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ABSTRACT

In regulated rivers and small streams, the presence of large roughness elements like boulders and concrete structures

significantly impacts the local flow field and creates complex hydraulic conditions important for aquatic habitats.

This study focuses on investigating and analyzing the complex three-dimensional flow field around an idealized

stone (represented as a hemisphere) to understand how the flow field changes for different relative depths i.e. water

depth relative to boulder height, and flow rates. Time-resolved 3D Particle Tracking Velocimetry was employed in

laboratory experiments conducted in an open-channel flume, to mimic varying river conditions and their impact

on flow characteristics. Results reveal that the relative depth significantly influences the flow structure behind the

hemisphere, impacting recirculation zones and wake characteristics. The flow field behind the hemisphere was found

to be more sensitive to changes in relative depth than bulk velocity. The study also highlights the larger regions of

lower streamwise velocity that occurred downstream of the hemisphere caused by the lower submergences combined

with a higher magnitude of the downward vertical velocity. Furthermore, this study demonstrates the capability of

the measurement technique and the time-resolved 3D Particle Tracking Velocimetry system used to effectively capture

the complex flow dynamics around the boulder. This approach allowed for detailed visualization and quantification

of flow parameters such as streamwise and vertical velocities within the wake region, which are important factors

for aquatic habitats. Understanding the underlying flow dynamics around an idealized stone at low relative depths

could yield insights into ecohydraulic engineering and ecological restoration in shallow streams. This can contribute

to advancing our understanding of riverine flow dynamics and their ecological implications.

1. Introduction

In regulated rivers and small streams, there are many waterways where the riverbed consists of
large roughness elements with sizes comparable to the water depth (e.g. stones, trees and concrete
structures). The complex flow fields created by these structural elements can have an environ-
mental importance, for instance for migratory aquatic species (Liao, 2007). Water velocity is a
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commonly used metric to assess the suitability of a fish habitat. Boulders in waterways create
low-velocity and recirculation zones that fish utilize to reduce energy consumption (Smith et al.,
2005) and create favorable aquatic habitats (Lacey & Roy, 2008). The local variations in hydraulic
conditions could also comprise complex habitats, suiting multiple species of aquatic fauna simulta-
neously. Several studies have investigated the flow field around a bottom-mounted hemisphere on
rough and smooth surfaces, experimentally and numerically. In laboratory experiments conducted
by Dey et al. (2011), the flow field around a sphere mounted on a rough bed was investigated us-
ing acoustic Doppler velocimetry (ADV). The study revealed that the velocity profile undergoes
a streamwise transformation, indicating a strong reversed flow behind the sphere with high tur-
bulence. Tu et al. (2023) used time-resolved tomographic particle image velocimetry (TPIV) to
investigate the near wake of a hemisphere mounted on a smooth wall and revealed complex 3D
flow behind the hemisphere with a region of reverse flow close to the hemisphere. The complex-
ity of the flow field around a hemisphere was also demonstrated in a numerical study by Cao &
Tamura (2020) using large eddy simulations. It has been demonstrated that the flow field is signifi-
cantly influenced by the relative depth (i.e., the ratio between the water depth and the hemisphere
radius). The flow fields around a hemisphere were studied and classified into different regimes
based on their relative submergence using yaw and pitch probes by Shamloo et al. (2001). The
study found the appearance of surface waves when the relative depth was between 1.3 and 4. Fur-
thermore, the shear layer from the hemisphere caused mixing throughout the entire depth when
the relative depth was between 1 and 1.3. Another study by Sadeque et al. (2009) found similarities
in the wake structures downstream of a standing cylinder for a relative depth of 1.1 and 2. In a
study conducted by Golpira et al. (2023), 2D particle image velocimetry (PIV) was used to inves-
tigate the influence of relative depth on the wake flow of a single boulder in a boulder array. The
range of the relative depth considered was between 1.3 and 3. Their study showed similarities in
wake structure for the higher relative depths and the flow structures changed notably at the lowest
relative depth.
Previous studies mainly focused on pointwise or two-dimensional measurements of flows around
large roughness elements with varying submergence, typically using ADV and PIV. Therefore,
this study aims to evaluate how the three-dimensional flow field around an idealized stone, repre-
sented as a hemisphere, changes with the relative depth using time-resolved 3D Particle Tracking
Velocimetry (PTV).
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