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Abstract

Any waterway with one end closed and the other open is generally called a blind channel. The main flow tends to expand, separate,
and cause circulation at the mouth of blind channels. The main flow continuously transfers momentum and sediment into the circulation
region through the turbulent mixing region (TMR) between them, thus leading to a large amount of sediment deposition in the blind
channels. This paper experimentally investigated the properties of the water flow and sediment diffusion in TMR, demonstrating that
both water flow and sediment motion in TMR approximately coincide with a similar structure as in the free mixing layer induced by
a jet. The similarity functions of flow velocity and sediment concentration are then assumed, based on observation, and the resulting
calculation of these functions is substantially facilitated. For the kind of low velocity flow system of blind channels with a finite width,
a simple formula for the sediment deposition rate in blind channels is established by analyzing the gradient of crosswise velocity and
sediment concentration in TMR.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Channels with one end closed and the other open are
often found in harbor basins, waterways leading to naviga-
tion locks, trench intakes with the gate closed, etc. This
kind of waterway is generally called a blind channel. The
velocity of water flow in this kind of blind channels is com-
monly low, compared with the main flow of the adjacent
river, thus a large amount of the sediment drawn into blind
channels very likely would deposit there. Sediment deposi-
tion in blind channels has been observed in many engineer-
ing projects concerned with navigation problems at the
water intakes located along rivers and beaches [5,10,11].
For instance, the sedimentation rate in the harbor basins
of Hamburg, Germany, is on the order of 2 · 106 m3/year.
Every year, approximately 1 · 105 m3 sediment accumu-
lates inside the port of Kanazawa located near sand bea-
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ches of Japan. Sedimentation lessens the water depth of
the harbor, so costly regular dredging is necessary to guar-
antee safe navigation. Consequently, the prediction of the
sediment deposition inside blind channels is of primary
significance.

Some researchers have studied the mechanism of sedi-
ment deposition and corresponding measures in order to
prevent sediment depositing in blind channels. Hangen
and Dhanak [3] investigated the momentum and mass
exchanges in a rectangular cavity. Xu [12] obtained a for-
mula to estimate the critical diameter for sediment deposi-
tion using experimental data. Xie and Yin [11] established a
semi-experiential formula to estimate the rate of sediment
deposition by using field data, and applied the formula to
the waterway of Gezhouba Dam in Yangtze River. Yue
[13] experimentally examined the process of sediment
depositing in a cavity flume, and suggested that the circula-
tion flow located at the mouth of blind channels has an
average sediment carrying capacity—one factor influencing
the sediment deposition in blind channels. Liu [7] estab-
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Notation

a experical coefficient
a1 integral constant
a2 integral constant
a3 integral constant
b width of the turbulent mixing region
Bm width of the main flow
B0 width of the blind channel
c constant
c1 constant
f(f) similarity function of stream function
F(f) similarity function of sediment concentration
g gravity acceleration
gs sediment diffusion rate of unit area crossing the

interface between the main flow and the circula-
tion flow

Gs sediment amounts entering into the blind chan-
nel per unit time

H depth of water flow
K empirical parameter
L length of the blind channel
ls mixing length
m index number
p water pressure
S sediment concentration of water flow in TMR
Sm sediment concentration of the main flow
Sr averaged sediment concentration of the circula-

tion flow
Sr� saturated sediment carrying capacity of the cir-

culation flow

u flow velocity component in the x-direction
Um averaged velocity of the main flow
u 0 turbulent velocity components in the x-direction
v 0 turbulent velocity components in the y-direction
v flow velocity component in the y-direction
a deflection angle between the main-circulation

flow interface and the geometrical interface
a1 outer diffusive angle of TMR
a2 inner diffusive angle of TMR
b coefficient
d empirical parameter
ey turbulent viscosity at the interface between the

main flow and the circulation flow
esy sediment diffusion coefficient in the y-direction
c the specific gravity of water
cs the specific gravity of sediment particles
m water viscosity
mt turbulent viscosity in TMR
q density of water
x fall velocity of sediment particle
w stream function
w0 first order similarity solution of stream function
f similarity variable
f1 value of similarity variable in outer boundary of

TMR
f2 value of similarity variable in inner boundary of

TMR
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lished a formula to calculate the sediment carrying capacity
of circulation flow from theory and experiments. Liu [8]
also reported a systemic experimental study, including the
distributions of flow velocity and sediment concentration,
the hydraulic sorting of sediment particles, and the quan-
tity and patterns of sediment deposition in the circulation
flow as well. Experimental results of Altai et al. [1] have
clearly shown the existence of a core region in the circula-
tion flow near a cavity mouth where the retention time is
significantly greater than the outer region surrounding
the core. This finding is helpful in understanding the pat-
tern of sediment deposition in blind channels. The methods
for preventing sediment deposition in blind channels also
have received more attention in recent years [4,9]. Hofland
et al. [4] found that a deflecting wall is able to reduce the
sedimentation of river harbor under tidal conditions. In
addition, some mathematical models were applied to inves-
tigate the sediment deposition in blind channels. For exam-
ple, Dong [2] established a 2-D depth-averaged flow and
sediment diffusion model to simulate the sediment trans-
port in a blind channel. These investigations have exhibited
a rather clear pattern of sediment transport and deposition
in blind channels. However, these previous studies did not
pay close attention to modeling the flow and sediment
transport in the turbulent mixing region (TMR) between
the main flow and the circulation in blind channels, which,
as a matter of fact, is one of the most significant features
affecting sediment deposition in blind channels.

Generally speaking, the flow system of blind channels
could be divided into at least three regions: (1) main flow
region, (2) circulation flow region deep into the blind chan-
nel, and (3) turbulent mixing region between the main flow
and the circulation regions. For long blind channels, there
exists the forth region—the upper end of the system beyond
the circulation zone. Sometimes, the fourth region is called
the density flow region because the density flow commonly
occurs there. The interaction between the main flow and
the circulation flow is controlled by the water flow in
TMR, where turbulent mixing, namely momentum and
mass exchanges constantly take place. For sediment-laden
flow, the main flow and the circulation flow also exchange
sediment through TMR. Both the flow velocity and the tur-
bulence intensity in blind channels are usually low enough
such that the sediment carrying capacity of flow in the cir-
culation region is far less than that in the main flow. As a
result, the sediment coming from the main flow may largely
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deposit in the blind channels [11,13]. According to the sed-
iment diffusion law in water flow, the crosswise sediment
diffusion rate in TMR, gs, can be expressed as

gs ¼ esy
oS
oy
: ð1Þ

Introducing Prandtl’s mixing length hypothesis, esy = l2(ou/
oy), leads to the following expression:

gs ¼ l2 ou
oy

oS
oy
; ð2Þ

where S is the sediment concentration of flow, esy is the sed-
iment diffusion coefficient in the y-direction, l is the mixing
length, u is the longitudinal depth-averaged velocity of
flow. Assuming all sediment diffusing from the main flow
will deposit in the blind channel, the sediment deposition
rate can be estimated by using Eq. (2) at the interface be-
tween the main flow and the blind channel (y = 0).

From Eq. (2), it is observed that the sediment diffusion
from the main flow to the blind channel is mainly depen-
dent on the crosswise gradients of the sediment concentra-
tion and flow velocity at the interface in TMR. Thus, the
sediment deposition rate in blind channels is governed by
turbulent diffusion in TMR. To deeply analyze the fluid
motion and sediment diffusion in TMR is a fundamental
for understanding the sediment transport process and esti-
mating the deposition rate in blind channels. Thus, the pur-
pose of the current study is to present the law of fluid
motion and sediment diffusion in TMR on the basis of
experimental data and analytical solutions, sequentially
establishing a simple theoretical formula in order to esti-
mate the sediment deposition rate in blind channels.

2. Hydraulic experiments

2.1. Description of experiments

A set of experiments were conducted in the State Key
Laboratory of Water Resources and Hydropower Engi-
neering Science at Wuhan University, China. The experi-
mental set up consists of a main flume of rectangular
cross section and a blind flume perpendicular to the former
Fig. 1. Plan sketch of circulation flow system in a blind channel.
as shown in Fig. 1. The main flume is 1500 cm long, 80 cm
wide, and 40 cm deep, the bed slope of the flume is about
0.1%. The blind flume is connected to the main flume in
the middle of the main flume, 900 cm downstream from
the entrance. The length and width of the blind flume can
be adjusted according to experimental needs with a maxi-
mum length of 200 cm and width of 80 cm. The bottoms
of the main flume and the blind flume are made of concrete,
and the walls of both are aluminium board. The water in
the experiments was recycled by passing a cylinder reser-
voir, and could be adequately agitated in the reservoir for
turbid water experiments.

A triangular-notch weir and a Venturi flowmeter were
used to measure discharges of clear and turbid water flows,
respectively. The flow velocity was measured by a tachom-
eter with a small propeller 8 mm in diameter, which can
measure even a small velocity of about 2.4 cm/s. The aver-
age value at three points (0.2H, 0.6H, 0.8H, where H is the
water depth) on a vertical profile was used to represent the
depth-averaged velocity, while the vertical average sedi-
ment concentration was obtained by sampling at five eleva-
tions of 0.1H, 0.2H, 0.4H, 0.6H, and 0.8H. The sediment
deposition amount in the blind channel was measured by
weighting all sediment in the blind channel. Namely, when
a set of experiment was finished, we first closed the mouth
of the blind channel, and then drained out the water in the
blind channel. At last, all sediment was sampled, dried, and
weighted to obtain the sediment deposition amount. Non-
uniform plastic sand of specific weight cs = 1.05 t/m3 and
median diameter d50 = 0.33 mm was used in the turbid
water experiments.

Six different cases were carried out to observe the distri-
butions of depth-averaged velocity, sediment concentra-
tion, flow velocity and sediment concentration gradients
in TMR, respectively. Twelve different experimental cases
were also conducted to observe the sediment deposition
rate in the blind channel. The summary of experimental
cases is shown in Table 1.

2.2. General characteristics of the flow in TMR

The flume test results of the depth-averaged velocity dis-
tribution are plotted in Fig. 2, where H is the water depth,
Um is the mean depth-averaged velocity of the main flow, u

is the depth-averaged longitudinal velocity of flow, and B0

is the width of the blind channel. (the Reynolds number of
the main flow is Re = 26,670). Experimental results show
that the circulation flow located at the mouth of the blind
channel exerts a retarding action on the main flow through
the flow in TMR. As a matter of fact, because of the wall
resistance, the depth-averaged velocity distribution should
not be uniform along across direction of the main flow.
The velocity generally reduces near the walls, and the ver-
tical profile of velocity also exhibits different patterns.
However, due to the limitation of the instrumentation used
in the experiments and the method of observation, some of
the wall boundary layer effect may be lost by depth averag-



Table 1
The summary of experimental conditions for different observations

Run Fluid type Main flow Blind flume The specific items of observation

Flow
velocity
(cm/s)

Water
depth
(cm)

Sediment
concentration
(kg/m3)

Width
(cm)

Length
(cm)

1 Clear water 37.3 12.2 – 80 200 The depth-averaged velocity distribution of the main flow
2 Clear water 48.0 12.5 – 80 200 The depth-averaged velocity distribution in TMR
3 Clear water 48.9 14.5 – 80 200 The velocity gradient on the geometrical interface
4 Water-sediment 44.6 15.0 7.56 80 200 The sediment concentration distribution of the main flow
5 Water-sediment 44.5 17.2 7.60 80 200 The sediment concentration distribution in TMR
6 Water-sediment 45.3 13.7 8.70 52 200 The sediment concentration gradient on the interface
7 Water-sediment 58.8 13.6 4.71 52 200 The sediment deposition rate in the blind flume
8 Water-sediment 54.6 13.5 6.08 52 200 The sediment deposition rate in the blind flume
9 Water-sediment 43.7 13.7 5.20 52 200 The sediment deposition rate in the blind flume

10 Water-sediment 43.7 13.9 5.15 52 200 The sediment deposition rate in the blind flume
11 Water-sediment 44.8 13.6 10.50 52 200 The sediment deposition rate in the blind flume
12 Water-sediment 44.2 13.8 12.31 52 200 The sediment deposition rate in the blind flume
13 Water-sediment 45.3 13.7 8.71 52 200 The sediment deposition rate in the blind flume
14 Water-sediment 38.9 13.5 5.14 52 200 The sediment deposition rate in the blind flume
15 Water-sediment 24.6 13.7 5.26 52 200 The sediment deposition rate in the blind flume
16 Water-sediment 19.9 12.5 3.43 52 200 The sediment deposition rate in the blind flume
17 Water-sediment 44.9 13.7 8.69 41 200 The sediment deposition rate in the blind flume
18 Water-sediment 44.5 13.7 8.58 31 200 The sediment deposition rate in the blind flume

Fig. 2. Distribution across the width of the main flume of depth-averaged
longitudinal velocity near the mouth of the blind channel.

Fig. 3. Plan sketch of the TRM.
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ing, which results in the velocities which besides the small
region near the walls are approximately uniform. There-
fore, the distinct velocity decreases shown in experimental
results was mainly caused by the retarding action of the cir-
culation flow located at the mouth of the blind channel,
and the momentum deficit region with reduced velocities
has a rather clear boundary. From this boundary the
depth-averaged velocity of flow in the main flume decreases
gradually. Assuming the main flow will transform to TMR
flow from this boundary, this line can be defined as a
boundary between TMR and main flow (outer boundary).
The flow in TMR provides momentum to maintain the
steady motion of the circulation flow near the mouth of
the blind flume. Conversely, it also retards the main flow,
and the affected region gradually increases with the dis-
tance downstream.

Therefore, the flow in TMR can be approximately
modeled as a free jet near the mouth of blind channels.
Actually, experiments show that the generation and devel-
opment of vortices in TMR are rather intermittent, so the
velocity, direction, and pressure of the water flow are
always fluctuating, and the boundaries of TMR at both
sides also are unstable. But from a time-averaged view-
point, TMR has relatively clear, fixed boundaries as shown
in Fig. 3. There, a1 and a2 are the outer diffusive angle and
the inner diffusive angle of TMR, respectively; 1out and 1in

are the outer boundary and the inner boundary of TMR,
respectively; and b is the width of TMR.

For a turbulent mixing layer with free boundary, its
width grows linearly. That is to say, the width of the mixing
region, b, is generally proportional to the distance from the
separation point.

b ¼ cx; ð3Þ
where x is the distance from the separation point, c is a
constant coefficient.
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In regard to the TMR flow, its width can still be approx-
imated by Eq. (3) although the flow is disturbed by the
downstream wall of blind channel. Of course, the actual
boundaries of TMR define an irregular section composed
of eddies and exterior flow. Hence, the boundaries
expressed by Eq. (3) are only regarded as statistically aver-
aged over time. According to experiments, this intersecting
line was obtained as y = 0.107x. Consequently, the angle
between the outer boundary of TMR and the geometrical
interface of the blind channel mouth takes about 6.11�
(=tan�1 0.107). As a matter of fact, the velocity and depth
of the main flow may have a little influence on the diffusion
angle of TMR. However, the influence is unconspicuous
and negligible for low velocity flows according our
experiments.

3. Flow velocity field in TMR and its solution

3.1. Mathematical description of the fluid motion in TMR

Neglecting the influence of sediment on water flow, the
velocity distribution in sediment-laden flows could be
approximated to possess the same structure as in clear
water flow. Due to the sufficient turbulence of the flow in
TMR, the problem can be simplified to a plane shallow
water problem. The width of TMR is far smaller than the
widths of blind channel and the main flow. The water flow
in TMR can be considered as a free boundary layer flow.
Taking the coordinate system as shown in Fig. 3, and
applying the boundary layer theory, the two-dimensional
(2-D) equations of the water flow in TMR are simplified
as follows:

ou
ot
þ ouu

ox
þ ouv

oy
þ ou02

ox
þ ou0v0

oy
¼ m

o2u
oy2
� 1

q
op
ox
; ð4Þ

ou
ox
þ ov

oy
¼ 0; ð5Þ

where u and v are the time-averaged velocity components in
the x- and y-direction, respectively; u 0 and v 0 are the turbu-
lent velocity components in the x- and y-direction; m is the
kinematic viscosity of water; q is the density of water; and p

is the time-averaged pressure.
In the above equations, the lateral motion equation of

flow (in the y-direction) was neglected. Applying the
boundary layer theory [6], through the order of comparison
the lateral equation can be simplified as op/oy = 0. That is
to say, there is no transverse pressure gradient in the
boundary layer (TMR). In other words the pressure in
the boundary layer (TMR) is equal to the pressure in the
main flow and is a given function of x for the purpose of
solving the boundary-layer problem. Thus, the lateral
motion equation (in the y-direction) need not to be written.
Consequently, the equations of the flow in TMR could be
simplified as Eqs. (4) and (5).

Suppose the flow in TMR is similar to the flow in a free
shear layer and the wall influences could then be not taken
into account. The pressure gradient in the x-direction also
appears to be negligible, i.e., op/ox � 0. The velocity gradi-
ent and turbulent velocity in the x-direction is far less than
those in the y-direction, so the term of ou02=ox can be omit-
ted. Therefore for 2-D steady flow, the flow equation of
TMR can be further simplified as follows:

u
ou
ox
þ v

ou
oy
þ o

oy
ð�u0v0Þ ¼ 0: ð6Þ

Applying Prandtl’s mixing length theory, one has

�u0v0 ¼ l2 o�u
oy

����
���� o�u
oy
: ð7Þ

Assuming that the mixing length l is proportional to the
width of TMR, combining Eq. (3) yields:

l ¼ cc1x ðc; c1 are constantsÞ: ð8Þ
Consequently, Eq. (6) can be finally written as

u
ou
ox
þ v

ou
oy
¼ 2c2c2

1x2 ou
oy

o
2u

oy2

ou
oy
> 0

� �
: ð9Þ

Introducing the stream function w, with u = ow/
oy, v = �ow/ox, and substituting them into Eq. (9), one
obtains

ow
oy

o2w
oxoy

� ow
ox

o2w
oy2
¼ 2c2c2

1x2 o2w
oy2

o3w
oy3

: ð10Þ

The experiments reported in this paper demonstrate that
both water flow and sediment motion in TMR approxi-
mately coincide with a similar structure as in the free mix-
ing layer induced by a jet. Therefore, the similarity theory
can be used to solve this problem. Applying similarity
assumption, the partial differential equation (10) may be
translated an ordinary differential equation that can be
solved analytically.

Supposing w0 = Umy (Um is the mean depth-averaged
velocity of the main flow) is the first-order similarity solu-
tion of Eq. (10), and introducing the similarity variable
f = dy/x (d is an empirical parameter), w0 may be written
as w0 = d�1Umxf.

Assuming the similarity function of the stream function
is f(f), then

w ¼ d�1Umxf ðfÞ: ð11Þ
Substituting Eq. (11) into Eq. (10) and rearranging them,
one has

2c2c2
1d

3f 00ðfÞf 000ðfÞ þ f ðfÞf 00ðfÞ ¼ 0: ð12Þ
The previous analysis shows that the partial differential

equation (9) can be translated into an ordinary differential
equation by means of a similar variable f = dy/x, where d is
an empirical coefficient. Letting d = (cc1)�2/3, Eq. (12) can
be further simplified as

2f 00ðfÞf 000ðfÞ þ f ðfÞf 00ðfÞ ¼ 0: ð13Þ
Setting f00(f) = 0 indicates wrongly that there is no velocity
gradient in TMR, this is not the actual situation. So
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f00(f) = 0 is not the solution to the problem. Therefore, the
similarity function equation of the flow in TMR has the
following final form:

2f 000ðfÞ þ f ðfÞ ¼ 0: ð14Þ
Fig. 4. Distribution of the depth-averaged longitudinal velocity of the
flow in TRM where the solid lines are numerical results and circles are
experimental measurements for Re = 34,950.
3.2. Similarity solution of the water flow in TMR

Ignoring the influence of the downstream wall of the
blind channel, the boundary conditions of Eq. (10) can
be specified at the outer boundary of TMR as follows
(see Fig. 3): ow/oy = Um, o2w/oy2 = 0, and ow/ox = 0 at
the outer edge f1.

Due to the existence of the circulation flow near the
mouth of blind channels, it is not easy to determine the
inner boundary condition of the flow in TMR. Considering
that the average velocity of the circulation flow is much
lower than that of the main flow, and the longitudinal
velocity at the inner boundary of TMR is very small, ow/
oy � 0, and o2w/oy2 � 0 at the inner boundary. Thus, the
dimensionless boundary conditions of the similarity func-
tion of Eq. (3) can be reduced to:

At the outer boundary f = f1

F 0ðfÞ ¼ 1;

F 00ðfÞ ¼ 0;

F ðfÞ ¼ f1:

ð15Þ

At the inner boundary f = f2

F 0ðfÞ ¼ 0;

F 00ðfÞ ¼ 0:
ð16Þ

Since the characteristic roots of Eq. (14) are

r1 ¼ 2�
1
3eip3; r2 ¼ 2�

1
3eip; r3 ¼ 2�

1
3e�ip3:

The general solution of Eq. (14) yields the following form:

f ðfÞ ¼ a1e�Af þ a2eBf cosð
ffiffiffi
3
p

BfÞ þ a3eBf sinð
ffiffiffi
3
p

BfÞ; ð17Þ

where A ¼ 2�
1
3; B ¼ 2�

4
3, and a1, a2, and a3 are the integral

constants determined by the boundary conditions.
By using Eq. (17), a group of nonlinear equations were

derived from the boundary conditions (15), (16), and the
values of a1, a2, a3, f1, and f2 can be numerically obtained
as follows:

a1 ¼ �0:019; a2 ¼ 0:185; a3 ¼ 0:850;

f1 ¼ 1:208; f2 ¼ �2:403:

Consequently, the similarity function of the problem looks
like:

f ðfÞ ¼ �0:019e�Af þ 0:185eBf cosð
ffiffiffi
3
p

BfÞ þ 0:85eBf sinð
ffiffiffi
3
p

BfÞ:
ð18Þ

Therefore, the stream function and the velocity field in
TMR are
wðfÞ ¼ d�1U mxf ðfÞ; ð19Þ
u ¼ U mf 0ðfÞ; ð20Þ
v ¼ d�1U m½ff 0ðfÞ � f ðfÞ�; ð21Þ

where d = (cc1)�2/3 is an empirical parameter. Based on the
experimental observations, the separation angle between
the outer boundary of TMR and the geometrical interface
of the blind channel mouth, i.e., the outer diffusive angle of
TMR is

a1 ¼ 6:11�: ð22Þ
That is y/x = tana1 = 0.107, and the outer boundary
f1 = dy/x = 1.208. Therefore, one has

d ¼ ðcc1Þ�
2
3 ¼ 11:29: ð23Þ

In addition, the other diffusive angles (the inner diffusive
angle) of TMR can be obtained based on the value of f2

as follows:

a2 ¼ �12:02�: ð24Þ
Actually, the interface between the main flow and the

circulation flow is not same as the geometrical boundary
of the mouth of blind channels, but a streamline of TMR
flow, namely, the plane w = 0, corresponding to
f0 = �0.27 or y/x = �0.024. As a result, the deflection
angle between the actual interface and the geometrical
interface is

a ¼ arctanðy=xÞ ¼ �1:37�: ð25Þ
According to the solution of the velocity field, the distri-

bution of the longitudinal velocity of the flow in TMR was
numerically calculated. The numerical results (solid line)
showed a good agreement with experimental data (dots)
for a Reynolds number of the main flow of 34,950 as shown
in Fig. 4.

The gradient of the longitudinal velocity (u) along the
crosswise (y) direction in TMR is

ou
oy
¼ dU mx�1f 00ðfÞ; ð26Þ

at the interface f = 0,



Fig. 5. Velocity gradient on the geometrical interface computed from Eq.
(27) (solid line) and experimentally measured.
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ou
oy

� �
f¼0

¼ 4:44U mx�1: ð27Þ

Taking (ou/oy)f=0 for the ordinate and (x/Hc) for the ab-
scissa (where Hc is the critical water depth of the main flow,

H c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðUmHÞ2=g3

q
), comparison of computational results

of Eq. (27) and experimental data is shown in Fig. 5. The
experimental value of the velocity gradient was obtained
by computing the average variation of velocity between
two points near the interface. These two points are located
in two sides of interface with a distance of 1 cm, respec-
tively. Thus, the experimental results are a little smaller
than the numerical values. Nevertheless, this comparison
still shows rather good agreements.

Applying Prandtl’s momentum transmission theory, the
turbulent viscosity of flow in TMR can be obtained as

mt ¼ l2 ou
oy
¼ d�2U mxf 00ðfÞ: ð28Þ

Therefore, the turbulent viscosity along the interface be-
tween the main flow and the circulation (f = �0.27) could
be expressed as follows:

ey ¼ 0:00325U mx: ð29Þ
4. Sediment diffusion equation and its solution

4.1. Sediment diffusion equation in TMR

When ignoring molecular diffusion, the diffusion equa-
tion of sediment movement in TMR takes the following
form:

oS
ot
þ u

oS
ox
þ v

oS
oy
þ w

oS
oz
� x

oS
oz

¼ o

ox
esx

oS
ox

� �
þ o

oy
esy

oS
oy

� �
þ o

oz
esz

oS
oz

� �
; ð30Þ

where u, v, and w are the time-averaged flow velocity com-
ponents in the x-, y-, and z-direction, respectively; esx, esy,
and esz are the sediment diffusion coefficients in the x-, y-,
and z-direction, respectively; and x is the sediment settling
velocity.

In TMR, the crosswise (y-direction) diffusion of sediment
from the main flow to the blind channel was completed
within a very short distance. For a finite width of blind chan-
nel flow, the gravitational action is greatly weakened for
sediment transport in the crosswise (y) direction owing to
the intense entrainment by larger-scale vortices in TMR.
Even if there is some scour-and-fill of sediment, the non-
equilibrium of crosswise transport thus caused is also very
weak. Therefore, sediment transport in the crosswise direc-
tion is approximately in equilibrium in a limited width of
TMR. Assuming that the width of the mouth of blind chan-
nel is finite, and that the flux of the main flow is much larger
than that in the blind channel, the effect of the sediment
diffusion from the main flow to the blind channel on the
sediment transport in the main flow is weak and negligible,
i.e., the sediment entering the blind channel is insignificant
compared with the total sediment load carried by the main
flow. Consequently, sediment transport in the x-direction
can be approximately treated as an equilibrium process.

In summary, the sediment transport in TMR can be
approximately regarded as an equilibrium process. The
action of gravitation in a vertical line is relatively in equi-
librium with the turbulent diffusion, so the fifth term at
the left side and the third term at the right side of Eq.
(30) can be omitted. Ignoring the vertical velocity compo-
nent, the sediment diffusion equation becomes:

oS
ot
þ u

oS
ox
þ v

oS
oy
¼ o

ox
esx

oS
ox

� �
þ o

oy
esy

oS
oy

� �
: ð31Þ

The gradient of velocity u in the x-direction is very
small, and the sediment turbulent diffusion in the x-direc-
tion is far less than in the y-direction. Considering the
steady process of sediment transport, Eq. (31) can be fur-
ther simplified as

u
oS
ox
þ v

oS
oy
¼ o

oy
esy

oS
oy

� �
: ð32Þ

Now supposing esy = bey, where ey = l2(ou/oy) is the eddy
viscosity for momentum transport, taking ou/oy as the
average gradient along the width of TMR, i.e. ou/
oy � (Um � Ub)/b � Um/b, (Ub � 0), the average sediment
diffusion coefficient in TMR can be expressed as

esy ¼ bey ¼ bcc2
1Umx: ð33Þ

Substituting Eq. (33) into Eq. (32), the sediment diffusion
equation in TMR is rewritten as follows:

u
oS
ox
þ v

oS
oy
¼ bcc2

1U mx
o

2S
oy2

: ð34Þ

The boundary condition of Eq. (34) also can be specified
at the outer and the inner boundaries of TMR. In the coor-
dinate system shown in Fig. 3, at the outer boundary f = f1

the following relation is obtained:

S ¼ Sm; ð35Þ
where Sm is the sediment concentration in the main flow.
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The sediment concentration at the inner boundary can
be assumed to be the mean concentration in the circulation
flow, Sr. Since Sr is unknown in advance, the sediment car-
rying capacity of the circulation flow can be approximately
applied at the inner boundary f = f2:

S ¼ Sr� : ð36Þ
where Sr� is the sediment carrying capacity of the circula-
tion flow.

Liu [6] has previously established a formula for estimat-
ing the sediment carrying capacity of the circulation flow
based on theoretical analysis and experimentation as
follows:

Sr� ¼ K
U 3

rx

gB0x

� �m

; ð37Þ

where Urx is the intensity of the circulation flow (average
velocity on the crosswise axis of circulation flow), B0 is
the width of blind channel, x is the sediment fall velocity,
g is the gravity acceleration, K is a coefficient, and m is an
exponent.

4.2. Solution

Through turbulent mixing, the water flow in TMR
transmits not only momentum, but also mass into blind
channels, namely, sediment particles carried by water flow.
Therefore, the sediment transport also exhibits similarity as
does the water flow in TMR. This has been demonstrated
by the experiment results as shown in Fig. 6.

Introducing the similarity function F(f), where f = dy/x
(d has the same meaning as previously mentioned), the
solution to Eq. (34) can be written as

Sðx; yÞ ¼ SmF ðfÞ: ð38Þ
Substituting Eqs. (20), (21) and (38) into Eq. (34) and sim-
plifying it, one obtains

f ðfÞF 0ðfÞ þ bcc2
1d

2F 00ðfÞ ¼ 0: ð39Þ
The boundary conditions of Eq. (39) are

F ðfÞ ¼ 1; at f ¼ f1; ð40Þ
F ðfÞ ¼ Sr�=Sm; at f ¼ f2: ð41Þ
Fig. 6. Distribution across the width of the main flume of sediment
concentration near the mouth of the blind channel.
Letting a ¼ ðbcc2
1d

2Þ�1, and simplifying Eq. (39) as

af ðfÞF 0ðfÞ þ F 00ðfÞ ¼ 0: ð42Þ
The general solution of Eq. (42) is

F ðfÞ ¼
Z f1

f2

B1e
�a
R u

0
f ðsÞ ds

duþ B2; ð43Þ

where B1 and B2 are the integral constants determined by
boundary conditions (40) and (41), respectively:

B1 ¼
ðSm � Sr� Þ=SmR f1

f2
e
�a
R u

0
f ðsÞ ds

du
; ð44Þ

B2 ¼ Sr�=Sm: ð45Þ

Thus, the solution of the sediment diffusion equation in
TMR is

Sðx; yÞ ¼ Sm � Sr�R f1

f2
e
�a
R u

0
f ðsÞ ds

du

Z f

f2

e
�a
R u

0
f ðsÞ ds

duþ Sr� : ð46Þ

Defining gðuÞ ¼
R u

0
f ðsÞds, g(u) can be achieved by inte-

grating Eq. (17):

gðuÞ ¼
Z u

0

f ðsÞds

¼ 0:0234e�Au � 0:8107eBu cosð
ffiffiffi
3
p

BuÞ

þ 0:2378eBu sinð
ffiffiffi
3
p

BuÞ þ 0:7872: ð47Þ

If a ¼ ðbcc2
1d

2Þ�1 and d ¼ ðcc1Þ�
2
3, then a = dcb�1, where c

is the coefficient in Eq. (3), namely, c = jtana1j + jtana2j =
0.3179. Consequently,

a ¼ 3:61b�1; ð48Þ
where b is the empirical constant by the Vanoni turbulent
exchange hypothesis. Different values of b will lead to dif-
ferent values of a, and different function F(f). In actual
problems, b can be determined through comparing compu-
tational results and experimental data.

4.3. Numerical results of sediment diffusion in TRM

The similarity function F(f) includes two transcendental
integral functions, it can be calculated by numerical inte-
gration instead of an analytical approach. Based on the
sediment diffusion characteristics and laboratory data,
b = 1.4 and a = 2.578, thus, one hasZ 11

12

B1e�agðuÞ du ¼ 2:204; ð49Þ

Sðx; yÞ ¼ 0:454ðSm � Sr� Þ
Z f

�2:403

e�2:578gðuÞ duþ Sr� : ð50Þ

Then, the concentration distribution in TMR was numeri-
cally calculated with a space step Df = 0.2. Fig. 7 illustrates
the comparison of the numerical results (solid line) and the
experimental data (dots), which shows a good agreement.
The deviation between measured and computed results be-
comes a little larger near the downstream wall of the blind



Fig. 7. Distribution of sediment concentration in TRM where the solid
lines are numerical results and circles are experimental measurements.
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channel because of the wall effects. The deviation also is
larger near upstream of the mouth due to the initial devel-
opment of turbulence. As a whole, simulation results in
most regions satisfactorily agree with the real situation, ex-
cept in the neighborhood regions of the upstream and
downstream walls.

4.4. Gradient of sediment concentration in TMR

The sediment concentration in TMR exhibits a large
gradient along the crosswise axis (y-direction), which
causes constant diffusion of sediment from the main flow
into the blind channel. The crosswise gradient of the sedi-
ment concentration in TMR can be obtained:

oS
oy
¼ dx�1SmF 0ðfÞ; ð51Þ

where

F 0ðfÞ ¼ B1e�agðfÞ; ð52Þ
B1 ¼ 0:458ð1� Sr�=SmÞ: ð53Þ

At the mouth of the blind channel (f = 0), F 0(f) = B1.
Substituting Eqs. (52) and (53), and d = 11.29 into Eq.
(51), the concentration gradient at the geometrical interface
of blind channels can be obtained as

oS
oy

� �
0

¼ 5:17x�1ðSm � Sr� Þ: ð54Þ
Fig. 8. The gradient of sediment concentration on the geometrical
interface (f = 0) computed from Eq. (54) (solid line) and experimentally
measured.
Comparison of the numerical results of Eq. (54) and the
experimental data is shown in Fig. 8. The experimental val-
ues of sediment concentration gradient were obtained by
computing the average variation of sediment concentration
from a point 1 cm on the main-flow side to another point
1 cm on the circulation flow side. Therefore, the experimen-
tal results are systematically smaller than the computa-
tional values. However, this comparison still shows that
Eq. (54) may describe well the variation of the sediment
concentration gradient on the interface.
5. Estimation of the sediment deposition rate in blind

channels

There exists a circulation flow with a vertical axis near
the mouth of blind channels. Because of low sediment-car-
rying capacity for circulation flow, a large amount of sed-
iment deposition occurs in this region. In general, there
exits turbulent diffusion and convection between the main
flow and the blind channel flow according to Eqs. (31)
and (32). All sediment in blind channel comes from the
main flow through turbulent diffusion and convection in
TMR. For general engineering projects, the circulation
flow in blind channels is very weak, i.e., the velocities in
the circulation flow are very low. The circulation flow in
the blind channel could be approximately considered a
closed flow induced by the main flow [11]. For this situa-
tion, the convection between the main flow and the blind
channel flow is very weak and negligible. Ignoring the com-
plex processes of sediment transport and deposition in the
circulation flow region, it is assumed that all of the sedi-
ment particles entering the blind channel will ultimately
deposit there. Consequently, the sediment deposition rate
in the blind channel can be obtained by integrating the sed-
iment diffusion rate crossing the interface between the main
flow and the blind channel flow.

The sediment diffusion rate crossing a unit area of the
interface can be expressed by Eq. (1), i.e. gs = esy(oS/oy)
at the interface. For a finite width of blind channel, the
actual interface between the main flow and the circulation
flow is approximately coincidental with the geometrical
interface. Therefore, integrating along the geometrical
interface (y = 0) instead of the actual interface, the sedi-
ment amounts entering into the blind channel per unit
time, Gs, can be derived as follows:

Gs ¼ H
Z B0

0

esy
oS
oy

dx; ð55Þ

where H is the water depth, B0 is the width of the blind
channel.

In general, the water depth in the blind channel should
decrease with the time because of sediment deposition.
However, the sediment deposition mainly take places in
the circulation region, the water depth at the mouth of
blind channels commonly varies slowly in most practical
engineering projects. Consequently, the water depth, H,



Fig. 9. Comparison of sediment deposition rate in blind channels
computed by Eq. (56) (solid line) and experimental data (circles).
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can be assumed as a constant in a finite period. Substitut-
ing Eqs. (33) and (54) into Eq. (55), finally, the following
can be obtained:

Gs ¼ 0:0235UmB0HðSm � Sr� Þ: ð56Þ

Eq. (56) describes the total amount of sediment entering
the blind channel per unit time, i.e., the total amount of
sediment deposition in the blind channel per unit time,
which is the so-called the sediment deposition rate in the
blind channel. Eq. (56) was well validated by experimental
data as shown in Fig. 9. The results indicate that Eq. (56)
established in this paper can correctly estimate the sedi-
ment deposition rate in blind channels.

Eq. (56) reveals, for a low velocity flow system, that the
sediment deposition rate in blind channels is generally pro-
portional to the velocity of the main flow, water depth, the
width of the blind channel, and the difference in sediment
concentration between the main flow and the circulation
flow in the blind channel. However, when the velocity of
the main flow increases to certain great value, the sediment
deposition rate may decrease with the increase of the veloc-
ity of the main flow. The enough main flow velocity can
cause the obvious increase of circulation intensity and sed-
iment concentration in blind channels, which should lead
to the obvious decrease of the difference in sediment con-
centration between the main flow and the blind channel
flow. This law was also supported by the experimental
observations of Xu [12].

In practical application, as the generally very small flow
velocity and sediment concentration of flow in blind chan-
nels, the sediment concentration in blind channels can be
approximated as zero. Consequently, Eq. (56) further sim-
plifies to the following form:

Gs ¼ 0:0235UmB0HSm: ð57Þ
6. Conclusions

The properties of the water flow and sediment diffusion
at the mouth of finite width of blind channels were exper-
imentally and theoretically investigated, and the following
conclusions are drawn from this study:
(1) The turbulent mixing region (TMR) between the
main flow and the circulation flow in a blind channel is an
important area where the main flow continually transfers
momentum and sediment into the circulation flow. The
accumulative deposition of suspended sediment in the blind
channel is governed by turbulent diffusion in TMR.

(2) Experimental data show that the water flow and sed-
iment motion approximately coincide with the similarity
structure in TMR. The similarity solutions of flow motion
and sediment diffusion were finally obtained by theoretical
analysis.

(3) The distributions of longitudinal velocity and sedi-
ment concentration in TMR were numerically calculated.
Comparisons of numerical results and experimental data
show rather good agreement.

(4) A formula (Eq. (56)) to estimate the sediment depo-
sition rate in blind channels with the finite width was theo-
retically established based on the sediment diffusion in
TMR. The fact that the sediment carrying capacity in the
circulation flow has a significant influence on the sediment
diffusion between the main flow and the circulation flow is
effectively considered.
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