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Abstract This study investigates the impact of relative submergence, defined as the ratio of water depth to
the diameter of boulders (k = H/D), on turbulence structures in flow through boulder arrays. The large‐eddy
simulation method is employed to simulate flow through boulder arrays across a range of k values from 0.25 to
3.50. Within this range, three distinct flow regimes are identified: low (k = 0.25), intermediate (k = 0.75 and
1.25), and high (k = 2.0 and 3.5) relative submergence regimes. Across these three regimes, distributions of
time‐averaged velocities, secondary flow, turbulent kinetic energy, and dominant turbulence structures in the
wakes of boulders exhibit significant variations. The wake of boulders, characterized by recirculation flow, only
manifests at k ≥ 0.75 and is more pronounced at higher k values. Particularly at k = 3.5, funnel vortices in the
wake and secondary flow at the sides of boulders develop, enhancing vertical momentum exchange. Three types
of coherent structures are identified within the wake: (a) the near‐bed hairpin vortex with a wavelength (λ) of
0.8D at the lowest k, (b) the lateral flapping of boulder wakes with λ = 2.1D intermediate k, and (c) the
meandering of high‐speed streaks at the side of boulders with λ = 10D at high k. These structures alter the
distribution of the near‐bed Reynolds shear stresses (RSS) and contribute up to 20% of the near‐bed RSS. At
k ≤ 1.25, a region of low near‐bed shear stress appears upstream of boulders, while it shifts to the wake of
boulders at k = 3.5, contributing the observed variations in deposition patterns at different k values as reported
by Papanicolaou et al. (2018, https://doi.org/10.1029/2018jf004753). In addition, the two bedload periodicities
reported in the experiment of Papanicolaou et al. (2018, https://doi.org/10.1029/2018jf004753) are justified by
the ratio of the wavelength of lateral flapping of boulder wakes to that of meandering of low‐ and high‐speed
streaks.

1. Introduction
In mountainous rivers, the riverbed typically comprises clusters of large, relatively stationary boulders inter-
spersed with smaller, more mobile sediments (Bathurst, 1987; Rickenmann, 2001; Tsakiris et al., 2014; Wilcock
& Crowe, 2003; Yager et al., 2007). The presence of these large boulders significantly influences the adjacent
mean and turbulent flow fields (Dey et al., 2011; Ozgoren et al., 2013; Parker, 2013; Shamloo et al., 2001).
Furthermore, the relative submergence (k), defined as the ratio of mean water depth (H) to boulder diameter (D),
varies widely due to seasonal fluctuations in flow rates (Polvi, 2021). For instance, Bathurst (2002) conducted a
survey of 27 mountainous sites across the UK, USA, and Czech Republic, revealing a relative submergence
variation ranging from 0.37 to 11.4. Despite considerable spatiotemporal heterogeneity, the turbulent flow
through boulder clusters has attracted considerable attention due to its impacts on sediment erosion and deposition
processes (Fang et al., 2017; Kramer & Papanicolaou, 2012; Papanicolaou et al., 2012; Yager et al., 2007), effects
on fish habitat (Lacey & Roy, 2008; Shamloo et al., 2001), and the induction of hyporheic exchanges (Dudunake
et al., 2020; Lee et al., 2022), among other phenomena.

Extensive investigations have been conducted on mean flow patterns and turbulence structures over fully sub-
merged boulders, resulting in several key findings. These include an S‐shaped mean velocity profile downstream
of boulders (Ozgoren et al., 2013), an elongated layer of high turbulence intensity and Reynolds shear stresses
(RSS) at the boulder crest (Dey et al., 2011; Strom & Papanicolaou, 2007), and the presence of large‐scale
coherent flow structures such as tip vortices and horseshoe vortices near boulders (Ferro, 2003; Hajimirzaie
et al., 2014; Strom & Papanicolaou, 2007; Tsakiris et al., 2014). Additionally, several vortex shedding
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mechanisms due to boulders have been identified, including a detached shear layer (Best, 2001) and the flapping
of the wake (Best, 2001; Hajimirzaie & Buchholz, 2013; Liu et al., 2017).

The majority of these investigations have focused on flow characteristics in regions of high relative submergence
(HRS), where k > 3.5 (Kramer & Papanicolaou, 2012). Relatively few studies (Baki et al., 2016; Golpira
et al., 2023; Hajimirzaie et al., 2012; Monsalve & Yager, 2017; Shamloo et al., 2001) have delved into the
turbulence in low relative submergences (LRS, with k close to 1 or less) due to the complexities involved in
accurately capturing free surface fluctuations both numerically and experimentally. Velocity measurements
conducted using point probes offer only limited insights, suggesting that reverse flow in LRS flows (k < 1.3) may
be stronger than in HRS flows (Shamloo et al., 2001). Recent advancements in particle image velocimetry
techniques have enabled a two‐dimensional quantitative comparison of mean statistical properties in the wake of
boulders at 1.3 < k < 3.0 (Golpira et al., 2023), revealing significantly elevated turbulent kinetic energy (TKE)
and RSS at low k. Arguably, the numerical simulation conducted by Monsalve and Yager (2017) represents a
pioneering attempt, if not the only one, investigating water‐surface effects in LRS flows. They employed the
unsteady Reynolds‐Averaged Navier‐Stokes (RANS) equations and investigated the time‐averaged hydrody-
namics in the vicinity of boulders. Despite advancements in understanding the mean flow field, there remains a
lack of knowledge concerning turbulence structures such as large‐scale motions (LSM) near boulders for LRS
flows, despite their significant contribution to RSS (Duan et al., 2021).

Several flume experiments have demonstrated significant differences in sediment deposition patterns between
low relative submergence (LRS) and HRS flows (Monsalve et al., 2017; Papanicolaou et al., 2018; Polvi, 2021).
In flows with HRS (k > 3.5), sediment tends to accumulate downstream of large roughness elements (Papani-
colaou et al., 2012, 2018). Conversely, in low relative submergence regimes (k < 3.5), studies have observed the
deposition of sediments directly upstream of boulders (Monsalve et al., 2017; Papanicolaou et al., 2018;
Polvi, 2021). Monsalve and Yager (2017) attributed the formation of upstream sediment patches to negative shear
stress divergence upstream of boulders in LRS flows. However, their use of unsteady RANS models is limited in
capturing the amplification of turbulence with complex boundary flows (Kang et al., 2011; Rodi et al., 2013;
Tokyay & Constantinescu, 2006). Consequently, the predicted near‐bed RSS exceeds the critical shear stress for
sediment incipient motion upstream of boulders, where sediment deposition is observed in corresponding flume
experiments (Monsalve et al., 2017).

In this study, large‐eddy simulations of open‐channel flow through boulder arrays are conducted across a range of
relative submergences from k= 0.25 to 3.5. The main questions motivating this investigation are as follows:What
are the effects of relative submergence on the time‐averaged flow field and Reynolds stress near boulders? How
does k influence turbulence structures within boulder arrays? Ultimately, how can these findings elucidate the
diverse sediment deposition patterns observed under varying k conditions by Papanicolaou et al. (2018)?

2. Numerical Method
2.1. Governing Equations

In this study, the method of large‐eddy simulation, using the open‐source code Hydro3D, is employed to study the
turbulence in open‐channel flow through boulder arrays. Hydro3D has been validated and applied to several flows
of similar complexity to the one reported here (Liu et al., 2017, 2019, 2022b). The code solves the filtered Navier‐
Stokes equations for incompressible, unsteady and viscous flow reading:

∂ui
∂xi

= 0 (1)

∂ui
∂t
+
∂uiuj
∂xj

= −
1
ρ
∂p
∂xi

+
∂(2νSij)
∂xj

−
∂τij
∂xj

+ fi + gi (2)

where ui or uj is the resolved velocity vector (i or j= 1, 2, and 3 represent x‐, y‐ and z‐axis directions, respectively);
and similarly, xi represents the spatial vectors in the three directions; ρ is water density; p is the resolved pressure;
ν is the kinematic viscosity; fi is the volume force introduced in the immersed boundary (IB) method proposed by
Uhlmann (2005) to impose the no‐slip and impermeable constraints on the fluid‐solid interface; gi is the gravi-
tational acceleration; and Sij is the filtered strain‐rate tensor. The sub‐grid scale (SGS) stress is defined as
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τij = − 2νtSij and the wall‐adapting local eddy viscosity (WALE) model proposed by Nicoud and Ducros (1999)
is used to model the SGS stress. The calculation formula for the turbulent subgrid scale eddy viscosity of this
model is:

vt = (Cω∆)2
( sdij sdij)

2
3

(SijSij)
5
2 + (sdij sdij)

5
4

(3)

where Cω = 0.46,∆ = (∆x∆ y∆ z)
1
3 the traceless symmetric part of the square of the velocity gradient tensor can

be calculated using the following formula:

sdij =
1
2
(gikgkj + gjkgki) −

1
3
δijg2kk,gij =

∂ui
∂xj

(4)

The convection and diffusion terms of the Navier‐Stokes equations are approximated by fourth‐order accurate
central differences. An explicit 3‐step Runge‐Kutta scheme is used to integrate the equations in time, providing
second‐order accuracy. A fractional step method is employed, that is, within the time step convection and
diffusion terms are solved explicitly first in a predictor step which is then followed by a corrector step during
which the pressure and divergence‐free‐velocity fields are obtained via a Poisson equation. The latter is solved
iteratively through a multi‐grid procedure (Ouro et al., 2019).

The location of the water surface is calculated in every time step using the level‐set method (Osher &
Sethian, 1988). The method is based on a level‐set signed distance function φ and it is formulated as:

φ(x, t)
⎧⎪⎪⎨

⎪⎪⎩

< 0 if x∈Ωgas
= 0 if x∈Γ

> 0 if x∈Ωliquid

(5)

where Ωgas is the air‐phase domain, Ωliquid is the water‐phase domain and Γ represents the interface. The interface
movement is calculated through a pure convection equation:

∂φ
∂t
+ u·∇φ = 0 (6)

Discontinuities between density and viscosity at the interface can lead to numerical instabilities. This is avoided
by setting a transition zone in which density and viscosity transitions between water and air is smoothed.

ρ(φ) = ρg + (ρl − ρg)H(φ) (7)

μ(φ) = μg + (μl − μg)H(φ)

The transition zone is defined as |φ|≤ ε, where ε is half the thickness of the interface. This is implemented through
the Heaviside Function H(φ) as formulated:

H(φ) =

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0 if φ < − ε

1
2
[1 +

φ
ε
+
1
π
sin (

πφ
ε
)] if φ≤ ε

1 if φ > ε

(8)

Although the level set method is successful in capturing the air‐water interface, instabilities can arise if φ does not
maintain its property of |∇φ| = 1 as time advances. This is addressed through a re‐initialization technique applied
in the transition zone. The re‐initialized signed distance function d is calculated by solving the partial differential
equation given by Sussman, Smereka, and Osher:
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∂d
∂ta

+ s(d0)(|∇d| − 1) = 0 (9)

where d0(x, 0) = φ(x, t) , ta is the artificial time and s(d0) is the smoothed sign function formulated as:

s(d0) =
d0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

d20 + (∇d0|εr)
2

√ (10)

This partial differential equation is solved for several iteration steps, εr/∆ ta where εr is a single grid space. These
adjustments to the level set method are applied only in the interface zone.

2.2. Computational Setups

Figure 1 illustrates the domain and the setup of the simulations. The channel bed is artificially roughened with
seven layers of spheres, each with a diameter of d = 0.0192 m. Four large boulders, each with a diameter of
D = 3d = 0.0576 m, are placed diagonally on the top layer of spheres. The bed elevation (zbed = 0.091 m) is
defined at the crest of this top layer, and the vertical distance above the riverbed is denoted by z1, defined as
z1 = z − zbed. The current bed configuration allows for a 2.3% coverage of large boulders over the total riverbed
area, consistent with the boulder concentration in mountainous rivers (1%–34% and 5%–15% of the total riverbed
as reported by Montgomery & Buffington, 1997; Nativ et al., 2022, respectively).

Table 1 provides the details of the simulations in terms of their hydraulic
properties. In total, six simulations with different relative submergences are
performed. For Cases 1 to 5, the bulk flow velocity is maintained constant,
while the relative submergence, defined as the ratio of water depth to boulder
diameter (H/D), is increased from k= 0.25 to k= 3.5. This leads to an increase
in the Reynolds number, defined as Re = UbH/ν, from 4,320 to 60,600 and a
decrease in the Froude number, defined as Fr = Ub/

̅̅̅̅̅̅̅
gH

√
, from 0.80 to 0.21.

Case 6 serves as the validation case, based on the flume experiment conducted
by Papanicolaou et al. (2012) at k = 3.5, the data of which are used to validate
the LES. Three types of friction velocity are shown in Table 1, u∗,g, u∗,bou, and
u∗,sph. u∗,g represents the global‐averaged friction velocity defined as

u∗,g =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
− H
ρ ⟨

dP
dx⟩

√
, where ⟨dPdx⟩ is the time‐ and spatially averaged pressure

gradient that drives the flow. u∗,bou and u∗,sph are the friction velocity for
boulders and for the top layers of bed spheres, respectively, of which the
computing methods are provided in Liu et al. (2024).

Figure 1. The computational domain of the LES.

Table 1
The Hydraulic Parameters for the Six Cases

Case 1 2 3 4 5 6

Ub (m/s) 0.3 0.3 0.3 0.3 0.3 0.78

H(m) 0.0144 0.0432 0.072 0.1152 0.202 0.202

k = H/D 0.25 0.75 1.25 2.0 3.5 3.5

u∗,g/Ub 0.141 0.181 0.183 0.147 0.125 0.247

u∗,bou/Ub 0.042 0.042 0.030 0.032 0.029 0.057

u∗,sph/Ub 0.049 0.045 0.044 0.037 0.034 0.067

Re 4,320 12,960 21,600 34,560 60,600 157,560

Fr 0.798 0.461 0.357 0.282 0.213 0.554
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Periodic boundary conditions are applied in the streamwise and spanwise directions. A no‐slip boundary con-
dition is applied at the channel bottom, and the water surface deformation is calculated by the LSM, as described
in the previous section. Additionally, no‐slip boundary conditions are applied at the surfaces of bed spheres and
large boulders using the direct force immersion boundary method proposed by Uhlmann (2005).

Table 2 provides the domain sizes and meshes used for the simulations. The computational domain, in terms of
large boulder diameter, spans Lx= 10D in the streamwise direction and Ly= 6.67D in the spanwise direction. The
computational domain height, Lz, for the six cases varies from 2.5D at k = 0.25 in Case 1 to 5.83D at k = 3.5 in
Cases 5 and 6. This setup allows for a placement of an approximately 0.8D thick air above the water surface, as
required by the LSM. The mesh spacing, in terms of the boulder diameter, is ∆x = ∆y = ∆z = 1/58D.
Therefore, the grid points in the streamwise and spanwise directions areNx = 576 andNy = 384, respectively. The
number of grid points in the vertical direction increases at higher k, ranging fromNz = 144 in Case 1 toNz = 336 in
Cases 5 and 6. The grid resolutions in wall units, defined as ∆+ = u∗,g × 0.5∆/υ, where υ is the dynamic
viscosity of water, span from ∆x+ = ∆y+ = ∆z+ = 21.2 to 29.6. Grid sensitivity tests were carried out in a
previous study by Liu et al. (2017), in which all numerical methods and computational setups were the same as in
the current Case 6, except for the grid resolution and the top boundary. Liu et al. (2017) reported that simulation
results are grid‐independent with a resolution in wall units smaller than ∆x+ = 32, ∆y+ = 28, and ∆z+ = 32,
which the current simulations satisfy. In addition, the normalized grid spacings near boulders and spheres are also
provided in Table 2. The values of∆D+ and∆d+ range from 3.99 to 7.58. This grid resolution ensures at least one
grid point in the viscous sublayer near the boulders and spheres, as required by the IB method applied in this study
(Uhlmann, 2005).

All simulations are initially run for 10 flow‐throughs (FTs), defined as Lx/Ub, to establish fully developed tur-
bulence and are then continued for another 90.2 FTs to collect turbulence statistics. Velocities and pressure data
are recorded at the symmetry plane of y/D = 3.33 and at the horizontal plane of z1/D = 0.2 at a frequency of
10 Hz. Additionally, time series of velocities above each sphere's top crest at z1/D = 0.2 are recorded at a fre-
quency of 500 Hz for further analysis.

3. Results
3.1. Validation

Figure 2 presents profiles of (a) the normalized time‐averaged streamwise velocity and (b) the normalized root‐
mean‐square streamwise turbulence intensity at selected locations in Case 6. The experimental data, along with
the LES results employing a rigid‐lid top boundary (LES‐Rigid) as published in Liu et al. (2017), are included for
comparative analysis. Overall, both simulations demonstrate good agreement with the experimental data,
revealing a distinct boulder wake of low streamwise velocity near the bed. Furthermore, the current LES‐LSM
shows improved agreement with the experimental data near the water surface, where the LES‐Rigid over-
estimates streamwise velocity. The relative error between the average flow velocity obtained using the LES‐LSM
and LES‐Rigid methods and the experimentally measured averaged flow velocity is given in Table S1 in Sup-
porting Information S1. Across all cross‐sections, the errors from the LES‐LSM method are smaller than those
from the LES‐Rigid method, except at cross‐sections 0 D and 7 D. The global‐averaged relative error for LES‐
LSM is 4.72%, compared to 6.36% for LES‐Rigid, indicating a slight improvement with the application of the
level‐set method. In terms of the streamwise turbulence intensity, the current LES‐LSM demonstrates better

Table 2
The Domain Sizes and the Meshes for the Six Cases

Case Lx
D ,

Ly
D ,

Lz
D

∆x
D =

∆y
D = ∆z

D ∆x+, ∆ y+, ∆ z+ ∆D+ ∆d+

1 10, 6.67, 2.50 1/58 21.2, 21.2, 21.2 5.55 6.27

2 10, 6.67, 3.33 1/58 27.2, 27.2, 27.2 5.52 5.77

3 10, 6.67, 3.33 1/58 27.5, 27.5, 27.5 3.99 5.60

4 10, 6.67, 4.17 1/58 22.1, 22.1, 22.1 4.21 4.70

5 10, 6.67, 5.83 1/58 18.8, 18.8, 18.8 3.85 4.30

6 10, 6.67, 5.83 1/58 29.6, 29.6, 29.6 7.58 5.77
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agreement near the bed surface at x = 3–9 D than the rigid lid counterpart. This suggests that the use of LSM and
hence an accurate representation of local water surface deformations, improves the reproduction of near‐bed
turbulence structures.

3.2. Impact of k on the Time‐Averaged Flow Field

Figure 3 presents contours of the time‐averaged streamwise velocity (left column) and vertical velocity (right
column) in the symmetry plane for Case 1 (a, b) to Case 5 (i, j). The solid and dashed lines represent the time‐
averaged water surface and the iso‐lines of U/Ub = 0.0, respectively. The lowest streamwise velocities are
observed in the wake of boulders, where recirculation regions of length x/D≈ 2 form for k≥ 0.75 and are absent at
k = 0.25. The so‐called “velocity dip” phenomenon, where the location of the maximum streamwise velocity
occurs below the water surface, is observed at the location x/D = 8.5, 7.2, and 6.9 for Cases 1, 2, 3, respectively.
This “velocity dip” is caused by the momentum exchange at the intermediate water depth due to lateral flapping
(shown later in Figures 4 and 11). In Cases 4 and 5, flow above the boulder crest is rarely influenced, maintaining
a higher streamwise velocity compared to below the crest.

Contours of the vertical velocity in the right column of Figure 3 indicate strong upward and downward flow at the
upstream edge of boulders near the water surface or in the boulder‐sphere interspace, respectively. In the near‐bed
region of the boulder wakes, positive vertical velocities dominate for Cases 2 to 5, whereas no significant vertical
velocity presents for Case 1. In Case 3, this upwelling flow interacts with thewater surface, generating a local water
surface hump at x/D ≈ 1.0 and two water surface dips upstream or downstream, respectively. In Cases 4 and 5,
negative vertical velocities occur at 1.0 < x/D < 3.0, suggesting a flow recirculation in this symmetry plane.

Figure 2. Profiles of (a) the normalized time‐averaged streamwise velocity, u/Ub, and (b) the normalized root‐mean‐square
streamwise turbulence intensity, u'rms/Ub, at various locations in the symmetric plane, y/D = 3.33, for Case 6. Experimental
data and the LES results with a rigid‐lid top boundary taken from Liu et al. (2017) are included as Exp and LES‐Rigid for
comparison.
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The time‐averaged streamwise velocity in the cross‐section at x/D = 1.0 (left column) and x/D = 2.0 (right
column) for Case 1 (a, b) to Case 5 (i, j) are depicted in Figure 4. The time‐averaged secondary flow
(V/Ub,W/Ub) at every tenth points is imposed as black vectors along with a reference arrow in (b). At x/D= 1.0,
the highest velocity occupies almost the entire water depth at the two sides of the boulders for the three lower
k cases, whereas at k = 2.0 and 3.5, an apparent boundary layer forms in the near‐bed region, with its thickness
altered by the pair of secondary flow vortices at the elevation of the boulder crest. This vortex pair spans the whole
water depth and transports high‐speed fluid from the outer region toward the channel bed where the flow ap-
proaches the bed (y/D ≈ 1.0 and y/D ≈ 6.0). It dissipates at x/D = 2.0 and a spanwise fluid confluence is observed
near the channel bed (Figure 4j). Meanwhile, for the three lower k cases, secondary flow at the two sides of
boulders primarily displays as spanwise motions of the fluid, with the highest magnitude at intermediate water
depths. For example, the spanwise velocity at y/D = 0 ∼ 2 (Figures 4c and 4d) is highest at approximately half
water depth, enhancing momentum exchange at intermediate elevations and causing the “velocity dip” phe-
nomenon at y/D= 0 in Figures 4c and 4d, that is, 3 to 4D upstream of the adjacent boulder (x/D= 5.0 and y/D= 0).

Figure 3. Contours of the time‐averaged streamwise velocity (left column) and vertical velocity (right column) in the
symmetric plane for Case 1 (a, b) to Case 5 (i, j). The dashed lines in the left column represent the iso‐lines of U/Ub = 0.
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Figure 5 illustrates the three‐dimensional (3D) streamlines in the wake of boulders for Case 1 (a) to Case 5 (e).
The 3D streamlines reveal that flow in the wake of boulders primarily originates from the boulder‐sphere
interspace for the lowest k (Figure 5a). At k = 0.75 and 1.25, flow at the two sides of the boulder is entrained
into the boulder wake due to the strong spanwise velocities observed in Figure 4. At k = 2.0 and 3.5, a tornado‐
shaped time‐averaged wake structure develops in the wake, attracting fluid from the permeable bed and the
boulder‐sphere interspace into its center (Figures 5d and 5e).

Figure 4. Contours of the time‐averaged streamwise velocity in the cross‐section at x/D = 1.0 (left column) and x/D = 2.0
(right column) for Case 1 (a, b) to Case 5 (i, j).
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Contours of the TKE are depicted in Figure 6 in the symmetry plane for Case 1 (a) to Case 5 (e). At k= 0.25, TKE
displays a uniform distribution across the entire water depth with moderate intensity (TKE/u 2∗ ≈ 2.0), except for
the region at x/D < 2.0. At k = 0.75, a region of high TKE is observed at 1.0 < x/D < 3.0, where the streamwise
velocity gradients are the greatest (Figure 3c). At k = 2.0 and 3.5, there is an area of high‐magnitude TKE just
downstream of the crest of the boulder, between the fast‐moving fluid over the top of the boulder and the
recirculating fluid in the lee of the boulder. Finally, TKE in the case of k = 1.25 exhibits transitional features
between those in k = 0.75 and k = 2.0, with high TKE regions observed both in the wake of boulders and

Figure 5. The three‐dimensional (3D) streamlines in the wake of boulders (right column) for Case 1 (a) to Case 5 (e).
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originating from the crest of boulders. Additionally, the magnitude of the highest TKE at k = 0.75 and k = 1.25 is
approximately twice of that in the other two cases, indicating stronger turbulence intensities in these two inter-
mediate relative submergence (IRS) regime.

3.3. Turbulence Structures of Different k

Figure 7 presents the coherent structures (CS) visualized by the Q criterion (Q = 1,000) proposed by Hunt
et al. (1988), contoured by the distance from the bed surface for Case 1 (a) to Case 5 (e). At k = 0.25, streamwise
elongated vortices and hairpin vortices are distributed almost uniformly throughout the domain, except for a
meandering streak downstream of boulders where few turbulence structures are observed (Figure 7a). In contrast,
at the intermediate k values (k = 0.75 and 1.25), the CS are concentrated in the boulder wakes. Among these CS,
the most apparent structures are trains of a spanwise‐elongated vortices near the water surface. Additionally, the
edges of this high‐concentration region exhibit a meandering feature in the streamwise direction. Finally, in Cases
4 and 5, a few streamwise‐elongated rollers are observed in the boulder wakes at the elevation of the boulder crest,
generated by the shear layer roll‐up (Liu et al., 2017). The meandering pattern of the distribution of CS observed
in the three lower k cases is absent likely due to the flow recirculation in the vertical direction (Figures 3g and 3i).

In order to further quantify large‐scale flow structures, the pre‐multiplied spectra (Ps+) of the streamwise velocity
fluctuation in the symmetry plane at z1/D = 0.2 and x/D = 0.5 ∼ 2.0 is presented in Figure 8. Four peaks with
different wavelengths are observed across all cases: λ = 0.8D at k = 0.25, λ = 2.1D at k≤ 1.25, λ = 4.0D at
k = 2.0, and λ = 10D at k ≥ 2.0. The λ = 0.8D peak occurs across all three x/D locations at k = 0.25, with the
magnitude of Ps(u)+ increasing at higher x/D. This peak also appears at all three x/D locations in the side plane
(Figure 9a) where the hairpin vortices of a similar size (0.8D) are observed in Figure 7a. In terms of the λ = 2.1D
peak, it occurs across all three x/D locations at k≤ 1.25, with the zenith energy at x/D= 1.0 in Case 1 and x/D= 2.0

Figure 6. Contours of the turbulent kinetic energy in the symmetric plane for Case 1 (a) to Case 5 (e).
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inCases 2 and 3. In addition, the values of Ps(u)+ equals 2.3 at k= 0.75,which is significantly higher than inCases 1
and 4 (Ps(u)+ < 0.6), explaining the highest TKE regions at x/D = 2.0 shown in Figure 6b. This λ = 2.1D peak
corresponds to the lateral flapping of boulder wakes, which is further confirmed by the Ps(u)+ at z1/D= 0.2 in the
side plane (y/D = 3.83) shown in Figure 9. In the three lower k cases, the pre‐multiplied spectra in the side plane
(Figures 9a–9c) peaks at approximately λ = 4.2D, exactly twice the wavelength of the Ps(u)+ observed in
Figures 8a–8c. This is because the symmetry plane receives twice the shed vortices fromboth sides of the boulder in
a single cycle of the flapping of boulders.

At k = 2.0, the pre‐multiplied spectra in the symmetry plane peaks at approximately λ = 4.0D (Figure 8d), while
Ps(u)+ in the side plane peaks at λ = 5.7D (Figure 9d). The ratio of these two wavelengths does not indicate any

Figure 7. Visualization of the coherent structures by the Q criterion (Q = 1,000) contoured by the distance from the sphere
surface for Case 1 (a) to Case 5 (e).
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Figure 8. Pre‐multiplied spectra of the streamwise velocity fluctuation at z1/D= 0.20 in the symmetric plane for Case 1 (a) to
Case 5 (e). The superscript (·)+ represents a normalized quantity by u2∗,g.
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Figure 9. Pre‐multiplied spectra of the streamwise velocity fluctuation at z1/D = 0.20 in the plane of y/D = 3.83 for Case 1
(a) to Case 5 (e).

Water Resources Research 10.1029/2024WR038282

TANG ET AL. 13 of 25

 19447973, 2025, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024W

R
038282, W

iley O
nline L

ibrary on [17/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



connectance. However, it is evidenced later in Figure 11 that these wavelengths correspond to the flapping of
boulder wakes with the constrain of high‐speed flow at both sides of boulders.

Finally, at k = 3.5, the λ = 10D peak is detected at all three x/D locations in both the symmetry plane (Figure 8e)
and the side plane (Figure 9e). This λ = 10D peak also emerges at x/D = 0.5 at k = 2.0 (Figure 8d). Two hy-
potheses are proposed for this wavelength: (a) the streamwise flapping of boulder wakes, analogous to those
commonly reported in flow over backward‐facing steps (Luo et al., 2023a, 2023c), and (b) the meandering of low‐
or high‐speed streaks recently identified in flow over streamwise‐aligned strips (Luo et al., 2023b). Both
structures were found to feature large wavelengths on the order of 10 times the height of steps (Luo et al., 2023a,
2023c) or the spanwise spacing of strips (Luo et al., 2023b). These two hypotheses are further verified through the
methods of proper orthogonal decomposition (POD) and phase averaging.

POD is capable of separating large‐scale turbulence structures from small‐scale turbulence, providing insights
into the dominant patterns of turbulent motion (Liu et al., 2022a). This procedure involves identifying modes that
contain the majority of the TKE and the reconstructed flow fields of the first (few) modes hence contain the most
energy. Readers are referred to Liu et al. (2022a) for details of this method. In total, 100 reconstructed velocity
instances are obtained in the symmetry plane and in the horizontal plane of z1/D = 0.2, respectively.

Figure 10 presents contours of the reconstructed streamwise (a, b), spanwise (c, d), and vertical (e, f) velocity
fluctuations using the first six modes at k = 0.75 (left column) and k = 3.5 (right column). The reconstructed
velocity fluctuations at k= 0.25, and 1.25 (Figures S1 and S2 in Supporting Information S1) exhibit similarities to
those at k = 0.75, thus are not provided here for brivety. At k = 0.75, the most prominent structures are the
alternating distribution of positive and negative spanwise velocities in the streamwise direction. The positive or
negative ṽ region occupies an area of approximately 2.1D, supporting the hypothesis that the λ = 2.1D peak in
Figure 8b represents the lateral flapping of boulder wakes. At k= 3.5, the dominate large‐scale flow structures are
the brands of negative (Figure 11a) or positive (Movie S1) reconstructed streamwise velocities all along the

Figure 10. The reconstructed streamwise (a, b), spanwise (c, d), and vertical (e, f) velocity fluctuation fields using the first six
proper orthogonal decomposition modes in the symmetry plane at k = 0.75 (left column) and k = 3.5 (right column).
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streamwise direction at the elevation near boulder crest. These 10D brands are accompanied by positive
(Figure 10f) or negative (Movie S1) reconstructed vertical velocities occupying almost the whole symmetry
plane, except for in the wake where a small area of opposite‐signed w̃ field occurs. In addition, tilting strips of ṽ
(Figure 10d) are observed, originating from the bed surface toward the water surface in a mild angle (∼25°).

The reconstructed streamwise (a, b) and spanwise (c, d) velocity fluctuation fields in the horizontal plane,
z1/D = 0.2, is presented in Figure 11, giving more evidences of the lateral flapping of boulder wakes at k = 0.75.
Alternating positive and negative streamwise velocities manifest at the junctures of the shedding flow of high and
low velocity, indicating the regularity and intensity of the flapping and its frequency. Also present are patches of
stronger spanwise velocity suggesting the presence of vortices, previously shed from the boulder. For k= 3.5, the
most distinct large‐scale structures are the meandering of the high‐ and low‐speed streaks at the sides of adjacent
boulders, respectively (Figure 11b and Movie S2). These streaks span the entire domain length (10D), corrobo-
rating what was inferred from Figures 8 and 9. At the spanwise locations of the high‐speed streaks, that is, y/D ≈ 2
and y/D ≈ 4 in Figure 11b, the reconstructed spanwise velocity (Figure 11d) maintains negative or positive,
respectively, indicating separating flow from the symmetry plane to both sides in this horizontal plane. Between the
two high‐speed streaks, a distinct boulder wake with a wavelength of approximately 4D is observed (Figure 11b).
This wake is characterized by an alternating distribution of positive and negative spanwise velocity (Figure 11d)
within 4D downstream of the boulders in the symmetry plane. These findings indicate that lateral flapping of
boulder wakes persists at k= 3.5, though it is confined to the symmetry plane by the high‐speed side streaks. This
phenomenon explains the appearance of 4D peaks in the symmetry plane at k= 2.0 and k= 3.5 (Figures 8d and 8e)
and the absence of corresponding double‐wavelength peaks in the side plane (Figures 9d and 9e) at these sub-
mergence levels.

In order to further clarify the origin of these low‐ and high‐speed streaks, a phase‐averaging procedure is applied
to the velocities in the symmetry plane and the horizontal plane of z1/D = 0.2. This procedure involves (a)

Figure 11. The reconstructed streamwise (a, b) and spanwise (c, d) velocity fluctuation fields using the first six proper
orthogonal decomposition modes in the horizontal plane, z1/D = 0.2, at k = 0.75 (left column) and k = 3.5 (right column).
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retaining the turbulence structure of λ = 10D by applying a Gaussian filter to the streamwise velocity at x/
D= 2.0 and y/D= 3.83 (the red line in Figure 12 represents the filtered velocity signal), then (b) finding the local
maxima andminima of the filtered velocity signal (blue hollow circles in Figure 12), and finally (c) calculating the
respective average velocities in the symmetry plane and the horizontal plane of z1/D = 0.2 at these maxima and
minima. A total of 39 local maxima and minima are identified during the 40 FTs duration data, yielding a
periodicity of Δt ∗Ub/D = 10.2 (in other words λ = 10.2D).

Figure 13 presents the phase‐averaged streamwise (a, c) and vertical velocities (b, d) in the symmetry plane for the
maxima period and the minima period, along with two iso‐lines of the phase‐averaged (black lines) and the
ensemble‐averaged (green lines) velocities. The length of the boulder wake exhibits resembles shapes between
the maximum (Figure 13a) and the minimum (Figure 13d) periods, both resemble the ensemble‐averaged wake
shape, particular near the boulder crest. The wake lengths, defined as the distance from the iso‐line of u /Ub = 0 to
the boulder center (x = 5D), maintain constant of approximately 2.0D in the two periods. The vertical velocity in
these two periods shows little discrepancies as well. These observations demonstrate the absence of the
streamwise flapping of boulder wakes.

Distributions of the phase‐averaged velocities in the horizontal plane of z1/D = 0.2 are presented in Figure 14,
along with the iso‐lines of the phase‐averaged and ensemble‐averaged quantities. Figures 14b and 14d clearly
demonstrates that lateral flapping occurs in the far wake regions, that is, >2D downstream of the boulder, with
alterative distributions of higher‐elevated and larger‐area spanwise velocity at one side and vice verses at the other
side. While the boulder wake, identified by the isoline of u/Ub = 0, is relatively stable in the two phases with
limited spanwise flapping at the tails near x/D= 2.0, a significant meandering feature is observed for the boundary
of the isoline of u/Ub = 0.9 at the both sides of boulders. In summary, the phase‐averaged velocity fields
(Figures 13 and 14) support the hypothesis of λ = 10D at k = 3.5 corresponding to the meandering of low‐ or
high‐speed streaks at both sides of boulders, other than the streamwise flapping of boulder wakes.

4. Discussions
4.1. Classifications of the Flow Regime at Different k

Based on the time‐averaged flow and turbulence, the five simulations can be classified into three flow regimes: a
low relative submergence (LRS) regime at k = 0.25, an IRS regime at k = 0.75 and 1.25, and a HRS regime at
k = 2.0 and 3.5. This classification does not satisfy the criterion proposed by Shamloo et al. (2001), who argued
that four flow regimes exit: regime 1 (k < 1), regime 2 (1 < k < 1.3), regime 3 (1.3 < k < 4), and regime 4 (k > 4),
or the criterion proposed by Papanicolaou et al. (2018) of regimes 1, 2, and 3 corresponding to k < 1, 1 < k < 3,
and k > 3, respectively.

Flow and turbulence in Cases 2 and 3 share many similarities, including the shapes of the boulder wakes and the
locations of the “velocity dip” (Figure 3), the distribution of the TKE (Figure 6), and the shape and concentration
of CS (Figure 7). All these above features are generated by the dominance of the lateral flapping of boulder wakes
(Figure 8) in the intermittent relative submergence. Utilizing the wavelength of the lateral flapping of boulder
wakes at the side plane (Figure 9), the Strouhal number, defined as St = fD/Ub = D/λ, is from 0.18 to 0.24.
These values are within the range of St = 0.14 ∼ 0.24 reported in literature for wake structures of wall‐mounted

Figure 12. The LES‐computed velocity signal and the same signal reconstructed using a Gaussian filter at the symmetric plane x = 2.0D of the boulder.
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spheres (Hajimirzaie & Buchholz, 2013; Hajimirzaie et al., 2014; Lacey& Rennie, 2012). The current simulations
suggest a lower bound of the flow regime 2 (k > 0.75) than that in Shamloo et al.’s (2001) and Papanicolaou
et al.’s (2018) classification (k > 1). In addition, flow and turbulence in the Case 1 demonstrates remarkable
difference to Cases 2 and 3 in terms of the distributions of time‐averaged velocities, TKE, and CS, which
demonstrates k = 0.25 as a distinct flow regime (regime 1).

In the HRS regime (k = 2.0 and 3.5), the current LES closely aligns with previous experimental observations
(Hajimirzaie et al., 2014) and numerical results (Liu et al., 2017). The flow recirculation length is approximately
2.0D, fitting within the range observed in other studies involving wall‐mounted spheres. For example, Ozgoren
et al. (2013) and Hajimirzaie et al. (2014) reported recirculation lengths of 1.42D, and 1.90D, respectively. The
shape of the funnel vortex in the boulder wake resembles that observed by Liu et al. (2017) for the same k, albeit at
a Reynolds number 1.6 times higher. Through the methods of POD and phase averaging, the λ = 10D structures
in flow over boulder arrays in the HRS regime have been elucidated for the first time, corresponding to the
meandering of high‐speed streaks at both sides of boulders. Notably, the 10D wavelength matches the length of
the computational domain. To eliminate the possibility that this wavelength is an artifact of the domain size
constraint, an additional simulation is conducted with a computational domain length of 20D. In this case, the
bottom boundary contains only one layer of smaller spheres at k = 3.5. The pre‐multiplied spectra at the same
locations as those in Figures 8 and 9 are plotted in Figure S3 in Supporting Information S1. As shown in Figure S3
in Supporting Information S1, the 10Dwavelength peak remains prominent in the 20D domain, particularly in the
side plane. This observation indicates that the meandering of high‐speed streaks around the boulders is not
constrained by the computational domain length but is instead governed by the streamwise spacing of the

Figure 13. Distributions of phase‐averaged streamwise (a, c) and vertical velocities (b, d) deduced from Gaussian‐filtered
velocity signals in the symmetry plane at k = 3.5. Where (a) and (b) represent the phase‐averaged quantities during the
maxima period, and (c) and (d) represent those quantities of the minima period. The green lines represent several iso‐lines of
the ensemble‐averaged velocities U/Ub = 0 and 0.9 in panels (a) and (c), and W /Ub = 0.1 in panels (b) and (d).
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boulders. This meandering pattern mirrors the behavior of high‐ and low‐speed streaks generated by secondary
flow instability over streamwise‐aligned strips (Luo et al., 2023b) and in partially filled pipes (Liu et al., 2022a).

Current simulation results indicate that the boundary between the LRS and IRS regimes is estimated to lie within
the range of k = 0.25–0.75, while the IRS‐HRS transition likely occurs between k = 1.25–2.0. However, further
systematic investigations combining numerical simulations and experimental validation are recommended to
accurately determine the critical thresholds between these three regimes, particularly when accounting for var-
iations in flow velocities and boulder spacing.

4.2. Implications to Sediment Transport

The current simulations provide insights into the turbulence structures at different k, which could be used to
further explain the experimental findings on sediment transport through boulder arrays. For example, Papani-
colaou et al. (2018) observed the deposition of sediment particles in the boulder wake at k = 3.5, whereas at
k = 0.8, sediment particles accumulated upstream of boulders (Figures 15c and 15f). To explain this distinct
deposition patterns, the RSS at z1 = 5 mm above the riverbed is presented in Figure 15 (the RSS at k = 2.0 is
presented in Figure S4 in Supporting Information S1). The RSS in the boulder corridor is relatively higher than in
other regions for all cases, especially at the two lateral sides of the boulder wake, where high‐speed streamwise
velocities are observed (Figure 4). In contrast, the RSS in the boulder wake (x/D< 2) is relatively low for all cases
due to the low streamwise velocities (Figure 3). It is noteworthy that the low RSS region in the boulder wake
expands downstream until approximately x/D = 6 (Figure 15e) at k = 3.5, whereas at k = 0.75 (Figure 15b),

Figure 14. Distributions of phase‐averaged streamwise (a, c) and spanwise velocities (b, d) deduced from Gaussian‐filtered
velocity signals in the horizontal plane of z1/D = 0.2 at k = 3.5. Where (a) and (b) represent the phase‐averaged quantities
during the maxima period, and (c) and (d) represent those quantities of the minima period. The green lines represent several
iso‐lines of the ensemble‐averaged velocities U/Ub = 0 and 0.9 in panels (a) and (c), and V /Ub = 0.1 and − 0.1 in panels
(b) and (d).
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elevated RSS occupies the region of x/D = 2 to 4 and a second low‐RSS region (highlighted by the dashed lines)
exists upstream of the boulder.

The locations of these low‐RSS regions at different k align well with the deposition patterns observed in Papa-
nicolaou et al.’s experiment (2018) as shown in Figures 15c and 15f. Thus, the deposition mechanics of sediment
particles at different k is explained as follows: at k= 0.8, the flapping of boulder wakes generates strong spanwise
velocities from x/D = 2.0 onwards (Figure 10), resulting in lateral movement of sediment particles toward the
symmetry plane. While the elevated TKE (Figure 6b) and RSS (Figure 15b) near x/D = 2.0 supply the energy
required for sediment transport, sediments deposits upstream of the downstream boulders, where the spanwise
velocity (Figure 10), TKE (Figure 6b), and RSS (Figure 15b) are relatively low. In contrast at k = 3.5, sediment
particles are entrained by the funnel vortex in the lee of boulders (Figure 5), and subsequently accumulate in the
boulder wake, where both the TKE (Figure 6) and RSS (Figure 15e) are relatively low and flow recirculation
occurs (Figure 3).

Papanicolaou et al. (2018) reported two periodicities of bedload transport rate in their experiment, one of a large‐
scale periodicity (about PL = 8–46 min) and the other of a small‐scale periodicity (PS = 4 to 6 minutes). They
argued that the small‐scale periodicity results from congested bedload movement due to reduced conveyance area
within the array, while the large‐scale periodicity corresponds to bedload releases around boulders due to low‐
frequency eddies. To verify these hypothesis, the pre‐multiplied co‐spectra of uʹ and wʹ at z1/D = 0.2 in the
symmetry plane are calculated and depicted in Figure 16. Significant contributions from the three turbulence
structures to the RSS are observed. At k = 0.25, although the pre‐multiplied co‐spectra peaks at the wavelength
λ = 2.1D, the relative contribution (Ps+(uw)) is below 2%. At IRS, contributions from the flapping of boulder
wakes increase significantly to approximately 20%. At k= 2.0 and 3.5, the primary source of RSS originates from
the large‐scale meandering of low‐ and high‐speed streaks, accounting for approximately 20% of the near‐bed
RSS. Notably, the ratio of wavelengths of the meandering of low‐ and high‐speed streaks and the flapping of
boulder wakes is 4.8, identical to the ratio of the large‐scale periodicity to the small‐scale periodicity of the
bedload transport rate (4.8 ± 2.8) measured in Papanicolaou et al.’s experiment (2018). This supports Papani-
colaou et al.’s (2018) hypothesis that the large‐scale bedload periodicity corresponds to bedload releases around
boulders due to low‐frequency eddies, more precisely the low‐frequency meandering of low‐ and high‐speed
streaks. Meanwhile, the current LES demonstrates the small‐scale bedload periodicity is caused by bedload re-
leases due to the flapping of boulder wakes.

Figure 15. Contours of the Reynolds shear stress at z1= 5 mm above the bed surface for the four cases (Case 1 (a), Case 2 (b),
Case 3 (d), Case 5 (e)). (c) and (f) are the plan view images of the deposited spheres in the experiments from Papanicolaou
et al. (2018) of flow through boulder arrays at k = 0.8 and k = 3.5, respectively.
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4.3. Limitations

In natural river systems, boulders typically exhibit ellipsoidal rather than idealized spherical shapes (Lamb
et al., 2017; Strom & Papanicolaou, 2008). Flume experiments comparing drag coefficients between natural
cobbles and spherical particles under equivalent relative submergence conditions have shown that non‐spherical

Figure 16. Pre‐multiplied co‐spectra of fluctuations of the streamwise velocity and the vertical velocity at z1/D = 0.20 in the
plane of y/D = 3.33 for Case 1 (a) to Case 5 (e).
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particles exhibit drag coefficients comparable to those of spheres (Lamb et al., 2017). Under low submergence
conditions, laboratory experiments have consistently shown that sediment accumulates upstream of large ob-
stacles, irrespective of whether the obstacles are spherical (Papanicolaou et al., 2018) or naturally shaped boulders
(Polvi, 2021). These observations support the applicability of the flow regime classification and associated
turbulence structures proposed in this study to riverbeds containing ellipsoidal boulders. Conversely, boulder
spacing emerges as a critical parameter significantly affecting the flow field nearby. The LES employs a constant,
relatively large boulder spacing, where there is no interference between boulder wakes, falling within the isolated
wake regime (Papanicolaou et al., 2001). According to the classification by Papanicolaou et al. (2001), the wake
regimes of a streambed with large boulders can be categorized based on boulder spacing: isolated
(spacing > 6.0D), wake interference (spacing = 2.0D), and skimming (spacing = 1.0D). In a previous study
investigating the same bed configuration at k = 3.5 (Fang et al., 2017), significant variations in wake structures,
near‐bed shear stress distribution, and bedload transport rates have been observed across boulder spacings ranging
from 2D to 10D. The influence of boulder spacing on turbulence structures and sediment deposition at different k
values represents a critical and intriguing area of research. Further investigation is encouraged to determine
whether the three distinct turbulence structures mentioned above persist as the boulder spacing decreases.

Given the nature of the IB method, where computational cells are defined around elements without precisely
conforming to their surfaces, grid resolution near the elements plays a critical role. This resolution is determined
based on the spatially averaged wall‐normal distance from the first fluid grid points near the elements (〈∆r〉) and
the local friction velocity, as proposed by Liu et al. (2024). For a uniform computational grid, 〈∆r〉 is approx-
imately half the grid spacing, regardless of the size of the elements. The local friction velocity, u∗,bou or u∗,sph

computed via the gradient of the double‐averaged tangential velocity as
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ν⟨Vp⟩/〈∆r〉
√

, is significantly lower than

the reach‐averaged friction velocity u∗,g, which is derived from the reach‐averaged pressure gradient. This dif-
ference arises because a substantial portion of the reach‐averaged flow resistance is due to the form drag of
boulders, as demonstrated in both numerical simulations (Liu et al., 2024) and flume experiments (Lamb
et al., 2017; Yager et al., 2007). Across Cases 1 to 5, the largest near‐element grid resolution (D+ and d+) is
D+ = 6.3 (Table 1). This resolution satisfies the requirement of having at least one grid point within the viscous
sublayer near the boulders, as stipulated by the IB method applied in this study (Uhlmann, 2005). Additionally, it
aligns with the grid resolution range reported for partially filled pipe flow (∆x+ ≈ 15, ∆ y+ = ∆z+ ≈ 5) in Liu
et al. (2022b). This consistency supports the grid independence of the results demonstrated in Liu et al. (2017).
However, it is important to note that the current near‐element resolution is still coarser than the recommended
values for smooth‐wall‐modeled LES (∆z+ ≈ 1, ∆ y+ ≈ 20, ∆ x+ ≈ 100) as outlined by Rodi et al. (2013). This
discrepancy may lead to reduced accuracy in the near‐element regions, particularly in resolving subsurface flow
dynamics.

A critical aspect to note is the significantly longer time required for subsurface flow to fully develop under high
submergence conditions compared to surface currents. The differences between time‐averaged surface and
subsurface flow velocities obtained after 10 FTs from short‐term statistics and long‐term statistics across all
simulations are provided in Table S2 in Supporting Information S1. The results indicate that while the difference
in surface flow velocity remains below 5% across all simulations, the discrepancy in subsurface flow velocity can
reach up to 30% at k = 3.5 (Table S2 in Supporting Information S1). Although the time‐averaging process in this
study commenced relatively early, the extended duration of statistical collection (90.4FTs) is considered suffi-
cient to minimize its influence on the numerical results. Furthermore, since subsurface flow is not the primary
focus of this analysis, its potential impact on the conclusions is deemed negligible. However, these findings
underscore the importance of accounting for the prolonged development time of subsurface flow in future studies
focusing on such dynamics.

Bedload transport and channel bed deformation are not simulated in the LES. Several experiments (Monsalve &
Yager, 2017; Monsalve et al., 2017) have shown that bedload transport rates through boulder arrays vary over an
order of magnitude as the erodible beds deform. Therefore, simulations considering fully coupled hydrodynamics
and bed deformations are encouraged to provide further insights into the alteration of turbulence structures, bed
shear stress, and subsequent bedload transport rates.
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5. Conclusions
Large eddy simulations have been conducted to explore the impact of k on the turbulence structures in flow
through boulder arrays. An open‐channel bed has been artificially roughened by seven layers of closely packed
spheres are equipped with moderately spaced boulders. The LES have been validated first using velocity data
published in literature with similar bed configurations. Then the impact of k on the time‐averaged flow field
and turbulence structures has been visualized and quantified. It is observed that the five simulations can be
categorized into three regimes based on k. The key characteristics of each regime, including mean flow
statistics, dominant turbulence structures, and their influence on sediment depositions, are summarized in
Table 3.

At the LRS regime (k = 0.25), boulder wakes, characterized by recirculation flows, are absent, and the time‐
averaged flow exhibits two‐dimensional characteristics, including low vertical flow velocities, straight stream-
lines, and uniform TKE throughout the water depth. At the IRS regime (k= 0.75 and 1.25), elevated levels of TKE
generated downstream of the boulder wakes. At the HRS regime (k = 2.0 and 3.5), time‐averaged funnel vortices
are apparent in the wakes, with the most intense TKE generated by the detachment of the shear layer from the crest
of boulders.

Three distinct types of CS are identified within the flow through boulder arrays: short‐wavelength structures
(λ = 0.8D) at the lowest k, intermediate‐wavelength structures (λ = 2.1D) at k≤ 1.25, and long‐wavelength
structures (λ = 10D) at the k≥ 2.0 near the riverbed. Through the Q‐criterion, POD, and phase averaging
analysis, these structures are identified as the near‐bed hairpin vortex, the spanwise flapping of boulder wakes,
and the meandering of low‐ and high‐speed streaks at both sides of boulders. These CS contribute up to 20%
of the Reynolds shear stress in the wake and influence the distribution of bed shear stress at different k. A
region of low bed shear stress occurs upstream of boulders at low k, while it shifts to the wake of boulders at
high k, which corresponds to the different deposition patterns observed at different k by Papanicolaou
et al. (2018).

Data Availability Statement
The open‐source code, Hydro3D (version 7.0) published on Zenodo, and the data are available from Liu
et al. (2025).

Notations
D the diameter of boulder [L]

D+ the normalized near‐boulder grid resolution [–]

d the diameter of sphere [L]

d+ the normalized near‐sphere grid resolution [–]

Table 3
Summary of the Key Features Across Different Flow Regimes

Regimes LRS IRS HRS

Relative Submergence k = 0.25 0.75≤ k≤ 1.25 2.0≤ k≤ 3.5

Locations of the Highest Flow Velocity Upstream of boulders Upstream of boulders Above boulders

Time‐Averaged Wake Structures Subsurface flow ejection Spanwise flow entrainment Tornado‐shaped flow recirculation

TKE Distributions Uniform across the entire water depth Highest downstream of boulder
wakes

Highest downstream of boulder crests

Dominant Turbulence Structures Near‐bed hairpin vortices Flapping of boulder wakes Meandering of high‐speed streaks

Wavelengths of Dominant Turbulence
Structures

0.8D 2.1D 10D

Potential Sediment Deposition Regions Upstream of boulders Upstream of boulders In boulder wakes
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fi the volume force introduced in the immersed boundary (IB) method [ML− 2T− 2]

Fr the Froude number [–]

gi the gravitational acceleration [LT− 2]

H the depth of water [L]

k relative submergence [–]

Lx the length of the x‐direction computation domain [L]

Ly the length of the y‐direction computation domain [L]

Lz the length of the z‐direction computation domain [L]

Nx the number of grids in the x direction

Ny the number of grids in the y direction

Nz the number of grids in the z direction

p the resolved pressure [ML− 1T− 2]

Re the Reynolds number [–]

Sij the filtered strain‐rate tensor [T− 1]

TKE the turbulent kinetic energy [ML2T− 2]

Ub the bulk velocity [LT− 1]

ui the velocity vector in the i direction [LT− 1]

uj the velocity vector in the j direction [LT− 1]

u∗,g the global‐averaged friction velocity [LT− 1]

u∗,bou the friction velocity acting on boulders [LT− 1]

u∗,sph the friction velocity acting on spheres [LT− 1]

Vp the tangential velocity at the first fluid node near boulders or spheres [LT− 1]

xi the spatial vectors in the three directions [L]

z1 the vertical distance above the riverbed [L]

zbed the height of riverbed [L]

Ωgas the air‐phase domain [L3]

Ωliguid the water‐phase domain [L3]

τij the sub‐grid scale (SGS) stress [ML− 1T− 2]

λ wavelength [L]

ν the kinematic viscosity [L2T− 1]

ρ water density [ML− 3]

∆r the normal distance from the first fluid node to the surface of boulders or spheres [L]
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