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Abstract 

A procedure to estimate vertical diffusion coefficient and reference 
concentration of time averaged suspended sediment concentration caused by waves 
and current are discussed based on experimental results obtained in a laboratory. 

It is found that the non-dimensional diffusion coefficient normalized by the 
product of shear velocity u* and the equivalent roughness ks is more closely related 
to the Shields' number when the shear velocity is evaluated by using the equivalent 
roughness where the effect of ripple geometry is taken into account. The reference 
concentration is not a unique function of the sediment Shields' number. Incident 
wave period has also influence on the reference concentration. 

Introduction 

Waves and currents around coastal structures and navigation channels have 
large spatial gradients that cause non-equilibrium sediment transport. In the analysis 
of topographic changes around these obstacles, we have to take into account the 
effect of non-equilibrium properly of sediment transport. Especially, non- 
equilibrium property of suspended sediment rather than that of bed load plays very 
important role. Because it takes bed particles a little time to adopt themselves to the 
new surroundings and there is an instantaneous adjustment to equilibrium state in the 
very vicinity of the bottom. 

To evaluate suspended sediment transport rate based on an advection- 
diffusion equation, we have to know both concentration and transporting velocity. 
The authors have already developed highly accurate numerical procedure for solving 
the advection-diffusion equation by applying a split-operator approach (Komatsu, 
et.al.. 1985). The accuracy of the numerical procedure deeply depends on a boundary 
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condition at the bottom (reference concentration or vertical sediment flux at the 
bottom) and diffusion coefficient. Until now, many studied have been conducted 
about suspended sediment due to waves in equilibrium state. Only a few have been 
carried out about the non-equilibrium suspended sediment concentration and the 
effect of current superposed on waves. 

The aim of this study is to investigate the effect of current on suspended 
sediment, especially the reference concentration and the vertical diffusion coefficient 
of suspended sediment, through experiments. 

Typical example of topographic change caused by non-equilibrium 
sediment transport 

First of all, we briefly examine the characteristics of non-equilibrium 
suspended sediment concentration measured in a experiment and an applicability of 
the numerical procedure for predicting non-equilibrium sediment concentration. 
Figure 1 shows the typical example of non-equilibrium suspended sediment 
transport caused by waves and current. 

Wave 
•Q- Q : downward sediment flux 

• P : upward sediment flux 

Current: U 
ft   O      O    C-    O    C 

P>Q 
Erosion 

non-equilibrium 

P = Q 

equilibrium 

P<Q 
Deposition 
non-equilibrium 

Fig. 1 Typical example of non-equilibrium suspended sediment transport 

The waves and current are in the same direction on a horizontal bottom where a 
part of the bottom was replaced by a movable bed. Around the both sides of the 
movable bed, non-equilibrium suspended sediment transport takes place due to the 
unbalance of upward and downward sediment flux. Near the upstream end of the 
movable bed, only upward transport occurs and there is little settling flux and water 
depth increases. Near the downstream end of the movable bed, there is no upward 
sediment flux and only settling flux exists. It is needless to say that the water depth 
decreases there. 

To predict non-equilibrium suspended sediment concentration numerically, the 
details of which I will mention latter, we have to give reference concentration and 
diffusion coefficient. We should fundamentally use reference concentration and 
diffusion coefficient for suspended sediment under the non-equilibrium condition. 
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However, there are various degree of non-equilibrium property and it is difficult to 
obtain universal expression of reference concentration and diffusion coefficient 
under the non-equilibrium condition. Then we tentatively use those values obtained 
from the experiment under the equilibrium condition. 

Figure 2 shows the comparisons of measured and calculated distribution of 
suspended sediment concentration. Fig.(a) is the non-equilibrium state near the 
upstream end of the movable bed. Fig.(b) is the results near the downstream end of 
the movable bed. x axis is taken positive in the direction of waves and currents from 
the edge of upward movable bed. 
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(a) Distribution of non-equilibrium sediment concentration near the upstream end of 
the movable bed 
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(b) Distribution of non-equilibrium sediment concentration near the downstream end 
of the movable bed. 
Fig. 2 The comparisons of the numerical results and measured value of the vertical 
distribution of non-equilibrium suspended sediment concentration. (h=20cm, 
D=0.012cm, U=17cm/sec, T=1.25sec, H=6cm) 

In spite of the usage of reference concentration and diffusion coefficient of 
equilibrium condition, the numerical results coincide with the measured results 
relatively well. So we can judge that we can predict non-equilibrium suspended 
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sediment concentration by applying the split operator approach provided that we can 
give the reference concentration and diffusion coefficient even under the equilibrium 
state. 

Experiments for diffusion coefficient and reference concentration of 
equilibrium suspended sediment concentration 

Experiments were carried out in two two-dimensional wave tanks of different 
size. Length, depth and width of a large tank were 30m*1.9m*1.8m and those of a 
small tank were 30m*0.9m*0.7m. Two kinds of bed materials of mean diameter 
D=0.012cm and 0.035cm were used to make a movable bottom of the length 3m (in 
a small tank) and 6m (in a large tank). All experiments were conducted on a 
horizontal bottom of water depth between 10cm to 40cm. The range of wave height 
was 5cm to 20cm and wave period was lsecond to 2.5seconds. In the small tank 
experiments, we generated current in the direction of wave propagation. The relative 
magnitude of current and wave U/uf, varied from 0 to 0.9, where Uis the depth 
averaged velocity of current and u\, is the water particle velocity at the bottom due to 
waves. Some parts of the experiments were conducted by generating irregular waves 
of Bretschneider-Mitsuyasu type frequency spectrum. 

Suspended sediment concentration was measured by using an optical sensor 
and sampling of sediment laden water. Figure 3 shows an examples of vertical 
distributions of time averaged suspended sediment concentration measured at the 
crest and the trough of the ripple. 
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Fig. 3 Examples of vertical distributions of time averaged suspended sediment 
concentration measured at the crest and the trough of the ripple. (h=20cm, 
D=0.012cm, T=1.5sec, H=6cm) 

As has already been pointed out by many researchers, there is not any 
significant difference between the vertical distribution of time averaged concentration 
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measured on the crest and that measured at the trough and the time averaged 
concentration of suspended sediment became a log-linear vertical distribution. This 
implies that the diffusion coefficient of suspended sediment KZ becomes constant 
through the depth. 

In the figure, our methods to determine diffusion coefficient and reference 
concentration from experimental results are also illustrated. We evaluated diffusion 
coefficient from the vertical distribution of suspended sediment concentration and the 
relation shown by Eq.(l) that is derived from the usual one-dimensional diffusion 
equation in a steady state. 

wfz 

^=~log(C/C0) 
(1) 

where KZ is the diffusion coefficient, Wf is the settling velocity. 
The value of reference concentration Co was determined from concentration at 

the crest level of ripples. 
In the analyses of the diffusion coefficient and reference concentration, the 

experimental results obtained by other researchers that have already been published 
in journals and proceedings are also used together with our experimental results. 

Estimation of bottom shear stress and shear velocity under wave- 
current coexisting field 

The diffusion coefficient and reference concentration are deeply related to a 
bottom shear stress or friction velocity under wave-current coexisting field. Equation 
(2) is our expression of the bottom shear stress TCYj[t) due to waves and current 
derived by solving a turbulent boundary layer equation (Deguchi, 1995) where the 
maximum shear velocity ucw* is given by Eq.(3). 

= puc'
2+pubJicaz(ficw'(Rttp'

2 +I^2fcas{a -t/f) (2) 

^-tanJ(v/0 

ker'g0kerg0 + kei'g0keig0      ,    ker'g0kei<70 + kei'g0kerq,
l V=i—/,    4 /, . V (ker^) +(kefy0)       ' w (kerq0f + (keiq0f 

where q0=2{z0l(Kucw*lo)U2}, u* is the bottom shear velocity due to current, 
z0 is the height of roughness element, cr is the angular frequency, K is the Karman's 
constant and ker and ke i are the real and the imaginary parts of the modified Bessel 
Functions of 2nd. kind, ker' and kei' are the derivatives of ker and kei, 
respectively. 

The depth-averaged velocity Uis calculated by integrating the steady velocity 
between z=zo and h. From this relation, the bottom shear velocity u* with respect to 
the mean current is expressed by Eq.(4) 
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u„    2 j  {aj(uj + \(aj [ub, KUJ\U 

h-zp ' 
\      (4) 

a, =Aln(^/z0)-^ +z0     a2 -hln{h/dw)-h +SW 

where <?„, is the thickness of wave boundary layer. 
Figure 4 illustrates the comparison of measured and calculated distribution of 

mean current. Solid line is the calculated vertical distribution of mean current velocity 
without waves and the broken line is the calculated velocity profile in the case of 
wave and current coexisting field. Open and closed circles in the figure are the time 
averaged measured velocity in the cases of no waves and wave-current coexisting 
field. 
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Fig. 4 Vertical distribution of mean current velocity in the case of wave and current 
coexisting field. (h=20cm, D=0.012cm, current ,U=7.0cm/sec ; wave and current 
:T=1.5sec, H=6cm, U=7.5cm/sec ) 

The velocity was measured by an electromagnetic current meter. It is found 
that the calculated velocity profile reproduce the measured profile. It is also found 
that the presence of waves increases the kinematic eddy viscosity that results in the 
steep velocity profile. 

Results and discussion 

(1) Diffusion coefficient 
Here we examine the expression of diffusion coefficient based on the 

continuity equation of suspended sediment concentration that is expressed by Eq.(5). 
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dc     d i     \ ,  d i      \ 
T:+^-WJ+X(C^)=0 5) ot    ax dz 
We decompose the variables in Eq.(5) into steady part, wave and turbulent 

components and express each component by using an over bar(-), subscript p and (') 
as follows: 

c = c +cp+c' 

us=us+usp+us' (6) 

ws =-wf+wsp+ws' 

Substituting these components into Eq.(5) and taking time average, we obtain Eq.(7) 

dt 

where the diffusion coefficient is expressed by Eqs.(8) and (9). 

d (—\    d f ^_ d (     dc\     d        dc\ 
 icu)— (cwf )= \KX     +— \K     (7) 

dxK   s/   dzK   u   dx\ x dx)    dz\ * dz) w 

^ = -^+c«;)/- (8) 

^ = -&%+^7)/-f (9) 
The first term of Eq.(7) is neglected in a steady state. We assume here that 

horizontal gradient of mean current velocity is negligibly small and all variables are 
uniform in x-direction. Then Eq.(5) becomes a usual one dimensional diffusion 
equation. 

On the other hand, Schmidt number is usually defined as Eq.(lO) 
Schmidt number = e^K^ (10) 

where ez is the kinematic eddy viscosity. It is often assumed that the order of 
Schmidt number is unity. If we adopt this assumption, the diffusion coefficient can 
be expressed in the same way as the kinematic eddy viscosity. We used the 
following form of the kinematic eddy viscosity as shown in Eq.(ll) to solve the 
boundary layer equation: 

*z=«0 (11) 
where / is the length scale. 

According to this expression, we assume that the velocity scale and length 
scales of the diffusion coefficient be the shear velocity u* and equivalent roughness 
ks. The value of u* depends on the expression of ks. In the following, we will 
examine the relation between non-dimensional diffusion coefficient and Shields' 
number calculated by using two different expression of ks, Eq.(12) and (13). Eq. 
(13) is proposed by Nielsen(1992) includes the effect of ripple geometry. 

l=ks=2.5D (12) 
or 

-2 , ks=W/X+5<t>DD (13) 
Fig.5 is the result obtained by using Eq.(12) where we assume that the value 

of ks is a unique function oiD. 
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The vertical axis is the diffusion coefficient normalized by dividing measured 
diffusion coefficient by the product of u* and ks. The horizontal axis is grain 
roughness Shields' number <J>D defined by Eq.(14). 

</>D=u"2/(0gD) (14) 
where u*' is the shear velocity calculated by using Eq.(12), a' is the immersed grain 
density, g is the gravity acceleration. In this case plotted data scatters in a wide 
range. 
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Fig. 5 Relation between non-dimensional diffusion coefficient and grain 
roughness Shields' number 

Fig.6 shows the relation between non-dimensional diffusion coefficient and 
ripple roughness Shields' number $v. 

The vertical axis is again the non-dimensional diffusion coefficient and the 
horizontal axis is the ripple roughness Shields' number (j>v defined by Eq.(15). 

<i> =u*l{ogD) (15) 
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where u* is the shear velocity calculated by using Eq.(13). 
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Fig. 6 Relation between non-dimensional diffusion coefficient and ripple 
roughness Shields' number 

In this case, the scattering of data becomes small when compared with the data 
shown in Fig.(5). This implies that the length scale of the diffusion coefficient 
depends on vortex formation around ripples. 

In the figure, the results obtained in the irregular wave experiments are also 
shown. The bottom shear velocity is calculated by using wave characteristics with 
respect to the rms wave height. 

It was reported that there were no regular ripples on the bottom and sheet flow 
transport just begun in the case where ripple roughness Shields' number is greater 
than three. When ^n is larger than 0.7, the non-dimensional diffusion coefficient 
varies from 0.1 to 0.6 . In the region where <p n is smaller than 0.7, non-dimensional 
diffusion coefficient increases a little with the increases in the value oiU/ut. In this 
region, waves have not large power to bring sediment into suspension and 
contribution of current to suspension becomes relatively large. However, it required 
further investigation about turbulence generated by ripples and diffusibility of 
suspended sediment to quantitatively estimate the value of diffusion coefficient. 

(2)Reference concentration 
We have already proposed semi-empirical expression for predicting reference 

concentration based on energetic consideration. The outline of the derivation of the 
expression for reference concentration are shown below. 

We assumed that a part of the turbulent energy of vortex generated in the ripple 
trough is used to bring sediment into suspension. Tunstall and Inmen (1975) 
evaluated the kinematic energy of vortex formed in the trough of ripples that is 
expressed by Eq.(16) (see Fig. 7) 

£v=2.26p(r/2^)2 (16) 
where T is the strength of vortex circulation and is given by Eq.(17). 
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r/2ir=039ubri (17) 
The work Wv that is required to keep suspended sediment of the concentration 

Cg in the vortex whose diameter rv is estimated by Eq.(18) 

Wv=pC0o'gwf(T/2\2 (18) 
where rv is expressed by the relation of Eq.(19). 

rv - 0.6r) (19) 

Fig. 7 Vortex generated on the ripple 

We further assume that a part of Ev is used to keep sediment into suspension. 
Wv«Ev ... (20) 

This leads to the following expression for C0. 

C0 = pu2
b/(agwfT) (21) 

where b is the empirical coefficient. 
When we replace Uf, by using a shear velocity, we can finally obtain the 

expression of the reference concentration 

0.49(«^)' (22) 

a = D/(fwwfT) 

where fw is Jonsson's friction factor and T is wave period. 
Figure 8 shows the relation between measured reference concentration Co and 

grain roughness Shields' parameter <PD- 
Straight lines in Fig.8 are the reference concentrations calculated from Eq.(22) 

for the various values of a. In the figure, expression of reference concentration 
proposed by Freds<)> e et al.(1978) is also shown. Measured reference concentration 
increases with the increase of the value of a as was predicted by Eq.(22). 

Measured reference concentration caused by wave and current decreases with 
the increase in the value of U/iq,. A ripple geometry was deformed into asymmetry 
by the presence of current. Significant suspended sediment cloud was generated only 
once within one wave period from the steep side of the ripple. Consequently, time 
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averaged concentration at the bottom (reference concentration) decreases when 
current exists. 

To figure out the reference concentration in the presence of current, further 
investigation is required about asymmetrical property of generated ripples and flow 
field on them. 

Fig. 8. Relation between measured reference concentration Q and grain roughness 
Shields' parameter </>D- 

Conclusions 

Characteristics of the vertical diffusion coefficient and the reference 
concentration of time averaged suspended sediment concentration caused by waves 
and current are examined based on the experimental results obtained in laboratory. 

It is found that the non-dimensional diffusion coefficient normalized by the 
product of the shear velocity and the roughness element is closely related to the 
ripple roughness Shields' number when the shear velocity is evaluated using the 
relative roughness that includes the effect of ripple geometry. When ripple roughness 
Shields' number is larger than 3, ripples lose their two-dimensional shape and the 
non-dimensional diffusion coefficient becomes small. 

Current superimposed on waves deforms ripple shape into asymmetry and 
the reference concentration of suspended sediment caused by waves and current 
decreases with the increase in the relative magnitude of current U/ub. The reference 
concentration is not a unique function of the sediment Shields number and incident 
wave period also influence the reference concentration as was expected from the 
energetic consideration shown in the paper. 
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