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Planar particle image velocimetry and volumetric particle tracking velocimetry were
used to investigate the flow over isolated and sheltered two-dimensional bar roughness
elements immersed within a turbulent boundary layer. Flow measurements were made
for bars occupying up to 17% of the boundary layer thickness at a Reynolds number of
68 000, based on the boundary layer thickness and free stream velocity. In addition to
an isolated bar case, the flow was investigated over two bars positioned at streamwise
spacings of 0.8h2, 1.6h2, 2.4h2, and 4.8h2, where h2 is the height of the downstream bar.
By varying the height of the upstream bar h1, three height ratios h1/h2 = 0.5, 0.75, and
1 were considered at each spacing. The results highlight the effects of the spacing and
height ratio on the mean flow field and turbulence past the downstream bar. Specifically,
sheltering by an upstream bar reduces the reattachment length and velocity deficit past the
downstream bar. The introduction of an upstream bar with h1/h2 < 1 lessens the upwash
experienced by the two-bar unit and the overall perturbation to the incoming turbulent
boundary layer. The Reynolds shear stress past the downstream bar is also reduced, by up
to 45% in some cases, due to sheltering. Overall, the flow organization past the downstream
bar is influenced by the flow deflection over the two-bar unit, the upstream bar shear layer,
and the structure of flow recirculation between the two bars. Moreover, visualizations of
the vortical structures past the isolated bar highlight the growth and evolution of coherent
spanwise vortices. Sheltering by an upstream bar enhances the three-dimensionality of
the vortical structures in the wake of the downstream bar. The effects of the bar(s) on
the boundary layer turbulence structure are investigated through two-point correlations
and proper orthogonal decomposition, which suggest a weakening of the large-scale flow
structures of the incoming flow.

DOI: 10.1103/PhysRevFluids.8.024602

I. INTRODUCTION

Wall-bounded turbulent flows over periodic and isolated two-dimensional (2D) (transverse)
rectangular bar roughness elements have been the subject of numerous experimental and numerical
studies. The flow over periodic 2D square bars has been investigated in the context of turbulent
boundary layers, channel flows with bars on one or both walls, and open channel flows (e.g.,
Refs. [1–11]). In addition to the Reynolds number and incoming flow conditions, the flow in such
setups is highly dependent on the pitch-to-height ratio p/h, where p is the streamwise spacing
from the leading edge of a bar to the leading edge of the next bar, and h is the height of the bars
[12–14]. For small streamwise spacings (p/h � 8), the flow exhibits d-type behavior, where the
separated flow past a bar reattaches onto the consecutive bar (i.e., the recirculation zone occupies
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the entire cavity) [12,13]. In contrast, the flow reattaches to the wall before approaching the next
bar for large streamwise spacings (p/h � 8), exhibiting k-type behavior [12,13]. The ratio of the
bars’ height to the boundary layer thickness h/δ, or, alternatively, the ratio of the bars’ height to the
channel’s half-height or pipe radius, is a key parameter in the context of outer-layer similarity.
Multiple studies noted roughness effects far above the wall (i.e., lack of outer-layer similarity)
for periodic bars exhibiting k-type behavior [4,7,15–17]. These studies included bar heights below
the h/δ � 2.5% condition suggested by Jimenez [18] for outer-layer similarity (e.g., h/δ = 0.62%
in Ref. [17]). However, evidence from Krogstad and Efros [19] and Choi et al. [10] supports the
presence of outer-layer similarity over periodic 2D bars at high Reynolds number and low h/δ; the
reader is referred to reviews by Flack and Schultz [20] and Chung et al. [21] for further discussion
on outer-layer similarity, including over 2D roughness.

In contrast to periodic roughness, an isolated 2D rectangular bar roughness element (obstacle
or protrusion) represents a localized perturbation to the incoming smooth-wall boundary layer.
The current work focuses on the flow organization in the near wake of such isolated bars and the
effects of introducing an additional upstream bar in close proximity. The flow over an isolated
2D rectangular bar is dependent on the Reynolds number, incoming flow conditions, and h/δ.
Additionally, Van der Kindere and Ganapathisubramani [22] and Chalmers, Fang, and Tachie [23]
highlighted the importance of the streamwise aspect ratio w/h in setting the flow field past isolated
rectangular bars; here, w is the streamwise length of the bar. The flow is complicated by separation
upstream, above, and downstream of the bar (i.e., the bar can be viewed as a combination of a
forward-facing step and a backward-facing step). The likelihood of flow reattachment on the top
surface increases with w/h; therefore, the reattachment length and turbulence levels downstream of
a bar are significantly larger for low w/h, where reattachment is not achieved on the top surface
[22,23]. The flow statistics past isolated square bars with various h/δ have been well documented,
including under pressure gradients (e.g., Refs. [24–30]). A separated shear layer develops past
the isolated bar, resulting in enhanced turbulence levels that decay in the far wake. Ding and
Smits [31] studied turbulent pipe flow past a square bar with h/R = 0.04, 0.1, and 0.2, where R
is the pipe radius. They divided the flow recovery into three stages: (i) shear layer development,
(ii) turbulence redistribution and decay, and (iii) oscillatory and long-lasting recovery. The first stage
is characterized by power-law growth in the Reynolds shear stress, extending to the reattachment
location Xr , which is dependent on h/R. Another characteristic of the first stage is the confinement
of the peak Reynolds shear stress near the top of the bar until ∼10h downstream. The second stage
is marked by power-law decay of the wake turbulence and a vertical redistribution (spreading) of the
Reynolds shear stress toward the pipe center. The second stage extends to the streamwise location
Xc where the region of high Reynolds shear stress ceases spreading (i.e., the vertical location of the
Reynolds shear stress peak no longer increases); the extent of Xc is dependent on h/R. Finally, the
flow slowly returns to its unperturbed state with a nonmonotonic recovery in the third stage, which
was shown to extend ∼500–1000h.

Numerous studies have explored the effects of isolated 2D bars on the turbulence structure of the
incoming boundary layer. For example, multiple studies utilized proper orthogonal decomposition
(POD) to gain insight into bar-induced changes in the energy distribution across the flow scales
of the incoming flow [22,32–37]. The POD analysis of flow over bars occupying less than 1/3
δ indicates changes in the structure of the low-order POD modes, which are more energetic
and typically exhibit a larger scale relative to higher-order modes [32,34,35]. Such changes in
low-order POD modes are likely indicative of perturbations to the large-scale motions characteristic
of wall-bounded turbulent flows, possibly through the generation of new large-scale structures in the
bar wake. Utilizing high-speed wall-pressure and velocity point measurements, Liu, Ke, and Sung
[38] investigated the unsteady flow behavior in the near wake of a 2D square bar with h/δ � 1.3.
As often observed in backward-facing step flows (e.g., Refs. [39–43]), they suggested the presence
of flapping motion in the shear layer separated at the bar leading edge, in addition to the shedding
of coherent large-scale vortical structures. The separated shear layer flapping is accompanied by
periodic shrinkage and enlargement of the separation bubble [38]. Numerical simulations over
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2D bars subjected to uniform flows or thin boundary layers (h/δ � 1) have provided insight into
the large-scale vortical structures [44–47]. These simulations suggest the formation of coherent
spanwise vortical structures due to the roll-up of the shear layer; these structures grow as they advect
downstream and become 3D. Details of the unsteady flow behavior and vortical structures past
isolated 2D bars immersed within the lower portion of a turbulent boundary layer are lacking in the
literature. In such configurations, the bars are subjected to the relatively high shear and turbulence
associated with the incoming boundary layer, which likely affect the large-scale vortical structures
and their coherence.

In addition to studies on the flow over periodic wall-mounted 2D bars and those on the flow
over isolated wall-mounted 2D bars, a few studies have considered the flow interactions between
the wakes of two identical wall-mounted 2D bars in close proximity [48–52]. In such setups, the
upstream bar shelters the downstream bar from the incoming flow, resulting in drag reduction for
the downstream bar relative to an unsheltered isolated one. These studies highlight the sheltering-
induced change in the reattachment length past sheltered 2D bars; however, they considered
bars occupying a large portion of the boundary layer thickness or channel half-height (h/δ � 1).
Goswami and Hemmati [53] utilized Reynolds-averaged Navier-Stokes (RANS) simulations to in-
vestigate bars with h/R = 0.1 and 0.2 in close proximity; they highlighted the limitations of RANS
models in correctly capturing flows with high-pressure gradients and recirculation. Studies have also
focused on the flow between two 2D bars as a model for street canyons (e.g., Refs. [54–56]). It is
worth noting that multiple studies have explored the interactions between the wakes of two tandem
roughness elements with various 3D geometries positioned in close proximity (e.g., Refs. [57–63]).
Understanding the interactions between the wakes of two roughness elements in close proximity
can aid in unraveling the flow physics at the roughness-element scale within the roughness sublayer
over irregular multielement rough surfaces [64]. Similarly, the wake interactions between two 2D
bars in close proximity may inform the wake interactions among periodic 2D bars, providing insight
into the flow dynamics within the roughness sublayer. An understanding of wake interactions can
enable a framework where the two-element unit is a building block in low-order models of flow over
multiscale distributed roughness (such as the models in Refs. [65–67]).

Building on previous studies of flow over isolated 2D bars, we experimentally study the flow
over two identical and nonidentical 2D rectangular bars arranged in close proximity and immersed
in a turbulent boundary layer. By varying the streamwise spacing and the height of the upstream
bar, we investigate the effects of sheltering on the flow statistics and turbulence structure past the
downstream bar and on the turbulent boundary layer perturbation. The results expand on studies of
flow over isolated bars and address a gap in the literature on the effects of sheltering on the wake of
2D bars immersed within the lower portion of the boundary layer and subjected to relatively high
shear and turbulence levels. The experimental setup is described in Sec. II, the results are reported
and discussed in Sec. III, and the conclusions are presented in Sec. IV.

II. EXPERIMENTAL SETUP

The flow over isolated and sheltered 2D rectangular bar roughness elements (obstacles) was
experimentally investigated using particle image velocimetry (PIV) in a recirculating, closed water
channel. The Engineering Laboratory Design (ELD) water channel has a 0.2 × 0.2 × 2 m3 test
section preceded by a 6:1 area ratio contraction and a flow conditioning module; the reader is
referred to Hamed, Peterlein, and Randle [60] for additional details on the channel, which has
been previously used to study turbulent boundary layers [11,60,62] and confined shear layers [68].
Twelve arrangements of two bars positioned in close proximity were considered to investigate the
effects of sheltering by varying the height ratio h1/h2 and the streamwise spacing l/h2. Here, h1 and
h2 are the heights of the upstream and downstream bars, respectively, and l is the center-to-center
streamwise distance between the two bars. The bars were machined from acrylic stock at the Union
College engineering machine shop. All of the bars were carefully aligned in transverse, extended
across the entire span of the channel, and had a streamwise length w = 4.8 mm = 0.07δ0, where δ0
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FIG. 1. Schematic of the experimental setup illustrating the configuration of the bars.

is the incoming unperturbed boundary layer thickness at the downstream bar location. The width of
the bars was chosen in accordance with the results from Van der Kindere and Ganapathisubramani
[22] and Chalmers, Fang, and Tachie [23] to achieve w/h1 < 1 for all upstream bars, evading flow
reattachment above the upstream bars. The height of the downstream bar was held constant in all
cases at h2 = 12 mm = 0.17δ0; this height was chosen such that the bar is immersed in the lower
portion of the incoming boundary layer, but it is large enough to capture the wake flow in great
detail. The height of the upstream bar was varied such that h1/h2 = 0.5, 0.75, and 1. For each
height ratio, the two bars were positioned at streamwise spacings l/h2 = 0.8, 1.6, 2.4, and 4.8
(l/w = 2, 4, 6, and 12). These spacings result in a cavity fully occupied by flow recirculation, and,
therefore, more pronounced sheltering effects. An additional case with only the downstream bar
was considered as a baseline; the configurations are illustrated in Fig. 1. x, y, and z denote the
streamwise, wall-normal, and spanwise coordinates, and the origin of the x-coordinate is set at the
trailing edge of the downstream bar, which was placed at the same position in all cases (∼1.4 m
from the test section inlet).

At the downstream bar location (x = 0), the incoming boundary layer has a thickness δ0/h2 = 6.
This thickness was achieved through five 2D trips positioned following the inlet such that each trip
was placed more than 200 trip-element heights upstream of the downstream bar. The locations
of the trips and flow conditions were held constant across the 13 cases (isolated bar and 12
two-bar arrangements), allowing for meaningful comparisons. The incoming unperturbed (i.e., with
trips but without bars) turbulent boundary layer statistics at x = 0 are shown in Fig. 2, including
the time-averaged streamwise velocity U/U0, the streamwise turbulence intensity σu/U0, and the
Reynolds shear stress −〈u′v′〉/u2

τ . Here, U0 = 0.954 m/s is the free stream velocity; uτ is the friction
velocity; 〈·〉 denotes temporal averaging such that U = 〈u〉; u is the instantaneous streamwise ve-
locity; and primes indicate temporal fluctuations from time-averaged quantities (e.g., u′ = u − U ).
Determining uτ without direct measurements of the wall shear stress is challenging; the reader is
referred to Wei, Schmidt, and McMurtry [69], Smits, McKeon, and Marusic [70], Marusic et al.
[71], and Djenidi, Talluru, and Antonia [72] for a discussion of the challenge in obtaining uτ from
the velocity profile, especially at moderate Reynolds number (here, Reτ = uτ δ0/ν = 2,500, where
ν is the kinematic viscosity). However, an estimate of uτ can be obtained from the maximum or
plateau of the total stress profile or the Reynolds shear stress profile (e.g., as in Refs. [16,73–75]).
Here, uτ = 0.035 m/s is estimated as the square root of the maximum Reynolds shear stress. uτ

is also estimated by fitting the velocity profile to the log law; the resulting uτ agrees with the
value reported above (8% difference, with a von Kármán’s constant κ = 0.41 and an additive
constant B = 5.4). In Fig. 2(c), the maximum Reynolds shear stress of 1 is an artifact of the method
chosen to estimate uτ . At x = 0, the unperturbed boundary layer has a displacement thickness
δ∗/δ0 = 0.119 and a momentum thickness θ/δ0 = 0.088. Although based on integral quantities, the
shape factor δ∗/θ provides a quantitative evaluation of the time-averaged streamwise velocity profile
without the need for uτ [76]. The shape factor found here (δ∗/θ = 1.35) is similar to the shape
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FIG. 2. Statistics of the unperturbed (with trips but without bars) incoming turbulent boundary layer at
x = 0: (a) the time-averaged streamwise velocity U/U0, (b) the streamwise turbulence intensity σu/U0, and
(c) the Reynolds shear stress −〈u′v′〉/u2

τ . The horizontal line at y/δ0 = 0.17 indicates the top of the downstream
bar.

factor values reported in the literature for zero pressure gradient boundary layers at similar Reθ =
U0θ/ν = 6000 (see Fig. 13 in Ref. [77] for the shape factor as a function of Reθ based on multiple
studies). Planar PIV measurements were made in the central streamwise-wall-normal (x-y) plane
at Reynolds number Re = U0δ0/ν = 68 000. Within the measurement region −6.8 � x/h2 � 14.7
(−1.1 � x/δ0 � 2.5), the unperturbed boundary layer has a pressure gradient near zero as evidenced
by a negligible change in U0 (<0.7%), and it approaches a developed stage with <2% change in
the local boundary layer thickness. The boundary layers on the three remaining channel walls are
untripped, resulting in thinner boundary layers with thickness ∼2.5h2 at the measurement region.
Therefore, the 11.7h2 central region of the bars is outside of the boundary layers developed on the
side walls. In the wall-normal direction, the edge of the unperturbed boundary layer is 7.2h2 away
from the edge of the boundary layer on the opposite wall. As such, the flow within the measurement
region is overall free from the boundary layers formed on the other channel walls.

Flow measurements in the central streamwise-wall-normal (x-y) plane were made using a TSI
2D PIV system consisting of a 16-MP CCD camera and a 200 mJ/pulse double-pulsed Nd:YAG
laser. Hollow glass spheres with 10 μm average diameter were used as seeding particles and were
illuminated by a 1-mm-thick laser sheet. Flow measurements were made in two fields of view
(FOVs): a large FOV (x × y = 258 × 179 mm2 = 21.5h2 × 14.9h2 = 3.6δ0 × 2.5δ0) and a small
FOV (x × y = 114 × 80 mm2 = 9.5h2 × 6.7h2 = 1.6δ0 × 1.1δ0). The large FOV provides the
flow details in the near wake of the downstream bar, while the small FOV illustrates the flow
between the two bars. For both FOVs, image pairs were collected at a frequency of 1 Hz; the
1 s interval between image pairs is significantly larger than the integral timescale of the flow,
which was roughly estimated based on the free stream velocity and boundary layer thickness.
The image pairs were interrogated in Insight 4G (TSI) using a multipass scheme. A 16 × 16 pixel
final interrogation window was chosen with 50% overlap, resulting in a final vector grid spacing of
Δx = Δy = 0.44 mm = 0.037h2 and Δx = Δy = 0.20 mm = 0.017h2 for the large and small FOVs,
respectively. To minimize peak-locking bias error, the average particle image diameter was above
the two-pixel limit, as recommended by Christensen [78]. Random errors in determining particle
displacement have been approximated to 5% of the particle image diameter [79]; this amounts
to ∼1%U0 for both FOVs. For the large FOV, 4000 statistically independent velocity fields were
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acquired for each of the 13 cases to quantitatively describe the flow in the wake of the downstream
bar. For the small FOV, 1000 statistically independent velocity fields were acquired for each case to
visualize the flow between the two bars. Overall, the flow conditions, PIV setup, and PIV image-pair
interrogation scheme were consistent across the 13 cases, allowing for meaningful comparisons.

To gain further insight into the flow organization in the near wake of the downstream bar,
volumetric three-component flow measurements were made for four cases: (i) the isolated bar;
(ii) l/h2 = 0.8, h1/h2 = 0.75; (iii) l/h2 = 1.6, h1/h2 = 0.75; and (iv) l/h2 = 4.8, h1/h2 = 0.75.
The measurements were made using a high-speed 3D particle tracking velocimetry (PTV) system
(V3V-Flex) from TSI. The system consists of four Phantom VEO 440 4-MP high-speed cameras
and a Northrop Grumman 40 mJ/pulse high-speed double-pulsed laser. The four cameras were
positioned in-line with an ∼30◦ angle between the two outer cameras, resulting in four distinct
perspectives of a volume of interest (VOI) with a size x × y × z = 96 × 52 × 72 mm3 = 8.0h2 ×
4.3h2 × 6.0h2 = 1.3δ0 × 0.7δ0 × 1.0δ0. Each camera was equipped with Scheimpflug adapter and
a 135 mm lens. Silver-coated hollow glass spheres with a 50 μm average diameter were used as
seeding particles and were illuminated within the VOI by the high-speed Nd:YLF laser. Image
pairs were acquired at 250 Hz and later processed using Insight V3V software (TSI). Specifically,
a three-step scheme was applied to each image pair to determine the three-component velocity
within the VOI. First, particles were identified in each of the eight images (four cameras at two
consecutive times). Second, the identified particles were triangulated into 3D space based on a
multiplane calibration and matched across the four cameras. Third, the particles were tracked across
the two consecutive times, and the resulting randomly spaced velocity vectors were interpolated
onto a rectangular grid. The reader is referred to Refs. [80,81] for additional details on the particle
identification, reconstruction, matching, and tracking scheme. Relative to previous V3V systems
(such as the one used in Ref. [82]), the V3V-Flex system allows for flexibility in positioning
the cameras and utilizes a recursive particle identification and matching algorithm [steps (i) and
(ii) of the three-step processing scheme outlined above]; this recursive algorithm is known as
the dense particle identification and reconstruction (DPIR) algorithm. To ensure sufficient flow
fields for analysis, 13 500 volumetric three-component velocity fields were obtained for each
of the four aforementioned cases. On average, an image pair resulted in 24 700 independent
randomly spaced velocity vectors. These vectors were interpolated onto a rectangular grid with
a 6 × 6 × 6 mm3 = 0.5h2 × 0.5h2 × 0.5h2 voxel size at 50% overlap, resulting in a final vector
grid spacing Δx = Δy = Δz = 3 mm = 0.25h2. Global and local vector validation was used to
ensure the quality of the obtained velocity fields. The velocity uncertainty in these volumetric
measurements stems from errors in particle identification and triangulation; the uncertainty is
estimated to be ∼1.5%U0 for u and w and ∼5.6%U0 for v.

III. RESULTS AND DISCUSSION

A. The mean flow field

The mean flow field over the isolated bar is illustrated in Fig. 3 through contours of the
time-averaged streamwise and wall-normal velocities U/U0 and V/U0, respectively. Streamlines
and a white contour at U/U0 = 0 are added to Fig. 3(a) to aid in visualizing flow recirculation. In
this and subsequent contour plots, regions without color contours (white space) indicate locations
where the flow velocity was not obtained due to shadows or exterior optical obstructions. Here
and in subsequent results, h2 is used for normalization to highlight the flow features in the near
wake and to facilitate comparisons with previous studies (e.g., Refs. [22,23,31]). As expected, the
flow decelerates upstream of the bar and deflects upward, resulting in a region of intense upwash
with V reaching up to ∼45%U0. As seen in Fig. 3, the bar-induced deceleration extends to at least
x/h2 = −6, and the upwash extends beyond y/h2 = 6 (y/δ0 = 1). A relatively weak downwash
region, with V as low as −8%U0, develops over the downstream part of the large recirculation zone,
which dominates the near wake. Small recirculation zones form at the bar-wall junction on both the
upstream and downstream sides; the recirculation zone on the upstream side was confirmed using
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FIG. 3. Mean flow field over the isolated bar: (a) time-averaged streamwise velocity U/U0 and (b) time-
averaged wall-normal velocity V/U0. Streamlines and a white contour at U/U0 = 0 are added to (a) to visualize
flow recirculation. Here and in subsequent figures, regions without color contours indicate locations where
the flow velocity was not obtained due to shadows or exterior optical obstructions, and the gray rectangle(s)
represent the bar(s).

the small FOV PIV measurements. As evidenced by the volumetric flow measurements, the planar
PIV results presented here are consistent with other spanwise locations; as expected, the mean flow
is 2D within the central region of the bar(s) away from the side walls. The flow field presented in
Fig. 3 and the reattachment length Xr/h2 = 11.0, determined at the intersection of the U/U0 = 0
contour and the wall, are consistent with previous studies on isolated bars [22,23,31,35].

For the two-bar cases, flow recirculation occupies the entire cavity between the two bars as
discussed below, and the flow field exhibits features similar to those seen in Fig. 3. Specifically,
the flow field is characterized by an intense upwash region at the upstream bar, flow recirculation
between the two bars and behind the downstream bar, and an extended downwash region. While
the large-scale flow features are similar to those over the isolated bar, significant changes in
the reattachment length and upwash/downwash distribution occur as a result of sheltering by an
upstream bar. As an example, Fig. 4 shows the flow field for the l/h2 = 0.8, h1/h2 = 0.75 case;
here, the reattachment length is reduced from Xr/h2 = 11.0 for the isolated bar case to Xr/h2 = 6.7,
and the upwash is reduced in both magnitude and extent.

As shown in Fig. 5, the reattachment length Xr/h2 is highly dependent on both the streamwise
spacing l/h2 and the height ratio h1/h2. For a given h1/h2, the reattachment length decreases as
l/h2 increases; a similar trend has been noted for identical bars (h1/h2 = 1) with h2 > δ0 [49,52].
In particular, Liou, Chang, and Hwang [49] investigated flow reattachment past identical bars with
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FIG. 4. Mean flow field for the l/h2 = 0.8, h1/h2 = 0.75 case: (a) time-averaged streamwise velocity U/U0

and (b) time-averaged wall-normal velocity V/U0. Streamlines and a white contour at U/U0 = 0 are added to
(a) to visualize flow recirculation.

l/h2 = 1 − 100; they noted a decreasing Xr/h2 for l/h2 < 5, a near constant Xr/h2 for 5 < l/h2 <

20, an increasing Xr/h2 for 20 < l/h2 < 80, and a constant Xr/h2 for l/h2 > 80. They suggested
that the decrease in Xr/h2 for l/h2 < 5 is related to the decrease in the pressure on the top surface
of the downstream bar, resulting in increased suction of the separated shear layer stemming from
the upstream bar. Additionally, the turbulence and entrainment of higher momentum outer flow
associated with the upstream bar shear layer weakens the flow recirculation past the downstream bar.
The role of the turbulence associated with the upstream bar wake in enhancing mixing and reducing
Xr/h2 is supported by the results presented here (e.g., Xr/h2 is reduced for all two-bar cases relative
to the isolated bar case). The role of upstream turbulence and mixing in weakening flow recirculation
is also supported in the literature, motivating flow recirculation control strategies such as vortex
generators to enhance mixing and momentum transfer (see a key review on vortex generators by Lin
[83] and studies by Park et al. [84] and Ma, Geisler, and Schröder [85] on using vortex generators
to control flow recirculation past backward-facing steps). At a given l/h2, significant variations are
noted in Xr/h2 due to h1/h2 (Fig. 5). For example, the introduction of an upstream bar at l/h2 = 0.8
shortens the reattachment length relative to the isolated bar case by 0.5h2, 4.3h2, and 2.0h2 for
h1/h2 = 0.5, 0.75, and 1, respectively. For l/h2 = 1.6, 2.4, and 4.8, the h1/h2 = 1 cases have the
largest Xr/h2, followed by the h1/h2 = 0.5 cases and then by the h1/h2 = 0.75 cases. Relative to
the h1/h2 = 1 cases, the reduction in Xr/h2 for the h1/h2 = 0.5 and h1/h2 = 0.75 cases is likely
related to a more gradual flow deflection and reduced upwash for these cases, as discussed below.
At l/h2 = 0.8, the h1/h2 = 0.5 case has a larger Xr/h2 compared to the h1/h2 = 1 case; this is likely
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FIG. 5. The reattachment length Xr/h2 as a function of the streamwise spacing l/h2 and the height ratio
h1/h2. The dashed line at Xr/h2 = 11.0 indicates the reattachment length past the isolated bar.

due to a combination of a less effective reduction in upwash and a shear layer at h1 that does not
spread to h2 due to the low l/h2. Across all l/h2, the h1/h2 = 0.75 cases exhibit the lowest Xr/h2.
The remarkable reduction in Xr/h2 for the h1/h2 = 0.75 cases is likely due to a combination of
reduced upwash, a shear layer at h1 that spreads to h2, and a favorable flow recirculation pattern
within the cavity between the two bars. The flow pattern between the two bars is discussed further
below.

The h1/h2-induced variations in V/U0 over the two-bar unit are illustrated in Fig. 6 through
streamwise profiles at y/h2 = 2. For the isolated bar case, V/U0 increases until it peaks at roughly
the center of the bar; V/U0 then decreases to a minimum at x/h2 � 8 (i.e., upstream of reattachment)
before a gradual recovery extending past x/h2 = 15. The overall V/U0 trend is similar for the other
cases, but the streamwise location and magnitude of the maximum/minimum vary with l/h2 and
h1/h2. The presence of a short upstream bar (h1/h2 < 1) results in a more gradual flow deflection
and a less intense upwash region. At l/h2 = 1.6 [Fig. 6(b)], for example, the maximum wall-normal
velocity at y/h2 = 2 decreases from 26%U0 for the isolated bar and the h1/h2 = 1 cases to 16%U0

and 13%U0 for the h1/h2 = 0.75 and h1/h2 = 0.5 cases, respectively. Interestingly, V/U0 for the
h1/h2 = 0.5 cases is below that of the h1/h2 = 0.75 cases for all streamwise spacings except for
l/h2 = 0.8 (Fig. 6). As such, an upstream bar with h1/h2 = 0.5 is less effective in reducing the flow
deflection and upwash when positioned at a short streamwise distance (l/h2 = 0.8), which likely
contributes to the increased Xr/h2 for this case (Fig. 5). While the presence of a short upstream bar
(h1/h2 < 1) reduces the reattachment length and the maximum V/U0 for all cases, the reduction is
dependent on both l/h2 and h1/h2 (Figs. 5 and 6), suggesting flow control opportunities to reduce
drag and boundary layer perturbation in engineering applications utilizing 2D bars. Direct drag
measurements are needed to quantify such drag reduction potentials.

The sensitivity of the cavity flow to l/h2 and h1/h2 is illustrated in Figs. 7 and 8 through
contours of V/U0 and streamlines obtained from the small FOV PIV measurements, which were
performed specifically to visualize the flow in the cavity. In all two-bar cases, the cavity is fully
occupied with flow recirculation; the structure of the cavity flow has important implications for
transport in, for example, street canyons (e.g., Refs. [54–56]). Figure 7 highlights the effects of
introducing an upstream bar with h1/h2 = 0.75 at the various l/h2. For l/h2 = 0.8 [Fig. 7(b)], the
cavity is occupied by two recirculation zones of similar size and opposite sense of rotation. For
larger l/h2 [Figs. 7(c)–7(e)], the cavity is occupied by a large recirculation zone, which elongates in
the streamwise direction with increasing l/h2. For the l/h2 � 1.6 cases [Figs. 7(c)–7(e)], a relatively
small recirculation zone forms at each corner of the cavity near the wall. Together, Figs. 7(c) and
8 highlight the effects of h1/h2 on the flow structure within the cavity at l/h2 = 1.6. As the height
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FIG. 6. Streamwise profiles of the time-averaged wall-normal velocity V/U0 at y/h2 = 2 (y/δ0 = 0.33):
(a) l/h2 = 0.8, (b) l/h2 = 1.6, (c) l/h2 = 2.4, and (d) l/h2 = 4.8. The isolated bar case is shown in all
subfigures to aid in comparison.

of the upstream bar increases, the vertical extent of flow recirculation increases, reaching above the
downstream bar for the h1/h2 = 1 case [Fig. 8(b)]. The structure of the flow recirculation within
the cavity has critical consequences for flow reattachment and recovery past the downstream bar.
For example, the slightly elevated recirculation zone for the h1/h2 = 0.75 case [Fig. 7(c)] relative
to the h1/h2 = 0.5 case [Fig. 8(a)] results in favorable conditions for flow recovery. Namely, the
leading edge of the downstream bar at y/h2 = 1 is subjected to downward flow in the h1/h2 = 0.75
case [Fig. 7(c)]. This downward flow possibly explains the reduced reattachment length for this case
(Xr/h2 = 6.4) relative to the h1/h2 = 0.5 case (Xr/h2 = 7.5), where the flow deflects upward at the
leading edge of the downstream bar [Fig. 8(a)]. For the h1/h2 = 1 case [Fig. 8(b)], the recirculation
zone engulfs the downstream bar, resulting in a relatively lengthy Xr/h2 for this case (Xr/h2 = 8.2).

Figures 3–8 highlight the effects of sheltering by an upstream bar on the wake of a downstream
bar; these effects culminate in a reattachment length Xr/h2 that is highly sensitive to both l/h2 and
h1/h2. The dependency on h1/h2 and l/h2 manifests through multiple mechanisms, including the
more gradual upward flow deflection and reduced upwash due to upstream bars with h1/h2 < 1.
While the reduction in upwash is strongly governed by h1/h2 (Fig. 6), it is not independent of
l/h2. Another mechanism governing the downstream bar wake is the turbulence and entrainment
associated with the shear layer past the upstream bar, which has a significant role in reducing Xr/h2

[49]. Since the shear layer past the upstream bar develops in the streamwise direction and spreads
vertically with a peak near h1 [31], the position of the downstream bar relative to the upstream
bar (i.e., l/h2) determines the levels of turbulence it will experience. A third mechanism is the
structure of the cavity flow, which is highly dependent on l/h2 and h1/h2 (Figs. 7 and 8). The
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FIG. 7. Streamlines and time-averaged wall-normal velocity V/U0 contours for (a) the isolated bar case
and (b)–(e) the h1/h2 = 0.75 cases.

structure of the cavity flow determines the conditions at the leading edge of the downstream bar at
y/h2 = 1 (i.e., engulfed in a recirculation zone, subjected to downward flow, or subjected to upward
flow). Together, these mechanisms govern the reattachment length Xr/h2 provided in Fig. 5. The
combination of these mechanisms appears to favor the h1/h2 = 0.75 cases, resulting in the lowest
Xr/h2.

To examine the boundary layer perturbation by isolated and sheltered 2D bars, Fig. 9 provides
profiles of the velocity deficit ΔU/U0 = (Uref − U )/U0 at x/h2 = 2 and 14. Here, Uref/U0 denotes
the incoming velocity profile in the absence of any bars [Fig. 2(a)], and δ0 is used for normalization
to highlight the vertical extent of the perturbation to the boundary layer. As shown in Fig. 9, a

FIG. 8. Streamlines and time-averaged wall-normal velocity V/U0 contours for (a) the l/h2 = 1.6, h1/h2 =
0.5 case and (b) the l/h2 = 1.6, h1/h2 = 1 case.
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FIG. 9. Wall-normal profiles of the flow deficit relative to the unperturbed boundary layer ΔU/U0 at x/h2 =
2 (left) and x/h2 = 14 (right): (a) and (b) l/h2 = 0.8, (c) and (d) l/h2 = 1.6, (e) and (f) l/h2 = 2.4, and (g) and
(h) l/h2 = 4.8. The vertical dashed line at y/δ0 = 0.17 indicates the top of the downstream bar. The isolated
bar case is shown in all subfigures to aid in comparison.
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velocity deficit (positive ΔU/U0) is observed at heights extending up to y/δ0 = 0.4 (y/h2 = 2.4) at
x/h2 = 2. As the shear layer past the downstream bar grows, the deficit penetrates as high as y/δ0 =
0.8 (y/h2 = 4.8) at x/h2 = 14. The extent and magnitude of the velocity deficit are dependent on
x/h2, l/h2, and h1/h2. In addition to the flow deficit, flow speedup (negative ΔU/U0) reaching up to
12%U0 occurs in the upper part of the boundary layer and extends past y/δ0 = 1. Similarly, the flow
speedup is dependent on x/h2, l/h2, and h1/h2. Both the velocity deficit and speedup persist past
x/h2 = 14. Overall, sheltering by an upstream bar reduces the flow deficit past the downstream bar
through the reduction of the reattachment length (Fig. 5) and the more gradual flow deflection for
the h1/h2 < 1 cases (Fig. 6). Therefore, sheltering results in a milder perturbation to the incoming
boundary layer. In particular, h1/h2 = 0.75 is very effective in reducing boundary layer perturbation
across the considered l/h2.

B. The turbulence and its structure

Contours of the Reynolds shear stress −〈u′v′〉/U 2
0 are shown in Fig. 10 for the isolated bar;

l/h2 = 0.8, h1/h2 = 0.75; and l/h2 = 4.8, h1/h2 = 0.75 cases. Across these and other cases,
elevated −〈u′v′〉/U 2

0 levels are associated with the shear layer past the upstream and downstream
bars. The in-plane turbulent kinetic energy TKE = 〈u′2 + v′2〉/2U 2

0 , not shown for brevity, exhibits
a similar spatial distribution to −〈u′v′〉/U 2

0 . The spanwise Reynolds normal stress 〈w′2〉/U 2
0 ,

captured for four cases using the volumetric flow measurements, is similar in magnitude to the
wall-normal Reynolds normal stress 〈v′2〉/U 2

0 . For the isolated bar [Fig. 10(a)], −〈u′v′〉/U 2
0 exhibits

similar characteristics to those described by Ding and Smits [31] within the first stage of flow
recovery: shear layer development. As shown in Fig. 10(a), −〈u′v′〉/U 2

0 grows until x/h2 � 7.6
(x/Xr � 0.7) and then plateaus. Past the reattachment point (x/h2 = 11.0), −〈u′v′〉/U 2

0 begins to
decay [Fig. 10(a)], marking the start of the second flow recovery stage: turbulence redistribution
and decay. The third stage of flow recovery, oscillatory and long-lasting recovery, is expected further
downstream past the end of the measurement region. As shown in Fig. 10, the introduction of an
upstream bar alters the −〈u′v′〉/U 2

0 distribution; in particular, the maximum −〈u′v′〉/U 2
0 is reduced

for all two-bar cases relative to the isolated bar case. In some cases, the reduction is significant;
for example, the introduction of a bar at l/h2 = 0.8 and h1/h2 = 0.75 [Fig. 10(b)] results in a 45%
reduction in the maximum −〈u′v′〉/U 2

0 relative to the isolated bar case. Moreover, the introduction
of an upstream bar complicates the first flow recovery stage described by Ding and Smits [31]. The
growth in −〈u′v′〉/U 2

0 associated with the shear layer past the upstream bar is interrupted by the
downstream bar [Figs. 10(b) and 10(c)]. As noted earlier, the turbulence and entrainment of higher
momentum outer flow associated with the upstream bar shear layer weaken the flow recirculation
past the downstream bar to different degrees determined by h1 and l/h2; further investigations
are needed to quantify this entrainment and its physical mechanisms. The shear layer past the
downstream bar experiences growth in −〈u′v′〉/U 2

0 [Figs. 10(b) and 10(c)]; as such, the shear
layer development stage for the two-bar unit extends from the upstream bar to the reattachment
point past the downstream bar. Due to the interruption by the downstream bar, the first stage is not
characterized by continual growth in −〈u′v′〉/U 2

0 . Near the reattachment point, −〈u′v′〉/U 2
0 begins

to decay, as expected in the second recovery stage.
The effects of l/h2 and h1/h2 on the Reynolds shear stress −〈u′v′〉/U 2

0 and on the incoming flow
turbulence are quantitatively investigated in Fig. 11 through profiles of the Reynolds shear stress
deficit Δ〈−u′v′〉/U 2

0 = 〈−u′v′〉ref/U 2
0 − 〈−u′v′〉/U 2

0 . 〈−u′v′〉ref/U 2
0 is the incoming Reynolds shear

stress profile in the absence of any bars [Fig. 2(c)]. Here, positive Δ〈−u′v′〉/U 2
0 indicates a Reynolds

shear stress deficit relative to the unperturbed boundary layer, while a negative Δ〈−u′v′〉/U 2
0

indicates a Reynolds shear stress surplus relative to the unperturbed boundary layer. In Fig. 11,
profiles are provided at x/h2 = 2 and 14 to highlight the growth of the shear layer, and δ0 is used
for normalization to highlight the vertical extent of the perturbation to the boundary layer. The
minimum Δ〈−u′v′〉/U 2

0 occurs at different streamwise locations for the various cases; therefore,
some of the two-bar cases exhibit a more pronounced Δ〈−u′v′〉/U 2

0 value than the isolated bar
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FIG. 10. Contours of the Reynolds shear stress −〈u′v′〉/U 2
0 for (a) the isolated bar case; (b) the l/h2 = 0.8,

h1/h2 = 0.75 case; and (c) the l/h2 = 4.8, h1/h2 = 0.75 case.

case at x/h2 = 2. As noted earlier, the maximum Reynolds shear stress is reduced, to various
degrees, in all two-bar cases relative to the isolated bar case. As the shear layer grows with x/h2,
nonzero Δ〈−u′v′〉/U 2

0 penetrates deeper within the boundary layer; overall, this penetration is
reduced for cases with h1/h2 < 1 likely due to the more gradual upward flow deflection evidenced
by the reduced V/U0 (Fig. 6). In particular, introducing an upstream bar with h1/h2 = 0.75 at
0.8 � l/h2 � 4.8 is effective in reducing the perturbation of incoming boundary layer turbulence in
both extent and magnitude.

Despite the incoming turbulence, the flow past the isolated bar is populated by coherent
large-scale vortical structures, which are visualized at two nonconsecutive instants in Fig. 12.
These visualizations, obtained via the volumetric flow measurements, are deemed representative
based on observations of a large number of instantaneous fields. Figures 12(a) and 12(b) show
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FIG. 11. Wall-normal profiles of the Reynolds shear stress deficit relative to the unperturbed boundary
layer Δ〈−u′v′〉/U 2

0 at x/h2 = 2 (left) and x/h2 = 14 (right): (a) and (b) l/h2 = 0.8, (c) and (d) l/h2 = 1.6,
(e) and (f) l/h2 = 2.4, and (g) and (h) l/h2 = 4.8. The vertical dashed line at y/δ0 = 0.17 indicates the top of
the downstream bar. The isolated bar case is shown in all subfigures to aid in comparison.
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FIG. 12. Visualizations of the vortical structures past the isolated bar at two representative, nonconsecutive
instants. (a),(b) Isosurfaces of the swirling strength λcih2/U0 = 0.28 along with contours of the Q-criterion
Qh2

2/U 2
0 within a streamwise-wall-normal plane. (c),(d) Contours of the spanwise-averaged swirling strength

λcih2/U0 at the same instants as in (a) and (b), respectively.
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isosurfaces of the swirling strength λcih2/U0 = 0.28 intersected by a streamwise-wall-normal plane
with contours of the Q-criterion, Qh2

2/U 2
0 . Figures 12(c) and 12(d) provide the spanwise-averaged

swirling strength λcih2/U0 distribution at the same instants as in Figs. 12(a) and 12(b), respectively.
The swirling strength λcih2/U0 is defined as the magnitude of the imaginary part of the complex
eigenvalues of the local velocity gradient tensor [86], and Qh2

2/U 2
0 is the second invariant of the

local velocity gradient tensor [87]. As shown in Figs. 12(a) and 12(b), there is agreement between
the two vortex-identification methods. Moreover, visualizations of the λ2-criterion were also in
agreement; λ2 is defined as the second largest eigenvalue of the sum of the square of the symmetric
and antisymmetric components of the velocity gradient tensor [88]. Since these vortex identification
methods are sensitive to the level chosen for isosurfaces, multiple levels were visualized to ensure
that the discussion presented below is robust. Past the isolated bar, spanwise vortices form due
to the roll up of the shear layer and grow as they advect downstream [Figs. 12(a) and 12(b)].
Near the bar, these vortices exhibit more two-dimensionality and less spanwise variation relative
to downstream locations. As the spanwise vortices advect downstream, they often merge/pair at
one or multiple spanwise locations [Fig. 12(a)]. They are also often lifted at a spanwise location,
forming an archlike or hairpinlike structure such as the one shown in Fig. 12(b). The spanwise
vortices and their growth, interactions, and evolution are similar to those noted in recent numerical
simulations of flow over 2D bars subjected to uniform flow or thin boundary layers [44–47]. In
comparison to these studies, the isolated bar considered here is subjected to the relatively high
shear and turbulence associated with the lower portion of the incoming turbulent boundary layer.
Relative to the results in Refs. [44–47], the incoming flow turbulence appears to increase spanwise
variations in the spanwise vortices and shorten the streamwise extent in which they are 2D. Across
the four cases investigated via volumetric measurements (isolated bar and three two-bar cases:
l/h2 = 0.8, 1.6, and 4.8 with h1/h2 = 0.75), spectral analysis of the spanwise-averaged swirling
strength λcih2/U0 at (x/h2, y/h2) = (2.75, 2) indicates a dominant peak at a frequency f associated
with the Strouhal number St = f h2/U0 in the range 0.12–0.15, likely associated with spanwise
vortices. Additional measurements are needed to discern the differences in St across the considered
cases. The obtained St range agrees well with St = 0.12 reported by Güemes et al. [35] for the
shedding past an isolated 2D bar immersed in a turbulent boundary layer and occupying 35% of its
thickness; their spectral analysis was performed in the near wake and at a similar height but on the
streamwise velocity.

Sheltering by an upstream bar induces more spanwise variations and three-dimensionality in
the vortical structures observed in the downstream bar wake, likely through interactions with
the shear layer stemming from the upstream bar. Across the three two-bar cases investigated
via volumetric flow measurements (l/h2 = 0.8, 1.6, and 4.8 with h1/h2 = 0.75), the l/h2 = 4.8,
h1/h2 = 0.75 case shows the most 3D vortical structures. Two representative fields for this case
are provided in Fig. 13, where swirling strength λcih2/U0 isosurfaces and contours highlight the
increased three-dimensionality. While spanwise vortices are still observed past the downstream
bar, they extend for shorter spanwise lengths and exhibit more three-dimensionality. Additionally,
hairpin structures occur more frequently. In Fig. 13(a), two hairpin vortices are shown: one is
completely in the measurement volume, while the head of the other is outside (but was seen within
the measurement volume in earlier instants). In Fig. 13(b), a group of three hairpin structures are
observed just downstream of a spanwise vortex. In addition to the spanwise and hairpin vortices,
quasistreamwise vortices occur frequently; however, they could be the legs of hairpin structures
not fully captured within the measurement volume. The increase in the three-dimensionality of the
vortical structures is also evidenced by comparing the spanwise-averaged λcih2/U0 distributions in
Figs. 12 and 13, where the compact signature of the spanwise vortices shown for the isolated bar case
is significantly reduced for the l/h2 = 4.8, h1/h2 = 0.75 case. It is likely that some of the hairpin
structures observed in the downstream bar wake originate as spanwise vortices past the upstream
bar: these spanwise vortices are lifted at spanwise locations to form hairpin vortices, which are then
advected downstream. It is also possible that some of the hairpin structures originate as spanwise
vortices at the downstream bar and become 3D over a shorter streamwise distance due to interactions
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FIG. 13. Visualizations of the vortical structures past the downstream bar for the l/h2 = 4.8, h1/h2 = 0.75
case at two representative, nonconsecutive instants. (a),(b) Isosurfaces of the swirling strength λcih2/U0 = 0.28.
(c),(d) Contours of the spanwise-averaged swirling strength λcih2/U0 at the same instants as in (a) and (b),
respectively.
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FIG. 14. Wall-normal profiles of the instantaneous spanwise-averaged vertical shear ∂ (u/U0 )/∂ (y/h2) for
the isolated bar case at four select, nonconsecutive instants t1 − t4. The profiles highlight the shear layer
flapping at (a) x/h2 = 5 and (b) x/h2 = 6.

with the upstream bar wake. While the measurements highlight the increased three-dimensionality
in the downstream bar wake due to sheltering, additional measurements are needed to pinpoint
the interactions between the vortices shed from the two bars. Specifically, measurements within
volumes containing both bars across a wide range of l/h2 and h1/h2 would aid in addressing vortical
structure interactions.

In addition to the shedding of large-scale vortical structures, the shear layer undergoes a flapping
motion as previously found past backward-facing steps (e.g., Refs. [39–43]) and past an isolated
2D bar extending beyond the boundary layer thickness [38]. To quantitatively describe this flapping
motion, Fig. 14 provides wall-normal profiles of select instantaneous spanwise-averaged vertical
shear ∂ (u/U0)/∂ (y/h2) at x/h2 = 5 and 6 for the isolated bar case. Four instants are chosen to
illustrate the maximum vertical extent of the flapping motion. At x/h2 = 6 [Fig. 14(b)], for example,
the maximum and minimum heights of the peak spanwise-averaged ∂ (u/U0)/∂ (y/h2) across the
dataset are y/h2 = 2.5 and 1.5, respectively. The maximum vertical flapping extent is defined as
the distance between these maximum and minimum heights; for the isolated bar case, this extent is
1.0h2. The flapping behavior is observed in all cases investigated via volumetric flow measurements;
at x/h2 = 6, the maximum vertical flapping extent for the h1/h2 = 0.75 cases varies from 0.8h2 (for
l/h2 = 0.8 and 1.6) to 1.5h2 (for l/h2 = 4.8). The flapping motion and its maximum vertical extent
are modulated by the shear layer stemming from the upstream bar and the vortical structure in the
upstream and downstream bar wakes. Measurements within volumes containing both bars across
the range of l/h2 and h1/h2 would illustrate the effects of the upstream shear layer and vortical
structures on the flapping motion. Additionally, for cases where reattachment occurs within the
measurement volume, spanwise variations in the reattachment location and streamwise variations
in the spanwise-averaged reattachment location are observed as in the flow over a backward-facing
step.
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FIG. 15. Contours of the two-point correlation Ruu at (xref, yref ) = (4h2, h2) for (a) the unperturbed bound-
ary layer and (b) the isolated bar case. yref = h2 corresponds to 0.17δ0. White contours at correlation levels
0.4–0.9 are shown in 0.1 increments to aid in comparison.

The bar-induced changes to the turbulence structure of the boundary layer are investigated
through the two-point, one-time fluctuating velocity correlation

Ruu = 〈u′(xref, yref )u′(x, y)〉
〈u′2(xref, yref )〉1/2〈u′2(x, y)〉1/2 , (1)

shown in Fig. 15 for the unperturbed boundary layer and the isolated bar case. Ruu is calculated
using the large FOV PIV flow fields, and the reference point is (xref, yref ) = (4h2, h2), which
corresponds to approximately the center of the FOV in the streamwise direction and y/δ0 = 0.17.
For the unperturbed boundary layer [Fig. 15(a)], Ruu is elongated in the streamwise direction with an
inclination away from the wall at the downstream side. This Ruu distribution is consistent with that
over smooth and rough walls reported in the literature and has been associated with hairpin vortex
packets (see, for example, Fig. 9 and associated discussion in Ref. [89]). The region with elevated
Ruu is significantly altered due to the perturbation by the isolated bar [Fig. 15(b)]; specifically, the
streamwise and wall-normal extents of the highly correlated Ruu region are significantly reduced.
The modification to Ruu suggests a disturbance to the boundary layer turbulence structure through
the generation of new coherent vortical structures associated with the shear layer past the bar.
An Ruu distribution similar to that in Fig. 15(b) is observed for all two-bar cases; however, the
size of the highly correlated region varies with l/h2 and h1/h2. This size is examined through the
maximum streamwise extent of the Ruu = 0.5 contour, denoted as luu/h2; Fig. 16 provides luu/h2

for yref/h2 = 1 and xref/h2 = 2, 4, 6, 8, 10, and 12. For the unperturbed boundary layer, luu/h2

remains constant near 5.3 (represented as a dashed line in Fig. 16). For the isolated bar case,
the highly correlated region grows such that luu/h2 increases from 1.7 to 3.0 over a streamwise

024602-20



FLOW ORGANIZATION IN THE NEAR WAKE OF …

FIG. 16. Streamwise extent of the Ruu = 0.5 contour (luu/h2) at yref/h2 = 1 (y/δ0 = 0.17): (a) l/h2 = 0.8,
(b) l/h2 = 1.6, (c) l/h2 = 2.4, (d) l/h2 = 4.8. The dashed line at luu/h2 = 5.3 indicates the extent of the Ruu =
0.5 contour for the unperturbed boundary layer. The isolated bar case is shown in all subfigures to aid in
comparison.

distance of 10h2; this growth is associated with the growth of the shear layer (Figs. 3 and 10)
and its coherent vortical structures (Fig. 12). Similarly, luu/h2 grows over x/h2 for the two-bar
cases but remains significantly below luu/h2 for the unperturbed boundary layer (Fig. 16). For the
l/h2 = 0.8, 1.6, and 2.4 cases [Figs. 16(a)–16(c)], luu/h2 for the isolated bar is generally near or
above that of the two-bar cases, despite the distance available for growth for the upstream bar
shear layer. The effect of the upstream shear layer growth on luu/h2 is noted for the l/h2 = 4.8
cases [Fig. 16(d)], where luu/h2 for the isolated bar is generally near or below that of the two-bar
cases. The maximum wall-normal extent of the Ruu = 0.5 contour (not shown for brevity) exhibits
similar features to those of the maximum streamwise extent in Fig. 16. Specifically, the maximum
wall-normal extent for the isolated bar case and all two-bar cases is below that of the unperturbed
boundary layer. The maximum wall-normal extent increases with x/h2, but in an approximately
linear trend. Moreover, the maximum wall-normal extent exhibits a similar dependency on l/h2

as in Fig. 16. For the isolated bar case, the Ruu distribution at a reference point with the same
height as in Fig. 15 and ∼1.5h2 upstream of the bar (not shown for brevity) exhibits a highly
correlated region similar in streamwise extent to that in Fig. 15(a). However, the highly correlated
region has a significantly larger inclination, suggesting a possible lifting up of the incoming flow
structures due to the bar-induced intense upwash. An increase in the inclination is also observed
upstream of the upstream bar for the two-bar cases where the FOV extends sufficiently upstream
to calculate Ruu. Relative to the unperturbed boundary layer, the changes to Ruu (Figs. 15 and 16)
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and the change in the lengthscale and energy of low-order proper orthogonal decomposition (POD)
modes (see the Appendix for further details) suggest that the bar(s) weaken the large-scale structures
associated with the incoming flow, likely through the impact of the bar(s) on the flow field (e.g., the
intense upwash and large flow recirculation) and through the generation of new large-scale vortical
structures such as the ones visualized in Figs. 12 and 13.

IV. CONCLUSIONS

The turbulent flow over isolated and sheltered 2D bar roughness elements was experimentally
investigated using planar PIV and volumetric PTV. The bar(s) occupied up to 17% of the incoming
turbulent boundary layer thickness and, therefore, were subjected to the high shear and turbulence
associated with the incoming flow. To examine the effects of sheltering by an upstream bar, the flow
over two bars positioned in close proximity was investigated at various streamwise spacings l/h2 and
height ratios h1/h2. For the considered spacings (0.8 � l/h2 � 4.8), flow recirculation occupies the
entire cavity between the two bars and exhibits patterns dependent on both l/h2 and h1/h2. While
the large-scale flow features are qualitatively similar for the two-bar cases and the isolated bar
case (e.g., flow deceleration, upwash, downwash, and flow recirculation), significant quantitative
differences are noted in important quantities such as the reattachment length, velocity deficit,
wall-normal velocity, and vertical extent of the boundary layer perturbation. The reattachment length
past the downstream bar is highly dependent on both l/h2 and h1/h2, suggesting opportunities
for control of flow over isolated bars. For example, the introduction of a bar at l/h2 = 0.8 with
h1/h2 = 0.75 reduces the reattachment length from 11.0h2 for the isolated bar to 6.7h2 for the
sheltered bar. Sheltering by an upstream bar also modulates the response of the incoming turbulent
boundary layer. Specifically, the flow deflection at the bars, characterized by the time-averaged
wall-normal velocity, is significantly reduced for the h1/h2 < 1 cases. Similarly, the flow deficit
in the wake of the downstream bar is reduced for sheltered bars. Sheltering appears to impact the
wake and reattachment past the downstream bar through multiple mechanisms including the more
gradual flow deflection for upstream bars with h1/h2 < 1, the enhanced turbulence and entrainment
associated with the upstream bar shear layer, and the structure and vertical extent of the recirculation
flow between the two bars. These mechanisms, which influence the flow organization past the
downstream bar, are highly dependent on both l/h2 and h1/h2.

Turbulence levels are elevated within the shear layers past the upstream and downstream bars
with a peak occurring past the downstream bar. The Reynolds shear stress −〈u′v′〉/U 2

0 is reduced
due to sheltering. For example, the maximum −〈u′v′〉/U 2

0 for an isolated bar is reduced by 45% due
to the introduction of an upstream bar at l/h2 = 0.8 with h1/h2 = 0.75. Moreover, sheltering by an
upstream bar with h1/h2 < 1 reduces the wall-normal extent of the boundary layer perturbation, as
noted in profiles of the Reynolds shear stress −〈u′v′〉/U 2

0 deficit relative to the unperturbed boundary
layer. Visualizations of the vortical structures past the isolated bar indicate the presence of coherent
spanwise vortices that grow as they advect downstream. These spanwise vortices often merge/pair
and evolve into arch or hairpin structures; such interactions result in a loss of two-dimensionality.
Sheltering by an upstream bar enhances such interactions and loss of two-dimensionality. In addition
to the shedding of large-scale vortical structures, the shear layer past the downstream bar undergoes
a flapping motion similar to shear layers past backward-facing steps. The bar(s) alter the turbulence
structure of the boundary layer as indicated by two-point correlations and POD analyses, which
suggest a weakening of the large-scale structures of the incoming turbulent boundary layer. The
change in the boundary layer turbulence structure is associated with the significant impact of the
bar(s) on the flow field (e.g., the intense upwash and flow recirculation) and the generation of new
coherent vortical structures in the shear layers past the bars. Overall, the results highlight significant
changes to the downstream bar wake due to sheltering by an upstream bar; these changes are highly
dependent on both h1/h2 and l/h2. Future efforts will investigate which, if any, of these sheltering
effects apply locally within the roughness sublayer of flow over periodic 2D bars.
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APPENDIX: POD ANALYSIS

In this Appendix, the effects of the isolated and sheltered bars on the boundary layer turbulence
structure are investigated through snapshot proper orthogonal decomposition (POD) applied to the
in-plane fluctuating velocity fields u′(x, t ) = u′(x, t )î + v′(x, t ) ĵ obtained via the large FOV PIV
measurements. Following Sirovich [90], u′(x, t ) is decomposed into a deterministic part φn(x)
(often referred to as spatial modes, eigenmodes, or POD modes) and time-dependent coefficients
an(t ) as

u′(x, t ) =
N∑

n=1

an(t )φn(x), (A1)

where N = 4000 is the total number of velocity fields (snapshots), and the bold symbols denote
vectorial quantities. The POD modes are not themselves coherent structures; however, they provide
insight into the spatial flow scales and their energies. Here, the modes are ranked in descending
order based on their individual energy, as typically done in the literature; the sum of the individual
energies is representative of the turbulent kinetic energy of the flow. The low-order POD modes
(more energetic modes) exhibit larger spatial structure than the high-order modes (less energetic
modes). For additional details on the POD procedure and interpretation, the reader is referred to,
for example, Refs. [62,75,90–92]. Table I provides the individual energy for each of the first four
POD modes (E1–E4) as well as the cumulative energy of the first four and ten modes (

∑
E1−4 and∑

E1−10); these energies are reported as a percentage of the total energy. The table also lists the
total number of modes M containing 75% of the total energy. The low-order POD modes for the
isolated bar case deviate in structure from those of the unperturbed boundary layer, which is in
line with results reported by, for example, Shah and Tachie [32], Güemes et al. [35], and Mallor
et al. [34]. The energies of the first four modes for the isolated bar case are similar to those
of the unperturbed boundary layer; however, their lengthscales differ, suggesting changes to the
turbulence structure of the boundary layer due to the shear layer, which is a dominant feature of
the flow field (Figs. 3 and 10). The POD modes are not shown for brevity; the reader is referred to
Güemes et al. [35] and Mallor et al. [34] for visualizations in line with the results obtained here.
These visualizations evidence energetic low-order modes that are associated with the bar shear layer
[34,35]. Additionally, perturbing the boundary layer by an isolated bar reduces M from 128 to 96;
this reduction suggests a redistribution of the energy toward the lower-order modes associated with
the shear layer past the bar. Relative to the isolated bar case, the shear layer past the downstream
bar in the two-bar cases remains a governing feature of the flow (Figs. 4 and 10); however, the
associated turbulence is reduced, and the spanwise vortical structures lose coherence. As the shear
layer and associated vortical structures become less pronounced, the low-order modes associated
with the shear layer become less energetic compared to the isolated bar case (Table I), and more
modes are required to achieve a certain threshold of cumulative energy (i.e., M is increased). The
decrease in the energies of low-order modes and the increase in M for the two-bar cases relative
to the isolated bar case is in line with the observations of the vortical structures discussed in the
context of Fig. 13.
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TABLE I. Individual energies of the first four POD modes as a percentage of the total energy (E1–E4), the
cumulative energy of the first four and ten modes as a percentage of the total energy (

∑
E1−4 and

∑
E1−10),

and the number of modes M containing 75% of the total energy.

Case E1 (%) E2 (%) E3 (%) E4 (%)
∑

E1−4 (%)
∑

E1−10 (%) M

Unperturbed boundary layer 12.3 8.0 5.1 4.0 29.5 42.8 128
Isolated bar 11.6 8.0 5.6 3.9 29.1 43.6 96

l/h2 = 0.8 h1/h2 = 1 10.4 7.9 5.1 3.8 27.3 41.8 105
h1/h2 = 0.75 8.1 5.9 5.5 3.5 22.9 36.7 146
h1/h2 = 0.5 10.8 8.0 5.7 3.7 28.1 42.7 100

l/h2 = 1.6 h1/h2 = 1 9.7 7.3 4.7 4.0 25.7 39.7 119
h1/h2 = 0.75 8.4 6.6 5.1 4.6 24.5 38.6 135
h1/h2 = 0.5 8.5 6.7 5.1 4.4 24.7 39.0 130

l/h2 = 2.4 h1/h2 = 1 9.0 6.9 4.5 4.3 24.6 38.4 133
h1/h2 = 0.75 8.2 5.8 5.3 3.8 23.1 36.7 150
h1/h2 = 0.5 8.9 6.2 5.2 3.9 24.3 37.9 144

l/h2 = 4.8 h1/h2 = 1 9.2 6.5 4.3 3.7 23.7 36.6 150
h1/h2 = 0.75 9.2 7.3 4.8 3.7 25.0 38.5 129
h1/h2 = 0.5 9.0 6.9 4.5 4.3 24.6 38.4 131
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