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Impacts of Channel-Spanning Log Jams on Hyporheic Flow
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Abstract In-stream wood structures, such as single logs, river steps, and debris dams, are known to drive
hyporheic flow, defined as the flow that goes into the subsurface region and then back to the free-flowing
surface water. The hyporheic flow plays an important role in regulating water quality and biogeochemical
cycles in rivers. Here, we investigated the impact of a channel-spanning porous log jam, representing piles

of wood logs, on hyporheic flow through a combination of direct visualization and theories. Specifically, we
developed a method using refractive index-matched sediment to directly visualize the hyporheic flow around
and below a porous log jam, formed by piles of cylindrical rods, in a laboratory flume. We tracked the velocity
of a fluorescent dye moving through the transparent sediment underneath the log jam. In addition, we measured
the water surface profile and the spatially varying flow velocity near the log jam. Our results show that the
normalized log jam-induced hyporheic flux remained smaller than 10% at Froude numbers (Fr) below 0.06
and increased by a factor of five with increasing Fr at Fr > 0.06. We combined the mass and momentum
conservation equations of surface flow with Darcy's equation to explain the dependency of the log jam-induced
hyporheic flux on Fr. Further, we observed that at Fr > 0.06, the water surface dropped noticeably and the
turbulent kinetic energy increased immediately on the downstream side of the log jam. These findings will
facilitate future quantification of hyporheic flow caused by channel-spanning porous log jams.

Plain Language Summary Log jams are trees that frequently fall and accumulate in rivers. Field
surveys and numerical simulations suggest that log jams slow down the surface flow and drive hyporheic
flows, which are bidirectional flows that go into the riverbed and back to the surface water. Hyporheic flows
carry pollutants and nutrients and thus play a critical role in water quality and river biogeochemical cycles.
Despite the importance of hyporheic flows, the quantitative characterization of log jam-induced hyporheic
flows remains incomplete. In this study, we conducted experiments in a water-recirculating flume with a

log jam model that resembles piles of wood logs commonly found in rivers. We injected a fluorescent dye

into a transparent sediment bed made from hydrogel beads and visualized the flow within the sediment

bed. Our experimental results show that log jams can increase the hyporheic flow rate by one order of
magnitude. Further, we developed a theoretical model to explain the hyporheic flow induced by a log jam. Our
experimental results and theoretical model will facilitate the evaluation of the impact of log jams on the fate and
transport of nutrients and contaminants in rivers for future restoration projects.

1. Introduction

Hyporheic flow refers to the flow of surface water into the subsurface or sediment region and back to the
free-flowing surface water (Boano et al., 2014; Gooseff, 2010; Tonina, 2012). Enhanced hyporheic flow increases
the retention time of solutes (Marion et al., 2002; Stonedahl et al., 2012), organic matter (Boulton et al., 1998;
Schaper et al., 2019), and fine particles (Drummond et al., 2020; Packman et al., 2000) in the streambeds. Conse-
quently, hyporheic flow alters nutrient uptake by benthic stream organisms (Lehane et al., 2002) and plays an
important role in the biogeochemical cycle (Boano et al., 2010; Li et al., 2017). In addition, hyporheic flow alters
the adsorption and degradation of contaminants by sediment and microbes and thus controls the fate of contami-
nants in streams (Jaeger et al., 2021; McCallum et al., 2020).

Hyporheic flows can be induced by many factors, such as bed forms (Buffington & Tonina, 2009; Dudunake
et al., 2020; Elliott & Brooks, 1997; Marion et al., 2002; Packman et al., 2004; Tonina & Buffington, 2007),
channel sinuosity (Boano et al., 2006; Cardenas, 2009), turbulence (Roche et al., 2018, 2019; Rousseau &
Ancey, 2020; Voermans et al., 2017, 2018b), and in-channel components like vegetation (Huang & Yang, 2022;
Jinet al., 2023; Yuan et al., 2021) and in-stream wood (Ader et al., 2021; Doughty et al., 2020; Lautz et al., 2006;
Sawyer et al., 2011; Wilhelmsen et al., 2021).

HUANG AND YANG

lof 15


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0002-2958-3559
https://orcid.org/0000-0001-6272-1266
https://doi.org/10.1029/2023WR035217
https://doi.org/10.1029/2023WR035217
https://doi.org/10.1029/2023WR035217
https://doi.org/10.1029/2023WR035217
https://doi.org/10.1029/2023WR035217

A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2023WR035217

In-stream wood, including single tree trunks or logs and an accumulation of logs, is ubiquitous in forested river
corridors (Ismail et al., 2021) and play an important role in the transport of water, solutes, organic matter, and
sediment (Spreitzer et al., 2021; Wohl, 2016). In-stream wood can increase the flow resistance (Ader et al., 2021;
Wohl & Scamardo, 2021), which slows down the surface flow velocity (Lautz et al., 2006) and causes a differ-
ence in the water surface elevation along the stream bed (Follett et al., 2021; Schalko et al., 2018). The pressure
gradient due to this difference in water surface elevation can drive hyporheic flows (Ader et al., 2021; Doughty
et al., 2020; Lautz et al., 2006; Wilhelmsen et al., 2021).

The impacts of a variety of structures formed by in-stream wood, including single channel-spanning logs
(Sawyer et al., 2011; Wallerstein & Thorne, 2004), river steps (Curran & Wohl, 2003; Endreny et al., 2011; Scott
etal., 2014), and debris dams (Janzen & Westbrook, 2011; Lautz et al., 2006; Majerova et al., 2015), on hyporheic
flow have been studied. Sawyer et al. (2011) quantified the hyporheic flow induced by a single channel-spanning
log through numerical simulations and flume experiments. Endreny et al. (2011) quantified the hyporheic flow
paths created by a river step through laboratory experiments and hydrodynamic simulation. The impacts of the
debris dams on the hyporheic flows have been studied by field surveys and numerical modeling (Janzen &
Westbrook, 2011; Lautz et al., 2006; Majerova et al., 2015). In addition to the above-mentioned structures, wood
logs can pile up and form a porous structure that blocks the whole water column; such structures, hereafter
referred to as porous log jams, are also known to induce hyporheic flow (Doughty et al., 2020; Wilhelmsen
et al., 2021). However, systematic quantification of the hyporheic flow induced by a porous log jam remains
lacking. The goal of this study is to investigate the impact of a channel-spanning porous jam, formed by piles of
logs, on hyporheic flow through a combination of laboratory experiments and theoretical analyses.

To quantify the hyporheic flow induced by a channel-spanning porous log jam, we directly visualize and quan-
tify the bi-directional hyporheic flows induced by the jam through laboratory experiments using refractive
index-matched materials. Specifically, we created an optically accessible channel using transparent hydrogel
beads to simulate sediment and translucent acrylic rods to simulate a porous log jam. We injected fluorescent dye,
illuminated the dye with a light-emitting diode (LED) lamp, and traced the movement of the dye using a digital
camera. From the velocities of the dye migration, we quantified the log jam-induced hyporheic flow velocities.
In addition, we measured the surface flow velocity in detail around the log jam using particle image velocime-
try (PIV). Furthermore, we developed a physically based theoretical model to explain the dependency of log
jam-induced hyporheic flow on Froude number.

2. Theories
2.1. The Log Jam-Induced Changes in the Surface Flow

As the surface water flows into a porous log jam, the surface flow slows down due to the drag exerted by the log
jam. As a result of this momentum loss, the water surface elevation on the upstream side of the log jam becomes
higher than that on the downstream side of the log jam. The water surface profile around a log jam over a solid
impermeable bed has been characterized by Follett et al. (2020) based on the momentum balance of the surface
flow in the streamwise direction. Specifically, consider the void or pore space of the log jam as a control volume
and assume that the mean vertical surface flow velocity in the log jam is negligible; the rates of momentum
of the surface flow across the upstream and downstream boundaries of the log jam are pB(1 — ¢;)Hyp UuzP and
pB(1 — ¢j)Hd0W"U(120wn (kg - m/s?), respectively. Here p is the water density (kg/m3); B is the channel width (m);
¢; is the solid fraction of the log jam; Hy, and Hgown are the water depths (m) on the upstream and downstream
sides of the log jam, respectively; and Uy, and Ugown are the mean surface flow velocities in the streamwise direc-
tion on the upstream and downstream sides of the log jam (m/s), respectively.

At steady state, two major external forces contribute to the net momentum change of the surface flow through
the log jam in the streamwise direction: the force due to hydrostatic pressure and the drag force exerted by
the solid boundaries of the log jam. The net hydrostatic force acting on the surface flow in the log jam is
% pgB(1 — ¢))(HZ, — H2 ) (kg - m/s®). Here g is the gravitational acceleration (m/s’).

down

First, we assume that the drag of the porous jam, consisting of piles of dowels, can be approximated from the
empirical equations developed for an array of vertical cylindrical dowels (see Section 5.4 for details). Specifi-
cally, we approximate the drag force exerted by the log jam on the surface flow using a quadratic drag law, that is,
%pBL,CDaHdownUlig (kg - m/s?) (Follettetal.,2020). Here L;is the length of the log jam in the streamwise direction
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Figure 1. Schematic diagram of the experimental setup and the two-chamber
model. Specifically, we divide the flows into the surface chamber (blue) and
the subsurface chamber filled with sediment (brown). The x, y, and z axes

(m); Cp is the drag coefficient of the log jam. Cp depends on the Reynolds
number of the surface flow within the log jam. We estimate Cp using Equa-
tion 14 in Cheng and Nguyen (2011) (Cp = 50/ Re* + 0.7[1 — e~ Re/15.000]),
Re, is the Reynolds number based on the frontal area of the log jam, that is,
Re, = Ujogry /v (Cheng & Nguyen, 2011), in which r, is the modified hydrau-

log jam volume 1

lic radius defined as r, = — 220 — -
effective wetted area of logs

jam volume (m™'); v is the kinematic viscosity of the fluid (m?/s), and Ujoe
is the spatially averaged surface flow velocity in the streamwise direction in
the porous log jam (m/s). To simplify the equation, we approximate Ulog as
Udown /(1 —¢;). In Section 5.4, we verified this assumption using our exper-
imental measurements, showing that the difference between U,,, and the
surface flow velocity at the downstream edge of the log jam, Ugown /(1 — @),

; a is the frontal area per

represent the streamwise, spanwise, and vertical directions, respectively. z =0 ~ Was less than 5% of Uoe. Furthermore, we assume that the drag exerted by

indicates the sediment-water interface. x = 0 indicates the center of the log the side walls and the bed are small compared to the log jam-induced drag
jam in the streamwise direction. L; represents the length of the log jam in the (Follett et al., 2020). As a result, the momentum balance equation in the

streamwise direction.

streamwise direction for the flow in the surface water can be written as,

1 1
5pr(l - ¢)(Hs, - H,) — EpBLjCDaHdownUlig
=pB(1 - ¢j)(Hd°W“Udzown - HUPUL‘ZP)' ¢y

Previous studies show that the momentum change, pB(1 — qﬁj)(HdownUdzown - HupUuzp), was about one order

of magnitude smaller than the left-hand terms of Equation 1 and can be ignored (Follett et al., 2020, 2021).
Consistently, our experiments show that this momentum term was only 1% of the hydrostatic pressure force
SpgB(1 - ¢))(H, - H}

down) (see Section 5.4 for details). Thus, we eliminate this term and simplify Equation 1 as:

1 1
5P8BU = $))(Hiy = Hioyy) = 50BLiCoaHunnUo /(1 = $))" = 0 @

2.2. The Log Jam-Induced Hyporheic Flow

Here we propose a two-chamber model, one for the surface flow and the other one for the subsurface flow (see
Figure 1), to characterize the hyporheic flow rate induced by a log jam. In the surface chamber, the surface flow

rate approaching the log jam is Qs = Uy BHyp. In the subsurface chamber, we use Darcy's equation to esti-

mate the hyporheic flow rate, namely Qy = —% ‘;—P BH,, with k denoting the permeability of the sediment bed
M 0x

(m?); u denoting the dynamic viscosity of the fluid (Pa - s), and % denoting the pressure gradient (Pa/m) along
the streamwise (x) direction. H is the sediment depth (m). To simplify the Darcy's equation, we assume that
the hydraulic pressure difference caused by the difference between the surface flow velocities on the upstream
- Uuzp), is orders of magnitude smaller than the difference in the

down

and downstream sides of the log jam, %p(U2
hydrostatic pressure difference at the sediment-water interface, pg ( H gown — H, up). Justification for this hypothesis
is presented in Section 5.4. As a result, ’;—P can be estimated from the gradient in the hydrostatic pressure at the

X
ﬂ
LS

sediment-water interface, namely, ‘;—P =
depth on the upstream and downstream sides of the log jam and L, denoting the mean length scale of the hypor-

= —"iﬂ with AH = Hy,— Hgown denoting the difference in water

heic flow induced by the log jam. Accordingly, the hyporheic flow rate can be approximated as:

_ kpgAH

Oy v L

BH,. 3

In this study, L, is a parameter determined by Darcy's law; such a definition is different from the definition based
on the physical length of the region influenced by the hyporheic flow used in previous studies (e.g., Elliott &
Brooks, 1997). We expect our L, to be determined by many parameters, including the log jam length and the
spatial constraint of the sediment boundaries. In this study, we assume that L, is approximately the same because
the log jam and sediment were the same for all the cases. Note that the flume boundaries on the upstream and
downstream sides of the sediment bed in the test section were impermeable in this study (Figure 1). By dividing
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Equation 2 by % pgB(1 — ¢;), we obtain the following Equation 4a. In addition, the relationship between surface
flow and subsurface flow can be described by conservation of mass, thatis, Qsut = Qup = Uy BHup = O + Qdown
(Equation 4b).

LiCpa 2 _
HUZP - Hdzown - o ]j_¢/)3 Hd(’W“Udown =0 (4)
HuPUuP - HLI()WnUd()wn + fﬂg(Hd(,Zin_Hup) Hx =0. (4b)

By dividing both sides of Equation 4a by H,, + Haown, We derive following Equation 5, which suggests that the
difference in water surface elevations on the upstream and downstream sides of the log jam increases with the
Froude number on the downstream side of the porous log jam, namely,

2
Hup — Hyown = AH = HdOWﬂ LjCDa% ?
(Hup + Hoowmn) (1 — ;)

&)

with Fr? = UdzOwn /&Haown- Further dividing both sides of Equation 5 by Hgown, and substituting H,, with
2
Hgown + AH, we obtain a quadratic equation with unknown AH , that is, ( AH ) + 2( HA” ) — % Fr:=0
down down down 1-¢;)°

(detailed derivation is shown in Text S1 of the Supporting Information S1). This equation has two analytical
solutions, and the solution with positive Hu, (AH + Hgown > 0) is:

AH L,Cga
=1+, [1+ 1"
Hd()wn (1 —¢j)'

Fr2. (6)

Equation 6 suggests that the difference in the water surface elevation nondimensionalized by the downstream
water surface elevation, A H/H own, increases with increasing Froude numbers.

Finally, by substituting Equation 5 into Equation 3, we can write the hyporheic flow rate induced by a log jam as:

H? kH,B L,;C
QH — down pPg S J Da3 FrZ. (7)
(Hup+Hdown) L‘” (1 _¢j)

Equation 7 suggests that the log jam-induced hyporheic flow rate also increases with the square of the Froude
number. The dependency of hyporheic flow flux on Fr? has previously been proposed for single logs (Sawyer
et al., 2011). We compared our model and their model in Text S2 of the Supporting Information S1. Good agree-
ment was observed between these two models, suggesting that our model can potentially be used to evaluate the
impacts of other wood structures, such as single logs, on the hyporheic flow.

3. Materials and Methods

We conducted experiments in a 14.0 m long, 0.6 m wide, and 0.3 m deep water-recirculating flume in the Saint
Antony Falls Laboratory at the University of Minnesota. The channel had a horizontal bottom and glass walls.
The flow was driven by four thrusters (T200 Thruster; BlueRobotics, California). To measure the impacts
of log jam on hyporheic flow, we placed a log jam block (described below) above a 1.5 m-long, 0.6 m-wide,
and 18 cm-deep sediment bed in a straight test section of the flume (Figures 1 and 3a). The sediment was
made of refractive index-matched hydrogel beads of 5.6 + 0.6 mm diameter. The porosity of the sediment bed
was ¢, = 0.3. We estimated the permeability k of the hydrogel beads using the Karman-Cozeny relationship
that k = ¢2d2/180(1 — ¢,)> = 9.6 x 10~ mm?, with d, being the diameter of the hydrogel beads (Voermans
et al., 2018a). The flume boundaries on the upstream and downstream sides of the sediment bed were imperme-
able acrylic boards. The permeability of our sediment resembled the typical range of a gravel bed, which is k =
3 x 1073 to 107! mm? (Das, 2021; Naganna et al., 2017). A plastic polyester mesh with a pore size of 4 mm was
placed at the top of the sediment bed to keep the hydrogel beads in place.

The channel-spanning porous log jam was made by piling acrylic cylinders in an acrylic frame and gluing the
dowels using a super glue (AD119; Scotch Brand, Minnesota), as shown in Figure 2a. The frame was used to

HUANG AND YANG

4of 15



A7oN |
NI
ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2023WR035217

b
0.3 >
< ,',
3 ,
3 X
Eo.z Q
T O
4 o
FU 4
()] ’
g &
2 0.1 5
@ ,
Q //
" @

0 0.1 0.2 0.3
predicted AH/H goun

Figure 2. The change in water surface elevation due to a channel-spanning porous log jam. (a) The water surface (the white dashed lines) was illuminated by a laser
sheet. (b) The predicted difference in the water surface elevation normalized by the downstream water depth versus the measured non-dimensional value. AH indicates
the difference between the water surface elevation on the upstream and downstream sides of the log jam, that is, AH = Hy, — Hgown- The dimensionless value AH/H own
in the x-axis was predicted using Equation 6.

keep the dowels in place and consisted of six 4-mm-wide bars placed equally spaced along the cross-sectional
area of the flume on the upstream and downstream sides of the jam. Experiments with the frame but no log jams
show that the frame had a negligible effect on the water surface profile (Figure S3 in Supporting Information S1).
The diameter and length of the acrylic dowels were 6.4 + 0.1 mm and 38.0 + 0.1 cm, respectively. The length of
the log jam L; was 9.0 cm (Figure 1). The solid volume fraction of the jam ¢b; was defined as the ratio between the
solid volume of the dowels and the total jam volume, including pore space and the dowels (Follett et al., 2021).
The solid volume fraction of our jam was 0.42, consistent with the typical range of the log jam found in the field
¢; =0.2 to 0.7 (Dixon, 2016; Livers et al., 2020; Schalko et al., 2018; Spreitzer et al., 2020). The frontal area per
jam volume a = 4¢); /nd = 84.4 m~! for cylinders (Nepf, 2012). Here d = 6.4 mm was the diameter of the acrylic
dowels. The water surface was lower than the top of the log jam during the experiments.

To evaluate the impact of a log jam on hyporheic flow, we ran water through the channel using four thrusters
mounted equally spaced along a cross-sectional area of the channel (T200 Thruster; BlueRobotics, California).
The initial water depth was set to 12, 16, or 20 cm before the flow started. For each initial water depth, we
conducted experiments at three surface flow rates (Table 1). During the experiments with flows, the water surface
on the downstream side of the log jam dropped due to log jam-induced drag (Figure 2a). To capture this surface
drop, we illuminated the water surface with a laser and imaged the water surface using a side-looking Nikon
camera (D7500; Nikon, Japan) from 15 cm upstream to 15 cm downstream of the log jam. We identified the water
surface based on the pixel intensity because the water surface has a much larger pixel intensity due to the reflec-
tion of the laser light at the water surface (Figure 2a). We traced the water surface profile based on the intensity
of the pixels (see Text S3 and Figure S4 in Supporting Information S1 for details). The code used to process the
data has been uploaded to the Data Repository for the University of Minnesota (DRUM). A small vibration of
the water surface, or surface wave, was observed during the experiments. To remove this surface vibration, we
recoded the images at a 60 Hz frame rate for 30 s and calculated the temporally averaged water surface by averag-
ing the surface elevation identified from 1,800 images. The standard deviation of water surface variation is shown
in Figure S5a of the Supporting Information S1. Our analysis shows that 30 s are enough to obtain a convergent
profile of the water surface elevation (Figure S5b in Supporting Information S1).

We also measured the streamwise and vertical surface flow velocities using two-dimensional (2D) particle image
velocimetry (PIV) across the flume 1 m upstream and 2 cm downstream of the log jam (Figure 3). The cross
Section 1 m upstream of the log jam was on an impermeable bed. The cross Section 2 cm downstream of the
log jam was the cross section closest to the log jam that we could measure using the PIV. The custom-built
PIV consists of a 2-mm-thick green laser sheet of 2-W energy at 532 nm (LSR532F; Lasever, China) and a
side-looking camera with a maximum resolution of 1,224 x 1,024 pixels (BFS-U3-51S5M-C; FLIR Systems,
Wilsonville). The field of view of the camera was 4 cm X 20 cm in the middle of the channel (y = 30 cm). To

HUANG AND YANG

Sof 15



Ay
AUV
ADVANCING EARTH

AND SPACE SCIENCES

Water Resources Research

10.1029/2023WR035217

Table 1
The Experimental Parameters
CaseNo.  H, (ecm) Hy,,(cm) U, (em/s) Uy, (em/s) Uy (emfs) — Qypy(em’s)  Qy,, (cm¥s) Fr* Re,®

Cases with a log jam L1 19.8 17.0 8.1 7.9 1.09 2,029 1,202 0.061 1,621
L2 20.1 18.0 5.9 6.4 0.53 204 582 0.049 1,323
L3 20.0 19.2 3.6 3.6 0.27 205 296 0.026 739
L4 16.4 13.7 7.9 7.7 1.05 2,472 1,160 0.066 1,577
L5 15.9 13.9 6.0 6.7 0.62 467 679 0.057 1,372
L6 16.0 15.4 3.6 3.5 - 276 - 0.028 708
L7 12.1 11.0 4.4 4.7 - 177 - 0.046 968
L8 12.1 10.8 4.6 4.9 - 231 — 0.047 999
L9 12.1 11.5 3.1 3.1 - 97 - 0.030 645

Cases with a flat bed F1 19.4 19.5 8.2 8.6 - —241 0.8 0.062 -
187 19.7 19.7 9.7 9.9 = —108 — 0.071 -
F3 15.5 155 11.8 11.9 - -108 - 0.096 -
F4 11.7 11.7 7.0 7.0 - 0 - 0.066 -

Case with a bedform B1 19.8¢ 19.5¢ 8.3 8.5 — —69 1.9 0.061 —

8Fr = Ugown/ /g Haown- "Rey = Uogrs /v, Where r, =

by a ruler.

water volume
effective wetted area

=g ! =0.012 m. v is kinematic viscosity of water. “The water depths for Case B1 were measured

measure the surface flow velocity, the water was seeded with solid glass beads with a specific gravity of 2.6 and

a mean diameter of 35 pm (3000 E-Spheriglass; Potters Industries Inc., Pennsylvania). An 8-cm-wide square

plastic box was placed on the water surface to prevent image distortion due to the moving water surface. Images

were taken at 200 Hz for 50 s by the side-looking camera. To calculate the surface flow velocity, we processed

the images using the software PIVLab developed by Thielicke and Sonntag (2021). For the two cross sections,

surface flow velocity profiles were measured at a 5 cm interval in the spanwise direction (y-axis in Figure 1) with

additional locations close to the wall (Figure S6 in Supporting Information S1). To calculate the surface flow

rate, we interpolated the measured mean surface flow velocities to the points on a 1-cm grid and integrated the

30
y (¢cm)

15

30
y (cm)

15

N~
<
u (cm/s)

Figure 3. (a) The flow velocities 1 m upstream and 2 cm downstream of the log jam were measured using a PIV. (b) The
flow field on the upstream side of the log jam. (c) The flow field on the downstream side of the log jam. The locations of the

flow measurements in the spanwise direction are described in Section 3 and Figure S6 in Supporting Information S1.
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interpolated surface flow velocity over the whole cross-sectional area (Text S4 and Figure S8 in Supporting Infor-
mation S1). The hyporheic flow rate measured using PIV was calculated as the difference between the surface
flow rates on the upstream and downstream sides of the log jam, that is, Qp prv = Qup — Qaown- In addition, to
evaluate the impact of the transition from impermeable to permeable bed on the surface flow, we measured the
surface flow velocity along a streamwise transect in the middle of the channel without a log jam.

To directly measure the hyporheic flow within the sediment, we conducted dye visualization experiments to map
the hyporheic flow path induced by the log jam and estimated the hyporheic flow velocity. We injected 1 mL of
fluorescent dye at 1.0 x 103 wt% (Fluorescein, Sigma-Aldrich F6377) at around 30 locations, 2.5 cm apart in the
streamwise and vertical directions, at y =25 cm in the sediment beneath the log jam. We chose y =25 cm because
it was close to the middle of the flume (y = 30 cm) and was the maximum distance from the wall where fluores-
cent signals from the dye were distinct from the background in the recorded images. When the dye was injected
further away from the wall, the fluorescent signal became weaker due to a slight difference in the refractive
index of the hydrogel beads and water. The fluorescent dye in the sediment was illuminated by a blue LED lamp
(30 cm % 30 cm) placed beside the flume. The green light emitted by fluorescein was recorded by a side-looking
camera at 60 fps (D7500; Nikon, Japan) with a green light filter (FGV9S; Thorlabs, Newton). The hyporheic flow
velocity was calculated from trajectories of the dye; specifically, we calculate the velocity as the distance between
the locations of the centroid of the dye plume boundary in subsequent images divided by the time step (Figure
S10 in Supporting Information S1). Afterward, we interpolated the hyporheic flow velocity measured at discrete
locations linearly onto a 0.1 cm by 0.1 cm grid. From the interpolated hyporheic flow velocity field, we calculated
the streamwise depth-averaged hyporheic flow velocity, U, as the average flow velocity within the sediment
bed at the downstream edge of the log jam. The hyporheic flow rate estimated in dye visualization experiments
was Qp,pye = BHUy. In addition to tracking dye velocities at y = 25 cm, we also injected dye at y = 10 cm to
provide a clearer visual demonstration of the dye path in Figure 5. The comparison between hyporheic flow fields
at y =10 cm and y =25 cm for Case L1 (Table 1) can be found in Figure S11 of the Supporting Information S1.

To investigate the turbulent intensity of the surface flow, we calculated the turbulent kinetic energy as the sum
of the squares of vertical and longitudinal surface flow velocity fluctuations, that is, k, = %(u’ Zrw 2) with o’

and w’ denoting the velocity fluctuations of the surface flow in the streamwise and vertical directions, respec-
tively. In this study, u’ and w’ were measured by a two-dimensional (2D) PIV. To justify that the estimated k,
reflects the total turbulent kinetic energy in three-dimensional (3D) space, we measured the three-dimensional
flow velocities at 122 locations on the downstream side of a log jam using an Acoustic Doppler Velocimeter
(ADV; Nortek Vectrino, Norway). These ADV measurements show that the lateral component of the velocity
fluctuation of the surface flow, or v, only contributed 10% of the total turbulent kinetic energy k;, specifically,

<F + F) / (ﬁ +w?+ ﬁ) =0.91 + 0.03 (standard deviation) (Figure S12 in Supporting Information S1). The

above comparison suggests that the 2D PIV velocity measurements of the surface flow provide accurate estima-
tion of the total turbulent kinetic energy of the surface flow on the downstream side of the log jam.

During the experiments with water flowing in the flume for the cases with the highest surface flow rate, we
observed a scour hole on the upstream side of the log jam and deposition on the downstream side. The bedforms
reached an equilibrium shape after 8 hr of flow (see Text S5 in Supporting Information S1 for details). To eval-
uate the hyporheic flow induced by the bedform and a flat bed (without a log jam for both cases), we measured
the hyporheic flow rate by both PIV and dye visualization experiments in a channel with a flat bed and a channel
with a log jam-induced bedform but without the log jam. For both cases, we set the mean surface flow velocity
on the upstream side of the log jam U,, = 8.2 + 0.1 cm/s, the same as in Case L1 (Table 1).

Finally, we calculated the effective permeability of the jam k; using Darcy's equation,

qiuL;

j= —ﬁ ®
J

Here g; was the flux of the surface flow through the log jam per unit area (m/s), which was q; = Qdown/BHdown-

A P; was the hydraulic head difference between the upstream and downstream edges of the log jam, estimated

as AP, = %pg(Hdown — Hyp) + %p(U2 —UZ). The results calculated by assuming velocity heads were

down

negligible was discussed in Section 5.3. In addition, we also calculated k; using the Dupuit-Forchheimer equa-

tion Qdown — _ K08 M
B wooo2L
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Figure 4. The hyporheic flow rate estimated from the PIV measurements
versus the Froude number. The error bar indicates the uncertainty in
integrating flow rate with different grid sizes (see Text S4 in Supporting
Information S1 for details). The gray shaded area indicates the standard
deviation of the hyporheic flow rate for the four cases with a flat bed.
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4. Results
4.1. The Log Jam-Induced Change in the Water Surface Elevation

First, we measured the water surface elevation on the upstream and down-
stream sides of the channel-spanning log jam using a digital camera for cases
with different surface flow velocities and water depths. A representative
image for Case L1 (Table 1) is shown in Figure 2a. As shown in the image,
the water surface on the upstream side of the log jam was 2.8 cm higher than
the water surface on the downstream side of the jam. This difference in the
water surface elevations on the upstream and downstream sides of the log jam
was denoted as A H. For the three flow rates and three initial water depths
considered here, the Froude number was in the range between 0.026 and
0.066 (Table 1). As shown in Figure S14a of the Supporting Information S1,
the measured A H/H 4own showed an increasing trend with the increases of the
Froude number Fr = Udown/\/g Haown- Based on Equation 6, we estimated
the ratio of AH and the water surface elevation on the downstream side of
the log jam, A H/H gown, With the Froude number Fr, the log jam length L;,
the drag coefficient of the logs Cp estimated using Equation 14 in Cheng
and Nguyen (2011), the frontal area pre jam volume a, and the solid frac-
tion of the log jam ¢;. As shown in Figure 2b, the value predicted by Equa-
tion 6 and the measured A H/Hown agreed with each other, despite up to a
10% difference when A H/Hgown > 0.15 (Fr > 0.06). We anticipate that the

underprediction of our model was because the turbulent kinetic energy of the surface flow increased sharply

at Fr > 0.06 (see Section 5.1 for details), which dissipated more energy and likely increased the log jam drag.

Despite the difference, Equation 6 predicted the A H/H gown With less than 10% uncertainty, confirming that the

log jam-induced difference in water surface elevation AH was due to the log jam-induced drag and the associated

loss in fluid momentum.

s

N
U (cm/s)

X (cm)

Figure 5. The hyporheic flow field under a log jam. (a) The trajectories
(white lines in the bottom half of the image) of the dye obtained from
time-lapse images (Figure S10 in Supporting Information S1). The white solid
box indicates the boundary of the log jam. The green square in the middle of
the white square box was a tape used to calibrate locations. (b) The hyporheic
flow velocity field estimated from the trajectories. The color map indicates the
hyporheic flow velocity in the streamwise direction. The origin of the z-axis
was at the sediment-water interface. The origin of the x-axis was at the center
of the log jam. The origin of the y-axis was at the right flume wall (when
facing downstream). Gray dashed lines show the streamwise boundaries of the
log jam. The case reported here was Case L1 (Table 1). The dye was injected
at y = 10 cm for visualization purposes.

4.2. Hyporheic Flow Determined From the Surface Flow Fields

The upstream and downstream surface flow rates, that is, Qup and Qqown, Were
calculated by integrating the streamwise surface flow velocity measured by a
particle image velocimetry (PIV) over the cross-sectional area of the flume,
as shown in Figure 3. Representative velocity fields on the upstream and
downstream sides of the log jam measured by a PIV for Case L1 (Table 1) are
shown in Figures 3b and 3c, respectively. We calculated the log jam-induced
hyporheic flow rate, Qu prv, by subtracting the surface flow rate on the
downstream side of the jam from the upstream surface flow rate, which was
Ou.piv = Qup— Quown. For the cases without a porous log jam (Table 1, Cases
F1 to F4), Oy prv was about —3% of Q. (the cross symbols in Figure 4),
showing that the hyporheic flow was small without a log jam. The small
negative hyporheic flow rates (<5%) for the cases without a log jam were
consistent with a slight increase in the mean streamwise surface flow velocity
as the flow moved from the impermeable bed to the permeable sediment bed,
according to conservation of mass (see Section 5.2 for details). The small
negative hyporheic flow rate and the slight increase in streamwise mean flow
velocity may be caused by the uncertainty associated with our velocity meas-
urements and possible secondary flows that are common in flume experi-
ments (Voermans et al., 2017). For cases with a log jam, the measured Qi p1v
was around 6% of Q., when the Froude number Fr was less than 0.06. When
Fr was above 0.06, the hyporheic flow rate increased sharply with increasing
Fr and reached about 30% of Q.p. The sharp increase in Qp pryv /Qup at Fr
above 0.06 suggests that hyporheic flow became increasingly significant at
Fr above 0.06.
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T T 4.3. The Hyporheic Flow Field in the Sediment Under a Log Jam

Dye visualization experiments were conducted to visualize the hyporheic flow
path and calculate the hyporheic flow velocity within the sediment bed. A repre-
sentative image for Case L1 (Table 1) is shown in Figure 5. From the hyporheic
flow velocity field, we calculated the depth-averaged hyporheic flow velocity,
Uy, at the downstream edge of the log jam (right dashed line in Figure 5b). The
depth-averaged hyporheic flow velocity Uy in the sediment underneath the log
jam is plotted against the Froude number on the downstream side of the log
jam in Figure 6. As shown in Figure 6, when Fr was below 0.06, the hyporheic
flow velocity increased slowly with increasing Fr. As Fr increased above 0.06,
a sharp increase in Uy was observed. The sharp increase in Uy with Fr at

Fr > 0.06 was consistent with the PIV measurements shown in Figure 4. The

0 0.02
Fr = Udown/9Hdown that hyporheic flow increases with increasing Fr. We also calculated the hypor-

0.04 0.06 0.08 increase in Uy with Fr was also consistent with Equation 7, which suggests

heic flow rate Q y,py. from Uy, thatis, Qy py. = BH Up. The results are listed

Figure 6. The depth-averaged hyporheic flow velocity within the sediment in Table 1. Q p,. estimated from the dye visualization was on the same order

underneath the log jam, Uy, versus the Froude number on the downstream side
of the log jam Fr. Uy was estimated from the dye visualization experiments,
and the dye was injected at y =25 cm.

of magnitude as Qy psy, the hyporheic flow rate measured by the PIV. We
anticipated that Qg p;y Was a more accurate representation of the hyporheic
flow rate because Qy p,. Was calculated based on the hyporheic flow field at
y =25 cm and did not capture the heterogeneity of the hyporheic flow field in
the spanwise direction.

5. Discussions
5.1. Log Jam-Induced Turbulence and Water Surface Elevation Drop

As shown in Figures 4 and 6, both the hyporheic flow rate Oy prv and the hyporheic flow velocity Uy increased
significantly when the Froude number Fr was larger than 0.06. The increase in hyporheic flow rate with increas-
ing Fr was consistent with our model (Equation 7) and the previous model (Sawyer et al., 2011). Similar to the
dependency of hyporheic flow rate on Fr, our results show that O p;y and Uy remain less than 10% of Q., and
1 cm/s, respectively, when the Reynolds number based on the frontal area of the log jam, Re, = Ulogry /v, Was
smaller than 1,500 and increased sharply with increasing Re, when Re, > 1,500, as shown in Figures 7a and 7b.
In addition, we also plotted Q 7, psv / Qup and Uy versus the Reynolds number based on the hydraulic radius Re;, in
Figures S16a and S16b in Supporting Information S1. Note that the dependency of Oy on Re, was nosier than the
dependency of Qy on Fr, suggesting that Fr was a primary parameter that controlled hyporheic flow as suggested
by our model (Equation 7) and by Sawyer et al. (2011), and Reynolds number was a secondary parameter.

In addition, above the transitional Froude number and Reynolds number, sharp changes in turbulent intensity and
water surface profile were observed. First, we measured the cross-sectionally averaged turbulent kinetic energy k,
on the downstream side of the log jam using a 2D PIV (see Section 3 for details). As shown in Figures 7c and 7d,
k; increases significantly when Fr > 0.06 and Re, > 1,500. Second, we investigated the surface elevation for the
cases with Froude number lower and higher than the transitional Fr = 0.06. As shown in Figure 8c and Figure
S17 in Supporting Information S1, for flows with Fr > 0.06 and Qi p1v /Qaown larger than 10%, the water surface
elevation dropped (by up to 9% of Hgown) a few centimeters downstream of the log jam and then raised to a steady
value with increasing distance from the log jam. Such a drop in water surface elevation was not observed when
Fr <0.06 (Figures 8a and 8b) and QO p1v / Qdown Was around 6%. While the mechanism of the transition behavior
of the log jam-induced hyporheic flow has not been fully understood, our observations suggest that the drop in
water surface elevation on the downstream side of the log jam can potentially be used to identify the transition
when hyporheic flow becomes increasingly significant in the field.

5.2. The Negligible Impacts of the Bed Transition and the Log Jam-Induced Bedforms on Hyporheic
Flows

Here we evaluate the impact of the transition of bed from impermeable bed to permeable bed at the upstream
edge of the 1.5-m-long porous bed filled with sediment on the hyporheic flow. As shown in Figures 1 and 3a,
the bed before the test section filled with hydrogel beads was impermeable. The transition from impermeable
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Figure 7. (a) The hyporheic flow rate Qy p;y versus the Reynolds number Re,. (b) The hyporheic velocity Uy versus the Reynolds number Re,. (c) The measured

turbulent kinetic energy of the surface flow on the downstream side of the log jam k; ,.4,, = % u?+w 2) versus the Froude number on the downstream side of the log

jam Fr. (d) k; 4. versus the Reynolds number Re,.

to permeable beds may affect surface flow and, as such, affect the hyporheic flow. To evaluate such effects, we
measured the surface flow velocity along a streamwise transect in the middle of the channel using a PIV for Case
F1. The center of the log jam was located at x = 0 cm, and the edges of the log jam were located at x = —4.5 and
4.5 cm. As shown in Figure S15a of the Supporting Information S1, the depth-averaged surface flow velocity
at the center of the channel increased by less than 5% along the streamwise transect (Figure S15b in Supporting
Information S1), which was consistent with the small (<5%) negative hyporheic flow rates for the cases without
a log jam. The increase in mean surface flow velocity along the streamwise direction and the negative hyporheic
flow rates may be caused by the uncertainty in the surface flow measurements and/or the secondary flow pattern
created by the surface flow separation at the impermeable-permeable transition (Voermans et al., 2017).

During the experiments with a log jam, bedforms were observed and became increasingly noticeable with increas-
ing flow velocity. To evaluate the hyporheic flows induced by the bedform as well as by a flat bed, we calculated
the hyporheic flow based on PIV measurements and dye visualization experiments in a channel with a flat bed
and a channel with a log jam-induced bedform but without the log jam. For both cases, the mean flow velocity
was Uy, = 8.2 + 0.1 cm/s, the same as in Case L1 (Table 1). The PIV measurements showed that the differences
between Q,, and Qgown are about 3% of Q,, for the cases without the log jam, regardless of the bedforms, suggest-
ing that the impact of log jam-induced bedforms on the hyporheic flow was negligible compared with the impact
of log jam.

In addition, for the cases with a flat bed, the mean hyporheic flow velocity Uy in streamwise direction was
on the order of 10~* cm/s (Figure 9b). For the case with a log jam-induced bedform but without the log jam,
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Figure 8. (a—c) Water surface profiles with various Froude numbers. (d) The largest water surface drop, A Harop = Haown — Harop, Versus the Froude number.

Uy = 1.7 x 1073 cm/s (Figure 9c¢). The hyporheic flow velocity for both cases without a log jam was over two
orders of magnitude smaller than Uy = 0.5 cm/s for the case with a log jam under the similar mean upstream
surface flow velocity Uy = 8.2 + 0.1 cm/s (Figure 9a). The small hyporheic flow velocity for the case with log
jam-induced bedforms but without a log jam, compared with the case with a log jam, further confirms that the
hyporheic flow for the channels with log jams we observed was mainly contributed by the presence of log jam
instead of the log jam-induced bed forms. Consistently, Sawyer et al. (2011) also showed that the impact of
bedforms on hyporheic flow was smaller than a single channel-spanning log.

5.3. The Drag Coefficient and the Effective Permeability of the Log Jam

We calculated the drag coefficient of the log jam Cp from our experimental measurements based on Equation 4a.
Specifically, we substituted the measured water depths and the surface flow velocity into Equation 4a, from which

H2 -H? g(1,¢.)3 L. .
we calculated Cp = —+—%w 2272 =2 6 + 0.2 (standard deviation) (Figure 10a).
U L:a

down ™ gown J

In addition, we calculated the effective permeability of the log jam k;, a parameter that has been used in many
numerical simulations (Doughty et al., 2020; Marshall et al., 2023; Xu & Liu, 2017). For the range of condi-
tions used in our study (e.g., ¢; = 0.42, Fr = 0.026 to 0.066), our calculations based on Equation 8 suggest
k; = (6.7 £ 2.3) x 107® m?, as shown in Figure 10b. If we assumed that the velocity head was negligible,
namely AP = %pg(Hdow,, - Hup), the resulting k; was similar to k; calculated with velocity head (Figure S21a
in Supporting Information S1), because the magnitude of the velocity head difference was only 0.2% of the
hydrostatic head difference. The effective permeability of the log jam k; calculated using the Dupuit-Forchheimer
equation was k; = (3.2 + 1.2) X 108 m? (Figure S21b in Supporting Information S1), which was smaller than the
k; calculated based on Darcy's law (k; = (6.7 & 2.3) X 1078 m?).
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Figure 9. Color maps showing the hyporheic flow velocity in the streamwise

direction for channels (a) with a log jam and log jam-induced bedform, (b)

over a flat bed without a log jam, and (c) over a log jam-induced bedform but
without a log jam. The mean surface velocity of surface water in the channel is
U, = 8.2 + 0.1 cm/s for all cases. Gray dashed vertical lines in (a) indicate the
streamwise boundaries of the log jam. The dye was injected at y = 25 cm. The
white areas are regions without hyporheic flow velocity measurements due to
low hyporheic flow velocity, interference of the sediment-water interface, and
scour holes. More details of the hyporheic velocity distribution for (b) and (c)
can be found in Figure S18 of the Supporting Information S1.
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1.25

hydrostatic pressure force %pr(l - ¢,)(HZ - H?

Further, we observed a slight decrease in k; with increasing Fr (Figure 10b;
Figure S21 in Supporting Information S1). The values of k; we measured and
the k; versus Fr relationship will facilitate future selection of parameters in
numerical studies.

5.4. Justification of the Assumptions in the Theoretical Derivation

This section aims to justify the assumptions used in the theoretical derivation
of Equation 7 based on our experimental measurements. First, we assumed
that the drag force exerted by flow on our porous jam formed by piles of hori-
zontal logs follows a quadratic law, similar to the drag on arrays of vertical
dowels. In Section 5.3, we calculated the drag coefficient Cp by the measured
water depths, surface flow velocities, and the log jam properties (Figure 10a).
We compared our calculated Cp with the empirical model of Cp proposed by
Cheng and Nguyen (2011) in Figure S19 in Supporting Information S1. Our
calculated Cp = 2.6 + 0.2 fell in the range predicted by the previous model
Cp = 2.6 + 0.4, suggesting that the Cp for a porous log jam can be approxi-
mated by the Cp in an array of the circular cylinders.

Second, we approximated the spatially averaged streamwise surface flow
velocity within the log jam, U, as the surface flow velocity at the down-
stream edge of the log jam, namely Ujo; = Ugown/(1 — ;). For Case L1,
Udown /(1 —¢p;) = 13.7 cm/s. We measured the mean surface flow veloc-
ity 2 cm upstream of the log jam for Case L1, in which Uy, oem = 7.3 cmi/s.
The surface flow velocity at the upstream edge of the log jam was
Upem/(1—¢p;) = 12.7 cm/s. If we approximated Uy, as the mean surface
flow velocities at the upstream and downstream edges of the log jam,
then Uy, = (12.7 + 13.7)/2 = 13.2 cm/s. The difference between Uy, and
Ugown/(1—¢;) was only 3.6% of U, confirming that U,,, can be approxi-
mated by Ugown /(1 - ).

For the surface flow, we estimated the net momentum change of Equation 1 for
CaseL1,whichwasequaltopB(1 — ¢j)(HdownU2 - HupUuzp) =-88x1072

down
kg - m/s? The calculated net momentum change was less than 1% of the
) =23.0 kg - m/s?, confirming that the net momentum

down

change term in Equation 1 can be neglected. The assumption and our measurements of surface flow and water
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Figure 10. (a) The measured drag coefficients of the logs versus the Froude number. (b) The effective permeability of the log jam versus the Froude number. The black
dash line (y = (=13.9x + 1.3) X 1077) represents a linear regression line of k; on Fr with R?> = 0.8.
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surface elevation were consistent with the surface flow experiments conducted by Follett et al. (2020) (Figure
S20 in Supporting Information S1).

Finally, we assumed that the hydraulic pressure difference caused by the variation of the surface flow velocity on

the upstream and downstream sides of the log jam, that is, %p(U 2

f—— U? ), was much smaller than the difference
own P

in hydrostatic pressure, pg(Haown — Hyp), and could be neglected. In all cases, %p(U2 - Uuzp) was less than 0.1%

down

of the total hydraulic pressure difference, consistent with our hypothesis.

In this study, we quantified the hyporheic flow induced by a channel-spanning porous log jam with a solid volume
fraction ¢p; = 0.42 and the downstream Froude number Fr = 0.026 to 0.066 on a flat gravel bed. To apply the
results to natural log jams, the differences in the solid volume fractions, the range of the Froude number, and the
different types and sizes of sediment need to be considered.

6. Conclusions

Here, we quantified the impact of a channel-spanning porous log jam, formed by piles of cylindrical logs, on
hyporheic flow through laboratory flume experiments. Our results show that at the same mean surface flow
velocity, the presence of a channel-spanning porous log jam increased the hyporheic flow velocity by two orders
of magnitude. In addition, we showed that the log jam-induced hyporheic flow rate was about 6% of the total
surface flow rate when the Froude number was less than 0.06. In contrast, this log jam-induced hyporheic flow
rate increased with the Froude number to about 30% of the total surface flow rate when the Froude number was
above 0.06. Consistently, our theoretical model suggested that the log jam-induced hyporheic flow rate scales
with the square of the Froude number on the downstream side of the log jam. Similar to the dependency with Fr,
the log jam-induced hyporheic flow also showed little variation when the Reynolds number was less than 1,500
and increased sharply when the Reynolds number was larger than 1,500. The sharp increase in hyporheic flow
was accompanied by a sharp increase in turbulent kinetic energy and a noticeable water surface elevation dip on
the downstream side of the log jam. Further, we quantified the effective permeability of the log jam. Our results
have implications for future modeling of porous log jam-induced hyporheic flow and field estimation of such
exchange based on surface flow measurements.

Data Availability Statement

The flow measurement and dye visualization data, along with the associated processing codes, have been
deposited in the Data Repository for the University of Minnesota (Huang and Yang (2023), https:/doi.
org/10.13020/57f0-r060).
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