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Abstract

A circular finite wall-mounted cylinder (FWMC) in cross-flow
is common in many engineering applications including com-
mercial buildings, heat exchangers, aircraft landing gear and
automobile appendages. The wake shedding dynamics of such
objects depends primarily on the aspect ratio (ratio of length
to diameter, L/D) and the height of the incoming boundary
layer (δ). Unlike the aspect ratio, the effect of the height of
the boundary layer on wake flow is poorly understood. This
paper presents unsteady wake measurements obtained behind a
circular FWMC with L/D= 18.2 in two different boundary lay-
ers with δ/L = 0.1 and 0.26, respectively. The results indicate
that higher boundary layers alter the fluctuating characteristics
of the wake at both the junction and free-end regions, even when
the free-end lies significantly outside of the boundary layer it-
self.

Introduction

An FWMC is shown in Figure 1. The cylinder has one end
immersed in the free stream (referred to as the ‘free-end’ or
‘tip’) and the other end fixed to a flat surface (referred to as
the cylinder-wall ‘junction’) so that it is subject to a develop-
ing boundary layer of height δ. The cylinder is geometrically
characterised by its span, L, and its diameter, D. The cylinder’s
aspect ratio is defined as L/D.
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Figure 1: An FWMC mounted to a flat plate with a diameter, D
and length, L subject to a flow with free stream velocity, U and
an incoming boundary layer height of δ.

For a semi-infinite cylinder (L→ ∞), the wake is characterised
by the periodic instability known as von Kármán vortex shed-
ding. This flow phenomena occurs when the separated shear
layer on one side of the cylinder rolls up in the wake and is sub-
sequently shed as the process is continued on the opposite side
[3]. The alternate shedding of vorticity occurs at a particular fre-
quency, fs, which is often represented in non-dimensional form
by the Strouhal number based on cylinder diameter, St = fsD

U
where U is the free stream velocity.

The presence of the free-end and junction region on an FWMC
will substantially perturb the two-dimensional Kármán vortex
wake structure, resulting in a change in shedding characteristics

[6]. Lee [5] proposed that for L/D > 12, three ’cells’ of vortex
shedding will occur where the vortex shedding frequency varies
in a stepwise manner along the span, where lower frequency
cells are found at the free-end and junction respectively.

Kawamura et al. [4] found that the ratio of boundary layer
height to span, δ/L, determines the aspect ratio where vortex
shedding is suppressed. Sumner et al. [7] speculates that larger
values of δ/L may influence the formation of vortex cells along
the span of the cylinder but did not experimentally investigate
this claim. Wang et al. [8] found that increasing δ/L for square
FWMCs reduced downward directly flow over the free-end and
weakens vortex shedding from the free-end. The dynamics of
square FWMCs are, however, different from circular ones be-
cause the sharp leading edge promotes connectivity of vortex
filaments across the whole cylinder [1], leading to an invarient
vortex shedding frequency across the span. The impact that the
boundary layer thickness has on the cellular nature of vortex
shedding along the span of circular FWMCs has therefore not
been researched. The aim of this paper is to investigate the dy-
namics of the vortex shedding in the wake of a circular FWMC
when varying the boundary layer height. This is accomplished
by comparing wake velocity data measured along the span of an
FWMC in two different boundary layers.

Experimental setup

Wind Tunnel Facility

The experiment was conducted in the University of Adelaide’s
open-jet anechoic wind tunnel. The free jet exhausts into an
anechoic room with internal dimensions of 1.4× 1.6× 1.8 m.
The jet nozzle is rectangular with a height of 75 mm and a width
of 275 mm. The maximum flow velocity of the free-jet is ap-
proximately 30 m/s and the free-stream turbulence is 0.33 %.

Test Model

One circular FWMC was mounted perpendicular to a flat plate
which was flush mounted to the jet nozzle, as shown in Figure
2. The flat plate measured 300× 155 mm. The cylinder had a
diameter, D = 6.42 mm, and a length L, of 116.53 mm. The
aspect ratio, L/D, was therefore 18.20.

Measurement Equipment and Procedure

A TSI 1260A miniature hotwire probe was used to measure
the incoming boundary layer and cylinder wake characteristics.
The probe had a wire length of 1.27 mm and a wire diame-
ter of 3.81 µm. The boundary layer profile was measured at
the location of the cylinder with the cylinder removed. The
cylinder wake was measured at a position 2D downstream (the
x direction) and 1D laterally from the cylinder centreline (the
y direction) at various position along the span of the cylinder
(the z direction). The coordinate system and experimental set-
up is shown in Figure 2. The hotwire probe was connected
to a Dantec automatic traverse with 6.25 µm accuracy allow-
ing the hotwire to be traversed perpendicular to the plate. The
hotwire was connected to a TSI IFA 300 Constant Temperature
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Figure 2: Schematic diagram of the experimental set up show-
ing relative locations of hotwire probes. Coordinate system is
as shown in the diagram.

Anemometry system. The CTA system was used in conjunction
with Thermal Pro software to optimise the frequency response
of the CTA circuit.

The experiment was run at a free-stream velocity of 29.5 m/s,
producing a Reynolds number based on cylinder diameter of
1.2× 104. Velocity fluctuations were sampled for 15 seconds
at each measurement position at 215 Hz using a DAQ with
an automatic anti-aliasing filter. During the experiment, the
hotwire was periodically calibrated after every boundary layer
and cylinder measurement (approximately every 60 minutes) to
minimise error due to hotwire drift. The temperature was mon-
itored and observed to stay constant to within ± 0.5 degrees
throughout the experiment and so was not corrected for. The
measurement uncertainty associated with each hotwire mea-
surement of mean velocity was estimated to be ± 0.1 m/s.

Boundary Layer

Two different boundary layers were used in this investigation; a
low thickness turbulent boundary layer (LTB) that was allowed
to develop naturally along wind tunnel contraction and a high
thickness turbulent boundary layer (HTB) produced using an
upstream tripping rod to thicken the boundary layer. The up-
stream tripping rod was 4 mm in diameter and located 180 mm
(28D) upstream of the cylinder location.

Figure 3 compares the two boundary layer velocity profiles and
turbulent intensity profiles at the position of the cylinder axis
(with the cylinder removed). Table 1 compares the boundary
layers’ thickness, δ99, displacement thickness, δ∗, momentum

thickness, θ∗, shape factor, H = δ∗/θ and Reτ =
δ99uτ

µ
, where

uτ is the friction velocity of the two boundary layers. The re-
sults are normalised by the cylinder diameter, D where appro-
priate. The friction velocity was estimated by using curve fitting
method of Coles [2].

Results

Figure 4 shows the spanwise distribution of mean velocity be-
hind the cylinder as a function of normalised height, z/L, for
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Figure 3: Mean and turbulent velocity profiles of the LTB and
HTB.

δ99/D δ∗/D θ/D H Reτ

LTB 1.4 0.47 0.29 1.57 714
HTB 4.4 0.56 0.42 1.31 2245

Table 1: Comparison of key boundary layer characteristics be-
tween the HTB and the LTB, normalised by cylinder diameter
where appropriate.

both the LTB and HTB cases. Similarly, Figure 5 shows the
spanwise distribution of turbulent intensity behind the cylinder.
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Figure 4: Comparison of spanwise variation in mean velocity
for the HTB and LTB cases.

The mean velocity at the cylinder junction follows the profile
of the boundary layer for each respective case. For example, in
the HTB case, velocity shear occurs up to z/L ≈ 0.3 due to the
higher boundary layer. The velocity, however, is accelerated as
it travels around the cylinder, and so the maximum velocity in
Figure 4 is greater than that of the free-stream by approximately
6 m/s. Towards the free-end of the cylinder, the mean velocity
decreases to that of the free-steam. This gradual decrease in
velocity begins at z/L≈ 0.6 for both cases. The free-end is also
characterised by a sudden increase in mean velocity at z/L ≈
0.9. This increase has a higher local maximum mean velocity
in the HTB case compared with the LTB case.

At the cylinder junction (0 < z/L < 0.3), the turbulent intensity
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Figure 5: Comparison of spanwise variation in fluctuating ve-
locity for the HTB and LTB cases.

levels for the HTB case are higher than the LTB case. Addi-
tionally, for the HTB case a local maximum in fluctuating level
occurs closer to the junction, z/L ≈ 0.05, than for the LTB
case, for which the local maximum occurs at z/L ≈ 0.1. For
both boundary layers, the turbulent intensity tends to approach
a steady level near the midspan of the cylinder, where the mean
velocity is maximum. For the LTB case this occurs at z/L≈ 0.2,
while for the HTB case, this occurs at z/L≈ 0.4. In the free-end
region (0.8 < z/L < 1), the global maximum in turbulent inten-
sity occurs at z/L≈ 0.9 for both boundary layers. However, the
maximum levels for the HTB case in this region are less than
that of the LTB case by ∆T I ≈ 0.02.
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Figure 6: Spanwise variation of velocity power spectral density
for the LTB case.

Figures 6 and 7 show the spanwise distribution of the veloc-
ity power spectral density (PSD) against Strouhal number, St =
f D/U . In each figure, the PSD was estimated using Welch’s av-
eraged modified periodogram method with a Hanning window
of length 16384 and 50% overlap. The 95% confidence interval
on the narrowband PSD was therefore -0.96 dB / +0.8 dB.

From this spectral map, the fluctuating wake can be categorised
into three-regions; (1) a midspan region where the fluctuating
velocity is concentrated in a narrow band at St = 0.2 corre-
sponding to vortex shedding, (2) a junction region, where the
velocity fluctuation occurs at a slightly lower frequency, and (3)
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Figure 7: Spanwise variation of velocity power spectral density
for the HTB case.
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Figure 8: Difference in spanwise variation of velocity power
spectral density between the HTB and LTB cases.

a free-end region where the fluctuating velocity is concentrated
at St = 0.07.

Comparing Figures 6 and 7, the impact of the higher boundary
layer is most prominent at the junction. The higher boundary
layer raises the fluctuating energy level in the junction region
for St < 0.6 and 0 < z/L < 0.25. Additionally, the frequency of
fluctuating velocity is reduced from St = 0.18 to St = 0.16.

Figure 8 shows the difference in fluctuating velocity between
the LTB and HTB cases over the entire range of frequencies.
This figure was produced by taking the difference between Fig-
ures 6 and 7. Apart from the large concentration of energy dif-
ference at z/L < 0.3, which has already been discussed, there is
clear band of energy difference near the free-end at z/L = 0.9
over all frequencies. The disparity approximately 10 dB/Hz,
which far exceeds the confidence intervals of the individual
PSDs indicating that the difference in PSDs is significant. This
implies that the fluctuating energy content at z/L = 0.9 is lower
for the HTB case than for the LTB case. It is salient to note
that the point z/L = 0.9 is 12D above the height of the HTB
boundary layer.

Discussion



The results found in this study are in general agreement with the
study of Wang et al. [8] for square FWMCs. In that study, it was
also found that the relative height of boundary layer impacts the
flow around the free-end, even when the free-end lies signifi-
cantly away from the boundary layer. According to Wang et al.
an increased boundary layer height increases upwash around the
junction, which in-turn reduces downwash over the free-end.
This promotes a higher probability of anti-symmetric shedding
(vortices that shed with opposite phase either side of the cylin-
der) and a weakened the tip-vortex system at the free-end.

For the case of a circular cylinder, the vortex dynamics at the
free-end are similarly impacted by the presence of the bound-
ary layer. The significantly lower fluctuating velocity across all
frequencies suggests that the vortex system at the free-end is
weakened by the higher boundary layer. The mechanism for
this weakened vortex system is unclear without directional in-
formation of the mean velocity in the cylinder wake. It may be
plausible, however, that the downwash over the free-end is also
reduced in the same manner as it is for square FWMCs. Since
the magnitude of downwash flow has been directly related to the
strength of the tip-vortex system [9], reduced downwash flow
would signify a reduced strength tip-vortex.

Although the exact mechanism for the reduction of strength of
the tip-vortex system is not exactly clear, the results do have im-
plications for a wide range of engineering disciplines. For ex-
ample, pollutants from chimney stacks can be directed towards
the ground under the influence of downwash over the free-end
of the chimney. The results of this study show that increas-
ing the atmospheric boundary layer upstream of the chimney
may be a simple way to reduce plume downwash. Another con-
temporary application of these results would be the reduction
flow-induced noise generation from cylindrical appendages on
transport vehicles, e.g the landing gear of an aeroplane. By trip-
ping the boundary layer in front of the appendage, the tip-noise
may be decreased.

Conclusions

The mean and turbulent wake characteristics of a circular
FWMC of L/D = 18.2 in two different boundary layers were
investigated using hotwire anemometry. The boundary layer
heights were 1.4D and 4.4D and both had different turbulent
characteristics. The results indicated that the incoming bound-
ary layer can significantly impact the mean and turbulent wake
characteristics of the FWMC. Specifically, it was shown that
for a higher, more turbulent boundary layer, the junction re-
gion experienced higher overall turbulent intensity and lower
frequency shedding. The midspan region of the FWMC gen-
erally remained unchanged between boundary layers. Interest-
ingly, for the higher boundary layer, the free-end region experi-
ences higher mean velocity and less overall turbulent intensity.
This occurs despite the free-end region being far from edge of
the boundary layer.
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