CHAPTER 146

Sediment-Cloud Based Model of Suspension over Ripple Bed due to Wave Action

Hitoshi Gotoh!, Tetsuro Tsujimoto? and Hiroji Nakagawa3

ABSTRACT

Sediment cloud, which is released periodically from the crest of ripples, plays a
very important role in suspension over a ripple bed under the wave action. By consid-
ering the special role of the sediment cloud, suspension is divided into two
subprocesses: (i) the transition process from bed-load motion to suspension as the
entrainment of the sediment cloud; and (ii) the diffusion process of suspended sedi-
ment released from the sediment cloud. The trajectory of the sediment cloud is calcu-
lated by Lagrangian approach in the flow field solved by k-&€ model of turbulence. The
suspended sediment concentration is simulated by solving a diffusion equation which
has the source term due to sediment cloud. '

INTRODUCTION

Since an important role of sediment cloud on the suspension over a ripple bed
was recognized from the experiment with the aid of the visualization technique
(Sunamura, Bando and Horikawa (1978); Sawamoto and Yamaguchi (1979)), the
model of the suspension using the characteristics of the sediment cloud began to be
investigated. Sunamura (1980) proposed a formula of the sediment discharge by de-
fining the net sediment discharge as the amount of the sediment transported more than
1.5 times of a ripple's wave length in the offshore direction. Hayakawa, Tani and
Wakui (1985) applied a Lagrangian model to the suspension due to wave action over a
ripple bed, by assuming the scale of sediment cloud after the experiment and solving
the flow field by the Stokes's second order approximation. Swamoto and Yamaguchi
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(1979) divided the flow field into two layers: (i) the "vortex layer" in which the trans-
port by sediment cloud is predominant; and (ii) the "diffusion layer" in which the
diffusion by turbulence is predominant. They estimated the one-cycle averaged tur-
bulent intensity and the one-cycle averaged concentration of suspended sediment,
based on their two layer model.

The applicability of a k-& model of turbulence to the oscillating flow over a
ripple bed was confirmed by comparing the prediction by the model to the body of the
experimental data. Sato, Uehara and Watanabe (1986) performed the numerical
simulation of oscillating boundary layer on the basis of the k-€ model with the equa-
tion of vorticity. They also simulated the trajectory of a suspended particle by a
Lagrangian approach. Tsujimoto, Hayakawa, Ichiyama and Fukushima (1991) calcu-
lated the suspended sediment concentration by coupling the k-€ model with the diffu-
sion equation of suspended sediment.

Sediment suspension in the oscillating flow is characterized by two factors: (i)
the complexity of flow field; and (ii) the response of a suspended particle to the change
of the flow field. The factor (ii) is divided into two processes: (a) the transition
process form bed-load motion to suspension as the entrainment of the sediment cloud,
and (b) the diffusion process of suspended sediment released from the sediment cloud.
Although this hierarchical structure of sediment behavior makes the transport process
more complicated, Sawamoto & Yamaguchi's model of two layer, "vortex layer &
diffusion layer," which is the one-cycle averaged model, gives a good suggestion to
explain this complexity. In this study, Sawamoto & Yamaguchi's model is developed
to the unsteady condition, by regarding the sediment cloud as a moving source of
diffusion.

The structure of the model is schematically shown in Fig. 1. The transition
process by the motion of sediment cloud (subprocess (a)) is simulated by tracing the
trajectory of sediment cloud in the flow field solved by a k-&€ model; while the diffu-
sion process of suspended sediment released from the sediment cloud (subprocess (b))
is simulated on the basis of the Murphy's diffusion equation (1984) with the sediment
source term which expresses the generation of the sediment due to the sediment cloud.
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water tunnel with a movable bed illustrated in Fig.2. The equipment was made of
acrylic resin, and the working section was 180cm long, 20cm high and 20cm wide.
The access to the working section was provided by the hatches located above the cen-
tral part of the water tunnel. The driving mechanism is installed to maintain the
oscillation. The pump system was connected with the water tunnel at the both ends of
the horizontal section, to generate the uni-directional flow. The motion of the sedi-
ment cloud was recorded by a CCD video camera from the side of the working section.
The time series of the concentration of sediment near the bottom was measured by an
optical turbidity meter. The test particle was a natural sand with the specific gravity
2.65 and the diameter 0.26mm. Experimental condition is shown in Table 1.

In an oscillation-current coexisting flow, the asymmetry of the flow field and
that of the sediment transport due to the existence of the current bring the asymmetric
ripple profile: the upstream-side slope is steeper than the downstream-side slope. The
geometrical parameters of the ripple in the experimental condition is included in the
range of the body of the experimental data in the wave-current coexisting flow by
Watanabe, Sakinada and Isobe (1989).

Drive Mechanism

Piston

Table 1 Expcrimental condition
V7 2

20 Ball Vaive Period of oscillation T (s) 2.6
—
Section A-A' Amplitude of the mean 19.0
20 velocity Uw {cmi/s)
30 Current velocity uc (cm/s) 6.2

[Unit: em) ‘%@_
A
A

Ripple wavelength Ly (cm) 12.0

Ripple waveheight H, (cm) 2.1

— , l Ripple steepness Hy /L 0.175
ATmbvable Bed Valvels - .
/T Grid Working Section Ripple symmetry asymmoetric
| | 110 180 Propagating velocity -1.67
(Pump of the ripple {cm/s)
Figure 2 Oscillating water tunnel

GOVERNING EQUATIONS OVER RIPPLE BED

Orthogonal curvilinear coordinate over ripple bed:

Sawamoto (1978) proposed the orthogonal curvilinear system for the symmetric
ripples. Tanaka and Syuto (1984) modified the Sawamato's system to express the
asymmetric profile of ripples. The relation between the Cartesian coordinate (x,y) and
the orthogonal curvilinear coordinate system (&,17), based on Tanaka & Syuto's
method, is introduced to make a conformal mapping over the ripple bed as follows:
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N
x=&~H,Y a, exp(-k jmsin(k j&+6,)

=1

il ey
=n+H,Y.a, exp(-k jm)cos(k jE+6,)

=1
where Hy=ripple wave height; k=ripple wave number (=21/L;); and L=ripple wave
length. The empirical parameter ayj, 6 are determined by trial and error. The agree-
ment between the measured ripple profile and Eq. 9 is fairly good as shown in Fig. 3.

Governing equations:
The governing equations in the orthogonal curvilinear coordinate (&,1) is given
as follows:

9 , 99 hl o
by — o aé[h U - Ea_é]'*‘a [hl Vord - ¢h o ) MhySee m ©)

where ¢=variable, I'y=coefficients of apparent viscosity, and Sy=source terms, and
they are summarized in Table 2. The parameters and variables in Table 2 are as
follows: Upr,Vor= mean velocity components in &1 directions, respectively;
P=mean pressure, p=mass density of fluid; I'=effective viscosity; v=kinematic viscos-
ity; vi= kinematic eddy viscosity;
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Table2  Terms in governing equations
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ciently low level at which the effect of the suspended sediment on the flow field is
negligibly small, or the clear water flow assumption can be applied. By substituting

Eq. 1 into Eq. 3, h1=h2(=hgq).

Boundary conditions and procedure of simulation:

The wall function is applied at the bottom boundary, or the logarithmic law of
the mean velocity at the lowest point of the grid. The turbulent energy and its dissipa-
tion rate at the lowest grid point are calculated based on the local equilibrium assump-
tion.

At the top boundary, an axial symmetric condition is applied for U, kand € The
periodic boundary condition is applied for U,k and € between the both side boundaries.
The present simulation does not require the boundary condition of concentration at the
bottom, which is usually employed in the calculation of the concentration, because the
sediment source term is added in the present simulation. Therefore, the concentration
profile can be evaluated by the present simulation without giving the sediment concen-
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tration at the reference level.

The governing equations are discretized by SIMPLE algorithm by Patankar and
Spalding (1972), and the calculation was conducted based on TEACH code (Gosman
and Ideriah (1976)). For the conversion assessment of the flow field, the following
conditions are subjected: (i) the summation of the absolute residual in each cell of a
continuity equation is less than 1% of the flow discharge in the streamwise direction;
(i1) the absolute residual in each cell of a mean flow equation is less than 1% of the
total momentum at the inflow boundary.

The procedure of the present simulation are as follows: (i) to solve the flow field
; (ii) to simulate the motion of the sediment cloud by Lagrangian method in the flow
field solved in the process (i); (iii) to evaluate the sediment source term in the equation
of concentration based on the trajectories of the sediment cloud determined in the
process (ii); and (iv) to solve the equation of concentration in the flow field determined
in the process (i) with the sediment source term evaluated in the proccess (iii).

SOLUTION OF FLOW FIELD

The characteristics of the calculated flow field are discussed at the phase 2r/5
and 7m/5. The change of the bulk mean velocity at the inflow boundary is given in the
cosine pattern, hence the velocity in the current direction is maximum at the phase 2rx,
and the velocity against the current direction is maximum at the phase T.

The calculated mean velocity field at the phase 21/5 and 7r/5 are shown in Fig.
4. The vortex due to the separation is found in the lee side of ripples at the phase 2n/
5; while the vortex is not clearly simulated at the phase 71/5. The asymmetric ripple
profile affects strongly on the flow field.

Figure 5 shows the calculated distribution of the turbulent energy. At the phase
2n/5, the high value area is recognized along the outer edge of the vortex due to the
separation; while at the phase 7r/5, the high energy area due to the vortex is not found.
The non-uniformity of the turbulent energy in the streamwise direction at the phase
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21/5 is smaller than that at the phase 77/5, hence the contour lines at the phase 771/5
become more parallel to the bottom profile than those at the phase 27/5. Fig. 6 shows
the calculated energy dissipation, and Fig. 7 shows the calculated kinematic eddy vis-
cosity.  Their asymmetric distributions due to the asymmetric bottom profile are
found in both figures. The calculated results suggest the drastic change of the kine-
matic eddy viscosity, which are usually used to estimate the coefficient of the diffu-
sion of suspended sediment.
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Figurc 7 Distribution of kinematic cddy viscosity

SIMULATION OF SEDIMENT CLOUD MOTION

Simulation model:
The sediment cloud was defined only qualitatively in the previous studies as the
mixture of sediment and fluid which is apparently like a cloud; while the quantitative
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definition of the sediment cloud is not clear because the boundary between the sedi-
ment-fluid mixture and the surrounding (luid 1s ambiguous. In order to clarify the
qualitative definition of the sediment cloud, it is here idealized as follows: a "kernel"
exists at the central part of the cloud in which the all of the sediment transported by the
cloud is contained. The kernel is not affected by the turbulence, hence the trajectory
of the kernel is a deterministic one ruled by the mean velocity filed.

Here, the kernel is approximated by the rigid cylinder. By neglecting a rotating
motion of the cylinder, the equation of the motion of the kernel is written as follows:

o, du, _ 1
p( " CM]Azdfx = 5 CopAduluy —u(uy —up
S
+p(l+ G A d—;;— - P(& - 1JgA2d§1
p

where Ug=velocity vector of the kernel; Ug=velocity vector of the surrounding fluid;
g=gravitational acceleration; d¢j=diameter of the kernel, Cps=added mass coefficient;
oq=density of the kernel; and A}, A2=one- and two dimensional geometrical coeffi-
cients. The drag coefficients Cp is given by

dcl lucl - uf l
v

24
CD=C,D«»+F ;0 Re= (5)

Although the coefficient Cp.. depends on the shape of the particle, Cpe sets 0.4 in this
.study. It is smaller than that of cylinder, because the real kernel is not a rigid body.

Equation 4 is applicable to the orthogonal curvilinear coordinate (&,17) only with
the modification of the gravity term as follows:

p ] [L1a
[g“’}L on - on [O} i, O (©)
gl h3|_ 2 E gl L&,

o5 9 hé, 9&

Following the definition of the kernel mentioned above, the velocity of the sur-
rounding fluid in Eq. 4 is given by the mean velocity of the flow field. By considering
that the sediment cloud is generated by the vortex due to the separation, the diameter
of the kernel dg; is related to the scale of the vortex, or the ripple wave height as
follows:

dy=BuH, ; Pu=01 )

Here, the kernel is treated by the deterministic equations, hence the probabilistic as-
pect of the suspension, namely the random motion of the suspended sediment should
not be included in the kernel. In general, the number of the random suspended sedi-
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ment increases with the distance from the center of the sediment cloud. Hence, the
kernel with small diameter is adopted in this study.
The mass density of the kemel o is given in a following form.

qscl 9sa
(o)

@ qcl P( da J ®)
where gg=volume of the sediment cloud; and o=density of sand. The volume of the
contained sediment gy is estimated in a following manner. The volume of the sedi-
ment released from the sediment cloud (kernel) per unit time is assumed to be propor-

tional to the volume of the contained sediment. Hence, the volume of contained
sediment in the kernel is given by following equation .

Lo - exp[ o J s Ga=t—ty ©)

qsclo ﬁ cl TD

where ggcjo=initial volume of the contained sediment; Tp=life time of the sediment
cloud; Bg=the empirical constant; and z¢jo=starting time of the sediment cloud, or the
time at which the main stream changes their direction. An observation of the motion
of sediment clouds in the experiment suggested that the life time of the sediment cloud
approximately coincides the period of the oscillation; and that the diffusion is active in
the half period of oscillation from ¢jg to the time when the central position of the cloud
is difficult to determine. By considering these results of the observation, Tp and S
are set 7p=T, (=period of oscilla-

tion); and B.=0.2. By setting y
ﬁcl=0~2, the volume of the con- Hrq Run2 Oscitation in the s8Me drrection of the cuTent
tained sediment after a half period 297
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each 1/10 seconds was determined; (ii1) the deterministic trajectory was determined by
averaging the trajectories given in the process (ii).

When the oscillation occurs in the opposite direction of the current, the agree-
ment between the simulation and the experiment is fairly good. While, under the
oscillation in the same direction of the current, the result of the simulation deviates
form the experimental result after the cloud passes the trough of the ripple. The
concentration of the sediment decreases with the increase of the travelling time of the
cloud, hence the reliability of the experimental results, which depends on the concen-
tration, decreases with the increase of the travelling time of the cloud. Furthermore,
the volume of the contained sediment decreases with the increase of the travelling time
of cloud, therefore the role of the kernel as a source of the sediment in the diffusion
equation becomes less important with the travelling time of cloud. Hence the devia-
tion of trajectory never bring a severe error in the simulation explained in the follow-
ing chapter.

SIMULATION OF SUSPENSION

Estimation of the source term:
The sediment source term found in Murphy's diffusion equation are estimated as
follows:

d
Sy(&n.t)= —;cd(é,n,t)—%t1 (10

Where y1(&,7,t)=the distribution of the suspended sediment around the center of the

sediment cloud, and the uniform distribution is here supposed. Then, yc(&,7,t) is
written as follows:;

1 when (&n) =&, 1)

11
0 other (1)

Xcl(é’TLt) = {

where (&1,mc1)=the location of the center of the sediment cloud.

Estimation of the diffusion coefficient:

Although the diffusion coefficient of suspended sediment is usually estimated
by assuming it's similanty to the kinematic eddy viscosity, the motion of the sus-
pended sediment is affected not only by the fluid motion, the characteristics of the
variation of which is represented by the kinematic eddy viscosity; but also by the
response of the particle to the change of the surrounding fluid motion. Tsujimoto and
Nakagawa (1986) proposed the estimation of the diffusion coefficient on the basis of
the similarity between the diffusion equation and the continuous expression of the
random walk model. In this section, the diffusion coefficient is estimated based on
the Tujimoto and Nakagawa's method.

By considering the equilibrium state of the random walk of suspended sediment
in the vertically one-dimensional infinite space, the following relation is obtained.
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SIG A—.
o = EL1 L (12)

where, fy=probability density of existing height of suspended sediment, and {=vertical
deviation of suspended sediment during Af. At=time step of random walk. On the
other hand, the one-dimensional diffusion equation in a steady state which is written as
follows:

d
ES.FCL:_WO'CS i Co=Cn ks (13)
Y

where Cy=depth-averaged concentration of suspended sediment. By comparing Eqgs.
12 and 13 to each other, and supposing the relation E[{]=woA¢, the diffusion coeffi-
cient can be written as follows:

. BN _EUP+or war of
ST 24t WM 2 24

(14)

The magnitude of the deviation of the suspended sediment during 4¢, oy, is givenina
following form, by introducing one-dimensional Markovian process to express the
characteristics of the turbulence.

A
0'3 = 2k§sof[At T, — A;Z{l - exP(— T_t]H (15)
L

where oy=the standard deviation of the surrounding fluid velocity during At, and
kos=the parameter of the particle's response. Finally, by substituting Eq. 15 into Eq.
14, the turbulent Schmidt number §¢ is written as follows:

2
1 ¢ £ 1 =
—E—s=—5—=—[ﬁJ E+RI-E(-e>)} o B =MIT, (16)

In the homogeneous turbulent flow, the Lagrangian time scale 71, can be written in the
following form through a dimensional consideration as follows:

W

v!
% (17)

n

T,

The Lagrangian time scale can be related to the parameters of the flow field by Eq. 17.

Figure 9 shows the distribution of turbulent Schmidt number estimated by Eq.
16 with the time step of the simulation A7=0.01 s. At the phase 2r/5, at which the
separation occurs, the spatial non-uniformity is strong;, while at the phase 7n/5, the
spatial non-uniformity is small, or the contour line is almost parallel to the bottom
configuration.  Although Eq. 16 is derived by assuming the diffusion in the one-
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Figure 9 Distribution of the turbulent Schmidt number

dimensional uniform field (-ec,00), the fundamental mechanism of the motion of sus-
pended sediment: the characteristics of the response of suspended sediment to the tur-
bulence; and the fundamental characteristics of the turbulent flow field are included in
this equation. Therefore, the estimation of the diffusion coefficient based on Eq.16is
better than the usual way of estimation, in which a linear proportionality is assumed
between kinematic eddy coefficient and the diffusion coefficient.

RESULTS OF SIMULATION AND DISCUSSION

Figure 10 shows the result of the simulation on the distribution of the concentra-
tion of suspended sediment. The value on each contour line implies the relative con-
centration to the initial concentration of the kernel (=C¢jp), and the phase shown in
each figure is the phase of the balk mean flow. Although the experiment shows that
many of bed-load particles are entrained into the separation zone and high density
sediment is recognized in the separation zone; the present simulation never treats the
sediment in the separation zone as suspended sediment, the definition of which is the
sediment in a random motion. Because the motion of the sediment in a separation
zone is strongly ruled by the motion of vortex, and it is rather deterministic. There-
fore, the high concentration region is not found at the phase 27t/5 in the simulation, in
which the separation is found in the lee side of ripples.

The sediment cloud propagating in the opposite direction to the current (leftward
in Fig.9), which emerges at the phase 31t/5, moves in the upstream direction (leftward
in Fig.9) with generating high density suspended sediment, and then it reaches the
region above the steep slope of the upstream neighboring ripple (right-hand side mild
sloop in Fig.9) at the phase 41t/5. At the phase &, the sediment cloud exists above a
trough of ripple, and it plays a role to push the contour lines up. At the phase 67/5,
high concentration region due to the sediment cloud is not found clearly, and the con-
centration is almost uniform in the horizontal direction. While the sediment cloud
propagating in the same direction to the current (rightward inFig. 9), which emerges at
the phase 71/5 above the mild slope of the ripple, reaches the region above the steep
slope in the downstream neighboring ripple. At the phase 91/5, the high-concentra-
tion region extends to the downstream direction. At the phase 2w, the contour lines
are almost parallel to each other, and the concentration profile is approximately uni-
form in the horizontal direction.
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Figure 10 Concentration distribution of suspended sediment

From the phase 27 to 21t/5, the deposition of the sediment is promoted and the
contour lines move in the downward direction, because the sediment cloud, or the
source of sediment, does not exist; while, from the phase 71t/5 to 21, the speed of the
downward motion of the contour lines is suppressed due to the existence of the sedi-
ment cloud. Although the sediment cloud moving in the same direction of the current
1s smaller than that moving in the opposite direction to the current, it plays a role to
maintain the high-concentration region which is generated by the motion of the sedi-
ment cloud moving in the opposite direction of the current.

Figure 11 shows the comparison between the simulated time series of the con-
centration and that obtained by the experiment at the two points: [A] the concentration
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at the point near the crest located
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Figure 11 Time serics of concentration
CONCLUSION

The results obtained in this
study are summarized as follows:

(1) The oscillation-current coexisting flow over a ripple bed is numerically
simulated by a k-€ model of turbulence. The result of the simulation shows that an
asymmetry of the bottom-neighboring structure of the flow is induced clearly from a
slight asymmetry of the ripple profile.

(2) To simulate the motion of the sediment cloud as the moving source of the
suspended sediment in the field of the diffusion, the existence of a kernel is supposed
at the central part of the sediment cloud. The motion of the kernel is simulated based
on the equation of motion of a rigid cylinder. The result of the simulation agrees well
with the experiment of the trajectory of sediment cloud.

(3) The turbulent Schmidt number is estimated on the basis of the similarity
between the stochastic model of the suspension and the diffusion model. The spatial
non-uniformity of the Schmidt number indicates the importance of the improvement
of previous method which requires an assumption of a linear proportional relation
between the kinematic eddy viscosity and the diffusion coefficient.

(4) The concentration profile is simulated by Murphy's diffusion equation with
sediment source term, to connect a Langrangian approach of the motion of sediment
cloud with an Eulerian approach based on the diffusion equation. From the results of
the simulation, the important role of the sediment cloud on the diffusion of suspended
sediment over a ripples is clarified.
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