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Topology of the Flow Structures
Behind an Inclined Projectile: Part B

K. C. Ward* and J. Katzt
Johns Hopkins University, Baltimore, Maryland

A series of flow-visnalization experiments, aimed at resolving the flow structure in the lee of an inclined
3.5//D ogive nose cone, was performed in a large towing tank. The observations consist of illuminating a thin
slice of the flowfield with a laser sheet while distributing fluerescing dye in the water. The results of this study
are presented as a series of closely spaced topology plots. They demonstrate that at Rep, =2.7X 10° the lee flow
structure is asymmetric throughout the model, and is dominated by continuously generated, multiple, large-scale
flow structures. Their development and interaction are described in detail. Phenomena such as entrainment of
orie center of c'oalescing stream surfaces by another one, as well as the appearance of a new pair of secondary
structures, occur several times along the model. The “‘complete detacliment’’ of a focus from the model’s sur-
face is also demonstrated. This paper contains also several surface pressure distributions, and an attempt, with
partial success, is made to compare them to the crossflow topologies.

Introduction

HE development of asymmetric flow structures in the lee

of inclined bodies of revolution and the resulting side
forces were subjects of extensive research for the past
thirty years.'"'® The experimental research activities have in-
cluded primarily force and surface pressure measurements,2*
flow visualization>-® and partial mapping of the velocity field
utilizing pitot tubes,® and laser Doppler velocimetry.*!® Both
theoretical and numerical studies were performed!!!2 and sev-
eral extensive review papers were also written.!®!4. In sum-
mary, these studies have demonistrated that when a body of
revolution is inclined to the freestream, its boundary layer sep-
arates and a complex flow structure forms on its lee side.
When the incidence angle is increased beyond a critical value
(twice the half-apex angle for bodies with a sharp nose cone?)
and above a certain Reynolds numiber (in the order of 1x 103,
based on the base diameter D), the lee flow becomes asymmet-
ric. Attempts to plot the resulting crossflow topology were
made by Wardlaw and Yanta,!? Tobak and Peake,’s and by
the present authors.!¢ The latter'¢ were sketched based on
qualitative flow-visualization experiments in a towing tank
utilizing laser-induced fluorescence. The model tested was a
3.51/D ogive nose cone with a 10-in. base diameter and a sharp
tip. This study has provided a series of vivid and detailed im-
ages of the crossflow structures at prescribed locations. It has
also demonstrated the role of the Reynolds number and the in-
cidence angle, in the formations of centers (or foci) of coalesc-
ing stream surfaces, as well as their development and interac-
tion behind the model.

The initial series of flow-visualization experiments! have
focused primarily on the large-scale structures in several axial
sections, spaced every X/D=0.5 (X being the axial distance
and D the base diameter). Based on these observations, and
due to the realization that the initial spacing has been too
large, the present study presents the results of a more detailed
series of observations, at a single incidence angle of 45 deg and
Reynolds number of 2.7 x 105. The primary focus is on the
generation of new secondary flow structurés, their growth and
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migration, and their interaction with neighboring ‘‘older”’ foci
and saddle points. The results of these observations are pre-
sented as a series of sketchied crossflow topologies. An attempt
is also made to reconstruct a three-dimensional image of the
flow structures in the lee of the model by combining some
of the individual topologies. Finally, the results of surface
pressure distributions measurements at selected cross sections
are also presented. A discussion and a comparison of these
distributions to the observed flow structure follows.

As is evident from this introduction, the present paper is a
direct continuation of our original study,!® which also con-
tains a detailed description of the test facility. A brief descrip-
tion of the experimental setup is provided also in Part A of
this paper.!” The description of the pressure measurement
system is a little more detailed here, since it was not included
in Ref. 16.

Experimental Setup

A short description of the flow-visualization setup was
already presented in Part A of this paper.!” The flow-
visualization experiments were performed by illuminating a
thin slice (1 mm thick) of the flowfield with an argon-ion laser
while seeding the water with Rhodamine 6G, a fluorescing
dye, prior to each run. The optical system was set to illuminate
a vertical plane, which is perpendicular to the direction of mo-
tion. The flow-visualization images were recorded with a sub-
merged video system trailing about 10 ft behind the model.
Each flow condition (incidence angle and location) was stud-
ied several times to insure repeatability. The water in the facil-
ity was allowed to-settle for about 1 h between runs, and in
some cases, as will be discussed later, the layover between rins
was extended to 12 h. Our experience has indicated that for
most cases, the layover of 1 h was sufficient to insure repeata-
bility and to reduce the freestream turbulence to immeasurable
levels. Part A of this paper!’ contains a discussion concerning
the interpretaton of the observed images. This discussion leads
to the conclusion that the observed flow ‘‘patterns’’ are ac-
tually the intersection of three-dimensional stream surfaces
with the illuminated plane.

The surface pressure measurements were performed with a
scanning valve, controlled by a PC-based data acquisition
system. The velocity (measured with a submerged pitot tube)
was held constant at 3.4 ft/s. Because of the resulting low
pressures (variations in the order of 0.2 psi), a sensitive
transducer (0.5 psi peak to peak with a 0.1% accuracy) was in-
stalled in the scanning valve. The low pressures also required
repeated calibration before and after each run. The referénce
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level was a glass tube containing water at elevations different
from the tank’s surface level. The primary difficulty was the
elimination of small bubbles within the tubes connecting the
taps to the transducer. As shown in Fig. 1, each pressure tap
was connected to a horizontal capillary glass tube, with a 1732
in. internal diameter, which was positioned normal to the di-
rection of motion. An air-water interface was maintained
within these glass tubes, and the lines leading to the valve con-
tained only air. The velocity chosen for these experiments was
the highest allowing a complete cycle of the scanning valve
(operating at two samples per second) during one uninter-
rupted run of the carriage. Each run was repeated four times,
and the averaged data, as well as the highest and lowest
results, are presented for each location. An evaluation of the
error, based on the calibration curve and repeated measur-
ments of the same reference level, was estimated to be 0.005
psi. This value corresponds to a maximum error of 0.07 in the
values of C, defined as (P—P,,)/(0.5pV?). P,y is the static
pressure of the pitot tube (compensated for the differences in
elevation), and V is the carriage velocity. More detailed infor-
mation about this setup is proved by Bueno-Galdo and
Katz.!8

Results

Flow Visualization

Sample photographs of the symmetric lee flow structure at a
low Reynolds number, and topology plots of this particular
flow, were presented in Ref. 17. The present study focuses on
a higher Reynolds number, when the lee flow structure be-
comes asymmetric.

A series of crossflow topologies of Rep =2.7 X 10° are pre-
sented in Fig. 2. Each image is a composition of a qualitative
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Fig. 1 A schematic description of the main strut support and pressure system.

sketch of the stream surfaces within the illuminated section
and several points measured off the video screen. It should be
noted here that even the qualitative sketches are a. result of
careful evaluation of the entire video records at a particular
cross section. Because of the complexity of the flow structure,
it is quite difficult to find a single video frame containing a
clear image of all of the secondary flow structures. As a result,
determination of the data in each topology plot requires
repeated careful examination of the entire set of records. In
order to. demonstrate this point; we examined the photo-
graphs, all of them at X/D= 1.0, shown in Fig. 3. The corre-
spondmg topology is presented at a higher magnification in
Fig. 4. Point S1, as well as the structurqs with centers N1, N2,
N3, and N4, are evident from Fig. 3a.' The separation point
S1, the structures defined by N1 and N2, as well as the loca-
tion of surface saddle point X1 are visible i in Fig. 3b. The exist-
ence of three distinct structures N5, N6, and N7 is demon-
strated in Fig. 3c. A clear definition of the point X3, the small
structure to its left, as well as a faded definition of X2, are pre-
sented in Fig. 3d. The location of X2, X3, and X4, as well as
one of the stream surfaces entrained into the node ¢N7,”
defined in Fig. 3e. X3 and the space between X2 and X3 are
visible in Fig. 3f. The location of XS5 is clearly visible in Fig.
3g, and a clearer evidence of the structure N7 is provided in
Fig. 3h. The latter also shows traces of S2, whose location be-
comes clearly evident in Fig. 3i. The location of X6 is demon-
strated in Fig. 3j. This set identifies all of the major structures
of X/D=1. The actual sketching of each topology. requires
repeated examination of all of the data as well as cross check-
ing between different video frames and separate runs. An ad-
ditional set of photographs at different cross sections is pre-
sented in Fig. 5.

The detailed observations were performed at every
X/D=0.1, starting from X/D=0.3 up to X/D=3.0 (some
have been omitted in this paper since they do not contribute to
the general picture). The flow at X/D=0.1 was also ex-
amined, and a sample photograph at this section has already
been presented in Ref. 16. Two primary facts become clearly
evident from the topology sketches presented in Fig. 2. First,
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under the current test conditions, the flow structure in the lee
of the model is asymmetric over the entire length of the body.
Second, this flow is dominated by continuously generated,
multiple secondary flow structures. Even the first topology, at
X/D=0.3, contains more secondary centers (foci or nodes)
than the symmetric flow described in Part A of this paper.!’
The judgement of what structure is “‘primary”’ and what is
“secondary’’ is obviously subjective, particularly when some
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structures appear to be quite small in upstream sections, and
then grow further downstream. We have opted to define a cer-
tain structure as secondary when its effect on the overall pic-
ture, as well as its size, in a particular section, is small.

The evolution of the existing structures, as well as the for-
mation of newer ones, can be identified by following the se-
quence of sketches shown in Fig. 2. As is evident-from this
series, between X/D=0.3 and 0.6, the upper left node lifts
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Fig. 2 Topology plots of the lee flow structures around a 3.5//D tangent ogive at an incidence angle of 45 deg and Rep =2.7 % 105 (@ —indicates
points measured on a video screen): a) X/D =0.3; b) X/D =0.4; ¢) X/D=0.5; d) X/D =0.6; ¢) X/D =0.7; f) X/D =0.8; g) X/D=0.9; h)
X/D=09;1) X/D=1.0; j) X/D =11, k) X/D=1.2; ) X/D=1.3; m) X/D =1.3; n) X/D=1.4; 0) X/D=1.5. (conﬁnued)
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Fig.2 (continued) Topology plots of the lee flow structures around
a 3.5//D tangent ogive at an incidence angle of 45 deg and Rep
=2.7x 105 (@ —indicates points measured on a video screen): p)
X/D=1.6; Q X/D=1.8;1) X/D=2.0;8) X/D =2.2;) X/D =2.3;
u) X/D =2.6; v) X/D =2.8; and w) X/D =3.0.
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away from the surface, the primary right focus moves towards
the leeward meridian, and one of the left-side secondary struc-
tures increases in its size. This process is also demonstrated by
several sample photographs in Fig. 5. As a result, at
X/D=0.6, there are two large foci on the left-hand side of the
model, both containing fluid rotating in the same direction.
Between X/D=0.6 and 0.9, the lower focus is swept around
the upper center while its *‘size’ (here the “‘size”” refers to its
characteristic radius, namely, to the distance between the
focus of the structure and the saddle point to the right of this
focus) starts decreasing. Its identification at X/D=0.9 is quite
difficult, and its existence seems to depend on the free
stream turbulence level. As a result, we have opted to present
two flow topologies for X/D =0.9. If the experiments are per-
formed in very calm water (after about 12 h of recess between
runs), the smaller center of coalescing stream surfaces is still-
evident to the left of the primary structure. If the experiments
are performed after about 1 h of delay between runs, this
small focus is no longer visible. A similar pair is also presented
for X/D=1.3. It should be emphasized here again that the
freestream turbulence levels in both cases (1 and 12 h delays)
are so low that they cannot be measured with velocity sensors
(a hot film, for example). Note that between X/D=0.6 and
0.9, an additional counterclockwise rotating structure starts
growing while lifting away from the surface (shown also in
Fig. 5), and 'a new pair of secondary structures form on the
left-hand side of the model (compare the topologies at
X/D=0.6 and 0.7). An additional newly generated pair is aiso
visible at X/D=1.0. _

As the structures containing clockwise-rotating fluid lift
away from the surface, they leave under them a series of close-
ly spaced nodes with fluid rotating in the counterclockwise di-
rection. Several photographs demonstrating the existence of
these closely spaced, multiple secondary structures are pre-
sented in some of the photographs of X/D=1.0, as well as the
sample image at X/D=1.7 (Fig. 5). These nodes exist
separately up to about X/D = 1.3, which is the first section dis-
playing signs of the entrainment of a counterclockwise rotat-
ing secondary node by the original right primary center.

Before proceeding, we focus briefly on the topologies at
X/D=0.5 and 1.0, which represent the spacing between the
sections of our original study.!® Compared to the sketch of
X/D=0.5, the image of X/D=1.0 contains one more
clockwise-rotating center of coalescing stream surfaces. In the
absence of an intermediate stage, we originally concluded,
mistakenly, that the primary center of X/D=0.5 splits into
two structures at X/D=1.0. We had no method of realizing
that actually there are continuously generated new nodes, and
that what appears as a small secondary node at a certain sec-
tion becomes a major large-scale center farther downstream.
Actually, one of the structures at X/D=0.5 is already com-
pletely entrained into the large upper center at X/D=1.0.
Note that the lowest left-hand secondary structure of
X/D=0.5 actually appears as a major center at X/D=1.0 (its
focus is located at Y/D=0.37). Furthermore, at a lower
Reynolds number, the visible traces of asymmetry in the flow
geometry start farther downstream. 'S As a result, the topology
at X/D=1.0 and Re, <2.7 X 10° should resemble the current
sketches of X/D=0.9 or less. This statement is clearly
substantiated by Ref. 16, which contains a series of photo-
graphs at the same location, but at different Reynolds
numbers.

The entrainment of one center of coalescing stream surfaces
by another repeats itself between X/D=1.3 and 1.4 and then
again between X/D=2.0 and 2.2. Sample photographs of the
flow between X/D=1.5 and 2.0 are also presented in Fig. 5.
Thus, three cycles are completed along the model, each con-
sisting of the growth of a secondary structure while lifting
away from the surface, its rotation around the original left pri-
mary focus, and then its éventual entrainment. The third cycle
also involves an additional phenomenon, namely, the
“‘complete detachment’’ of the original primary focus. In
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Fig. 3 A series of sample photographs of the flow structure at

X/D =1.0 and Rep =2.7 % 10°. This set demonstrates how the topol-

ogy at this section has been plotted.

order to explain the term complete detachment, we compare
the topologies at X/D=1.5 to 2.0. The primary difference be-
tween these sketches occurs below the two upper centers that
interact with each other. Note that at X/D=1.5, the saddle
point located at Y/D=0.5 is connected to the focus of the
structure below it, whereas at X/D=2.0, the same saddle
point is connected directly to a surface saddle point. This sub-
tle change creates a clear stream surface which prevents the
fluid arriving from the right-hand side of the model from
reaching the left secondary structures. If one ignores for a
brief moment the upper two structures, the topology below is
a ““‘warped”’ sketch of the symmetric flow shown in Ref. 17.
Beyond this stage, a mirror image of the processes occurring
upstream starts occurring on the right-hand side of the model.
The initial stages of detachment of the right primary center
can be observed up to X/D=3.0. Unfortunately, this is the
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Fig. 4 A tbpology of the lee flow structure at X/D=1.0.

end of our model. Note also that beyond X/D=1.6, the two
interlacing upper structures exist in a separate shell, and are no
longer entraining fluid originating from the model’s boundary
layer. This state is defined in the present paper as a complete
detachment.

Because of the difficulties in visualizing the evolution of the
lee flow structures in our minds, an attempt was also made to
draw a three-dimensional sketch of this flow. The results are
presented in Fig. 6. They combine several topology sketches
and additional lines connecting corresponding saddle points
and foci. Some of the stream surfaces were removed for clari-
fication.

Surface Pressure Measurements

The pressure distributions at three sections, X/D=0.9, 1.9,
and 2.9, and at two different incidence angles, 35 and 45 deg,
are presented in Fig. 7. It should be noted here that the present
Reynolds number, 2.7 X 10°, was found by Lamont!? to be the
boundary between laminar and transitional flows, for both in-
cidence angles. The terms ‘‘laminar,”” ‘‘transitional,’’ or *‘tur-
bulent”’ refer to the boundary layer on the surface of the
model. The sensitivity of this flow to changes in the Reynolds
number, the freestream turbulence level, and even the roll an-
gle (Refs. 3, 4, 10, 16, and 19, for example) make any com-
parison between the present pressure distributions and other
measurements quite difficult. We do not know of any meas-
urements exactly at the same conditions as in the present
study. Some discussion will follow.

The present results for 35 deg confirm what has already
been demonstrated in Ref. 16, namely, that the flow remains

i almost symmetric at 35-deg incidence and resembles the im-

ages shown in Part A of this paper.!” In fact, only a slight
lifitng of the left primary center occurs at the presently
selected Reynolds number. During our previous study,'6 this
asymmetry was detected first at high X/D, and with increasing
Reynolds numbers has propagated upstream. These observa-
tions are substantiated by the current pressure measurements.
At X/D=0.9, the pressure minima and inflection points are
located symmetrically relative to the leeward meridian. Recov-
ery of the pressure on the right-hand side occurs at a higher
lateral angle, probably due to the closer proximity of the right
primary structure to the surface. The two distributions farther
downstream (X/D=1.9 and 2.9) are quite similar, both dis-
playing the existence of a secondary pressure minimum close
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k)
Fig. 5 A series of sample photographs of the lee flow structure at: a)
X/D=0.3; b) X/D=0.5; ¢) X/D=0.6; d) X/D=0.7; ¢) X/D=0.8; f)

X/D=0.9; g) X/D=1.5; h) X/D=1.6; i) X/D=1.7; j) X/D=1.8;
and k) X/D=2.0.

J. AIRCRAFT

to the leeward meridian. No inflection point is visible on the
left-hand side of the model in these sections, although the
flow-visualization experiment has shown clearly that
boundary-layer separation occurs close to a lateral angle of 90
deg. In all three cases, the differences in pressure, between the
right and the left sides, do not result in significant side forces.

The pressure distributions on the two sides of the model
become quite different as the incidence angle is increased to 45
deg, particularly at X/D=0.9. Farther downstream, the mini-
mum values of C,, on the right-hand side increase, whereas the
corresponding values on the left-hand side decrease. Note,
that the pressure distribution at X/D=0.9 results in a large
side force to the right, and the results at X/D=2.9 indicate a
small side load to the left. The latter, ‘‘almost’’ symmetric dis-
tribution, obviously does not indicate a flow structure even
close to being symmetric. By following the topologies, how-
ever, one can observe that the primary attachment point (sepa-

Fig. 6 Three-dimensional sketches showing the stream surfaces asso-
ciated with the left-hand primary structures. The focus is on entrain-
ment of growing secondary structures by the original left primary
nodes (for simplicity most of the secondary structures are omitted).
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rating the structures originated on the left side from those gen-
erated on the right side of the model) moves from about 140
deg at X/D=0.9 to 165 deg at X/D=2.0, and to about 185
deg at X/D=3.0. Thus, one should expect a more ‘‘symme-
tric”’ pressure at X/D=2.9, and a change in the direction of
the side force. The existence of a large side force as early as
X/D=0.9, its reduction and reversal already at X/D=2.9,
does not agree with the results of Lamont,'® for example, who
measured peak side forces at much higher values of X/D. The
reason for the discrepancy cannot be explained without some
speculation. It may be a result of a different Reynolds number
(observe the changes in Lamont’s results for the same body
when the Rej, is tripled from 4 x 10° to 1.25 x 10° at 40-deg in-
cidence), incidence angle (see Ref. 16 for a comparison be-
tween 40 and 45 deg on the same model), freestream turbu-
lence etc. The present distributions at 45 deg, however, do
resemble qualitatively the transitional distributions in La-
mont’s results.

An attempt to compare the pressure distributions to the
flow topologies results only in partial success. The difficulties
in interpreting the data are related primarily to the complexity
of the wake structure close to the surface. (Note also that the
pressure was measured at the same axial section, while the
visualization planes are perpendicular to the direction of mo-
tion.) At X/D=0.9 and 45-deg incidence, the inflection point
close to 90 deg agrees with the location of boundary-layer sep-
aration. However, the recovery beyond 180 deg cannot be ex-
plained without some speculations. The impingement on the
surface of the fluid arriving from the right-hand side, which is
evident in the topology of X/D=1.0, is a possible explana-
tion. Close to 144 deg the pressure decreases again, maybe due
to the proximity of the large left primary nodes (see also Figs.
3 and 5 for sample photographs). The right-hand side (still at
X/D=0.9) contains two pressure minima. The first one is lo-
cated 264 deg, and the second at 216 deg. The latter is proba-
bly related to the existence of the right primary structure, even
though it is located slightly to the right (higher lateral angle) of
the focus. The narrow region separating these two minima
(216 and 264 deg) is located under the secondary structures of
the righ-hand side (see Fig. 2).

At X/D=1.9, there are clearly two secondary dips, the first
around 144 deg and the second close to 180 deg. From Fig. 2
and the last photograph of Fig. 5, it is clear that these dips
match with the location of the larger foci of coalescing stream
surface which are located close to the surface. The increasing
distance of the detached nodes from the model may be respon-
sible for the reduction in their influence on the pressure distri-
bution. Note that at this location there is only one pressure
minimum on the right-hand side. We cannot provide a con-
vincing explanation for the reduction in the magnitude of the
pressure peak associated, presumably, with the right primary
structure (compare the peak at X/D=0.9 at 216 deg to the
peak at X/D=1.9 at 180 deg). It may be a result of the initial
stages of detachment of the right-hand primary center. At
X/D=2.9, there is only a single visible secondary peak close
to 168 deg. The last topology sketch in Fig. 2 demonstrating
the existence of a single, large, clockwise-rotating center close
to the surface may be an explanation for this peak.

In general, pressure measurements every 12 deg, such as the
present data, are too crudely spaced to be able to identify the
effects of the secondary structure. As a result, the correlations
between the flow topologies (flow visualizaton) and the
pressure distributions are not completely conclusive, and leave
a lot of room for speculation. If one wishes to resolve the
pressure changes associated with the smaller centers, the
spaces between pressure taps, particularly close to the separa-
tion point must be reduced to within 2 deg.

Summary and Conclusions
The results of a series of flow-visualization experiments are
used for sketching the topology of the flow structures in the
lee of an inclined body of revolution. Several phenomena are
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demonstrated by the topologies. The most obvious is that the
asymmetric flow structure (at the particular incidence angle,
45 deg, and Reynolds number, 2.7 X 10°) is dominated by mul-
tiple, and continuously generated, secondary centers of coa-
lescing stream surfaces. The process starts when the left pri-
mary nodes starts detaching from the surface. The secondary
structure rotating in the same direction just below it also
‘““moves’’ away from the surface while growing in size. A new
pair of secondary structures then forms in the vacated space.
Farther downstream the two detached centers interlace around
each other, until the original primary focus entrains the en-
larged secondary structure. Once this process is completed, a
new secondary focus starts growing, detaches from the sur-
face, and is eventually entrained into the original primary
center. During the preliminary stages of asymmetry, the right
primary center moves toward the leeward meridian. The
detachment of the clockwise-rotating structure also leaves a
series of closely spaced secondary structures, located close to
the surface with counterclockwise-rotating fluid. These nodes
are eventually entrained into the right primary center. Once
the condition defined as a complete detachment of the primary
left focus occurs, it becomes enclosed in a separate ““shell’’ of
stream surfaces and does not entrain additional fluid ori-
ginated from the model’s boundary layer. At this stage, the
right primary center starts lifting away from the surface and a
new cycle starts. A pair of overall views of the lee flow struc-
ture is also plotted by superimposing a number of the topology
plots into two three-dimensional images. These sketches focus
on the development and eventual entrainment of the second-
ary structures on the left-hand side of the model.

The present paper also includes the results of surface
pressure measurements at 35 and 45 deg. At the lower angle
the flow structure, as well as the surface pressure distribution,
are slightly asymmetric. At 45 deg, the pressure distributions
display a reversal of the side forces. At X/D=0.9 and 1.9, the
side force is to the right, whereas at X/D=2.9, it changes its
direction to the left. Only a crude correlation can be made be-
tween the surface pressure and the flow topologies. It seems
that the dominating factor in determining the direction of the
side force is the proximity of the primary centers. When the
left structure starts lifting away from the surface and the right
focus moves closer to the surface, the pressure is lower on the
right-hand side. When the right center starts detaching, the
side force is reversed due to the reduction in pressure associ-
ated with the proximity of the large left focus.
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