Eq. 3.2.3.

These results were used in the following manner. The values z., and 2.2, with
2e < Zc24, were used along with z; and r; to calculate roy and r., from Eq.3.2.4.
Equation 3.2.3 was then solved twice for two different sets of coefficients cg, ¢4, and
c2. These coefficients were used in Egs. 3.2.6, 3.2.7, and either 3.2.11 or 3.2.12 to
compute r;(z), the major axes of the elliptic cross sections, and r;(z), the minor
axes of the elliptic cross sections. Since z.; < z.q, there was a region z, < z < 24
in which r1(z) given by Eq.3.2.11 or Eq.3.2.12 was no longer valid. In this region,

r1(z) was obtained from

r1 =71 + (2 = 2ze1)/m. (3.2.13)
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Certain quantities were defined to characterize the tip. The length scale chosen
for the tip was the geometric mean of the radii of curvature of the two polynomials

at the origin. The formula for the radius of curvature

= rEn , (3.2.14)
dr?
evaluated at the origin, reduced to
R= - (3.2.15)
- 262 o

for the sixth-degree polynomials. Radii of curvature R; and R, were calculated at
the origin for z;(r) and z3(r), respectively. The length scale, denoted by R; since

it was analogous to the tip radius discussed in Ch. 2, was then computed from

Rt =4/ R1R2. (3216)

The ratio of the two radii of curvature at the origin, R;/R2, was defined as a
measure of the “flatness” of the tip and denoted by f;, the tip flatness factor. The
fineness ratio of the tip, F, was defined as the ratio of the distance to the second

point of tangency divided by the tip diameter at that point, or

F=_2 (3.2.17)

2Tc2 )

3.3 Construction

Two elliptic cross section tips were constructed.* The major and minor axes
of the elliptic cross sections were computed at 0.001 in intervals in z for the length
of each tip and were then fed into a computer-controlled milling machine, which
ground out the tips. Both were constructed from aluminum and were anodized
black. During the machining process, a reference mark was placed on the base of

each tip to indicate the location of the major axes of the tip.

* The English system of units will be used in this section since the tip designs had to be specified
in inches for the equipment used to construct the tips. All quantities in equations will be in
terms of inches. Metric equivalents will be specified where appropriate.
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FI1G. 3.5 Small elliptic cross section tip

The first tip was the smaller of the two and will thus be referred to as the
“small elliptic cross section tip.” This tip is shown in Fig. 3.5, along with the tip
dimensions. This tip was designed to be attached to the cone at the 0.698 in =
1.77 cm diameter location (see Fig.2.3). Note that for this tip, z¢o = z;; i.e., the
tip cross sections became circular at the base of the tip. The polynomial used to

generate the major axes of the small tip was
z = —17757.1r% + 1342.14r} + 0.406036r7, 0 < z < 0.75, (3.3.1)

with
ap = +1.6280 x 1073 az = —9.1684 x 1071°
a; = —2.8158 x 107 as = +7.9286 x 10~1°

a, = —2.8100 x 1071* as = +2.5194 x 1072,

For this set of a;, A2(z) (Eq.3.2.6) was negative for 0 < z < 2., and so Eq.3.2.12

was used to compute r1(z). The polynomial used to generate the minor axes of the
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small tip was

z = 142.133r5 — 85.5468r% + 30.8889r2, 0 < z < 2.75, (3.3.2)

with
ag = —1.3725 x 1072 a3 = —9.6565 x 10~°

a; = +3.5178 x 1073 as = +1.2375 x 107°

as = +2.2173 x 10™* as = +2.0063 x 1071,

For this set of a;, A3(z) was positive for 0 < z < z¢2, and so Eq. 3.2.11 was used to

compute r3(z). For zey =0.75in < 2 < z; = 2.751n, r; was obtained from
z = 11.43(r; — 0.349) + 0.75. (3.3.3)

For this tip, the tip radius R; was 0.141 in = 0.359 cm, the flatness factor f; was
76.0, and the fineness ratio F was 3.9. The overall length of the model with this
tip was 21.1 in = 53.6 cm.

The second tip was larger than the first and hence will be referred to as the
“large elliptic cross section tip.” This tip is shown in Fig. 3.6, along with the tip
dimensions. This tip was designed to be attached to the cone at the 1.92 in = 4.88
cm diameter location. Note that for this tip, z. = 2.9in < z; = 7.0in; i.e., a large
portion of this “tip” was actually part of the conical nose. The polynomials used

to generate this tip were

z = —46.85907 4 37.2152r} + 0.6800867%, 0 < z < 2.5, (3.3.4)
with
ap = +2.0474 x 107 a3 = —4.3693 x 10™*
a; = —-1.0670 x 1072 a4 = +1.1386 x 10~*
a; =—1.3430 x 107° a5 = +2.6473 x 107,
and

z = —29.5260rS + 25.4539r5 + 2.67760r%, 0 < 2 < 2.9, (3.3.5)
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~1.2450 x 1073

ag =

ap = +3.6759 x 1072

as = +2.8677 x 107*

a; = —1.6934 x 102

as = +2.8736 x 1071,

a; = —8.4215 x 107°

< z,, and so Eq.3.2.12

ive for 0 < z

For both of these sets of a;, A2(z) was negat

was used to compute both ry and rp. For 2,4 = 2.75in < z < z; = 7.0in, r; was
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obtained from
z =11.43(r; — 0.5663) + 2.5. (3.3.6)

For z., =2.9in < z < z; = 7.0in, r, was obtained from
z = 11.43(r; — 0.6013) + 2.9. (3.3.7)

For this tip, the tip radius R; was 0.370 in = 0.942 cm, the flatness factor f; was
3.9, and the fineness ratio F' was 2.4. The overall model length with this tip was
18.0 in = 46.6 cm. The large elliptic cross section tip was constructed with dye
ports to allow the injection of dye from within the tip. The rows of dye ports were
located at 0.5 in, 3.0 in, and 5.0 in from the small end of the tip. The row at 0.5 in
had 12 equally circumferentially spaced 0.02 in diameter holes, and the rows at 3.0

in and 5.0 in had 24 equally circumferentially spaced 0.02 in diameter holes.
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CHAPTER 4

Initial experiments with elliptic cross section tips

4.1 Introduction

In order to study the effectiveness of the elliptic cross section tips discussed
in Ch. 3 in controlling the asymmetry of the vortex wake of a right circular cone,
flow visualization experiments were conducted. Cross sections of the vortex wake,
produced by a laser sheet, were used to locate the vortex cores. The angle a line
connecting the two cores made with the horizontal was used as a simple measure of
the vortex wake asymmetry. The variation of this angle # with the body roll angle ¢
was studied. Preliminary experiments indicated that the small elliptic cross section
tip would produce square-wave variations of § with ¢, so attention was focused on
the large elliptic cross section tip. The experiments and results with this tip are

discussed in this chapter.

4.2 Model

The basic model used in the experiments was the right circular cone described
in Sec.2.2.2 and shown in Fig.2.3. As stated before, only the large elliptic cross
section tip was used in these experiments. As discussed in Sec. 3.3, this tip was
designed to be attached to the cone at the 4.88 cm diameter location. The cone
was mounted on the sting apparatus described in Sec.2.2.2. As was described in
Sec.2.2.2, the DC motor and linkage allowed the roll angle of the cone to be set to

one of the marks on the roll angle indicator to an estimated accuracy of +1°.
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4.3 Apparatus and procedure

The flow visualization experiments were conducted in the low-speed, free-
surface water channel described in Sec.2.2.1 and shown in Fig.2.1. The experi-
mental apparatus for the flow visualization experiments is shown in Fig.4.1. The
cone was always assembled under water to prevent air bubbles from being trapped
within the cone. The angle of attack of the cone could be set with an accuracy
of +0.1°, as discussed before. Fluorescein dye powder was mixed with water and
injected into the flow from within the model, using the same dye injection appara-
tus and procedure described in Sec.2.2.3. The vortex wake was illuminated with
a laser sheet which was created with an argon-ion laser (A = 514.5 nm) and a
cylindrical lens. The sheet-creating optics were mounted on an adjustable angle
traverse, as shown in 4.1. The sheet was set up so that it intersected the cone in
a plane perpendicular to both the cone axis and the incidence plane. In order for
the sheet to intersect the vortex wake normal to the axis of the cone, the traverse
had to be set at an angle 6, which was larger than the angle of attack «, because
of the difference in the indices of refraction of air and water. The traverse angle
was calculated assuming a value of 1.33 for the index of refraction of water. The
mirror angle 6, was then set to 6;/2. The intersection of the laser sheet with
the fluorescein-dye-seeded vortex wake created an image of the cross section of the
vortex wake. This image passed through the bottom of the channel test section,
reflected off the mirror mounted below the channel, and was recorded by the video
camera, also mounted below the channel. The angular alignments of the traverse,
mirror, and camera could all be set to an accuracy of £0.1°. The axial location of
the laser sheet was set to the dye hole row at the 12.7 cm axial station of the large
elliptic cross section tip (the first row from the base of the tip). By setting the laser
sheet at this location, the fluorescein dye coming from the holes and illuminated by

the laser sheet served as a locator for the cone itself.

Because of a limitation on the maximum traverse angle caused by space limi-

tations beneath the channel test section, the maximum angle of attack that could
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F1G.4.1 Schematic of apparatus for vortex wake flow visualization experiments

be studied using the apparatus in the configuration shown in Fig. 4.1 was approxi-
mately 45°. Total internal reflection limited the minimum angle of attack that could
be studied to approximately 41°. A preliminary study using a slightly different con-
figuration was conducted at an angle of attack of 30° (a/6, = 6), but the maximum
asymmetry angle 3 in this experiment was rather small. Because of the two limita-
tions on angle of attack and the small asymmetry angles at 30° angle of attack, the
decision was made to concentrate on an angle of attack of 45° (a/6, = 9), which

was well into the angle-of-attack range within which Moskovitz (1989) discovered
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square wave variations of sectional side force coefficient with roll angle for elliptic

cross section tips on bodies with conical noses.

dye injection holes
illuminated by laser sheet

wake vortex cores

a. Typical videc image with index of refraction distortion

b. Corrected image (view from base of cone)

FiG. 4.2 Vortex wake cross section images

A typical vortex wake image is shown in Fig.4.2a. This image was processed

from the videotape using a framegrabber and digital image processing software.
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Because of the distortion caused by the change in index of refraction as the image
passed from the channel to the air, the cross section of the cone appeared as an
ellipse. By digitizing points on the circumference of the cone illuminated by the dye
from the dye ports, and then fitting the equation of an ellipse to these points, the
center and the major and minor axes of the elliptical cone image could be calculated.
After these values were obtained, the locations of the vortex cores were digitized.
Because the fluorescein dye was entrained into the primary vortices very near the
tip of the model, the dye remained concentrated in the vortex cores, so that the
cores appeared as small, bright dots on the video image. By subtracting the  and
y coordinates of the center of the cone image from the z and y coordinates of vortex
cores, and then normalizing the core z with the major axis of the ellipse and the
core y with the minor axis of the ellipse, the distortion could be removed and the
correct values for the vortex core locations, nondimensionalized by the cone radius
R, at the axial location of the laser sheet, could be obtained. A typical corrected
image is shown in Fig. 4.2b. The view in this image is from the base of the cone, the
so-called “pilot’s eye” view. The direction of positive roll angle ¢ is shown in this
figure. The signs of the core z and y coordinates were adjusted to give the proper
core locations in this view. The angle 8 shown in the figure was defined as the
angle between a line in the laser sheet plane connecting the two vortex cores and a
line in the laser sheet plane perpendicular to the incidence plane (a horizontal line
in Fig.4.2b). This angle was used as a measure of the wake asymmetry and was
calculated such that 8 > 0 corresponded to the right vortex being higher than the

left vortex in the pilot’s eye view, as shown in the figure.

As stated before, the angle of attack studied was 45° (a/6. = 9). The free-
stream speeds studied were 10 and 20 cm/sec, yielding values of Re; for the large
elliptic cross section tip of 942 and 1,884. For each speed and angle of attack, the
roll angle ¢ was varied from 0° to 360° in 10° increments and set with +1° accuracy,
as mentioned above. Positive ¢ was taken to be clockwise rotation when viewed

from the base of the cone (Fig.4.2b). Zero ¢ corresponded to the major axes of
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the elliptic cross sections being horizontal. Zero ¢ could be set to £0.2° accuracy.
The flow was allowed to stabilize for one minute after the roll angle was set, and
then the dye was turned on and the vortex wake was digitized for one minute. Five
images were digitized out of each minute of videotape. The average location of each
vortex core and the RMS deviation from this average were calculated and used to

compute the asymmetry angle § and the estimated error in 3.

4.4 Results

The results of these experiments are shown in Fig.4.3. This figure shows the
variation in wake asymmetry angle 3 with the cone roll angle ¢ for a/6. = 9 and
Re; = 942, 1,884. The Reynolds numbers based on cone base diameter (Rep)
for these two cases were 9,900 and 19,800, respectively. The cross flow Reynolds
numbers for these two cases, computed using the cone diameter at the axial location
of the laser sheet, were approximately 2,830 and 5,660, respectively. These figures
show that the wake asymmetry angle varied with roll angle approximately as a two-
cycle sinusoid. Included in each figure is a fit to a two-cycle sine wave, with the fit
parameters, for comparison purposes. A comparison of the two figures shows that
doubling Re; had little apparent effect on the flow asymmetry, other than a very
slight increase in the maximum value of the asymmetry angle 3 and slightly noisier

data.

One explanation for the noise level and some of the irregularity of the data
curves is that the location of the laser sheet, chosen such that the laser sheet would
intersect the vortex wake where the asymmetry was large enough for good data
acquisition, was near the the point where the primary wake vortices began to sepa-
rate from the model. This led to some unsteadiness in the flow image, to the point
in some cases where a bimodal flow seemed to occur. A larger number of samples
from each segment of videotape would probably reduce the irregularities and the
measurement errors. However, the present measurements were judged sufficient to
demonstrate the effectiveness of the elliptic cross section tip in controlling vortex

wake asymmetry. The noise in the data, plus the uncertainties in setting the zero
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F1G. 4.3 Vortex wake asymmetry variations: a/6, =9

value of ¢ and in the roll angle settings during the roll angle sweeps, are probably

sufficient to explain the existence of the phase shifts in the curve fits to the data

shown in Fig. 4.3.

During the data acquisition from the videotape, it was noticed that the two
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F1G.4.4 Vortex separation distance variations: «/6, =9

vortices always seemed to move in tandem. Once the data were reduced, the distance
between the vortex cores in the laser sheet plane was computed. The variation of
this distance with roll angle is shown in Fig. 4.4 for the two values of Re, studied.
In this figure, the vortex separation distance is normalized by the cone radius R, at
the axial location of the laser sheet. Note that the ordinate scale in Fig. 4.4 is in the
range 0.8 < d/R. < 1.4. The vortex center separation is roughly constant, with at
most a 20% deviation for the case Re; = 1,884 (note that the data for Re; = 1,884
is noisier than the data for Re; = 942). The data for Re; = 942 do show a small but
essentially smooth variation with ¢. The period of this variation is approximately
half that of the period of the variation of 8 with ¢. Each maximum in the vortex
separation corresponds to a value of ¢ where the magnitude of 8 has a maximum,

and each minimum in d/R, corresponds to a value of ¢ where # has a minimum.

The discovery of the roughly-constant vortex separation distance piqued fur-
ther interest in the vortex wake geometry itself. Figure 4.5 contains loci of vortex
locations for the case a/8, = 9, Re; = 942. The case Re; = 942 only was examined

since the data for this case were less noisy. Figure 4.5a contains all the recorded
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F1G.4.5 Vortex core loci: a/8, =9, Re, = 942
vortex locations as ¢ was varied from 0° to 360°. The Foppl potential flow solution

for the locations of two stationary vortices behind a circular cylinder in cross flow

(Milne-Thomson 1968, p. 370) is included for purposes of comparison. Figure 4.5b
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is included for purposes of clarity. This figure shows the locus of vortex core loca-
tions for 140° < ¢ < 220°. Over this range of ¢, 8 varies from a maximum of 32.1°
to a minimum of —28.7°. The vortex core locations labeled with an asterisk (x)
and a cross (+) correspond to the measured flows that were closest to symmetric
(8 = 0). The relation between these vortex locations and the Féppl curve is of some
interest. Consider the right vortex in the pair labeled “g = —28.7°.” As f increases,
this vortex moves to the right along a seemingly smooth curve toward the vortex lo-
cation on the right labeled with an asterisk (*), corresponding to f = —2.6°. When
B changes sign, however, there seems to be a discontinuity in the curve (or at least
a large change of curvature of the curve) as the right vortex assumes the position
labeled with a cross (+), corresponding to 8 = 4.7°. This position happens to lie
very close to the Foppl curve. As § continues to increase, the right vortex continues
to move up and to the right, tracking the Foppl curve for a while but eventually
leaving it as § approaches its maximum of 32.1°. The left vortex in the pair follows
an essentially reversed version of this path. The vortex core locus thus seems to
be composed of two parts: a part that is transverse to the Féppl curve when the
vortex is closer to the cone than the symmetric vortex location, and a part that
almost coincides with, or at least appears to be tangent to, the Foppl curve when

the vortex is farther away from the cone than the symmetric vortex location.
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CHAPTER 5

Tip asymmetry effects on cone side forces

5.1 Introduction

As was shown in Ch. 4, the vortex wake asymmetry angle 8 varied with the cone
roll angle ¢ approximately as a two-cycle sinusoid. This seemed to indicate that
the elliptic cross section tip was effective in providing smooth control of the vortex
wake asymmetry. Because of these promising results, experiments were conducted
to determine the variation of the side force coefficient with body roll angle. These

experiments are discussed in this chapter.
5.2 Experimental apparatus

5.2.1 Facility

The force measurement experiments were conducted in the Free Surface Water
Tunnel (FSWT) of the Hydrodynamics Laboratory of the Graduate Aeronautical
Laboratories, California Institute of Technology (GALCIT).” This facility is de-
scribed in detail by Ward (1976). The test section of the FSWT was 20 in (50.8
cm) wide, 20 in (50.8 cm) high, and 6.5 ft (2 m) long. The speed range of the
FSWT was 0-24 ft/sec (7.3 m/sec). The free-stream turbulence in the test section
with flow conditioning screens in place was 0.38% at a free-stream speed of 15 ft /sec

(4.57 m/sec) (see Ward 1976).

* Because of the use of the English system of units in much of the equipment and instrumentation
in the Hydrodynamics Laboratory, the English system of units will be used in this chapter.
Metric equivalents will be given where appropriate.
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5.2.2 Model

The basic model used in these experiments was the right circular cone described
in Sec.2.2.2 and shown in Fig.2.3. Four different tips were used with the cone:
the two elliptic cross section tips described in Ch. 3, the sharp conical tip shown
in Fig.2.3, and the “chisel tip” shown in Fig.5.1. This tip was constructed by
machining two flats on the sides of a sharp conical tip and was designed to be

attached to the cone at the 0.698 in (1.77 cm) diameter location.
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F1G.5.1 Sketch of chisel tip

5.2.3 Sting

The cone was attached to the sting described in Sec.2.2.2. Because of the
number of roll angle sweeps planned, the mechanism used to vary the roll angle
was modified so that the roll angle sweeps could be controlled by computer. The
continuous-drive DC motor was replaced with a Linear Precision Industries P51-
M342 stepper motor and stepper motor drive. The resolution of the stepper motor
used was 200 steps per revolution. The stepper motor drive stepped the motor

on the trailing edge of a square-wave signal that was at least 10 psec wide. A
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Dynamics Research Corporation C153 rotary optical encoder with a resolution of
50 lines per revolution and a quadrature output which multiplied the resolution by
4 was mounted on the free shaft of the stepper motor. The optical encoder was
used to confirm that the step commands issued to the stepper motor during a roll
angle sweep were actually executed. The stepper motor was mounted on the sting.

A sketch of the sting and other apparatus is shown in Fig.5.2.

elevating mechanism
trunion mount

six-component
force balance
i (outer casing)

sting-to-balance
mating block

rotary optical
encoder

stepper motor

surface plate

F1G.5.2 Sketch of apparatus for force measurements
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The sting was attached to the mounting plate of a six-component force balance
(to be discussed in the next section). The force balance was in turn attached to an
elevating mechanism used with the FSWT. The elevating mechanism had a trunnion
pitch adjustment which could be adjusted through a continuous £10° range in pitch.
The elevating mechanism also had a £5° yaw adjustment. The elevating mechanism

was locked to the top of the test section of the FSWT during tests.

5.2.4 Free-surface plate

The experiments were originally planned to span a speed range from 0 to 2
m/sec. This range included speeds known to cause serious surface effects in the
FSWT. To minimize or eliminate these effects, a surface plate was constructed.
This plate is shown in Fig.5.3. The plate was designed to cover the first half of
the test section of the FSWT. The plate was constructed from Lucite and was
suspended from support bars attached to the top of the test section. Grooves were
machined into the sides of the plate which were then sealed against the glass walls
of the test section using rubber hosing. The hoses were stretched in the grooves
and the plate was lowered into position in the test section. Once the plate was
positioned properly, the hoses were released. As they attempted to return to their
original length, they filled the grooves in the sides of the plate and thus sealed the
gap between the plate and the test section walls.** The leading edge of the plate
was beveled to facilitate mating with the outlet ceiling of the FSWT contraction.
The joint between the contraction outlet ceiling and the leading edge of the plate
was smoothed using wax. The plate also had an adjustable-angle trailing edge flap

which could be used to adjust the streamwise pressure distribution on the plate.

The plate had a 4.0 in (10.2 cm) wide slot through which the model was lowered
into the test section. Inserts were then installed to close the slot. The fore and
aft inserts were used for all tests. Two different pairs of inserts were used in the

remaining slot opening to create two different sting access holes in the surface plate.

** This plate-sealing procedure was designed and implemented by the staff of the Hydrodynamics
Laboratory.
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These are shown in the figure. The small access hole was used when the cone was

completely submerged and only the sting shaft penetrated the surface plate. The

large access hole was used when the cone was placed at a high angle of attack, so

that the base of the cone protruded through the surface plate. The large access hole

was also used when the cone was at low angle of attack and clearance limitations

on the sting shaft support prevented the cone from being lowered into the channel

far enough so that the base of the cone would clear the bottom of the surface plate.
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5.3 Instrumentation

5.3.1 Force balance

The forces on the cone were measured using a Task Corporation 2.00 Mk II A
internal six-component balance. The balance contained two normal force elements
for determination of normal force (lift) and pitching moment, two side force elements
for determination of side force and yawing moment, a chord-force (drag) element,
and a rolling moment element. The range of each of the two normal-force elements
was 340 lb;. The range of each of the two side force elements was +14 lb;. The
range of the chord-force element was +25 lbs. The range of the rolling moment
element was £260 in-lb;. The normal and side force elements were equipped with
relaxation members at either end and were arranged to act in roll as a set of crossed
ribbon flexures. Similar relaxation members provided compliance in the chord force
direction. The rolling moment element contained relaxation members at either end
which were designed to transmit pure rolling moment to the gauge section. The
chord force element was located inside the rolling moment element and transmitted
axial force from the outer case of the balance to the inner rod. All gauged sections
except the rolling moment element were of the bending beam type containing 4
active 121 strain gauges. Rolling moment was resisted by a torque tube to which
were bonded 4 active strain gauges.]L The four active gauges of each element were
wired in a bridge arrangement. The bridges were excited with a 4.0V DC excitation
voltage. Each bridge also contained a nulling-resistor circuit which allowed each
bridge to be balanced in the zero-force condition so that the bridge output was
zero. The signal from each bridge was then fed into a Astro-Data 885 wideband
differential DC amplifier with the amplifier gain set to 1000. The voltage from each
amplifier was displayed on an averaging panel voltmeter with a resolution of £1
mV. The signal from each amplifier was also fed to a BNC connector panel. The

calibration of the force balance will be discussed in a later section.

T Information from Task Corporation balance calibration manual, on file in Hydrodynamics

Laboratory.
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5.3.2 Speed measurements

The test section free-stream speed was determined by measuring the static
pressure drop across the contraction using a Druck PDCR 130/WL 5 psid, wet-wet
differential pressure transducer. The voltage output of the transducer was calibrated
to the test section speed, which was measured with an LDV system. The output
of the pressure transducer was read by a digital multimeter with a resolution of
+1 mV. The calibration data are shown in Fig. 5.4.% This figure includes a linear
regression fit to the data and the associated linear regression correlation value. The

equation of this line in metric units was given by
U = 0.0305 + 2.800(V, — V,,,)?, (5.3.1)

where U was the test section speed in m/sec, V, was the output voltage of the
differential pressure transducer when the tunnel was at speed, and V,, was the

output voltage of the pressure transducer at a tunnel speed of zero.

5.3.3 Computer control and data aquisition

The experiments were controlled by a Gateway 2000 80386-microprocessor
based 20 MHz computer. A Scientific Solutions 12-bit analog-to-digital converter
card was used in conjunction with the computer. The card had 8 analog input
channels and 2 analog output channels. The analog outputs provided the step and
direction signals to the stepper motor drive. The analog input channels were used
to read the output voltages of the force balance-amplifier system. The card required
that all of the ranges of the input channels be set together. The range setting was
+10 V. With this range setting and the 12-bit resolution of the analog-to-digital
converter, the resolution of the converter was +0.00488 V. This card was used for

both the force balance calibration and the force measurement experiments.

¥ The calibration was performed by the Hydrodynamics Laboratory staff, who provided the
calibration data.
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FIG.5.4 FSWT test section speed calibration

The output of the rotary optical encoder was read by the computer with a
Technology 80 quadrature encoder input card. This card decoded the quadrature
output of the optical encoder and counted the resulting pulses with a 24-bit counter.
This count was compared to the count of step commands issued to the stepper motor

to ensure that the step commands had been executed.
5.4 Force balance calibration

5.4.1 Theory

As stated before, the force balance used in these experiments was a six-compon-
ent internal balance. Typically, the interactions between elements (or “crosstalk”)
is larger for an internal balance than an external balance. If the outputs of the
balance elements are linear in both direct reactions and interactions, then the first-

order expression for the output

{Vout} = [B] {Fapp} s (541)
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is sufficient to describe the response of the balance to the applied loads. In this
equation, {Voyt } is the column vector of balance output voltages, [B] is the matrix
of first-order reaction and interaction coefficients, and {F,p} is the column vector

of applied loads.

As described in Sec. 5.3, the force balance had 2 normal-force elements, which
will be denoted by N1 and N2; 2 side-force elements, denoted by Y1 and Y2; 1
chord-force element, denoted by X X; and 1 rolling moment element, denoted by
RR. In this discussion, each applied load will be denoted by an “F” with the
element name as a subscript; e.g., the forward normal force load will be denoted
by Fni. Each output voltage will be denoted by a “V” with the element name
as a subscript; e.g., the output voltage of the forward normal force element will
be denoted by Vyi. The elements of the response coefficient matrix [B] will be
denoted by a “b” with two subscripts. The first subscript will be the name of the
element producing the output voltage, and the second subscript will be the name of
the element to which the load is being applied; e.g., byi1y2 will be the response of

the Y'1 element to a load applied to the Y2 element. Using this notation, Eq. 5.4.1

becomes
([ Vxx ) [bxxxx bxxni bxxnz bxxy:r bxxyz bxxrr] [ Fxx)
VN1 bvixx byini  bnine  bniv:i  bniye  bnirr Fny
J Vo [ _ byvexx  byani  bnan2  bnoy:  bNn2ye  Dn2rr ) Fno f
152 byixx bvaini  byinz byivi  bvive byirr Fy,
Wy byaxx byani  byanz  byeyi  byay2  byz2rr Fy,
{ VR ) | brrxx  brrn1  bren2 brrvi brry2 brrrrJ \ Frr )

(5.4.2)
In order to determine the elements of [B], one of the six loads of {F} is applied
while the others are kept zero. Several values of this load are applied, and the six
output voltages {V} are read for each value of the load. The output voltages on
each of the six channels should be a linear function of the value of the applied load.
A linear regression curvefit to these data produces the elements in the column of
[B] corresponding to the load being applied to the balance. All six columns of [B]
are determined by repeating this procedure for each of the six loads {F}. Once [B]
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has been completely determined, the loads on the balance can be determined from

the output voltages from

{F} =[A]{V}, (5.4.3)

where [A] is the inverse of [B]. This equation assumes that the zero operating point
is a zero load condition, and that the output voltages are the change in output

voltage from the zero load condition. Alternatively, Eq.5.4.3 could be expressed as
{AF} = [A]{AV}, (5.4.4)
where {AF} and {AV} are the changes from the zero load condition.

5.4.2 Calibration procedure

The force balance was mounted on a calibration stand. The force balance
casing provided load application points at which essentially pure loads could be
applied to the individual load elements. After the balance and computer electronics
had been given time to warm up, the bridge resistors were adjusted to give the
zero voltages and the averages and RMS values of the zero voltages were recorded.
These were all essentially zero for all of the elements except the XX element,
which had an internal offset. Its zero voltage was usually set to 2.000 V with the
bridge balance resistor. Weights were hung from the load application points for one
of the elements and the 6 output voltages were measured by the computer, which
calculated the average and RMS values of the voltages. After a series of weights had
been added and removed, the computer used a linear regression routine to calculate
the values and uncertainties of the elements of [B] from the weights and the average
and RMS values of the voltages. This calibration was repeated a number of times
before, during, and after the experiments. The ranges of applied loads used were

determined from estimates of the expected maximum loads during the experiment.
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5.4.3 Calibration results

The results of the calibrations showed that most interactions between elements
were negligible. This resulted in many of the off-diagonal elements of [B] being

zero. The non-zero elements of [B] were

bxxxx = —0.194 + 0.001

bnin: = +0.122 4+ 0.001 bxin2 = 0.0036 + 0.0002

bnant = 0.0034 £ 0.0002 bnanz = 0.135 £ 0.001
by1y1 = —0.276 4 0.001 by1y2 = —0.0149 + 0.0002
byay; = —0.0150 £ 0.0002 by2y2 = —0.349 £ 0.001

brrrr = 0.0221 £ 0.001 (5.4.5)

where the units of all of the coefficients are V/lbs, except brrrr, Which has units
of V/in-lb;. The associated linear regression correlation values 72 were all 0.9999
or better, indicating a highly linear balance response to applied loads. These val-
ues were repeatable to within 1% of the initial values among all of the different
calibrations conducted. The only significant interactions were between the two
normal-force elements and the two side-force elements. The nature of the resulting
[B] array made its inversion a simple matter of inverting two 2X2 matrices and
taking the inverse of two scalar numbers. This was done in the data reduction
program, which also used the uncertainties in the elements of [B] to compute the

error bars on the forces.

5.4.4 Nonlinearities in side force interactions

During the experiments, it was discovered that a smaller range of side forces
than had been expected would be of interest. A more thorough calibration of the
balance side force elements in the range +2.5 lb; was conducted after the exper-
iments. The results of this calibration for the interactions between the side force
elements are shown in Fig. 5.5. This figure shows that the interactions between the

two side force elements were nonlinear for applied loads of 1 Ib; or less.
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F1G. 5.5 Interactions between balance side force elements

During this calibration, the sting without the cone was attached to the force
balance on the calibration stand and was set to an angle of attack of 40°. Pure side
force loads were applied to the sting at the point of cone attachment. The balance
output voltages were used with the calibration results to compute the side forces.

These computed forces were then compared with the actual forces. It was discovered
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that for an applied load of 1 lbg, the difference between the computed and actual
side force, using only the diagonal terms by1y; and by2ys to compute the side force,
was less than half the same difference using the diagonal terms end the interaction
coefficients to compute the side force (1.3% error as opposed to 2.7% error). For
an applied load of 2 lbg, the difference between the computed and actual side force,
using only the diagonal terms to compute the side force, was approximately the
same as the difference using the diagonal and interaction terms (2.1% and 1.9%
errors, respectively). For increasingly larger loads, the use of both diagonal and
interaction coefficients gave increasingly better results. However, since it was clear
that most of the side forces would be in the range 2 lbs or less, it was decided to
use only the two diagonal terms by1y; and by,y, to compute the side force, with a

resulting estimated error of approximately 2%.

5.5 Experimental procedure

The balance and sting were attached to the elevating mechanism and the cone
was attached to the sting. In this configuration, the balance measured the forces on
the entire tip-cone model plus whatever portion of the sting mechanism that hap-
pened to be submerged. The sting was set so that the cone was horizontal (a = 0°)
and the cone was rotated about its axis using the stepper motor to set the zero
roll angle ¢¢. Each of the four different tips used in the side force measurement
experiments required a different procedure for setting ¢y. As was discussed in Ch. 3,
the two elliptic cross section tips had reference marks on their bases corresponding
to the location of the major axes of the elliptic cross sections. A roll angle measure-
ment block was constructed for the large elliptic cross section tip and was used in
conjunction with the digital inclinometer. The cone was rotated until the reference
mark on the large elliptic cross section tip was within one stepper motor step of
vertical. The zero roll angle was then measured to an accuracy of +0.1° using the
block and inclinometer. The zero roll angle for the small elliptic cross section tip
was set by rotating the cone until the reference mark was within +2 motor steps

of being aligned with a reference point directly above the centerline of the cone, so
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that the accuracy of ¢¢ for the small elliptic cross section tip was +3.6°. Note that
here, the zero roll angle for the two elliptic cross section tips was defined such that
the plane formed by the major axes of the elliptic cross sections coincided with the
incidence plane. This was a change from the definition of zero roll angle in Sec. 3.1,
in which the major axis was perpendicular to the incidence plane at ¢ = ¢g. The
zero roll angle of the chisel tip was set by rotating the cone until the flat of the
tip was within +2 motor steps of vertical alignment with a reference point directly
above the centerline of the cone, so the accuracy of ¢y was £3.6° for the chisel tip.
In all cases, the cone was stepped to ¢ in the direction that the subsequent roll
angle sweep was to be conducted so that any slack in the gearing system would be
taken up. The conical tip had no ¢ priori preferred roll angle. During the tests
with the conical tip, each subsequent test was begun where the previous test had

ended, so that the arbitrarily chosen ¢y was the same for all tests.

Once ¢, was set, the cone was lowered into the test section and the angle of
attack was set and measured to £0.1° using the digital inclinometer. Air within the
cone was allowed to escape from the base of the cone, and then the cone mounting
bolts were tightened completely. The blockage for the cone with a sharp conical
tip at o = 60°, the maximum angle of attack studied in the experiments, was
estimated to be approximately 9.3%, a maximum for all of the tips and angles
of attack studied in these experiments. The blockage for the cone with the large
elliptic cross section tip at @ = 30°, the minimum angle of attack studied in the
experiments, was estimated to be approximately 5%, a minimum for all of the tips

and angles of attack studied in these experiments.

The sideslip angle # was set to zero with an accuracy of £0.1°. In their tests,
Zilliac et al. (1991) deliberately set 3 to £0.25° to determine the effects of slight
model misalignment on the side forces, and found these effects to be minimal. Once
the angle of attack was set, the surface plate inserts (Fig. 5.3) were installed. Be-
cause of clearance limitations, the large access hole inserts were used at small angle

of attack. For larger angle of attack, the small access hole inserts were used. At
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very high angle of attack, the large access hole inserts were used, so that the cone
could be raised to allow adequate spacing between the cone tip and the bottom of

the FSWT test section.

surface plate

| S V. | ~ N DAGV’AH?ZZ?ZOZEV%J£2719ZZ/AH

< >
<

access hole in
surface plate

/

F1G.5.6 Cone-surface plate position definitions

cone

Since the cone was projecting into the water tunnel through an access hole
in the surface plate, base effects were a source of concern during these tests. The
position of the cone base relative to the access hole in the plate was determined
and recorded for each test. Figure 5.6 shows the two quantities that were measured
for each test. The distance from the foremost point of the access hole to the upper
“corner” of the cone base is denoted by s in the figure. This quantity had the same
definition for both large and small access holes (see Fig. 5.3). If the cone base corner
was aft of the front of the access hole, s was negative. The spacing between the
lower surface of the plate and the upper corner of the cone base is denoted by d in
the figure. If the cone base corner was above the bottom of the surface plate, d was
negative. The cone was always centered spanwise in the test section. Usually, if

the large access hole was used, the cone base was centered streamwise in the access
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hole. If the small access hole was used, the sting shaft was centered streamwise in

the access hole.

Once the cone was put into position and the inserts installed, the tunnel water
level was adjusted until it was at the center of the surface plate. The balance
bridge voltages were then set to their zero levels, which were sampled 100 times by
the computer. Averages and RMS values of the zero voltages were computed. The
tunnel was turned on and the speed was set. Four nominal speeds, 30, 50, 70, and 90
cm/sec, were studied. The corresponding changes in pressure transducer voltages
for these speeds were 0.0112, 0.0315, 0.0620, and 0.103 V, respectively. During
the experiments, the output voltage from the pressure transducer was monitored
visually using a digital multimeter with a resolution of 1 mV. It was estimated that
for the speeds and voltages listed above, the corresponding fluctuations in voltage
were 1, 2, 3, and 3 mV, respectively, yielding uncertainties in the tunnel speeds of 4,
3, 2, and 1%, respectively. While the test section speed was stabilizing, the tunnel
water level was adjusted back to the center of the surface plate. Disturbances caused
by the cone base resulted at some speeds in either the entrainment of air through
the access hole into the test section or the discharge of water through the access
hole out of the test section. To alleviate these difficulties, at these test conditions
a small free surface reservoir was constructed on top of the surface plate, around
Athe access hole. The tunnel water level was adjusted and water was added to the

reservoir until the reservoir level was more or less constant.

Once the tunnel speed and water level had been stabilized, the roll angle sweep
began. Each sweep contained 73 roll angles. These were chosen so that multiples
of 45° and 90° would be included within a reasonable number of roll angles. The
resulting roll angle step profile thus had extra points near roll angles that were
multiples of 90°, the points where the side forces were expected to pass through
zero. The computer stepped the cone to a particular roll angle and the motion
was confirmed by the rotary optical encoder. After the step, the computer delayed
for 4 axial flow periods (the model length divided by the axial component of the
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flow velocity, Uss cos ). After the delay, the computer sampled the balance output
voltages 100 times, with the samples evenly spaced over 4 axial flow periods, and
computed the average and RMS values of the voltages. Then, the cone was stepped
to the next roll angle and the process was repeated until the roll angle sweep was

completed.

Once a test was completed, the voltages were converted to forces using the
results of the balance calibrations. These forces were then converted to coefficients
using the free-stream dynamic pressure and the cone base area. The side force was
defined to be positive to the right in the pilot’s eye view of Fig.4.2. Because the
variation of side force with cone roll angle for a given test condition (speed and
angle of attack) was of primary interest, and because the difference between the
minimum blockage (5%) and the maximum blockage (9.3%) was small, so that the
change in blockage between test conditions was small, no blockage corrections were

applied to the data.

5.6 Test grid

The side forces were measured on the cone with the large elliptic tip at nominal
angles of attack of 30°, 35°, 40°, 45°, 50°, and 60°, corresponding to nominal a/8,
values of 6, 7, 8, 9, 10, and 12, respectively, and at nominal speeds of 30, 50, 70, and
90 cm/sec at each angle of attack, corresponding to nominal Re; values of 2,800,
4,700, 6,600, and 8,500, respectively. At a = 60° (a/8, = 12), the nominal speeds
were 50 and 75 cm/sec, corresponding to nominal Re; values of 4,700 and 7,100,
respectively. The side forces were measured on the small elliptic tip at nominal
angles of attack of 30°, 40°, 50°, and 60° (/6. = 6, 8, 10, and 12, respectively), and
at nominal speeds of 50 and 75 cm/sec (Re; = 1,800 and 2,700, respectively) at each
angle of attack. A number of experiments were performed to check the reliability of
the results. Roll angle sweeps in both roll angle directions were performed using the

cone with the large elliptic cross section tip at nominal angles of attack of 30°, 40°,
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and 50° and a nominal speed of 50 cm/sec to check for roll hysteresis effects. Two
tests were performed at a = 50°, one for U, increased from 0 to 50 cm/sec, the
other for U, decreased to 50 from 90 cm/sec, to check for speed hysteresis effects.
Tests were performed for 3 different end conditions at nominal angles of attack of
30°, 40°, and 50° and a nominal speed of 50 cm/sec to determine end effects. The
side forces on the cone with a sharp conical tip were measured at a nominal speed
of 50 cm/sec and nominal angles of attack of 30°, 40°, and 50°, to determine the
roll angle-side force characteristics of the baseline configuration. The side forces on
the cone with the chisel tip were measured at a nominal speed of 50 cm/sec and

nominal angles of attack of 30°, 40, and 50°, for purposes of comparison.
5.7 Results

5.7.1 Basic side force data

The basic results for the side force coefficient of the cone with the two elliptic
cross section tips are shown in Figs. 5.8 through 5.17. Each figure shows the varia-
tion of the side force coeflicient Cy with the cone roll angle ¢ for all of the speeds
tested at each particular angle of attack. As stated previously, the side force Y was
the side force on the entire tip-cone model and submerged portion of the sting. The
side force coefficient Cy was defined as the side force Y nondimensionalized by the
free-stream dynamic pressure % pU2 and the cone base area mD?/4. Both fhe tip
Reynolds number Re; (the Reynolds number based on the tip radius R;), and Rep,
the Reynolds number based on cone base diameter D, are shown for each different
¢—C} characteristic. The particular tip used, the relative angle of attack a/6,, the
zero roll angle ¢p, the cone base coordinates s/D and d/D from Fig. 5.6, and the
particular surface plate access hole used are included in the captions to each figure.
Figure 5.7 i1s included as an aid in visualizing the orientation of the elliptic cross

sections with respect to the oncoming flow.

The error bars in each of these figures were computed from the RMS levels

of the balance side force element output voltages and the estimated uncertainties
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Fi1G. 5.7 Elliptic cross section orientations

in calibration constants, tunnel speed, water density, and cone base diameter. In
some cases the error bars were quite large. The large error was attributed to two
factors: unsteadiness in the side forces (to be discussed in detail in a later section),
and low side forces caused by low dynamic pressures with resulting analog-to-digital
resolution limitations. Large errors associated with small side forces are particularly
evident in Figs. 5.8 through 5.12 at the lowest values of Re,, obtained with a nominal
tunnel speed of 30 cm/sec. At this tunnel speed, the dynamic pressure times the
cone base area, -% pUZ times wD?/4, was on the order of 0.1 lb;. At this level of
force, the ratio of the maximuni side force element voltage output to the resolution
of the analog-to-digital converter (0.00488 V) was typically around 8. As the speed
increased, the size of the error decreased, as can be seen in the figures. At 90
cm/sec, the highest nominal tunnel speed, the maximum signal-to-resolution ratio
was typically around 100. At 50 cm/sec, the maximum signal-to-resolution ratio

was typically around 30.

Some general trends can be seen in the figures. The side force does go through
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F1G. 5.8 Roll angle-side force characteristics: large elliptic cross section tip, a/8. =
6.0, ¢o = 0.2°, s/D = 0.0, d/D = 0.070 (large access hole)

zero at multiples of 90°, where the tip is symmetric with respect to the oncoming
flow, as expected. There are other zero crossings at higher angles of attack. These

will be discussed in more detail in a later section that will deal with the variations
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F1G.5.9 Roll angle-side force characteristics: large elliptic cross section tip, a/6. =
7.0, ¢o = 0.3°, s/D = 0.66, d/D = 0.15 (small access hole)

with angle of attack of the relation between roll angle and side force coefficient.

Some of the curves seem to exhibit a behavior that is periodic with period 180°.
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FI1G.5.10 Roll angle-side force characteristics: large elliptic cross section tip, a/6. =
7.8, o = 0.3°, s/D = 0.58, d/D = 0.18 (small access hole)

For example, in Fig. 5.9, at Re, = 7,510, the changes in Cy as ¢ increases through
90° and 270° seem to be very similar to each other, and to be more rapid than the

changes in Cy as ¢ increases through 180° and 360°, which also seem to be very sim-
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F1G.5.11 Roll angle-side force characteristics: large elliptic cross section tip, a/6. =
9.0, ¢o = 0.3°, s/D = 0.46, d/D = 0.20 (small access hole)

ilar to each other. When at a roll angle that is a multiple of 90°, the tip presented
one of its two planes of symmetry to the oncoming flow. For ¢ € {90°,270°},

the major-axes-plane of the tip was perpendicular to the incidence plane. This
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F1G.5.12 Roll angle-side force characteristics: large elliptic cross section tip, o/, =
9.8, ¢o = 0.3°, s/D = 0.41, d/D = 0.24 (small access hole)

tip-flow symmetry condition will be referred to as the “perpendicular plane sym-
metry condition” for purposes of discussion (see Fig.5.7). For ¢ € {0°,180°}, the

major-axes-plane was coincident with the incidence plane. This tip-flow symmetry
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F1G.5.13 Roll angle-side force characteristics: large elliptic cross section tip, o/, =
11.8, ¢9 = 0.0°, s/D = 0.57, d/D = 0.30 (small access hole)

Rey = 1,930; Ren = 53,100

3

: 9

' § g
[&] X

-1 § ﬂ‘f%

-2

-3

0 30 60 90 120 150 180 210 240 270 300 330 360

3 Ret = 2,960; ReD = 81,500

2

i 2 mi e
(@] _§_ W Wq pé o] [}

g % 0] %

-2

-3

0 30 60 90 120 150 180 210 240 270 300 330 360
Roll angle ¢ (degrees)

F1G.5.14 Roll angle-side force characteristics: small elliptic cross section tip,
a/l, = 5.8, ¢o = 0.0° £ 3.6°, s/D = 1.0, d/D = 0.20 (small access

hole without rear access hole insert)
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F1G.5.15 Roll angle-side force characteristics: small elliptic cross section tip,
aff. = 7.8, ¢o = 0.0° £ 3.6°, s/D = 0.95, d/D = 0.36 (small access
hole)
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F1G.5.16 Roll angle-side force characteristics: small elliptic cross section tip,
aff. = 9.8, ¢o = 0.0° £ 3.6°, s/D = 0.66, d/D = 0.27 (small access
hole)
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F1G.5.17 Roll angle-side force characteristics: small elliptic cross section tip,
a/f. = 11.8, ¢9 = 0.0° + 3.6°, s/D = —0.60, d/D = —0.096 (large

access hole)

condition will be referred to as the “coincident plane symmetry condition” for pur-
poses of discussion. Figure 5.9 seems to indicate that the changes in the side force
coefficient, and hence the vortex wake asymmetry, as the tip was rotated through
the perpendicular plane symmetry condition were different in character from the
changes in Cy as the tip is rotated through the coincident plane symmetry condi-
tion. This difference can be attributed to the fact that for ¢ € {90°,270°}, the major
axes of the elliptic cross section are perpendicular to the incidence plane, so that
the elliptic cross sections are “broad-side-on” to the flow, while for ¢ € {0°,180°},
the major axes of the elliptic cross sections are parallel to the incidence plane, so
that the cross sections are “narrow-side-on” to the flow. As the tip rotates into one
of the two symmetry conditions, the rate of change with roll angle at which the
tip and flow approach symmetry will be different for the two different symmetry

conditions.

. As the Reynolds number increased, the variation of the mean side force co-
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efficients with roll angle became less smooth in some cases. This could have been
caused by surface imperfections that became more effective in influencing the flow as
the boundary layer thicknesses decreased with increasing Reynolds number. Such a
mechanism was described by Hunt (1982), among others. Reynolds number effects

will be discussed in greater detail in a later section.

Because the large elliptic cross section tip exhibited a larger range of side
force behaviors than the small elliptic cross section tip, attention will be focused
on the large tip for most of this chapter. As can be seen from the figures, the
variation of the ¢—Cy curves with Re; and Rep was small. A nominal speed of 50
cm/sec yielded side forces large enough to avoid both the low force and resolution
difficulties at a speed of 30 cm/sec, as discussed above, and possible errors caused
by the model oscillations that sometimes occurred at speeds of 70 and 90 cm/sec, to
be discussed in the context of flow unsteadiness in a later section. Because of these
advantages, most of the rest of the force measurement experiments to be discussed

were conducted at a nominal speed of 50 cm/sec.

The primary focus of the force measurement experiments was the side force on
the body. The maximum side force coefficients obtained in the experiments were
of the same size as those reported in the literature, in the range +1 to +3. No
base pressures were measured in the experiments, so the lift and drag of the model
could not be corrected for base forces. Rough values of the lift and drag coefficients
without base pressure corrections indicated that the side force coefficients were of
the same size as the lift and drag coefficients, as is often discussed in the literature.
For these reasons, only results for side force coefficients are presented and discussed

in this study.
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FI1G.5.18 Roll hysteresis checks: large elliptic cross section tip (a /8. = 6.0 — large
access hole; a/f. = 7.8,9.9 — small access hole)

5.7.2 Data reliability tests

Four sets of tests were conducted to determine the reliability of the roll angle-
side force characteristic data. The first of these was a check for roll hysteresis effects.
The roll angle sweep was performed in both directions. The tests were performed

for three different angles of attack, at a nominal speed of 50 cm/sec. The results
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of these tests are shown in Fig.5.18. These results show that the ¢—Cy curves
had essentially no dependence on the direction of the roll angle sweep. These tests
also demonstrated the repeatability of the data and the uniqueness of the ¢-Cy
curves. There were some variations between roll directions at ¢ = 90° and 270° for
aff. = 9.9. However, in these regions the change in Cy with ¢ was very rapid.
As can be seen in the figure label, ¢y was slightly different for the two tests. The
possible slight differences in ¢ in this region of rapid side force coefficient change

are sufficient to explain the differences in values of Cy shown in the figure.

The second reliability test was a check for speed hysteresis effects. Two roll
angle sweeps were performed, one for a tunnel speed that was increased from 0 to
50 cm/sec and allowed to stabilize, the second for a tunnel speed that was decreased
from 90 to 50 cm/sec, after the tunnel had been run at 90 cm/sec for several minutes.
The results of these tests are shown in Fig.5.19. These data show that there were
essentially no speed hysteresis effects and again demonstrate the repeatability of

the data and the uniqueness of the ¢—C'y curves.
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F1G.5.19 Speed hysteresis check: large elliptic cross section tip, a/6, = 9.9, ¢g =
—0.7°, s/D = 0.64, d/D = 0.51 (small access hole)

The third reliability check was a set of tests to determine base or end effects.
Three different end conditions were studied. These conditions are shown in Fig. 5.20.

The first condition was obtained from the “fully-extended” configuration shown in
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Fig. 5.20a. The cone was lowered until the roll angle indicator almost made contact
with the upper surface of the surface plate. In this configuration, the cone was
at the maximumn depth in the water channel that could be achieved, and hence d
attained its maximum value. The second condition was obtained from the “minimal
base clearance” configuration shown in Fig.5.20b. In this configuration, the cone
was raised until the cone base or the cone attachment bolts just cleared the bottom
surface of the surface plate. The third condition was obtained from the “fully-
retracted” configuration shown in Fig.5.20c. In this configuration, the cone was

raised until none of the base of the cone was submerged in the channel. Each of
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these three end conditions was tested with the large elliptic cross section tip at a

nominal speed of 50 cm/sec and nominal angles of attack of 30°, 40°, and 50°.

The results of these tests are shown in Figs. 5.21 through 5.23. Two curves are
shown in each figure for the fully-retracted configuration. The first curve is the side
force coefficient computed with the actual cone base area. It was recognized that in
the fully-retracted configuration, the area over which pressures could act to produce
side force would be reduced. For this case, then, the side force was computed with
the area based on the largest completely-submerged cone diameter, the diameter

shown in Fig. 5.20c.
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F1G.5.21 End effects: large elliptic cross section tip, nominal a/6. = 6, nominal
Rep = 56,000; ¢ — fully-retracted configuration (large access hole); * —
fully-retracted configuration with base area correction (see text); o — min-
imal-base-clearance configuration (large access hole); A — fully-extended
configuration (small access hole)

These figures show that the end conditions had effects on the magnitude of
the side force coeflicients but not on the general shape of the ¢—-Cy curves. It is
also clear from these figures that the maximum uncorrected side force coefficients

were obtained in the minimal-base-clearance configuration of Fig. 5.20b. For o/6,
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F1G.5.22 End effects: large elliptic cross section tip, nominal /8, = 8, nominal
Rep = 55,000 (see Fig. 5.21 for explanation of symbols)
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F1G.5.23 End effects: large elliptic cross section tip, nominal «/6. = 10, nominal
Rep = 55,000 (see Fig.5.21 for explanation of symbols)

nominally 6 and 10, the base area corrections brought the side force coefficients for

the fully-retracted end condition essentially to the same magnitudes as for the the
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minimal-base-clearance end condition. However, the base area correction caused the
side force coefficients for the fully-retracted case to overshoot the coefficients for the
minimial-base-clearance case for a /6, nominally 8. Why this happened is not clear.
Since the minimal-base-clearance end condition gave the maximum uncorrected side
force coefficients, it was used for the majority of the tests. The basic data shown in

Figs. 5.8 through 5.17 were obtained in the minimal base clearance configuration.
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F1G.5.24 Roll angle-side force characteristics: sharp conical tip, ¢9 = 0° (nomi-
nally), large access hole

The fourth reliability check was a test using the cone with a sharp conical tip,

in what could be considered the baseline configuration. These tests were conducted
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to ensure that the behaviors discussed above were indeed caused by the elliptic cross
section tips and not the cone model. The tests were conducted for nominal angles
of attack of 30°, 40°, and 50°, and a nominal speed of 50 cm/sec. The results of
these tests are shown in Fig. 5.24. This figure shows a wide range of behaviors as
the angle of attack is increased. The results at a/6, = 6.0 seem to show a switch
between two mirror image states, such as the switch discussed by Lamont and Hunt
(1976). The results at /8. = 8.0 show a greater variation of side force coefficient
with roll angle, a variation that almost disappears at a/6. = 10.0. A comparison
of this figure to Figs. 5.8 through 5.17 shows that the side force coefficient behavior
caused by the elliptic cross section tips completely overrides the behavior caused by

the cone and the sharp conical tip.

5.7.3 Reynolds number effects |

As was stated previously, the basic data in Figs. 5.8 through 5.17 do not show
large changes as the Reynolds number is varied. This weak dependence on Reynolds
number is shown more directly in Figs. 5.25 through 5.29, which present Reynolds
number effects for the large elliptic cross section tip. Note that both Re; and Rep

values are given in each figure.

These figures do show a slight dependence of the magnitude of the side force
coeflicient on the Reynolds number. However, the overall trends do not seem to be
very dependent on the Reynolds number. This could have been anticipated. The
primary viscous effect in flows past bodies at high angle of attack is the circumfer-
ential location of the lines where the boundary layer separates from the surface of
the body. This location is not a strong function of the Reynolds number for laminar
separation. As is the case for the flow past a circular cylinder, the location of the
separation line is primarily dependent upon the state of the boundary layer prior
to separation. A laminar boundary layer will separate from the body at a smaller
circumferential angle (measured from the most windward point on the body) than
a turbulent boundary layer. Lamont (1980) shows the pressure distributions about

an axisymmetric body (a tangent ogive nose on a cylindrical afterbody) for laminar
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F1G.5.25 Reynolds number effects: large elliptic cross section tip, a/f. = 6.0,
$o = 0.2°, 5/D = 0.0, d/D = 0.070 (large access hole)
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F1G.5.26 Reynolds number effects: large elliptic cross section tip, a/8, = 7.0,
¢o = 0.3%, s/D = 0.66, d/D = 0.15 (small access hole)

and turbulent separations. Each type of separation produces a distinctive circum-

ferential pressure distribution that is very similar to the corresponding pressure
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F1G.5.27 Reynolds number effects: large elliptic cross section tip, a/8.
¢o = 0.3°, /D = 0.58, d/D = 0.18 (small access hole)
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Fi1G.5.28 Reynolds number effects: large elliptic cross section tip, «/6. = 9.0,

¢o = 0.3%, s/D = 0.46, d/D = 0.20 (small access hole)

distribution on a circular cylinder in transverse flow. By using these pressure dis-

tributions, Lamont was able to establish the boundaries in Rep-a/6, space where



- 110 -

O  Rey = 3,220, Rep = 33,900
O  Rey = 5.200, Rep = 54,600
A Rey = 7,390, Rep = 77,700
+  Rey = 9,520, Rep = 100,000

3 T T T T T

A4

i)

{ 44
IR

A 3 s
A i T g U0 A R

0 30 60 90 120 150 180 210 240 270 300 330 360
Roll angle ¢ (degrees)

F1G.5.29 Reynolds number effects: large elliptic cross section tip, a/8, = 9.8,
éo = 0.3°, 8/D =0.41, d/D = 0.24 (small access hole)

laminar, transitional, or turbulent separation would take place. Lamont concluded
that the critical Rep below which the separation would be laminar was on the order
of 200,000 and essentially independent of angle of attack. The maximum value of
Rep studied in these experiments was 100,000. Since this is the Reynolds num-
ber based on the base diameter of the cone, the local Reynolds number along the
cone was less than 100,000. Thus all of the conditions studied in these experiments
should have resulted in laminar separations, according to the criterion established
by Lamont. Since the separations were laminar, no major changes with Reynolds

number should have been expected. The data indicate that this statement is correct.

The lack of Reynolds number dependence thus provides a cross-check on the
data. The high-force-level results for the higher Reynolds numbers indicate that the
low side forces and corresponding resolution difficulties did not seriously compromise
the results for the mean side force coeflicients at the lower Reynolds numbers.
The similarities between the results also indicate that the unsteadiness and model

oscillations that occurred at the higher Reynolds numbers also did not seriously
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One interesting Reynolds number effect was observed. As the Reynolds num-
ber increased, the differences between wake asymmetry as the tip rotated through
the perpendicular plane symmetry condition (¢ € {90°,270°}) and through the co-
incident plane symmetry condition (¢ € {0°,180°}) became more pronounced. As
the Reynolds number increased, the boundary layers would have become thinner,
making the details of the tip shape at the end of the tip more effective in influencing
the wake through viscous effects, and amplifying the changes in behavior between
the two different tip rotations through the symmetry conditions. This trend isn’t
entirely consistent, as can be seen from a close examination of the figures. However,
the thinning of the boundary layers and the resulting amplification of the differences
in tip rotation through symmetry does help to explain why the Reynolds number
data in Fig. 5.28, for example, collapses onto a single curve for ¢ = 90° and 270°

more readily than at ¢ = 0° or 180°.

5.7.4 Angle of attack effects

Figure 5.30 shows the changes in the ¢—Cy curves for the large elliptic cross
section tip as the angle of attack was increased, for a nominal speed of 50 cm/sec.
For a/f. = 6.0, the side force coefficient varied more or less as a two-cycle sinu-
soid, the desired result. As the angle of attack increased, however, the side force
coefficient behavior departed from the desired smooth variation with roll angle that
was the aim of the elliptic cross section tip design. As a/6. increased from 6.0 to
7.0 to 7.8, the ¢—Cy curve approached a two-cycle square wave. Then, as «/6,
increased further, to 9.0, Cy began to exhibit reductions in magnitude between the
magnitude peaks on either side of the zero crossings. Finally, at a/8. = 9.8, the side
force was almost entirely the opposite sign from the side force at «/8, = 6.0, except
near the zero crossings at the values of ¢ corresponding to the tip-flow symmetry
conditions. In aircraft dynamics, this would be referred to as “control reversal.”
For higher angles of attack, the side force was essentially zero (see Fig.5.13 for

a/6. = 11.8), indicating that at this high angle of attack, the large elliptic cross



-112 -

/6, = 6.0, Re; = 5,390; Rep = 56,700

0 30 60 90 120 150 180 210 240 270 300 330 360
/0. = 7.0, Re, = 5,370; Rep = 56,400

A

0 30 60 90 120 150 180 210 240 270 300 330 360
/6. = 7.8, Re; = 5,160; Rep = 54,200

3
> o o=
1 ¢
0
-1
-2
-3

Lgm# ]

90 120 150 180 210 240 270 300 330 360
a/ec = 9.0, Rey = 5,240; Rep = 55,100

3

Al R A Y

> (1) L5055 e ndgf

& 1 M SBogceoP W "qu SSoea?”
-2

0 30 B0 90 120 150 180 210 240 270 300 330 360

a/6, = 9.8, Rey = 5,200, Rey = 54,600

3
[P —
-t % Socosacpencedf® |
-3

0 30 B0 90 120 150 180 210 240 270 300 330 360
Roll angle ¢ (degrees)

F1G.5.30 Angle-of-attack effects: large elliptic cross section tip, nominal U, = 50
cm/sec

section had lost its effectiveness. The reductions in magnitude of Cy between the
peaks on either side of the zero crossings were also noted by Zilliac et al. (1991)
for their axisymmetric body at large angle of attack when they used a chisel tip.

Such reductions can also be seen in the sectional side force coefficients of Moskovitz
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F1G.5.31 Angle-of-attack effects: small elliptic cross section tip, nominal Uy, = 50
cm/sec

(1989), in his tests with elliptic cross section tips.

Figure 5.31 shows the changes in the relation between roll angle and side force
coefficient for the small elliptic cross section tip as the angle of attack was increased.
For a /8, = 6.0, the lowest angle of attack studied with the small elliptic tip, the
¢—Cy curve demonstrates the control-reversal behavior demonstrated by the large
elliptic tip for «/6. = 9.0 and 9.8. For a/f. = 7.8, the ¢—Cy curve is reversed
from that at «/f, = 5.8. The reason for this reversal is unknown. At the two

highest angles of attack, the side force has essentially disappeared. These results
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F1G.5.32 Roll angle-side force characteristics: “chisel” tip, ¢g = 0.0°+£3.6°, Rep =
55,100

are somewhat similar to the results obtained with the chisel tip, shown in Fig. 5.32.
The similarities between these two figures indicate that the effectiveness of the
small elliptic cross section tip in controlling the vortex wake asymmetry is not
much greater than that of the chisel tip, probably as a result of the large flatness
of the small elliptic tip.
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5.8 Unsteady forces and the effects of disturbances

Lamont and Hunt (1976) observed variations in the sectional side force coef-
ficients of a tangent ogive-cylindrical afterbody model with the body roll angle.
The variations seemed to indicate that the vortex wake was “switching” between
two mirror images. They postulated that free-stream turbulence and/or model vi-
brations were the source of these switches, and that if these effects were removed,
the roll angle variations would disappear. The free-stream turbulence level in their
facility was estimated to be 0.7%. Hunt and Dexter (1978) used the same model
as Lamont and Hunt in a wind tunnel with a free-stream turbulence level of 0.01%.
The model was very rigidly mounted to the tunnel. Hunt and Dexter observed a
dramatic reduction in flow unsteadiness and the virtual elimination of vortex wake
switching. The average pressure difference values used as a diagnostic matched
the maximum sustained pressure difference values measured by Lamont and Hunt.
Although much of the flow unsteadiness had been removed, some inherent unsteadi-
ness remained, and the dependence on roll angle was still present. Hunt and Dexter
concluded that high free-stream turbulence levels would contribute to high levels
of flow unsteadiness and hence reduced values of the time-averaged pressures and

forces on the body.

Howard et al. (1989) observed similar effects in tests on a missile configuration
to determine the influence of varying levels of free-stream turbulence. Howard et al.
added turbulence-generating to their wind tunnel to increase the turbulence levels,
beginning at 0.23% for the tunnel without turbulence screens, and increasing to
0.53% and 2.14% as each of two screens were added to the tunnel. They observed
a large reduction in mean side force coefficients when the turbulence level was
increased from 0.23% to 0.53% and a smaller reduction when the turbulence level
was increased from 0.53% to 2.14%. Their tests were conducted at Rep = 110, 000.
Howard et al. attributed the first, larger reduction in side force coefficients to the
movement of the boundary layers from laminar to transitional separation with the

increase in free-stream turbulence. However, it seems that based on the results of



- 116 -

Hunt and Dexter (1978), the increase in free-stream turbulence might simply have

increased the level of unsteadiness in the flow and hence decreased the magnitude

of the time-averaged coefficients.

Ericsson (1990) discusses the effects of model oscillations on the results for
the time-averaged side force coefficients on an axisymmetric body at large angle of
attack. Ericsson suggests that the asymmetric flow separation is strongly coupled
to the model motion through what are referred to as “moving wall” effects. These
effects produce large lateral oscillations of the model which result in small values
of the time-averaged side force coefficient, although instantaneous values of Cy
might be very large. Ericsson recommends that a rotary rig should be used in such
experiments to allow the model to respond to the forces on it. The alternative
approach recommended by Hunt and Dexter (1978) is the rigid mounting of the
model in the tunnel. The model cannot be mounted too rigidly, however, if a force
balance is being used, since the model must be allowed to deflect slightly for the
balance to work. It would seem then that in this case, the best approach would
be to monitor the instantaneous side forces in cases of high flow unsteadiness, to

determine the maximum side forces acting on the model.

This discussion of flow unsteadiness and model oscillation effects has been in-
cluded because under some test conditions, flow unsteadiness and model oscillations
were observed. It was noted in Sec. 5.7.1 that the error bars in the figures were com-
puted in part based on the RMS levels of the output voltages of the balance side
force elements, so that large error bars for higher Reynolds numbers, where resolu-
tion was not a problem, indicate large flow unsteadiness. Examples of such error
bars can be seen in Fig.5.11 for Re; = 7,340. For values of ¢ very close to 90° and
270°, the error bars are much larger than for other values of ¢, indicating high flow
unsteadiness at these ¢. Also, this figure shows that the error bars drop rapidly in
size for values of ¢ away from 90° and 270°. Large model oscillations were also ob-
served at these ¢ for nominal speeds of 70 and 90 cm/sec for some angles of attack.

In order to understand what was happening at these test conditions, time histories
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of the side force coefficients for the large elliptic cross section tip were taken.

The output voltages of the balance-amplifier system were passed through a
lowpass filter with the cutoff frequency set to 20 Hz. The computer was programmed
to sample the output voltages at a rate of 40 Hz. The voltages were reduced to side
force coefficients in the same manner as the time-averaged output voltages. Time
histories of the side force coefficients were taken at nominal roll angles of 45° and
90°. Roll angles of 45° corresponded to maximum values of the side force coefficient
where the error bars were small. Roll angles of 90° corresponded to zero crossings
of the side force coefficient where the error bars were large. Time histories were
taken at an angle of attack of 30° (a/6. = 6), where the difference in size between
the error bars at ¢ = 45° and 90° was in fact small, and at an angle of attack of
50° (a/6. = 10), where the difference in size between the error bars at ¢ = 45° and

90° was large. The tests were conducted at a nominal speed of 50 cm/sec.

The results of these tests are shown in Figs. 5.33 and 5.34. Included in each
figure is the corresponding roll angle-side force characteristic for each test condi-
tion, with an indication on each characteristic as to where the time histories were
taken. The abscissa in each figure is actual time normalized by the axial flow pe-
riod L/Us cos a. The dashed line in each figure indicates the value of the side force
coefficient averaged over the time shown in the figure. Figure 5.33 compares the
time histories between the two ¢ of 44.5° and 89.5° for /8. = 6.0. Just as the
difference in the error bars at these two ¢ were small, so were the differences in the
fluctuations of the side force coefficient at these two ¢ small. Figure 5.34 shows that
the results were much different for «/6, = 10.0. For ¢ = 44.5°, the fluctuations
were small, corresponding to the small error bars on the time-averaged value. How-
ever, at ¢ = 91.3°, this figure shows that Cy experienced large fluctuations in time,
and that the resulting time-averaged value was very small. These large fluctuations
in side force coeflicient between equal and opposite values are reminiscent of the
switching between mirror-image states observed by Lamont and Hunt (1976). It is

not believed that these fluctuations were the result of Karman-like vortex shedding
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F1G.5.33 Unsteady forces: large elliptic cross section tip, a /8. = 6.0, Re; = 5,450,
Rep = 57,200, T, = 1.02 sec, s/D = 0.0, d/D = 0.069 (large access hole)

(which would have had a higher frequency). Apparently the flow at this tip-flow
symmetry condition (the perpendicular plane symmetry condition) and this angle
of attack was very sensitive to disturbances. Time histories taken for a nominal
speed of 70 cm/sec gave very similar results. The results described here are similar
to those obtained by Lamont and Hunt (1976) and Yanta and Wardlaw (1981).
These researchers found small fluctuations at conditions where the side force was

large, and large fluctuations at conditions where the (mean) side force was small,
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F1G.5.34 Unsteady forces: large elliptic cross section tip, «/6. = 10.0, Re; = 5, 300,
Rep = 55,700, T, = 1.41 sec, s/D = 0.41, d/D = 0.24 (small access hole)

for nominally axisymmetric bodies at large angle of attack.

No time histories were taken at the coincident plane symmetry condition (¢ €
{0°,180°}). However, figures such as Fig. 5.11 show that the error bars near these
¢ were small, indicating that the flow at these ¢ were steadier. Figures 5.8 through
5.13 also indicate by the size of the error bars that the unstable flow at the perpen-

dicular plane symmetry condition only occurred for «/6,. > 8.0.
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In order to make sure that these time histories were not reflecting model and
sting oscillations at some natural frequency of the model-sting combination, a test
of the natural frequency of the model-sting combination was conducted. The value
of a/f. was set to 10.0, the speed was set to 50 cm/sec, and the roll angle was
set to 44.2°. Then, the model was displaced to one side by hand and released,
and the resulting balance output voltages were measured as a function of time.
These voltage fluctuations are not shown here because the sampling frequency of
the computer data acquisition system had not been set to a high enough value to
completely capture the model-sting oscillations. However, it was very obvious that
the model-sting natural frequency was much higher than that of the fluctuations
in the figures above, indicating that these fluctuations were the result of fluid-

dynamical processes.

All of these results taken as a whole indicate that the only conditions for which
flow unsteadiness and model oscillation might have had a compromising effect on
the data were the ¢ corresponding to the perpendicular plane symmetry condition
for a/8. > 8.0. The time histories show that at these conditions, the time-averaged
side force coefficients do not represent the actual side forces acting on the cone.
However, the large differences in magnitude and frequency between the small and
large fluctuations in side force coefficient suggest that the small fluctuations were
caused by the unsteadiness inherent in the flow, as documented by Hunt and Dexter
(1978). This result indicates that the FSWT free-stream turbulence level, quoted by
Ward (1976) to be 0.38% at a free-stream speed of 4.57 m/sec (and hence probably
smaller at the speeds covered in these experiments, which were all less than 1 m/sec)
was sufficiently low to measure accurately the time-averaged side forces on the cone,
at least away from the very sensitive flows at the perpendicular plane symmetry
conditions. Similarly, model oscillations also apparently were not a major factor in

the measurement of the side force coefficients.
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CHAPTER 6

Vortex wake geometry studies

6.1 Introduction

Contrary to the indications given by the results in Ch. 4, the side force coefhi-
cient did not vary smoothly with elliptic cross section tip roll angle, as shown by the
results in Ch. 5. The reasons for this contradiction were unclear, so a more extensive
flow visualization investigation of the vortex wake geometry was undertaken. These

experiments are discussed in this chapter.

6.2 Model, apparatus, and procedure

The basic model used in these experiments was the 5° right circular cone de-
scribed in Sec.2.2.2 and shown in Fig.2.3. Since the large elliptic cross section
tip exhibited a wider range of side force behavior as the angle of attack was var-
ied, only this tip was used in the experiments. The cone was attached to the sting
mechanism described in Sec. 5.2.3 and shown in Fig. 5.2 (without the force balance).
The experiments were conducted using the same facility, apparatus, and procedure
described in Ch. 4, with a slight modification to the video image recording appara-
tus. This modification, shown in Fig. 6.1, consisted of a mirror suspended vertically
from a shaft and rotated at 45° to the free-stream direction. The estimated ac-
curacy of the mirror alignment was +1°. The mirror was approximately 1.8 cone
base diameters high, 1.5 cone base diameters wide, and was always located at least
5 cone base diameters downstream of the cone base, to minimize interference with
the vortex wake. The video camera was moved from underneath the test section to

beside the test section, where it was aligned perpendicular to the test section wall
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with an estimated accuracy of £1°. The maximum angle of attack that could be
studied was still limited to 45° because of the space limitations on the laser sheet
optics underneath the channel test section (the laser sheet optics were omitted from
Fig. 6.1 for clarity; see Fig.4.1). A linear optical encoder mounted on the traverse
was used to track the axial location of the laser sheet with respect to the cone with

an accuracy of +£0.01 mm.

Three angles of attack, corresponding to /6. = 6, 8, and 9, were studied using
the large elliptic cross section tip. During the initial flow visualization experiments
discussed in Ch. 4, it was discovered that the optimal speed range for laser sheet
visualization of the vortex wake was 10 em/sec < Uy < 20 cm/sec. At 10 cm/sec,
the flow was steady and well-established, thus providing excellent flow visualization.
At 20 cm/sec, the flow was beginning to become unsteady, particularly towards the
rear of the cone. Also, rapid dye diffusion began to be a problem. Therefore, in
these experiments the primary speed used was 15 cm/sec. A complete roll angle
sweep (0° < ¢ < 360°) was performed at this speed with the laser sheet located at
a particular row of dye injection holes, with a 9° change between each ¢. Then, a
partial roll angle sweep (45° < ¢ < 135°) was performed at 10 cm/sec and at 20
cm/sec with the laser sheet located at this row and one other row, either forward
or aft of the complete sweep row. The partial roll angle sweep corresponded to the
transition from the first maximum-asymmetry flow condition through a symmetric

flow condition to the second maximum-asymmetry flow condition.

The same data reduction procedure as described in Sec.4.3 was used in these
experiments. The reduction in alignment accuracy from +0.1° in Ch.4 to +1°
as mentioned above led to greater difficulties in reducing the data, particularly
in fitting the ellipse equation to the apparent cone cross section in the figure. The
estimated error in the resulting vortex locations was between 5% and 10%. However,
since the goal of these experiments was primarily to investigate qualitative vortex
wake variations with tip roll angle as speed and angle of attack were varied, the data

were deemed sufficiently accurate for the purposes of the investigation. No error
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FIG.6.1 Schematic of apparatus for vortex wake flow visualization experiments with
modifications to mirror and camera locations (laser sheet optics omitted
for clarity; see Fig.4.1)

bars appear in the figures, for purposes of clarity. As will be seen from the results,
the qualitative changes in the vortex wake as speed and angle of attack varied were

quite large.
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6.3 Estimated side force calculation

In order to obtain an idea of how changes in the vortex wake geometry might
affect the side force on the cone, the side force on a circular cylinder in potential flow
with two vortices placed at arbitrary locations behind the cylinder was calculated.
The resulting sectional side force was then integrated over the cone to give the side
force on the body. The vortex locations measured from the experiments and an

estimate of the vortex strengths were used in the resulting formula for side force

coefficient.
iy
/
Iy
oV
(Xq,iy4)
U 1:1Y1

F1G. 6.2 Potential flow calculation definitions

The flow situation for the potential flow calculations is shown in Fig.6.2. A
circular cylinder of radius a is placed in a cross flow of velocity U in the positive z
direction. Two vortices of strengths I'; and I'; are placed at (z1,1y;) and (z2,7y2)

in the flow field. The complex potential for this flow is given by

2 - 2
W=U (z+ﬁ-) +Z—I;]- [—log(z—zl)—{—log (z—a—*> —logz]
z 27 z

1

- 2

+ L2 [-—log(z — 29) + log (z - a—*> - logz} ,
27 z

2

(6.3.1)
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where : = /-1, z =z +1y, z; = z; +1y;, (j =1,2), and 2 and 23 are the complex
conjugates of z; and z3, respectively (Milne-Thomson 1968). The corresponding

complex velocity is given by

2 -
dz 2r \z— 2 z_‘z’—. z

3 ) -1 1 1
+ = + FEE
2 \z—20 -2 2

Zy

(6.3.2)

where u and v are the z and y components of the velocity, respectively. The Blasius

formula for the forces on a body in a potential flow field is given by

. N\ 2
x—iv=2¢ (Y 4 (6.3.3)
2 C dZ

where X and Y are the forces in the = and y directions, respectively, and C' is any
closed contour surrounding the body (Milne-Thomson 1968, p. 173). In this case,
the contour chosen was the body contour given by z = ae*®, 0 < § < 27. Squaring
the expression for the velocity given by Eq.6.3.2 and then integrating using partial

fraction expansions and the method of residues gives the result

1 . . . a’? a? PZ 1 F2 !
;(A_ZY)zzUI‘1¥+ZUF2¥+9a_Z&L = 2ma® -
1 2
T I‘2 F F +P2
i+ 1y lilet+15) @ (6.3.4)
2na n 27a “2
T, 1 1
" 2ra (%—%-‘-E@:_%).
L2t 2

If 2, zy, 27, 22, and 2§ are nondimensionalized by a, I'; and I'; are nondimension-
alized by 27aU, and the forces X and Y are nondimensionalized by % pU2%a, then
Eq.6.3.4 yields for the nondimensional sectional force coefficients C; and C,

l’h Y2 o 2 A 23
~(C, —iC AP, S SN J -
( v) = z2 +z§ +7lzlzf—1+72zz2—1

1 1
—(mr+i)=—(nr+1i)= (6.3.5)
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Here, z, 21, 2}, 22, and z3 are now used to denote nondimensional values, and 7,
and 7, are the nondimensional vortex strengths. The correctness of Eq.6.3.5 was
confirmed by numerically integrating around the cylinder the pressure distribution

obtained from the velocities given by Eq. 6.3.2 for a few test cases.

Equation 6.3.5 gives the force coefficients per unit length (or the sectional force
coefficients) on a circular cylinder in cross flow. In order to obtain the total force on
the cone, the sectional force coefficients must be integrated over the cone. Before
this is done, a modification of the coordinate system is in order. First, the body
will be assumed to be completely conical; the details of the elliptic cross section tip
shape will be ignored. Let the origin of the coordinate system be at the tip of the
cone. Let the z axis be directed along the axis of the cone, with z increasing toward
the base of the cone. Let z and y as in Fig. 6.2 be measured from the centerline of
the cone. Note that the definitions of the variables z and y remain the same, while
the variable z can now refer to either the complex number = + iy or the cone axial
coordinate. The appropriate definition of the variable z will be made clear by the
context. Let the z and y axes be rotated 180°, so that y is positive to the right
when viewed from the base of the cone (as in Sec. 4.3 and Fig. 4.2). This means that
the sign of Cy in Eq.6.3.5 must be reversed in order to match the results of Ch.5.
In these coordinates, z is positive down in Fig.4.2. This somewhat odd choice of
coordinates was made so that the side force would be positive to the right in the
pilot’s eye view of Fig. 4.2, z would be zero at the body tip and increasing toward
the body base, and the entire coordinate system would be right-handed. One result
of this choice of coordinates is that positive roll angle ¢ as defined throughout this
study now corresponds to a negative rotation about the cone z axis, according to

the right-hand rule.

In an inviscid flow, and in the absence of any body forces, the force on a solid
body is given by
F = —fpn ds, (6.3.6)
S
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where F is the vector force on the body, p is the pressure distribution on the body,
and n is the unit normal on the body surface, directed outwards from the body. For

the coordinate system and body shape described above, this expression reduces to

L p2r
Y = ——/ / p sinfa(z)dodz (6.3.7)
o Jo

for the side force on the cone, where 6 is the circumferential angle coordinate, z is
the cone axial coordinate, L is the cone length, and a(z) is the cone radius as a
function of z (in this case, a = ztan8.). The base is ignored because it has no area
facing the sides over which pressure could act to contribute to the side force. Note
that the integral f027r p sinfa(z)dl is simply the sectional side force on the cone.
This was obtained in Eq.6.3.5 from the complex velocity field given by Eq.6.3.2
and the Blasius formula (Eq. 6.3.3), so that Eq.6.3.7 can be expressed as

L
Y = / Cy %pU2 a(z)dz. (6.3.8)
0

Note that Eq.6.3.2 can be expressed as

dw a2 iy -1 1 1
E_U[l—(;) +27rUa< ——5;-_*_ —-—a:—_f->

e Ju
SR 1Y)

(6.3.9)
4 Iy -1 4 1 _l
e \3-2 TI-% 3
2
or
dw ( (2 21 22
- = Uw (Ea;’;”)’la'ﬁ)- (6.3.10)

If conical flow is assumed, then z;/a and z;/a and their complex conjugates are
independent of the cone axial coordinate z. In this equation, z = re'? is the variable
of integration for Eq.6.3.3 which yields the sectional side force that appears in
Eq.6.3.8. However, since the pressure distribution resulting from this complex
velocity field is being integrated on the surface of the cone, r = a, so that z = ae®®.
Since z only appears in Eq. 6.3.9 as z/a, then the variable of integration in Eq.6.3.9

is independent of a and is therefore independent of the axial coordinate z. If finally

we assume that 7, and -y, are constants, where v; = I';/27a(2)U, j = 1,2, then the
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entire expression for the complex velocity in the cross-flow plane given by Eq.6.3.9
is independent of the axial coordinate z. Note that the assumption of constant v;
implies that the vortex strength I'; grows linearly with axial coordinate z, in the
form I'; = 27U~y;ztan6,, j = 1,2. The end result of these considerations is that
the sectional side force coefficient that appears in Eq.6.3.8 is independent of the
axial coordinate z. Using the result for the sectional side force coefficient C, of
Eq.6.3.5 (with a change of sign to obtain agreement with the sign convention of

Ch.5), Eq. 6.3.8 reduces to

L1 1 L 1 L
Y=/ Cy 3pU2a(z)dz :—pUZCy/ a(z)dz =-—pU2C’y/ tané. zdz
‘ 0 2 2 0 2 0
1 L?
= =-pU*Cy tanf.—.
2 2
(6.3.11)

Using tan 8, = D /2L, this equation becomes

D2

Vg (6.3.12)

1 2

In this equation, the cross-flow velocity U is related to the actual free-stream speed
Us by U = Uy sin a. Thus the total side force coefficient Cy as defined in Ch. 5 is
related to the sectional side force coefficient C), obtained from Eq. 6.3.5 by

Y sin? &
1 772 D2 T v
spUZ I5 27 tan 6,

Cy = (6.3.13)

Equation Eq.6.3.5 requires the positions and strengths of the two wake vor-
tices. The experiments gave the vortex positions but no information about their
strengths. Thus some sort of estimate for the vortex strengths was required. Pre-
vious investigations of the vortex wakes of axisymmetric bodies at high angle of
attack (Thomson and Morrison 1971; Mendenhall and Nielsen 1975; Wardlaw and
Yanta 1980; Chin and Lan 1988) have shown that in general, the vortex closer to the
body is stronger than the vortex farther away. This trend was incorporated into a
model of the vortex strength as a function of radial distance r from the centerline of

the cone. The vortex locations were measured using the procedure described in the



- 129 -

previous section for a particular «/6. and Re;. A maximum nondimensional vor-
tex strength magnitude ymax was associated with the vortex location corresponding
to the minimum nondimensional radial distance (7/a)nin between vortex and cone
centerline. Note that the cylinder radius a here corresponds to the local cone radius
R, as described in Sec. 4.3 and shown in Fig.4.2. A minimum nondimensional vor-
tex strength magnitude yp,i, Was associated with the vortex location corresponding
to the maximum nondimensional radial distance (r/a)max between vortex and cone
centerline. The magnitudes of the strengths of the vortices at all other radial dis-
tances from the cone centerline were computed by a linear interpolation in (r/a)
between Ymax and Ymin. The signs of the vortex strengths were then assigned so
that the vortex labeled “1” in Fig. 6.2 was negative and the vortex labeled “2” was
positive. The values of Yyax and 4, were then adjusted until the computed side
force coefficients were in best agreement with the measured side force coefficients.
The vortex locations measured at a/6, = 6.0 and Re; = 1,413 were chosen to
compute the side force coefficients, and the values of Y. and ymin were adjusted
so that the computed Cy matched the measured Cy for /8. = 6.0, Re; = 3, 300.
This particular test was selected because the measured mean side force coefficients

at this flow condition had the smoothest variation with cone roll angle.

3 T Y T T T T T T T T T

o] Measured Cy: «/6, = 6.0, Re; = 3,300
* Calculated Cy: 7Ympax = © =

_3 Il 1 . 1 1 Nl 1 1 1 1 L

0 30 60 90 120 150 180 210 240 270 300 330 360
Roll angle ¢ (degrees)

F1G.6.3 Comparison of measured and calculated side force coefficients used to ad-
Just Ymin and Ymax in vortex strength model (vortex locations for calculated

Cy obtained at a/f, = 6.0, Re; = 1,413)



- 130 -

1.0 T .
= ((min~Ymax)/ (Pmax"min)) (Fr=rmin)
s 8} = Ymin(M/Tmax)”, N = 10.9 -
c
- 0 (r‘/a)min =1.46, Ypax = 0.6
S 6| O  (r/a)pax = 1.78. Ypin = 0.2 1
£
o4t !
0
= 2t 1
\\
o [l e e p -
1.0 1.5 2.0 2.5 3.0
r/a

F1G.6.4 Nondimensional vortex strength model

The results of these calculations are shown in Fig.6.3. The resulting value
for Ymax was 0.6 at (r/a)min = 1.46, and the resulting value for vumin, was 0.2 at
(r/a)max = 1.78. The experimental results showed that r/a was less than 1.46 or
greater than 1.78 for some flow conditions. For vortex locations with r/a < 1.46,
the nondimensional vortex strengths were obtained by linear extrapolation. The
linear portion of the vortex strength model was thus represented by

7 = (Ymin — Ymax) (ﬁ) : (6.3.14)
Tmax — "min
with the particular values listed above. The vortex strengths for r/a much larger
than 1.78 could not be obtained from linear extrapolation, because the sign of the
vortex strength would change. For r/a > 1.78, 4 was obtained from

7=7m,,( r ) , (6.3.15)

max

where n was chosen such that the slopes of the linear and exponential portions of
the nondimensional vortex strength curve would match at (r/a)max. For the values
of (r/@)mins (7/@)max, Ymax, and Ymin listed above, n was 10.9. The entire resulting
nondimensional vortex strength model is shown in Fig.6.4. The values obtained

from this model were in general agreement with those reported in the investigations

listed above.
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The side force coefficients calculated from Eq.6.3.5 and Eq.6.3.13 using the
measured vortex locations and the strengths obtained from the model described
above were the result of a number of ad hoc assumptions. The first was the arbitrary
placement of vortices behind the cylinder in the potential flow model. The resulting
calculation neglected the effects if any of the forces required to hold the vortices in
place. The second was the assumption of an entirely conical body. This neglected
the details of the elliptic cross section tip shape. However, since for a cone the
body area increases toward the rear of the cone, flow conditions at the rear of the
cone will have a larger effect on the total side force than conditions near the tip,
so that neglecting the details of the tip shape should not be critical. The third
assumption was that of conical flow. As the experimental results will show, the flow
was not conical over the entire cone for a large portion of the test conditions. The
assumption of conical flow was made to simplify the integration for the total side
force. The main purpose of these calculations was to get an idea of how changes
in the vortex wake geometry might affect the body side force. As the results of
Fig. 6.3 show, even with all of these assumptions the model predicts fairly well both
the actual magnitude of the side force coefficient and how the side force coefficient
varies with roll angle, at least for this flow condition. However, for other cases,
the model did a much better job of predicting the trend of the variation of side
force coefficient with roll angle than it did of predicting the actual magnitude of
the side force coefficient. Therefore, in the following figures the calculated side
force coefficients were scaled so that the maximum magnitude of the calculated Cy
was the same as the maximum magnitude of the measured Cy, for purposes of

comparison.

6.4 Results

The basic results of the vortex wake geometry experiments are shown in Figs.
6.7 through 6.11. Each figure includes the vortex locations at a particular dye
injection hole row for either a complete roll angle sweep at 15 cm/sec (Re; = 1,413)

and a partial sweep at either 10 cm/sec (Re; = 942) or 20 cm/sec (Re; = 1,884),
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F1G.6.6 Large elliptic cross section tip-cone geometry

or partial sweeps at 10 cm/sec (Re; = 942) and 20 cm/sec (Re; = 1,884). Figure
6.5 shows the beginning‘and ending elliptic cross section orientations for the partial
sweeps. Figure 6.6 is included as a reminder of the large elliptic cross section tip-
cone geometry and as an aid in visualizing the locations of the laser sheets described
in the figures. Because of flow unsteadiness and the resulting difficulty in obtaining
vortex locations from the video images, the vortex locations shown for all a/8. at

Re; = 1,884 are the average of 4 vortex locations obtained from the videotape
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record, as are the vortex locations shown for a/6, = 9 at Re; = 1,143. The flows
for the other cases were steady enough so that 1 vortex location obtained from the
videotape record at each roll angle was sufficient. The coordinates in the vortex
location parts of the figures correspond to the system of body coordinates described
in the previous section, with y positive to the right, z increasing toward the rear
of the cone, and z chosen such that the entire coordinate system is right-handed.
The z and y coordinates in the figure are normalized by the local cone radius R,
which corresponds to the cylinder radius a of Sec.6.3. Recall from Sec.4.3 that
the digitization and data reduction procedures resulted in the vortex coordinates
automatically being normalized by the local cone radius. The signs of the z and
y coordinates of the vortex locations shown in the figures were adjusted so that
their use in Eq. 6.3.5 would give the correct results. The curve showing the possible
stationary vortex positions behind a circular cylinder in potential flow as calculated
by Foppl is again included for comparison in each figure. The axial location of the
laser sheet zjasersheet, Where the vortex locations were obtained, is included in the
caption for each figure, nondimensionalized by the overall model length L = 45.72
cm for the large elliptic cross section tip and the cone afterbody. Also included in
each figure are the measured and calculated side force coefficients as a function of
roll angle. For a/8. = 6, the measured side force coefficients shown were obtained
at a nominal FSWT speed of 30 cm/sec (see Ch.5). These are the coefficients that
were used in obtaining the vortex strength model discussed in the previous section.
The measured side force coefficients shown for a /6. = 8 and 9 were obtained for a

nominal FSWT speed of 50 cm/sec.

The vortex locations for «/6. = 6 were measured at the rearmost dye injection
row. Because these locations showed a small and essentially smooth variation with
roll angle, the vortex locations were only measured at this row for this a/6.. The
vortex locations for o /6. = 8 and «/6. = 9 did show a change in behavior between
the two dye injection rows at which measurements were made. Figures 6.8 and

6.10 show a small and essentially smooth variation in the vortex positions for the
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F1G.6.7 Vortex wake geometry and computed side force coefficients: large elliptic
cross section tip, a/8. = 6, Zjasersheet/L = 0.59

smaller value of zjusersheet/L at each a/6.. The calculated side force coefficients
computed using these vortex locations show a much smoother variation with roll
angle than the measured Cy. For the larger value of zjagersheet/L at a/8. = 8

and /6. = 9, however, the variation in vortex positions is much larger and not as
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F1G.6.8 Vortex wake geometry and computed side force coefficients: large elliptic

cross section tip, a /0. = 8, Zlasersheet/L = 0.28

smooth. At a/f. = 8 and z4cersheet /L = 0.48 (Fig. 6.9), the calculated side force

coeflicients begin to reflect the square-wave behavior of the measured Cy. At o/8, =

9 and zjasersheet/L = 0.48 (Fig.6.11), the calculated Cy begin to demonstrate the

reduction in magnitude between zero crossings shown by the measured Cly.
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F1G.6.9 Vortex wake geometry and computed side force coefficients: large elliptic
cross section tip, /6. = 8, zjasersheet/L = 0.48

One difference that can be observed between the vortex wake geometries at the
fore and aft laser sheet locations is the relation of the vortex loci to the Foppl curve.

For the smaller zjacersheet/L at /0. = 8 and /8, = 9 (Figs. 6.8 and 6.10), the

vortex loci show a smooth transition between portions of the loci that are transverse
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F1G.6.10 Vortex wake geometry and computed side force coefficients: large elliptic

cross section tip, a/0. = 9, Zjasersheet /L = 0.28

to the Foppl curve and portions that are tangent to the Foppl curve, as described in

Sec. 4.4 and shown in Fig. 4.5. For the larger zjasersheet/L at /6, = 8 (Fig. 6.9), this

transition portion of the loci has apparently shrunk to a point and has disappeared

altogether for the larger zjasersheet/L at a/8. = 9 (Fig.6.11).
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F1G.6.11 Vortex wake geometry and computed side force coefficients: large elliptic
cross section tip, a/6. = 9, Zlasersheet/L = 0.48

The main difference between the results for the fore and aft laser sheet locations
is the location of the vortex of each vortex pair that is closer to the cone. For the
smaller 2jaser sheet/L, €ach vortex in each pair of vortices remains on one side of

the cone centerline. However, for the larger zjasersheet/L, after the vortex pair
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passes through the symmetric wake configuration, the vortex that is closer to the
cone sometimes actually crosses the cone centerline. This can be seen for a few
vortex locations in Fig. 6.9, where o/6, = 8 and 2jasersheet/L = 0.48. The most
dramatic evidence of “vortex crossover” is shown in Fig.6.11, where a/f. = 9 and
Zlaser sheet /L = 0.48. The vortex locations for a/6. =9 and Re; = 1,143 have been
plotted in a slightly different manner in Fig.6.12. In this figure, the symbols were
chosen to indicate both the left and right vortex locations of each pair of vortices
and the sign of the associated vortex wake asymmetry angle 3 as defined in Sec. 4.3
and Fig.4.2. As can be seen from this figure, the left vortex in all but two vortex
pairs with 3 > 0 has crossed over from y/R. < 0 to y/R. > 0. Similarly, the right
vortex in all but three vortex pairs with 8 < 0 has crossed over from y/R. > 0 to

y/R. < 0.

The crossover is just beginning at a/8. = 8 for zjasersheet/L = 0.48. At this
a6, and 2jaser sheet/ L, the variation of the computed side force coefficient with roll
angle is just beginning to approach the square wave behavior of the measured Cy
(see Fig.6.9). The large amount of crossover at «/8, = 9 for Ziasersheet/L = 0.48
occurs at the same time that the computed Cy are beginning to show the reduction
in magnitude after the magnitude peaks on either side of the zero crossings that

the measured Cy demonstrate.

How this vortex wake geometry behavior could be related to the side force
coefficient behavior can be understood from an examination of Fig. 6.13. This figure
shows the vortex locations corresponding to 44.2° < ¢ < 134.2° at zjasersheet/L =
0.48 for a/f, = 9 and Re, = 942. The pair of connected vortex locations labeled
“¢ = 89.5°” correspond to an essentially symmetric vortex wake geometry, and the
corresponding computed Cy is almost 0. As ¢ moves away from this value to the
next value on either side, ¢ = 80.5° or ¢ = 98.5°, the vortices undergo a relatively
large shift to an asymmetric configuration that results in the maximum computed
side force. The vortex in the asymmetric pair that ends up closer to the cone was

on the opposite side of the cone centerline when the vortex wake was symmetric. As
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F1G.6.12 Illustration of “vortex crossover:” «/6. =9, Re; = 1,413, Zjasersheet/L =
0.48
¢ moves still further away from 89.5°, the vortices become even more asymmetric,
but the magnitude of the computed side force is reduced. This could be caused
by the fact that the vortex closer to the body has moved sufficiently far across the
centerline of the body to reduce its influence on the side of the body on which that
vortex was originally located. A more accurate model of the vortex wake might
even show the change in sign of the side force coefficient after the magnitude peak

demonstrated by the measured Cy as ¢ moves away from 89.5°. This behavior
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F1G.6.13 Detail of vortex wake geometry variations with roll angle: large elliptic
cross section tip, a/8. = 9, zlasersheet/L = 0.48
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FIG.6.14 Detail of vortex wake geometry variations with roll angle: large elliptic
cross section tip, a/0. = 6, zjasersheet/L = 0.59

is contrasted with that at a/6. = 6 and 2jasersheet/L = 0.59, shown in Fig. 6.14.
In this case, the vortex locations vary smoothly with ¢ as they pass through the

symmetric condition, there is no crossover, and both measured and computed Cy
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F1G.6.15 Variation of wake asymmetry angle with cone roll angle: o/, = 9, Re; =
1,413

vary smoothly with ¢.

How the use of the vortex wake asymmetry angle 8 might mislead concerning
the true nature of the forces on the body is shown by Fig. 6.15. This figure shows
that g varied with ¢ as a square wave for o/, = 9 and Re; = 1,413, when the
variation of C'y with ¢ was exhibiting peaks and reductions in magnitude between

zero crossings, as in Fig. 6.13.

As discussed above, the vortex crossover and subsequent deviation of the com-
puted side force coeflicients from a smooth variation with roll angle occurred at
the aft laser sheet locations. To determine the axial location at which such be-
havior might appear, two axial traverses of the vortex wake were conducted, one
at a/f. = 8 and Re, = 1,884, and one at «/f. = 9 and Re, = 942, and both at
¢ = 44.2°, corresponding to a maximum asymmetry condition. The results of these
traverses are shown in Figs. 6.16 and 6.17. Note that in these figures, the z axis
begins at the origin of the elliptic cross section tip, as opposed to the apex of the
cone as was assumed in the integration of the sectional side forces in Sec.6.3. The
semi-circles in the y/R.—z/R. planes of the figures correspond to the cone radii

at the axial location of each vortex pair in the figure. The extent of the traverse
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at a/6. = 9 was limited in z/L because the field of view of the video camera at
larger z/L was not large enough to capture both vortices. The speed was reduced
at a/6. = 9 to improve flow visualization quality. The axial measurement stations
for a/6. = 8 that appear in Fig.6.16 were at z/L of 0.28, 0.29, 0.35, 0.39, 0.43,
0.48, 0.54, and 0.59. The axial measurement stations for a/8, = 9 in Fig.6.17 were
at z/L of 0.28, 0.34, 0.39, 0.44, and 0.48.
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F1G.6.16 Vortex trajectories: a/8. = 8, Re; = 1,884, ¢ = 44.2°

Figure 6.16 shows that the vortex crossover seems to begin at z/L = 0.48 for
a/f, = 8 and ¢ = 44.2°. The magnitude of the crossover at this o/, is not large
for any z/L. The results are a little different for o/, = 9. Figure 6.17 shows that
the crossover begins earlier, at z/L ~ 0.34, and that the crossover distance seems
to be increasing slightly as z/L increases, for ¢ = 44.2°. In both of these cases, the
crossover begins in the region where one vortex begins to break away from the cone.
The motion of the one vortex away from the cone allows the other vortex to move

underneath it, crossing over the centerline of the cone in the process. Recall the
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F1G.6.17 Vortex trajectories: a/8, = 9, Res = 942, ¢ = 44.2°

discussion above that attributed the peak in magnitude of Cy after the zero crossing
to the large shift of the vortex pair away from the symmetric configuration, and
then attributed the subsequent reduction in magnitude of Cy to increasing vortex
crossover which reduced the influence of the vortex closer to the body on the side
of the body on which the vortex was originally located. If this analysis is correct,
then it is the breakaway of one vortex which leads ultimately to the reduction in
magnitude of Cy between magnitude peaks. Since the breakaway and subsequent
crossover occurs over the rearward part of the cone, the pressures induced by the
vortex wake in this configuration make a greater contribution to the overall side

force, because of the larger surface area over which the pressures can act.

Such behavior has been observed by previous investigators. Ward and Katz
(1989) measured vortex trajectories behind an axisymmetric body with an ogive
nose at high angle of attack. These trajectories show a connection between vortex

breakaway and vortex crossover. Wardlaw and Yanta (1980), among others, noted
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that the peak in the distribution of sectional side force over the length of an axisym-
metric body at large angle of attack occurred when the first vortex was shed from
the body. The side force was directed away from the side of the body from which the
vortex had been shed. Other peaks occurred as subsequent vortices were shed from
the body, the shedding alternating sides with increasing axial distance in the manner
that had earlier given rise to the impulsive flow analogy (see Sec. 1.2). The relation
between vortex breakaway and body side force was shown explicitly by the work
of Kompenhans and Hartmann (1987). Kompenhans and Hartmann investigated
the wake of an axisymmetric ogive nose of fineness ratio 3 mounted on a cylindrical
afterbody at an angle of attack of 55° and a Reynolds number Rep = 250, 000. The
separation in this case was reported to be laminar. Kompenhans and Hartmann
used a laser sheet method similar to the one used in the current experiments. They
determined vortex positions at particular axial stations on the body and compared
them to pressure distributions measured at the same axial locations. Kompenhans
and Hartmann discovered that at the initial appearance of wake asymmetry, one
vortex began to move away from the body, and the other vortex began to move
underneath the first. The pressure distributions showed a suction peak on the side
of the body where the vortex closer to the body was originally located. After the
near vortex crossed the body centerline, near where the far vortex could be said to
have been shed from the body, the suction peak changed body sides, which would
lead to a change in sign of the sectional side force. Kompenhans and Hartmann
attributed the change of side of the suction peak to a third vortex which appeared
underneath and on the same side of the body as the vortex that had been shed.
The locations of such secondary vortices were not documented in the current exper-
iments. However, it was apparent from the results of Kompenhans and Hartmann
that the close vortex could not have crossed over nor could the third vortex have

been formed unless the far vortex had been shed.

Thus the unexpected (and undesired) changes in the roll angle-side force char-

acteristics as angle of attack increased have been explained. For o/, = 6, the
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vortices show no crossover (and hence probably no breakaway), and the side force
coefficient varies smoothly with roll angle. For «/6. = 8, the vortices begin to show
breakaway and slight crossover, and the variation of side force coefficient with roll
angle begins to approach a square wave. For a/8. = 9, the vortices show definite
breakaway and relatively large crossover, and the side force coefficient first peaks
on either side of the zero crossings and then reduces in magnitude as ¢ varies. The
vortex trajectories indicate that the point of vortex breakaway moves closer to the
tip as angle of attack increases, in agreement with the work of previous investiga-
tors. This would explain the increased reduction in magnitude of C'y between peaks

for a /6. = 9.8 (see Fig.5.12).

The reason for a difference in the side force coefficient behavior between the
large and small elliptic cross section tips can now be postulated. Figures 5.30 and
5.31 show how the variation of Cy with ¢ changes with angle of attack for the large
and small elliptic cross section tips, respectively. Figure 5.30 shows the gradual
transition from no-vortex-breakaway, smooth-Cy-variation behavior at a/6. = 6
to the vortex-breakaway, rough-Cy -variation behavior at a/8, = 9.8 for the large
elliptic cross section tip. In contrast to this, Fig. 5.31 shows the rough-Cy -variation
behavior at /6. = 6 for the small elliptic cross section tip. This was the lowest angle
of attack studied with the small tip. These two figures, and the analysis described
above, suggest that the blunter large elliptic cross section tip postponed the vortex
breakaway to larger angles of attack than those at which vortex breakaway occurred
for the small elliptic cross section tip. Such behavior would be in agreement with
the general reduction in vortex wake asymmetry caused by tip blunting as discussed

in Sec.1.3.1.

The basic model used in these experiments, the right circular cone, was sup-
posed to represent the nose of an axisymmetric body. The elliptic cross section and
chisel tips were designed to be modifications to the tip of this nose. However, based
on the similarity in the results between these experiments and those of other inves-

tigators, the flow past the cone seemed to bear a greater resemblance to the flows



- 148 -

past nose-and-cylindrical-afterbody combinations than to the flow past a nose-alone
configuration. The primary similarity was between the vortex breakaway that oc-
curred on the cone in these experiments and on the cylindrical afterbody of other
investigations. These results suggest that for the relative length scales involved, the
cone stopped being an approximation to the nose of an aircraft or missile and began

to be an approximation to the cylindrical afterbody of a missile configuration.

The effect of vortex breakaway on vortex wake geometry and side force might
explain why Moskovitz (1989) obtained relatively smooth variations of sectional side
force coefficient with roll angle for his elliptic cross section tip on an ogive-cylinder
body and square-wave variations for his elliptic cross section tip on a cone-cylinder
body. Flow visualization photographs in the thesis by Moskovitz show that in
general, for a given angle of attack, the wake vortices remained attached to the body
for a greater axial distance on the ogive-cylinder body than on the cone-cylinder
body. Apparently the ogive shape of the nose helped to delay vortex breakaway,
either because of the difference between the ogive and cone shapes, or because the
ogive nose had a larger apex angle 64 than the cone and thus the relative angle
of attack a/6,4 was less for the ogive nose than the cone nose (see discussion of
effects of apex angle in Sec.1.2). This observation is a general observation because
photographs of the flow past the cone-cylinder body and the ogive-cylinder body
with elliptic cross section tips at a given angle of attack and tip roll angle are
not provided in the thesis by Moskovitz, so a direct comparison cannot be made.
However, photographs of the flow past a cone-cylinder body with a blunted tip
and past an ogive-cylinder body with a sharp tip at given angles of attack and
cylinder-diameter Reynolds numbers (Rep) are provided. In these photographs,
the wake vortices remain attached to the ogive-cylinder body for a greater axial
distance than for the cone-cylinder body, even though the cone tip was blunted.
The sectional side force coefficients in the elliptic cross section tip experiments of
Moskovitz were obtained by integrating the pressure distributions obtained from

rings of pressure taps at axial locations z/L of 0.25, 0.5, and 0.75, L being the
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length of the nose and z the distance from the apex of the nose. The lengths of
the cone and ogive noses were the same, and the pressure tap rings were located
at the same axial locations on both noses. The cone semi-angle 8, was 10°. As
was mentioned in Sec. 1.3, Moskovitz obtained sinusoidal variations of the sectional
side force coefficient with tip roll angle for the cone-cylinder body for an angle of
attack of 30° (a/6. = 3), and square-wave variations for all higher angles of attack.
These variations were the same for all three pressure tap stations. He obtained
sinusoidal variations of the sectional side force coefficient with roll angle for the
ogive-cylinder body for essentially all angles of attack tested, the maximum angle
of attack being 60° (a/6. = 6). However, this sinusoidal variation only occurred for
the two foremost pressure tap rings for & = 60°. The rearmost tap ring showed a
square-wave variation. Flow visualization photographs for this case are provided,

and they indicate that vortex breakaway occurred ahead of this pressure tap ring.

The change in behavior between the large and small elliptic cross section tips
in the current experiments, with the apparent vortex breakaway occurring at a
smaller a/6, for the smaller tip, suggests that there is a scaling factor related to
the tip radius R,;. For larger R;, the tip can maintain the desired control over
the vortex wake to a larger z/L before breakaway occurs and the desired control
is lost. Recall that Figs. 6.8 through 6.11 showed that ahead of the breakaway
point, the vortex locations and the computed Cy varied smoothly with roll angle.
This point is emphasized in Fig.6.18, which is a repeat of part of Fig.6.8. This
figure shows the small and essentially smooth variation in the vortex locations with
cone roll angle at o/0, = 8 and zjasersheet /L = 0.28, and the corresponding smooth
variations in computed Cy and wake asymmetry angle 5. The ability of the large
elliptic cross section tip to provide smooth wake asymmetry variations with roll
angle at large « /6, is shown even more graphically in Fig.6.19. This figure shows
the results of vortex wake measurements made at a/6. = 9 and zjasersheet /L = 0.17,
the forward-most dye injection row at which measurements could be made. The

flow at this zjaser sheet /L Was steady enough so that the recording of only one vortex



- 1350 -

2.5 T y y
Re; = 1,884
2.0 | 44.20 < ¢ < 134.2° .
1.5 f -
[¢]
o
~
¥
1.0 J
5} .
0
-1.5 -1.0 -.5 0 .5 1.0 1.5
y/Re
o} Measured Cy: Rey = 5,160
% Calculated CY: &et = 1,884
3
2 P
1 T * ¥
3 0 *
-4 *
_2 *
% ¥
-3
0 15 30 45 60 75 90 105 120 135 150 165 180
Roll angle ¢ (degrees)
30
20 't
2 10 G\H\
g
E? 0
©
~ =10
Q K_M
-20

-30 . N " —_— . N . s
0 i5 30 45 60 75 S0 105 120 135 150 165 180

Roll angle ¢ (degrees)

F1G.6.18 Vortex wake geometry variations ahead of vortex breakaway: «/6. = 8,
Zlaser sheet/L =0.28



- 151 -

M

2-5 L] T Ll T
Rey = 1,884
2.0 } 44.2° < ¢ < 134.2° .
1.5 .
O
o
~N
¥
1.0 + &
D F .
0
-1.5 -1.0 -.5 0 .5 1.0 1.5
¥/Re
O Measured CY: Re; = 5,240
* Calculated CY: ﬁet = 1,884
* %
2 ¢ x *
(00000660 *
S 0 W
*
* * *

0 15 30 45 60 75 90 105 120 135 150 165 180

Roll angle ¢ (degrees)

30
20
10

=10

B (degrees)
o

\S\S\S\e—e

F1G.6.19 Vortex wake geometry variations ahead of vortex breakaway: «/6, = 9,

0 15 30 45 60 75 90 105 120 135 150 165 180

Roll angle ¢ {(degrees)

Zlaser sheet/L =0.17



- 152 -

location from the videotape record at each ¢ was sufficient. This figure demonstrates
very smooth vortex position variation with roll angle, with corresponding smooth
variations in computed Cy and 3. Note that these measurements were made at the
highest angle of attack (a/f. = 9) and the highest tip Reynolds number (Re; =
1,884; Rep = 19,800) that could be obtained in these experiments.

There are a number of questions that remain unanswered. One of these is the
effectiveness of the elliptic cross section tip when the boundary layer separations on
the nose are transitional or turbulent. The numbers reported by Edwards (1978)
for flight tests on the F-5F yield a typical tip Reynolds number of approximately
650,000, fully 2 orders of magnitude higher than the values obtained in the cur-
rent experiments. At these values of Rey, the separations on the nose would be
turbulent. If the effectiveness of the ;cip is caused by its influence on the pressure
distribution on the body nose, then perhaps Reynolds number effects would be min-
imized. However, this supposition needs to be verified experimentally. The effects
of compressibility are also unknown. The Mach number is a less important param-
eter, however, because maneuvers at high angle of attack are typically executed at
subsonic Mach number. Also, as discussed in Sec. 1.2, the influence of the asymmet-
ric wake on the body side force is greatest at low Mach number. Another unknown
is how a nose tip shape such as the one described in this thesis would affect the
dynamic stability of an aircraft. The shape of the nose of the F-20, a descendant
of the F-5, was set by dynamic stability considerations (Culick 1992). The impact
of an elliptic cross section tip with a variable orientation on the dynamic stability

characteristics of such an aircraft would need to be investigated.

The most important question related to these experiments which remains to
be answered is what causes vortex breakaway. This problem seems to be related to
the general problem of finding a description of the particular mechanism through
which conditions at the tip of the body affect the wake farther downstream. The
evidence seems to indicate a travelling-wave phenomenon in which vortex wake

asymmetry and breakaway are the results of perturbations that are introduced at
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the tip and grow as they move downstream. The sensitivity to the perturbation is
set by the angle of attack through the relative angle of attack a/64. Recall from
Figures 6.7 through 6.11 that the variation in vortex position at a given laser sheet
location increased as the angle of attack increased, indicating that the downstream
growth of the “disturbance” introduced by the tip was greater for a higher angle
of attack. Recall also the analysis of Keener and Chapman (1977), discussed in
Sec. 1.2, which described the relation between asymmetry onset and the degree of
vortex “crowding” at the apex of the nose. This analysis suggests that the more
“crowded” the vortices are at the nose tip, the more sensitive they would be to
disturbances at the tip. Recall further that the small elliptic cross section and
chisel tips demonstrated ¢—Cy behaviors at all angles of attack that were similar
to the ¢—Cy behavior of the large elliptic cross section tip at the higher angles
of attack. The ¢—Cy behavior of the large elliptic cross section tip at the higher
angles of attack was determined through the vortex wake geometry measurements
to have been caused by vortex breakaway. These results taken together suggest
that vortex breakaway occurred a short distance down the cone from the tip for the
small elliptic cross section and chisel tips, even at the lowest angle of attack. The
perturbations introduced at the tip by the small elliptic cross section and chisel
tips could be considered much larger than that introduced by the large elliptic
cross section tip. If vortex breakaway is considered to be a saturated end state
resulting from a disturbance introduced at the tip, then the early vortex breakaways
associated with the small elliptic cross section and chisel tips could be the result
of the greater perturbation introduced at the nose of the body by these tips. The
idea that the mechanism by which disturbances introduced at the tip of the body
are transmitted to the vortex wake downstream is some sort of travelling wave
phenomenon is also supported by the work of Degani and Tobak (1992). Degani and
Tobak conducted experiments which seemed to indicate that the mean asymmetric
force on a body at high angle of attack is the result of a convective instability of the
vortex wake, so that the wake requires the continual introduction of disturbances at

the tip in order to maintain asymmetry. All of these ideas and results suggest that



- 154 —

perhaps an analytical investigation of the receptivity to disturbances of two vortex
filaments placed behind a cone at angle of attack would yield a greatly increased

understanding of this part of the problem.

Despite the unanswered questions, all of the results of the vortex wake geometry
measurements taken together suggest that the large elliptic cross section tip provides
smooth control of the vortex wake asymmetry up to some point ahead of vortex
breakaway. This means that the tip would probably not be effective in controlling
the side force on a missile configuration, since it does not eliminate vortex shedding,.
However, these results suggest that the tip might be effective in controlling the side
force on the nose of an aircraft, where vortex breakaway does not usually occur
before the nose ends and the fuselage begins, as illustrated by the flow visualization
photographs of Chambers et al. (1970) and Skow and Erickson (1982). The forces
on the aircraft might be expected to be dominated by the flow past the wings
and fuselage at the point of vortex breakaway, so that the influence of the shed
vortices would be negligible. This statement is supported by Keener and Chapman
(1974), who show that the angle of attack for asymmetry onset aay for a winged
configuration is as high or higher than that for forebody-alone geometries. They
conclude that the presence of a wing tends to reduce or eliminate the influence of
the afterbody on asymmetric side forces. Since the noses of most high-performance
aircraft are closer to ogives than cones, the delayed vortex breakaway for ogives,
as suggested by the photographs by Moskovitz (1989), would probably enhance the
ability of the elliptic cross section tip described in this thesis to provide a smooth
variation with tip roll angle of the asymmetry of the vortex wake of the nose of an
aircraft at high angle of attack. If the elliptic cross section tip could provide this
smooth variation of vortex wake asymmetry over a substantial portion of the nose
of the aircraft, then the resulting smooth variation of nose side force with tip roll
angle would be translated into a smooth variation of aircraft yawing moment. The
end result would be a feasible yaw control device for high-performance aircraft at

high angle of attack.
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CHAPTER 7

Conclusions

In addition to attached flow, four different basic flow separation patterns oc-
cur on a 5° cone with a hemispherical tip over a tip Reynolds number range
889 < Rey < 12,200 and a relative angle of attack range 0 < a/6. < 12: boundary-
layer thickening, separation bubble, a combination of separation bubble and local
separations, and “U”-shaped global separation. The separation bubbles occur at
relatively low values of Re; and «/6.. Global separations form when local separa-
tions move forward as the cross-flow Reynolds number increases until they merge
with the separation bubble at the model tip. The behavior of the edge of the sep-
aration bubble at small a/6. is very similar to the behavior of free shear layers,
the principal similarity being the rollup of the bubble trailing edge into vortical

structures.

The smooth elliptic cross section tips designed so that the radius, slope, and
curvature of the tips match those of the cone to which the tips are attached are
effective in varying the vortex wake asymmetry and hence side force coefficient on
a cone. The differences between the tip-flow symmetry condition when the major
axes of the elliptic cross sections are perpendicular to the incidence plane and when
the major axes are coincident with the incidence plane cause a change between the
two symmetry conditions in the rate of change of the side force coefficient with
roll angle as the tip rotates through each of the two symmetry conditions. The
relation between tip roll angle and side force coefficient exhibits no roll angle or
velocity hysteresis. Only the magnitude and not the shape of the ¢—Cy curves are
dependent upon end effects. The ¢—Cy curves are almost completely independent
of Reynolds number for a tip Reynolds number range 3,100 < Re; < 9,600 and a
corresponding base-diameter Reynolds number range 32,000 < Rep < 100, 000.
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The relation between tip roll angle and side force coefficient for the cone is a
strong function of the relative angle-of-attack a/6.. At small a/8., the side force
coefficient for the cone varies smoothly with cone roll angle. As /6, increases,
the variation of side force coeflicient with roll angle first approaches a square-wave
behavior, and then shows reductions of magnitude and changes of sign between

peaks in magnitude that occur on either side of zero crossings.

At large a/6., the vortex wake at the tip-flow symmetry condition in which
the major axes of the large elliptic cross section tip are perpendicular to the inci-
dence plane is very unstable. The side force coefficient of the cone undergoes large

fluctuations with time that suggest a switching behavior in the vortex wake.

The behavior of the roll angle?side force characteristics for the cone can be
understood from the vortex wake geometry variations. For small /6., the vortex
locations vary smoothly with cone roll angle, indicating a smooth variation of side
force coefficient with roll angle. For larger /8., the vortex locations on the aft
portion of the cone undergo a large shift away from a symmetric configuration as
the tip moves away from a symmetry condition. This causes a large change in the
side force coefficient. As the tip rotates further away from the symmetry condition,
the vortex closer to the cone moves across the cone centerline, causing a reduction

and eventual change of sign of the side force coefficient.

The vortex crossover that results in a change of sign of the side force coefficient
occurs downstream of the point where the vortex at the greater distance from the
cone breaks away from the cone. Ahead of the vortex breakaway location, the vortex
locations vary smoothly with cone roll angle, indicating a smooth variation of side
force coeflicient with roll angle ahead of the breakaway point. Smooth variations
with vortex location ahead of vortex breakaway occur for a/8. = 9 and Re; = 1, 884.
Increasing the tip radius of the elliptic cross section tip causes the vortex breakaway
to occur farther back on the cone, increasing the effectiveness of the tip in controlling

the vortex wake. The large elliptic cross section tip would probably be a viable yaw
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control device for a high-performance aircraft at high angle of attack.

Future work

Two areas of interest regarding the tip geometry merit further study: the delay
of vortex breakaway caused by increasing tip radius, and the effect of cone semi-angle
(or apex semi-angle, in the case of the ogive nose) on the effectiveness of the elliptic
cross section tip in controlling vortex wake asymmetry. A correlation between tip
Reynolds number and axial location of vortex breakaway for cones with blunted
tips should be established, if indeed such a correlation exists. If a/8 4 is indeed the
correct governing parameter for the flow past the cone or ogive with an elliptic cross
section tip, then the smoothly-varying side force behavior found at lower values of
a /8 4 would be carried to higher actual angles of attack if the cone semi-angle 6, or
the ogive apex angle 6 4 were increased. The effectiveness of the elliptic cross section
tip in controlling vortex wake asymmetry ahead of vortex breakaway indicates that
tests with the tip on an aircraft configuration at high angle of attack are certainly
warranted. Another topic that warrants further consideration is the effectiveness of
the elliptic cross section tip at tip Reynolds numbers high enough for transitional or
turbulent boundary layer separation. Finally, the need for an analytical description
of the mechanism by which disturbances at the tip are propagated downstream into

the vortex wake remains paramount.
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