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ABSTRACT

The concentration distribution of suspended sediment under non-equilibrium conditions due to the
change of bed shear stress is investigated by focussing an analogy between the transition process of the
Reynolds-stress distribution and that of the turbulent flux of suspended sediment. The impulse response
of the Reynolds-stress distribution empirically determined and confirmed by the recent turbulence
measurements in open channel flows is applied to the transition process of the turbulent flux of
suspended sediment under non-equilibrium conditions. By using the boundary condition at the water
surface, the non-equilibrium concentration profile of suspended sediment is deduced. Subsequently, the
non-equilibrium process of the bottom concentration of the suspended sediment is discussed. As a
result, the non-equilibrium process of suspended sediment can be reasonably described by a simple
method.

INTRODUCTION

Recently sediment transport under unsteady, non-uniform conditions is one of the important topics
in fluvial hydraulics and several papers or lectures have emphasized in several international symposia
(Jain (10), Di Silvio (7), Klaassen (15), Tsujimoto (21), Yen (29) and others). The report of the
research group encouraged by the Hydraulic Committee of JSCE (Tsujimoto et al. (23)) also pointed
out its importance, and it reviewed the recent works.

Bed-material load is in general treated by dividing it into bed load and suspended load. The latter
has longer excursion length than the step length of the former, and thus the non-equilibrium process of
suspended load is more important than that of bed load from the view point of engineering. Since the
experiment of Yalin & Finlayson (28) where they measured the profiles of suspended sediment
concentration on the movable bed at the downstream region of a rigid bed, lots of researchers were
interested in the non-equilibrium profile of suspended sediment.

As for the bed-load motion, Nakagawa & Tsujimoto (18) developed a model characterized by the
pick-up rate and the step length, and succeeded in explaining non-equilibrium bed-load transport and the
subsequent sand bed instability as a cause of small scale sand waves reasonably. In their model, the
distribution function of the step length plays a role of the impulse response of the bed-load transport rate
to the spatial change of the pick-up rate which responds to the change of the bed shear stress
immediately, and in this sense, their model might be called a "relaxation model."

As for the suspended sediment, Nakagawa et at. (19) proposed a similar model to their non-
equilibrium bed-load model, where the transition probability density per unit time for a bed-load particle
turns into suspension and the excursion length of a suspended particle were used instead of the pick-up
rate and the step length for bed load, respectively. Although it can explain the non-equilibrium process
of the transport rate, it cannot explain the change of the concentration profile which is also appreciable
and practically important for suspended sediment.
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The aforementioned models belong to the Lagrangian modelling, and its more typical one is
stochastic simulation. Ashida & Fujita (2), Bechteler & Fiber (5) and others tried stochastic simulation
of suspended sediment transport under non-equilibrium and obtained interesting results. On stochastic
simulation of suspended particles, however, there still remain problems such as that it cannot determine
the profile analytically and how to choose the time step in the calculation reasonably.

Another approach is one based on a diffusion equation but it cannot be accomplished without
numerical computation. Some numerical computations were tried by Kerssens et al. (14), Michiue et al.
(17), Celik & Rodi (6), and they succeeded in explaining several experiments of non-equilibrium
suspended sediment transport (Yalin & Filayson (28), van Rijn (27), Ashida & Okabe (4)). Moreover,
Kerssens et al. (14) and Michiue et al. (17) investigated the adaptation length of suspended sediment
concentration profile to the change of supplied sediment concentration and the change of bed shear
stress, respectively. The previous works on this line, however, could not deduce relatively general
characteristics of non-equilibrium suspended sediment transport systematically.

Recently, Kuroki et al. (16) proposed a mathematical expression of non-equilibrium suspended
sediment concentration profile based on a two-dimensional diffusion equation by adaptating it to satisfy
the boundary conditions but without directly solving it. According their method, the non-equilibrium
profile can be deduced if the bottom concentration is evaluated. They estimated non-equilibrium bottom
concentration based on the depth-averaged one dimensional diffusion equation by applying the proposed
relative concentration profile. However, despite the longitudinal variation of bottom concentration is
affected by non-equilibrium concentration profile and the non-equilibrium profile is obviously a function
of the longitudinal distance, but these facts are not taken into account in their model.

This study to describe the non-equilibrium process of suspended sediment is based on the
following two keys: (i) an analogy between the momentum exchange by turbulence (the Reynolds
stress) and the exchange of suspended sediment by turbulence; and (ii) the relaxation model of the
Reynolds-stress distribution of which relaxation distance increases with the relative height from the bed.
Based on the above ideas, the unit impulse response of the turbulence flux of suspended sediment can be
identified with that of the Reynolds-stress. The relaxation model with the impulse response will
describe the non-equilibrium process of suspended sediment for arbitrary pattern of the variation of bed
shear stress.

RELAXATION MODEL OF REYNOLDS-STRESS DISTRIBUTION

When the impulse response is known, the transition process of the Reynolds-stress distribution
can be described as follows (Tsujimoto et al. (22)):

on Ié)=ojre<n le-8)egr(8Imds e

in which (17 |&)=Reynolds-stress distribution at & &=x/h; x=longitudinal distance; n=y/h; y=distance
from the bed; h=flow depth in the case of open channel flow; 7.(17 |&)=equilibrium Reynolds-stress

distribution; and gr(é Im=impulse response of Reynolds stress at the relative height 7. The impulse
response is often approximated by an exponential function as follows:

| =.___1w_ __5_ ) 2)
gr(&Im) Am)exx)[ A(n)], (

in which A(7)=relaxation scale non-dimensionalized by h at the relative height 77. A(7)) was determined
as follows according to the wind-tunnel data by Jacobs (11):

A(m) = 20n(1+1.573) 3)

Under equilibrium, the Reynolds-stress distribution is triangular, and thus Eq.1 is rewritten as
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w8 =@1-n) J%(f—@‘gR@ Imds=1-nen(&e Mnl& @

JnE-8rgr6mas =

rlp=° 5 =0f Yb(E-0)gr(S8Im)ds 5)

in which %(&)=longitudinal change of bed shear stress; and Y,(&-8)=1(E-8)/%(E). I &) represents

the degeneration of the Reynolds-stress profile from the equilibrium profile (1-77). When the mixing
length theory is applied to the degenerated Reynolds-stress distribution, the velocity distribution under
non-equilibrium is obtained by integrating the following equation:

dn K

in which u*=u/ux; k=Kdrmdn constant; u=local velocity; us=shear velocity and the mixing length is

assumed to be Ky\] 1-11. The above model was applied to the recently refined turbulence measurements
for open channel flow with an abrupt change of bed roughness by Nezu et al. (20), and it was clarified
that the calculation based on the present model could well describe the data without any modification of
impulse response determined by wind-tunnel data (The detail was reported in another paper of the
authors' (22)).

TURBULENT FLUX OF SUSPEDED SEDIMENT UNDER NON-EQUILIBRIUM

The turbulent momentum flux (the Reynolds stress) and the turbulent flux of suspended sediment
are written as follows, respectively:

s d -
f=*PuV=erg;‘—,; ‘PECV=-833~); )

in which 4" and v'=turbulence components in the longitudinal and the vertical directions, respectively;
p=mass density of fluid; vr=eddy kinematic viscosity (turbulent diffusion coefficient of momentum);
¢’=concentration fluctuation of suspended sediment; C=concentration of suspended sediment; and
&=turbulent diffusion coefficient of suspended sediment. ;
Considering the analogy between the mass exchange and the momentum exchange due to

turbulence, one can write the following equation for the relaxation process of the turbulent flux of
sediment with the common impulse response:

¥ le) = J W |E-8)ogr(SIm)ds | ®

in which gr(8n) is given by Eq.3; and the subscript e represents a value under equilibrium.
Under equilibrium, the upward flux of sediment by turbulence (¢'v’) must equal the falling flux by
the terminal velocity (Cwy), and thus,

(1 18) = woeC(116) )

in which wo=terminal velocity of sediment. By applying Eq.7 to it, the equilibrium concentration profile
of suspended sediment is obtained. When the diffusion coefficient of suspended sediment is identified
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with the depth-averaged value of the eddy kinematic viscosity (&s=xuxh/6), the equilibrium
concentration profile is obtained as follows:

CAI _ exp(-n) (10)

in which C,=bottom concentration (C at 1=0); and E=wgh/e;=(6/K)(wo/ux). Then,

Yo (1 &) = Caewoexp(-En) (11)

As for the bottom concentration under equilibrium, several works were carried out, but still it is
difficult what gives the best evaluation among them. Thus, the simple method is applied here based on
Einstein's idea (8), where it is assumed that the thickness of the bed-load layer is twice the sand
diameter, the bed-load particle's speed is 11.6ux and the bed-load discharge is estimated by the so-called

Swiss formula. Then,
T
Cae = 0.3457:(1- — )13 , (12)
Tx

in which Te=u+?/[(0/p-1)gd]; Tx.~dimensionless critical tractive force; o=mass density of sediment;

g=gravitational acceleration; and d=sediment diameter. When the properties of sediment are given, 7x
can be replaced by (wo/ux), as follows:

(Glpl)gd (olp-1)gd
in which d*=(o/p-1)gd3/v2. The second
equation of Eq.13 is Rubey's equation. As L ) I B! B ! B AL B
for the critical tractive force, Iwagaki's v [ Iwagaki's formula |

Eq.14

formula (9) is familiar, and it can be wo
approximated by the following equation. L

Usee
o =(0.04550%)0654025  (14) 8

in which uxc=shear velocity corresponding

to the critical tractive force. As shown in
Flgl, Eq.14 WSH approximatcs the 10-1 v b e el e el xnl ) |ni Lo ddd

Iwagaki's formula. 100 ot 102 103 104 105 g5 107
When the shear velocity changes g
abruptly at =0 from uxq to uxy, the transi- Fig.1 Critical shear velocity

tion process of the vertical distribution of the
turbulent flux of suspended sediment is expressed as follows:

(1 18) = Poo(m)eexp(- -——)+ Pre(me[ 1 - exp(- A—(-;)] @15)

in which

Peo(m) = Cacoworexp(-Eom) 5 Fer(1) = Cacrworexp(-E17) (e




53

The subscripts 0 and 1 represent the values before and after the abrupt change of the bed shear stress,
respectively. Eq.15 is normalized by the bottom value of the turbulent flux of sediment before the

change of the bed shear stress (¥Wyo=¥a0(0)=C,eowp) as follows:

Yalo) oy ~exp|- 5
oo = exp(-Egn) exp[ A(m]ﬂ'cexp( mEon){l exp[ A(Tl)]} an

in which ¥.=C,1/Cae0; and ¥e=E/Eg=uxo/ux1. The relation between Y% and (uso/us1), which is

obtained by Eqgs.12 and 13, is shown in Fig.2. In this figure, the relation between % and (uso/ux1) is
also depicted.

The calculated examples of non-equilibrium distribution of the turbulent flux of suspended
sediment are shown in Fig.3. The flux responds to the new equilibrium increasingly from the bed to the
region far from the bed. The data of the turbulent flux of the suspended sediment in the transition
process recently obtained by Kanda et al. (13), which shows appreciable scattering, suggest that the
present model can describe the behavior of the turbulent flux of suspended sediment in the non-
equilibrium process properly.
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Fig.3 Transient process of turbulent flux of suspended sediment due to abrupt change of shear vélocity

NON-EQUILIBRIUM CONCENTRATION PROFILE OF SUSPENDED SEDIMENT

When the turbulence flux of suspended sediment is estimated, its integration through the flow
depth deduces a concentration profile as follows:

7
cly =- f— 6[ YL 1OAL+ Co(®) = Cao | &) + Col®) (18)

in which & is the depth averaged value and thus it is independent of 1. (1 | &) implies that
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C ““a
k= CTEE 19

The relation between 2 and 7 is depicted in Fig.4 with £ as a parameter. Although C,(&) has not been

determined yet, {X1 |<§) expresses that the concentration profile reaches the equilibrium one increasingly
from the bottom.

When the adaptation length Ly is defined as the distance where the difference between £2 and its
new equilibrium £2, reaches 5% of £2, at the water surface ()=1), the relationship between the adap-
tation length and (uxq/us1) is obtained as shown in Fig.5. Such an adaptation length increases with the
difference between usq and usx, and it takes a longer distance to adapt the profile to the new equilibrium
one in the case of deposition (ux1<usg) than in the case of erosion (ux1>uxg). Moreover, the adaptation
Iength for the larger value of (wo/ux1) is longer.
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Fig.4 Longitudinal variation of £(m) in the transient process
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Fig.5 Adaptation length of non-equilibrium susbended sediment concentration profile

The bottom boundary condition is difficult to determine under non-equilibrium. On the other

hand, the boundary condition at y=h (1=1) is easily obtained by the fact that a suspended particle cannot
pass through the free surface, and that is,

woC(1 18 = w118 (20

The right hand side has been already known by applying the relaxation model, and thus the boundary
condition at the free surface is determined as follows:
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1 ' ; ,

Céajf ) = CXP('EO)-eXp(- A’%) +Y.exp(- ‘}*EE())-[l - cxp(- -I-f—s)] @n
in which A=A(L).

Finally, the non-equilibrium suspended sediment concentration distribution is obtained as follows:

B _ oy - aalp + LR @2

The calculated non-equilibrium suspended sediment concentration distributions are shown in Fig.6. The
gradient of the concentration profile adapts the new condition increasingly from the bed. When the
concentration is normalized by the local bottom concentration, the calculated results are shown in Fig.7,
where the change of the profile is not monotonous.
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Fig.6 Variation of suspended sediment concentration distribution under non-equilibrium conditions
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Fig.7 Variation of normalized profile of sediment concentration under non-equilibrium conditions

Now that the absolute concentration is deduced as Eq.22, the bottom concentration is easily
obtained by setting 1=0, as follows: '

Cy C(1 ‘
%
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The calculated non-equilibrium process of the bottom concentration is demonstrated in Fig.8. As for the
bottom concentration, the adaptation length is also defined as a distance at which the difference between
the bottom concentration and its equilibrium value reaches +5% of the equilibrium bottom concentration.
The adaptation length of the bottom concentration, Ly, is plotted against (uso/u=1) with (wo/uxo) as a

parameter, in Fig.9. L, is the same order of Ly, but L, is relatively longer than L, in the case of

U] >U%0.
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Fig.8 Variation of bottom concentration of suspended sediment under non-equilibrium conditions
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Fig.9 Adaptation length of bottom concentration of non-equilibrium suspended sediment

COMPARISON WITH EXPREIMENTAL DATA

Several experiments were conducted for non-
equilibrium suspended load transport process at the
downstream of a rigid bed (Yalin & Finlayson (28), Van
Rijn (27)). In this case, the shear velocity does not
change (us). The equilibrium bottom concentration is

easily estimated and it is represented by C,e here. The
transition process of the turbulent flux of suspended
sediment is described as follows:

#nlo
L4

e

= exp(-En)e[ 1 - exp(- Z%?) N e

in which &sx/k; x=distance from the upstream end of the
mobile bed; and ¥ p=equilibrium turbulent flux of sus-

pended sediment.
surface is written as

caly _
Cae

exp(-E)+[ 1 - exp(- ;f—)]

The boundary condition at the free

(25)

Data:
Yalin & Filayson
E=3.50

1.0
CnyCalE)

Fig.10 Example of non-equilibrium
concentration distribution downstream
of rigid bed (data by Yalin & Finlayson)
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Integrating Eq.24 with the boundary condition Eq.25, one can obtain the non-equilibrium concentration
distribution of suspended sediment. Fig.10 demonstrates the comparison between the experimental data
of Yalin & Finlayson (26) and the calculated results. Though there were no description on the detail
experimental condition in their paper, E was estimated from the equilibrium profile they presented in the
paper. ;
As for more general non-equilibrium suspended sediment transport, there were few data in the
previous researches because of the difficulties of the adjustments of the conditions. Nevertheless,
Ashida & Okabe (1) and Kanda et al. (13) conducted interesting experiments. They controled the
sediment supply at the upstream end of the flume, and changed the bed roughness. Under such
conditions, sediment transport was unsaturated (it was rather transported as wash load) but the profile
could reach equilibrium for the given bed shear stress. The change of the bed roughness implies the
change of the bed shear stress. Thus, for example, the growth of the concentration profile is observed
in the rough bed at the downstream of a smooth bed; while the decay of the profile in the smooth bed at
downstream of the rough bed.

The non-equilibrium concentration distribution of suspended sediment in such cases were
calculated and compared with the experimental results (Kanda et al. (13)) in Fig.11. It demonstrates a

good agreement between the experimental data and the calculated results. In such cases, the value of Y%
cannot be determined because the sediment transport rate even with the equilibrium profile has no unique
relation with the hydraulic parameter (because it is wash load or unsaturated). In calculation, . was
estimated from the data of the concentrations with equilibrium profiles. The value of & was also

estimated from the concentration profiles under equilibrium before and after the change of the bed
roughness. The estimated values of them are shown in the figures. )
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Fig.11 Examples of development and decaying processes of suspended sediment
conceniration distributions (Experimental data were obtained by kanda et al.)

DISCUSSION ON BOTTOM CONCENTRATION

In the above treatment, the concentration distribution is determined by applying the boundary
condition at the water surface. This is available when the diffusion coefficient at the water surface is not
zero as assumed to be constant in the present analysis. If the parabolic distribution of the diffusion

coefficient, which deduces Rouse's equation, is applied, the zero diffusion coefficient at n=1 leads C=0

at 71=1 and thus the boundary condition at the free surface becomes meaningless.

Though the boundary condition at the bottom is reversely determined in the preceding analysis in
this study, it is not impossible to determine it directly. The analyses were already conducted by Ashida
(1) and Kalinske (12). A similar approach is performed hereinafter.

For simplicity, it is assumed that the flow is quasi-uniform, and thus 4 and the depth-averaged -
velocity U are constant along x (see Figl2a). When the depth-averaged suspended sediment
concentrations at the two sections (the distance is Ax; Ax is infinitesimally small), I and II, are
represented as Cy and CTy, respectively, the continuity equation of sediment transport is written as

Cu-COUR = (Cae-Co)wodx | 26)
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While, referring Fig.12b, the following relation is valid.
Crr-C1 = Can-C0Sti - (Cat-Ca0SD) ; o @n

in which

1
S(E) =- Gfﬂm l&ydn ~ (28)

in which the subscripts I and II indicate the values at the section I and II, respectively. From Eqgs.26 and
27, the differential equation with respect to C, is obtained as follows (Ax—oo):

is |
Lo (CuCah+ Cao T 29)

in which A=(wo/us)/¢; and ¢=U/ux. Eq.29 emphasizes that the variation of the bottom concentration is
affected by the transition process of the concentration profile (dS/dx). Fig.13 depicts the computed
solution of Eq.29, and the transition of the bottom-concentration is promoted by the effect of the
transition of the concentration profile in the both stages of growth and decay of sediment concentration.
The non-equilibrium concentration distributions determined by the bottom concentration estimated by
this model is not always quantitatively consistent with those determined by the boundary condition at the
free surface. The reason of such a difference might be caused by depth-averaged approximations to
deduce Egs.26 and 27. The detailed reason will be further investigated.
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Fig.13 Effect of non-equilibrium profile on variation of bottom concentration of suspended sediment

CONCLUSIONS

In this study, the relaxation model proposed for the transition process of the Reynolds-stress
distribution is applied to description of non-equilibrium sediment concentration distribution based on an
analogy between the turbulent exchange of momentum and that of suspended sediment. The results
obtained in this study are summarized below:
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(1) The relaxation model composed as a convolution integral with an impulse response has been
proposed for the transition process of the turbulent flux distribution of suspended sediment. The
impulse response of turbulent flux of suspended sediment is regarded to be equivalent to that of the
Reynolds-stress, the mathematical expression of which was already established previously. :

(2) By applying the relaxation model, the characteristics of the spatial change of the turbulent flux
distribution of suspended sediment in the transition process due to an abrupt change of the bed shear
stress have been discussed. For simplicity, the diffusion coefficient is assumed to be constant along the
depth. The turbulent flux distribution of sediment adapts the new condition of the bed shear stress
increasingly from the bed. :

(3) The concentration distribution is obtained by integrating the turbulent flux distribution through
the flow depth. Even without referring the boundary condition, the geometrical degeneration of the
concentration profile can be argued, and the adaptation length of the concentration profile has been
obtained. It is longer for the finer sediment, and it has a tendency to become longer for deposition
cases. ,

(4) The boundary condition at the free surface is given directly from the turbulent flux of sediment.
at the free surface which is already predicted, and by using it the concentration distribution is
determined.

(5) The spatial change of the bottom concentration in the non-equilibrium transport process of
suspended sediment has been calculated. The so-called adaptation length of the bottom concentration is
almost the same order of that of the concentration profile, but there is little difference between erosion
and deposition cases. ,

(6) The bottom concentration under non-equilibrium might be determined by using the continuity
equation of sediment transport. By using the depth-averaged relations to compose the continuity
equation, the differential equation with respect to the bottom concentration has been deduced. The
solution suggests that the relaxation of the bottom concentration is promoted by that of the concentration
profile obviously. However, the bottom concentrations obtained by this approximated approach might
have some error compared with those obtained from the concentration distribution determined by using
the boundary condition at the free surface.

The most part of this paper is translated from the authors’ paper published in Japanese (25), but
some are added and/or revised herein.

REFERENCES

1. Ashida, K. : Study on the suspended sediment transportation under non-equilibrium condition,
Annuals, Disas. Prev. Res. Inst., Kyoto Univ., No.13B-2, pp.161-270, 1970 (in Japanese).

2. Ashida, K. and M. Fujita : A stochastic model to calculate equilibrium and non-equilibrium
suspended sediment load in open channel, Proc. JSCE, No.375, pp.107-116, 1986 (in Japanese).

3. Ashida, K. and M. Michiuve : Study on suspended sediment, Annuals, Disas. Prev. Res. Inst.,
Kyoto Univ., No.13B-2, pp.63-79, 1970 (in Japanese).

4. Ashida, K. and T. Okabe : On the calculation method of the concentration of suspended sediment
under non-equilibrium condition, Proc. 26th Jap. Conf. on Hydraul., JSCE, pp.153-157, 1982 (in
Japanese).

5. Bechteler, W. and K. Fiber : Stochastic model of suspended solids dispersion, Jour. of Hydraul.
Eng., ASCE, Vol.111, No.1, pp.64-78, 1985.

6. Celic, I. and W. Rodi : A deposition-entrainment model for suspended sediment transport,
Sonderforschungsbereich, 215, Univ. of Karlsruhe, 1984. -

7. Di Silvio, G. : Adaptation process through the surface of sedimentary system, Proc. EUROMECH
215, Mechanics of Sediment Transport in Fluvial and Marine Environments, St. Margherita, Italy,
1987.

8. Einstein, H.A. : The bed load functions for sediment transportation in open channel flows, Tech.
Bull., U.S. Dep. Agr., Soil Conservation Service, No.1026, 78p., 1950.

9. Iwagaki, )Y : Hydrodynamic study on critical tractive force, Trans. JSCE, No.41, pp.1-21, 1956 (in
Japanese).

10. Jain, S.C. : Sediment transport under nonequilibrium conditions, Proc. NATO Workshop on
Movable Bed Physical Models, DeVoorst, The Netherlands, 1987 (published by Kluwer Academic
Publishers, edited by H.-W. Shen, pp.91-95, 1590).

11. Jacobs, W. : Umformung eines turbulenten Geschwindigkeits-Profils, ZAMM 19, pp.87-100,
1939 ("Boundary-Layer Theory”, 6th edition by H. Schlichting, pp.615-616, McGraw-Hill, 1968).



60

12. Kalinske, A. : Suspended material transportation under non-equilibrium conditions, Trans. Amer.
Geophys. Union, 1940. :

13. Kanda, K., Y. Muramoto, Y. Fujita and T. Yada : Transition process of turbulent structure and
suspended sediment concentration in open channel with sudden bottom roughness change, Annuals,
Disas. Prev. Res. Inst., Kyoto Univ., No.32B-2, pp.619-639, 1989 (in Japanese).

14. Kerssens, P.JM., A. Prins and L.C. van Rijn : Model for suspended sediment transport, Journal
of the Hydraul. Div., ASCE, Vol.105, HYS5, pp.461-471, 1979.

15. Klaassen, G.J. : On time scale of transient processes in rivers, Proc. Int. Conf. Fluvial Hydraul.,
Budapest, Hungary, pp.343-360, 1988.

16. Kuroki, M., Y. Shi and T. Kishi : Distribution of suspended sediment concentration in
nonequilibrium state, Proc. 32nd Jap. Conf. on Hydraul., JSCE, pp.407-412, 1988 (in Japanese).

17. Michiue, M., M. Hirai and M. Umiga : Concentration distribution of suspended sediment under
nonequilibrium condition, Proc. 36th Annual Conf. of JSCE, T1-303, 1981 (in Japanese).

18. Nakagawa, H. and T. Tsujimoto : Sand bed instability due to bed load motion, Jour. Hydraul. Div.,
ASCE, Vol.106, HY 12, pp.2029-2051, 1980.

19. Nakagawa, H., T. Tsujimoto and S. Murakami : Bed material load transport including saltation and
suspension, Proc. 4th Int. Sym. River Sedimentation, Beijing, China, IV-18, pp.1-8, 1989.

20. Nezu, 1., H. Nakagawa, K. Seya and Y. Suzuki : Response of velocity distribution and bed shear
stress of open channel flow with abrupt change of bed roughness, Proc. Hydraul. Eng.,
JSCE,Vol.34, pp.505-510, 1990 (in Japanese).

21. Tsujimoto, T. : Effect of unsteadiness, non-uniformity and relaxation on bed load transport process,
Proc. Int. Conf. on Fluvial Hydraul., Budapest, Hungary, pp.70-75, 1988.

22. Tsujimoto, T., A.H. Cardoso and A. Saito : Open channel flow with spatially varied bed shear
stress, Jour. Hydroscience and Hydraul. Eng., JSCE, Vol.8, No.2, 1991 (to be published).

23. Tsujimoto, T., A. Mori, T. Okabe and T. Ohmoto : Non-equilibrium sediment transport: generalized
model, Jour. Hydroscience and Hydraul. Engrg., JSCE, Vol.7, No.2, pp.1-25, 1990.

24. Tsujimoto, T. and H. Nakagawa : Saltation and suspension. Proc. 3rd Int. Symp. on River
Sedimentation, Jackson, Mississippi, USA, pp.777-786, 1986.

25. Tsujimoto, T. and A. Saito : Concentration distribution of suspended sediment under non-
equilibrium conditions, Proc. JSCE, No.423/I1-14, pp.63-71, 1990 (in Japanese).

26. Tsujimoto, T. and T. Yamamoto : Sediment suspension affected by transition from bed-load motion
into suspension, Jour. Hydroscience and Hydraul. Eng., JSCE, Vol.6, No.1, pp.35-45, 1988.

27. Van Rijn : Entrainment of fine sediment particles; Development of concentration profiles in a steady,
uniform flow without initial sediment load, Report., M1531, Delft Hydraulic Laboratory, 1983.

28. Yalin, M.S. and G.D. Finlayson : On the development of the distribution of suspended load, Proc.
16th IAHR Cong., Istanbul, Turkey, Vol.1, pp.287-294, 1973.

29. Yen, B.C. : Significance of nonuniform, unsteady and nonequilibrium conditions in fluvial
channels, Proc. Int. Conf. Fluvial Hydraul., Budapest, Hungary, pp.112-118, 1988.

APPENDIX - NOTATION

The following symbols are used in this paper:

A = (wolus)l ¢,

C,c’ = concentration distribution of suspended sediment and its fluctuation;
c = depth-averaged concentration of sediment;

Ca = bottom concentration of suspended sediment;

d = sediment diameter,

da* = (o/p-1)gdP/V2,

E = woh/es;

g = gravitational acceleration;

gr(8Im) = impulse response of turbulent flux at the relative height 77;

h = depth of flow;

Ly = adaptation length of bottom concentration of sediment;
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Las = adaptation length of non-equilibrium profile of suspended sediment;

S = defined by Eq.27;

u, ut = time-average velocity and its dimensionless expression (/i );

U = depth-averaged velocity;

Use, Usg = shear velocity and critical shear velocity;

w, v’ = turbulence in longitudinal and vertical directions;

wo = terminal velocity of sand;

x = longitudinal distance;

y = height from the bed;

Y = Cae1/Caeo;

% =Ey/Eg;

In l 3] = deviation of turbulent flux under non equilibrium from equilibrium one and
defined in Eq.4;

& = diffusion coefficient of suspended sediment;

i = y/h =relative height;

K = Kdrmén constant; »

A(M), A =relaxation scale non-dimensionalized by 4 at 77 and its value at the surface;

v, v = kinematic viscosity and eddy kinematic viscosity;

4 =x/h;

P, o =mass density of water and mass density of sand;

T = Reynolds stress;

T = bed shear stress;

Tw, Tep = dimensionless bed shear stress and dimensionless critical tractive force;

¢ = Ulusx,

¥(&-0) = 1(§-0)/7(5);

v = turbulent flux of suspended sediment; and

£9.¢1)) = defined by Eq.18.

Subscripts:

e = values under equilibrium conditions;

0 = values before an abrupt change; and

1 = values after the abrupt change
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