
fluids

Article

A Comparative Study between Sand- and Gravel-Bed Open
Channel Flows in the Wake Region of a Bed-Mounted
Horizontal Cylinder

Kalpana Devi 1 , Prashanth Reddy Hanmaiahgari 1,* , Ram Balachandar 2 and Jaan H. Pu 3,*

����������
�������

Citation: Devi, K.; Hanmaiahgari,

P.R.; Balachandar, R.; Pu, J.H. A

Comparative Study between Sand-

and Gravel-Bed Open Channel Flows

in the Wake Region of a Bed-Mounted

Horizontal Cylinder. Fluids 2021, 6,

239. https://doi.org/10.3390/

fluids6070239

Academic Editor: Mehrdad Massoudi

Received: 14 May 2021

Accepted: 26 June 2021

Published: 1 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Civil Engineering, IIT Kharagpur, Kharagpur 721302, India; kalpanarajpoot@iitkgp.ac.in
2 Department of Civil and Environmental Engineering, University of Windsor, Windsor, ON N9B 3P4, Canada;

rambala@uwindsor.ca
3 School of Engineering, Faculty of Engineering and Informatics, University of Bradford, Bradford BD71DP, UK
* Correspondence: hpr@civil.iitkgp.ac.in (P.R.H.); j.h.pu1@bradford.ac.uk (J.H.P.)

Abstract: In nature, environmental and geophysical flows frequently encounter submerged cylin-
drical bodies on a rough bed. The flows around the cylindrical bodies on the rough bed are very
complicated as the flow field in these cases will be a function of bed roughness apart from the
diameter of the cylinder and the flow velocity. In addition, the sand-bed roughness has different
effects on the flow compared to the gravel-bed roughness due to differences in the roughness heights.
Therefore, the main objective of this article is to compare the mean velocities and turbulent flow
properties in the wake region of a horizontal bed-mounted cylinder over the sand-bed with that
over the gravel-bed. Three experimental runs, two for the sand-bed and one for the gravel-bed with
similar physical and hydraulic conditions, were recorded to fulfil this purpose. The Acoustic Doppler
Velocimetry (ADV) probe was used for measuring the three-dimensional (3D) instantaneous velocity
data. This comparative study shows that the magnitude of mean streamwise flow velocity, stream-
wise Reynolds normal stress, and Reynolds shear stress are reduced on the gravel-bed compared to
the sand-bed. Conversely, the vertical velocities and vertical Reynolds normal stress are higher on
the gravel-bed than the sand-bed.

Keywords: ADV; bed-mounted horizontal cylinder; gravel-bed; sand-bed; turbulence; wake region

1. Introduction

Turbulent flows over rough surfaces occur in engineering applications and natural
sciences. Determining the roughness effects on the turbulent flows in engineering ap-
plications is very important since the mechanisms of production, diffusion, and energy
transfer between the mean and the turbulent fields, especially in the near-wall region, are
influenced by surface roughness.

There has been considerable work carried out to understand the dynamics of turbulent
flows over rough surfaces. The numerous studies in the past, before 1990, are related to
the universal aspects of rough-walled flows. Most of them have highlighted the effects
of uniformly distributed roughness elements of standard shapes, such as spheres, bars,
racks, cylinders, ribs, dunes, and vegetation [1–6]. Though, very recently, a few researchers
have focused on illustrating the realistic roughness effects on various features of turbulent
flows [7,8]. The realistic roughness is quite different from the regular (or ‘modelled’)
roughness. It is described by a wider spectrum of wavelengths and random distribution of
structures of each scale.

Robert et al. [8] and Bigillon et al. [9] analyzed the turbulence statistics on the transi-
tionally rough bed, while Bergstrom et al. [10] investigated the effects of surface roughness
on the mean velocity distribution in a turbulent boundary layer. Bergstrom et al. [10] found
that the outer flow was significantly affected by the roughness properties. Volino et al. [11]
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used two-dimensional roughness fabricated by laying the transverse bars on the chan-
nel bed to determine the turbulence structure in a boundary layer. Bomminayuni and
Stoesser [12] used a channel bed artificially roughened by hemispheres to analyze the tur-
bulent statistics in the flow. The roughness effects on the near-wall turbulence in terms of
Reynolds stress budget were determined numerically by Yuan and Piomelli [13]. Essel and
Tachie [14] examined the wall roughness effects on the turbulent flow field downstream of
the backward-facing step. They observed a significant reduction in the longitudinal and
vertical spatial coherence of the turbulence structures due to the surface roughness. Wu
and Piomelli [15] investigated the effects of surface roughness on the separating boundary
layer over a flat plate by using large-eddy simulations.

Flow around submerged cylindrical bodies occurs in many environmental and geo-
physical systems—for example, water, oil, and gas pipelines, a communication cable laid
on a river or sea bed, fish habitats, submerged horizontal or vertical pipes, sewer pipelines,
hydraulic structures, etc. The flow field around a cylindrical object on a surface has been
experimentally and numerically studied extensively in the past for many years. Though,
most of the studies determined the wall-proximity effects on the flow characteristics such
as the point of separation of wall-boundary layer [16], the drag and lift coefficients [17],
the location of front stagnation point [18], distribution of the pressure on the cylinder sur-
face [19], vortical flow structures [20], Strouhal number and vortex shedding phenomenon
and flow [21], and turbulence properties of the wake region of the cylinder [22]. A few investi-
gations have analyzed the turbulent flow field of a bed-mounted horizontal cylinder [23–25].

When the cylinder is laid on the rough bed like the sand-bed and gravel-bed, the
complexities of the flow may enhance many folds since the flow, in this case, will be a
function of bed roughness apart from the diameter of the cylinder and the flow velocity. In
addition to that, the flow field on the sand-bed might be quite different from the gravel-bed
due to differences in properties of bed roughness.

Due to their practical importance and complexity, several experimental investiga-
tions have been carried out to enhance our knowledge of the rough wall turbulent flows.
However, there are very few studies that show the effects of gravel-bed roughness on the
flow field of a circular cylinder. As per the author’s knowledge, there is no comparative
investigation between sand and gravel-bed to date to show the effects of bed roughness
heterogeneity on the wake flow of the bed-mounted horizontal cylinder. From the literature
survey, it is clear that no experimental data are available to understand the bed roughness
heterogeneity effects on the mean velocities and turbulent quantities of flow over the cylin-
der. In addition to that, experimental data are needed to validate the numerical models.
Therefore, the present research aims to analyze the roughness heterogeneity effects on
the wake region of a bed-mounted circular cylinder in terms of the mean velocities and
turbulence quantities.

2. Experimental Details
2.1. Experimental Instrumentations

Experiments were performed in a recirculating rectangular flume (narrow open chan-
nel having an aspect ratio less than 5) with dimensions of L× B× H = 12 × 0.91× 0.70;
12 × 0.91× 0.70 [25] and 10 × 0.60 × 0.65 for the sand-bed (Run 1 and Run 2) and gravel-
bed (GB 1), respectively. The channel bed was provided with a constant longitudinal slope
(S0) of 0.23%, 0.23%, and 0.22% throughout the flume length for Run 1, Run 2, and GB 1,
respectively. The experimental set up for Run 1 and Run 2 is the same as used by Devi and
Hanmaiahgari [25]. The schematic diagram of the experimental setup with a coordinate
system for GB 1 is shown in Figure 1. Photographs of flumes for sand-bed and gravel-bed
experiments are shown in Figures 2 and 3. The flume has transparent glass sidewalls to
facilitate the visual observation of the flow. The inflow discharge was controlled by a valve
and metered by a calibrated V-notch weir located at the inlet tank, upstream of the stilling
basin through which the flow enters the flume. The flow depth in the flume was adjusted
by controlling tailgate water depth using a tailgate located at the downstream end of the
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flume. The cylinder was laid on the flume, covering the entire width of the flume at a
distance of 6.5, 6.5, and 5.82 m from the flume inlet for Run 1, Run 2, and GB 1, respectively.
The test section was chosen at a distance of 6.3, 6.3, and 5.5 m downstream of the inlet for
Run 1, Run 2, and GB 1, respectively. It was ensured that the flow was fully developed in
the test section.
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Figure 1. Schematic diagram of the experimental setup for the gravel-bed (GB 1).
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In this study, the x, y, and z axes were oriented in the longitudinal, spanwise, and
vertical directions, respectively. The origin of the coordinate system was located at the
bottommost point of the cylinder at the central vertical plane in the case of the sand-bed.
The origin for the z-axis is the crest level of the top layer of the gravel particles. The nadir
of the cylinder is in contact with the crest level. The z is taken positive vertically upwards
and negative in the vertically downward direction from the crest level. The bed elevation
was measured along the centerline of the flume. The coordinate system for GB 1 along
with the schematic diagram of the experimental set up is shown in Figure 1. The time-
averaged components of velocity are denoted by u, v, and w while u, v, and w represent
the instantaneous velocity components in the x, y, and z directions, respectively. Here, u′,
v′, and w′ symbolize the fluctuating velocity components in the respective directions.

2.2. Bed Settings

The sand-bed (Run 1 and Run 2) was prepared by coating the uniform sand (d50 = 2.54 mm)
over the flume bed. The gravel-bed (GB 1) was fabricated by arbitrarily spreading the
well-sorted gravel of median size, d50 = 42.00 mm in four layers over the flume bed. The
gravel particles were spread over the flume bed layer by layer in a compact and packed
form. All the gravel particles crests over the gravel-bed were not at the same level as
can be seen from the flume set up depicted in Figure 3. The geometric mean size, dg

(= (d84.1d15.9)
0.5) for the sand and gravel are 2.5 and 42.7 mm, respectively. The geometric

standard deviation σg (=
√

d84.1/d15.9) for both the sand and gravel material was calculated
as 1.1. The gradation coefficient G (= 1

2 (d84.1/d50 + d50/d15.9)) for the sand sample was
1.10 (< 1.4), which implies that it is uniform sand. Here, d84.1 and d15.9 represent the size of
sediment for which 84.1% and 15.9%, respectively, of the mixture are finer. The particle
size distribution curves for the sand-bed (Run 1 and Run 2) and gravel-bed are shown in
Figure 4a,b, respectively. A closer look at Figure 4 shows that the sediment size in the case
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of the gravel varies over a wider range as compared to the sand. The median size (d50) for
the sand and gravel samples are demarcated in Figure 4.
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Figure 4. Particle size distribution curve for (a) the sand-bed (Run 1 and Run 2) and (b) the gravel-bed material (GB 1).

2.3. Experimental Conditions and Measuring Stations

The experiments were conducted under a uniform steady flow condition in a narrow
open channel (aspect ratio Ar < 5). The experiments were conducted for flow depths (h) of
0.30, 0.30, and 0.25 m for Run 1, Run 2, and GB 1, respectively (Table 1). The flow depth
was measured with the help of a point gauge with an accuracy of ± 0.1 mm by a Vernier
scale attachment. The approach flow shear velocity (u∗), which estimates the bed resistance
to the flow, was obtained by extrapolating the RSS profile to the flume bed [26]. The values
of approach flow shear velocity (u∗) at upstream location (x = −4D) for Run 1, Run 2, and
GB 1 are 7.1, 9.2, and 27 mm/s, respectively. The hydraulic and physical parameters of all
experimental runs (Run 1, Run 2, and GB 1) are given in Table 1. Here, the aspect ratio (Ar)
is defined as the ratio of channel width (B) to flow depth (h). For GB 1, the flow depth h
was measured with respect to the crest level of the gravel particles, z = 0. Fr is the Froude
number (= U√

gh
) and Re is the flow Reynolds number (Re = Uh/υ). The shear Reynolds

number (R∗) is calculated using Equation (1):

R∗ = ksu∗/υ (1)

where ks is the equivalent roughness height, and υ is the kinematics viscosity of water.
Here the median particle size, d50 was considered equivalent to the equivalent roughness
height, ks.

Table 1. Hydraulic and physical parameters of all experimental runs (Run 1, Run 2, and GB 1).

Exp.
Run D (m) S0(%) h (m) U

(m/s) Ar d50(m) Re Re* Fr

Run 1 0.05 0.023 0.30 0.15 3.1 0.00254 45,000 18.03 0.09
Run 2 0.05 0.023 0.30 0.19 3.1 0.00254 57,000 23.37 0.11
GB 1 0.06 0.022 0.25 0.25 2.4 0.04200 62,500 1050 0.16

Velocity profiles were measured in the central vertical plane (xz-plane) of the channel
at nine (x = −4D, 0, 2D, 3D, 4D, 6D, 8D, 10D, and 12D) different measuring stations in
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the longitudinal direction of the flow for all runs. At x = −4D, the flow is undisturbed,
and it is located upstream of the cylinder. The cylinder is fixed at streamwise location x = 0.

2.4. ADV System and Data Collection Procedure

The instantaneous flow velocities were measured by a Three-Dimensional Acoustic
Doppler Velocimetry (3D ADV) instrument. A four-receiver down-looking ADV probe,
named Vectrino plus (manufactured by Nortek), was used, which significantly reduces
the noise signal of the measurements compared to a three-receivers probe [27]. It was
functioning with an acoustic frequency of 10 MHz to capture the instantaneous 3D flow
velocities, and the sampling rate was 100 Hz as used by Maji et al. [28]. Since the measuring
location was 5 cm below the probe, the data acquisition was not possible near the free
water surface.

It was ensured that the sampling volume did not touch the flume bed during data
collection. The sampling duration was taken as 300 s to ensure that the time-averaged
velocities are statistically time-independent. During the experiments, the least value of
the signal-to-noise (SNR) ratio and the correlation coefficient were retained as 17 and 70,
respectively. The signal captured by the Vectrino in the near-bed flow zone contained
spikes due to the interaction between the incident and reflected pulses. Therefore, the
raw data were filtered by a spike removal algorithm, known as the phase-space threshold
method developed by Goring and Nikora [29].

3. Results and Discussion

The time-averaged longitudinal (u) and vertical flow velocities (w) were estimated
as an ensemble average of the instantaneous velocities of the respective directions and
mathematically expressed by Equations (2) and (3) as used by Devi and Hanmaiahgari [25]:

u =
1
N ∑N

i=1 ui (2)

w =
1
N ∑N

i=1 wi (3)

where ui and wi indicate the longitudinal and vertical components of instantaneous velocity,
respectively, and N is the total number of data samples collected. The method of Reynolds
decomposition gives the components of fluctuating velocity in the longitudinal (u′) and
vertical directions (w′) by Equation (4) and (5), respectively as:

u′ = ui − u (4)

w′ = wi − w (5)

Reynolds normal stresses in the longitudinal (σuu) and vertical (σww) directions are
expressed as the mean of quadratic product of the fluctuating components of the velocities
in the corresponding directions and are evaluated by Equations (6) and (7):

σuu = u′u′ =
1
N ∑N

i=1(ui − u)2 (6)

σww = w′w′ =
1
N ∑N

i=1(wi − w)2 (7)

Reynolds shear stress per unit mass (τuw) was estimated by using Equation (8).

τuw = −u′w′ = − 1
N ∑N

i=1(ui − u)(wi − w) (8)

The maximum longitudinal time-averaged velocity occurs within a 5 cm depth from
the water surface. Due to the limitations of the ADV probe, it was not possible to collect
data within a 5 cm depth from the water surface. It is assumed that the free surface effect
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in the subcritical flows is limited to a very shallow region near the free surface and it will
not change underlying hydrodynamics. Therefore, the approach flow maximum velocity
(Umax) is taken as the maximum velocity of each run at x = −4D from the available data
measuring points. The mean and turbulent flow characteristics for all three runs were
normalized by the approach flow maximum velocity (Umax) and the vertical distances (z)
were normalized by the flow depth (h). The normalized vertical distance is denoted by
z (= z/h). The normalized mean velocities, normalized RNS, and normalized RSS were
plotted against normalized vertical distance (z) for Run 1 and Run 2 together, and GB 1
separately at all nine measuring stations. The plots are analyzed and compared to examine
the surface roughness effects on the wake region of the cylinder.

The entire flow field of the cylinder is divided into three flow zones, namely undis-
turbed upstream, recirculation region, and redevelopment region, as used by Essel and
Tachie [30] in the case of forward-facing step. The recirculation and redevelopment regions
are in the wake region of the cylinder. The measuring station x = −4D is located upstream
of the cylinder; x = 2D, 3D, 4D, and 6D are in the recirculation region; and x = 8D, 10D,
and 12D fall in the redevelopment region. It is noteworthy to mention that the flow is still
under the recovery process at x = 12D, and it is not yet fully recovered. A schematic of
the upstream, recirculation, and redevelopment regions of a circular cylinder is shown
in Figure 5.
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Figure 5. Schematic of different regions of flow field upstream and downstream of a circular cylinder.

The main findings of the proposed experimental research are discussed below.

3.1. Mean Velocities

The time-averaged velocities in the longitudinal (u) and vertical directions (w) are
normalized by the approach flow maximum velocity (Umax) and are written as u/Umax and
w/Umax, respectively. Figure 6 examines the vertical profiles of normalized time-averaged
longitudinal velocity (u/Umax) for Run 1, Run 2, and GB 1.
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Figure 6. The vertical profiles of normalized time-averaged longitudinal velocity (u/Umax) at different measuring stations
(x) for Run 1, Run 2, and GB 1.

From Figure 6, it is clearly visible that the streamwise velocity is higher for Run 2
compared to Run 1. The former case has a higher Reynolds number (Re) compared to
the latter, resulting in higher streamwise velocity. It is also observed that at upstream
undisturbed location (x = −4D), the vertical profile of u/Umax for both types of beds
follows logarithmic law. All the velocity profiles in the wake region preserve no-slip
conditions. No negative longitudinal velocity is observed in the near-bed flow of the
recirculation region over the gravel-bed, which shows a diminished separation zone on
the gravel-bed. This observation is contrary to the observation made in the case of the
sand-bed, where the longitudinal velocity in the near-bed flow of the recirculation region
is negative in magnitude. This comparative study shows that the magnitude of mean
streamwise flow velocity is smaller on the gravel-bed than the sand-bed, although the
Reynolds number is higher for the flow on the gravel-bed (Figure 6). Figure 6 infers that
the gravel-bed profiles are ‘less full’ than the sand-bed profiles. This phenomenon is similar
to a reduction in longitudinal velocity due to roughness upstream and downstream of
the rough backward-facing step (Wu et al. [31]). A closer look at Figure 6 shows that the
vertical location of a point of inflection (d2u/dz2 = 0) in the u/Umax distribution is higher
in the case of the gravel-bed (z ≈ 0.30) as compared to the sand-bed (z ≈ 0.25). Hence,
it is concluded that the vertical location of the point of inflection (d2u/dz2 = 0) for the
gravel-bed shifted away from the bed, implying a decrease in the longitudinal near-bed
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velocity caused by the gravel-bed roughness and increase in the thickness of roughness
sublayer on the gravel-bed.

Figure 7 depicts the variation of normalized time-averaged vertical velocity (w/Umax)
against normalized vertical distance (z) at different measuring stations (x) for Run 1, Run
2, and GB 1. It is very clear from Figure 7 that the vertical velocity is higher for Run
2 compared to Run 1 throughout the vertical domain. In the upstream of the cylinder
(x = −4D), on the sand-bed, w/Umax starts with a small positive value and increases very
slowly with z and becomes almost constant with z above z ≈ 0.2. Unlike the sand-bed, in
the case of gravel, the w/Umax starts below the gravel-bed with a small positive value, then
suddenly changes to a negative value and then with a further rise in z, its negative value
declines, and it becomes positive for z ≥ 0.06. Thereafter, the vertical velocity increases
slowly with vertical distance and become almost invariant of z like over the sand-bed. It
is also observed that for x = −4D, 0, and 2D, the profiles are positive on both the sand
and gravel-beds with an exception at x = −4D on the gravel-bed. As already mentioned,
at x = −4D on the gravel-bed, below the bed level velocity is negative up to z ≈ 0.06. In
the wake region, the vertical velocity starts with a small negative value and then increases
(negative value) abruptly with a rise in z and attains a negative peak. Thereafter, the
negative value quickly declines with an increase in vertical distance from the bed and
become almost constant with z variation above z ≈ 0.4. These patterns in the w/Umax
distribution is similar on the sand and gravel-beds for the wake region with an exception
at x = 2D. At x = 2D, for both beds, the w/Umax profiles are completely positive, unlike
at other locations, where they are negative. The vertical location of the peak at x = 2D
on the sand-bed corresponds to the top level of the cylinder (z ≈ 1), while this is not true
over the gravel-bed. The vertical location of the peak of w/Umax over the gravel-bed has
shifted away from the bed due to the damping of the longitudinal velocity resulting from
the heterogeneity of the gravel-bed. In the recirculation region, the vertical location of the
peak of w/Umax shifted towards the bed with the increase in x. On the contrary, in the
redevelopment region, for both the sand and gravel-beds, the vertical location of the peak
moved away from the bed with an increase in x. In the recirculation region, the magnitude
of the negative peak of w/Umax increases in the streamwise direction with x. Conversely,
the declining patterns in the magnitude of the negative peak with an increase in x are
observed in the redevelopment region for both the sand and gravel-beds. The location
of peak (z > 0.4) on the gravel-bed is higher than the location of the peak (z < 0.4) on
the sand-bed. It is clearly observed from Figure 7 that the maximum negative vertical
mean velocity on the sand-bed and gravel-bed is about 0.1Umax and 0.05Umax, respectively.
Hence, an inference is made that gravel-bed roughness has dampened the value of the
maximum negative vertical mean velocity.

3.2. Reynolds Normal Stress (RNS) Distribution

The Reynolds normal stresses (RNSs) define the strength of the turbulence and give
an idea about the fluctuating velocity components. The RNSs are affected by factors such
as velocity, roughness size, roughness orientation, etc. These are denoted as σuu and σww
in the longitudinal (x) and vertical (z) directions, respectively. They are normalized by
the approach flow maximum velocity Umax

2 and are given as σuu/Umax
2 and σww/Umax

2,
respectively. The normalized streamwise (σuu/Umax

2) and vertical (σww/Umax
2) RNSs are

plotted against the normalized vertical distance (z) for all the three runs (Run 1, and Run 2,
and GB 1) in Figures 8 and 9, respectively, at different measuring stations (x).
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From Figures 8 and 9, it is noticed that the value of both σuu and σww are higher in
the case of Run 2 compared to Run 1. It is observed that in the uninterrupted upstream
flow (x = −4D), the σuu/Umax

2 and σww/Umax
2 profiles demonstrate diminishing trends

against a rise in the z over the sand and gravel-beds. In the recirculation region, σuu/Umax
2

and σww/Umax
2 start with a small positive value and increase sharply with the rise in

z and attain a peak. Thereafter, it declines abruptly with further increase in z and then
attains a small positive value and becomes almost invariant with z. In the recirculation
region (x = 2D, 3D, 4D, and 6D), the vertical locations of the peaks of normal stresses are
occurring near the bed. In contrast, they shifted away from the bed in the redevelopment
region for both the sand- and gravel-bed flows. Their peaks were increasing in the recir-
culation region, but they decrease in the redevelopment region for both the sand- and
gravel-bed flows. However, it is observed that the magnitudes of σuu/Umax

2 peaks on
the gravel-bed are smaller than the sand-bed. Contrary to this, the peaks of σww/Umax

2

on the gravel-bed are larger than the sand-bed. The gravel-bed roughness considerably
diminished σuu/Umax

2 in both the recirculation and redevelopment regions compared to
the sand-bed, which is similar to the observation of Wu et al. [31]. Although, σww/Umax

2

are enhanced significantly on the gravel-bed as compared to the sand-bed in both the
regions, which is contrary to the observation of Wu et al. [31]. In fact, Wu et al. [31] have
observed that due to forward-facing step roughness, the RNS decreased downstream of
the step. Furthermore, σuu/Umax

2 on the gravel-bed is more significantly diminished as
compared to the increase in σww/Umax

2 on the gravel-bed. In Figure 8, σuu/Umax
2 profiles

over GB 1 show kinks at X/D = 2, 6, and 10 at z/h = 0.2, which is attributed to measurement
error at that location. Finally, it is concluded that the peak normal stresses (turbulence
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intensities) show increasing trends in the recirculation region and decreasing patterns in the
reattached region due to the enhanced turbulence in the former region and the attenuation
of turbulence in the latter region.

3.3. Reynolds Shear Stress (RSS)

The Reynolds shear stress (RSS) is the time-averaged value of the quadratic terms of
the fluctuating velocities components. The Reynolds shear stress has a similar influence on
the flow as viscosity. The RSS offers resistance to the flow in the corresponding plane and
governs secondary flows. The RSS in the xz plane per unit weight is denoted as τuw and the
RSS normalized by the approach flow maximum velocity (Umax

2) is written as τuw/Umax
2.

The vertical profiles of normalized RSS (τuw/Umax
2) at different measuring stations (x) for

Run 1, Run 2, and GB 1 are shown in Figure 10.
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As evident from Figure 10, RSS is higher for Run 2 compared to Run 1 throughout
the study domain. In the upstream of the cylinder, the RSS varies linearly with the vertical
distance for both sand-bed and gravel-bed. The RSS magnitude in the wake region is
slightly smaller on the gravel-bed than the sand-bed, although the Reynold number (Re)
is considerably higher in the former case than the latter. The vertical location of the RSS
peak is more elevated on the gravel-bed in the wake flow, which shows that roughness is
extended farther in the gravel-bed flows. Interestingly, peaks of RSS are occurring at the
top level of the cylinder on the sand-bed. In the recirculation region, τuw/Umax

2 starts with
a small positive value and increases sharply with a rise in the vertical distance and attains
a peak much above the cylinder height. After that, it reduces sharply with a further rise in
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z from the bed, then attains a minimal positive value and becomes almost invariant with z.
In the recirculation region (x = 2D, 3D, 4D, and 6D), the vertical location of the peak of the
RSS shifted towards the bed. In contrast, the peak is moved away from the bed for both the
beds in the redevelopment region. The magnitude of the τuw/Umax

2 peak increases in the
recirculation region, but it decreases in the redevelopment region for both the sand- and
gravel-bed flows. In the wake flow, the peak of RSS is occurring at z ≈ 0.2 for x = 2D while
moving away from the cylinder, and the vertical location of the peak is shifted towards the
bed. The RSS peaks values are declining along the streamwise direction downstream of the
cylinder over both the sand-bed and gravel-bed. This finding on the gravel-bed is similar
to the flow pattern downstream of the rough forward-facing step (Wu et al. [31]).

4. Conclusions

This analysis conveys a clear understanding that gravel-bed roughness in compar-
ison to sand-bed roughness significantly modifies the turbulence levels downstream of
a horizontally mounted cylinder. In addition to that, the higher values of streamwise
velocity, vertical velocity, RNSs, and RSS were observed in the case of a higher Reynolds
number flow over the sand-bed due to a higher level of turbulence. In contrast, for similar
Reynolds flow over sand- and gravel-beds, turbulence statistics such as RNSs and RSS
are higher on the sand-bed than the gravel-bed. The peak values of streamwise velocity,
vertical velocity, RSS, and RNSs have been dampened by the gravel-bed roughness. The
enhanced roughness over the gravel-bed shifts the location of the peak of vertical velocity
over the gravel-bed away from the flume bed compared to the location of the peak of
vertical velocity over the sand-bed. Similarly, the vertical location of the point of inflection
in the streamwise velocity profile is higher in the case of the gravel-bed than the sand-bed.
The peak RNSs and RSS show increasing trends in the recirculation region and decreasing
patterns in the reattached region over and sand- and gravel-beds. Finally, it is observed
that the flow is mainly affected in the near-bed region downstream of a cylinder over and
sand- and gravel-beds. The proposed research findings are important for the validation of
numerical modelling results and improvement of the current numerical models.
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