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SYNOPSIS

It is important to evaluate non-equilibrium suspended load to analyze armour-
ing process and reservoir sedimentation process in open channels. In this paper,
mechanism of particle suspension and pick up rate are investigated, and a stochas-
tic model to calculate suspended load is proposed under both non-equilibrium and
equilibrium conditions.

The mechanism of particle suspension is investigated by simultaneous observa-
tion of large scale turbulence near the bed and motions of suspended particles.
Then, a stochastic model for the motions of suspended particle is formulated from
the properties of large scale turbulence and the equation of particle motion.
Using this model, the process of vertical dispersion and the streamwise step
length of suspended particles are calculated. Furthermore, pick up rate is
discussed theoretically and experimentally, by consideration of the shelter effect
of gravels in the case of nonuniform sediment, and a method to calculate the
concentration distribution of suspended load, which is applicable under both
equilibrium and non-equilibrium conditions, is formulated. This model is applied
to calculation of non-equilibrium suspended load with armouring process.

INTRODUCTION

There is often need to estimate non-equilibrium suspended load as well as
equilibrium suspended load in alluvial channels. For example, in armouring
process, the region in which suspended load becomes non-equilibrium may be very
long Dbecause the grain size distribution of bed materials and hydraulic
conditions vary with time and with space. In reservoir sedimentation, suspended
load varies in the streamwise direction because the flow is non-uniform. The
conventional methods to calculate such suspended load are based on diffusion
models. Diffusion models, however, are not always adequate for calculation of
non-equilibrium suspended load because it is difficult to give the boundary
conditions, the so-called reference level concentration. Other methods are based
on stochastic models. They are available for calculation of non-equilibrium
suspended load since they are composed of the analysis of the motions of each
particle. But these analyses, in which nemerical methods are usually used, are
generally complicated and have mainly two problems. One concerns the mechanism
of particle suspension and the other concerns pick up rate.

The presence of the coherent structure of turbulence has been confirmed by a
flow visualization technique and a conditional sampling technique of turbulent
velocity. With such researches, recently the relevancy between the coherent
structure of turbulence, for example bursting and boiling, and the motions of
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suspended particles have been discussed in detail. Jackson, R.G. (9) observed
that the sediment concentration was higher in the boil than that in its surround-
ing during a flood and considered that the kolk eroded fine sand from the bed into
the flow. Sumer, B.M. and R. Deigaard (12) made observations of the motions of
suspended particles in open channel flows over a smooth bed and a rough bed, and
explained the mechanism of particle suspension close to the wall in turbulent flow
in terms of the bursting process. But the formulation of model for particle sus-
pension has been incomplete since dynamic forces on a suspended particle has not
been satisfactorily examined. On the other side, pick up rate of suspended load
has seldom been investigated as the motions of particles near the bed are very
complicated, particularly, in the case of non-uniform sediments because of the
shelter effect by gravels.

In this paper, particle motions and turbulent flow near a rough bed, which
is visualized by dye, are photographed simultaneously, and the relevancy between
particle suspension and the bursting process will be explained. Dynamic forces
are evaluated from the equation of particle motion and a trajectory. From these
results and the characteristics of turbulent flow near the bed, which are investi-
gated by hydrogen bubble method, the motions of particles are formulated by a
probabilistic method, and the characteristics of motions of suspended particle
are discussed. Moreover, pick up rate is investigated theoretically and experi-
mentally in consideration of the shelter effect, and a method to calculate both
equilibrium and non-equilibrium suspended load is proposed. This method is appli-
ed to the analysis of the armouring process.

MECHANISM OF PARTICLE SUSPENSION AND TURBULENT FLOW OVER A ROUGH BED
Turbulent Flow over a Rough Bed and its Characteristics

The' coherent structure of turbulence, which has usually been observed near a
smooth bed, is found to consist of sweep event and ejection event. It is signifi-
cant to investigate the quantitative and qualitative characteristics of these
events in order to discuss the mechanism of particle suspension. As the turbulent
structures over a rough bed have been less investigated than those over a smooth
bed, in this study the flow patterns and the characteristics of the coherent
structure of turbulence over a rough bed were investigated by flow visualization.

The experimental flume was 0.3 m wide and 8 m long and its slope was 0.001.
The channel bed was covered by gravel which had a mean diameter of 4.8 mm. Flow
discharge was 1.2 1/sec, flow depth was 2.8 cm, shear velocity was 1.5 cm/sec,
grain Reynolds number was 72.0 and Reynolds number on mean flow velocity was
4000, The working section was located 5 m downstream from the entrance of the
flume. Flow was visualized by hydrogen bubble and dye. In the experiment with
hydrogen bubble technique, which was similar to the technique used by Grass, A.J.
(6), two dimensional flow patterns through the depth was observed, and these are
shown in Photo 1. Hydrogen-bubbles were produced at an interval of 0.02 sec. In
the experiment with dye technique, the motions of the fluid mass near the bed were
observed. This experiment was also performed for investigating the mechanism of
particle suspension. The method used to inject the dye will be mentioned in
the next section. A high speed video camera of 200 frames per second was used for
photographing.

In Photo 1 (1)~(4) a series of flow patterns visualized by hydrogen-bubbles
on a rough bed are shown. The numerical values written in the photos represent
the time expressed in 0.001 sec. The ascending process of fluid mass can be seen
in (2)~(3) and the descending process of fluid mass can be seen in (1) and (4).
This phenomenon is entirely similar to the bursting process, which has been
observed over a smooth bed. The event in (2) and (3) corresponds to its ejection
event and the event in (1) and (4) corresponds to its sweep event. Fluid mass
near the bed rises up suddenly and intermittently, and its vertical scale is
usually 20~30 Z of the flow depth but sometimes about the flow depth. When the
ejection occurs, magnitude of lift force with the motion of the accelerated fluid
mass is thought to keep a large positive value near the bed. A particle on the
bed must be entrained into the flow by this lift force.
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Photo 1 Visualized turbulent flow
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Fig. 1 Period of occurrence of bursting over a rough bed

In Fig. 1 the frequency histogram of the period of occurrence of bursting
process is shown. The mean value of the period is 0.27 sec and its nondimensional
value TyUpax/h is 1.7, where T, = the period of bursting process; Uy, = the
maximum streamwise flow velocity; and h = the mean flow depth. This value is
almost consistent with the period of the bursting over a smooth bed, for example
1.5~3.0 by Nezu, I and H. Nakagawa (10). Thus nondimensional period of occurrence
of ejection, TyUpax/h ,is found to be independent on the bed conditions.

Lagrangean vertical velocity wgfe and the duration time Te1 of upward flow
mass near the bed are the important factors for modeling of motion of suspended
particle. A close correlation between Te1 and wfe 1is recognized in the experi-
ment. Te1 and wfe were obtained from the trajectories of hydro-bubbles and the
top of the boundary of dyed fluid mass. Fig. 2, expressed in nondimensional
forms of Te; and wfe, shows that Te; has evidently a tendency to increase with
wge near the bed. Although the experimental data are rather scattering, the fol-
lowing relation can be written.

Tojn W
—* -a ¢ (1)
Use

where uy = shear velocity; and a = a constant.
The validity of Eq.(1) is discussed as follows: In Fig.2 is also shown the
relation between the Eulerian vertical velocity wfee and its duration time Tee.



24

They were measured at mean level of upward flow mass, zi, which was 0.14h in this
experiment. The value of Tel and Tee are almost same when wfe/uy equals wree/uy.
Since the exact relation between Tel and Tee can not be obtained due to the scat-
tering of the data, it is assumed that Te1 is c3Tee, where c3 is nearly equal to
1.0. Then the mean value of Tee 1is expressed as ci1K z/ﬁ?ée, at a level =z
according to Prandtl's mixing length theory, where ¥ is the von Karmén's constant
and equals about 0.4, and c; is a constant. Since both of wfe and wfee is ex-
pressed as cpu,, a is written as

€1C3 2y
a = —K— 2
2 h (2)

where c; is a constant. As the vertical turbulent velocity wf ( — @< wg { =)
follows the Gaussian distribution with mean value zero and standard deviation
uy over a rough bed, c2 is about 0.67 if the probability density functions of wfe
and wgee approximately equal the probability density function of wf under the
condition that we > 0. As Fig. 2 shows that a is 0.067, c1 equals about 0.5.
Thus, the relation between wge and Tey is determined only if zp/h is obtained for
a hydraulic condition. The value of zr/h may not be comstant, but it is assumed
that zp/h is about 0.14 from this experiment.
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Mechanism of Particle Suspension over a Rough Bed

The relevancy between the flow near a rough bed and particle suspension was
investigated by the following experiment. The experimental flume, hydraulic con-
ditions and bed materials were almost similar to those of the above experiment.
Rodamine B solution was used as a tracer and was supplied into the flow near the
bed at a constant velocity with the apparatus shown in Fig. 3. The needle was
1 mm in diameter and was inserted through the channel bed. The particles used
were polystyrene beads with a diameter of 1.4 mm, a specific weight of 1.05 and a
mean fall velocity of 1.88 cm/sec. The flow visualized by dye and the motions of
polystyrene beads over a rough bed were simultaneously filmed by a high speed
video camera.

The process in which a particle is entrained into the flow from the situation
of resting on a rough bed and the process in which it rises up again from the
situation of settling in the flow are shown in Photos 2 (a) and 2 (b), respective-
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Photo 2 (a) Relation between particle motion and turbulent flow when a particle
is entrained from the bed
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Photo 2 (b) Relation between particle motion and turbulent flow when a particle
rises in the process of downward motion

ly. The intermittent occurrence of ejection event is also seen in these photos.
Photo 2 (a) shows that a particle is suddenly lifted up together with the ascend-
ing fluid mass near the bed. After that, when the particle settles toward the
bed, the particle rises up again if the ejection is strong enough to lift it up
as shown in Photo 2 (b).

External forces acting on a suspended particle are mainly lift force, drag
force and repulsion force by collision with the bed. The motions of the particles
transported in saltation are determined only by repulsion force on a bed, and a
part of the particles may be turned into suspension by turbulence. Thus, the mech-
anism of the transformation from saltation to suspension should be investigated.
However, the cccurrence of such a process was not observed too much over
a rough bed in this experiment, and repulsion force should not be included in the
mechanism of particle suspension. Lift force and drag force acting on a sus-
pended particle can be recalculated from the observed trajectories of the
particles using the equation of particle motion. The forces governing the parti-
cle suspension are guessed by this manner. Tchen (7) has represented the equation
of vertical particle motion for the Stokes' law regime as

dwe  dwp

m
6 qE T dE ) -

dw 1
D i
Bl =Fp+Fy+ 5 7d70( G (3)

where d = particle diameter; O = particle density; p = fluid density; w,= verti-
cal velocity of particle; wg = vertical velocity of fluid; and Ik, F,, G = drag
force, lift force and gravity force in the fluid. Fp, F; and G are written as

1

Fp= 5CoP|we = wp| (we - wp) 7 d? (4)
il dwe

o= g% 5 (5)

m
G = g(U—D)gda (6)
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where Cp = the coefficient of drag force and Cp = 24 V/IWf-WPI d.

The variation of Fp and Fy along a trajectory of suspension can be calculated
from Eq.(3)~(6). In Fig. 4 is shown an example of a trajectory by experiment and
the variation of Fy, with time. F; is smoothed by moving average method from Fjp =
( Fpij-1 + Fpi + Fri+1 )/3, where Fri = Fi calculated from Eq.(3)~(6) after 0.01i
sec from the entrainment. The errors in the calculation of F; may not be small
because of the inaccuracy of the trajectory, but Fig. 4 indicates that Fi is
positive and 1large for a short time when a particle is entrained, and suddenly
decreases to about zero. The frequency histogram of the time mean value of this
positive and large lift force, Fpg, is shown in Fig. 5. The broken line expresses
the Gaussian distribution which has a mean value of zero dyne and a standard devi-
ation of 0.15 dyne under the condition that Fpg > G. The probability density
function of Fyo is thought approximately to follow the Gaussian distribution.
In Fig. 6 frequency histogram of the thickness A within which lift force keeps
positive from the bed is shown. In this experiment A is found to be about
0.5d. As experimental condition is only a case, it is uncertain to apply this
relation generally, but it is assumed that A is 0.5d from this experimental
results. As the mean lift force was -0.0069 dyne for z > A, it seems that Fyq
decreases to zero within 0.5d from the bed. In Fig. 7 the variation of drag force
Fpwith time and the trajectory in the case that FL is taken to be zero for z > A
is shown. The particle moves upward or downward being effected by the drag force
of large scale turbulence.
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Fig. 4 Variation of lift force along a trajectory of suspended particle
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Fig. 6 Frequency histogram of depth within which 1ift force near the bed is
positive when ejection occurs
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Fig, 7 Variation of drag force along a trajectory of suspended particle

From these results the mechanism of particle suspension can be considered in
terms of bursting or macro-turbulence as follows: A particle on a rough bed is
entrained by lift force Fro due to the accelerated upward flow near the bed which
is produced when an ejection event occurs. Though Fro decreases to zero in short
time ty,, if the duration of the upward flow, Te1, is larger than t,, drag force
Fp acts on a particle during Tei-ty,. After that, the particle is transported in
suspension by the drag force due to upward or downward turbulent flow.

A STOCHASTIC MODEL OF PARTICLE SUSPENSION
A Model of the Motions of a Suspended Particle over a Rough Bed

A model of the vertical and streamwise motions of a particle entrained from a
rough bed is thought under the following hypotheses. ( see Fig. 8 )
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Fig. 8 A model for mechanism of particle suspension
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(i) Tow dimensional uniform turbulent flow is considered.
(ii) The vertical motions are divided into step 1,2, ----- by Lagrangean duration
of turbulent flow velocity. A particle is drifted by the following forces in each
step. In step 1 ( the process of entrainment from the bed ), 1lift force Fro
acts on a particle on the bed during its duration t, , and after that drag force
Fp by upward flow acts on it during t, - t,, where t, is the duration of upward
flow near the bed. In step 2,3,4,---+ ( the process of suspension ), the parti-
cle rises or settles by the effect of drag force Fp due to upward or downward
turbulent flow velocity wg, and eventually returns to the bed. Time step tem is
constant and assumed to be the mean duration of wg at the mean elevation of sus-
pended particle.
(iii) Streamwise velocity of a suspended particle, up,is assumed to equal the flow
velocity at its time mean elevation after entrainment from a bed.

The vertical particle motions will be formulated by Eq.(3). If F;, finishes
acting on a particle at t = 0, 1lift force Fy can be negligible after t = 0. Hence
Eq.(3) in non-dimensional form is described

@
dt

A 2s
3" 3543 N

6 _2
T s+

where Wp=w/Vgd; £=t//A7g; s= 0/p- 1; and Fp = Fp/pgd®. 1In the following
description * signifies non-dimensional value by p, d and g.

Considering the regime which Stokes' law can not apply to, according to
Rubey's theory, the coefficient of drag force is expressed as

Co=2+ (8)

where Wg = we/Vgd; V= W/ 3%; and v = kinematic viscosity. Eqgs.(4) and (8) can be
applied for the conditions that relative streamwise velocity between particle and
fluid, up - uf, is small. As up is nealy equal to uf, it may safely be said that
the errors in calculation of Fp are neglected.

From Eqs.(4) and (8), Eq.(7) is reduced to

~

d ~ ~ ~ N ~ ~
_:TP = A|wf—wp[(wf-wp)+B(wf—wp)+C 9)
3 36 A 2s
h = = = - =2
vhere A= 3 B me3 Vs C=- 553

Eq.(9) can be solved under the initial conditions of each .step on the
vertical velocity and elevation of particle. The solutions on w;, and non-
dimensional particle elevation zp ( = zp/d ) are formally expressed as

Qp(s) =Fl(¢lp0’ {‘\’fe’ E) (lo—a)
. ( step 1)

zp(t) =G1(Qp0: EPO’ Gfey E) (10-b)

Gp(E) =F;(Wps-1, W, £) (11-a)
~ ( step i, i = 2,3,++++)

~ ~ ~ A A
zp(':) =Gi(wpi-1’ Zpi-1y We, E) (11-b)
where Wgo = wfe//gd Wpi- 1:=1n1t1a1 conditions on Wp in step i; %pi-l = initial
conditions on zp in step i; t = past time in each step; wfe = the vertical turbu-
lent velocity acting on a particle in step 1; and F;i and G = the function of
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each parameter in bracket.

The initial conditions, the vertical turbulent velocity and its duration are
given in each step as follows:

In Step 1, the initial particle elevation zpo equals the thickness A within
which Fro acts on a particle. As Fig. 6 indicates that A is about 0.5d,

£E=0; £,4,=0.5 (12)

where £p0 = 2zpo/d.
The initial vertical particle velocity wpo is obtained from the equation of
impulse as

(Pro-8)t,= (1/6)(s +1) Wiy (13)

where G = G/pgd%; Fro = FLo/ogd®; € =t Vd]g; wpo = wpo//gd; ty = the duration
of Fro; and ty is assumed to be A/O Swpo. So Wpo is obtained as

¥ '/2s<1r1(§b°'c) (14) -

The probability density function (p.d.f.) of Fro is supposed to be expressed
by the Gaussian distribution with a mean value of zero. Its standard deviation
FLo may be defined as cpw¢' dz, where wg¢' is vertlcal turbulent intensity and
c is the coefficient of 1lift force. Although wg' is almost equal to u, near a
rough bed as seen experimentally, it decreases to kuy, among the gravels by the
shelter effect, where k is the coefficient of shelter effect. So f.g becomes

FLo= ck?d,? (15)

where t'f* = u*//Ea. Hence the p.d.f. of ﬁLO is expressed as

A

1 F
Fruoio) = mmgg o0 - 3G ) (e

From Eqs.(14) and (16), the p.d.f. of v?po is expressed as

. /2T (s+ 1) 1, (7/6)(s+1)upo+G
B, (Gpo) = S* D ¥po o L1y ¥t B2
“po(¥70) 6fg 2 Fuo
/], tepoFrodefio an
G

Vertical flow velocity wfe should be related to Fro, but it is very difficult
to derive the relation between Fro and wge physically. So it is assumed that the
probability of occurrence of 1ift force and vertical flow velocity in excess of
Froand Wfe , which occur with an upward flow mass near a bed, are the same . If
tife follows the Gaussian distribution with a mean value of zero and a standard
deviation of ﬁ* under the condition that Wgfe > 0, the relation between them
is expressed as

Vee= Fro/(ck?ly) (18)

The duration of upward flow, te, is equal to Tel and ty is expressed as
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A/wpo. So the duration of Ve, E;—%*, is written as the following equation from
Eqgs. (l) and (14).

~ A "“'fei\.l T(s+1)
te-t*=a ~ 3 -
Uy /6(fL0-6)

(19)

where fi = h/d; and a is assumed to be taken to be 0.067.

In step 2,3,+--, the p.d.f. of zp at the end of an step and the mean value of
Wp at tE? end of an step are given as initial conditions on Zp and Wp in the next
step. wf is given as a random value according to the Gausian distribution with a
mean value of zero and a standard deviation of u* as

A oay o 1 1, e 2
fwf(Wf)—mﬁ*exp{ 2(6*)} (20)

Its duration €em, which is the mean duration of turbulent flow at the mean
elevation of suspended particles, is assumed to be described by the same way to
derive Eqs.(1) and (2) as

a Ci1Cj3 Kﬁ
tem= ~ Ng (21)
) u,

where ng = zps/h; and zps = the mean elevation of a suspended particle.

Next, the mean streamwise particle velocity from t =0 to t =T, upg(T), is
assumed to equal the mean streamwise flow velocity at the time average partlcle
elevation between t = 0 and t =T. According to the logarithmic low ip(T) is
expressed as

A

Gp(T) /G, =8.5+5.75 1og(2pnlks ) (22)

where ﬁ'p("f‘) = up(T)/Vgd; ks = ke/d; Zpm = zpn/h; kg = the equivalent sand rough-
ness; and z,; = the time average particle elevation between t = O and t = T.
It is considered that zpp is different from the mean particle elevation at t
= T because the particle settles at the fall velocity wo on the average. If all
the particles which are being suspended at t =T have settled from zpo min(ﬁ,
Zpmr + WoT) to 2pmr at € =%, 2pn is written as

2om = ( 2p0+2mT )/2 (23)

where zppp = the mean particle elevation at t = T; and wg = the fall velocity of
part1c1e.

ZpnT is calculated from the p.d.f. of 2, at =1, f(zp,T), which is obtain-
ed in the next section, as

ﬁ A ﬁ a a A 4
2me=] £pf(£p,T)dzp/If(zp,T)dzp (24)
0 0

Probabilistic Analysis of Particle Motion

Characteristics of particle motions will be analyzed in detail by a
probabilistic method. First, the p.d.f. of elevation where the particle entrained
at £ =0 stays at £ =%, £(2p, T), is led by the following manner. The p.d.f.
of elevation where a particle stays after T from the terminal time of step i is
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expressed from Eqs.(11-b) and (20) as
N (Zp, T| ¥ps, 2pi ) = £, (Fe)die/d6i41(Hips,s 2ps, ¥es T) (25)

where z,; = elevation of particle at the end of step i; and wp; = vertical velo-

P
city of particle at the end of step i.

Under the conditions that a particle rises up to the elevation of 2, at the
end of step 1, the p.d.f. of %p at the end of step i, gi(fp|£p1), is obtained from
ﬁ A
ogi( 2pilzpl In( 2pi+1’ teml Gpi’ 2pi )dgpi

8i+1( Zpi41] 251 ) = I
( i= 2939 "") (26_3)

32( £p2| ipl ) =10 ( 292, Eeml Qpl’ 291 ) (26-b)

From Egs. (11-a) and (20), ¥pj can be written as
dwe "
divg, (27)

«©
Wpi= | WpEy, (W)
P J P *w £ ~ ~ A
- £ dFi( Wpi-1» Wg, tem )
. Now, if the particle moves in stepn at t=%, the p.d.f. of particle ele-
vation at t = T under the condition of £p = £p1 at the end of step 1 can be
written as

o

f
h (g, Bl 251 )= I 8n-1( Zpn-1| 251 )
0

n( Zps Gt] Ypn-1s 2pp-1 )dgpn'l (n>1) (28-a)

h (2, ¥l 250 ) = 8 (2-2,(T) (n=1) (28-b)

where & = Dirac delta function;§t is the past time to t =T from the terminal time
of step i-1; and z {T) = the function G; corresponding to ﬁp(f‘e) = £p1. The p.d.f,

of z“p1 is calculated from Eq.(10-b) as
£ ( 25 )= %er( Wge )dlgo/dGy (W0, 2500 Wees Bo) (29)
where fwfe(v'ife) = the p.d.f. of Wfe and is similar to Eq.(20).
From these equations, f(Zp, ) is calculated by the numerical method from
(30)

f
£(2,, T)= I h(2p, T| 2p1 ) € (25 )dzp
0
Using Eq.(30), the p.d.f. of non-dimensional duration of particle suspension,

fts(ts), is expressed as

f
{df ( 2, €5 )/dEg}d2,
0

(31)

Et-.s( tg) = I
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The non-dimensional step length of suspended particle, Xp ( =Xp/d) becomes
GP(QS) ts and its p.d.f. is discribed as

Brp(Rp) = B (E5)- dis/aky (32)

Coefficient of Lift Force and the Shelter Effect

The coefficient of the shelter effect, k, and the coefficient of lift force,
c, must be given to determine the p.d.f. of Fro. It is thought that k and ¢ vary
with grain size Reynolds number R = uydm/V and non-dimensional particle elevation
As/dr ,respectively, where dm = the mean diameter of particles on a bed; dr = the
representative bed roughness; and As = the distance between particle surface and
the top of the representative roughness as shown in Fig. 21. It is very difficult
to derive the relation between c and Ry, and the relation between k and Ag/dy
physically. So these relations may be presumed from experimental results on the
threshold conditions of particle suspension.

A particle will be entrained into the flow from a bed if Fro > G. When Ty =
(6)/(ack?), the probability of the entrainment of bed particle ia equal to the
probability of Fro>aFro', where Tg is the critical non-dimensional tractive force
concerning suspension. If a is taken to be 3.0 for experimental criterion of
suspension, c can be obtained from Ty by experiment in the case of uniform sedi-
ment, namely, k = 1. From authors' results concerning Txs (4), the relation
between c and Ry is interpolated as Fig. 9. Einstein's results (5) are also shown
in this figure. Then, using Fig. 9 and experimental relations between Tys and A g
/dr obtained in ref.(4) and the experiment mentioned in the next section, the
relation between k and Ag/d, become as shown in Fig. 10
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Comparison Between Theoretical Results and Experimental Results on the Character-
istics of Suspended Particles

In Fig. 11 the theoretical results of f(ﬁp, "i‘) and fts('t\:s) under the condi-
tions of o/p = 1.05, 1, = 0.34, h = 19.7, U = 1.27, ck? = 2.0 and ns=0.17 are
shown. In this figure the results obtained by video analysis of experiment with
polystyrene beads are also plotted. This figure shows that the present model
sufficiently accounts for the vertical dispersion of particles. In Fig. 12 exper-
imental and theoretical results of excess probability of step length is shown.
This figure shows that the streamwise dispersion of particles can also be
estimated from the present model. These results show that this model is satis-
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factorily applicable to the simulation of the motions of suspended particles.

Xp for excess probability of zero corresponds to the distance Xe in which
concentration of suspended load increases to equilibrium value from zero. This
is an important parameter for analysis of non-equilibrium suspended load. If this
value is small, suspended load reaches equilibrium in a short distance, and it
is enough to evaluate suspended load under the equilibrium condition. But if
not, there is need to evaluate suspended load under the non-equilibrium condition
in order to predict sediment load, the variation of bed elevation and grain size

10 B N =38 0/p=1.05 T4=034 hel97 U127 cK=20
?p o 9 20.006 7g=0.17

f(2, ,'1}) O 25 o o
0 0.5

) Experiment
o~_ d=0.142¢cm

_—Theory
[+]

(o]

o)
° 5 \_Theory

Fig. 11 The process of vertical dispersion of suspended particle and the p.d.f.
of duration of suspension
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Fig. 12 Excess probability of step length of suspended particle

distribution of bed materials. Figure. 13 shows that variation of ie (=X./d)
and the non-dimensional mean step length fLm( = XLwm/d) with 14 under the conditions
that a/p= 2.65, I = 0.002, kg/d = 2.0, ck? = 2.0, ng = 0.5 and T, =0.32. When 1,4
becomes more than 10, )fe might be more than 10%. Thus, fe is generally large,
and the calculation of non-equilibrium suspended load might be required in the
alluvial channel.
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Fig. 13 Relation between maximum step length or mean step length of suspended
particle and non-dimensinal tractive force-

A METHOD TO CALCULATE SUSPENDED LOAD
Pick up Rate of Suspended particles

A particle on a bed is thought to be entrained by lift force and be trans-
formed into suspension in a characteristic time, the so called exchange time.
In the case of non-uniform sediments, a particle is remarkably influenced by
shelter effect due to gravels. Therefore, it is necessary to evaluate the ex-
change time and the shelter effect accurately in order to calculate pick up rate.
The present theory on calculation of pick up rate is investigated here by
consideration of the shelter effect and based on the exchange time.

A particle on a bed is assumed to be entrained and to become a suspended

particle in exchange time tc. Pick up rate qsy of the particle entrained per unit
time from unit area is expressed

©

Qgy = kl %0 dsNB I o(l/tc) ftc( te )dte (33)

where k; = the rate of the particles able to be picked up to all the particles on
the bed surface; Np = the number of particles per unit area; and fe (tc) is the
p.d.f. of tc.

If tc is proportional to t,, tc becomes

te=ky (d/Wpo ) (34)

where k; = a constant.
Ngis written as
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1
Np =p¢ W (35)

where pg = the rate of particle with diameter d within the materials on the bed
surface.
Using Eqs.(14), (16), (33), (34) and (35), 4qg, is written

® 1 1, Fro,?
teu =800 § | [0S e C 30 M0 G

where K = kj/k,. )
Then with N = Fyq/Fpo' and G = Cp pwo’(m/8)d®>, Eq.(36) is expressed in non-
dimensional form as

(==

fsu = 2Kpe/BGET DT Ing* /oK™ = (1/8)Cooks e exp(-5n7)dN  (37)

where Cpg = 2+24v/(wd), ng = (7/8)Cpo 502/(ck2), and Eo= wo/uy.

The validity of Eq.(37) was investigated by the following experiment. The
experimental flume was 8 m long and 30 cm wide. The sand feeder was set up at
the 5 m downstream section from the entrance to supply the particles through the
gravel bed as shown in Fig, 14, The grain diameter of bed roughness was 4.8 mm.
The used particles were polystyrene beads with a diameter of 1.42 mm and a
specific gravity of 1.05. The particle motions were photographed by a high
speed video camera from the side when the elevation of the bed surface of parti-
cles among the gravels was steady under the constant discharge and the constant
sediment discharge. Similar experiments were done under various discharge and
sediment discharge. Pick up rate was obtained for the parameters of wo/u, and
A /dy by video analysis.

The experimental data on pick up rate are shown in Fig. 15. The value of ck?
was obtained by Figs. 9 and 10. Pick up rate varies considerably with the
shelter effect as shown in this figure. As the shelter effect is evaluated
appropriately in this theory, the theoretical curves agree with the experimental
results when constant K is taken to be 0.035, which can be physically explained
as follows: It is considered that kj is related to condition of contact with the
neighbour particles. That is to say, ki is assumed to equal the probability in
which all tangents of a particle with the neighbour particles are opened upward
as shown in Fig. 16. Assuming that the number of neighbour particles is n, the
probability, therefore, becomes (1/2)". The relation between the porocity A and the
number of particles contacting a particle in the random packing, ng, is shown in
Fig. 17 ( ref.(11) ). If n/no represents the probability in which the center of
a contacting particle is located between the upper side elevation and lower side
elevation of a contacted particle, n/no becomes 0.5, and the relation between
A and n become as shown in Fig. 17. From this figure K becomes 0.044 for A = 0.4,
which is similar to the experimental value, as k2 is assumed to be about 1.

=
Sand ‘Feeder /

Fig. 14 Sand feeder
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In Fig. 15 theoretical curves by Ashida and Michiue (2) and Itakura and
Kishi (8) in the case of uniform sediment are also shown. Though the results for
uniform sediment by Eq.(37), which is expessed by the line of ck®* = 2.5 when R,
> 50, are somewhat larger than their results, the tendency is almost smllar.
Thus, the present theory will be applicable to calculation of pick up rate for
both uniform and nonuniform sediment.
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concerning pick up rate
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Equilibrium Concentration Distribution of Suspended Load

Concentratlon distribution of suspended load can be calculated from f(zp, T)
and Qsy. In this procedure the discussion concerning the reference level and
concentration at the level is not needed at all. Concentration distribution of
suspended load is expressed in the equilibrium condition as

©

(%) ‘Joﬁsu £(z, Dat (38)

Eq.(38) is solved from Eqs.(30) and (37). In Fig. 18 the result of Eq.(38)
and experimental results by Ashida and Michiue (1) under the condition of d =
0.009 cm, ug= 4.02 cm/sec, 0/p=2.65, h=7.05¢cm, U=63.8cm/sec, ck? = 1.8
and Ng = 0.33 are shown. In this figure the Rouse's distribution is also plotted.
It is not apparent which distribution is more consistent with the experimental
results. But this model is excellent in the points that there is no need to give
uncertain reference 1level and the concentration at the reference level.
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h =7.08cm
U _=63.8 cm/s
cxts 1.8
TN = 0.33

L\ o eibution
o \\\‘ Aut::s
( s

LN

Z/h

[
o] 0.02 0.04
Cc

Fig. 18 Equilibrium concentration profile of suspended load

APPLICATION FOR NON-EQUILIBRIUM SUSPENDED LOAD WITH ARMOURING PROCESS
Non-equilibrium Suspended Load

Assumed that bed configuration is as follows: Upstream from the section at X
=0 1is an unmovable bed and downstream from that section is a movable bed which
consists of nonuniform sediments. If the gravels with the maximum diameter on the
bed cannot be moved, the bed slope does not change too much and an armour coat is
formed. Under this condition the so called parallel degradation must be occurred,
and suspended load varies with space and time.

Suspended load of particle i with diameter d; is evaluated under above
condition by following manner. If the particle i entrained from the bed at x = xo
and t = to is moving at x = X and t = T, concentration distribution of paricle i
atx=Xand t =T is written as

Tnaxi

C.(X,2,T) =j (1/6)05ui( Xo» to ) £1( Xg» 2, T» to )dT (39)
0

where 1 =T - to; X = x0 + Tpi(T)T; Tmaxi= min( T, X/Tpi(Tmaxi) ); Gsui (X0, to)
= the pick up rate of particlei at x=xpand t =tg; f (xo0, z,T, to) = the
p.d.f. of vertical elevation of the particle i after T since it is entrained at
x = xg and t = tg; Upi(T) = the mean streamwise velocity of particle i from t =tg
tot ==ty + T.

Assuming that U,;(1) isTp = ky U, Eq.(39) is transformed into

c X X X—XO
i( ,Z,T)'—‘- (l/O)qsui( X0, T- — )
Xmin Up
X-xq X-xog
fi( X0y 2y — » T= = )/ UdeO (40)
P Yp

where Xpin = max(0, X -"upT) and ky is a constant coefficient.
Hence suspended load of particle i at x = X and t = T is expressed as

h
Qs ( xsT)=IOCi(X, z, T)updz (41)

Moreover, the probability in which a particle i would be suspended after T.
from entrainment is written as



h
ps]_( xO, T, to)=I fl( XO, z, T, to )dz (42)
0

Equation (41) is transformed from Eqs.(39) and (42) into

X
X-x
qsi(er)= I (l/c)qsui( X0 T- 0)
Xmin Up
X—XO X-x
psi.( X0y — ’ = ° )dxo (43)

P ug

Equation (43) can be solved with Egs.(30) and (37).

A Model of the Armouring Process in Consideration of Suspended Load

Fig. 19 A model for exchange of bed materials

In the armouring process the depth of the mixing layer is considered to be
the maximum, diameter d ,, of bed materials. The model of mixing of the trans-
ported sediment and the bed materials can be considered as shown in Fig. 19. If
the porosity of the bed materials is constant, the continuity equation of sediment
and grain size distribution are written as

32, 1 %p , 9su= dea

e T X3 "1 =0 (o
ap; 1 1 99si 1 9z

B - m{——l—_—x—aT'-ﬁ(QSui‘Qs;di)‘ 3¢ Poi (45)

where qs = IqBi; Qsu = LQsuij 9sd =L Qsdai} QBi, Qsui and qsai = bed load, pick up
rate and deposition rate of particle i, respectively; p; and pjg = the rate of
particle i in the mixing layer and the layer lower than the mixing layer respec-
tively; and A = porosity.

Bed load is calculated from Ashida and Michiue formulas (3) as

qdpj

BIE;H; = 17743 ( 1 = Tyei /Ty )(1"/%*Ci/r*i ) (46)

where d; is the mean diameter of particle i, Ty; is non-dimensional tractive force
for di, Tgci is non-dimensional critical tractive force for dj. Tyci is calculated
from Egiazaroff's equation and it's modified equation by Ashida and Michiue
(3) as
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Tiei logm19 2 N

= i/d 20. 47-
Teom 10810(19<1i/dm)} (d;/d,20.4) (47-a)
T .
*cl . 0.85 (dm/di) (di/dm<0-4) (47-b)
Teem

where dy = the mean diameter on the bed surface j;and Tscm = nondimensional criti-
cal tractive force for dy.

Assuming that pf equals approximately pi, qsui is calculated from

Gsui( %o, to )/o/Bd; = FXps/B(s T II/T | (uylVed))

Noi

veki?n - (1/8)Cpoibos /ZL“ exp(-%—nz),dn (48)

where noi = (M/8)Cpo; £0i2/(cki?); Cpoi = 2 + 24V (woid;); Eo0i= woi/us; woi = the
fall velocity of particle i; and ki is the coefficient of the shelter effect for
particle 1i.

gsai is derived from eq.(48) and psi(Xg, T, to) as

X
X-xo
A50: (X, T) = I (1/6)8sui( X0, T- ——)
Xmin up
d X-x X-=x
TPsilx , =, T- =2)ax, (49)
l.lp up

It is very complicated to calculate psi(Xo T, to) from the present model.
But if the diameter of a particle is small, the vertical velocity of a particle
approaches wg - wo rapidly when the upward flow velocity, wg, acts on the par-
ticle. So the following approximated method will be proposed for the analyzing
of vertical particle motion. Particle motion is divided by mean duration of
turbulent flow. Vertical particle velocity is approximated to wg - wg in each
step. If a particle is transported to zp = zpn+1 from zp = zpn vertically in
step n+l, the p.d.f. of zpn+1 under the condition of zpn is expressed as

_ 1 1, Zpn+l = Zpn + Wotem 2
8; ( Zpn+1l Zpn ) = mexp {- 2 ( U, tom )} (50)

Particle elevation at the end of step 1 is given by mean value of Eq.(10-b).
So the p.d.f. of elevation of particle i at the end of step n is given by

h
fni( zpn ) = I fn-1:( Zpn-1 ) 8i( zpnl Zpn-1 )dzpn—l (51-a)
0

f1;(2p1) =8 (2p1-2Zp1) (51-b)

where Zp1 = the mean value of Eq.(10-b).

This method is almost similar to Yalin, M.S. and B.M. Krishnappan's (13).
But the way to calculate zpi, which is the most important point, is due to the
mechanism of suspension in this model. The probability of continuing to be
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suspended till the end of step n is pgni = fg fni(zpn)dzpn, and if a suspended
particle at x =x0 and t = to is situated in the process of step n, psi(
x0, T, tg) is expressed as

(T-Tp-1)Psn1i+ (Tn = T)Psni

tem

Psi( X0, Ts to )= (52)

where T; = terminate time of step i.

Though f,; varies with armouring, fni can be assumed to be constant because
hydraulic conditions do not change too much in parallel degradation and the effect
of bed conditions on particle motion is less if a particle is entrained into the
flow from the bed. In Fig. 20 the comparison between the approximated method and
Eq.(42) under the experimental condition mentioned in the next section is shown.
This figure indicates that the approximated method allows the calculation of psi.
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Fig. 20 Comparison between pgj cal- Fig. 21 Relation between percentage of
culated by eq.(42) and ones sand on bed and the position
by its approximate method of it among gravels

It is necessary to relate the mean diameter of bed materials, d;, and non-
dimensional level of particle i on a bed, Asi/dr, to pi in order to obtain co-
efficient of lift force and shelter effect. From Fig. 9 c is obtained for
dnuy/v , where dm is calculated from pi. Otherwise, it is generally difficult to
gain the relation between Ag;/dr and pi. Two size mixed materials such as gravel
(i=1) and sand(i=2), is considered as the simple case. Ag2 is obtained from the
ratio of volume of gravel and sand within dy from bed surface, which is
calculated from p1 and pa. The relation between Agy/d; and p, is shown in Fig. 21.
As dy is dj, k2 is gained from Fig, 10. This method may be applicable for general
non-uniform materials. A coefficient of the shelter effect ki for particle i can
be obtained by dividing the materials into two classes, one of which is the
materials of d > dij, the other is the materials of d < di. The level As2i of the
materials of d < d;; is obtained as in the two size mixed material case. As Asi
is assumed to be Ag2j and dr is assumed to be the mean diameter of materials of
d > dj, ki is obtained from Fig. 10. But this method must be verified experi-
mentally.

Thus, under the condition of quasi-uniform flow and the logarithmic law for
resistance law, the variation of sediment discharge, bed elevation and mixing rate
of bed materials with time and space can be analyzed.
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Comparison Between Theoretical Results and Experimental Results

The experiment was performed with 0.3 m long and 8 m wide flume, and bed
slope was 0.008. The grain size distribution of used sands M is shown in Fig. 22,
which consisted of sand 1 and sand 2 with a mean diameter of 2.66 mm and 0.18 mm
respectively, The area covered by the mixed materials was between 0.5 m and 6 m
downstream section. Water discharge was 57 cm?/sec and initial shear velocity was
3.3 cm/sec. Bed elevation, water elevation, suspended load and mixing rate of
bed materials were measured. Critical shear velocity for sand 1 is 4.56 cm/sec,
and sand 2 only was transported as bed load and suspended load.

In Fig. 23 the variation of p; and gqg2 at x = 5.5 m with time is shown. This
figure indicates that armour coat develops fully in the downstream area in about
10 minutes. In Fig. 24 the streamwise distribution of qg2 is shown. The region
of equilibrium suspended load is not apparent even under initial conditions
because of less measurement points and transportation of bed materials at initial
time. But this figure indicates that the region of non-equilibrium suspended
load rapidly spread in the downstream direction.

The armouring process in this experiment was simulated by this model under
the conditions of Ax =5cm, At =Ax/up, kg/dy =2, 2,5/h=0.25 and k, = 1.0,
where Ax = longitudinal place step; and At = time step. In Figs. 22 and 23 the
theoretical results are also shown. These figures indicate that theoretical
results of non-equilibrium suspended load favorably account for the experimental
results. Hence, the present model will be sufficiently applicable to analyse
non-equilibrium suspended load situations.
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Fig. 22 Grain size distribution of the sands used in the experiment
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CONCLUSIONS

The mechanism of particle suspension was investigated theoretically on the
simultaneous observation of particle motion and turbulent structure by using a
high speed video camera and visualization technique. Pick up rate and a stochas-
tic model for motion of a suspended particle were formulated, and a method to
calculate suspended load both under equilibrium and non-equilibrium conditions was
proposed. The main results are summarized as follows:

(1) A particle on a rough bed is entrained into the flow by lift force due to an
accelarated upward flow which occurs during an ejection event of bursting. Though
the 1lift force decreases to about zero in a short period after the entrainment,
the particle further rises up by drag force due to the same upward flow. Then,
the particle rises up or settles down corresponding to upward or downward
turbulent flows.

(2) The vertical dynamic forces acting on the particle were evaluated by the
equation of particle motion and locus of particle motion obtained by the
experiment.

(3) A stochastic model for analyzing the suspended particle motion was proposed.
It was verified that the model was applicable to simulating the characteristics
of motion of suspended particle, for example the vertical dispersion process and
step length.

(4) A method to calculate pick up rate was formulated in the consideration of
the shelter effect due to gravels so that it was able to apply for nonuniform
sediment. It was shown that the present method was applicable to calculation
of pick up rate of uniform sediments and nonuniform ones.

(5) By using the formula for pick up rate and stochastic model proposed in this
paper, a method to calculate suspended load both in equilibrium and in non-
equilibrium conditions was proposed. Non-equilibrium suspended load with armour-
ing process was calculated using the present method. This results sufficiently
agreed with experimental results.
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APPENDIX - NOTATION

The following symbol are used in this paper:

0O W > o

Coo.
Cpoi

dij

dm

dmax

dr

f(fpl .i:)
f.

1

fni(zpn)

fro(te)
fug(We)
?wfe(ﬁfe)
pro(ﬁpo)
fruo(fro)
Fp

Fy

Fr

Fri

FLo”

Fro

constant on relation between wge and Tej;

3/(2s+3);

36 V/(2s+3);

coefficient of lift force;

experimental constant;

constant ( ratio of Wg, OF Wgee tO Uy );

ratio of Tey to Tae;

-2s/(2s+3);

coefficient of drag force;

Cp for Wp = Wo3

Cpo of particle i;

particle diameter;

mean diameter of particles larger than particle with a diameter
of d; among bed materials;

mean diameter of bed particles;

maximum diameter of bed materials;

mean diameter of representative roughness gravels;

probability density function of level of suspended particle at t
=T;

probability density function of level of particle i;

probability density function of level of particle i at the end of
step n;

probability density function of t¢;

probability density function of wg;

probability density function of wgg;

probability density function of Wpo$

probability density function of Fpg;

drag force;

function;

lift force;

lift force at t = 0.0li sec;

lift force with upward flow near the bed;

standard deviation of Fpg;

acceleration due to gravity;

probability density function of 1level of suspended particle at
the end of step i under the case that z, equals =z, at the end
of step 1;
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Gi

h

h(Zp,T |£p1)

ky

k2
ki
ks

Np
Pt

Pio

Psi

tem
ts

submerged grain weight;

function;

flow depth;

probabilistic density function of level at t =T wunder the
condition of 2p = 2zp1 at the end of step 1;

energy slope;

coefficient of shelter effect by gravels;

rate of particles able to be picked up to all the particles on
the bed surface;

constant ( rate of t_ to t, );

coefficient of shelter effect on particle i by gravels;
equivalent sand roughness;

constant;

ky/kp;

number of neighbour particles lying arround a particle on the bed
surface;

number of particles contacting a particle in the random packing;
number of particles per unit area;

rate of particle with a diameter of d within the materials on the
bed surface;

rate of particle i in the mixing layer;

rate of particle i in the layer lower than the mixing layer;
probability in which a particl entrained from a bed continues to
be suspended;

pg; at the end of step ij;

bed load;

bed load of particle i;

suspended load of particle i;

deposition rate;

deposition rate of particle i;

pick up rate of suspended particle;

qsuy of particle i;

grain size Reynolds number;

c/p-1

time;

exchange time;

duration of upward flow mass;

Lagrangean mean duration of turbulence;

duration of suspension of particle;

duration of Fpg;



Tee
Te1
Tn

Tu

uf

up
Up(T)
Upi(T)

Umax
we
\43
Wfe
Wfee
Yo
woi
VWp
wpi
wp0
Xe

me
Xmin

Eulerian duration of upward flow at a level;

Lagrangean duration of upward flow near the bed;

terminal time of step n;

period of occurrence of bursting;

streamwise flow velocity;

streamwise particle velocity;

mean streamwise velocity of particle from t =
up(T) of particle i;

shear velocity;

mean streamwise flow velocity;

maximum streamwise flow velocity;

vertical turbulent velocity;

vertical turbulence intensity;

Otot
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[}
3

vertical velocity of upward flow mass near the bed;

vertical velocity of fluid at a level;
fall velocity of particle;

fall velocity of particle i;

vertical velocity of particle;

wp in step ij;

initial value of wp in calculation of particle motions;

distance in which suspended load increases to
from zero;

step length of suspended particle;

mean step length of suspended particle;

max( 0, X - ﬁ}I );

mean level of upward flow mass near the bed;
level of particle;

zp in step i;

equilibrium value

time average level of particle which continues to be suspended

during time T;

initial value of zp in calculation of particle motions;

mean level of suspended particle;
mean level of suspended particle at t = T;

constant;

thickness within which 1lift force keep positive near a bed;

time step;

distance between particle surface and the top of the representa-

tive roughness;
longitudinal place step;
Fro/Fro's
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No
N(zp, T |

~ N .
wpi,pr)

Ns

€0
g(ﬁpl)

Txs
Tyei

Tyem

(1/8)CpoPEo®/(ck?);

probability density function of EP where a suspended
stays after % ;

zps/h;

von KArman's constant;

porosity;

kinematic viscosity;

wo/u,;

probabilistic density function of £p1;

density of fluid;

density of particle;

time;

non-dimensional tractive force;

non-dimensional critical tractive force on bed load;

non-dimensional tractive force for di;

particle

non—-dimensional critical tractive force on suspended load;

Ty for dj;

T

e for d;



