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ABSTRACT

This paper discusses an experimental study of the flow field
around three different wall-mounted obstacles in a boundary
layer within a relatively shallow flow (d/H = 4, where d is the
flow depth and H is the obstacle height). The first two obstacles
consist of a semi-ellipsoidal body with the major axis of the base
ellipse oriented in the streamwise and the transverse direction.
The third obstacle is a low-aspect-ratio cylinder, bearing greater
similarity to geometries investigated in other studies. Reynolds
numbers of 5500 and 17800, based on obstacle height, were in-
vestigated. Digital particle image velocimetry was used to char-
acterize the flow field in each case. At Rey = 17800, isocon-
tours of streamwise vorticity reveal the presence of a tip vortex
pair and a base vortex pair for each geometry; however, the ra-
tio of the relative strengths of the tip and base vortices varies
considerably, with the streamwise-oriented ellipsoid having the
largest ratio of tip/base vortex circulation and the transverse el-
lipsoid having the smallest ratio. The presence of a base vortex
for such low-aspect-ratio obstacles is unexpected, and therefore
we hypothesize that its existence is related to the small d/H. Tt is
anticipated that variation of geometry and d/H will help to elu-
cidate the role of the base vortex in the three-dimensional vortex
structure of the wake.

1 Introduction

Flow over wall-mounted bodies of finite extent has been the
subject of numerous investigations since the geometry is ubiq-
uitous, appearing in a broad range of engineered and natural
systems such as control surfaces, sails, and cowlings on sub-
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marines and aerodynamic vehicles; components on electronic
circuit boards; buildings and exhaust stacks; and boulders, clus-
ters, and fish habitat structures occurring on river beds. The sim-
ple geometry of a single wall-mounted obstacle in a boundary
layer or channel (2-D or open) flow creates an extremely com-
plex, highly three-dimensional and unsteady flow field for which
the transport mechanisms of momentum and scalars are still not
well-understood. Thus, details of the spatial shear stress distri-
bution around these obstacles are also still not well understood
(Martinuzzi and Tropea, 1993; Palau-Salvador et al., 2009). The
wall-mounted obstacle is also the fundamental consituent of the
very rough surfaces found in urban environments, and fluvial and
ocean bottom boundary layers, and therefore it also plays an im-
portant role in the transport of scalars (e.g. Wang and McNamara
(2007); Crimaldi et al. (2007)).

Because the flow is highly unsteady in the vicinity of these
obstacles, the instantaneous velocities and stress distributions
deviate significantly from the mean values, and thus the mean
flow/Reynolds averaged flow description is of limited help in un-
derstanding the time evolution and structure of the instantaneous
flow (Ballio et al., 1998; Vlachos and Hajj, 2002).

1.1 Flow structure around a wall-mounted obstacle
Fluid flow over wall-mounted obstacles has been studied ex-
tensively because of its ubiquity in natural and engineered sys-
tems. However, despite these efforts, there are many aspects that
are still poorly understood due to the complexity of the result-
ing highly three-dimensional, unsteady flow and the sensitivity
to a relatively large number of parameters that are required to de-
scribe this flow. Finite cylinders extending from a stationary wall
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FIGURE 1. Three-dimensional vortex topology surrounding an ob-
stacle at high relative submergence (from Pattenden et al. (2005).

(e.g. Pattenden et al. (2005); Sadeque et al. (2008, 2009); Palau-
Salvador et al. (2009)) and prismatic obstacles (Martinuzzi and
Tropea, 1993; Seal et al., 1995; Vlachos and Hajj, 2002) have
been investigated most extensively; with fewer investigations of
spherical bodies (e.g. Shamloo et al. (2001)) and other, more
complicated geometries (e.g. Strom and Papanicolaou (2007)).
Figure 1 shows a recent interpretation by Pattenden et al.
(2005) of the mean three-dimensional vortex topology surround-
ing a wall-mounted cylinder. The figure illustrates three domi-
nant features which are qualitatively robust for different obstacle
geometries: the horseshoe vortex wrapping around the body, the
arch vortex in the near wake, and the tip vortices emerging from
the free end. The dynamics of the horseshoe vortex upstream of
the body have been studied extensively, and it is well-established
that the horseshoe ’system” may be comprised of several vor-
tices evolving in a repetitive cycle of horseshoe vortex system
formation, amalgamation, and decay (e.g. Baker (1979, 1980)).
Complexity and unsteadiness in the horseshoe vortex has been
found to increase with Reynolds number (Baker, 1979, 1980;
Seal et al., 1995; Simpson, 2001). Several investigations reported
the existence of a bimodal velocity probability distribution func-
tion in the junction region upstream of the body, associated with
very large turbulent stresses (Devenport and Simpson, 1987a,b,
1990; Dargahi, 1989; Larousse et al., 1991; Martinuzzi and Tro-
pea, 1993; Ol¢men and Simpson, 1997). Devenport and Simp-
son (1990) attributed the behavior to the intermittent entrainment
of low-momentum boundary layer structures in the corner re-
gion between the wall and leading edge. Seal et al. (1995) and
Paik et al. (2007) demonstrated that the ‘primary’ vortex in the
horseshoe vortex system (adjacent to the obstacle) is annihilated
through the entrainment and mixing with opposite-sign vorticity
lifted from the bed surface, and then replaced by the vortex ad-
vancing behind it. There has been little quantitative agreement
in the literature about the relationship between flow parameters
(e.g. Reynolds number) and the number of vortices present in
the horseshoe system and their behavior, but most of the studies
agree that the unsteadiness in the vortex system in front of the
obstacle is independent of vortex shedding in the wake (Ballio
et al., 1998; Wang and Zhou, 2009). However, Fu and Rock-
well (2005); Rockwell (2008) showed that for very shallow flows
there is interdependency between the horseshoe vortex oscilla-

tions upstream of the obstacle and vortex shedding in the wake.

In general, the behavior in the wake of the obstacle is
markedly different from that of two-dimensional bluff bodies.
Shedding behavior is highly three-dimensional at the tip of the
structure where the tip vortices interact strongly with the shear-
layer or Karman vortices shed from the sides. Near the tip, vortex
shedding is usually symmetric, and for sufficiently large aspect
ratio H /D, the shedding mode may transition from the symmet-
ric shedding near the tip to antisymmetric Karmén shedding near
the base. However, there is not general agreement about the as-
pect ratio at which the transition first appears (Wang and Zhou,
2009). Obstacle shape has also been shown to have a significant
effect on the flow structures and forces on the obstacle (Sousa
and Pereira, 2004).

The wake also contains organized streamwise structures. As
Figure 1 shows, the tip vortices and the legs of the horseshoe
vortex are oriented primarily in the streamwise direction in the
wake. Viewed in the streamwise direction, the tip and horse-
shoe structures form counter-rotating vortex pairs that are of the
same sense, such that the tip structure descends toward the wall
(Palau-Salvador et al., 2009). An additional streamwise struc-
ture not depicted in Figure 1 is the streamwise base vortex pair,
located between the legs of the horseshoe but of opposite sign. It
is usually observed for high aspect ratios (Sumner et al., 2004)
or in boundary layers that are thick with respect to the obstacle
height (Wang and Zhou, 2009). Sumner et al. (2004) observed a
base vortex for H/D of 5, 7, and 9, but not for H/D = 3. They
proposed that the base vortices may be time-averaged represen-
tations of the Kdrman vortices and therefore would not be ex-
pected at the lowest aspect ratio where Karman shedding is also
expected to be suppressed. Wang and Zhou (2009) propose that
the tip, base, and spanwise symmetric or Kdrméan vortices are all
local manifestations of the same horseshoe-like structure shed in
the wake, suggesting that the mean tip vortex structures shown
in Figure 1 are actually much more complex in the instantaneous
flow field.

The present work has been motivated by the need for an
improved understanding of transport mechanisms in freshwater
mussel populations. Freshwater mussels such as the Threeridge
(Amblema plicata) shown in Figure 2 are filter feeders that live
in rivers at the sediment-water interface, typically partially- to
fully-embedded in the sediment. They are believed to have a
significant effect on water quality since they collectively process
very large volumes of water (T. Newton, USGS, personal com-
munication). However, many native species have become endan-
gered or extinct due to pollution, overharvesting, introduction of
non-native invasive species, destruction of habitats (e.g. dredg-
ing and construction of locks and dams on the Mississippi River),
and changes in land use patterns (Strayer et al., 2004). Freshwa-
ter mussels can exist in sparse distributions over the river bed, or
in communities (mussel beds) where the density can reach 100
m~2. Many factors are believed to contribute to habitat quality,
including sediment type, and hydrodynamic factors governing
transport of mussel larvae and juveniles, stability, and transport
of nutrients and waste (Young, 2006). It is predicted that nutrient
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FIGURE 2. Photographs of a Threeridge (Amblema plicata) mussel
shell collected from Pool 16 of the Upper Mississippi River near Fair-
port, IA. (a) side view (flow left to right), (b) upstream-looking view, (c)
top view (flow top to bottom).)

competition is a factor limiting mussel populations in all but the
most sparsely-distributed communities (Morales et al., 2006).

The goals of this paper are two-fold. First, we wish to make
a contribution to the understanding of hydrodynamic effects on
mussel habitat quality, and therefore we investigate an idealized
geometry that broadly represents the shape of a mussel protrud-
ing from the sediment. Whereas these benthic organisms exist
in an open-channel environment, we consider here the case of
a boundary layer flow. This approach is taken in order to sim-
plify the flow field and provide a benchmark for further work.
It will also facilitate comparison with previous work which has
most often been conducted in boundary layer flows. Equally im-
portant, we want to make some fundamental contributions to the
understanding of the flow field surrounding a surface-mounted
obstacle, particularly focusing on the evolution of flow structure
with variation in shape and flow parameters. As such, we con-
sider not only the idealized mussel geometry, but also include
measurements of flow over a low-aspect-ratio surface-mounted
cylinder, which more closely represents geometries presented in
the literature.

2 Method

Three geometries are investigated here. The first two rep-
resent a mussel in its usual (streamwise-aligned) orientation and
oriented 90 degrees from the streamwise orientation to form a
bluff body. The third geometry is a circular cylinder of aspect ra-
tio H/D = 0.56 (where H = 50 mm is the cylinder height and D is
the cylinder diameter. The mussel geometry is approximated as
a semi-ellipsoid with primary axes obtained by measurement of
more than 50 mussel shells representing 14 species. The mussels
were collected in a quadrat in Pool 16 of the Mississippi River
near Fairport, IA (Nakato et al., 2007). The dimensions of the
major and minor axes of the base are 56 mm and 75 mm, and
the height is 50 mm, as illustrated in Figure 3. Since mussels
are embedded in the sediment, only half the ellipsoid is consid-
ered. All three geometrical configurations were investigated at

FIGURE 3. Coordinate system definition and idealized mussel geom-
etry. The streamwise configuration is shown.

Reynolds numbers Rey = UH /v = 5500 and 17800, where U is
the freestream velocity.

Experiments were conducted in a water channel of width 0.6
m, depth 0.3 m, and length 10 m. The obstacle was mounted on
a 12 mm thick flat acrylic plate and centered 152 mm from the
leading edge of the plate. The plate leading edge was rounded
and measurements of the flow in the vicinity of the leading edge
verified that the flow over the leading edge was symmetric with
the stagnation point on the center of the rounded edge and that
there was no flow separation. The flow depth was d = 195 mm
above the plate, and a second plate of the same dimensions con-
strained the free surface in order to remove free-surface-related
flow effects and to enable optical interrogation.

Digital Particle Image Velocimetry (DPIV) (Willert and
Gharib, 1991; Raffel et al., 2007) was used to characterize
freestream flow characteristics, boundary layer characteristics on
the plate in the absence of the obstacle, and the highly three-
dimensional, unsteady flow surrounding the obstacle. A LaV-
ision Inc. Flowmaster system was employed, consisting of a
2048 x 2048 pixel interline transfer CCD camera with 14-bit dy-
namic range; a dual-cavity, 200 mJ/pulse Nd:YAG laser with
light sheet optics, and a PC-based timing and data acquisition
system managed by LaVision DaVis 7.2 software. Standard
cross-correlation analysis was employed in multiple passes on
window sizes of 64 x 64 pixels and 32 x 32 pixels with 50% over-
lap. A local median filter was used to eliminate outliers. DPIV
data were acquired in two orthogonal planes. The first location
focused on the separated region downstream of the obstacle on
the symmetry (z = 0) plane. In the second case, the laser sheet
was oriented in the y-z plane at x = 75 mm.

3 Results

In the absence of obstacles, a boundary layer of thickness
J99 =~ 10 mm was present on the plate at the location of the
obstacle center. Thus for each of the three geometries, the rel-
ative boundary thickness 8g9/H == 0.2. An additional bound-
ary layer existed on the top plate constraining the free surface.
The mean streamwise velocity measured 30 cm upstream of the
plate leading edge was uniform within 1% and the maximum
turbulence intensity was approximately 5% in the low-Reynolds-

Copyright (© 2010 by ASME



y/H

yH

(©)

FIGURE 4. Mean streamlines downstream of the obstacle at Reyy =
5500. (a) Streamwise-oriented ellipsoid, (b) transversely-oriented ellip-
soid, and (c) cylinder.
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FIGURE 5. Mean streamlines downstream of the obstacle at Rey =
17800. (a) Streamwise-oriented ellipsoid, (b) transversely-oriented el-
lipsoid, and (c) cylinder.
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FIGURE 6. Isocontours of nondimensional spanwise vorticity down-
stream of the obstacle at Rey = 5500. (a) Streamwise-oriented ellipsoid,
(b) transversely-oriented ellipsoid, and (c) cylinder. Red shades indicate
counter-clockwise rotation and blue shades indicate clockwise rotation.
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FIGURE 7. TIsocontours of nondimensional spanwise vorticity down-
stream of the obstacle at Rey = 17800. (a) Streamwise-oriented ellip-
soid, (b) transversely-oriented ellipsoid, and (c) cylinder. Red shades
indicate counter-clockwise rotation and blue shades indicate clockwise
rotation.
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FIGURE 8. TIsocontours of Reynolds shear stress —u/v//U? down-
stream of the obstacle at Reyy = 5500. (a) Streamwise-oriented ellipsoid,
(b) transversely-oriented ellipsoid, and (c) cylinder.
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FIGURE 9. Tsocontours of Reynolds shear stress —u/v//U? down-
stream of the obstacle at Rey = 17800. (a) Streamwise-oriented ellip-
soid, (b) transversely-oriented ellipsoid, and (c) cylinder.

Copyright (© 2010 by ASME



Obstacle  x,/H (x,—x:.)/H

Low Re
Streamwise 2.0 1.44
Transverse  2.48 1.73
Cylinder 2.83 1.94
High Re
Streamwise 1.9 1.34
Transverse  2.41 1.66
Cylinder 2.75 1.86

TABLE 1. Mean dimensionless reattachment lengths on the symme-
try plane measured from the obstacle center line (x,/H) and the trailing
edge ((x; —xt.e.)/H).

number case, and 7% at high Reynolds number. At Reyy = 5500,
the boundary layer displacement thickness and momentum thick-
nesses were 0 = 1.5 mm and 8 = 0.77 mm, providing a shape
factor of 2.01. At Rey = 17800, 6* = 0.94 mm, 6 = 0.66
mm, and H = 1.44. Despite the relatively low boundary layer
Reynolds numbers — Re, ~ 17000 and 54000 — the profiles are
not very representative of a Blasius profile (H = 2.59), likely due
to the relatively high freestream turbulence intensities.

3.1 Time-averaged Quantities on the Symmetry Plane

Figures 4 and 5 contain the mean streamlines each obtained
from 2000 velocity fields downstream of the three geometries
at Rey = 5500 and Rey = 17800, respectively. Table 1 con-
tains the reattachment lengths on the symmetry plane measured
from the center of the obstacle, and from the obstacle trailing
edge, and non-dimensionalized by the obstacle height. The ef-
fect of Reynolds number on reattachment length is not significant
within the range considered here. The greatest variation with
Reynolds number was found for the streamwise ellipsoid which,
when measured from the trailing edge, varies by only 7%. The
cylinder is the most blunt of the three geometries and has the
longest reattachment length. Measured from the trailing edge,
the cylinder reattachment length is approximately 35% greater
than the streamwise ellipsoid at Rey = 5500, and 39% greater at
Rer = 17800. The reattachment lengths for the transverse ellip-
soid fall between these extreme cases at both Reynolds numbers.

Isocontours of nondimensional spanwise vorticity (@,H/U)
are shown in Figures 6 and 7 for the low- and high-Reynolds-
number conditions, respectively. The regions of large negative
@, (counter clockwise rotation) are located in the vicinity of the
separated shear layer downstream of the obstacle. Significant
positive vorticity is found for each geometry adjacent to the base
plane in the vicinity of the recirculation region. Large positive
values also exist on the lee faces of the streamwise and trans-
verse ellipsoids. It is evident from both the streamline (Figures 4
and 5) and vorticity (Figures 6 and7) plots that the flow rising on

the lee surface of the ellipsoids encounters an adverse pressure
gradient. This is suggested by the diffusion of the surface adja-
cent vorticity with increasing vertical distance along the ellipsoid
perimeter and, for Rey; = 5500, flow separation.

The distributions of kinematic Reynolds shear stress
(—u'V'/U?) in the wake of the obstacles is shown in Figures 8
and 9 for the low and high Reynolds numbers, respectively. The
lowest magnitudes occur for the streamwise ellipsoid. There is
a fundamental difference between the flow field over the two el-
lipsoids and that over the cylinder. On the symmetry plane, the
cylinder has separation points on the top surface at the leading
and trailing edges. The separated shear layer of the first sepa-
ration transitions to turbulence before reattaching, and therefore
there is higher turbulence intensity in the flow at the second sep-
aration point. In contrast, for the ellipsoids, there is only one
separation point, near the top of the structure, and therefore the
Reynolds stresses are significantly lower just after separation.
For the ellipsoids, isocontours of large value are found nearer the
separation point in the high Reynolds number conditions than in
low Reynolds number conditions, consistent with the expectation
that transition would occur sooner in the separated shear layer at
higher Reynolds number. Given that freshwater mussels are ex-
pected to position themselves in the streamwise orientation, the
lower wake turbulence levels could result in reduced transport of
nutrients and waste within the benthic boundary layer in compar-
ison to cylindrical or prismatic bodies.

3.1.1 Streamwise Vorticity and Circulation Fig-
ure 10 contains isocontours of non-dimensional streamwise vor-
ticity @* = @wH /U in a transverse (y — z) plane located at x/H =
1.5, at Rey = 17800 for the three geometries. Each mean vor-
ticity field was obtained from 3000 instantaneous velocity fields.
These figures focus on the inner portion of the wake — the cores
of the mean horseshoe structures can be observed at the left and
right edges of Figure 10(a), and fall outside of the field of view
in the other two cases. In all three cases, a tip vortex pair and
base vortex pair are evident; however, the relative strengths vary
significantly between the three cases. The presence of the base
vortex is unexpected due to the very low aspect ratio of these ob-
stacles. The cylinder diameter is larger than the cross-sectional
dimensions of the ellipsoid, and has a broader wake such that the
right side of the vorticity isocontours are truncated in the image.
However, in this case a weak, tertiary vortex pair of the same sign
as the tip vortex, is observed near the base plane.

The circulation of each of the identified structures was com-
puted using the method of Buchholz and Smits (2008) within
an isocontour of ®@* = 0.07. The non-dimensional circulation
I' =T'/(UH) was calculated for each vortex in the tip, base,
and (for the cylinder) tertiary structures. The results are given
in Table 2. The deviation 8T = (|['; — 'y|) /(2|T*|) x 100% is
also given, where I'; and I'; are the circulations of the left- and
right-vortices in the pair, respectively. For the cylinder, the val-
ues were determined using only the left side of each pair. The
tip vortex pair is dominant in the wake of the streamwise ellip-
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FIGURE 10. Isocontours of non-dimensional streamwise vorticity in
the plane x/H = 1.5 for the case Reyy = 17800. (a) streamwise-oriented
ellipsoid, (b) transversely-oriented ellipsoid, (c) cylinder. Red shades
indicate counter-clockwise rotation and blue shades indicate clockwise
rotation.

Obstacle  Structure |T*| 8T (%)
Streamwise
tip 0.101 1.3
base 0.0301 16
Transverse
tip 0.0416 19
base 0.167 04
Cylinder
tip 0.161 -
base 0.250 -

tertiary 0.0149 -

TABLE 2. Average dimensionless circulations of structures identified
in Figure 10, and the left/right deviation.

soid; however, the base vortex pair is dominant in the transverse
ellipsoid. In the wake of the cylinder, the strengths are more
balanced but the base vortex is stronger, as with the transverse
ellipsoid. The vorticity field in the wake of the cylinder is partic-
ularly surprising since base vortices are typically found to occur
only for much larger aspect ratios (Sumner et al., 2004). At such
low aspect ratio, the tip and base vortices are necessarily in close
proximity and appear to interact strongly, presumably driving a
rapid transverse expansion in the wake. To the authors’ knowl-
edge, this is the first time a tertiary structure has been observed
in a finite cylinder wake. It may have been generated on the base
plane due to the interaction of a strong base vortex with the base
plane.

4 Discussion

In the present experiments, the obstacle height is approxi-
mately 25 % of the flow depth, and for the cylinder (the largest
obstacle), the blockage is approximately 4%. In the context of
open channel flow Shamloo et al. (2001) has identified four flow
regimes corresponding to variation in relative submergence d/h,
where d is the flow depth and £ is the characteristic obstacle
length scale (e.g. the obstacle height). Whereas for d /h > 4, the
presence of the obstacle left no discernable signature on the free
surface and flow patterns were qualitatively consistent with those
observed around obstacles immersed in boundary layer flows;
for d/h < 1, standing waves formed around the obstacle, and a
Karman vortex street was reported in the wake. A similar phe-
nomenon occurs in stratified atmospheric flows around islands
(Smith and Grubisi¢, 1993). While the classifications of Sham-
loo et al. delineate flow regimes with significant physical dis-
tinctions, they are not sensitive to more subtle variations in the
flow field that may occur as d/h approaches 4 from above. Given
that, in the literature, the base vortex is generally not observed for
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low-aspect-ratio obstacles, we surmise that its existence here is
related to the limited depth. The presence of the base vortex and
the concurrent transverse spreading of the near wake that would
be expected from the vortex interactions here may be due to the
relatively shallow depth of the flow, causing more flow to be de-
flected around the obstacle instead of over it.

For Rey = 5500, we examined the effect of relative submer-
gence (d/H) by descending the top plate until it touched the tip of
the transverse ellipsoid, and visualized the flow using fluorescein
dye injected from ports on the upstream face of the obstacle. The
results are shown in Figure 11. While at high relative submer-
gence, we see a broad, symmetric wake expected for such a low-
aspect-ratio geometry; at low relative submergence, antisymmet-
ric shedding and a sinuous wake are clearly visible. These re-
sults are qualitatively in agreement with the consensus in the lit-
erature, which reports the absence of Karman shedding in the
wakes of deeply-submerged low-aspect-ratio obstacles, and the
existence of Karman shedding behind low-aspect-ratio obstacles
in shallow flows (d/h < 1). The streamwise vorticity distribu-
tion, with strong base vortex, shown in Figure 10(b) corresponds
to the same geometry as Figure 11(a). The Reynolds numbers are
different between the two cases; however, if the qualitative flow
pattern of Figure 11(a) is relevant to the flow at Rey = 17800,
then the data presented here would suggest that the base vortex
is not a projection of Kdrman vortices as suggested by Sumner
et al. (2004), since their existence is not apparent.

It is anticipated that the presence of the base vortex will have
an effect on vertical transport of scalars and momentum in the
wakes of the bodies investigated here. Assuming that the pres-
ence of the base vortex is related to the low relative submergence,
this may enhance mixing of nutrients and waste for mussel com-
munities existing in shallow flows. It may also have some ad-
verse effect on the stability of sediments within mussel commu-
nities, perhaps influencing, among other factors (e.g. tempera-
ture, protection from predators, reduced susceptibility to water
level variations), their selection of flow depth.

From the data presented here, it is not clear how the base
vortex might fit into a three-dimensional vortex skeleton model
of the wake. From observations of the instantaneous streamwise
vorticity field at x/H = 1.5, a coherent base vortex cannot be
identified - as in Pattenden et al. (2005), the instantaneous vor-
ticity field in the wake tends to be highly incoherent. Therefore,
it is not clear whether the base (and tip) vortices here are quasi-
stationary, as in the case of a wing tip vortex, or whether they
are simply averages of many individual shed structures as in the
model of Wang and Zhou (2009). We suspect the latter; how-
ever, the connectivity would likely be complex given the signif-
icant differences in circulation between the tip and base vortices
in each case.

5 Conclusions

The flow field surrounding a wall-mounted cylinder and el-
lipsoid was investigated for Rey = 5500 and 17800. The obsta-
cles had low aspect ratios (H/D < 1) and were studied in a flow

FIGURE 11. Dye visualizations of the flow around the transversely-
oriented ellipsoid at Rey = 5500. (a) d/H ~ 4, (b)d/H = 1.

of low relative submergence. At both Reynolds numbers, the
mean flow in the symmetry plane of the ellipsoid oriented in the
streamwise and transverse positions exhibited a laminar separa-
tion near the top of the structure, which transitioned to turbulence
and reattached to the base plane downstream of the obstacle. The
streamwise ellipsoid had the shortest reattachment length of the
three geometries and the lowest Reynolds shear stresses on the
symmetry plane.

A base vortex was observed in each case, in contrast to ob-
servations reported in the literature for flows over low-aspect-
ratio obstacles at higher relative submergence. It is hypothesized
here that this anomaly is due to interference caused by the the
low value of d/H = 4 which causes a preferential redirection of
flow around the obstacle rather than over it. Further investigation
is needed to understand the role of the base vortex in the three-
dimensional vortex skeleton in the wake of these bluff bodies;
however, it is expected that further work in which the strengths
of the tip and base structures are controlled by variation in geom-
etry and relative submergence will provide valuable insights into
this question.
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