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Abstract Fallen trees enter the adjacent stream and are carried away downstream by the current. As the
stream joins another one, the complex hydrodynamics near their confluence make the movement of wood hard
to predict. These woods may accumulate near the confluence resulting in backwater and subsequent potential
flooding. A laboratory study was conducted to investigate the movement and accumulation behavior of
individual pieces of wood near the confluence. The characteristics of wood (i.e., the length, diameter, and
density) and the hydraulic conditions (i.e., the discharge ratio and the release distance) were varied in this
investigation. It was found that the wooden pieces released from the tributary got occasionally trapped in the
flow separation zone of the confluence, whereupon they were mainly trapped by a clockwise vortex and
continued to stay driven by a reverse cluster of currents within this zone. The accumulation probability of wood
was mainly related to its length, the discharge ratio and the release distance. The effect of wood diameter and
density within the tested parameters was negligible. The probability increased with an increase in the discharge
ratio as well as a decrease in the release distance. The longer pieces had a higher probability of being trapped,
whereas for those exceeding some critical value, the probability was nearly the same, or dropped sharply. A
generalized model for wood accumulation near the confluence was developed for practical application. These
findings carry significant implications for river management, particularly in preventing the risk of flooding
caused by wood blockage.

1. Introduction

Large wood (LW, e.g. wood floating in a river with a body larger than 1 m in length and 0.1 m in diameter, Keller
& Swanson, 1979; Wohl et al., 2010) have received much attention in the past two decades, since they are critical
in the river dynamics (Bocchiola et al., 2002; Collins et al., 2002; Gippel et al., 1996; Gurnell et al., 2002;
Manners et al., 2007; Schalko et al., 2018; Spreitzer et al., 2021), aquatic ecology (Fausch, 1993; Gurnell
et al., 2005; Johnson et al., 2005; Nagayama et al., 2012; Wohl, 2017) and riverine infrastructure (Comiti
et al., 2016; Lucia et al., 2015; Ruiz-Villanueva et al., 2014). Trees fall into the adjacent steams due to aging,
wind, fire or bank erosion (Benda, Miller, et al., 2003; Lancaster et al., 2003); they are mobilized and transported
by the increasing flow depth during flooding, after which they may congregate and even accumulate at bars,
islands, floodplains and other river-spanning infrastructures, such as bridges and weirs (Diehl, 1997; Ravazzolo
et al., 2022). This may cause backwater flooding and pose potential hazards to riparian areas (Wohl et al., 2016).
When the flow conveying the LW joins another stream, the LW transport behavior near the confluence (a critical
node in a river system) is unpredictable due to the complex confluence hydrodynamics, and even causes accu-
mulation and jams (Benda, Veldhuisen, & Black, 2003; Benda et al., 2004). Therefore, the present paper
investigated the LW transport and potential accumulation near the confluence of two open channels. As a prelude,
previous studies related to LW transport and accumulation in a single open channel flow were briefly reviewed.
These will provide insight into the basic understanding of the LW movement near the confluence.

Many laboratory and in-situ experiments (e.g., Bocchiola et al., 2006; Braudrick & Grant, 2001; Davidson
et al., 2015; Marcus et al., 2002) have been conducted to explore the transport mechanism of LW, which is
complex and affected by many factors. For example, 35 core influencing factors were well selected by Wohl
et al. (2010), and the study became the cornerstone of later in-stream LW studies. Many studies focused on
the transport patterns and travel distance of the floating LW. If the water depth is enough to induce buoyancy,
the LW floats and is conveyed by the water flow (Braudrick et al., 1997; Haga et al., 2002). In straight
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channels, the pathway followed by LW typically occupies a narrow segment of the channel (Panici, 2021) and
aligns with the thalweg (Diehl, 1997), thus facilitating efficient downstream transport (Bocchiola et al., 2006;
Braudrick & Grant, 2001). In sharp river bends, it was found that the LW is placed along the thread between
the center of the channel and the outside bank (Diehl, 1997), due to helical cells and LW inertia (Innocenti
et al., 2023). The distance traveled by LW is related to the LW characteristics (e.g., length, diameter, density
and geometry), the channel flow characteristics (e.g., water depth and flow velocity), and in-channel struc-
tures. LW pieces with a longer length have a higher momentum, which allows them to overcome frictional
resistance, and experienced a wider range of velocities and depths which reduce the influence of local
conditions (reductions in depth and velocity) (Innocenti et al., 2023; Ruiz-Villanueva, Wyzga, et al., 2016).
The effect of length on travel distance arises from the balance of the two factors, momentum and frictional
resistance (Braudrick & Grant, 2001). Welber et al. (2013) found that relative LW diameter strongly reduces
wood mobility, with travel distance dropping for diameters exceeding 50% of median channel depth. Like-
wise, LW with roots were less mobile and therefore less likely to move a long distance (Moulin & Pié-
gay, 2004), the observation by Welber et al. (2013) highlighted that the presence of rootwads affect LW
mobility mainly by preventing rolling.

Spanwise or partial LW accumulation near hydraulic structures like bridges and weirs can increase flow
resistance, thereby slowing flood flows and raising inundation risks, and cause blockages and damage that
escalate flood protection challenges (Comiti et al., 2006, 2016; Lucia et al., 2015; Ruiz-Villanueva et al., 2014;
Schalko et al., 2019a, 2019b). Accumulation probability is an important parameter to assess the probability that
LW can accumulate near the structures. Previous studies mainly examined the LW accumulation probability
near the bridge piers under different conditions, for example, the LW characteristics (i.e., the length, diameter,
density, and irregularity of LW, etc.) and flow conditions (i.e., the water depth, flow velocity, Froude number,
etc.). Schalko et al. (2020) reported that as LW length increases from 0.1 to 0.4 m, the accumulation probability
increases by approximately 40%, demonstrating a significant effect of LW length. A potential reason for this is
that the longer wood tends to touch the second pier (where present) during the rotation process after LW
touches the first pier. In the approaching river flow, floating LW does not come into contact the riverbed during
movement. Therefore, LW diameter and its density seem to have a negligible effect on the accumulation
probability (Schalko et al., 2020), as well as the LW geometry (e.g., roots or branches) (Lyn et al., 2003;
Schalko et al., 2020). The probability of accumulation for low flow velocities, or low Froude numbers, is
generally high (Bocchiola et al., 2008; Haga et al., 2002; Schalko et al., 2020; Schmocker & Hager, 2011).
However, the accumulation probability seems to be governed by the flow velocity rather than the Froude
number (Lyn et al., 2003; Schalko et al., 2020). LW transported from high velocity may touch the bridge pier
but even pass by due to increased turbulence, waves, and vertical flow components (Schalko et al., 2020;
Schmocker & Hager, 2011).

Confluences act as critical nodes in river network, characterized by the complex three-dimensional variations in
hydrodynamics and bed morphology (Gualtieri et al., 2019, 2020; Tang et al., 2023; Yuan et al., 2019; Yuan,
Xu, et al., 2022; Yuan, Zhu, et al., 2022). Six distinct regions characterize flow dynamics at channel conflu-
ences: flow stagnation, flow deflection, shear layer, flow separation, maximum velocity, and gradual flow
recovery (Best, 1987; Figure 1). The separation zone (e.g., Best & Reid, 1984) and the shear layer (e.g., Rhoads
& Sukhodolov, 2004, 2008; Xu et al., 2022; Yuan et al., 2018) are of particular research interest. The separation
zone develops when the momentum of incoming flow from an angled tributary has sufficient inertia that it
detaches from the channel wall. It lies in the receiving channel near the downstream junction corner. The width
and length of the separation zone increase with the discharge ratio and largely affected by the bed morphology
(Best & Reid, 1984; Yuan, Yan, et al., 2023). The separation zone is characterized by recirculating fluid and the
incoming sediment from the tributary could be trapped by this flow and then deposited therein (Best, 1988;
Rhoads, 2020). The shear layer is characterized by increased turbulence levels, with a significant velocity
gradient between the two combined flows (Yuan et al., 2018). This enhances turbulent mixing and exchange of
momentum and other matter (Rhoads & Sukhodolov, 2001; Yuan et al., 2021; Yuan, Qiu, et al., 2023). This
complex confluence hydrodynamics makes the LW movement unpredictable.

The present study presents a series of experiments conducted to investigate LW transport and accumulation at a
laboratory-scale confluence, and we assume that the condition is sediment-free, and without regard to the wood-
wood interaction and the effects of the wood geometry (roots or branches). The primary objectives of this work
were to: (a) investigate the LW motion and characterize the LW trapping mechanism at the confluence and (b)
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Figure 1. Sketch of the experimental setup including (a) a confluence channel flume with a 60-degree junction angel and (b) a 3-D view of a portion of the flume,
including the position of the infrared camera and a detailed arrangement within the release section in Channel_2.

evaluate the potential LW accumulation probability depending on different LW characteristics (wood length,
diameter and density) and confluence hydrodynamic conditions.

2. Experimental Setup, Instrumentation, and Data Post-Processing
2.1. Physical Model, Model LW and Measurement

Experiments were carried out in a laboratory-scale confluence assembled at the Laboratory of Sediment of Hohai
University, Nanjing (China). The total length of the flume was 10 m. Both the upstream channels, Channel_1 and
Channel_2, were 3 m long and 0.32 m wide each, and the length of the post-confluence channel was 7 m, and the
width was 0.42 m. The ratio of the width of the post-confluence channel to that of the upstream branches was
about 1.3. Such conditions were common in confluent rivers (Yuan et al., 2016). The junction angle was 60°, and
all channels had a rectangular cross-section and a flat smooth bottom. Water was pumped from the downstream
reservoir to two upstream tanks via 110 mm diameter PVC pipes, and the flow discharge was closely controlled by
two ultrasonic flow meters (accuracy # 0.01 L s™") and a pump valve system. Honeycombs and sufficiently long
straighteners were used to ensure that the flow into the junction was fully developed. The water level was
regulated by a downstream tailgate and measured by a ruler against the side wall (accuracy £ 0.1 cm). The
laboratory-scale confluence is schematically shown in Figure 1.

An infrared camera (DS-2CD4DP15), fixed at 1 m above the flume confluence, recorded the trajectory of the LW
movement with a frame rate of 25 Hz. The trajectory of the LW was post-processed by Logger Pro 3.14.1. By
establishing a coordinate system (x-y plane, as shown in Figure 1), the coordinates of the LW motion process were
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Table 1
Hydraulic Experimental Conditions

h (cm) Fr (-) Re (-)

q, 0, L s7h 0, (L ) hy h, Channel_1 Channel_2 Post-confluence Channel_1 Channel_2 Post-confluence
0.70 6.0 14.0 20.2 20.3 0.07 0.16 0.17 9,537 22,253 24,221
0.61 6.0 9.5 20.2 20.2 0.07 0.11 0.13 9,537 15,100 18,771
0.53 6.0 6.8 20.2 20.2 0.07 0.08 0.11 9,537 10,808 15,501
0.45 6.0 5.0 20.2 20.2 0.07 0.06 0.09 9,537 7,947 13,321
0.35 6.0 33 20.2 20.1 0.07 0.04 0.08 9,537 5,245 11,263

Note. g, is the discharge ratio that equals to Q,/(Q, + Q,); O, and Q, are the discharges in Channel_1 and Channel_2, respectively; 4, and h, are the water depths of
Channel_1 and Channel_2, respectively, which are measured 20 cm upstream from the apex; Fr is the Froude number equals to v/4/gh, where v is the velocity of the
channel, g is the gravitational acceleration, and 4 is the water depth; Re is the Reynolds number equals to vL/v, where L is the hydraulic radius, and v is the kinematic

viscosity.

recorded at intervals of every 5 frames until the normal direction of the LW was parallel to the flow direction. The
velocity field with a moving LW near the free surface (1 cm underwater) was measured using a particle tracking
velocimetry (PTV) system (Van den Bremer et al., 2019; Whittaker et al., 2015), including a CMOS camera, a
laser, seeding, an image acquisition card, a high-performance computer, and PTV image processing software. The
CMOS camera model was JAI SP5000-cxp2, with a resolution of 2,560(H) x 2,048(V) pixels and a maximum
frame rate of 254.1 Hz. The high-speed CMOS camera captured the illuminated flow pictures with a 100 Hz frame
rate and 120 s sampling time, and the flow was illuminated by a laser light sheet generated by a 7.0 W Nd: YAG
laser using a cylindrical lens with a wavelength of 532 nm. The CMOS camera lens is Kowa LM25HC. A dark
room was arranged around the flume. The optical axis of the CMOS camera was vertically downwards,
perpendicular to the laser plane (i.e., the measurement plane, which is a horizontal plane). The fluid tracers were
silver-coated hollow glass spheres having a diameter of 50 pm and the density was 1.04 kg/m°, the flow field
images processing was conducted with Streams v2.06 (Nokes, 2017). One hundred consecutive photographs (the
interval between two photos was 0.01 s) which captured the trajectory of the LW were selected and the
instantaneous flow velocity was calculated using Streams v2.06.

The experiments were conducted under steady flow and sediment-free condition. The hydraulics of LW flow are
characterized by the discharge ratio g, (defined as the discharge of the Channel_2 to the total one). During the
experiments, the Channel_1 flow discharge (Q,) was held constant, and the Channel_2 flow discharge (Q,) was
modified to regulate the discharge ratio. The water stage z was set to 20 cm at 0.5 m upstream of the tailgate, the
water depth of Channel 1 and Channel 2 (measured at 20 cm upstream from the apex) are provided in Table 1.
The flow discharge, flow velocity, Froude number, and Reynolds number used in the experiments are also shown
in Table 1.

Natural woods with constant cylindrical geometry were chosen to represent LW in the experiments, geometrical
irregularities (including any rootwads and branches) were excluded to simplify the piece. By referring to two
specific ranges of wood density found in previous research: (a) instream wood (a mean value of 660 = 200 kg/m3,
Ruiz-Villanueva, Piégay, et al., 2016) and (b) waterlogged large wood (with a range of 880-900 kg/m°>, Bux-
ton, 2010), three tree species, namely Betula platyphylla, Styphnolobium japonicum, and Zelkova serrata were
used to achieve various densities. Before the experiments, all LW pieces were repeatedly immersed in water to
determine their wet density. The LW pieces were considered ready for experimentation once their weight sta-
bilized at a constant value (Innocenti et al., 2023). The average wet density of these models was calculated before
the experiment. Henceforth, when referring to LW density (p,,,), we considered the mean wet density. 3 different
average densities (p,,,, were 680, 800, and 900 kg/m® with accuracy + 50 kg/m®), 11 lengths (L,,,, ranging from 10
to 20 cm with a step of 1 cm), and 3 diameters (D,,,, were 0.8, 1.5, and 2.0 cm) with a total 99 length/diameter/
density combinations were used. The characteristics of the LW in the experiments are listed in Table 2. The
experiment involved the preparation of 15 identical LW pieces for each required combination and each piece was
only used twice within a specific condition. The ratio of LW length to the channel width and the LW slenderness
are like the ones used in previous field (Abbe & Montgomery, 2003) and laboratory studies (Bocchiola
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Table 2

Experimental Series to Study the LW Accumulation Probability

Test series Tested parameters q, — ProlPor — D, /h, — L /w,, — Ri/w,, —
Al-AS5 L. q, 0.70, 0.61, 0.53, 0.45, 0.35 0.90 0.075 0.238-0.476 (0.024 step) 0.06
A56-A64 Ly, Dy, 0.70 0.90 0.04, 0.075, 0.1 0.238-0.476 (0.119 step) 0.06
A65-A80 Ly, Ry, 0.70 0.90 0.075 0.238, 0.286, 0.357, 0.429  0.06-0.417 (0.119 step)
A81-A89 9> Prw 0.70, 0.61, 0.45 0.68, 0.80, 0.90 0.075 0.357 0.06
A90-A101 4. Ry, 0.70, 0.61, 0.45 0.90 0.075 0.357 0.06-0.417 (0.119 step)

Note. Changing parameters are marked in bold, test series A involves the release of LW from Channel 2. p,,/p,, is ratio of the LW density to the water density
(considering p,, = 1,000 kg/m*); D, /h is ratio of the LW diameter to the water depth; L, /w, is the ratio of the LW length to the post-confluence channel; R, /w, is the
ratio of the release distance to the width of the post-confluence channel, and the release distance is defined as the distance of the release point from the right bank of
Channel_2, the release point is shown in Figure 1.

et al., 2008; Furlan et al., 2021; Schalko et al., 2020; Schmocker & Hager, 2011). In all the experiments, the LW
piece was never soaked, and it always floated on the water surface.

2.2. Experimental Procedures

It was found in pre-tests that the LW released in Channel 1 did not stay at the confluence and move downstream,
while that released in Channel_2 may accumulate in the separation zone of the confluence. Thus, formal
experiment was carried out by adding a single LW into the Channel_2 to the approach flow 60 cm upstream from
the confluence apex. The distance ensured that the LW had the same velocity as the free surface when it arrived at
the confluence. Each LW was carefully released into the channel by the operator, avoiding interference of the LW
and ensuring its initial orientation was parallel to the local flow direction. The LW was released within the release
section when conducting test series A1-A101, and the specific release arrangement under different the release
distance R, (defined as the distance of the release point from the right bank of Channel_2) is shown in Figure 1.
After each trial, the LW was removed from the flume before the next trial, irrespective of whether the LW
accumulated in the separation zone or not. Each test was repeated for 30 times to obtain an estimation error of less
than 0.09 (with a confidence level of 90%), the specific selection method is outlined in Section 2.3. Table 2 shows
the details of the test series conducted in Channel_2.

Five dimensionless quantities were introduced here. They are: (a) the ratio of the wood length to the post-
confluence channel width (L, /w,), (b) the ratio of the wood diameter to the water depth (D,,,/h), (c) the ratio
of the wood density to the water density (p,,/p,,), (d) the ratio of the release distance to the post-confluence
channel width (R,,,/w,), (e) the discharge ratio (q,).

2.3. Statistical Analysis and Test Repetition

Accumulation of LW means that LW is trapped in the separation zone and remains attached to the right bank.
Consequently, the accumulation probability (AP) is defined as the ratio of the accumulated LW in a specific
configuration to the number of repetitions. The accumulation probability of LW was estimated using the
experimental results. Each trial was considered a Bernoulli trial where only two outcomes were possible: either
the LW was transported downstream resulting in an accumulation probability AP = 0, or it was trapped in the
separation zone yielding an accumulation probability AP = 1 (Furlan et al., 2019; Schmocker & Hager, 2011).
The accumulation probability of LW in each test was denoted by AP and 1-AP the probability of passage. The

maximum likelihood estimator AP was used to estimate the accumulation probability, AP:

o~

AP = (1)

S|3

Where n is the number of repetitions in each test, and m is the number of trapped LW, and confidence intervals
with 90% confidence was calculated based on the Wald method, as given in Furlan et al. (2019).
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04 To obtain statistically significant results for accumulation probability, the
—_ O MinSE number of repeated experiments n should be determined. Furlan et al. (2020)
i 0.3 o Averag e SE suggested that the number of repetitions should be at least 30 times to obtain
@ ' <& Max SE an estimation error of less than max SE = 0.09 (max SE = 4 /w), with a
§ 8 confidence level of 90%. In the present study, an initial 300 repetition test was
E 02 F conducted (with a run of Ly, = 15 cm, D,,, = 1.5 cm, p,,, = 900 kg/m> and
B © q. = 0.70, R}, = 2.5 cm) to calculate the standard error for the number of
.‘g 0.1k O 9 experiment repetitions ranging from 10 to 50, step by step (in steps of 10). For
g 2 e a example, when the number of experiment repetitions is 10, the standard error
72 is calculated first based on the results of 1-10 experiments. This is followed

0.0 — 1 1 1 1 by calculations making use of the results of 2-11 experiments, and repeating

0 10 20 30 40 50 others in this manner. After calculating the standard errors of all groups, the
Experiment repetitions (-) maximum, minimum, and mean values of standard errors were found,

respectively (Figure 2). As the maximum value of the standard error was

Figure 2. Maximum, minimum, and average standard error values for lower than 0.1 for 30 repetitions, it was considered as reasonable to conduct

different experimental repetitions with the 300-repetition test.

30 repetitions for each test.

3. Results

The following sections explore the flow patterns of LW near the confluence, estimate the LW accumulation
probability by considering several characteristics of the LW (i.e., the length L,,,, diameter D,,,, and density p,,,) as
well as flow conditions (i.e., discharge ratio g, and release distance R),,). Subsequently, the analysis is further
extended to the LW transport mechanism by investigating the velocity field near the free-surface.

3.1. LW Motion Patterns

In the test series A, the LW released from Channel_2 could occasionally be trapped into the flow separation zone
and subsequently accumulate in this zone. Figure 3 visualizes the main distinct transport patterns, including the
trapping one, escaping one and ‘margin-impact’ mode. Figure 3a shows the trapping processes, which mainly
included: the LW being conveyed along the boundary of the flow separation zone (I), and subsequently revolving
clockwise (top view) (II), until its long axis was perpendicular to the x-direction (III), and moving in the reverse
direction (i.e., -x direction). Finally, it attached to the right bank and accumulated in the flow separation zone (IV).
LW that were not trapped by the separation zone may also undergo revolving during the escaping processes
(Figure 3b). However, they continued to move downstream in the direction of the flow eventually.

Moreover, longer pieces of LW had the potential for touching the flume sidewall during their motion, which is
referred to as the ‘margin-impact’ mode (Figure 3c). Two subsequent major patterns of LW motion were
observed: (a) the LW rotated anti-clockwise and mostly settled in the separation zone while a small portion of the
LW still moved downstream due to the randomness, and (b) the LW rotated clockwise then moved downstream
after the contact. These two patterns were related to the LW motion when and how (particularly the impact angle)
it touched the channel wall, as well as the instantaneous water flow around the LW. As it was a complex and
random process, it was difficult to predict the subsequent motion of the floating wood.

3.2. Effect of LW Length and Discharge Ratio on LW Accumulation Probability

Figure 4a presents the variation of the accumulation probability (AP) with L, under different g,. For the cases
with smaller g, (i.e., g, = 0.35 and 0.45), AP linearly increased as a function of the LW length (R* = 0.92). The
probability peaked when the LW length reached some critical value, and further increase in L;,, caused a rapid
decrease of the AP, even plummeting to zero. The maximum change in AP due to L;,, variation was around 40%
under the smaller ¢,. With the increase in g,, the AP increased correspondingly. Smaller AP for the g, = 0.53 than
that for the larger g, was observed before attaining the peak, though the difference was not significant (~6%). The
highest AP value was around 0.5 for L;,/w, about 0.33 (i.e., L;,, = 14 cm with a test range of 10-20 cm), which
was approximately 20% higher than that for the shortest LW. After AP peaking, there exists a relatively stable
state (defined as a range where the difference is less than 10%) for the higher g,, and this stable state could keep
longer as the g, increase. Particularly for the cases with ¢, = 0.70 and 0.61, when the L, /w, larger than 0.33, the
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(a) Trapping process
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Figure 3. The sketch of LW trajectory near the separation zone includes: (a) the main trapping process with four phases (I) the
LW was advected to the upstream of the separation zone (II) and then revolved along the boundary of the separation zone
ending at a specific position (a rotation was considered as complete when the LW long axis was perpendicular to the flow
direction in the x-direction) (IIT) the revolved LW entered and accumulated in the separation zone (IV) and finally attached to
the right bank, (b) the escaping process, (c) the ‘margin-impact mode’. The green dashed rectangular box is the transition state,
the red dashed rectangular box is the potential revolution zone, the black dashed line is the boundary of the separation zone.

APs were all about 0.45 with a deviation of less than 5%. Such deviation is even within the allowable range of
repeatability (10%).
3.3. Effect of LW Diameter and Density on LW Accumulation Probability

The effect of wood diameter D),, on AP was investigated by testing three different diameters with various L,
(Figure 4b). For all tests having the same L, the deviation of AP for various D, /h was within 10%, which is in
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Figure 4. Accumulation probability (AP) versus (a) LW length L, and various discharge ratio ¢, with test series A1-A55,
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Figure 5. Accumulation probability (AP) versus (a) release distance R, and various LW length L, with test series A81-A89,
(b) release distance R),, and various discharge ratio g, with test series A90-A101.

the allowable limits for reproducibility. Thus, the effects of D,,, on AP were minor compared to the L;,,. Figure 4c
shows the effects of LW density p,,, on AP. It was found that the variation in py/p,, did not affect the AP
significantly. Although some deviation in AP was observed, it was within the range allowed by reproducibility.

3.4. Effects of Release Distance on LW Accumulation Probability

In Figure 5, the AP of LW is plotted versus the release distance R,,,/w,. A clear trend can be seen from the graph
that the AP significantly decreased with the increase of the release distance, as the Ry, increased the AP decreased
until approaching zero. The AP deviation corresponding to R, = 2.5 cm and R,,, = 17.5 cm for L;,, = 15 cm could
reach 50%. When R,,, exceeded 12.5 cm, LW could hardly accumulate in the separation zone. Figure 5 also shows
the relationship between the R,,, and AP under different L;,, and g,, with a noticeable similar trend. As the g, and
L,,, decreased, the R,,, needed to prevent wood from being trapped in the separation zone decreased accordingly.

3.5. Dynamic Response of LW to Free-Surface Flow

In this section the LW trapping mechanism is explored by investigating the velocity field near the free-surface (the
plane 1 cm under the surface) under two different g,. It was observed that two main vortices V1 and V2 lay within
the separation zone and a reverse current was found longitudinally regardless of ¢g,, and the scale of these vortices
was positively correlated to the g, (Figure 6). The variation in the scale of the V1 vortex was particularly evident,
with the width of the vortex reaching approximately 10 cm (i.e., about 0.25 w,) as the g, reached to 0.70 from 0.45.
Figure 6 also shows the LW transport process along with the distribution in the plane xy of velocity vectors (u, v).
The trajectory of the LW always followed the boundary of V1 vortex and entered the separation zone at the
downstream boundary of V1. Meanwhile, LW was perpendicular to the x-direction.

Figure 7 shows the box plot of the LW rotation end position (i.e., when the LW long axis is first perpendicular to
the x-direction as the time when the wood element enters the separation zone) for test series A1-All (i.e.,
Ly, = 10-20 cm, D, = 1.5 cm, p,,, = 900 kg/m® and ¢, = 0.70, R,,, = 2.5 cm). The end position ranged from 20 to
45 cm, and the average was around 33 cm. The accumulation pattern for all the tested LW pieces (regardless of
different characteristics) was similar, as discussed in Section 3.1. Hence, it can be inferred that the primary driver
of LW accumulation in the separation zone was V1 vortex. Therefore, the fluctuation of the V1 vortex resulted in
slight variations in the end position of the LW. Although the downstream boundary of the V1 vortex was rela-
tively stable (around 33 cm) under a large sample statistic, some variations may be due to the random evolution of
the V1 vortex and the complex interaction between the wood and the V1 vortex.

4. Discussion

4.1. Analysis of LW Transport Near the Separation Zone

This section aims to analyses the LW transport along the boundary of the separation zone. First, we assume that
the lift force (as shown in Figure 8, denoted as F}) acting on the LW dominates the movement, and this force is
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Figure 7. Box plot of the LW travel distance, the data are derived from test series A1-A11. The red line (x = 33 cm) represents
the average of all travel distances.

perpendicular to the LW. Second, the vortex size in the separation zone is large enough so that LW could rotate
driven by the vortex, and the vortex driving the LW rotation was assumed as a circular with the diameter D,
(unfortunately not quantified in this study). Last, the LW can follow a circular pathway under the action of lift
force and subsequently accumulate in the separation zone (Figure 8). Therefore, the velocity (v,) when LW is
moving with a circular motion could be estimated according to the centripetal force equation (simplifying the LW
as a point mass situated at the center of mass of the wood):

v = )P @)
2m

where the F| is the lift force, D, is the vortex diameter, and m is the mass of the wood. We can consider that when
the velocity of LW is less than or equal to v, the LW would be captured into the separation zone by the vortex. On
the other hand, if the velocity of LW is too large, it can escape from the effects of the vortex and move down-
stream. At this point, we have developed a hypothesis model that examines whether wood accumulation within
the separation zone is determined by the relative magnitudes of the v, (associated with the centripetal force acting
on the wood) and the velocity of the wood itself. The speed of the wood is affected by the complex interaction
between wood and flow, which is hard to be estimated. v, changes as the average pressure associated with the
instantaneous flow velocity and the angle between the wood and the flow direction changes randomly. The
centripetal force itself is related to the scale and the intensity of the vortex (i.e., the tributary discharge) and the
length of wood. Besides, the distance between the wood and the core of the vortex could also affect their
interaction, and this distance is not constant even under the same experimental condition. Nonetheless, Equation 2
could qualitatively explain the influence of various factors on the transport and accumulation of wood near the
separation zone. It will be elaborated upon later.

4.2. Generalized Statistical Model of LW Accumulation Probability

As shown in Section 3.1, the motion pattern changed when the length of the wood exceed some critical value,
which may be related to the excess size of the wood larger than the vortex size and/or the more frequent

Figure 6. Velocity field near the free-surface (1 cm underwater) of LW accumulation process in the separation zone with the corresponding schematic position of LW
including (a) the accumulation process of LW with a run of L, = 12 cm, Dy, = 1.5 cm, p,,, = 900 kg/m® and ¢, = 0.45, R,,, = 2.5 cm and (b) the accumulation process of
LW with arun of L, = 10 cm, D, = 1.5 cm, p,, = 900 kg/m> and ¢, = 0.70, R,,, = 2.5 cm. The red ellipse represents vortex V1, the green ellipse represents vortex V2.
The multicolored background arrows indicate the velocity vector of the near free-surface, and the arrow size represents the local flow velocity magnitude (the
corresponding color in the colorbar can also indicate the velocity magnitude).
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S | occurrence of the margin-impact mode. In this study, only the data pertaining

Fu ql to the increasing AP phase (i.e., the shorter wood than the critical value) were

Flow direction

used (eliminating duplicates) to derive the statistical model. The data set used
in this generalized statistical model is provided in the Supplementary
Material S1.

The following equation was developed based on nonlinear regression analysis
Ds to quantify the accumulation probability:

L. 1.68 R i —1.12
AP = O.lS(%) (L> 4. (Ly, <Lye) (3)

Hypothetical vortex - ) a a
. ane view
schematic ( ) . N .
where Ly, . is the critical value of the wood length when the accumulation
Figure 8. The schematic diagram representation of LW and the vortex, the probability peaks. Ly, . is related to the size of the vortex/the separation zone.
brown rectangle represents LW, and the blue circle represents the The negative sign of the estimated exponent for R,/w, indicates that a

hypothetical vortex, L, is the length of the LW, Dy is the width of the
separation zone. F, and the F; are the lift force and the drag force acting on
the LW, respectively.

decrease in the release distance increases the accumulation probability. The
positive sign of the estimated exponents for L,,/w, and g, indicates that the
increase of the wood length or the discharge ratio results in increase of the
accumulation probability. The increase in the g, resulted in a higher hydrodynamic pressure on LW, thus pro-
moting downstream transport. However, a larger ¢, also led to a larger separation zone and more intensified
vortices, thereby facilitating the trapping of LW by the V1 vortex and its subsequent accumulation. Based on the
experimental results and the preceding analysis, it can be inferred that the latter aspect plays a more important role
in LW transport, which accounts for the positive exponent of ¢g,. The regression analysis is provided in the
Supplementary Material S1. As with any empirical formula, application of Equation 3 is limited to the range of
tested parameters.

4.3. Effects of the Studied Variables on the Accumulation Probability

In the present study, the LW accumulation probability in the separation zone can only be determined experi-
mentally while the proposed conceptual model (Section 4.1) provides a basis to characterize the transport
mechanism of LW to free-surface flow near the separation zone. The effect of each parameter on the LW
accumulation process near the separation zone is discussed below.

Before AP peaking, an increase in L;,, resulted in a larger AP near the separation zone (Figure 4). It was followed
by a dip. Longer LW integrated a wider range of water velocities which was more likely to be affected by surface
flow turbulence. Rotation was further promoted for the larger LW compared to the shorter ones. This is corre-
sponding to the rising phase in Figure 4a. However, longer wood also has a greater inertia, with a less likely
rotation and accumulation in the separation zone. These two mechanisms apply to wood of any length; it's just that
under higher ¢, the scale and intensity of the vortex are relatively larger, providing a higher level of tolerance for
the competition between these two mechanisms. The competition between these two mechanisms persists until
the scale of the LW (mostly related to LW length) was much larger than the scale of the vortex. When the scale of
the LW exceeded the scale of the vortex, the LW was less likely to rotate in response to the vortex, resulting in a
lower AP eventually. This can explain why there is a relative long stable step in the accumulation probability
under high confluence ratios. Under lower g, we infer that there should also exist a stabilization phase, albeit
shorter than the higher ¢, one. This different phenomenon may be related to the limitation of wood size increasing
steps and separation zone size in experimental conditions. The other factor affecting the accumulation probability
was the margin-impact mode as discussed in Section 3.1, this mode was observed if the LW was larger than the
vortex. It is expected that the margin-impact mode to exert first-order control on the rotational LW motion as the
L,,, gradually increases and/or as the g, gradually decreases. This aspect was not investigated in the present study
due to the limitations of the flume and wood. The effect of L,,, on AP was different from the previous observations
conducted in an open channel flow due to the more important wood-flow interaction. In an open channel, longer
LW had a higher AP simply because their length spanned major parts of the channel or were more likely to be
pushed out of the thalweg and encounter high friction zones (shallow regions) with subsequent accumulation
(Braudrick & Grant, 2001).
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The present results on the effect of Dy, and p,,, on AP agreed with previous studies related to LW motion. Once
the LW was fully floating, the effect of D,,, and p,,, on accumulation was minor. Schalko et al. (2020) investigated
the effect of p,,, on the AP at bridge piers and found that when p; was below 1,000 kg/m?>, the LW was fully
floating, suggesting a negligible effect. Additionally, the tested wood exhibited the different D,, and the similar
P1w but were transported in a comparable pattern, which may explain why D,,, did not significantly affect AP.
However, the impact of D,,, and p,,, might be important if LW reaches the channel bed or touches any in-stream
structure.

In addition, the approach flow conditions, that is, g,, were expected to play an important role in the AP at the
confluence. A higher ¢, led to an increase in the size of the separation zone. According to Equation 2, the critical
velocity v, increased and this in turn enhanced inclusion of LW with higher velocity. Furthermore, an increase in
q, increased the geometric scale of the vortex in the separation zone and hence the AP. It is important to note that
the aforementioned relationship holds true only within a specific range of Ry,,. The R, was driving the initial
position of the wood at the confluence and its subsequent trajectory. An increase in R;,, results in the wood being
positioned further away from the boundary of the separation zone. Consequently, the likelihood of interaction
between the wood and the vortex structure within the separation zone diminishes, leading to a lower AP.
Moreover, if the LW was conveyed by the mainstream (Channel_1 in this study), the shear layer formed at the
convergence of the two incoming surface flows acts as a barrier, impeding the wood from moving toward the
separation zone (Yuan et al., 2018; Yuan, Yan, et al., 2023).

In natural channels, the banks of the post-confluence channel might have plants and vegetation, which could
affect the margin-impact pattern. In addition, LW transport in rivers often occurs in a continuous way, with a
complex wood-wood interaction in addition to the wood-flow interaction. Moreover, natural wood often has
rootwads, branches and so on, and the dynamic response of these complex LW structures to flow might be
different. Numerical modeling of the complex wood-wood interaction (Persi et al., 2018, 2019) is valuable to
investigate the wood transport near the confluence, including the contribution of the hydrodynamics parameter.

5. Conclusions and Outlook

Flume experiments were conducted to investigate the transport and accumulation of large wood at a laboratory-
scale confluence. The objective was to investigate and clarify the interaction between the wood and the free-
surface flow under conditions without sediment and discarding wood-wood interaction. The key findings of
this study are the following.

1. The wood released from Channel_2 accumulated in the separation zone at the right bank of the confluence with
a probability ranging from 0% to 50%, while that released from Channel_1 did not accumulate therein.

2. The behavior of the wood trapped in the separation zone was well captured. During the trapping the wood was
conveyed along the boundary of this zone, rotated clockwise subsequently, moved in the upstream direction
and finally attached to the right bank and stayed in the separation zone. Longer woods (compared with the
scale of the vortex in the separation zone) touched the channel bank and those anti-clockwise rotating settled in
the zone, while those clockwise rotating moved downstream.

3. By PTV measurement, it was found that wood was mainly trapped in the separation zone by a clockwise vortex
(viewed from top) and stayed in it driven by a reverse cluster of currents within this zone. The accumulated
wood generally entered the zone at the downstream boundary of the vortex. A conceptual model for vortex
driven wood rotation was proposed based on the observation to explain the trapping mechanism.

4. The wood length, discharge ratio and release distance had a significant effect on the accumulation probability
in the separation zone. Longer wood had a higher probability of being trapped, whereas the accumulation
probability gradually dropped or remained nearly constant if the wood length exceeded some critical value.
Accumulation probability increased as the discharge ratio increased. The release distance was found to be the
most important driver for accumulation. As such distance increased, wood trapping in the separation zone was
weaker irrespective of the prevailing conditions.

5. For fully floating wood, the wood did not touch the channel bed. The same pathways under different wood
diameter and wood density resulted in negligible effects on the accumulation probability.

6. Based on the observed core factors, three dimensionless controlling parameters were proposed, and a con-
ceptual model for wood accumulation near the confluence was developed for practical application.
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This experiment primarily focused on the transport and accumulation of individual wood pieces under sediment-
free condition without regard to the effects of the wood geometry (roots or branches). However, congested
transport was observed to increase the probability of wood jam formation (Bocchiola et al., 2008), which could
have a more significant impact on river morphology and sediment dynamics (Schalko et al., 2019a, 2019b). In
future studies, the numerical modeling of wood-flow interaction could be considered to quantify the conceptual
model, providing an insightful understanding of the motion of wood near confluences.
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