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ABSTRACT
The effect of the state of the upstream boundary layer and

its thickness on the three-dimensional aspects of vortex shed-
ding in the wake of a blunt trailing edge profiled body is in-
vestigated experimentally. Reynolds numbers based on body
thickness, d, ranging from 2800 to 38000 and boundary lay-
ers with displacement thicknesses up to 0.38d are considered.
Velocity field measurements of the near wake are made using
hot-wire anemometry and particle image velocimetry (PIV).
The PIV measurement plane is aligned with the trailing edge of
the models, which allows the three-dimensional vortex shed-
ding structures to be visualized. We assess the level of three-
dimensionality through the spanwise correlation of the stream-
wise velocity, which is shown to be sensitive to both boundary
layer transition and the thickness of the boundary layers. In all
cases, the main three-dimensional features are oblique shed-
ding and vortex dislocations. We find that, as the boundary
layer transitions, the spanwise correlation drops and we link
this to increased fluctuating vortex shedding phase drift along
the span due to greater unsteadiness in the near wake velocity
field. For the turbulent boundary cases, the fluctuating phase
drift does not change significantly with boundary layer thick-
ness. In this range, the main mechanism affecting the spanwise
correlation is the relative strength of the vortex shedding com-
pared to the random turbulent fluctuations in the wake.

INTRODUCTION
Wakes of bluff bodies are of interest due to how regu-

larly they appear in engineering applications such as vehicles
and structures. Two-dimensional bluff bodies commonly ex-
hibit vortex shedding above a critical Reynolds number, and
this leads to large periodic velocity fluctuations and unsteady
loading. The geometry of interest in the present study is a
blunt trailing edge (BTE) profiled body, shown schematically
in Figure 1. This type of body has fixed separation points
at the trailing edges. A fixed separation point removes some
of the dependence of the flow field on the Reynolds number,
compared to the variations exhibited for curved afterbodies.
Nevertheless, the wake of a BTE body is still sensitive to the
Reynolds number. If the incoming flow is spanwise uniform,
then at Reynolds numbers less than about 210, the vortex shed-
ding will also be two-dimensional (Petrusma & Gai, 1996).
However, for Reynolds numbers greater than 210, the vortex
shedding develops three-dimensional features irrespective of
the initial conditions.

Figure 1: Schematic of the blunt trailing edge model and
coordinate system

At relatively low Reynolds numbers, the three-
dimensional features can be controlled through end-
conditions. As the Reynolds number is increased, turbulence
in the shear layers and wake begins to play a more important
role in setting the three-dimensional structure, which can
take several forms. Over long wavelengths, the von Kármán
vortices may be shed at an angle, ψ , to the span of a bluff
body, producing oblique vortex shedding. Vortex dislocations
are associated with oblique shedding above a critical angle,
wherein the vortex street assumes the pattern of a series
of cells along the span. These cells may have different
frequencies entirely, with phase discontinuities and a complex
network of streamwise-oriented vortices connecting them
(Williamson, 1992). Figure 2 shows a typical velocity field
in the streamwise-spanwise plane of the wake to illustrate
this. The coherent regions of high u† = (u− u)/u∞ roughly
correspond to the locations of the von Kármán vortex cores.
In this velocity field a dislocation exists at z ≈ −2d, where
the shedding exhibits a phase discontinuity. At z ≈ 2.5d the
vortex shedding angle changes direction, but without a phase
discontinuity.

The three-dimensional structure of a wake and the span-
wise correlation are closely tied to the loading experienced
by a bluff body. Firstly, the tilting of spanwise vorticity into
streamwise vorticity reduces the strength of the shed vortices,
and hence, the drag. Secondly, if the vortex shedding is out-
of-phase across the span then the spanwise-varying induced
forces leads to a reduced net load. Therefore, understand-
ing the three-dimensional structure of wakes is essential for
a proper interpretation of how the unsteady and overall load-
ing varies for different bluff body geometries and flow con-
ditions. Szepessy (1994) investigated the wake of a cylinder
through the base pressure and found that the vortex shedding
spanwise phase drift was the major contributor to the spanwise
correlation at least up to the large subcritical Reynolds num-
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Figure 2: Sample velocity field in the {z,x} plane aligned
with the trailing edge at {Red = 20500,c = 12.5d}. The
angle of the vortex shedding, ψ , is given as the dashed
black lines. For 4.5d < z < −3d, ψ = 3◦, for 1d < z <
2.5d, ψ =−11.5◦, and for 2.5d < z < 4.5d, ψ = 16◦.

ber regime. Unlike for a cylinder, the chord length, c, of a BTE
body can be varied independently of its thickness, d. There-
fore, boundary layer thickness is decoupled from the Reynolds
number based on body thickness, Red . Rai (2018) examined
how the variability in the shedding frequency and strength for a
bluff body were linked to streamwise vortices in the boundary
layer. Vortex shedding unsteadiness is associated with three-
dimensionality because the shedding frequency/strength must
vary along the span for there to be a spanwise phase drift. The
aim of this study is to gain a deeper understanding of how
the two- and three-dimensional coherent structures in the wake
change with both Red and boundary layer thickness. In order
to better isolate the effect of Red and boundary layer thickness,
both changes in c and u∞ are considered. Furthermore, cases
are considered where the boundary layer is either laminar or
turbulent at separation.

METHODOLOGY
Experimental measurements were taken in a low

freestream turbulence intensity (< 0.1%) closed-circuit wind
tunnel with an octagonal cross-section nominally 1.2 m by 0.8
m. Two BTE profiled models of identical thickness (d = 25.4
mm) and elliptical leading edge radius (2.5d) were used for
the experiments. The first model has a length c = 12.5d and
a span of 26.8d. Datasets at 5 different u∞ were gathered, re-
sulting in Red ranging from 2800 to 20500. The second model
has a span of 30.3d and consists of six independent sections,
allowing the overall length to be adjusted between 31d and
151d. Three flow speeds were tested for the variable-length
model, producing Red = 11000, 22000 and 38000. To pro-
mote spanwise uniform and early transition to turbulence, the
boundary layer is tripped on both sides of the leading edge
sections, approximately 2.5d downstream of the leading edge.
For the c = 12.5d model, the trip is a strip of zig-zag tape of
9 mm width and 0.5 mm height and for the variable-length
model, the trip is a roughness element 25 mm wide and 2 mm
high. Both models are bounded by end-plates which extend
upstream and downstream of the models.

Measurements of the flow for both models were made
using single hot-wire anemometry, and two-component par-
ticle image velocimetry (PIV) in a {z,x} plane aligned with
the trailing edge at y = 0.5d, where the coordinate system is
defined in Figure 1. A Dantec Type 55H probe and a Dan-
tec 56C constant temperature anemometer were used for the

hot-wire measurements. The hot-wires were made in-house
on Dantec probes with 5 µm thick tungsten wire and sensing
lengths of about 1.2 mm. Hot-wire measurements were made
of the boundary layer velocity profiles at 0.5d upstream of the
trailing edge, and at various locations in the near wake by po-
sitioning the wires with a three-axis traverse system. In the
case of the c = 12.5d model, each data point was sampled at
25 kHz with a 10.5 kHz low pass filter for 120 s. With the
variable-length model, the sampling time and frequency were
120 s and 5 kHz with a 2 kHz low pass filter, respectively.

For the PIV measurements, the laser sheet was formed
from a dual-pulse Nd-YAG laser and a series of lenses to di-
rect the beam. A Lavision Imager sCMOS camera took the im-
ages. For all of the cases with the c= 12.5d model, 3000 snap-
shots were taken, whereas 1000 snapshots were taken for the
variable-length model cases. The c= 12.5d cases had a field of
view of −4.5d < z < 4.5d and 0.22d < x < 5.7d with a vector
spacing 0.043d and the vector fields with the variable-length
model cases covered −5.5d < z < 2.2d and 0.22d < x < 4.9d,
for a vector spacing 0.037d. Lavision Davis 8.3.x software was
used to process all the images, using window sizes of 16x16
pixels and 50% overlap.

RESULTS AND DISCUSSION
The boundary layer profiles for all the variable-length

model cases indicate that the boundary layer is turbulent up-
stream of the trailing edge. The large scale two-dimensional
properties of the vortex shedding are assessed through the ve-
locity spectra in the wake. For the variable-length model, the
velocity is measured by a hot-wire at {x,y}= {1.5d,0.8d} and
all the spectra exhibit a prominent vortex shedding peak. Us-
ing the Strouhal number, St = f d/u∞, the spectral peak fre-
quency, Ŝt, is found to range from ≈ 0.16 − 0.2. Figure 3
shows that Ŝt decreases with increasing δ ∗/d, regardless of
whether it is controlled through u∞ or c/d. Similar observa-
tions for a BTE body were made by Rowe et al. (2000), except
that they controlled the boundary layer only by using different
surface roughness trips and did not isolate the effect of c/d.
Boundary layer thickness effects the shedding period because
it is related to the time it takes for a forming vortex to be cut
off from its shear layer. According to the model of Gerrard
(1966), the more diffuse the vorticity is, the longer it takes for
the vorticity from a shear layer to be sufficiently drawn across
the wake centerline and cut off the supply of vorticity to the
opposite forming vortex. Additionally, more diffuse boundary
layers/shear layers lead to weaker vortex shedding because the
formed von Kármán vortices are less concentrated, irrespective
of whether the boundary layer thickness is controlled through
u∞ or c/d.

With the c = 12.5d model, the boundary layer is laminar
for the Red < 10000 cases despite the trip at the leading edge,
and between Red = 10000 and Red = 16000 the boundary
layer transitions before it reaches the trailing edge. The veloc-
ity spectra computed from hot-wire measurements at {x,y} =
{4d,0.5d} show that Ŝt increases with Red while the boundary
layer is laminar, ranging from Ŝt ≈ 0.23 at Re = 2800 to 0.27
at Re = 10000. When the boundary layer transitions there is
a step increase in its thickness, so Ŝt decreases to 0.22 for the
Red ≥ 16000 cases. The fact that Ŝt is higher in the turbu-
lent boundary layer cases for c = 12.5d than for the variable-
length model cases is consistent with the more concentrated
separated shear layers when c/d is shorter. The changes in
Ŝt with Red underscore that the vorticity thickness from the
separated shear layers plays an important role in the shedding

2



12th International Symposium on Turbulence and Shear Flow Phenomena (TSFP12)
Osaka, Japan (Online), July 19-22, 2022

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
0.16

0.17

0.18

0.19

0.2

Figure 3: Dependence of St( fs) on δ ∗/d for the variable-
length model.

frequency. Variations of the vorticity flux from the shear layers
among different shedding cycles due to boundary layer distur-
bances can lead to unsteadiness in the shedding periods and
amplitudes, in line with the experiments of Rai (2018). When
the boundary layers transition, the levels of fluctuations in the
shear layers increase. A key purpose of this study is to deter-
mine if these changes in the transitional boundary layer regime
are connected to the levels of wake three-dimensionality.

The instant shown in Figure 2 illustrates that wake three-
dimensionality and the overall correlation describes many
features, notably the strength of the vortex shedding, the
turbulence levels, secondary vortical structures, the phase
drift/oblique shedding, and dislocation events. The overall
spanwise coherence is assessed using the cross-correlation of
u along z at constant x, defined as

ρu(x,∆z)=
E
[(

u(x,z)−u(x,z)
)(

u(x,z+∆z)−u(x,z+∆z)
)]

var
[
u(x,z)−u(x,z)

]
(1)

Figure 4 plots ρu(3d,∆z) for selected cases with the
c = 12.5d and variable-length model datasets. As measured in
previous studies such as Bruun & Davies (1975) and Szepessy
(1994), ρu declines with increasing ∆z for all cases. For the
{Red = 2800, c = 12.5d} case, ρu is on average the highest at
any given ∆z. The drop in the correlation with increasing Red
suggests that the wake is on average less organized. For the
variable-length model cases, ρu is less sensitive to the differ-
ent u∞ and c/d investigated, presumably because the bound-
ary layer is already turbulent in all these cases. The corre-
lation length-scale, Lρ , for the different cases was calculated
by integrating the ρu curves to either the first zero-crossing or
extrapolating them to zero.

The computed Lρ for the various test cases are summa-
rized in Figure 5. The results for the c = 12.5d model show
that the spanwise correlation drops rapidly when the boundary
layer transitions to turbulence but stabilizes after transition for
the Red = 16000 and 20500 cases. This is consistent with the
association of higher levels of turbulence in the near wake to
increased wake unsteadiness and reduced vortex shedding or-
ganization. For the variable-length model cases, Lρ generally
declines with increasing δ ∗/d, but does not collapse among
the different Red with δ ∗/d. While δ ∗/d may be sufficient
to characterize the large-scale two-dimensional vortex shed-
ding properties such as Ŝt, this suggests that a full picture of
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Figure 4: Spanwise cross-correlation as a function of spa-
tial lag ∆z for selected cases. ρu at x = 3d in solid lines
and ρφ in dashed lines.

the wake dynamics requires taking into account both Red and
δ ∗/d. We note that in general these values of Lρ are lower
than that measured for cylinder wakes at this Red range, which
is nominally around 1λx, where λx is the streamwise wave-
length of the von Kármán vortex shedding (Bruun & Davies,
1975).
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Figure 5: Variation of Lρ , calculated at x = 3d among the
test cases with (a) the c = 12.5d model with Red , and (b)
the variable-length model with δ ∗/d.
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A limitation of this correlation analysis is that it does not
take into account the various factors affecting the correlation,
and is not reflective of the instantaneous variations in the corre-
lation that may occur in time-varying flows like in the present
case. The instantaneous snapshots vary considerably in the
level of spanwise correlation they exhibit, with it not uncom-
mon for some snapshots to have a correlation above 0.8 for
all ∆z. In other snapshots, the correlation drops to 0 with a
distance of only 0.5λx. This wide variation in spanwise cor-
relation at different instants in time is consistent with the oc-
currence of unsteady three-dimensional features. Based on a
close examination of the velocity fields in the {z,x} plane, we
find that the vortex shedding exhibits the same general types
of large-scale three-dimensional structures (i.e., dislocations
and oblique shedding) in all the investigated cases. There-
fore, in Figure 5(a) and (b), the decrease in Lρ with increasing
Red and boundary layer thickness, respectively, may be reflec-
tive of 1) more dislocation events, 2) greater fluctuating phase
drift across the span from oblique shedding (i.e., steeper and/or
more frequent oblique shedding events), and/or 3) greater ran-
dom small-scale fluctuations. These are important considera-
tions in the generalization of these trends because they cannot
be expected to vary in the same way with the mean shear layer
velocity gradient and the fluctuations.

Because end-plates were used and oriented parallel to the
freestream flow, instantaneous oblique shedding events are not
driven by end-effects. Instead, phase drift in the investigated
cases can be primarily attributed to turbulence in the shear lay-
ers and near wake causing spanwise variations in the vortex
shedding. To isolate the correlation drop due to phase drift,
we employ a novel algorithm to analyze the individual PIV
snapshots to compute the shedding angle and phase across the
span.

A central idea of our shedding angle identification al-
gorithm is that by averaging along the direction of the von
Kármán vortex lines, the small-scale fluctuations can be av-
eraged out and what is left is representative of the large-scales
directly associated with the vortex shedding. For some arbi-
trary angle, α , not necessarily aligned with the shedding angle,
ψ , we can define transformed coordinates as

zα = zcosα − xsinα

xα = zsinα + xcosα
(2)

For all α ̸= 0◦, averaging the velocity along zα at constant xα

implies that the average is taken over varying x. Because the
amplitude of the velocity fluctuations changes in the near wake
with x, we take that into account by introducing u‡ to normal-
ize u by the local rms velocity fluctuations: u‡ = (u−u)/u′.
Using the notation of ⟨·⟩ to denote a spatial average, and the
subscript to denote the direction angle of the spatial average,
the average of u‡ along the zα direction in a given region is
expressed as ⟨u‡⟩α . The power associated with the long wave-
length variations in ⟨u‡⟩α along the xα direction for a given
region of a snapshot is represented symbolically as σ(α). It
is calculated by integrating low frequency range in the power
spectral density:

σ(α) =
∫ 1

0.5λx

0
PSD [⟨u‡(xα )⟩α ]d fx,α (3)

where fx,α denotes the spatial frequency along the xα direc-
tion, and the integral is calculated from fx,α = 0 to 1/(0.5λx)

to cover the long wavelength range that is associated with vor-
tex shedding.

For α that are not very well aligned with the vortex shed-
ding direction, the velocity spatial averages calculated from
⟨u‡(xα )⟩α tend towards zero because u‡ is poorly correlated
along lines of zα . This produces low σ(α). When α is well-
aligned with the vortex shedding direction, u‡ is strongly corre-
lated along zα . For example, in Figure 2 from −1d < z< 2.5d,
the velocity field is well-correlated along the α = −11.5◦ di-
rection. In that case averaging u‡ along zα =−11.5◦ preserves
the fluctuations associated with the vortex shedding and filters
out the small-scale fluctuations; hence, σ(−11.5◦) is the max-
imum. The best-fit shedding angle, ψ , for a given spanwise
region is defined as the α with the maximum σ(α),

ψ = argmax [σ(α)] (4)

This algorithm is what was used to determine the von
Kármán vortex lines which are drawn in Figures 2. Addi-
tionally, a different algorithm is used to identify the locations
of dislocations in the measured velocity fields and is able to
stitch the shedding angle variations together along the span to
maintain phase continuity of the vortex shedding everywhere
that it is not broken by a dislocation. The details of this as-
pect of the analysis are not discussed in this paper. From the
computed spanwise variations of the shedding angles, ψ , the
spanwise phase drift, ∆φz, can be calculated in all the snap-
shots. These quantities are directly related to each other from
geometry through λx for a given spanwise separation ∆z as

∆φz = 2π
∆z tanψ

λx
(5)

With this approach we can obtain statistical distributions
of ∆φz as a function of ∆z by using the information from all the
records of the ψ variations in the measured velocity fields. We
exclude phases differences across dislocations because there is
no valid interpretation of ψ across a phase discontinuity in this
context. The distributions of ∆φz can be more efficiently sum-
marized across all ∆z by plotting their standard deviation to
obtain a measure of the fluctuating phase drift. This is plotted
for selected cases with the c = 12.5d model and the variable-
length model in Figure 6. Physically, the fluctuating phase
drift is related to the probability of measuring a given shed-
ding phase difference at a certain separation. As ∆z increases,
the fluctuating phase drift increases because there is more op-
portunity for the phase to drift in between two points with
greater separation. Similar findings in the wake of a cylinder
at Red = 43000 were reported by Szepessy (1994).

The fluctuating phase drift increases with Red as the
boundary layer transitions to turbulence. This suggests that
the increased velocity fluctuations in the shear layers as Red in-
creases are associated with greater wake three-dimensionality,
consistent with the decline of Lρ when the boundary layer tran-
sitions. In contrast, for the variable-length model datasets, the
fluctuating phase drift is not very sensitive to variations in Red
or δ ∗/d presumably because the boundary layer is turbulent in
all those cases. This indicates that changes in boundary layer
thickness after the boundary layer has transitioned only have
a limited effect on the large-scale coherent three-dimensional
properties of the vortex shedding for the BTE body. This sug-
gests that the spanwise disturbances to the vortex shedding fre-
quency and strength do not change nearly as much with Red
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and δ ∗/d in the range of investigation, as compared to the
changes that happen when the boundary layer transitions.
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Figure 6: Fluctuating spanwise phase drift as a function
of ∆z. (a) For the c = 12.5d cases, (b) Selected cases for
the variable-length model.

Based on the work of Szepessy (1994), we can interpret
the fluctuating phase drift in terms of a phase-based corre-
lation coefficient. To make this interpretation, we represent
the velocity at two spanwise separated positions as sine waves
with the same frequency but phase shifted: a = cosωt, and
b= cosωt +∆φz. If we assume that ∆φz varies in the snapshots
independently of the shedding frequency, the phase-based cor-
relation can be shown to be

ρφ =
1
n

n

∑
i=1

cos(∆φz,i) (6)

which is only a function of ∆φz. This is consistent with the
general mathematical result that the correlation of two out of
phase sine waves is simply cos(∆φz). The value of interpreting
the vortex shedding phase drift in this way is that it allows us to
isolate its effect on the actual spanwise correlation measured
from the velocity field. It removes the effect of turbulent fluc-
tuations because the phase drift is a large-scale quantity that
depends only on the vortex shedding, whereas the measured
correlation from the velocity field is a superposition of all the
possible three-dimensional effects.

Figure 4 plots ρφ for selected cases in dashed lines along-
side the unconditional ρu with solid lines so that the relative
values can be compared. The highest value of ρφ among the
cases investigated is found for the {Red = 2800,c = 12.5d}
case, in agreement with the fluctuating phase drift curves of
Figure 6. However, clearly the spanwise phase drift does not
fully account for the drop in the spanwise correlation of the ve-
locity with increasing ∆z. A significant reason for the decline
in ρu with ∆z is related to the random turbulent fluctuations
in the wake, which can obscure the vortex shedding signal.
Changes in the random turbulent fluctuations among the dif-
ferent cases may be a driving factor for why ρu declines as the
boundary layer thickness is increased for the turbulent bound-
ary layer cases.

To investigate this possibility, we can compute the com-
ponent of the spanwise correlation that removes the ∆φz depen-
dence. If as in Equation (6) we model u(x,z) as being simply
modulated along the span by the periodic von Kármán vortex
shedding, then the effect of phase drift between two points can
be accounted for in the typical correlation equation with an
added cos(∆φz) phase term:

ρu|∆φz
(x,∆z)=

E
[(

u(x,z)−u(x,z)
)(

u(x,z+∆z)−u(x,z+∆z)
)

cos(∆φz)
]

std
[
u(x,z)−u(x,z)

]
std

[(
u(x,z)−u(x,z)

)
cos(∆φz)

]
(7)

We refer to ρu|∆φz
as the spanwise correlation conditional on

the phase drift. If there is any phase correlation between two
points, ρu|∆φz

must be higher than ρu. In the event that veloc-
ity differences between spanwise separated points are entirely
a function of ∆φz, this would be reflected by a value of 1 for
ρu|∆φz

. Conversely, if the vortex shedding phase difference be-
tween two points did not convey useful information (i.e., if
there was no vortex shedding), ρu|∆φz

would collapse onto ρu.
The variation of ρu|∆φz

with ∆z for selected variable-
length model datasets is provided in Figure 7. It can be seen
that ρu|∆φz

declines sharply at small ∆z, similar to ρu, but
asymptotes to constant values at high ∆z in every case. The
reason for this is that at large separations, the random fluctu-
ations in the wake tend to drive spanwise correlations to zero.
The asymptotes of ρu|∆φz

are non-zero in the present cases be-
cause even at large ∆z, the wake flow is correlated via the vor-
tex shedding. In other words, the von Kármán vortex street
gives large-scale structure to the wake at large distances. The
non-zero asymptotic values imply that if it were possible to
enforce a parallel shedding condition in the turbulent bound-
ary layer regime then there would still be a form of correlation
even at large separations.

We can interpret the magnitude of the asymptotes for each
case as being representative of the relative strength of the vor-
tex shedding signal to the random fluctuations. This corre-
spondence is illustrated by comparing Figure 7 to Figure 8.
Figure 8 expresses the relative power of the vortex shedding
signal to the total velocity fluctuations measured by the hot-
wire at {x = 1.5d, y = 0.8d}. The power is calculated by in-
tegrating the shedding spectral peaks around the 3 dB (half
power) bandwidth. Figure 8 shows that the relative power of
the vortex shedding power decreases with δ ∗/d, so it is in-
creasingly dominated by random fluctuations as the bound-
ary layer thickness near the trailing edge grows. This ex-
plains why ρu declines with increasing δ ∗/d for the variable-
length model cases even though the underlying large-scale
three-dimensional structure and overall phase drift does not
significant change in this range.
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Figure 7: Spanwise correlation conditional on the phase
drift, ρu|∆φz , as a function of spatial lag ∆z for selected
cases with the variable-length model.
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Figure 8: Relative vortex shedding power to the overall
fluctuations as measured at {x,y}= {1.5d,0.8d} for the
variable-length model.

CONCLUSION
The large-scale two-dimensional and three-dimensional

properties of the vortex shedding in the near wake of a blunt
trailing edge profiled body have been experimentally exam-
ined. A central question in this study was the effect of bound-
ary layer transition and its thickness on the wake coherent
structures, which we characterize through spanwise correla-
tions. To this end, Red was varied from 2800 to 38000 and
the boundary layer thickness was controlled via u∞ and model
length. In all cases the vortex shedding was found to exhibit
significant spanwise phase drift and dislocations. Because par-
allel end-plates were used, this phase drift is due to intrinsic
spanwise variations that develop as the flow convects over the
bodies, driven by turbulence in the shear layers and near wake.
When Red was increased while the boundary layer was laminar
at separation, the correlation length, Lρ (3d), dropped from ap-
proximately 0.65λx to 0.55λx. The transition to turbulence in
the boundary layer caused a more considerable drop in Lρ (3d)
from about 0.55λx to 0.35λx, which is indicative of the high

sensitivity of wake three-dimensionality to the state of the up-
stream boundary layer.

To examine the connection between the spanwise correla-
tion and the shedding phase drift, an algorithm was developed
to compute the instantaneous vortex shedding angles/phase
drift along the span from the velocity field measurements. The
phase drift fluctuations were found to increase significantly
with increasing separation between points in all investigated
cases, which is consistent with the measured decline in the ve-
locity correlation with increasing separation. This connection
between the phase drift and correlation was further explored by
computing a phase-based correlation which is dependent only
on the spanwise phase drift. The fluctuating phase drift was
found to increase with Red in the boundary layer transitional
regime, which is consistent with the link between greater un-
steadiness in the shear layers and weaker wake spanwise corre-
lation. In contrast, varying the boundary layer thickness in the
turbulent boundary layer regime did not have an appreciable
effect on the fluctuating phase drift.

The phase-based correlation was not entirely predictive of
the velocity correlation, underscoring that another important
factor that affects the spanwise correlation of the velocity is the
turbulent fluctuations in the wake. These fluctuations can be
envisioned as essentially random disturbances to the coherent
vortex shedding signals which tend to decorrelate the velocity
field with increasing separation. When the vortex shedding is
strong relative to the turbulent fluctuations, we found that the
spanwise correlations are dominated by the large-scale vortex
shedding component, but as the vortex shedding got weaker,
the random fluctuations played a larger role. Increasing δ ∗/d
weakens the vortex shedding relative to the other velocity fluc-
tuations in the wake, and so the spanwise correlation in the ve-
locity field is progressively more affected by random fluctua-
tions. These trends may have implications on possible ways to
extrapolate measured spanwise velocity correlations to higher
δ ∗/d or Red in the turbulent boundary layer regime.
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