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Abstract

An experimental study was conducted on flow around two-dimensional, square-backed bluff bodies in the presence of
a ground plane. Two frontal geometries were tested: one with significant leading-edge separation and one without.
The extensive leading-edge separation was found to induce significant asymmetry in the time-averaged wake. One-sided
shedding from the top trailing edge was found to occur in the absence of significant separation, but broad-spectrum
turbulence was found to be responsible for much of the fluctuating energy. More pronounced upstream separation was
found to further inhibit regular shedding of large-scale structures in the wake. Over the range considered, a degree of
Reynolds number sensitivity was observed, with the boundary layer along the ground plane separating upstream of the
body at low Reynolds numbers. The effect of increasing the ground clearance was also considered, which weakened the
leading-edge separation whilst increasing the prominence of vortex shedding.
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1. Introduction

Due to the commercial requirement of maximising cargo
capacity, square-backed geometries are common among
heavy transport vehicles. These geometries tend to pro-
duce pronounced regions of separation in the wake, which
contribute significantly to the drag. The potential gains
for drag reduction has generated considerable interest in
this area, with work often focused on simplified square-
backed models with the aim of reaching more widely ap-
plicable conclusions.

Among the most prevalent of such geometries is the
Ahmed body, popularised by Ahmed et al. [3]. The slant
angle on the rear of the body has a marked effect on the
composition of the wake, with the zero-degree slant-angle
case, which is of interest in this study, no longer possessing
a wake dominated by the pair of counter-rotating vortices
emanating from the sides of the body seen at higher slant
angles. Instead, Grandemange et al. [11], in providing a
thorough characterization of the wake of this geometry,
notes the presence of a large region of separation composed
of a complex mix of coherent and incoherent structures,
including weak vortex shedding due to the interaction be-
tween the vertical and lateral shear layers. Further adding
to the complexity of the flow is the bi-stability of the wake
over long time-scales, which results in one-sided shedding
in the lateral direction [11].
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Given the complexity of the wake flow topology, it
would seem beneficial to isolate the effects of individual
shear-layer interactions, as improved understanding of these
effects would prove advantageous in designing better tar-
geted flow control techniques. A reasonable body of work
does exist on symmetric 2D square-backed bodies (16, 17,
12, 5, 14 and 15). However, of these only Parkin et al. [15]
considers the influence of the ground plane on the wake.

Prominently, away from the ground plane, the wake
dynamics include coherent vortex shedding that is virtu-
ally absent for a body in proximity to the ground. The
characteristics of this feature has long been linked to the
base pressure and as a result, the drag of bluff bodies (5).
It is therefore of interest to observe the change in these as-
pects of the wake as the upstream conditions of the flow are
altered. In this respect, the studies conducted on bodies
away from the ground have displayed a degree of insensi-
tivity to the nose shape. In particular, Bearman [5] and
Park et al. [14] looked at elliptical-nosed bodies with axis
ratios of 10:1 and 8:1 respectively, at Reynolds numbers
of approximately 4 × 104, while Pastoor et al. [17] stud-
ied a D-shaped at a range of Reynolds numbers includ-
ing 3.5 × 104 and 4.6 × 104. Prominent vortex shedding
was observed across all nose geometries, with the Strouhal
number ranging between 0.23 and 0.25. Variation in the
base pressure was also small, ranging from -0.52 to -0.57.
Of note here is the relative similarity of the boundary layer
momentum thickness approaching the trailing edge, which
varied from 0.014 to 0.017. In contrast to the away-from-
ground case, it is yet unclear how the nose shape affects
the wake properties of these geometries in proximity to
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the ground, particularly in the context of reduced coher-
ent vortex shedding.

In addition to the reduction of coherent shedding, Parkin
et al. [15] highlighted a number of other changes imposed
on the flow by the ground plane. Unsurprisingly, the hor-
izontal centreplane symmetry of the flow is broken, begin-
ning with the stagnation point moving lower, continuing
with the above body recirculation region growing in size,
whilst the corresponding recirculation region below the
body ceases to exist, and culminating in a highly asym-
metric wake, due to the disparity between the roll-up of
the two shear layers.

It should be noted that not all these features remain
present for the three-dimensional Ahmed body. Promi-
nently, results from Grandemange et al. [11] suggest the
time-averaged wake in the symmetry plane retains a no-
ticeably more symmetric structure. Furthermore, while
the stagnation point does remain below the centreline, the
flow does continue to separate from the lower surface of
the body, albeit with a shorter recirculation length. The
extent of flow separation over the nose does appear to vary
across studies, with Bonnavion [8] reporting an absence of
flow separation at the nose of the body at experiments con-
ducted at Re ≈ 4 × 105, warranting further examination
of its effects on the wake.

The scarcity of prior research on two-dimensional square-
backed bodies in proximity to the ground also includes the
lack of consideration of Reynolds number effects. Nev-
ertheless, some clues to the possible wake response may
be found from more commonly studied analogous geome-
tries. For instance, in wind-tunnel experiments on the
flow over a backward-facing step, Adams and Johnston [2]
studied the effect of both boundary layer thickness and
Reynolds number, with the latter ranging from 8 × 103 to
4 × 104. The reattachment length was found to vary with
Reynolds number throughout the range tested, peaking
at a Reynolds number of 2 × 104 for a turbulent separat-
ing boundary layer. A weak trend of the reattachment
length decreasing with boundary layer thickness growth
was also observed for the turbulent boundary layer case.
Varying levels of Reynolds number insensitivity have pre-
viously been reported for related geometries. For instance,
in the case of the two-dimensional Ahmed body away from
the ground, Pastoor et al. [17] found that base pressure
and Strouhal number remained stable for Reynolds num-
bers between 2.3 × 104 and 7 × 104, whilst in relation
to three-dimensional bluff bodies, Spohn and Gilliron [20]
reported good agreement between experiments conducted
at Reynolds numbers of O(103) and studies conducted at
O(106) in the context of wake flow topology behind a 25◦

slant angle Ahmed body. This is despite Grandemange
et al. [11] identifying a decline in the size of the front sepa-
ration bubble as the Reynolds number was increased. This
latter observation would indicate that some useful insights
into the flow around the two-dimensional Ahmed body in
the presence of a ground surface may be gleaned from vary-
ing the Reynolds number, given the increased region of

separated flow above the body as discussed beforehand.
With regards to the transient characteristics of the

flow, Parkin et al. [15] demonstrated the ground plane’s
role in reducing periodicity in the wake. This breakup of
organized wake structures has also been profiled for other
geometries such as circular cylinders [18]. It should be
noted here that extensive overbody separation has also
been known to affect the dynamics of the wake. Taylor
et al. [21] for instance, when considering cylinders with
variable leading and trailing edges, found that vortex shed-
ding was noticeably weaker and more intermittent for cylin-
ders with rectangular ends in comparison to circular and
triangular ends, which produced less pronounced separa-
tion over the sides of the cylinder. The effects of recir-
culation bubbles upstream of fixed separation points can
also be observed in the results of Minelli et al. [13], who
looked at actuation around the A-pillars of a truck, discov-
ering that the time-averaged wake lengthened appreciably
as the bubble grew. Given the prominence of the recircula-
tion bubble above the body described by Parkin et al. [15],
it is of interest to understand the extent to which this al-
ters the formation of coherent structures in the wake. The
present study seeks to resolve this question, in addition
to documenting the wider effects of the above-body recir-
culation on the flow topology of the wake. In short, this
study focuses on two main points: how leading-edge sep-
aration induced by nose geometry affects the wake flow of
cylindrical bodies; and how these effects are influenced by
ground proximity and Reynolds number.

2. Methodology

The experiments were conducted in the Monash Uni-
versity Fluids Laboratory for Aeronautical and Industrial
Research (FLAIR) water channel, located on the univer-
sity campus in Clayton, Australia. The water channel is
4000 mm long and has a cross-sectional width and height
of 600 mm and 800 mm, respectively.

The model used consisted of a square-backed geome-
try with an interchangeable nose configuration and was
constructed from acrylic. The model extended 400 mm in
the spanwise direction and had a height, H, of 50 mm,
yielding an aspect ratio (span to height) of 8. Of the two
configurations tested, the first resembled an Ahmed body
cross-section with a 0 degree back-slant angle, and had a
length of 3.64H from the leading edge to the trailing edge.
The second configuration used an elliptical nose with a
3:1 length-height ratio. In this configuration, the model
measured 4.8H between the leading and trailing edges.

The model was mounted in proximity to a ground plane
initially located 0.2H above from model as depicted in
Figure 1. This ground clearance is the identical to that
used by Parkin et al. [15] and slightly higher than the
0.17H utilised by Grandemange et al. [11]. In addition
to this, ground clearances of 0H, 0.4H and 4.2H were
also tested in limited quantities, with the last of these
approximating the away-from-ground case. The leading
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Figure 1: Diagram of the layout of the experimental setup for cap-
turing snapshots of the wake behind the elliptical-nosed body. The
X-directional positions of the laser and camera were varied for other
fields of view.

edge of the ground plane was elliptical with a 4:1 axis ratio
and was located 6.74H upstream of the nose of the model
for both nose configurations. The model and the ground
plane were mounted to endplates on each side. These were
mounted flush against the model and the ground plane,
and extended 10H in the vertical direction. An additional
stabiliser panel was added at the foot of the endplates to
suppress oscillations of the endplates. Tests were primarily
conducted at a channel velocity of 0.4 ms−1, yielding a
Reynolds number, Re, based on model height, of 2 × 104.
Additional tests were also conducted at Reynolds numbers
of 1 × 104 and 5 × 103.

Throughout this paper, X is taken as the longitudinal
direction and Y as the vertical direction. The origin is
taken at the surface of the ground plane at the location of
the base of the model unless specified otherwise.

Particle-image velocimetry (PIV) was undertaken on
the models, the methodology of which has been exten-
sively covered elsewhere (e.g. see 19 ). Spherical glass
particles (Vestosint) with a mean size of 56 µm and den-
sity of 1.016 kgm−3 were used to seed the flow. The parti-
cles were illuminated by a 5 W continuous argon-ion laser,
with the beam spread into a 2 mm thick laser sheet. Im-
ages were captured using a PCO Dimax.S4 CMOS camera
with a resolution of 2016×2016, utilising both a 105 mm
and 50 mm lens. In-house cross-correlation software was
used to analyse the images, adapted from the techniques

Figure 2: Convergence of mean difference in time-averaged velocity
for increasing number of image pairs relative to values using all image
pairs.

Overbody separation
LOB

Wake recirculation

Underbody flow
H

Elliptic nose
extension

X

Y

3.64H
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0.2H

Figure 3: Diagram highlighting key dimensions and flow features for
the Ahmed-body cross-section for the 0.2H ground clearance case.

described by Fouras et al. [10]. A 32×32 pixel window size,
with an overlap of 50% was used to determine the velocity
components. For the time-averaged statistics, the spatial
resolution of the velocity fields was 0.03H. In order to cap-
ture the formation and advection of large-scale structures
in the wake, a wider image size was required when con-
ducting proper orthogonal decomposition (POD) on the
velocity fields. This necessitated a decrease in the spa-
tial resolution of these analyses to 0.09H, which remained
sufficient to capture the large-scale structures of interest.

Time-averaged spanwise (XZ plane) measurements of
the top shear layer were undertaken to assess the spanwise
variation across the model. Variation in the streamwise
velocity across the central 4H of the model was limited to
0.02U∞, with spanwise velocities recorded in the range of
±0.006U∞. A minimum of 9171 image pairs were utilised
when constructing the time-averaged velocity fields for all
cases, with over 10000 pairs utilised in most instances.
Convergence was assessed by monitoring the mean change
in the time-averaged velocity components relative to the
values computed over all image pairs over an increasing
number of snapshots. Convergence to within 0.03U∞ was
generally observed within 2000 image pairs (Figure 2).

Contributions to the overall uncertainty from sources
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including image quality, the image-processing algorithm
and properties of the particles and optics were analysed
using techniques set out by Raffel et al. [19] and Wieneke
[22]. These yielded estimates for the maximum errors for
the velocity measurements of 4% for the wider field-of-
view data and 3% for the remaining cases. This is slightly
lower than errors estimated for the same PIV equipment
by Avadiar et al. [4], largely due to the lower spanwise
velocities induced by the geometry used for the present
study, which resulted in reduced out-of-plane motion of
the particles.

Boundary layer profiles were measured on both the
endplates as well as the ground plane. At the nose of the
model, the ground plane had a boundary layer thickness
(defined here as the distance from the surface at which the
streamwise velocity reaches 0.99U∞) of 0.11H for the Re
= 2 × 104 case, with a corresponding thickness of 0.12H
on the endplates.

3. Results and Discussion

3.1. Time-averaged flow

(a)

(b)

Figure 4: Contours of u/u∞ upstream of the model nose for the (a)
Ahmed body cross-section and (b) elliptical-nosed body with overlaid
streamlines. Origin taken along ground plane at model nose position.

The stagnation point for the Ahmed body cross-section
is located 0.19H below the centreline as seen in Figure
4a. Likewise, the stagnation point of the elliptical-nosed
body also appears to be positioned below the nose (Fig-
ure 4b). The associated high pressure region results in an
adverse pressure gradient extending upstream of the nose,
increasing growth in the boundary layer along the ground.
Significant flow separation is present above the Ahmed-
body cross-section, commencing at the end of the rounded
portion of the nose, with a reattachment length, LOB , of

approximately 2.1H measured from the front of the body
(refer to Figure 3 for clarity). While not observable in Fig-
ure 5, qualitative flow visualisation of the flow above the
elliptical-nosed body indicated the presence of a thin re-
gion of recirculation, once again originating from the end
of the curved nose section and extending approximately
0.7H downstream. Due to the small thickness of the bub-
ble relative to the body (reversed flow was observed up to
a height of approximately 0.01H), the effect on the flow
downstream was not expected to be significant in compar-
ison to the region of separation above the Ahmed body
cross-section, for which reversed flow was measured up to
0.12H above the body.

The boundary layer at the trailing edge above the elliptical-
nosed body has a boundary layer thickness of 0.12H, a
displacement thickness of 0.06H and a momentum thick-
ness of 0.01H. The corresponding values for the Ahmed
body cross-section were 0.57H, 0.14H and 0.05H. This
increase is attributable to the extended separation region
above the body, with the short distance between the reat-
tachment point and fixed separation point at the rear of
the body reducing the ability of the boundary layer to
relax prior to the rear separation point. Some variation
was also observed in the flow leaving the underbody, with
the Ahmed body cross-section recording a peak of 1.12U∞
at a vertical position 0.10H away from the ground, whilst
the corresponding values for the elliptical-nosed body were
1.15U∞ and 0.08H. This increase in velocity likely signifies
a greater underbody flow volume for the elliptical-nosed
body.

The thinner, higher momentum boundary layer above
the elliptical-nosed body results in a near-symmetric wake
as seen in Figure 6b, with the two recirculation regions of
comparable size. This is in contrast to the Ahmed body
(Figure 6a), where the greater turbulent mixing across
the shear layer and the reduced momentum results in a
greater initial separation angle for the upper shear layer
and a wake dominated by the upper recirculation region.
This behaviour of the highly turbulent upper shear layer
aligns with the observations of Bearman [6], who com-
mented that a chief consequence of upstream turbulence
on sharp-edged bodies is increased growth in the separated
shear layer and greater entrainment of fluid into the wake.
However, despite the initial shear-layer growth, the recir-
culation length of the Ahmed body cross-section (2.1H) is
slightly higher than its elliptical-nosed counterpart (2.0H),
possibly due to greater interaction between the shear lay-
ers increasing the entrainment of fluid into the wake of the
elliptical-nosed body.

The influence of the upstream separation is also evi-
dent in the Reynolds stress distribution of the Ahmed body
wake. A region of high streamwise, u′u′, fluctuations can
be observed above the body in Figure 7a, extending well
beyond the separation point. In addition to this, the u′u′

stress distribution for the Ahmed body cross-section is no-
ticeably lower in magnitude relative to the corresponding
distribution for the elliptical-nosed body (Figure 8a).
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Figure 5: Velocity profiles above both bodies at various streamwise positions.

The cross-flow, v′v′, stress distributions also differ sig-
nificantly, with the elliptical-nosed body again seeing no-
ticeably higher stresses in its wake. The peak stress lo-
cation also occurs lower (in the Y -direction) than in the
Ahmed body case. The Reynolds stresses for the Ahmed
body cross-section are not dissimilar to the results of Parkin
et al. [15], possessing similar magnitudes and overall dis-
tributions despite the lack of a moving ground plane. Con-
versely, the distributions for the elliptical-nosed body bears
greater similarity to that of the Ahmed body cross-section
in the absence of a ground plane, as presented by Parkin
et al. [16], albeit with the peaks markedly further away
from the body, likely signifying a longer dead-water re-
gion. In both instances, the cross-flow stresses peak close
to the centreline of the body, with the present study see-
ing a peak of 0.13 in comparison to the away-from-ground
case, which possesses a peak in excess of 0.2. The ab-
sence, in this instance, of the two small, opposite-signed
zones away from the primary regions of high shear, u′v′,
stress (Figure 8c) is also noteworthy here. Additionally, it
should be pointed out, that unlike the away-from-ground
case, the two peaks for the streamwise stresses are substan-
tially different, with the peak located closer to the upper
shear layer possessing a magnitude almost 40% lower than
the corresponding value of the peak in the lower half of
the wake, whilst also being located further away from the
body, suggesting a degree of asymmetry in the wake due
to the presence of the ground plane.

Notably, in comparison to the Ahmed body cross-section,
the symmetry present in the wake topology of the elliptical-
nosed body appears to bear greater qualitative similarities

to the symmetry plane of the three-dimensional Ahmed
body studied by Grandemange et al. [11], particularly in
case of the in-plane velocity streamlines. While Grande-
mange et al. [11] conducted experiments at a higher Reynolds
number (Re = 9 × 104), work done by Spohn and Gill-
iron [20] on related geometries showed that the flow topol-
ogy remained relatively stable across Reynolds numbers in
the range of O(103) to O(106). Interestingly, this would
suggest that at lower Reynolds numbers, the elliptical-
nosed body tested here may present a better analogue
to the time-averaged three-dimensional Ahmed body flow
at higher Reynolds numbers than the Ahmed body cross-
section. One should however keep in mind the additional
complexities introduced by the two added (side) shear lay-
ers for the three-dimensional case. This is especially true of
time-dependent comparisons given the significant increase
in fluctuations of the spanwise velocity for that case along
with the documentation of weak vortex-shedding activity
in the lateral plane as well as that of observed bistability
in the 3D wake [11].

3.2. Time-dependent flow

Proper Orthogonal Decomposition (POD) was used to
analyse the centre-plane vorticity fields in the wake ob-
tained from PIV measurements. This was undertaken across
the centre-plane of the wake of the model, across a win-
dow spanning 1.5H in the vertical direction and 4.5H in
the longitudinal direction. Although there are variants of
POD analysis, the methodology for POD applied here was
based on the work of Chatterjee [9], with additional in-
formation on its applicability to fluid flows sourced from

5

237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295



(a) (b)

Figure 6: Velocity profiles overlaid on contours of U/U∞ in the near-wake of (a) the Ahmed body cross-section and (b) the elliptical-nosed
body.

(a) (b) (c)

Figure 7: Contours of Reynolds stress magnitudes in the wake of the Ahmed body cross-section. (a) u′u′/U2
∞, (b) v′v′/U2

∞ and (c) u′v′/U2
∞.

Dashed lines represent negative values.

(a) (b) (c)

Figure 8: Contours of Reynolds stress magnitudes in the wake of the elliptical-nosed body. (a) u′u′/U2
∞, (b) v′v′/U2

∞ and (c) u′v′/U2
∞.

Dashed lines represent negative values.
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(a) (b)

Figure 9: Relative POD modal energy for (a) Ahmed body cross-
section and (b) elliptical-nosed body.

(a)

(b)

Figure 10: First two vorticity modes for the Ahmed body cross-
section. The contours visualize the relative strength, with red sig-
nifying values above a positive threshold and blue, below a negative
threshold.

Berkooz et al. [7].
The POD results for Ahmed-body cross-section wake

yield relatively low energy modes, with limited decay in
the modal energy contribution as the mode number in-
creases (Figure 9a). Such a distribution is indicative of
flow dynamics largely dominated by unstructured turbu-
lence, which agrees well with existing literature on the
Ahmed body cross-section [15].

Nevertheless, some underlying coherent activity is ob-
servable for both geometries. The first two modes for each
case form a pair with a noticeably higher energy contri-
bution (Figure 9) relative to the rest. For the Ahmed
body cross-section, these modes contain 4% of the total
energy, while for the elliptical-nosed body, the correspond-
ing value is 11%. The spatial structure of these modes ap-
pear to share some similarities near the lower shear layer,
but diverge significantly when approaching the upper shear

(a)

(b)

Figure 11: First two vorticity modes for the elliptical-nosed body
wake. The contours visualize the relative strength, with red signi-
fying values above a positive threshold and blue, below a negative
threshold.

layer. This is unsurprising given the differing flow condi-
tions above each model. The modes for the Ahmed body
cross-section (Figure 10) also appear to contain a good deal
more “noise” than its elliptical-nosed counterpart, as seen
in Figure 11. The presence of these prominent mode pairs
allows for the use of phase-averaging using those modes.
This approach uses the most energetic mode pair from
POD as the basis for calculating the phase angle, φ, in-
stead of the time history of a single point.

The phase-averaged results for the elliptical-nosed body
presented in Figure 13 depicts a predominantly one-sided
shedding process, with the counter-clockwise rotating vor-
tex (colored red in Figure 13) formation likely inhibited
by the presence of the ground plane, resulting in low-
intensity, rapidly decaying vortices. The Ahmed body
cross-section (Figure 12) sees even less pronounced vor-
tex shedding from both positions. Spectral analysis, util-
ising a fast Fourier transform algorithm of the tempo-
ral contents of the POD modes depicted in Figure 15 re-
veals near identical frequency content between the first two
modes, with a prominent peak at a Strouhal number, St,
of 0.25 for the elliptical-nosed body (St was based on the
height of the model and freestream velocity for both cases).
The Ahmed-body cross-section however, sees a cluster of
smaller peaks in the range of St = 0.1 to 0.3, with the
highest peak now occurring at St = 0.22 as seen in Figure
14. This lack of a clear dominant frequency further points
towards the lack of regular periodic activity in the wake.

While the frequencies associated with these modes are
somewhat higher than those recorded by Grandemange
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Figure 12: Full cycle of phase-averaged vorticity contours in the wake of the Ahmed-body cross-section at Re = 2 × 104, where ω∗ is defined
as the vorticity normalised based on the body height and freestream velocity.

Figure 13: Full cycle of phase-averaged vorticity contours in the wake of the elliptical-nosed body at Re = 2 × 104, where ω∗ is defined as
the vorticity normalised based on the body height and freestream velocity.

(a) (b)

Figure 14: Power spectral density of temporal content of the first
two POD modes for the Ahmed body cross-section, (a) Mode 1 and
(b) Mode 2.

(a) (b)

Figure 15: Power spectral density of temporal content of the first
two POD modes for the elliptical-nosed body, (a) Mode 1 and (b)
Mode 2.

et al. [11] for the three-dimensional Ahmed body, the low
energy contribution of these modes is otherwise consis-
tent with existing literature. In the context of extrapolat-
ing results from the two-dimensional data presented here
to three-dimensional subjects, some caution is warranted
given that the shedding described by Grandemange et al.
[11] appears to be two-sided, in contrast to the primarily
one-sided shedding observed for the elliptical-nosed body.

It is of interest to note that the shedding motion of
the elliptical-nosed body is clearly identifiable in the in-
stantaneous velocity vectors presented in Figure 16. The
presence of the counter-clockwise vortex is clearly visible
here, despite the relative weakness of the vortex, as implied
by Figure 13.

3.3. Reynolds number sensitivities

Thus far, all results presented have been taken from
tests conducted at Re = 2×104. In addition to these, tests
were also conducted at Re = 5 × 103 and 1 × 104, which
were suggestive of a degree of Reynolds number sensitivity
in both models. This is apparent even before the flow
reaches the body, with the ground plane boundary layer
experiencing rapid growth due to the deceleration of the
flow, caused by the adverse pressure gradient upstream of
the body.

As seen in Figures 17 and 18, this results in flow sep-
aration for the two lower Reynolds number cases, with
the extent of separation increasing with the reduction in
Reynolds number. This flow separation and the associated
growth in the displacement thickness increases the angle
of incidence of the flow at the leading edge, and in the case
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Figure 16: Instantaneous velocity vectors in the wake of the elliptical-nosed body superimposed on contours of instantaneous vorticity
highlighting different stages of the vortex shedding process over a single cycle. Snapshots taken at intervals of 0.25 × shedding period. Only
every fourth vector is plotted for clarity.

(a)

(b)

Figure 17: Contours of U/U∞ upstream of the model nose for the
Ahmed body cross-section with overlaid streamlines for (a) Re =
5 × 103 and (b) Re = 1 × 104. Origin taken along ground plane at
model nose position.

of the Ahmed body cross-section, raises the position of the
stagnation point.

The above-body flow velocities depicted in Figure 19,
demonstrate that the Ahmed body cross-section also sees
a marked decrease in the extent of the recirculation bubble
above the body for the two lower Reynolds numbers. This
appears to be linked to the previously mentioned change
in the upstream boundary layer, with the increase in flow
angle and the accompanying acceleration in the flow over
the nose radius corresponding to a weaker adverse pressure
gradient over the nose and subsequently, a reduction to
the size of the recirculation region. Unsurprisingly, this
variation has a significant effect on the upper shear layer,
with Figure 20 now indicative of higher velocities above the
body close to the rear separation point, due to the reduced
disruption to the flow caused by the above-body separation
region. A similar effect is likely to have occurred with the
elliptical-nosed body, where the previously mentioned thin
region of separation above the body was not observed at

(a)

(b)

Figure 18: Contours of U/U∞ upstream of the model nose for the
elliptical-nosed body with overlaid streamlines for (a) Re = 5 × 103

and (b) Re = 1 × 104. Origin taken along ground plane at model
nose position.

the two lower Reynolds numbers.
The velocity profiles also show the influence of the

ground-plane boundary-layer separation with a distinct ve-
locity deficit occurring in the flow leaving the underbody
as the Reynolds number decreases (Figure 20). This fea-
ture can be attributed to the ground-plane boundary-layer
separation upstream of the body and is also noticeable for
the elliptical-nosed body (Figure 21).

These profiles behind the elliptical-nosed body appear
to diverge slightly further downstream, with the highest
Reynolds number case seemingly producing a slightly shorter
recirculation region. This could be ascribed to greater mix-
ing across the shear layer encouraged by the reduced vis-
cous effects seen by higher Reynolds number flows. This
drop in the wake length is also observable for the Ahmed
body cross-section at the highest Reynolds number (Figure
20).

The dynamics of the low Reynolds number cases also
provide some additional points of interest. Results from
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Table 1: Flow quantities for different Reynolds numbers for the
Ahmed body cross-section.

Re St E12 LOB Recirculation length

5 × 103 - 0.03 1.0H 2.1H
1 × 104 0.20 0.03 1.2H 2.3H
2 × 104 0.22 0.04 2.1H 2.1H

Table 2: Flow quantities for different Reynolds numbers for the
elliptical-nosed body.

Re St E12 Recirculation length

5 × 103 - 0.03 2.2H
1 × 104 0.24 0.07 2.3H
2 × 104 0.25 0.11 2.0H

POD (Tables 1 and 2) conducted on each case reveal that
the energy contribution of the first two modes, (referred
to henceforth as E12), declines noticeably for both cases,
with the results for the two lowest Reynolds number cases
for the elliptical-nosed body in particular suggesting sig-
nificantly reduced coherent activity in the wake. This is
further supported by the fact that for the lowest Reynolds
number case, the first two modes no longer represent a
mode pair, instead representing substantially lower fre-
quency modes. The reasons for this require further ex-
amination, but may well be linked to the changing char-
acteristics of the underbody flow.

For the two higher Reynolds number cases, the fre-
quency associated with the first two modes appears to be
slightly lower for the Ahmed body cross-section. This may
partially be due to the exaggerated boundary layer at the
top trailing edge, due to the upstream separation, increas-
ing the “effective height” of the model at the trailing edge.
This does not however, account for the slight reduction in
Strouhal number when the Reynolds number is reduced
to 1× 104 for both cases, especially given the reduction in
leading-edge separation for the Ahmed body cross-section.
This aspect could be driven by the loss in momentum for
the lower shear layer driven by the upstream separation at
this Reynolds number.

A comparison here to the findings of Adams and John-
ston [2], is apt, given the variation in Reynolds number and
above-body boundary-layer profiles (that study looked at
the effects of Reynolds number and boundary layer thick-
ness on separation behind a backward-facing step). In the
case of the Ahmed body cross-section, the upper boundary
layer is quite similar across the two lower Reynolds num-
bers, allowing the effects of the varying Reynolds number
on the wake to come to the fore. Adams and Johnston ob-
served an increase in reattachment length with Reynolds
up to about Re = 2×104, which thus far, appears to align
with the results in Table 1, if the recirculation lengths in
this study were to behave in a similar manner. However,
the highest Reynolds number case instead sees a marked

(a)

(b)

(c)

Figure 19: Velocity streamlines superimposed on contours of U/U∞
above the Ahmed body for (a) Re = 5 × 103, (b) Re = 1 × 104 and
(c) Re = 2 × 104.

Figure 20: Velocity profiles taken at different streamwise positions
downstream of the Ahmed body cross-section.
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Figure 21: Velocity profiles taken at different streamwise positions
downstream of the elliptical-nosed body.

decrease in recirculation length. Note that this case pos-
sesses a significantly thicker boundary layer prior to sep-
aration, and Adams and Johnston [2] did record a weak
trend of the reattachment length declining with increasing
boundary-layer thickness. The reduction in the recircula-
tion length of the elliptical-nosed body wake however, is
not well explained by this mechanism, given the absence
of any notable increase to the boundary-layer thickness
with increasing Reynolds number. An explanation for this
could instead be linked to the greater role played by co-
herent vortex shedding, as evidenced by the increase in
modal energy of the first two POD modes. This points
to a greater degree of shear-layer interaction across the
wake, in turn leading to more flow entrainment into the
recirculation region and a reduction in its length.

3.4. Effects of ground clearance

In addition to the effects of altering the Reynolds num-
ber, a brief study was also undertaken into the effects of
varying the ground clearance of each model. While only
four clearances were assessed, as Tables 3 and 4 demon-
strate, a number of trends were readily apparent.

Firstly, a significant decrease in the wake recirculation
length occurred as the ground clearance increased for both
nose geometries. Note that the increase in this measure for
the zero ground clearance cases was great enough to extend
it beyond the limits of the PIV window used, preventing an
accurate estimate for these cases. This was to be expected
however, as for a Reynolds number of 2× 104, Adams and
Johnston [1] found the reattachment length to exceed 6H
regardless of boundary layer thickness.

Another observable trend is the increase in leading-
edge separation for the Ahmed body cross-section as the
ground clearance is decreased, which follows a remarkably
similar trend to the wake length, with one exception; the
zero-ground clearance case, which now features minimal
leading-edge separation (Table 3). It should be noted here,

that during visual observations of this case, significant flow
separation on the ground upstream of the model was ob-
served, and as seen in Table 1, this does appear to inhibit
flow separation over the nose. The continued presence of
significant leading-edge separation over the upper surface
of the model, even when the ground clearance is doubled,
offers further insight into the effects of this flow charac-
teristic on the wake. As Figure 22 shows, the asymmetry
in the wake persists, albeit somewhat less exaggerated.
While some caution should be taken when linking this
solely to the asymmetry of the leading-edge separation,
given the change to the underbody flow caused by altering
the ground clearance, the results from both the 0.2H and
0.4H ground clearance cases are suggestive of a strong con-
nection between the characteristics of the boundary layers
approaching the trailing edge. Given that the symmetry of
the elliptical-nosed-body wake remains with the increasing
ground clearance (Figure 23), the asymmetry in the wake
of the Ahmed body cross-section does appear to be linked
to the prominent leading-edge separation on the top sur-
face of the body, and its effects on the boundary layer
downstream.

Finally, and perhaps unsurprisingly, there also appears
to be a substantial increase in the coherence of vortex shed-
ding in the wake as ground clearance is increased. This can
be seen in the increasing proportion of the energy con-
tent of the first two POD modes (Tables 3 and 4). Curi-
ously, for the away-from ground case, the first two modes
for the Ahmed-body cross-section account for noticeably
more energy relative to their elliptical-nosed counterparts.
Given the continued weakening of the leading-edge sep-
aration for the Ahmed body cross-section as the ground
clearance grows, one might expect the modal energies for
the elliptical-nosed body to more rapidly reach parity with
the away-from-ground case. However, it is curious that
these modes contain a lower share of energy relative to the
Ahmed body cross-section. A possible explanation could
be that the Ahmed body wake possesses weaker fluctua-
tions overall, leading to a higher proportion of energy for
a similar absolute amount, but further investigation is re-
quired to determine this. For the zero-ground clearance
cases, in addition to the lowered energy content, the first
two modes also fail to form a mode pair, signifying neg-
ligible Karman vortex shedding, which is to be expected
given the absence of the second shear layer which drives
this process of alternate shedding. For the remaining cases,
the Strouhal number of these modes do not follow an ob-
vious trend, seeing a sharp increase from 0.2H to 0.4H
before remaining stable for the elliptical-nosed body and
decreasing slightly for the Ahmed body cross-section.

The trends concerning the effects of the ground clear-
ance agree well with existing literature on the away-from-
ground, two-dimensional Ahmed body. For instance, Pas-
toor et al. [17] note the significant effect of von Karman
vortex shedding on the wake for this case, which is evi-
denced here by the trend of the increasing energy propor-
tion ascribed to the first POD mode pair. The Strouhal

11

591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649



Figure 22: Velocity profiles overlaid on contours of U/U∞ in the
near-wake of the Ahmed body cross-section for a ground clearance
of 0.4H.

Figure 23: Velocity profiles overlaid on contours of U/U∞ in the
near-wake of the elliptical nosed body for a ground clearance of 0.4H.

number presented here, for the Ahmed body cross-section,
(0.24) also agrees well with those results (0.23). Further-
more, the significantly shorter wake without the ground
plane had also been documented by Parkin et al. [16].

4. Conclusions

A comparison has been presented of two square-backed
bodies with differing overbody flow properties induced by
different nose shapes. In contrast to the relative insensi-
tivity to nose-shape in the absence of a ground plane borne
out in the studies conducted by Bearman [5], Park et al.
[14] and Pastoor et al. [17], the results here demonstrate
the substantially increased importance of nose-shape on
the wake structure of these bodies in proximity to the
ground. Both the mean and dynamic wake structure see
significant changes, with the time-averaged results sug-
gesting that the disruption caused to the upper-surface
boundary layer by the sizeable recirculation region exag-
gerates the asymmetry of the wake, with the upper shear
layer experiencing significant thickening due to the addi-
tional advected turbulence. Analysis of the time-dependent

Table 3: Flow quantities for different ground clearances for the
Ahmed body cross-section.

Ground
clearance

St E12 Recirculation
length

LOB

0H - 0.04 > 4.8H 0.5H
0.2H 0.22 0.04 2.1H 2.1H
0.4H 0.26 0.18 1.6H 1.6H
4.2H 0.24 0.27 0.8H 0.9H

Table 4: Flow quantities for different ground clearances for the
elliptical-nosed body.

Ground clearance St E12 Recirculation length

0H - 0.05 > 4.8H
0.2H 0.25 0.11 2.0H
0.4H 0.28 0.18 1.3H
4.2H 0.28 0.18 0.9H

flow does show evidence of underlying coherent vortex
shedding for the elliptical-nosed body, with the coherence
of shedding reduced for the Ahmed body. Given these re-
sults, it may prove beneficial to consider the use of more
streamlined nose shapes for higher Reynolds number wake
studies in general.

Measurements have also been undertaken on the effect
of the Reynolds number on the flow around these bod-
ies. The results demonstrate the considerable sensitivity to
Reynolds number of the upstream, above-body and wake
flows for these bodies, which again contrast with the lim-
ited Reynolds number sensitivity observed in the absence
of a ground plane [17]. This is especially important, as wa-
ter channel studies are usually Reynolds number limited,
but have been used to provide semi-qualitative guidance
for higher Reynolds number behaviour. In this instance,
the lower Reynolds number cases see prominent flow sepa-
ration along the ground plane upstream of the body. This
appears to restrict the flow entering the underbody re-
gion, which in turn affects the wake characteristics of the
lower Reynolds number cases. Perhaps this, underlines
the importance of utilising moving ground planes for fu-
ture experiments in order to better quantify changes to
the flow as the Reynolds number is varied. In addition
to the Reynolds number, the effect of the ground plane
has also been briefly considered. In short, the primary
noticeable effects of increasing the distance to the ground
plane appear to be an increase in the prominence of vortex
shedding, linked to a significantly shorter wake separation
region. In addition to this, the leading-edge separation
on the top surface of the Ahmed body weakens apprecia-
bly as the ground clearance increases for cases where flow
separation does not occur upstream of the model.

Overall, one might expect that a body with fixed rear
separation points (such as a cylindrical square-backed Ahmed
body) would result in a wake that would be relatively
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Reynolds number insensitive. This means that low Reynolds
number experiments could act as a semi-quantitative guide
to higher Reynolds number behaviour. However, this work
suggests that caution should be exercised when considering
this approach, especially in instances of bodies in proxim-
ity to the ground at low Reynolds numbers. Additionally,
this study further emphasises the importance of nose shape
on wake structure, especially subject to ground proximity.
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