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HYBRID COMPUTER SLMULALLIUN i SEDLMENT TRAN

WITH STOCHASTIC TRANSFEw nl L.  ;REAM BE0E/

by ' ‘ ) .

Kousoum S. Sakhan, J. Paul Riley, and Kenneth G, Renarde
. ] , .

SYNOPSITS

In ephemeral streams, the occurrence of translatory waves
causes the hydrograph to rise more rapidly, which, in turm, -
results In channel instability. A simulatfon model is devel-
oped to describe the dynamics of the channel {n terms of: 1)
two onc-dimensional streamflow equations, (2) a one-dimensional
sediment transport equations, an equation for the stream bed,
and (3) a stochastic sediment transfer at the stream bed which
also includes the bed load.

The model as a whole is simulated on a hybrid computer. To
demonstrate the operation of the model, real-time similation
is done using hypothetical data for a stream reach 24,000 feet
long. The results of this study are presented in graphical
form.

———— o

1/ The work described herein was funded primarily by the
Agricultural Research Service, U.S. Department of Agriculture.
The paper was prepared for presentation at a Sediment Symposium
to honor Professor Hans Albert Einstein in Berkeley, Callfornia,
June 17-19, 1971.

2/ Graduate Research Assistant, Civil Engineering, Utah Water
Research Laboratory, Utah State University, Logan Utah; Profes-
gor, Civil Engineering, Utah Water Research Laboratory, Ucah
State University, Logan Utah; Director, Southwest Watershed
Research Center, Agricultural Research Service, United States
Department of Agriculture, Tucson, Arfzona.
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CHANNEL DYNAMICS MODEL

Existing information is inadequate on channel stabilicy influ-
ences. Under present condltions, many stream channels in the
Southwestern United States are unstable, The major cause {s be-
lieved to be the high-intensity, short-durat{on convective thun-
derstorms, particularly during the summer season, which result
in flash floods moving over coarse-textured alluvial stream beds
with very high-intake rates. It has been obdgerved by Renord and
Hickockl/ that the occurrence of trunslatory waves occur free
quently. This phenomenon has a critical {nflucence on the
time of rise of the hydrograph, which in turun, affects the
stability of the stream channel. The conventional theory
of flood routing fs fnapplicable to these ephemeral streams.,
Therefore, it ls necessary to account for the movement of
these waves in order for the model to be duscriptive of
emphemeral streams. bBesides these translatory waves, sed{-
ments carried by the flow both as bed load and suspended
load make the situation vven more complicated.

The present model does not account directly for the movement
of the translatory waves that might occur, but, it only gives an
approximation to it. An integrated system of scediment flow is
viewed as the only solution to the problem of instability of
ephemeral stream channels. An effort is made to apply stochastic
processes to describe that portion of the process--that is, the
movenent of sediments at the stream bed--which cuannot be adequate-
ly described in a deterministic way.

In systems analysis, relationships are customarily displayed
graphically. Because of the complexity of the resules obtained
from the simulations, the graphical results produced by the model
permit an insight i{nto the movements of sediments i{n relation to
the flow.

FLUID MASS AND SOLID MASS TRANSPORT EQUATIONS

The three-dimensional cquations of conservation of fluid mass,
flow momentum, and solid mass in the turbulent flow are

v-V=0 m

R R EEE IR RYCRR L) (2)
4o () = v (eve) (3)

subject to the following boundary conditions (Figure 1)
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HYBRID COMPUTER SIMULATION OF SEDIMENT .. NSPORT ' :

R AT I ‘ (4)
af y
cii-eveew = {5)
where T(U) is the Reynolds stress tensor and F(x, y, 2z, t) = 0 ! )
is the equation of the moving boundary surface. After space
averaging (Sakhan2/) Equations (1), (2), and (3) reduce to the
following one-dimensional equallons which deseribe the conserva-
tion of fluid mass, flow momentum, and solid mass in the flow of .
natural streams with movable boundaries, ‘l
3A . 3Q i I
31’1\ .
1 B 2. AL P
at'l':!x(a A)+gax(hcA)+9Aax A(BLL+BSS) .
elpon (W =0 (7) !
P "o, Ay y=ny '!
2 2 C .
3_ a = 2 ab p
ot (CA) + 2 (cQ) ax (e . y 4!
8% " 3%?
+ c/y=n, [S+T 5{‘] + N/y=m (8) w Af3T

In which the terms L, 8, and N, as desceibed {n the terminology,
have nepative values if the processes they represent are influ-
ent, and posltive values 1if the processes are effluent. The
Atream coordinates oy, 62, and n; are as shown in Figures l.a
and 1l.b. The wavy bar indicates averages over the top width T
of flow.

Assuming the bed shear stress In an unsteady flow can be
approximated by that in a uniform (low, the last term of Equa-
tion (7) can be represented by

1

- p
1 o0 (u du TV /y=n| dz = -2 ¥ (9)

) ) )
¢ 0y Yy !
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K. S. SAKIIAN, J. P. RILEY, AND K. G. RENARD

where P is the wetted perimeter and LR is the mean bed shear

stress.” For a uniform flow,

.

05 Rh Sf (10)

where the friction slope Sf can be approximated by the Darcy-

Welsbach equation

L ()

S
f 8¢ Rhl\2

in which is the hydraulic radius.

The. friction factor f in Equation (11) is known to change
with the flow and channel characteristics. This friction factor
can be decomposed iuto €' which represents the sand grain
roughness and f" which represents the bed form roughness. For
the evaluation of these two friction factors the following two

relationships will be adopted:

1
e = 2 109y (Ry/Dsg) + 1.5 (12)
and

U U

log,q f" = - .45 - .08 + (.08 —— - 3.05)
9Us0 7gDs¢

exp ( - 8 [logia (Ry/Dso) = (1.9 + .04 —‘6’——3) (1)

9952

in which Dgp 1is the median diameter of the sediment particles
at the stream bLed. Equation (13) is based on data from several
laboratory flume experiments and natural streams which are in
regime. For non-regime flows such as the ephemeral stream in
the Southwest, it might not be applicable. From ficld observa-
tions, flat beds are of general occurrence. This 1s due to the
wide distribution of the sediment sizes. The bed particles range
from rocks down to fine-grained sands. The channels generally
have steep slopes. Ripples, dunes, or anti-dunes are not likely
to form on steep slopes with highly heterogencous bed particles.
By following Chcni/ and assuming logarithmic velocity discri-
bution in both vertical and lateral directions, the longitudinal
sediment dispersivity, ch in Equation (8), can be derived and

expressed as:
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g [og, (D) - 172

6 =i oo N 12 (14)
cx 28 R
" Dog, (—L—)}2
0p - 9

in which A 1is the ratio of the eddy mass diffusivity to the
eddy kinematic viscosity of water, «x is the von Karman univer-
sal constant, h 1s the depth of flow, T 1is the top width of
flow, and n, and o  are the distances from the stream bed and
the side walls, respectively, where the velocity is zero.

Seepage from initially dry channels following the onset of in-
undation must be treated as unsaturated flow. However, in a num-
ber of situations such as the ephemeral streams in the Southwest
where the water depth is relatively large for most of the channel
perimeter, the bed material {s coarse, and the water table is
very deep, piston-like flow with a sharp wetting front and con-
stant hydraulic conductively in the wetted zone would occur. In
this type of flow, gravity plays an important role.

If it is assumed that the bottom of the wetted zone is hori-
zontal, the stream lines of scepage are all perpendicular to this
bottom, and the wetted zone {tself Is of constant hydraulic con-
ductivity, then the total scepage can be approximated by a steady
state case with different water depths in the channel. The mathe-
matical representation of this secpage will be derived in a com-
plex plane € = 2z + i(-y) as shown in Figure 2.

Use will be made of the Zhukovsky's function which is expressed
as

= 1 ."l: W
Z=in+ = Rexp (2 (15)

in which i = /:T; w is the complex potential w = ¢ + iy, ¢
being the potential function and ¢ the stream function; K is
the hydraulic conductivity of the stream bed; o« 1is a parameter;
and R is a real constant. Consldering only one quadrant (quad-
rant (:) as shown in Figure 2), the function Z can be separated
into real and imagilnary parts,

+(-y) +F=Rexo (B) cos (B (16.a)
and
z+ %= R exp (i‘-) sin (ii) (16.b)

The following boundary conditions must be satisfied:

1. Along the -y-axis, ¢ =« 0
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K. S. SAKHAN, J. P. RILEY, AND K. G. RENARD ;

2. Along the stream bed, ¢$ = 0
3. At the [fruee gurface, + (-y) + % o0 and ¢ = + %

1t can be deduced from Condition 3 that

S=an (]7)

Equating Condition 3 with Equation (16.b) yields

z + %K = R exp (+ Kyn/S) (18)
i or
: 2y =0 = peR- 3y (19)
il or
I 2 (y =) ® - (20)
i At the stream bed wherc $ = 0, Equations (16.a and b) become
+ (-y) = Rcos (8) (21.a)
) and
i) z+%=Rsm(§ (21.b)

Jj' At the stream bed where v = 0, ¢ = 0, the real constant can be

evaluated as

R=+ (-y) = - hpy (t) (22)

bal
Equat ing Equations (19) and (22) yields the volumetric rate of
seepage per unit length of channel

s=-K(T+2h.) (23)

Because of the random nature of the driving mechanism, which
{s the flow turbulence, the rate of transfer of sediment N
should be described by a stochastic process. This process is
treated in the following section.

Stochastic Sediment Transfer at the Stream Bed

To formulate an fntegrated sediment movement model, the sus-
pended scdiment model must be connected to the bued scouring mod-

21-6
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o
Aptpee kbt

AP MR et
el by some expressions describing the sediment transfer in the
stream bed reglon.
VA any

The term L/y_n1 T m + N/y“nl in Equation (B) plays the role
of source or sink to the suspended sediment. Through this term
the suspended sediment model can be connected to the bed scour-
ing medel. The bed scouring model is formulated by integrating

the boundary condition (5) with respect to z from z=0; to

zeg} as
: /! c/ o dz ! (-e, 2 o g
: oy y=ny ot g X 3x 93X Yy ay
- 3_C._\_‘) dz = N (N _Q_T.
Z 32 92 [} X X
3“1
- — 4
Ny+Nzaz)dz (24)
or
NN .
LY V. V¥ any 3 ‘ ‘
—_t = +N= o
c/y=m T3t ' % (Qg vor) * =0 (25) =
L
. in which the volumetric bed load discharge, QB vol’ is defined
' as: -~
, any . any i;2
2_. -1 0] - a_C—.—.—- + —d.c-. - .ég.-._-— ‘
X (QB vol) Ioz ( €x x X ey 9y € 3z 32 Jaz (26) o
and the volumetric rate of sediment exchange between the stream ke
bed and the suspended load, Q¢ is defined as: .
an an f

_d . (o) 1 ) 1
N/y=n Toax (QBS) I (Nx IX Ny * Nz 9z ) dz (27)
1 o,

Since it is impossible to obtain an analytical evaluation of the
right-hand side of Equation (26) and the term N, a stocnastic
approach Is proposed.
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At the interface between the flow reglon and the stream bed,
there are three distinct states: the suspended state,
the bed load state, and the immobile bed state (Figure 3,
at time T, a scdiment particle may be in any one of these three
states.

The probability that a particle will move from onue state to
another or rewain in a particular state is termed its transition

probability. The future transition probabilities of a sediment

particle are independent of ity transition probabilities in the
past (a property of the Markov Processes). For exawple, Lf a
particle is in state at time 6 and in state C) at time ¢,
the probability that it is in state © at time t© s glven by
the appropriate cransition probabilicies as follows:

Prc (0:1) = Py (048) Pyg (on8) (28)

Generally, since the events corresponding to Equat lon (28) for
different middle states are mutually exclusive, the probability
of going from state C) at time 0 to state C) at time t© is

c
Ppc (05t) = i-EA Py (0:9) Pyc (e8] (29)

Equation (29) 1is known as the Chapman-Kolmogorov equatfon for

a noan-homogencous Markov process. 1f it i3 defined that

g O Y 0 (at) = P. [a particle in state ® at
time ¢ will be in state

® at time ¢ + at) (30.a)
Yac at + 0 (at) = Pr [a particle in state ® at
time ¢ will be in stale

© at time ¢ + at] (30.b)

and

st + 0 (at) = P [a particle in state @® at
time ¢ will remain in state

(/P during the interval
0, ¢ + at)] (30.¢)

1+¢AA

then it is clear that

<0 (31)
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If ¢,, is zero, then state QD is absorbing, that is, the
sediment” particle is always in suspension. This case i{s not ex-
pected to happen in a natural stream.

Now consider two contiguous time intervals, (6,t) and
(t, t + At), Usaing the definitions in Equations (30, a-c) with
Equation (29) yields

Pan (80 t+8t) = Py (0,) (1 4y, at)

*+ Ppg (0,t) vpa ¢

+ PAC (O‘t) WCA at + 0 (at) (32.a)

pAB (0, t + At) PAA (O)t) wAB at
+ PAB (o,t) (1 + Vag at)

+ PAC (0,t) ep AL * 0 (at) (32.b)

and

Pac (8 L+ at) = Ppy (0,8) yye at
. + Pag (o,t) vge Ot

+ Pac (o,t) (1 + Vee at) + 0 (at) (32.¢)

Dividing Equations (32.a-c) by 4t and taking the limit as
4t approaches zero results in the following relationships:

55 Pan (008) = Py (0,8) wpy (8) + Pyp (04t) vy, (1)
* Ppc (84t) wep (t) (33.a)

’%f pAB (B.t) a PAA (O,t) ¢AB (t) +_PAB (oit) wBB (t)

| 3
|
|
!
|

+ PAC (8,t) WCA (t) {33.b)

$6 Pac (008) = Pay (808) v (1) + Py (0,8) wp ()

+ Pac (0at) vee () (33.¢)

21-9
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K. S. SAKHAN, J. P. RILEY, AND K. G. REN:i.D

as the forward Kolmogorov dif-

Equationy (33 .0-¢) are known
subject to the following initial

ferential equations. They are
conditions

Pas (0.0) = 654 i=A8,C (34)

where 6, 1is the Kronecker delta symbol. ‘
ries or sediment transfer which are the
main keys to the concept of stochastic sediment transfer at the
interface. They are functions of the instantaneous local hydro-
dynamic properties. Considering that the time interval (o,t)

is very short, then it can be assumed that the ¢'s are constant
over this interval. However, in general, the ¥'s are time-de-
pendent.

The Kolmaogorov differential equations for PBA’ PBB’ PBC‘ PC .
, and P, may be derived in a similar mannev and presecated %n

P
mggrix forsdc. Let the tronsition probabilicy matrix be

The ¢ 's ore the intensi

A B C
Al Paa (o, t) Pag (8, t) Pac (e, ﬁ;ﬁw

B (o, t) =8| Py (0, t) Pgy (6, t) Ppefont) | (35)

C{ Py (0. 1) Peg (8, 8)  Peg (0 )

and let the sediment transfer intensity matrix be

_ A B c  _
Al wga (8] ¥pg (8 (t)
3 (6 =8 Pggy (1) vy (8 ¥ () (36)
c :ch,\ (t) .wCB (6) e (B
Then the Chapman-KolmogoroVv equation becomes
B (0.t) = P (0,0) P (ent) - -

21-10
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In a similar manner the forward Kolmogorov differential equa-
tions become

%Ei’ (o, t) = B (0, t) ¥ (¢) (38)

subject to the initial conditions

Be,t)=T - (39)

where 1 1s the identity matrix.

The task now 1s to determine the intensity matrix v(t). Re-
ferring to Figure (3) there are six from stace-to-state transfers
and three within-state transfers. The terms state and zone
should not be confused. With the complexity regarding the ar-
rangement of scdiment particles at the stream bed and the instan-=
taneous local hydrodynamie forces, it Is impossible to draw a
physical boundary between the bed load zone and the suspended
load zone. MHowever, it is possible to avoid this problem by
considering states of a sediment particle which do not have phys-
{cal boundaries, but rather "process boundaries," The process
boundaries are defined by the following rclations (40 through
45) which define the process conditions for transfer between
states. For example, relationships (40 and 45) define the
process boundaries for state ® .

- Transfer from suspended load state to bed load
state occurs when the local upward hydrodynamic

force F (v'u )i less than the vertical re-
sisting ¥orce pI-‘(m) duc to scdiment mass,

Fy (V'up) < Fy (m) (40)

(:) - Transfer from suspended loond :tate directly
to immobile bed state occurs when

Fy (v‘up) < Fy (m) (41)

(:) - Transfer from bed load state to suspended load

stute takes place when

Fy (vlup) > F_Y (m) (42)

21-11
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- Transfer from bed load state to immobile bed
gtate occurs when

Fo {tgr u') < Fydmy v) (43)

- Transfer from immobile bed state directly to
suspended load occurs when

! 44
Fy (v up) > Fy (m) (44)
(:) - Transfer from immobile bed state to bed load
state occur when
Fx (TO. u') > Fx {(m, 10) (45)

As can be seen from Equation (31), within-state transfers are

functions of transfer between states.
Let u. . be the forward velocity in the horizontal direction,

v the rise velocity, and Veall the fall velocity of the par-

rise
ticle at the interface region. If a sediment particle moved with

one of these three velocities, how many fictitious sediment par-
cicles similar to that real particle would move at maximum in-
tensity, past a single "serving counter" per unit time? Let

D be the diameter of the particle, Then there should be, for
example, ufor/D particles per unit time which move in the for-

ward horizontal direction. It is difficult to visualize why ;

fictitious particles are being conaidered. Since the probability s - o
of changing states or staying within a particular state corre- L.
sponds to a single particle, the best illustration of this pro-
cess is to visualize a queue of particles identical to that
single particle being "served by a single counter." Under this
reasoning, the intensity function matrix (36) becomes

RS

4 B c

¥ - v v v v 7

4 A -( fall fall) fall fall

A D D D )

T . v v v v '
i 3(t) < B rll)se _(_r_Ejs_e_+ fgn) fgl]_ (46)

5 : f
¢ Yrise Ytor _(Vrise if_ol) ,
% D D D D ‘
';‘ 21-12
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HYBRID COMPUTER SIMULATION OF SEDIMEN. TRANSPORT

Nt
i iedhpte rd focf emrre, -
Tt b AT i AS LT o TR

ok BB ir o1

subject to the process conditions (40 through 45). The entry
that does not meet {ts respective process condition vanishes.
To evaluate the above matrix, the three sediment particle

velocities, Yeor' Veise! and Veall must be determined. In nat-

ural streams, various bed configurations are formed, depending
upon the flow conditions, the characteristics of the bed
material, and the stream geometry. In turn, bed features affect
. "wall" turbulence near the bed, which is a primary entrainment
mechanism for sediment particles. Another i{mportant entrainment
mechanism is the mean bed shear stress. In the interface region
of natural streams, the Newtonian law of motionm is valid. Thus,

) d ne

in which ¥ is the total force vector on the pgrticle; m is the

mass of the particle, which is constant; and Vp is the velocity

| , vector of the particle. Integrating Equation (47) from time tl
to time €, yields

‘ t - -
ftl Fdt=m sz m Vpl

Tlaeaaiaeta .;.'.'.,;‘.q,.n,nﬁg.‘-'f" [
AT Bt o it e Cal e 2L

vhere fti § dt  is known as the impulse of the force ¥ on

i the particle. Decom osing the force T 1into two parts, the

| hyvdrodynamic force, hydro® and the resisting force, F_ ., .

and integrating Equation (48) over the entire surface, A, of the
' bed feature yields

t: t2
; ' IA ftl ?hydro dt d + IA /t‘ ?resist dt dA
: iihgdibdly o
k. e b d S oI 1
: = ¥V -V ) da 4
i m { ( Pa pl) (49)
i '\./W\a M '\/\a'\/\/\N.gV\n N
; : voo- , and A be th ages of
Let r!\ydro' Fregist' ivpz P Yo &n e the averag

I; 3 -V , and A in the domain A and ¢
) thdro' resist’ " p2 ) '

regpectively. Then Equation (49) becomes

-

“~ : NN
A (tz - tl) (thdro +

g&

-

" ANANNNNNAN
) = Am (sz - Vp‘) (50)

resist

nents of the particle motion are usually the predominant process-

|
* i1n natural streams, the longitudinal and the vertical compo-
: es. Hence, from Equation (50),
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K. S. SAKHAN, J. P. RILEY, AND K. . )
ANV t-t LV V" 51
Up © (ug, - upl) = =5 (Frydro x * Fresist x) (51)
and
AMAANAVN t,-t; w v
vo= (v, = v ) =~ (Fhydro y * Fresist y) {52)

o P2 P1

where uy and vP are the relative longitudinal and vertical par-

ticle velocities. T%F time of action (tz-tl) of the summation
vy

of forces (thdro + Frcsist) {s assumed to be, as can be deduced

from the reasoning to obtain the intensity function matrix (46),

D

t2 = T e
:.(vpz = vp]) (53)

(tp= ty) should always be posi-

Because of the time ot action
n front of the expression

tive, the plus and minus signs 1

W
(V. -V ) in Equation (53) are necessary.

P2 P .
Substituting Equacion (53) into Equations (51) and (52) ylelds N

NN AN\

D
2 = =
Yt T m (Frydro x * Fresist x

) (54)

(R

and
AN ann”

v 2 =2 (F

p m * hydro y ¥ Fresist y) (55)

1+

Since sediment particles are sheared over a gravity bed in

rder to move in the longitudinal direction, one would expect
that the purticle-to-part1Cle {nteraction is far greater {in the
longitudinal direction than in the vertical direction. Then the
longitudinal resisting force for a spherical particle can be ex-

pressed as

N
F =~ (yg-y) gDt (56)

resist x

in which tan o is tne dynamic friccion factor, which as a result
of Bagnold's experimentséd/ can be expressed as

Y D% 1y
tan o = 375 + .375 exp [-.00084 (——>) - 100)] (57)
14 gu2
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where {8 the fluld dynamlc viscosity.

Since the particle-to-particle interaction is negligible in
the vertical direction, the vertical resisting force is due only
to the submerged wedight of the particle, or

N

(g - v) g D3 (58)

Fresist y - T\

The total hydrodynamic force is the mean bed shear stress,

-0 3*3}. superimpoged by stresses resulting from turbulent £luc-

tuations u' and v'. Thus,

NN ANy VAN

a2 L Y (y'2 - gty
thdro x 4 0 2 cDx g (u u'v') (59)
and
NN - ] VeV oW
= X n2 L K¢ )
thdro y 4 0 2 ch q v up (60)

in which cDx and CDy are the drag coefficients in the longi-

tudinal and vertical directions, respectively, and vlz is the
mean-square of the upward velocity fluctuation which %s'Pderived
and expressed as:

VYN A
12 a ' 2
v up 2.415 v (61)
Now let @ and ¢ be the correlation functions between the
X Y o iy o
root-mean-square velocity fluctuations uf< and v'¢ and the
AN

root-mean-square shear velocity -u'v', or

/o
o * u? (62)

and Varvvs
$, @ - —— (63)
u'v'

Substltuting Equatfons (53), (54), (5h), (57), (61), (62), and
(64) into Equations (51) and (52) yields

€ YeoY
Col rg e, 4 1) s g0 (S tana (54)
S y=n S
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and .
% vol {x, t) = B0, 0an [cA (x, t-6t) L (x, t-%— 6t)

Py (x: t-p 88) + C¢ (x, t-6t) yeg (xs toy 6)

Py (x, t- 68) + G (x= x, t=6t) | vgy (x-6x,

ek 6t) | Py (x-bx, toy 8t) = Cg (x, test)
1 1
[“"BA (x, t-%- §t) PA (x) t-3 st) + | Yep (x, t-3 6t)|

Pag (% t-% st) + spac (x, t-‘gét) Pac (% t-% §t)) (72)

e e e e el BT

where B 1is the effective width of the channel in which the
transfer of sediments at the stream bed occurs. For a trapezoidal
channel, the effective widcth should be the boctom width of the
channel.

Having arrived at this point, a question still remains. Is the
Kolmogorov system (38), which deseribes Markov processes with
time~-dependent transition probabilities, a valid system to de-
scribe the stochastic sediment transfer at the interface? In
other words, is the time spent within each state and from state-
to-state exponentially discributed? Expoaential distribution is
a necessary, though not sufficient, condition of a Markov process
and since the time of particle stay or transfer is a function of
the instantaneous particle velocity, this velocity has to possess
a distribution which belongs to the exponential family.

To sece that the instantaneous particle velocity, Vp, has an
exponential distribution, let F (V ) be tts distribution func-
tion wlth a range, ', or P

SRR U

ARV EIARA (73)

Going back to Equations (64) and (65) it can be seen that; at
the interface,

- ' - - f -
Vi =+ K, VS+K?’V5+- Ky V;*'Kz (74)

in which K; and Kz are coefflcient scalars. Equation 174) in-
dicates thst the density function of the random variable V is

a double-valued function. Therefore, the density funccion pf(V )
can be obtained by partial differentfation of Equation (73) as
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» Ky p -
) o (1) | 4V of (vp) d v,
f (\7 ) = = + o . 75
AT T A SRR A (75)
At the stream bed, the horizontal fluctuating velocity u' s
a Caussian random process, but the vertical fluctuating velocity
v', which s asymmetric as previously described, pussesses a
probability density distribution curve which is skewed to the
side of lower values. These two fluctuations have probability
density distributions which belong to the exponential family.
Hence, for gencralization,
oF (V) _ _ 2 . -
SO0 L p(E) F (R exp [iEy 6 () By ()] (76)

» ¢

U-V1

and
aF (V) . 2 N
Bl F () FO(K) e [GEy 6 (B2) Ky (K2)] ()
3V,
in which a {s the parameter vector and X is the vector con-
taining the random variables u' and v'. -
Differentiating Equation (74) with respect to Vp yields

, . A
dvi dv, Ky K3V'2 + K,
—----—v = .—.——-. = .‘“ (78)
d p de \
in which Kj and K, are coefficient scalars (See Equations
(64) and (65).
Then substituting Equations (76), (77), and (78) into Equation

(75) ylelds

————

. Ky " Ky V'2 K 2
f(Vp) = ” Ji] F(ﬁj) F(Yj) exp
2 o
( L G; i’lj) H(XJ-)] (79)

Equation (79) indicates the f(G ) has a distribution which
belongs to the exponential family, Bnd therefore suggests that it
might be described by a Markov process with discrete states in
continuous time. If this is the case, the Kolmogorov systea (38)
is a valid description of stochastic sediment transfer at the
stream bed as was assumed in the development of this part of the

model.
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COMPUTATIONAL APPROXIMATIONS

The essence of the model developed is a system of one-dimen-
sional equations which describe the water flow and the associated
sedlment movement within a stream channel. The model development
is based upon the following sets of ecquations: (1) those which
describe the conservation of fluid mass and flow momentum, (2)
those which describe the conservation of sediment mass in the
flow, and (3) the Kolmogorov differential equacionms.

To obtain a high-accuracy approximation in the solution of
Equations (6) and (7), the one-step Lax-Wendroff scheme is adopted.
Assuming B, 8,, and 8  are all equal to one, Equations (6)
and (7) are rewritten 1n®the following form,

W, 3 F(H) | 5
— e — A
£ -+t k=0 (80)
vhere
A Q
w = s F(w) s ]
Q Qz,
A ghcA -
-5 -L
R =
: any ‘r 3
gA 57— + gAS - % (s+L) (81) L
. #;
The vector W can be expressed in Taylor series as follows . l”‘f
B . . -, - PR ','.
2 . L IS My o, at? A%, s
. Nn Hn + At (at)n + =5 (5€zﬁn ... (82) [pd;
. - in which the subscript n denotes a space grid point and the ‘ ?{
o superscript 3 denotes a time grid point in the time-space grid - e
network. 4

Since thls Is an explicit scheme fn time, t, the second-order
term is preserved in order to obtain high order accuracy.
Equation (82) can also be written . e

LD I aF (i) j : i
n wn at X * KJn '

} *%[g—x[{% [1_;%)'”{]]]?1

P [3 R e 1] (83)
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in which jx* and 3 are the Jacoblians of P(WJ"Ahéb ToLen
respect to W, respeccively, or '
0. 1
Jp = , (84)
a_ - (Y2 Q;
o frtenen - G 2@
and ' s
)
; L 0
Iy = (85)

asS i)
) f 35 f S+
o5% * OS¢ v PR * %A(S*U N %ﬁ %50 - &

Because the space derivatives are of first order, they are
approximated by centered differences. Then Equation (83) can be
expanded into a finite-difference form as

*j+]=*j--ét— j"'_ J s % J
Wy MR T 2ax [an (W) - F_y (W]- at K

a2 j j g I a2y dpd

* 2ax [jF ni%- Kn% ) -JF n-—;-‘ Kn-;— ] ¥ Tjkn Kn
a2 53 I I

+ 45 33 [P B - Foy? (0] (86)

Using the necessary condition and the third and the fourth
sufficient conditions of von Newmann, and the Fourier series
method, Sakhan2/ has shown that the following criteria must be
mec for stability in the solutionm,

[ (%)max * v gg_A (hcA)max 2_}(- = ! (87)

54
-

LN

Ly STy [ atiie

and

st < - (88)

RN
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The stability criterion for At, Equation (88), reflects the
effect of the forcing function K, which contains lateral inflow,
seepage, channel alépe, and bed shear stress, on the stabilicy
in the solution. Therefore, an approximation to this function
must be made with care if the time step At is chosen larger than
that specified by the criterion (88). It is probable that the
method becomes unstable just because ot this forcing function.

There are several possible ways to approximate the solution
to Equation (8) which is a variable-coefficient parabolic partial
differential equation. Any method would give a good approxima-
tion provided it is stable and convergent to the real solution
as the time step &t and the space step 4x used in the differ-
ence scheme approach zero. The following difference scheme will
be used in this analysis.

*1 A3
n: >=

Y oed j j
7 (G A * Gioy Anay)

1]

at J 3. cdgd
75X HA._+PV ﬁz+ﬁ O:.-.._ 2a ﬁ= O:

J Jj At J J .
- (1-a) n:-_ ozudu * Iax? Qonx_id A1 )

Joadyeed
+6.0 MO, - )

Jad J Jo_ Al
(6 A +m=-_ >:-~Zn= n:L:

nx: n ‘
ne
J
ot MVWu:~ n w:
pans
At hR2 I 3+
T 26x ﬁow <o._=+._ ow <o~5.._v (89)

where a (=-1, 0, 1) 1s the weighting operator. Given initial
and boundary values, this equation can be used to obtain the
volumetric suspended sediment concentration.

For a = 0, -1, the Von Newmann condition is always satisfied.
For a = }, the stability criterion for Equation (89) requires
that the space step must satisfy

4 mnx

AX < (90)

h f——
c+c+w mnx\an
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The Kolmogorov differential equations (38) form a system of
three sets, each having three equations because cthe nine variable
coefficients, which xyepresent the intensities of sediment motion
at the stream bed, v(t), are the same for every set. This ays-
tem is parcticularly suited for a direct solution on an analog
computer because the intensities of sediment motfon within each
state, ¥(t),,, are negative (Equation 31). This causes the
errors associaced with the computation to decay exponcntially
with time, as lc will be analyzed in the next gection. The ana-
log clrcult diagram for this system is shown in Flgure 4. 1t
should be noted that the nine variable coefficlents which repre-
sent the intensities of sediment motion at the stream bed, ¢(c),
are the same for every set. Therefore, the same analog circultry
as shown in Figure 4 may be used to integrate the other two sets
of equations to obtaln the remaining six probabilicies. Only the
inicial conditions, which are input into the analog integrators
to correspond with the probabilities being computed, need to be
changed.

The outputs from the three integrators, ag shown in Figure 4
represent a set of three computed probabilitfes. After the inte-
gration is carried on for a finite perfod of time, which is
equivalent to the product of the time step At and the integra-
tion time scale factor, the three probabilities are sampled and
stored in the digital computer memory, after gampling the inte=-
gration is stopped. Then after resetting proper inltial condli-
tions, the 1ntugratidu for the other three probabillcies will
be carried out, and the process will be repeated as many Cimes
as it is desired. The integration time between the initial stage
and the sampling stage is controlled by a sequence of loglc sig-
nals provided by the logic program as shown in Flgure 5. The
digital clock provides the program with so many equitemporal
clock pulses per second (from 1 to 10%) and che loglc program
changes cthis sequence of pulses into an alternating series of
"yigh Signal" and "Low signal” for cvery clock pulse. The "High
Signal” and "Low Signal" are sensed through the hybrid interface
by the digital computer which, in turn, controls the opuration
of the analog computer based on this alternating series. The
integration will last for a period between two consecutive clock
pulses.

After the nine probabilities at one space grid point and one
particular time are obtained, integration proceeds for the next
space grid point. New values of the intensities of sediment
motion, u's, are sent from the digital computer memory to the
analog computer through nine digital-analog converted channels
(DAC) and the same procedure i3 repeated to obtaiu the nine
probabilicies for this new space grid point.
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HYBRID COMPUTER STMULATION

There are generally two phases in the development of models.
The first phasc involves incorporating into the entire model
various model components which are based on nathematical
equations and testing the effects of each component on the whole
model and on the other components to see their behavior. In
the second phase, the model is used in actual simulations.
Measured input and control data will be used for calibration
and testing of the processes modeled, and the model subsequently
will be uscd for predictive purposes.

The model as a whole is being synthesized on a hybrid computer
available at the Utah Water Rescarch Laboratory. The model will
be tested by simulating conditions within an cphemeral reach of
the Walnut Guleh Watershed In southeran Avizona., This is a
highly instrumented watershed opurated by the Southwest Watershed
Research Center, Agricultural Kesearch Service, Tucson, Arizona.

The ultimate alm of the model, however, is to be applicable
not only to ephemeral streams in the Southwest, but to a wide
variety of systems of erodible streams. Since field data are
not yet available only the first phase has been carried out.

Simulation of a Stream Reach

The movement of flood wave and sediment is simulated in a
reach which is 24,000 feet long. The average cross section is
trapezoidal., Hypothetical input hydrograph and suspended sedi-
ment discharge at the upstream end of the reach are used to dem-
onstrate the operation of the model. The bed load discharge at
the upstream end can be computed directly by the model. To sat-
isfy the stability criteria the time step At and space step
bx are taken as one minute and 1,200 fcet, respectively. Fig-
ure 6 shows the inflows and simulated outflows of water, suspend-
ed sediment, and bed load, based on an average bed slope of 0.005,
a mean grain dlameter of 0.036 inches, a bed width of 50 feet,
and a hydraullc conductivity (Darcy's K) of 0.0003 foot per sec-
ond. The flood wave reaches the downstrean end of the reach
after 35 minutes. The discharpes of water, suspended sediment,
and bed load are considerably less than the inflows, because of
the length of the reach and the high scepage rate through the
stream bed. The effect of seepaye on water discharge can be
seen by comparing the areas enveloped by the inflow hydrograph
and the time axis, and the outflow hydrograph and the time axis.
Figure 7 shows the cumulative hydrographs and suspended sediment
discharge graphs. About three fifths of the total amount of
water input into the reach are lost into the ground. Figure 6
also shows that the peak of the suspended scdiment graph occurs
at about the same time as the peak of the mean velocity graph,
while, as expucted, the peak of the bed load graph lags behind
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the peak of the hydrograph by about the same amount of time at
the upstream end of the stream reach as at the downstream end.
This means that the suspended scdiment discharge tends to change
instantaneously with the mean cross-sectional velocity, while the
bed load, which is insensitive to the change in velocity, responds
better to the changes in water discharge., These phenomena arc
illustrated by Figures 8, 9, 10, and 11, which ghow the profiles
of the water discharge, the mean cross-gectional velocity, the
bed load, and the suspended load, respectively. The explanation
to the slow response of the bed load to the change in mean cross-
sectional velocity is that the bed load 1s a function of the bed
shear stress which responds better to the water discharge than

to the mean cross-sectional velocity.

A sample of the probability profiles is shown in Figure 12 for
the transfer of sediment from immobile bed state to bed load state,
The profiles tead to have relatively flat lee-side slopes and the
peaks stay at about the same level as time elapses. This also
helps illustrate the slow response of bed load to changes in wmean
cross-sectional veloclity.

When a flood moves down the stream channel, the velocity at
the stream bed increases, although not as fast as the velocity
in the main {low body. lowever, the resulting bed shear stress
and normal stress due to velocity fluctuations may be high enough
that sediment particles have tendency to move from lower states
to upper states as can be seen in Figures 13, 14, and 15. In
Figure 13, profiles of the probabilities of the tranmsfer of sedi~
ment from the suspended load state C) to the same state or lower
states show pronounced peaks and troughs., The probability of
staying within the same state C} increases to the peak at about
the same place as the peak of the corresponding water discharge
profile, while the probabilities of going into the bed load state

or the immobile bed state C) decrease to their minima at the
same place, Figures 14 and 15 show that the probability of leav-
ing the bed load state (:) is zero and so is the probability of
going from the immobile bed state C) to the suspended load state
g}. The probability of going from state C) to state C) is very
jigh, and the probabilicy of staying within state QD is 100 per-
cent. This suggests that the normal stress due to the upward
velocity fluctuazions at the stream bed is not high enough to
1ifc the secdimen: particle into the suspended load state (:) at
the stream ted, and that the bed shear stress can easily cause
the particle to slide and roll alonyg the stream bed. This fact
is as expected because only the median sediment size 1s being
considered. 1In the next stage of investigaction, an attempt will
be made to extend the mudel to deal with all sediment slze ranges.
i- should be noticed that, in Figure 15, the proffle of theg prob-
ahbility of leaving state C) for state C) malntains a plateau
behind the front of the flood wave, which again shows the s low
response of the bed load function to the mean cross-sectional
velocity varlation.
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Sensitivity Analysis -

Sensitivity analysis gives an insight into the model response
to changing parameters by providing the investigator the knowledge
on the degree of importance of ecach parameter. The procedure used
in analyzing the sensitivity of the model consists in varying one
parameter while keeping the others constant. This model consists
mostly of functional relationships, such as friction factors,
ratios between bed shear stress and normal turbulent stresses,
and dynamic friction factor for the scdiment particles, There
are only two parameters that can be used for testing the model: .
the hydraulic conductivity of the stream bed, or Darcy's K, and '
the median sediment diameter. Although the average bed slope 1s
not a parameter because it 15 a function of the stream bed ele~
vation, it is useful to see the effucts of changing slopes on
the discharges of water, suspended sediment, and bed load, for
a given hydraulic conductivity of the stream bed.

Figure 16 shows the effects of changing the hydraulic conduc-
tivity, Darcy's K, on the water discharge. For a K value of i
0.0003 ft/sec, about two-thirds of the amount of water imput into
the reach, sceps through the stream bed. For a zero value of K,
no water is lost through scvepapse. The outflow hydrographs pre- |
serve the same shape of peaks as the inflow hydrograph, although
they are less in magnitude. This (s due to the steep bed siope
of .01, The c¢ifects of changing the median size of sediments canm
be seen in Figures 17 and 18, Increasi{ng the medlan size of sed-
iments tends to Increase the time of rise of the hydrograph while
the magnitude of the peak is preserved. The time of rise increases
by about two minutes with a size increase of ,001 foot. The
graphs of the suspended sediment discharge at the downstream end . i
show a reduction {n the peak and an {ncrease in the time of rise
as the median size of sediments is increased. Finally, Figure 19
shows that an increase in the median size of sediments causes a g
decrease in bed load discharge and the peaks of the graphs come
at about the same time.

The effects of bed slope on the water discharge is shown in
Figure 20. A steeper bed slope corresponds to a higher discharge
at the downstrcam end because of higher flow velocity and less
depth, and therefore lower seepage rate. The rise Ls slower and
the peak decrcases with decrcasing slope. The graphs of the sus-
pended sediment discharge follow about the same pattern as the
outflow hydrographa as can be seen in Figure 21, The bed slope
affects the bed load discharge in about the same manner as the
slze of sediments do. Figure 22 {ndicates that the peaks of the
bed load graphs occur at about the same time regardless of slope,
however, their magnitude decreases considerably with decreasing
slope.
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CONCLUDING REMARKS

The major objective of the present phase of the study has been
to develop a simulation model to integrate both the movements of
flood and scdiment flows down an unstable, erodible stream chan-
wel. An effort was made to apply stochastic processes to the de-
scription and evaluation of the transfer of sediments at the
stream bed which cannot be adequatcly described in a determinis-
tic way. The advantage of using Markov processes for this pur-
pose is that the problem associated with separating the bea load
zone from the suspended load zone can be overcome by considering
states of sediment particles, which are suspended load state,
bed load state, and immobile bed state. This stochastic part of
the model provides the expected values of the transfer of sedi-
ments at the stream bed.

The development of the one-dimensional mathematical equations
describing the movement of flood wave and suspendcd scdiment was
based on the principles of fluid mechanles by starting from the
three-dimensional equations and arriving at the one-dimensional
equations through space-integration,

Numerlcal methods were used to obtain the solution to these
one-dimensional equations and a direct annalog computer integration
was adopted to obtain the solution to the Kolmogorov system,
Equation (38), which provides the probabilities of the transfer
of sediments at the stream bed.  An analytical investigation of
the stability of the difference schemes and the analoy solution
was conducted to obtain stability criterfa for the solution.

Simulation of the dynamics of a reach of an erodible stream
was done on an EAL* hybrid comput ing system and results have been
presented and discussed.

From this phasc of the study the following major conclusions
can be drawn:

1. The integrated model describing the dynamics of erodl-
ble streams is feasible for fileld applications because
the entive model reduces to being a functton of the
bed shear stress mainly.

2. Numerical solutions to the one-dimensional cquations
describing the water and suspended sediment flows are
conditionally stable. The stabllity criteria do not
{ncrease the computation time enough as to cause the
model to be unfeasible economically. The small time
step &t imposed by these ecriteria is, however, de-
sirable when dealing with short time runoff processes

* Use of a trade name does not imply endorsement by Utah State
University or the U.S. Department of Agriculture but 1s included
for technical completeness.
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7.

and particularly the ephemeral stream in the Southwest
where the hydrographs peak within a few minutes after
inflow begins.

The analop computur is particularly suited to the si-
multancous solution of the Kolmogorov system wiich
consists of nine linear ordinary differential equations
of the first order. The negative values of the intens-
{ty of the transfer of scdiment within the same state
cause the errors associated with the computation to
decay exponentially with time.

The bed shear stress is the maln factor which is con-
trolling the stability of the numerical solutiens.

It limits the time step At to very small values
which increase considerably the computation time.
However, the fluctuations in the values of the bed
shear stress term are critical only when the cross-
sectional area of flow is small.

The suspended sediment discharge tends to change in-
stantaneously with the water discharge, but there is
a time lag in the bed load response.

The sentivity analysis on different parameters shows
that the responses of the graphs of the water dis-
charge, suspended scdiment discharge, and bed load
discharge agree with what might be expected from
ficld observations.

This tentative model provides rcasonable results. It
can, therefore, be used in the second phase of the
study, that is, using the model in actual simulations.

Although the model is considered as complete in a sense of
entity, Lt Is stlll in the tentative stages and further develop-
ment and testing will be undertaken.

e
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PARTIAL LIST OF SYMBOLS

3
rt

é SYMBOL Definition
y:
£ A Cross-scctional area of flow
? C) Suspended load state at the stream bed
C) Bed load state at the stream bed
gl
' © Immobile bed state at the stream bed
} c Overall average concentriation of suspended

scediment (volumetric)

: c/ = G Bed load concencration

% | y=n1

‘I c Point sediment concentration in three-di-

gﬂl mensional field

%, CD Drag coefficlent

bt §

fl D Sediment diameter (equivalent from volume 4

; of sphere) .

A D Mean sediment diameter Lo t

,, mean i »

h,ﬁ- Dsp - Hedian sediment diameter

? i e Mass diffusivity in the three-dimensional

?’ n © field

%ﬂl ¥ Force vector on the particle

i :

2 F(x, ¥, Z, t} = 0 Boundary surface in the three-dimensional " R ,-f e

f field P e

; f Friction factor

;ﬁ' £ Friction factor due to grain roughness

£ Friction factor due to bed forms
‘ Gy Longitudinal solid dispersivity
E Gravitational acceleration

' h Flow depth : L ,
! + '
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PARTIAL LIST OF SYMBOLS (CONT.)

SYMBOI, Definition

h Depth from free stream surface to centroid
of flow cross-sectional area

1 Intensity of turbulence

-

Identity vector
K Hydraulic conductivity of the stream bed

L Lateral flow into or from the channel per
unit length

] Mass of solid particle

N Local total sediment transfer rate at the
stream bed

m>u Probability that a particle moves from
state () to state (®

Probability vector

a4

P Point pressure

Q . Total fluid discharge

Volumetric bed load discharge .

Volumetric rate of sediment exchange be-
tween the stream bed and the suspended
load .

R Vector flow across stream boundary surface

J, Hydraulic radius

S Total scepage into or from the channel bed
per unit length

T Top width of flow .

Reynolds stress tensor

U Mean stream veloclity
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PARTIAL LIST OF SYMBOLS (CONT.)

tEiaat i e hitentcl:

. Symbol Definficion
1 4
ﬁ} v Solid particle velocity vector at the
P interface
T u', v', w' Turbulent velocity fluctuations
u Average angle of encounter between individ-

ual particles

Momentum correccion factor for the velocity
distribution fn the main flow

o VT ARALER A
=

%&1 BL Momentum correction factor for the lateral
' inflow

éﬁ‘ BS o Momentun correction factor for the seepage
B Y Fluid specific weight.

i Y Sediment specific weight

A e,
7]

25 K]
[
LS

§ Kronecker delta symbol

o

Elevation of the stream bed above some datum

g "
i § n2 Elevation of the free surface of flow above
Wi some datum
!
g .
LI K - von Karman universal constant
-
E B u Fluid dynamic viscosity
‘ A Ratlo of the eddy mass diffusivity e to

! the eddy mass diffusivicy e

Zg; v Kinematic fluid viscosity

[V Fluid densicy

9 ' Sediment density

o) Coordinate of the right scream bank
gy Coordinate of the left stream bank

1 Bed shear stress
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PARTIAL LIST OF SYMBOLS (CONT.)

» : SYHuoL, Dufinition
' 3
. . i ¢y Ratio of the root-mean-square of the longi-
¥ ; tudinal normal turbulent stress to the fric-

tion velocity at the stream bed

$ Ratio of the root-mean-—-square of the verti-
y cal normal turbulent stress to the friction

velocity at the stream bed

$ Vector inctensity of sediment motion at the
stream bed

REFERENCES

1. Renard, K. G., and Hickock, R. B., "Sadimentation Research
Needs in Semi-Arid Regions," Proc. of the ASCE, Vol. 93,
No. HY1, pp. 45-60, January, 1967.

2. Sakhan, K. S., "Simulation of the Dynamics of Erodible
Streams," Ph.D. Dissertation, Urah Stave University, Logan,

Utah, 1971,

3. Chen, C. L., "Sediment Dispersion in Flow with Moving Bound-
aries," Proc. of the ASCE, Vol. 96, No. HY8, Paper 8287, 1971.

4. Bagnold, R. A., "Flow of Cohesionless Grains in Fluids,'

1956.

s 5. Laufer, J., "The Structuve of Turbulence in Fully Developed
Pipe Flow," National Advisory Committee for Aeronautics,
Technical Report 1174, p. 17, 1954.

Royal Soclety {London] Philos. Trams., vol. 249, pp. 235-297, -




y]

$§21EUIPI0O) WEALIS 2Y) O UOFIBLIISNIT]

G

winied

2 - 0

'

MAND K,

EY

RIL

P
xR
>

.

A
A

AKHAN
© b
vy
-2
;:;o
A

S

(3°'z .xv:ﬁx _

S

—————— e — %

K

(32 °x) Sy g _

(32 .xv~o =Z

' D=2
/T moput [eraje]

L ppiw oy, —

‘el

J
a
w
LY
s
o
a.
o
o
v

5 4

4

21-32

2 eI,




£e-12

Y=1zlx.ll

3A 9
Continusty fwater): ar + _a_,C‘) .L-8=z0 ,
n

[ 3 Q 2 1 Q a | I A du -
lon . ) —— o — —_— — Y —_ . =3 . - -_— . w'/ dz =0
Mozion (water): 37 - 52 (SA 1 B 5y i A+ 8A 3% r L+ 2 SY -3 ’ 5, H&ay pu'y y=n, z

Suspended sediment: - (CA) + = (car - 5= (@ A, T s- L, =0
uspence TR ot 9x dx  ex  Ox y=n, ax = B vol

Flow direction >

. ] L 1 '
Bed load: Q vol("'” =BD B(x, l-z S5t) PAB (x. "'z B¢y + (:c {x, t-Bt)

B mean Ca (x. t-6t)

“aA

R ix, t 1 Sy P { :--‘ 51 + C_ (x- 5%, t- 5] ¥l Bx, t lg t)
¥es T2 cB * 72 g X 0% bt pp* o 2
1. C .l 1
pBB {x- x, :-Z ot) - CB (x, t- 5t) ("B x, t-3 5 t) PB {x. !‘Z 5 t}
1 1
. < - . t.=— 1
$ ) “uc {x. t 2 6t} PSC ., 3 5 3}

N

{x. t-l 5 P {x, t-

* 2 BB

“Bp
Sedinent transfer at . .

1 N = H t.5¢ ¢, L= ix, te= & N
the stream bed: Nix.t) = B D:nean |Cclx. 3 “ca {x, ¢ > S 1) PCA ix, t-3 t)

1. 1
- ] L te= Lt x, t-— %
CA (x. t “AC fx, t 3 ) p.—\C (x., t 2 31

Seepage: Sz -KIT+ 2Hh

Fig. 1l.b. integrated Sediment Movemeat in Natural Streams Shown with
Equations which Describe Each Componeant Process

1INEI00 ATUEAR

%
3

INe SNVEL INARIAAS 40 NOLIVINHIS ¥




TRYLAPY

S

..-.
£ o TS
I

SR

3

o

ey
T

DN

Ak

dypmacr’

AR LS g

oy
"

Ry oend

P
FIEUE -

WP e ey

)
.

A
v

-

o

Fig. 2.

Fig. 3.

Bed load state
\\
— —— ——
Immobile bed state

Scepage from open channels with : )
water table at infinite depth b o

Suspended load state

Illustration of Sediment Transfer
at the Strecam Bed

21-34




. HYBRID COMPUTER SIMULATION OF 3enTuMENT TAANRPIRT
DAC 10 ;
P o
DAC I O AA IC NS
Ic op R
S —— P ARC 1 .

DAC 3
PAC 11
DAC 4 Q Pabic
1copP ’
) ADC 2
pac s (O— A2

I
e

>
a

DAG 12 :
1y

nac 1 (O—{O Pac1c . ,‘
7
Ic. oP .
s

P ADC 3
2l O ;
DAC 9 ‘”
KE
Fig. 4. Sample Analog Diapram for the .
. Kolmogorov Systuem :
_ .
, 21-15 :




¢
'

s

Ty

T3

Az
LA
. -
—

-
"
Y1

S

3N

D s
oo ”

8
PR TR e

And gate

—0 S

oR

$l 02

o3 04

Digital clock

ips

Mean crone.sectioral selacuy,

Eipy

Ci

Devade counter

Flip-flop

?Low"

Fig. 5.

-o‘ “-"Low" between two clock pulaes

Logic Program

1400
1300} Moot ok 1allue Se@urant disrsrters GOV N
0 Yiareg®s B, .M IDe
[ 1200p Lilluw sotussty Butswne medihs S0 10
o r Susprsded lued fallve
z 1100 b Uuttion selus ity
°i' 1000 Inthee Rydtragraph Ded toad diesher e
7k ¥ 900
Y Outilos hygdrwgrayph
ol 3o
< Suspected bt amtiiun
= 700
sh ¥
s 600
K
4r 200
3 <00y
300
7L
200
(S 100
ol | S W e
05— % 0 3 A0 4

Fig. 6.

[EU SR

Ir.flow and Simulated Outflows

21-36

Sense line

26
24

~
-]

S.aperaee sesim eni 4 s varge. €

_.1 Iq_ “High' between two clock pulses
“Ueh

I ———

3
»

A
-

Bed lcont,




'
1
f

-

y:,:.l?',,; 3

. HYBRID COMPUTER SIMULATION OF SEDIMENT - P ’

4

Aae

s it
~T

30 {28 o
Cusulative inflow hydengraph 26 =, f ?’
': 300 "."
" Cunvalative suyepecitedd seditment inflow 7
: : S
“2s0f 0 T
X 7 sl
% LI -iﬂ
- 200} LI 1 b
. £ vy
-3 4 T M
. Cumulstive oulllow hydragraph - b
v 180 2oy
H 3
2 [T IS
Y, '.‘
H <100 P 8 .
| sof LI
Cuimulative suepended 4 2 .
sediment nulllow :
o| L A L e Il o
[+ .Y 0 15 20 25 M I3 40 45 30 95 60 63 770 78 I
Tinie. tin
Fig. 7. Cumulative Hydrograph and
Suspended Sediment Graph
1300 -
1200 L Average sinpe;: . 00S ; A N
Sediment diameter: (004 @ o
oo Daercy's K: ., 0008 fpe 4 ”‘ N
Bottum width: 30 n vt
1000 :
+ %00 18
¢ 800 '
.
> 100 .
. ¢ 600
. t
2 %00 ¢,
H L
400 i
300
200 L
<
100 ;
o = ——— e e o w—e— :
(o) 2400 4800 7200 9600 12000 14400 16600 19200 2i600 24000 :
: 3 hatance duwn the chaneed reach, teet
f .";
} Fig. 8. Water Discharge Profiles o
1 ‘:'»

. . : 21-37 L




'W‘ X1 VN
cﬂﬁ‘hm a3 i 2 LA

fpv

K. S. SAKHAN, J. P. RILEY, AND K. G.

RENARD

Mear v tnee-sedtinmal ooy,

i i A > A N N A N A A A . N

0

9

2400 4800 7200 9600 12000 14400 16800 19200 Z;IGOO 24000

troatans o down the channet codaby, fedt

Fig. 9. Mean Cross-Sectional Velocity

Profiles
e
» - NS “ - 0
» v, -4
‘ff > 3’7 £y :‘5 O%
“ KX A% > 3 7
(] U 3
£ A% L
2
"5y, ]
. LN e i
7500 an0e 7200 L0 12000 14400 16400 MO0 21600 24900

Lhstance down the chanrsd reach, et

Fig. 10. Bgd Load Discharge Profiles

21-38

(s

FTThDTT




RYBRID COMPUTER SIMULATION OF SEDIMENT . ..~SPORT .
2%} r
: i 1
- 200 . 4
L - 4
: T ]
. i - 4
. 19t 1
N 9 - J
L - 5 4
TOE 2 % )
< v U 1
1o G ¥ X ,
LG X p
4 - &.u p
o B
ST .
. 1240 (o CR J
b 1:495min 4 4
JW. 2
. (4] il Y A L 1 1 A i A i i A 1 A
o] 2400 4600 7200 9600 12000 14400 16800 19200 21600 24000
Distante down the chanael reach, {t
Fig. 11, Suspended Load Profiles
1.0 |
Average slope: 004
9} Sedinvent diamcter; G093 Nt
. v'e Ki 000 (pe
MNotton widthy S0 n
.8t
& %
: 7 %
. M 3
- = . - 5
m .6 = 3 )
i - 'm 3
P 3 . 5
. . . ~ 3
. LY > 3
.. % - \ ~ 3
. .4 o> - C ? 4
E 3 < & 2
Z P % 3 N
FEe-3 \ 4
i 1e Omin
fi
.N 4
< a4 b bon A 1
: o A A A A A A . A A L A b A 1 A A & e
. , . o 2400 4800 7200 9600 12000 14400 16800 19200 21600 24000

' Pest g e iboun the shasact ree h, 1t

Fig. 12. Profiles of the Probability of the Trans-
fer of sediment from the Immobile Bed
‘ State to Bed Load State, 10&

: 21-19




1 . .
vy .
-~
Zr.' . K. S. SAKHAN, J, P. RILEY, AND K. G. RE.. 3
r'." -
- 1.0 e 1000
. e \ Frua Pan Vet
of , 7 \ anh B pronte 4 900
/ \ n.r;:rlx eut
3 e / \ v wadih: S0 0 800
- 3 \ Liave: 40 isliutus ety s M oot nlati
2 vt .1 has otaried 4 100
I N \ Drarsy's Ki .9 1pe <
:.9 .0 600 ¢
r‘ % :_ ———eWater disthorge proiite .
o S8 \ {00 %
’;.'t‘ ' ‘: ’ l’M. pronle 5
by, 2 .e R 400 3
-;‘ ; AA profle 2
Lq 2.3 -1 300
R i P prohite
e s A
. .2 4 200
satl . ] \\ - 100
2' ~  emen e = -
R '4 : o ! P L L —d s ) L ) 2 ARralisrvieluiird 0
3 0 2400 4800 7200 9600 12000 14400 16800 (9200 21600 24000
Vi Ihatune « down the changel e=c b frev
o d
Fig. 13. Profiles of the probabilities of the Transfer of
Scdiment from the Suspended Load State to the Suspended
Load State, [ to che Bed Load State, P and to the
Immobile Bed e‘eat AC’ in Relation to Wdtcr Discharge
Profile
10 -z i 1000
9l / 7 \\ ‘P"A . P [ PBC' protile 900
/ \ ondd l'““ vulllv
3 / \ 800
IS / Aversge sluper .0}
.: /7 \ Sedurent digneter: LUV L,
¢ Tr ’ \ Bottom wtdths 30 ft 100
- / \ Tiier 20 tnbautes slter the sualation 2
P / has sterted ] 600 .
«F / \ Darcy's Ki .0 Ips A
b -
S 4 \ s00 <
H ® % A\ 1 %00 :
N \ i
Al \ {400 ¢
s \.\ A
4 3¢ \ Water disdharge prosite 4 300
e \
2t \ 1200
\
S P et Py pranies \ {100
ol . O e el whet St P S o
0 2400 4800 7200 . 9600 12000 (4400 16800 19200 21600 24000
Listance vown the channel teach, leet
Fig. 4. Profiles of the Probuabilities of the Transfer of
.- Sediment from the Bed Load State to the Su pended Load
. P
o State, P to the Bed Load State, P and to the
ot
T ‘rznobile f}cd State PBC' in Relation go Water Discharge
R rofile ;
21-40 .

[T



shii

coBivigdetp ia.C

">

17-12

a%1eyasTqg 103vy Ayl uo aledaog jo 8302331 9T *314
'
e ey '
00 S2Z OL $9 09 56 05 Sy Ov ¢ OF 2 02 &t O € O m .
T I T R4 y T T T T - Y r —_
oo
o0
0%
ad) yOO " IH C AN
o Joov =
s
2
1 {00s o
0d) puQU” IR e Areve :
I o0 £
sydvadoapiy mol)inQ ﬂa.
b 10aL o
- {00
L {006
Y 0% NIp1e WIDUOY wdesduiphy soyv)
10" so0oLs a3raday
u 1 Qo0 "¥T -SUvisN] 0001
- < oon
99 ®1130ad 2dawyd
-8S3Qq 123y Omu 03 uojILTIY Ul Ml .wuﬁdu\ vwm o[ yqowwy
9ya o3 pue o8 3 *91eas prvol pog Wl 03 *'Yg ‘91els prol
vvvﬁd&mﬂm |8yl o3l alels pod a1I¢oWW] oyl woxyj u:uE,.nmuomm
j0 1ajsuezl Y3 3O 9ITITTTAEQOLL dY3 3O B2TFION gr 814
104y YIRS fenuey Uyl Bwup $IVeIRY)
000»2 00012 00261 008S1 00k 00021 0098 00: v QovZ °
T T 7 * Y “al-ll T g T v |1I||1|1F1§l«4|. P - L
e e o o e w aae I/ aerd Y24
o0l r \ 4
ApjOId ININY IO 1Y | et et UU&
ooz ¢ z
h
g
oot r d¢ ¢
4
00r | I “
Ao 3
00S } de-
/)i
0 AR
ady g iy s kaavgy / . m
o pagivie oy / ;b .
WOLIRINWINY O] J@ige Soinunu g, / ]
008 | U cMIpE R g
PRY L ._.:o...‘.g..__c...._.-:“h,-:..u.,.”. amord " ..—
006 . ) \ = 1r
eoat O WL YA \ e
\
000! ~—< X

190dSH ' 1 INSWIQAS 40 NOLLVIAWIS ¥ALNdHOD AIHEAH




b
]
H

sigwe
—

._L.;'-..‘.

ik

~r

~ Iy

.
RN

~—

iy ey

SO R 8
L ad

T M e A

Tl
-~ -

A e AT
L=

v

Nater Meehargs, of.

‘ed wediment discharge, ofs

g

1100

1000

9200

800

600

5C0

400

300

200

100

K. S. SAKHAN, J. P, RILEY, AND K. G. RENA.

Distanae: 240,000 0
Averagy slupe: (01 9
busdaw By aeuce apn Darey's R: i
Desttunrs wabib Sy
4
4
3 Outitow hydrugreph B
with D T
mean
H Vuttlam Rydimgraph E
with N et
L LI 22
3
S
3
-
A, 1 ' o A ' d A

ke - re )l i
o s 0 1% 20 25 30 33 40 43 S0 85 60 63 TO 7S 80

Tsne, nun

Fig. 17. Effects of Bed Grain Size on
the Water Discharge

26 -

A Distane 4, LD A
24 Suspended sediuent Ave Ny "-ltoprx ?0‘: .
22 b Crasharge at upstream Dercy's Kiou fpe ; -

;’"" . oorn 4 Duitom widthi 34 4t B
20 b mean  ° E
B n L 004t
nican
e 7 1
Sutpended sedin

16 - discharye a1 dumnstrean e

| ond B SLut

mean
14 r 1
12 F Suspended sediment E
dissharge at dueartream
0 snd un-un L0 .
8 r P
s P
s 4
2
. . o X » § A A i A Fl ] A A i
[+] 5 0 15 20 25 30 35 40 4% 80 85 60 65 O 13 eo

Lune, mia

fig. 18. Effects of Bed Material Size on the
Suspended Sediment Discharge

21-42



HYBRID COMPUTER SIMULATION OF SEDIMENT TRANSPORT

tar Nistance 24,000 ¢ h
it ed Average alupr 01 J
' wah it Darcy's k Ine
N "o 12 b peran Wottasn » ith: S0 It
' o
e et Toradh at 1
L upatre any ot
b et - 1.0 with _.. T " E
R ; : e an
u_mﬂx_wx:.m: Coef .
RS 3602 P .u. sl L
. H
' : ’ ‘ 2 r
. e . r
- . . ! 6} 4
.’ e e ol fuad at dlown.
. & S o
' 4
SF e 1oad at Qown - -
stre an ead wilh
27 . L p
A F .
-° A 'y A s A =y A A A A A A re A
o 10 18 20 25 30 ) 40 43 %0 8 60 € O TS 00
Time, rmun
Fig. 19. Effects of the Bed Grain Size on the
Bed Load Discharge
100 .4
Thetancs
1000 Taroy's b b
900 b
ﬁ Tnttiew byedrangr apt
. . 800 J
" r0 ]
T » 600 } 1
\. $00} Dalew baskroge snhe
- 400 ﬁ Nve rage shon "
300 ¢ Veevape sl nts
H . 200 Ao rags st wnte ? b
+ 2 ) Iy
.MM....E.nnE.A"\,
100 )
) s A A re 1 8 » 3 ! A A
. O 5 10 15 20 25 W 9% %0 8% 60 6% 70 7% @0
1 Lo an
. Fig. 20. Effects of the Average Bottom Slope
. . on the Water Dlscharge

’ 21-43




!:

%= =

-
o
E

(™7~ et YL
—

~~e
- L4

k nd
>

ey v e

bk - <ot SEPLES (o

SISV 2N

ey gas,
PRt L)

Ly v
L RS g da 1

Ay

Susps ar e e dunent Srsrharge, efe

Tor leag A schacye, ofs

26
24
22
20

o

K. S. SAKHAN, J. P, RILEY, AND K. G. RENA:

Sunpm aathoob Toadt cmttioe thet

e 24,000 1
Atrdian grain doacs toer U0 11 o
utlutn wadth. S0 1t

Avetage slupe .11

Average clupe ey ]

— Avs Cape alugie L 1HIT

4
' <
Suspraded doad influss b
Average slupe U1 4
Average slups  UDS y
Aveeags slupe . UIILT 4

3 10 15 20 2% 30 33 40 43 30 33 60 6> 70 3 80

Loneny oonsnn

Effects of Changing Slopes on the Suspended
Sediment Discharge

Fig. 2.

Dislanca: 24,01 6y
Bedisnent disticter: L OUY 14y
flottom width: Su it
Daccy'a K- 00U Tpy 4

10 badd ot
wpetram vl <
Avirags slups d
cLul
AV rape sl R
LLus
-
Avirage
abore p
Sauie? 15wt Loed at
Juwastream ead 4
Avetags sluper UL
P
-

Average slupe; . tiud

Avrvrage sloprt (00107

¢ N L A i 4 A
a0 4% 80 983 60 63 70 7% 00

Tinw, nun

20 2% 0 33

Fig. 22. Effects of Changing Slopes on the

Bed Load Discharge
21-44




