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ABSTRACT: Sediment transport in a river segment can be in equilibrium or non-equilibrium, depending on
the amount of sediment entering and leaving the segment. The sediment transport flow can cause the riverbed
to either remain stable or become unstable, resulting in either degradation or aggradation of the riverbed. This
study evaluates the effect of equilibrium and non-equilibrium sediment transport on flow characteristics such
as velocity, turbulence intensity, and Reynolds shear stress. Experiments were conducted with (SF) and without
sediment feeding (NSF) to represent the laboratory's two sediment transport conditions. One hundred and
twenty mean velocity and turbulence profiles were measured using an Acoustic Doppler Velocimeter in
movable bed flows with sediment transport. The flow velocity profile with sediment feeding tends to become
more slender than that without sediment feeding. The velocity profile in the inner region decreases and
increases in the outer region. The friction velocity, u=, and the integration constant of the logarithmic law, Br,
which decreases closer to the channel side wall, show a more pronounced trend for the data with sediment
feeding. The data on turbulence intensities of u’/u,, v'/u,, w'/u,, follows an exponential law pattern; clear
distinctions are observed between flows with and without sediment feeding. The measurement of Reynolds
shear stress —;7;/u? displays a linear trend of shear-stress distribution. The suppression of Reynolds shear
stress is observed and is more pronounced closer to the channel bed (y/H < 0.15 - 0.2) and towards the channel
side wall, especially for the flow with sediment feeding.
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1. INTRODUCTION under clear water, equilibrium, and non-equilibrium
sediment transport conditions. In flow conditions
Sediment transport in open channels is a with equilibrium sediment transport, the riverbed
complex phenomenon influenced by various remains stable. In contrast, in non-equilibrium
hydraulic and river geomorphological factors. sediment transport conditions, the riverbed
Conversely, sediment transport also significantly experiences aggradation and degradation, resulting
affects flow characteristics in open channels, such in variations in flow characteristics. These
as velocity and turbulence, which are important for variations, in turn, will influence the river's overall
river improvement and planning. Many researchers behavior concerning river improvement and
have extensively studied these flow characteristics, planning.
either for clear water flows and flow with sediment In recent years, research on flow characteristics,
transport or by developing empirical and semi- such as velocity and turbulence in open channels,
empirical models for various purposes of research has made remarkable progress due to the use of
and development of water infrastructure. This high-resolution instrumentation. These advanced
approach is based on observation and experimental instruments, including the Acoustic Doppler
data on clear water flow in smooth and gravel-bed Velocimeter (ADV) instrument [7-9] and the
without bed loads [1,2] and movable gravel-bed Particle Image Velocimeter (PIV) method [10,11],
with bed loads [3]. In addition to clear water flow, enable more accurate measurements of flow
previous research has also studied sediment-laden velocity and turbulence, as demonstrated in this
flow based on laboratory experiments [4], and present study and others.
suspended sediment studies based on field case In this study, the Acoustic Doppler Velocimeter
studies of rivers and lakes have also been examined (ADV), a well-tested and accurate instrument, was
[5,6]. However, despite the significant used to focus on measuring the velocity and
contributions of previous studies to understanding turbulence of equilibrium and non-equilibrium
flow characteristics, there still needs to be a gap in sediment transport currents. It should be noted that
fully discussing the differences in flow behavior research of this nature is still very limited and rarely
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conducted by researchers in literature.

Sediment transport in a river segment can be in
equilibrium or non-equilibrium, depending on the
balance of sediment entering and leaving the
segment, which can impact the stability of the river
bed. This study investigates the impact of
equilibrium and non-equilibrium sediment transport
on various flow characteristics, including velocity,
turbulence intensity, and Reynolds shear stress. The
research was conducted in a laboratory setting,
using a movable bed flume to measure velocity and
turbulence profiles with and without sediment
feeding. Sediment feeding refers to flows with
balanced (equilibrium) sediment transport and a
stable river bed. In contrast, non-sediment feeding
indicates an imbalance (non-equilibrium) in
sediment transport that could cause erosion or
deposition. It should be noted that this study only
considers the effects of non-equilibrium sediment
transport flows on riverbed erosion and does not
address deposition situations.

Future research efforts on equilibrium and non-
equilibrium sediment transport flow need to
examine in more detail the relationship of
influences, such as the roughness of the Manning
coefficient, Chezy coefficient, shear velocity, and
Reynolds stress, by estimating erosion, sediment
deposition, and the evolution of the topography of
the layers. Then, compare laboratory experimental
studies and field measurements to study the
deviation characteristics of these comparisons.

2. RESEARCH SIGNIFICANCE

This study examines sediment transport's effect
on flow characteristics under equilibrium and non-
equilibrium sediment transport conditions. Through
an experimental approach, this study provides
valuable insights into the characteristics of
equilibrium and non-equilibrium sediment transport
flows, which have rarely received attention in
previous studies. The findings from this study are
expected to contribute to the advancement of
hydraulics, particularly in turbulence.

3. EXPERIMENTAL SETUP

The measurements were taken in a closed
sediment recirculating flume with dimensions of 10
m in length, 0.6 m in width, and 0.45 m in height.
The flume had glass walls and a smooth stainless-
steel floor that was modified for the study. The
flume can be tilted at slopes ranging from -1% to
+5% around a pivot point. An associated pump
pumped the recirculating water, and sediment was
fed into the system at a maximum rate of 0.5 kg/s
with a maximum particle size of 3 mm. The
movable bed was made of coarse sand with uniform
gradation (dso = 0.92 mm) and was spread to a
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thickness of 10 cm. The flow discharge ranged
between 35 I/s and 50 I/s with two different bed
slopes of 0.15% and 0.3%. Several guiding and
stabilizing devices were installed at the flume
entrance to ensure a quasi-uniform entrance flow.
For movable beds with equilibrium sediment
transport flow, the amount of sediment transport
varied between 0.0651 and 0.1815 kg/s, while for
non-equilibrium sediment transport flow, it varied
between 0.0125 and 0.0224 kg/s. The bed decreased
by 0.5 cm to 2 cm per hour for non-equilibrium
sediment transport flow, depending on the amount
of sediment load transported by the flow.
Equilibrium  and  non-equilibrium  sediment
transport flows were obtained by controlling the
sediment feeding rate, which varied between 0.0066
kg/s and 0.110 kg/s.

Within fully developed turbulence flow, two
measuring sections in the flume were located at x =
5.6 m (section 1) and x = 6.6 m (section 2) from the
flume entrance. Measurements were conducted on
half of the flume cross-section in both sections,
considering the uniform and symmetrical shape of
the flume. Five measurement verticals were
selected for each section, with positions shown in
Fig.1.

MicroADV 16-MHz was used to measure
instantaneous velocity and turbulence using the
Doppler shift principle [12]. The sampling value
used for the laboratory experiment was 50 Hz. The
time required to measure one point was 60 seconds,
so 3000 data were obtained at one point. Each
vertical profile consisted of 13 to 22 measurement
points depending on the flow depth. The
measurement interval was 0.25 cm in the region of
y/H < 0.2 (the inner region) and 0.5 cm in the region
of y/H > 0.2 (the outer region). The measurement
points start at 0.05 cm from the bed to 5 cm from
the water surface.
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Fig.1 Arrangement of velocity measurement at a
cross-section

Figure 1 shows the measurement positions for
each section, showing the distance from the wall to
each vertical division position. The distance in each
vertical transverse direction measured from the
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center of the channel to the channel wall is 1/2B
(VA), 1/3B (VvB), 1/4B (VC), 1/6B (VvD), and
1/12B (VE), where B is the width of the water level
at the time of research and VA to VE are the names
of the vertical division series from the center to the
channel wall.

4. RESULTS AND DISCUSSION
4.1 Description of Data Acquisition

The present study measured one hundred and
twenty mean velocity and turbulence profiles,
comprising 12 different measurement series; all
series flow with sediment transport. This series
included six movable-bed without sediment feeding
(NSFMBA, NSFMBB, NSFMBC, NSFMBD,
NSFMBE, and NSFMBF) and six movable-bed
with sediment feeding (SFMBA, SFMBB, SFMBC,
SFMBD, SFMBE, and SFMBF).

Table 1 Summary of main flow parameters

The running code of the flows is based on
parameters such as discharge, cross-section, and
measurement location. For ease of identification,
running flows are coded as follows: the code "SF"
or "NSF" stands for Sediment Feeding and Non-
Sediment Feeding flows, respectively.
Furthermore, the code "MB" stands for Movable-
Bed. The codes A, B, C, D, E, and F describe
discharge and channel slope variations. The next set
of code numbers, 1 and 2, indicate the locations of
the measurement sections, 1 and 2, which are 1
meter apart. For example, the code name for the
running flow, "NSFMBAL," can be interpreted as
follows: the measurement is carried out on a flow
without (non) sediment feeding, where the channel
bottom is movable-bed, with a particular variation
of discharge/slope, and the measurement location is
in section 1. The main flow parameters of the data
obtained in this study are summarized in Table 1.

Run s H B/H R T Q u Re Fr Q
() (m) () (m) °C (I/s) (m/s) O] O] (kg/s)
NSFMBAL 00015 0134 449 0092 2250 50 0624 347867 055 00171
NSFMBA2 00015 0134 449 0092 2660 50 0624 381844 055 00171
NSFMBBL 00015 0120 502 0085  26.70 45 0628 344421 058 00141
NSFMBB2 ~ 00015 0120 502 0085 2880 45 0628 360580 058 00141
NSFMBC1 ~ 00015 0114 525 0083 2840 40 0583 317757 055  0.0165
NSFMBC2 ~ 00015 0114 525 0083 2860 40 0583 319135 055  0.0165
NSFMBDL 00030 0125 479 0088  27.10 50 0665 386082  0.60 00223
NSFMBD2 00030 0125 479 0088 2850 50 0665 398058  0.60 00223
NSFMBEL ~ 00030 0114 527 008  26.20 40 0585 302774 055 00127
NSFMBE2 ~ 00030 0114 527 008  29.00 40 0585 321899 055  0.0127
NSFMBFL 00030 0099 606 0074  27.80 35 0589 274435 060 00154
NSFMBF2 00030 0099 606 0074 2820 35 0589 276834  0.60  0.0154
SFMBAL 00015 0126 476 0089 2240 50 0661 347055 059  0.1487
SFMBA2 00015 0126 476 0089  27.30 50 0661 387783 059  0.1487
SFMBBL 00015 0117 513 0084  22.90 45 0641 316009 060  0.1194
SFMBB2 00015 0117 513 008  26.40 45 0641 342139 060  0.1194
SFMBCL 00015 0110 545 0080  21.90 40 0606 274408 058  0.0974
SFMBC2 00015 0110 545 0080  27.80 40 0606 313640 058  0.0974
SFMBDL 00030 0116 517 0084 2190 50 0718 343010 067  0.1814
SFMBD2 00030 0116 517 0084  26.30 50 0718 379311 067  0.1814
SFMBEL 00030 0107 561 0079  22.40 40 0623 277644 061  0.1041
SFMBE2 00030 0107 561 0079 2750 40 0623 311589 061  0.1041
SFMBF1 00030 0097 619 0073  22.90 35 0601 245784 062  0.0654
SFMBF2 00030 0097 619 0073 2880 35 0601 280451 062  0.0654

Note: B: channel width (= 0.60 m); dso: median diameter of particle (= 0.92 mm); S: channel slope; H: flow depth; R:
hydraulic radius (=A/P); B/H: aspect ratio; U: cross-section mean velocity (= Q/A); Re: Reynolds number (= 4UH /v);

Fr: Froude number (= U/w/gH), Q: flow discharge; Qs: measured sediment bed load.
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4.2 Characteristics of Velocity Distribution and
Shear Velocity

Velocity measurement data for a rough
boundary, measured within the inner region, limited
by y/H < 0.2, can be presented using the universal
law of the wall, as described by Kironoto and Graf
[2], as:

l=lln(l)+Br

Uy K ks

)

Where u is the mean point velocity at a distance y
measured from the reference level; u, is the shear
velocity, x is Karman constant, Br is a numerical
constant of integration, and k., is the equivalent
sand roughness of Nikuradse. Fig.2(a) and Fig.2(b)
present the typical velocity profiles measured at
cross-sections from the center to the edge of the
channel in the transverse direction (see also Fig.1)
for both flows with and without sediment-feeding.
The figure shows that the flow velocity decreases
closer to the channel edge due to shear with the
wall. Fig.2(c) shows a comparison between flow
without sediment feeding (run NSFMBA1) and
flow with sediment feeding (run SFMBAL); the
plotted data are only for the velocity profiles
measured at the center of the channel (z/B =0.5;
VA). The figure clearly shows a difference in u/U
when viewed from the velocity profile shape, where
the velocity profile for the flow with sediment
feeding tends to become more slender than the flow
without sediment feeding. In the inner region, the
velocity profile for the flow with sediment feeding
decreases. In contrast, in the outer region, it
increases, as indicated by the direction of the arrows
in the figure.

Kironoto and Graf [2] showed that Clauser's
method could precisely determine the shear

velocity, energy gradient, and Reynolds stress
methods. Fig.3(a) displays velocity profiles
measured in movable beds with sediment feeding
(SFMBB2), presented in wall coordinates (u/u= vs.
y/ks). Equation (1) confirms that the log law
adequately explains the inner region data. However,
it is essential to note that the log law cannot explain
the data in the outer region, where the deviation is
more significant, especially for the flow with
sediment feeding. In Fig.3(b), shear velocities at
specific positions of z/B in the transverse direction,
normalized with the friction velocity obtained at the
center of the channel, u=ys/u=va, are plotted against
z/B, for running NSFMBB2 and SFMBB2; the
plotted data are only for the profiles measured at the
center of the channel (z/B=0.5, VA; see also Fig.1).
All plotted data show that the shear velocity
decreases closer to the channel side wall. This
decrease is seen more clearly for data with sediment
feeding.

The Br-values obtained using Clauser's method
are plotted against z/B, as shown in Fig.4(a), derived
from the velocity profiles of all data obtained in this
study (see Table 1). The figure shows that the Br-
values differ for different types of data and different
positions of z/B in the transverse direction. At the
center of the channel, the Br-values are 7.16 + 0.85
for a movable bed without sediment feeding and
6.88 + 0.99 for a movable bed with sediment
feeding. These values are smaller than those
obtained in clear water without a bed load of a rough
flow regime (Br = 8.5 £ 15%;[13]), possibly due to
the presence of bed-load sediment transport. The
particle Reynolds number of the present
study, (u.ks)/v, ranges from 38.7 to 67.6, and
according to Nikuradse [14], the Br-values should
range from 8.6 to 8.75.
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Fig.2 Typical velocity profiles, u vs. y/H. (a) Run NSFMBAL; (b) Run SFMBAZ2; (c) Comparison of velocity
profiles, u/U vs. y/H of run NSFMBA1 and run SFMBAL (only for the profiles at the center of the channel;

2/B=0.5, VA).
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The figure also shows that the Br-values
decrease closer to the channel edge in the transverse
direction (see Fig.4(a)), with a flow without
sediment feeding having higher Br-values than
sediment feeding. In general, the presence of bed-
load sediment can lead to an increase in friction
velocity in both running flows with and without
sediment feeding. At the same time, it can cause a
decrease in the Integration constant, Br, as shown in
Fig.4(b).

4.3 Characteristics of Turbulence Intensity
Distribution

The instantaneous velocities, u; , w; and v;, can
be written as:

U =u+us 2
v, =v+v 3)

Where u, v, and w are the mean-point velocities, u,
vy and wy, is the fluctuation of the velocity
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components longitudinally, transversely, and
vertically. The turbulence intensities, u', v', and w',
are the Root Mean Square values of velocity
fluctuations, calculated as:

(u;—u)?
u' = Iiv=1,’ 1;—1 (5)
' (V‘_V)Z
v =Tk (6)
’(W_W)2
w = ?le ;,_1 (7

Where N is the number of time series values (N =
3000).

For uniform open channel flow, Nezu [1]
suggests that the turbulence intensities are
distributed according to an exponential law such as:

¥ _ pe~t() (8)
2 = p,e~2(n) (9)
W — pye~a(a) (10)
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Fig.3 Clauser's method for determining shear velocity, u,, and integration constant, Br. (a) u/ux vs. In (y/ks)
for run SFMBB2; (b) uxzs/usva vs. z/B for run NSFMBB2 and SFMBB2.
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where D1, D2, D3, A1, 42, and A3 are empirical
constants obtained from experimental data.

The turbulent intensity distributions of u'/u,,
v’ /u,, w' /u, at the center of the channel (z/B = 0.5;
VA) for two different flows, with and without
sediment feeding, obtained in the present study are
shown in Fig.5(a), 5(b), and 5(c), respectively.
Here, u, represents the friction velocity at the
center of the channel (VA). As illustrated in the
figure, the turbulence intensities of u'/u, are
greater than those of w'/u, and v'/u,, consistent
with the findings of Nezu [1].

The data obtained in this study follows an
exponential law pattern and exhibits similar trends
to turbulence intensity data obtained by Kironoto
and Graf [2] and by Song, Graf, and Lemmin [3] for
rough/gravel bed flow without and with bed load.
The data from Kironoto and Graf [2] and Song,
Graf, and Lemmin [3] fall within the range of the
present data. However, the trend slightly differs
from the turbulence intensity data obtained by Nezu

U'/U. = 2.33e1-146(y/H)
R2=0.9322

u'/u. = 1.88e-0.93(y/H)
R2=0.8635

0 0.5 1

y/H

[1] for smooth bed flows. Clear distinctions were
observed between flows with and without sediment
feeding, with turbulence intensities in flows with
sediment feeding smaller than those without
sediment feeding. The feeding of sediment appears
to suppress the turbulence intensity. It is important
to note that the two datasets analyzed in this study
are flows with bed-load transport.

The turbulent intensity values of u'/u,, v'/u,,
w' /u, exhibited a decreasing trend from the center
of the channel (VA; z/B = 1/2B) towards the channel
side wall (VE; z/B = 1/12B), as illustrated in Fig. 6
for flows without sediment feeding, and in Fig. 7 for
flows with sediment feeding. This behavior may be
attributed to the friction at the channel side wall,
where u, denoted as as u,y 4, represents the friction
velocity at the center of the channel (VA). The
suppression of turbulence intensities was more
prominent closer to the channel bed (y/H < 0.15 -
0.2) and towards the channel side wall.

—e— Present data (movable bed with bed
load and without sediment feeding)

—e— Present data (movable bed with bed
load and with sediment feeding)

Nezu [1]

- - = Kironoto and Graf [2]

Song, Graf and Lemmin [3]

V'/u. = 1.25e0-790/H)
R2=0.8739

V'/U. = 0.96e-0-67(y/H)
R2=0.7161

y/H

0 0.5 1

w/u. = 1.63e-0-930/H)
R2=10.91

*
W'/u. = 1.31e1:02(/H)
R2=0.9273
0 .
0 0.5 1
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Fig.5 Turbulence intensities distribution at the center of the channel (z/B = 1/2B; VA) (a) u'/u, vs. y/H; (b)

v'Ju, vs. y/H; (c) w' /u, vs. y/H
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To obtain the empirical constants of Eq. (8), (9),
and (10), the measured turbulence intensities,
u'/u,, v'/u,, and w'/u,, are fitted to the
exponential law patterns proposed by Nezu [1], Eq.
(8), (9), and (10). The best fit of the measured
turbulence intensities data with the exponential
regression equations gives the constant values of
D1, D2, D3, A1, 42, and As. By introducing these
constant values Eq. (8), (9), and (10), it can be
obtained the exponential law equation for
turbulence intensities. This equation is given as Eq.
(11), (12), and (13) for flows without sediment
feeding and as Eq. (14), (15), and (16) for flows
with sediment feeding.

For flow without sediment feeding:
= 2.33¢7115()

ur

W _ 1.63¢0(%) (13)
For flow with sediment feeding:

¥ _ 1870709 (14)
Z—: — 0.96 ¢~*"(3) (15)
™ _ 131" 10%(5) (16)

*

4.4 Characteristics of Reynolds-Stress Profile

The Reynolds shear stress distribution for
uniform flow generally follows a linear distribution.
The Reynolds stress is obtained by averaging their
instantaneous values of u, vy as follows:

w (11)
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The measured profiles of Reynolds stress
—TTg/uZ, at cross sections, namely, at measuring
verticals VA, VB, VC, VD, and VE (see Fig.1), are
presented in Fig.8 for both flows with and without
sediment feeding. In Fig.8(a) and 8(b), the shear
velocity at each measuring vertical is used as the
denominator, while in Fig.8(c) and 7(d), the shear
velocity at the center of the channel (VA) is used as
the denominator. It can be seen that the Reynolds
shear stress values of flow with sediment feeding
(Fig.8(d); SFMBAL) are smaller than those of flow
without sediment feeding (Fig.8(c); NSFMBAL),
indicating that sediment feeding suppresses the
Reynolds shear stress. Although some scattered
data points are observed, a linear trend of shear
stress distribution can be observed. Similar to the
turbulence intensity, the Reynolds shear stress

1
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values decrease from the center of the channel (VA
1/2B) towards the channel side wall (VE; 1/12B)
due to friction at the channel side wall. The results
of the Reynolds-stress characteristics —u;v; / u?
show a linear trend of the distribution of Reynolds
stress for flows with and without sediment feeding;
its value decreases from the channel's center toward
the channel's side walls.

The suppression of the Reynolds stress is
observed and is more pronounced closer to the
bottom of the channel (y/H < 0.15 - 0.2) and
towards the side walls of the channel, especially for
flows with sediment feeding (equilibrium sediment
transport) which is characteristic of Reynolds-stress
tends to decrease in the inner region compared to
flow without sediment feeding.
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Fig.8 Reynolds-stress profiles, =iz /uZ vs. y/H.(a); (c). Flow without sediment feeding (NSFMBAL); (b);

(d). Flow with sediment feeding (SFMBAL).
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5. CONCLUSION

Based on the conducted studies, it can be
conclusively determined that the characteristics of
equilibrium and non-equilibrium sediment transport
flows differ from those without sediment transport
(clear water flow). Therefore, the findings of this
study hold significant importance for practical
applications in the field. They can aid in evaluating
and estimating parameters such as flow velocity,
shear velocity, Reynolds shear stress, and
turbulence intensity in rivers or channels for various
engineering purposes, including water
infrastructure  planning, navigation  design,
irrigation channel management, flood control, and
other civil engineering applications, especially

when the sediment transport plays an important role.

The specific conclusions derived from the
analyzed data in this study are presented in three
themes related to velocity profile, turbulent
intensity, and Reynolds shear stress, as follows:

1. In the inner region, the velocity profile for
flows with sediment feeding decreases, while
in the outer region, it increases. The velocity
profile shape, u/U, for the flow with sediment
feeding tends to become more slender than the
flow without sediment feeding. The Log-Law
in Eg. (1) can predict the shear velocity, u,, and
the integration constant, Br, quite well. They
tend to decrease closer to the side wall of the
channel. This trend is more pronounced in the
data with sediment feeding (flow with
equilibrium sediment transport), where the
shear velocity and the integration constant tend
to be smaller than the flow without sediment
feeding (flow with non-equilibrium sediment
transport).

2. The profiles of the measured Reynolds shear
stress —W/uf, exhibit a similar linear trend
for flows with and without sediment feeding.
The value of Reynolds shear stress decreases
from the channel's center towards the channel's
side walls. The suppression of Reynolds stress
is observed and becomes more pronounced
closer to the bottom of the channel (y/H < 0.15
- 0.2) and towards the side walls of the channel.
This effect is particularly evident in flows with
sediment feeding, where the Reynolds stress
tends to decrease in the inner region compared
to flows without sediment feeding (non-
equilibrium sediment transport).
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