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ABSTRACT

Bifurcations are typical features in alluvial rivers as well as in estuaries. The morphological
behaviour of bifurcation is not as yet a properly understood phenomenon. This is why river
engineers are confronted with this problem. The complexity of the bifurcation lies in the
determination of the sediment distribution ratio of the downstream branches. The distribution
ratio is determined by the local three dimensional flow pattern. The determination of the
distribution ratio is a difficult task. In order to get some idea about how the sediments |
distribute over the downstream branches, a study has been carried out using a physical model
at the Hydraulics and River Engineering Laboratory of Bangladesh University of Engineering
and Technology.

This study describes the influence of nose angle (the angle between the tip of the nose and
the symmetrical line of a bifurcation) on sediment distribution at channe] bifurcation. A total
of four different noses have been used to investigate the influence. For each nose, three
upstream discharges (e.g. 20 /s, 30 I/s and 40 I/s) have been used. From the experiments, a
set of data on q,/q, and s,/s, (where g, q, and s;, s, are the discharges and sediment transports
per unit width through branch 1 and 2 respectively) have been collected. These data have
been set to the following nodal point relation (the relation between the ratio of downstream
discharges and the ratio of the downstream sediment transport rates): :

S1y (ﬁ]k
) q,

where M is a coefficient and k is an exponent. It has been found that the nose angle has a
great influence on sediment distribution to the downstream branches. As the nose angle
changes, the power and the coefficient of the nodal point relation change to a great extent.
The value of coefficient, M in the nodal point relation increases as the discharge increases
for nose angles of 6.97°, 0° and -3.50°. For nose angle of -10.38°, the coefficient decreases
with increase of discharge. For a particular upstream discharge the coefficient M increases
as the nose angle changes from negative to positive (-10.38° <6< 6.97°). The value of the
exponent, k in the nodal point relation increases as the discharge increases when the nose
angle is held constant. When the discharge is held constant at 30 Us, it is found that the
maximum value of the coefficient, k occurs for symmetric nose (§ = 0°). Similar is the
case for the upstream discharge of 40 I/s. But when the upstream discharge is 20 I/s, the
maximum value of k is found for 8 = -10.38°% It is concluded from this study that the
distribution of sediment to the downstream branches is independent of upstream discharge.
The nose angle is the major variable for the distribution of sediment.
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Chapter 1 Introduction

1.1 General

Bifurcations are typical features in alluvial rivers as well as in estuaries. In braided rivers
confluences and bifurcations occur regularly. In estuaries, when the direction of tidal flow
turns around an island or a char, confluence becomes bifurcation and vice versa. Fig. 1.1 and
1.2 show the definition sketches of bifurcation and confluence. '

At a confluence two rivers (or river branches) meet and join into one single river. The
conditions governing the confluence are simple. There will be mass balancing of water and
sediment as shown in Fig. 1.1, where Q, is the discharge and S; is the sediment transport n
branch i. In this case Q,, Q,, S, and S, are known; the values of Q, and S, simply follow
from the two mass balance equations.

A bifurcation occurs when a river separates into two (or more) branches. The mass balances
of water and sediment are the same as for a confluence (Fig. 1.2). The conditions governing
the bifurcation however are different from those for a confluence,

In this case Q, and S, are known and Q,, Q,, S, and S, are unknown. As a result the two
mass balance equations are not sufficient to determine the distribution of flow and sediment

into the branches.

With this simple description of a bifurcation the problem arising can clearly be seen: two
extra equations have to be found in order to obtain four equations necessary to determine the
values of the four unknown quantities: Q,, Q,, S, and S,.

In order to find the values of Q,, Q,, S, and S,, one has to know how water and sediment
distribute over the downstream branches. In other words, one has to know the ratio between
the downstream Q, and the ratio between the downstream S, In these ways two extra
equations may be obtained. The distribution of the discharge Q, into Q, and Q, is completely
determined by the geometry and friction coefficients of the downstream branches. It is such
that given the geometry of the downstream branches, only one water level occurs at the
bifurcation. This computation is not a major problem.

The problem is the determination of the distribution of the sediment. The distribution ratio
of the sediment of the two downstream branches is determined by the local three dimensional
flow pattern (Vries, 1992). The determination of the ratio S,/S, is a difficult task; this has
resulted a multitude of proposed nodal point relations. The relation between the ratio of
downstream discharges and the ratio of the downstream sediment transport rates is called
nodal point relation.

The nodal point relation determines the distribution of sediment to the downstream branches,
which differs from bifurcation to bifurcation (Akkerman, 1993, after Wang and Kaaij, 1994).
The nose angle (the angle between the tip of the nose and the symmetrical line of a




Chapter 1 Introduction

bifurcation) may be an important parameter which affects nodal point relation. There is no
field or prototype data on nodal point relationship. Laboratory studies in this respect are also
of recent origin and importance of studies to find the influence of nose angle on sediment
distribution at channel bifurcation is being recognised (Hannan, 1996).

In recent years sofiware packages have been developed for simulation of river engineering
problems. One such package is WENDY (Delft Hydraulics, 1991). It consists of a
comprehensive set of application software for the simulation of water flow, sediment
transport, morphology and water quality in open channel networks. However the software uses
coefficient and exponents based on theoretical assumption and have not been evaluated against
experimental data. '

The morphological behaviour of a river at bifurcation is not as yet a properly understood
phenomenon. Because the combined transport of water and sediment in rivers is a complex
process. It is difficult to study the morphological behaviour of the bifurcation in rivers both
in the laboratory and in the field. Recently Dekker and van Voorthuizen (1994), Roosjen and
Zwanenberg (1995) and Hannan (1996} have studied the morphology of river bifurcation on
the physical model of river bifurcation built in the Hydraulics and River Engineering
Laboratory of Bangladesh University of Engineering and Technology. This study uses the
facilities developed earlier but concentrates ‘'on the distribution of sediment over the
downstream branches with nose angle as a major variable.

1.2 Examples of river bifurcation

As mentioned earlier that bifurcations are a common feature in alluvial rivers as well as in
estuaries. In a braided river channel bifurcation occurs around every middle bar. Fig. 1.3
 shows a stretch of the Jamuna.

Another example of bifurcation is the distribution of flows of the Barak river at Zokigonj into
the Surma and the Kushiyara (Fig. 1.4).

Offtakes of distribution are important examples of bifurcation. As for example flow of the
Ganges bifurcates into the Gorai forming the Ganges-Gorai bifurcation (Fig. 1.5), Similarly
the Brahmaputra near Jamalpur forms the Brahmaputra - old Brahmaputra bifurcation.

The Rhine river bifurcates into the Waal and Pannerdens channel just downstream of the
German-Dutch border. Another bifurcation is situated near Westervoort, a distance 11 km
downstream of Pennerdens (Fig. 1.6)

1.3. Importance of laboratory studies on channel bifurcation

Bifurcations are mostly found in deltas, but also in braided sections of a river. The braided
river in the upstream end of the middle course has more than one channel, with a sequence
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of confluences and bifurcations forming a multitude of islands in the river. The course of a
braided river is very unstable and unpredictable, leading to serious problems for an engineer
trying to tame the river with hydraulic structures. The morphological behaviour and the
effect of the bifurcations on the stability of the downstream branches strongly influence the
stability of the braided river system as a whole. A better understanding of the morphological
processes at a bifurcation would clearly contribute to the understanding of the behaviour of
the islands in the braided river. This could help improve the prediction of the course of such
a river, facilitating the task of the engineer trying to regulate the river,

Where the river forms a delta, the flow patterns are dominated by bifurcations. Because of
the unknown behaviour of bifurcation, it has proved to be difficult to implement the layout
of a delta into a one-dimensional morphodynamic model. The result of the behaviour of
bifurcations in river is therefore relevant for the development of these models (Dekker and
van Voorthuizen, 1993).

Bangladesh is a land of rivers. Several of her rivers are braided in nature. The river network
in estuary experiences many bifurcations and confluences. In braided rivers confluences and
bifurcations occur regularly. So a good insight is necessary about river bifurcation so that it
can be known how the river will respond due to the construction of river training works.

As an example of a current river engineering problem involving the construction of the bridge
over the Jamuna river (braided) in Bangladesh which is characterised by a repetition of
bifurcations and confluences. The main channel of this river is known to shift upto several
kilometers a year, in a rather unpredictable way. Major flow guiding constructions are being
built to try to stabilise the course of the river to keep the river flowing under the bridge. In
order to minimise costs and to align the flow guiding structures in an effective way, a
prediction of the possible changes in the course of the river had to be made. This prediction
was based on a probability method using statistical data. A better physical understanding of
the morphological behaviour of the bifurcations in braided river could have contributed toa
more accurate prediction. '

Moreover, the design of the hydraulic structures could be improved as the effectiveness of
the applied hydraulic structures would be better understood. The results obtained by the model
on river bifurcation can also be used to access the future situation of the river and suggestions
can be made with regards to design.

1.4 Objectives of the Study

The following are the objectives of the research work:
- to find the influence of nose angle on sediment distribution at the bifurcation

of channel and
- determination of variation of discharge at the bifurcation of channel depending

on nose angle.
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1.5 Assumptions and limitations of the study

The study is based on the physical model of river bifurcation and some assumptions have
been made. In order to simulate the results of the experiments of the physical model of river
bifurcation some additional assumptions were made when designing the model. Apart from
these the model itself implies some limitations. The following are the assumptions and
limitations of the model.

Assumptions:

- the river bifurcates only into two downstream branches;

- there is no bank erosion;

- the upstream discharge is constant in time;

- the sediment load consists of bed load only, i.e. no suspended load or wash
load occurs;

- the downstream water levels are constant as in the natural rivers which
discharge into a sea;

- possible influences of tides and salt water are neglected;

- no transport of sediment occurs over the crest of Rehbock weirs;

- the supply of sediment is constant during the run of the experiment; and

- the Chezy’s roughness coefficient, C is assumed to be 30 m'%s.

Limitations

- the widths of the branches are fixed;

- small deviations of the upstream discharge, water levels at the end of the
branches and the amount of sand feeded upstream, which are unavoidable are
neglected; -

- all the sediment transport is assumed to be bed load; this creates limitations for
the upstream discharge and the ratio of the discharges in the downstream
branches; _

- for a proper working of the sand traps the sediment transport needs to be bed
load only;

- the height of the model wall is fixed; this restricts the maximum water level;
together with the assumption of bed load, this also restricts the upstream
discharge; and , -

- the sand is not uniformly feeded over the width of the model; it is assumed
that the water movements distribute the sediment equally over the width before
the sediment reaching the bifurcation.

- there is no mathematical model available in the department of WRE with
which the results of the experiments can be simulated.
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Chapter 2 Mathematical Investigation of River Bifurcation

2.1 Introduction

This chapter presents the theoretical investigations of river bifurcation. The distribution of
sediment over the downstream branches is governed by the local geometry. So it is difficult
to give a general algorithm. A mathematical analysis was given by Wang et al. (1993) which
has been the main basis of this chapter.

Basic variables:

The definition of the basic variables is shown 1n Fig. 2.1. The dependent variables are the
flow velocity(u), sediment transport(S), water depth(a), and the bed level(z). The independent
variables are the longitudinal distance(x) and time(t). The water level, h is equal to z+a. The
longitudinal slope is i.

Assumptions:

The following assumptions are made in order to investigate river bifurcation theoretically

- the height of the wave is relatively small compared with the water depth and
the propagating time through the whole branch of the wave is relatively short
compared to the morphological time scale.

- the lengths of the two downstream branches are relatively short, so that the
time needed for a wave caused by disturbances at the bed to travel through a
downstream branch is much smaller than the morphological time scale (the
time necessary for closing one of the branches) of the system.

- the water level at the downstream boundary does not change.

- the morphological changes in the upstream river due to disturbances in the
downstream branches can be neglected.

- the flow is steady.

- the downstream branches discharge into the same lake or sea.

Basic equations:

The basis of the analysis is formed by the following four equations:
- the momentum equation for the water movement:

du au QQ o _ _ulu '
Lo Ghog Fog T i @1
- the mass balance for the water movement
A, 9 g g 2.2)

@ tE

- the momentum equation for the sediment movement

s = f(u, A, Dy, C, etc.) 3
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where u = flow velocity
A = bulk relative density of sediment
= (o, - P)lp
D,, = sediment size
C = Chezy’s roughness coefficient

The momentum equation can be substituted by the power law as
S = Bmu" S (2.4)
in which, m = sediment transport coefficient
n = a positive exponent
B = width .
- the mass balance for the sediment movement

d a5 _ ,
o e =0 . (2.5)
The mass-balance for sediment movement in each branch yields
oa;, S;-S,
&  BL - (2.6)
with: B, = width of branch i
L, = length of branch {
S; = sediment transport inflow into the branch as supplied by the main
channel according to the nodal point relation
S, = sediment transport outflow from the branch according to the transport

capacity, determined by equation (2.3)

The quantities S, and S,, depend on the variables a, and a,. The sediment transport is assumed
to be related to the velocity by eq. (2.4), in which the power n has the value 5 (Engelund-
Hansen sediment transport formula).

" The sediment inflow'S, and S, in the respective downstream branches is determined by the
nodal point relation. Different types of nodal point relations have been proposed in the
literature. First the following nodal point relation is considered:

5.4 2.7
5 0, (2.7)

which describes that sediment is distributed according to discharge.
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2.2 Distribution of sediment influenced by discharge

The nodal point relation in-between branch ¢ and 1 is

5.4
So O
Mass-balance for water can be written as
Q0= G
From eq. (3.8) and (3.9)
9
S=—"1=5
1 Ql +Q2 0

Sediment transport by Engelund-Hansen formula (Vries, 1993) is
QY mE
( Bya, ) ) B; a05

Water motion described by the Chezy formula (Vries, 1993)

S0= Bonu(]s= Bom

La

= l 3 Ah 1
2. 2 2 i 17
Q= BGa;"i;"= BGa;'| L
J
Thus

and G- Bzczﬂzg(?)%

Geometric relation (Vries, 1993)

or Ahlz Ah,

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

Assuming C, = C,, using geometric relation and substituting the value of Sy, Q, and Q, from

eq. (2.11), (2.13) and (2.14) respectively in eq. (2.10)




Chapter 2 Mathematical Investigation of River Bifurcation

5 .
”;Q)S | (2.16)
B, 3z, B, a}? Byag
L2 I2E

Bl B2

Bt mR

1= (2.17)
Bla 13/ 2*82“23/2 B(?aos

Stmilarly,

3/2 5
Baaz " (2.18)

27 372 372 a5
Biai “+Ba; ° Byag

0O " o1 s 372 372
&) Blaj 1 “+Bya;

s 3/2 3
Now, : Sle:ﬁ=ﬁ(gf "QJS(B Brai J (2.19)
Ia

Similarly,

2e

5
g [ Baz'’ o
=— 3/222 7 (2.20)
Bya;\ Biaq +Bzﬂ12

Substituting the value of S, from eq. (2.17) and S,, from eq. (2.19) in eq. (2.6)

5 3/2 3/2 5
e e R

ar BOSLl B, a; Blaf"2+ﬁza-§/2 B, ai 13”2+B2a2

Similarly by substituting the value of S, from eq. (2.18) and S,, from eq. (2.20) in eq.
(2.6).

5 5 B 312 s 3/2 3
2. | [ UJL Byas +(&) 1 Byaz (2.22)
3 BL| \B)af B (B adl a7

This system of differential equations describes the morphological behaviour of a river at a
bifurcation. Although the system is too complicated to solve analytically, it is possible to
gain qualitative insight in the behaviour of these equations by means of studying the
nature of the singular points. A point (a,,a,) is called singular point if both derivatives
vanish. This physically means that the singular points (a,,a,) represent the equilibria of the
river system. They can be either stable, neutrally stable or unstable. The singular points are
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found by setting the derivatives equal to zero:

| (BUJ 1 By
ByL, | ag Piai’ " Pras’”

3/2
Biai

[ .
| (Bo) Biai'’ +(ﬂ]5i
BiL, | ac Bat aBuar?t \Bi) af

372 372
Bl +Bz

Ba3.’2
2

3]

372 3/2
Biai “+Ba;3

r
|

-0 (2.23)

=0 (2.24)

There are three singular points to these differential equations. One represents an equilibrium
in which both branches of the river remain open; the other two represent the equilibrium in

which one of the branches closes.

There is one singular point (a,,a,) for which both branches are open, i.e. both coordinates are
positive numbers. So equations (2.23) and (2.24) have to be solved in order to find a, and a,.

Divide eq. (2.23) by eq. (2.24)

BBk G

Substitute the value a2 in eq. (2.23)

B 3/2 B 3
ai = B, zalafz(Lz)

4_ 5 Bo ¢ Bl )
= aO(E —L11/2 al

sz Lz”z 'L_l
B BLS? 4 B
= a6 _.._1.,_+ 2 = Suhf..a
1 =172 3 o 351
L L 1
B B L2 5/24
ai 3B (f) T @
o o 1

-

(2.25)
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-4/5
B, B, 1'2)5/2

a,= a,|5+5-|+ (2.26)

! "[Bo JBO(L1

Similarly by substituting the value of a, from eq. (2.25) in eq. (2.24)
B, B(L, 5,,2]—4/5

a,= a,|=5++|+ (2.27)

=57l 2)

There are two singular points (a,, o) and (o, a,) for which one of the branches is closed.
the value of a, and a, can be found by setting a, = 0 in eq. (2.23) and a, = 0 in eq. (2.24)
respectively. Thus the open branches have height respectively.

Bo 4/5 (2.28)
a,= a,| = .
~ o)
B \#S
and a,= ao(f) (2.29)
2 I

In the simple case for which B, = B, = By, and L, = L,, the first singular point is found
from eq. (2.26) and (2.27) which is (a,,a,). The second and third singular points are found
from eq. (2.28) and (2.29) which are (2°a,,0) and (0,2*a,).

Now, in order to investigate whether the singular points are stable or not, the following
approach is followed.

A system of differential equations of the form:

dx

dr | |f(x,y)

& (x,y)] (2-30)
dt

with singular point (x,y,) can be linearized locally by taking the Jacobian.
ar
%(xm)’o) %(xm)’o)

o Xy
- J(xqy )E;_ ] @31)
% %%(xo:)’o) %,g‘(xo:J’o) " Yo

- 9 - % i =%
Its eigenvalues are p (x,,¥,) > (x,y,)and g (Xos¥o) e (X, ¥5,)

A singular point is stable if both the eigenvalues of the Jacobian J(X,,y,) have a negative
real part.
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First the equilibrium state with both branches open is looked at. This equilibrium is
represented by the singular point (a,,a,) as mentioned earlier. The Jacobian at point (a,,a,) is

determined by the following way:

The functions f and g are

) iy
FECIITAR VI GHINE S SY SN |
B(fL]_ B Jaf Bad?Bai’ \Bi) af|Bia a%Bal?
5 | 32 5 3/2 5]
g= ”?)S _(&)is fzza e (&) R . L (2.33)
By L, B, ag Ba "+[3‘2a" B, a25 B,a /2+6203!2
The functions f and g can be written with the assumptions B, = B, = B,/2 and L =1L, as
. '2 @)’ gy 8 2.34
f—32B5L 372, 307 32 3/2y5 (2.34)
1 ao ai'+az’ (ai "+az )"
mh _-2 ay'” a;'’ 2.35
& 32BJL, a 372,37 312, 32y (2.35)
0 aj 02 (ai )7
o _ s 2 3/ 2ai’? ( 1y(3/2) 12
oa; 32815L ag a13/2+a23’2 (@i tad )z
2.3 9 G BV
2 @y @
0> “9
_mF [3 .3 5 15
32B7L,| 2ad 4ai 2ai 4ag
i
a?: =———5—(2) (2.36)
1 32aGBiL,
._ag_z ”le -2 3/2(‘1)3/201112+32a25;2(_5) 3f2a,4 1/2
o BBL 0 (@) @l
dg, A
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_ X [ 3 15
32BJL,| 4ag 4ag
%
x® - (-3) 2.37)

%y 32a¢BiL,

Thus the Jacobian at (20,3,) 1s equal to
5
nik -2 -3
—W[ } (2.38)
32alBiL, 173 -2

The above matrix has eigen values - 5 and +1. This means that the singular point at (a,.a,)
is a saddle point. It follows that the equilibrium at (aa,) is unstable. The rate between
attraction and repulsion is 5:1, which means that the evolution of the river tends to the
unstable equilibrium rapidly at first, but eventually it moves slowly.

At (2*° a,, 0), the Jacobin is equal to

my -5 0}
32a¢BL L0 0 @3
and at (o, 2** a ), the Jacobian is
md {00 }
3248B7L,10 -5 (240

So, at both points the eigen values are -5 and o. This case is a little hard to analyze
because if one of the eigen values is zero, the equilibrium can be either stable or unstable.
It will be shown in the following that they are stable.

. : o da, . .
In the plane, the points (a,a,) for which the derivative ~ 1 js zero lie on two curves:

dt
one curve is given by (Wang et al., 1993)

372 3/2v 4
+a
a,:(‘11 2 ) (2.41)
16a,

: . e . . da, . :
The other is the positive y-axis. Similarly, the points for which —2 s zero lie on two

dt
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curves, one of which is the positive x-axis. The singular points are the points of intersection
of one pair of curves with the other pair. The curves divide the plane into four regions: one

da da . , _— :
I and —2 are positive, one for which both derivatives are negative and

dt . dt
two regions for which the derivatives are of opposite sign. This i1s depicted in Fig. (2.2)

for which

. o d da . .
In all four regions the direction of the vector ( % , —2 ) is known. So, the direction

dt

in which the branches develop can be determined.

From Fig. (2.2) the phase diagram of the differential equation, Fig. (2.3) can be found. The
equilibria on the x-axis and y-axis are stable, the singular point (a;,a,) is unstable.

2.3  Distribution of sediment influenced by channel width

Wang et al. (1993) also described the nodal point relation which describes the distribution of
sediment according to width as follows: '

Sy _B;
S, B,
As the ratio B,/B, is constant, the river always settles down in an unrealistic equilibrium
in which a closed channel still transports a part of the sediment. However, physically
sediment distributed according to width at nodal point is quite sensible in case of bed load

transport. Therefore, the nodal point relation has to be considered under different
assumptions. In particular it is assumed that the width B linearly depends on the depth.

(2.42)

B,=a 2,8 =04 (2.43)
in which: ¢ and o, are constants.

The differential equation which describes the evolution of the river is given in eq. (2.6).
The equation of equilibrium transports in the channel is given in eq. (2.19) and (2.20).

For the nodal point relation S,/S, = «,a,/a,a,, sediment transports in the channel is

S Lh B 2.44
S aa +a,a, ° 2449
and §,=—2f2 (2.45)

T3y
Qdta,d,

So the differential equation becomes
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it LY @i’ (BYs  ed (2.46)
ot 2aya,L, (Bla]3/2+82a23/2)5 B, )% aa,raa, .
[
.aaZh So ga 2 Bo ¥ 5_ a2a2 (2 47)
O 2a,a,l, 3512, 3123\ B, a,a +a,a '
292 (,81 +B,a; ) 2 1817004,

These equations are treated the same way as in the previous section. First the singular point
in the symmetric case is looked at.

2.3.1 Symmetric case:

Ifa,=a,and L, =L,, then the differential equations simplify considerably and it is straight
forward to compute the singular points:

Bai” (B, o et
wl 3/2+Bza 3/2) B, e a,+a, ’

Byar’” LS O S (2.49)
(131‘13/2“‘52‘13/2) B, )% a,+a, .

The quotient of these equations renders

ﬂ: (&)S(E)S;’Z[&}4: [ﬁ}s[ﬁ)yz[ﬁ 4: ﬁ M2 (250)
a, \By)\a, B, 4 )\ 4 a; a,
The three singular points are (a,;,a,), (a,,o) and (0,a,)

First the stability of the first smgular pomt is considered. If the smgular point is denoted
by (a,a), then it follows from eq. (2.48).

45
a’? Boa, 1

which can be reduced to
Bja,
a 9:1% aj (2.52)

The stability of the singular point (a,a) depends on the eigenvalues of the Jacobian of the
differential equation. Symbolically the differential equation can be represented as

a"‘ - [ (ayar), 22 f(ay,a;) (2.53)

V3
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The Jacobian is equal to

e/

P (2.54)
o o '
da, oda,

i o o o .,
Its eigen values are au, aa]+<3a2

If both eigenvalues are negative, the singular point is stable, but if one of the eigenvalues
is positive it is not.

The function f is équal to

(2.55)

5 _5/2
rai! (Bo)as__ a,
3/2 3/2,s5| B, | ¢
(Byai B35 B, a,+a,
The function Sy/2ca,L, is positive and of no importance. So the following derivative is
determined

SO
f(ala a2) - 2&&1L1

5 5/2 4
3 Bia; (Bo)a5_ a,
3/2 B 17°
aa ; (B]al'f +Bza23f2)5 B, a,+a,
{a,a)
712 4 5
_ 0 a; Boao_ a}
aal 82 5INS g a.+a
+ 1 2
(a1 an ) (a,a)

_B:a: 7 ai’? _5{3\, 32 al? ~ 1 a 9 56
et 12 512, 5008 (7)1 5/2,_5/2\6 Na,+a, @.+a? (2.56)
(al -+a2 ) . (al +a2 ) (a, a) i 2 ( 1 2) (a’a)
t6gf 725 1,1 _13
toa [64aw 128a‘°] 2a 42 " a
The other partial derivative can be derived the same way:
3| &' Bla; a
da,| (,5/2, .52 g% a,+a,
(@i *+a3’ ") (o)
Bt 772 _
L _5(%)5123!2 LA N [a LZ } 2.57)
o (ai'“+a3' ) (a,2) 1'%2 ] (4,0
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12840| 2a  8a

It follows that the sum of the derivatives is negative, where as their difference is positive.
Thus the singular point (a,a) is unstable.

_lﬁag[_ 25 } 1 _ 23

In the same way, the Jacobian at the singular points (a;, 0) and (0,a,) can be calculated. These
singular points are stable. So, in the symmetric case, the stable equilibria have one of the
channels closed. This is similar to the nodal point relation S, : S, = Q, : Q,.

2.3.2 The general case:

In the previous section, it has been considered the special case in which the widths and the
lengths of the two channels are exactly the same. In general, these quantities are differing.
The general case may be thought of as a deformation of the symmetric case: for a given
channel network, start with a symmetric situation and slowly deform the channels until the
situation as given is reached.

The deformation idea can be made precise mathematically.

o ()2 (=) (=) @) 5

C(BY(L Y a 5/2_ a N a N3 L2
(=)[z) (&) - @le) (z)

The differential equation has three singular points regardless the choice of the parameters
B, L, «. This means that there are no abrupt changes when the geometry of the channel is
deformed, i.e. when the parameters B, L, o change. Stable equilibria remain stable,
unstable equilibria remain unstable. So, the general case is qualitatively the same as the
symmetric case.

The analysis shows that the sediment distribution according to width leads to the same
kind of behaviour as distribution according to discharge, provided the channel width
depends on the channel depth. It is, therefore, best to keep all option open in an one
dimensional model leading to the general nodal point relation:

S k B 1-k '
3 ()02

2.4 Distribution of sediment influenced by nodal point relation

The general nodal point relation is given in eq. (2.59). Thus the nodal point relation
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between branch 1 and 0 is

3/2 1-k
a B
Sl f/lz 1 3/2 (_1} ’:Q]Ss
Biai' “+B,a 0 Byag
Similarly,
Bza 23/ 2

()2

By

|

32 3/2
B] +Bza

(2.60)

Using eq. (2.6), (2.19), (2.20), (2.61) and (2.62), the following set of differential equations

can be found.

5
3,2] | (2.63)

5 % ' k 5 372
ay | By 1] _pal® T (BfLf_sa
E BO5L1 B ag\ Ba B’ 5\ B,a? +B,a
k
gmg] ( B’ |, (&) 1 Bai?
ot BO5L_ S\é\fs/z*ﬁz 3/2 az B,a 3/2+82a3/2

g

(2.64)

|

These two equations describe th»@orphologlcal behaviour of a river at bifurcation. As in
the previous case, the behaviour of RIS equ@gons can be obtained by studying the singular

points. The singular pomts can be found b3

F \
”QSS B (Bo)kl 8103[2 (} 1 61913/2
BOSL] Bl a(]s B] 3/2+Bza3/2 B J a15 Ba3/2+Bza3/2
[ k
e _ (Bo)k 1 Ba;'’ N (Bo]s 1 32‘13/2
BosLl B,) oo Bt B,al? B, a3 B, 3/2“‘320 372

‘se‘fmg the derivatives equal to zero:

;
=0 (2.65)

LA

-0 (2.66)

J

From the system of differential equations three singular points can be derived. There is
one singular peint (a,,a,) for which both branches are open, i.e. both a, and a, are positive.

So eq. (2.65) and (2.66) have to be solved in order to find a, and a,.

17
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Divide eq. (2.65) by eq. (2.65)
Bz-kﬁlkal 3k/2 B SB Sa1 5/2
=) (&) (@) - (=)=
_ ﬂé;z%: iSk 5k7 ESk B,\5* 1172 k_ L, 5_;:
i B, B4 B, B, ”2 L
5k
a,= a{%]m (2.67)
Eq. (2.65) can be written as
B 5-k 273K
Biai>+pad = af[ 5| BTy .69

B,
Now, substitute the value of a, from eq. (3.67) in eq. (3.68)

15
3/2 15 -3k 5-k 5-k 3-3k
Bai By, spaf L\tw=z| . s( B B, )
———”2 +—”2£I] -—hL 7] —_— ay
L 1) :

15 -3k
2

s

‘BI
+
LII.’Z LQ1/2

o P
S&Jri Lo\ ox
"B, Byl L,

_5-k
Bl BZ([Q) OI?Gk} k2 (269)

2.5
]
= &
s
P

——— )

[¥, ]
1
A
li
u

P
c:ttj

s

9
|
x
_
th
v,
S

a,- a

®'B, By|L
Similarly by substituting the value of a, from eq. (2.67) in eq. (2.66),

5-k

a,-= {gz B[Z] }T (2.70)

There are also another two singular points (a,,0) and (0,a,) for which one of the branches
1s closed. Thus the value of a, and a, can be found by setting a, = 0 in eq. (2.65) and a, =
0 in eq. (2.66). The open branches have height respectively:

B 45
a;= ao(g") (2.71)
1
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B 4/5
] (2.72)

B,
In the simple case for which B, = B, = By/2 and L, = L,, the singular points are (a,a,),
(2*°2,,0) and (0.2"a,).

and a,= ao(

In order to find whether the singular points are stable or not, the eigenvalues of the
following Jacobian have to be determined.

g F

s da, Oa,

= (2.73)
B &
oa, da,

k 5
f: da; _(i) 1 Bla13/2 _(&]5_1-. B]a13/2 74)
& BiL, | \Bi) ai|B,a a hpal? | Bat 2 Bal?
k 5
oo S _(ﬂr 1| B _[E)SL- Byaz’” 2.75)
ot BOSL1 B, ao Ba 3/2"'3203/2 B, as Bia 13/2““[32‘5123/2

i o % I x
The eigenvalues are @ and a +

1

A singular point is stable if both the eigenvalues of the Jacobian have a negative real part.
First the singular point (a,,3,) is looked at. ‘

For B, = B, = By/2 and L, = L,, the functions f and g can be written as

[ k 3
N 5, | ad\ a ¥ ta ) +32 3/2__3/2\5 (2.76)
3231L1 ag +a, (CI] +d g )
s | 32k 5/2 -
S 'S PR A Y S S 277
& 5| 5|, 32 3/25 2.77)
3231 Ll I aO ag (5] (al +d g )
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k-1 3 12
5 3/2 —a 371 1/2
o _  mk | ok ai 27" ai (132
aa f)’ZBJSJL1 aos a13"2+a23'f2 af!2+a23/2 (a13/2+a23/2)2
512 3 12
3/2 a -Sy=a
al 1 ( )3

5
4 32(_) +32
2 (a13”+a23’2)5 : (a13/2a23!2)6 r a0

S
i {_3k+3k+5*15]

B ]

32BL,| 248 4al 248 4ad
o .k (~ 3k+5) (2.78)
%a; 32B’Laf\ 4
k-1 312, 4.f3) 172 ‘ 3 12
L Y i e 2452520
%y 32BL| ai |ai'+ai"? (@i ?+a3’ 7Y (@i *+a3"?y (
g, @,
_mE [ 3k 3k, 5 15
32BL,| 2a¢ 4af 2a¢ 4af
_ mE [3k 15
32B{L,| 4ad 4al
& _ - mk (~ 15—3k) 279
%y 32B{L,al 4
Thus the Jacobian is
.| 3ks 153k
_ 4 4
]_32315,51006_15.—% _3k+S (2.80)
5 4

For the above matrix, the eigenvalues are -5, - (3k-5)/2. The first eigenvalue is negative.
The sign of the second eigenvalue depends on the value of k. For the situation in which
k<5/3, the second eigenvalue is positive. The singular point at (ap.a,) becomes a saddle
point resulting in an unstable equilibrium (Fig. 2.4). In the case k > 5/3, both eigenvalues
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are negative. The singular point at (a,a,) becomes a sink (Fig. 2.5). This equilibrium
represents a stable situation.

The two equilibria which represent the situation one branch open and one branch closed are
represented by their respective singular points (2*°a,,0) and (0,*°a,). The same analysis holds
for these equilibria. Taking the Jacobian and studying the eigenvalues for these singular
points, shows that both equilibria are unstable for k<5/3 and stable for k>5/3, a can be seen
from Fig. 2.4 and 2.5.

The previous analysis is made under the assumptions: B, = B, = By/2 and L, = L,. This leads
to the fact that the line a, = a, represents a line of saddle point and sink.

In the analysis so far, the sediment transport formula of Engelund-Hansen is used. Other
transport formulae use threshold values for the flow velocity to carry sediment. An example
of these kinds of transport formulae is the transport formula of Meyer - Peter - Muller. Using
this kind of formula in the previous analysis gives more singular points. A more detailed
description can be found in Wang and Kaaij (1994).

For the general analysis using arbitrary values of B,, B, L, and L,, the analysis and figures
become more complicated, but they do not change qualitatively.
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3.1 Introduction

Bifurcation is one of the complex and unsolved problems in river engineering. Very little
literature is available on the subject of bifurcations. This scarcity inavailable literature must,
however, not be seen as an indication of the unimportance of the subject, but rather shows
the difficulty of the problem with which many river engineers are confronted. The literature
so far found through an extensive survey, however, are described in the following sections.

3.2 Morphological aspects of river bifurcation
3.2.1 Moerphological equilibrium of river bifurcation

The morphological equilibrium condition of river bifurcating into two branches was analyzed
by Vries (1992, after Wang et al., 1993). In that analysis, it was shown that there are three
equilibrium states. One equilibrium state describes the situation where both the downstream
branches are open. The other two equilibrium states describe the situation where one of the
downstream branches is closed.

3.2.2 Morphological behaviour of river bifurcation

Dekker and van Voorthuizen (1994) studied the morphological behaviour of river bifurcation.
They concluded that the stability of the network is determined by the value of k in the nodal
point relation (eq. 2.59), and not by the configuration of the downstream branches. For large
values of k (>5/3), the bifurcation is stable (with both branches open), and for small values
of k (<5/3) it is unstable (with one of the branches closing). They also concluded that the
configuration of the downstream branches (i.e. the respective widths of the branches or the -
presence of a groyne etc.) does influence the equilibrium depths attained in each branch; this
is due to a difference in conveyance of the respective branches.

The influence of the value of k on the morphological time-scale was also analyzed in the
theoretical model, and resulting predictions were once again confirmed by the numerical
computations. It was concluded that, although the value of k does not influence the value of
the equilibrium depths in the respective branches, it determines the resulting morphological
time-scale. The larger, the value of k, the faster equilibrium is reached.

They also constructed an experimental test rig in the Hydraulics and River Engg. Laboratory,
BUET, Dhaka to conduct experiment on river bifurcation. The test rig was built within the
frame work of the BUET-DUT University Linkage Project. The construction was based on
a design made in the Netherlands (Dekker and van Voorthuizen, 1993, after Dekker and van
Voorthuizen, 1994).

In order to investigate the influence of the shape of bifurcation on the sediment distribution,
they recommended three different tips or noses.
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3.2.3 Secondary currents and morphological evolution in a bifurcated channel

Flow and sediment distributions at bifurcations in braided channel systems are important for
short and long term morphological development. Richardson and Thorne (1995) studied the
secondary currents and morphological evolution in a bifurcated channel. They tried to
understand the factors which are important in determining the sediment transport distribution
at bifurcation. They defined secondary currents as currents which occur in the plane normal
to the axis of the primary flow. Sediment transport is strongly influenced by the secondary
flow pattern.

Their hypothesis for the pattern of secondary circulation in a bifurcated channel is shown Fig.
(3.1). This hypothesis of secondary flow pattern is consistent with the main morphological
features of bifurcating channels. After the study they concluded that the pattern of secondary
currents in a bifurcating channel is more complex than the hypothesis shown in Fig. (3.1).

It was suggested that curvature of the flow at the point of hydraulic division of the two
streams of water induces vertical flow that is clockwise in the left channel and counter
clockwise in the right channel. Along the middle third of the divided reach, strong vertical
flow exists with a counter clockwise rotation in the left channel and clockwise rotation in the
right channel. Flow patterns, bed topography and morphological changes in this middle reach
correspond to the hypothesised system shown in Fig. (3.1).

3.3 Determination of nodal point relations using measured data

A literature survey on the sediment distribution at bifurcation points in natural rivers and
artificial channel was carried out by Akkerman (1993, after Wang and kaaij, 1994). It was
found that the curvature effect at the bifurcation and immediately upstream of the bifurcation
is very important for the sediment distribution. This indicates that the sediment distribution
relation or the nodal point relation is different from bifurcation to bifurcation.

3.3.1 Determination of nodal pdint'relation using laboratory data

Wang and Kaaij (1994) fitted three data sets collected by Akkerman (1993, after Wang and
Kaaij, 1994} to the power relation (eq. 2.59) and linear relation (eq. 3.10) in order to
investigate the validity of the relation and in order to find an indication of the value of the
power k in the relation. The fitting was done by a regression analysis using least-square. The
nodal point relations found for different channels are described below.

For the Pannerdens Channel:
2.326
g_; _ 2. 436 (%] (33)

As Fig. (3.2) shows, the agreement between the data and this relation is good and it is
certainly better than that between the data and the linear relation (eq. 3.10). The width
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ratio of the two branches leads to B,/B, = 0.52, which agrees well with the map.
Bifurcation Westervoort:

For the bifurcation at Westervoort, the data does not fit the relation at al. The data suggests
the  tendency that the larger the ratio Q,/Q,, the smaller the ratio S,/S, which is of course
strange. It was noted by Akkerman (1993, after Wang and Kaaij, 1994) that the sediment
distribution at this bifurcation was disturbed by various human measures.

For the Jonglei Channel:

S, O, \* 9%
= =2.977 | = (3.4)
2 )
The agreement between the relation and the data seems to be good but it is noted that in
this case the data only cover three values of Q,/Q,. The relation leads to B,/B, = 0.57,
which also agrees well with the map. Also for this case the power relation is clearly better

than the linear relation.
3.3.2 Determination of the nodal point relation using prototype data

A prototype data set from the Pannerdens channel was analyzed by Fokkink (1994, after
Wang and Kaaij, 1994), who found the following relation

51259 (%)m (3.5)

The coefficients are clearly different from those from the scale model data set. However, it
must be mentioned that measurements in nature is much more difficult than in a scale model,
which means that the quality of the prototype data is usually much lower. This relation leads
to B/B, = 0.47, which is still not far from what the map indicates.

Based on the developed nodal point relations by the data, they concluded that the sediment
distribution ratio S,/S, clearly depends on the discharge ratio and they suggested that the
power relation (eq. 2.59) works well for most situations but the coefficients vary from case
to casec.

3.3.3 Research on river bifurcation carried out at BUET

‘A physical model on river bifurcation was buiit in the Hydraulics and River Engineering
Laboratory, BUET, Dhaka. Roosjen and Zwanenburg (1995) and Hannan (1996) conducted
experiments on this model using two different types of noses. The first nose was symmetrical
and the second nose was asymmetrical (the tip is directed towards branch 1 reducing the
inflow area of this branch by 50 percent with respect to the symmetrical tip. They conducted
the experiments with 20 I/s, 30 U/s and 40 Vs discharges for each nose type. They used the
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same sediment size. The experiments on nose 1 had been completed and that on nose 2 had
been completed partly. They fitted the data on the general nodal point relation (eq. 2.59)
which can also be written-as

- k
g M(—QI) - (3.6)
In which:

s; = sediment transport per unit width at bifurcation in branch i
q, = discharge per unit width at bifurcation in branch i
M = constant with value ‘one’

For the first nose different values of k were found for different upstream discharges. For
the second nose, however, only one value of k was found. When the upstream discharge is
held constant at 40 l/s, a different value of k was found for the two different nose types.
When constant upstream discharge of 30 Vs was applied only one value of k was found
for two nose types. ‘

They also simulated the data of the experiments using a computer program WENDY. The
results found in the computer simulation agree well with the experimental results.

Hannan (1995) fitted the data of the experiments to the following nodal point relation

2z _g (2) - G3.7)
53 q;

where q,, g, and s,, s, are discharges and sediment transports per unit width respectively
and k and m are constants. The subscripts 2 and 3 represent branch 2 and branch 3
respectively. ’

He concluded that the value of k and m are not the same for the same nose for different
discharges. For each nose he found that the value of m increases with increase in
discharge. He also found that the value of m is greater than 5/3 for all the three discharges
(20 I/s, 30 I/s and 40 U/s) and concluded that it fits well with the theoretical analysis.

3.4 1D Network morphodynamic models
3.4.1 1D Mathematical computer models

Delft Hydraulics developed an one-dimensional model WENDY (Delft Hydraulics, 1991).
Another model SOBEK was developed jointly by Rijswaterstaat/RIZA and Delft
Hydraulics (Delft Hydraulics and Rijkwaterstaat/RIZA, 1992).

The WENDY software package consists of a comprehensive set of application software for
the simulation of water flow, sediment transport, morphology and water quality in open
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channel networks. In particular, WENDY is applicable in river and estuary studies and river
and estuary engineering.

For distribution of sediment over the two bifurcating branches, WENDY has two default
options. :
One options is

S1 _ &

- T = (3.8)

S, &
Where S, and S, represent the sediment transport rates and Q, and Q, represent the
discharges over the two downstream branches. In the SOBEK model, this option will
probably be the default option for all bifurcations with two downstream branches and the
only option for bifurcations with three or more downstream branches.

The second default option is

Sl _ Bl
S, B G

where B, and B, represent the widths of the two downstream branches.

This relation may give serious problems. The widths are constant during a one
dimensional computation. As a consequence, the ratio B/B, is constant resulting in a
constant ratio S,/S,. This means that even when for example one of the branches is
almost closed, the same amount of sediment is transported into the branch. This is
physically not realistic.

In the WENDY manual (Delft Hydraulics, 1991), a warning is given for using these
options:

“In many cases these two possibilities will not lead to satisfactory results. When a model
is calibrated, it will appear that the calibration results are strongly influenced by the
sediment distribution at bifurcation”.

Another option which is available in both WENDY and SOBEK model is

S, _ (@
5 e (_"Ql)+3 (3.10)

where « and § are constants to be given by the user. It is a linear equation. But sediment
transport rate hardly varies linearly with discharge. Besides, when the number of the branches
changes, it becomes a non-linear equation. when o=1 and §=1, it is similar to the first default
option.
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The application of WENDY program has an important restriction : as WENDY is a one
dimensional model, problem areas strongly governed by two or three dimensional effects are
not represented well. However, practice has shown that in many cases basically two
dimensional (horizontal) flow can be properly simulated with WENDYY provided that the flow
system has a typical gully character (Delft Hydraulics, 1991). Moreover, WENDY can
account for non-uniform flow distribution in the flow channels. '

3.4.2 Nodal point relations in 1D network morphedynamic models

Wang et.al (1993) analyzed the nodal point relations in 1D network morphodynamic models.
They first performed computation on a numerical example using the nodal point relation S,/S,
= (3,/Q,. They considered the equilibrium state with the two branches open (symmetrical).
To examine whether the equilibrium state is stable, they allowed a small disturbance in depth
(a,<a,). They found that the disturbance causes over loading in branch 1 and under loading
in branch 2. This means that branch 1, which is shallower, will become even shallower and
the deeper branch 2 will become even deeper. This indicates that the equilibrium state (a, =
a,) is unstable and the computation converges to the situation that branch 1 is closed.
Similarly, if the initially disturbed state is such that a;>a,, then the computation will converge
to the situation that branch 2 is closed. '

After numerical computation, they made a theoretical analysis. Using the nodal point relation
S,/S, = Q,/Q,, they found that there are three equilibrium states. The first equilibrium state
describes the situation in which both branches of the river remain open; the other two states
describe the situation in which one of the branches closes. They also found that the first
equilibrium state is unstable and the latter pair is stable. On the basis of their analysis, they
proposed the nodal point relation §,/8, = (Q,/Q,)" instead of S,/S, = Q,/Q,, where m is a
constant. With this new nodal point relation, they found that there are three equilibria. The
equilibrium at (a,a) is unstable if m <5/3 and stable if m>5/3 provided Engelund-Hansen
transport formula is used. They also used the nodal point relation S,/S, = B,/B, where the
sediment distribution is constant and found that there is no stable equilibrium. So they
recommended to exclude this nodal point relation.

3.4.3 Fundamental aspect of 1D morphodynamic models
Fokkink and Wang (1993) extended the analysis carried out by Wang et. al (1993). The
analysis was extended in two ways, first by taking the hydraulic radius into account and

second by considering a width-depth relation of bed.

They proposed the following general nodal point relation:

S! ) % kil
(413
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In which:

S denotes sediment transport, Q denotes discharge and B denotes channel width. The indices
denote the different channels and k is a positive exponent and | is equal to 1-k.

If B, is equal to B,, the new nodal point relation is the same as the old one proposed by
Wang et. al (1993). The width have been incorporated in this refation because the widths of
channels 1 and 2 have a strong influence on the equilibrium position. With this new nodal
point relation, they concluded that if k is smaller than 5/3, the nodal point relation unstable
and if k is larger than 5/3, the nodal point relation is stable. If hydraulic radius is taken into
account then the nodal point relation is stable if k is Jarger than 5; it can be stable or unstable
if k is in between 5/3 and 5, depending on the geometry of the network; it is unstable if k is

smaller than 5/3. ' '

A number of WENDY simulation have been carried out for bifurcations in non-tidal rivers.
The general nodal point relation (eq. 2.59) was applied in the simulations. Different values
of 1 (with k=1-1) were used. Further different geometries of the bifurcation were considered
in the simulations. In agreement with the theoretical analysis, the bifurcation appears to be
stable (both branches remain open) for large values of 1 and unstable (one of the branches
closes) for small values of 1. It was also concluded from the computational results that the
critical value is larger than the theoretical value. Because hydraulic radius was approximated
by depth in the theoretical analysis.

For the simulations for the case of bifurcation at the downstream side of a tidal river the same
conclusion was drawn. The bifurcation is stable when the value of k is large and unstable
when the value of k is small. This agrees fully with the conclusions from the theoretical

analysis.
3.4.4 Morphodynamic development of secondary channel

Wang and Kaaij (1994) analyzed the possible equilibrium states after the construction of the
secondary channel, the stability of the equilibrium states and the time scale of the
morphological development when the system is not in equilibrium. They extended the analysis
of Wang et. al (1993) by using Meyer-Peter-Muller (MPM) sediment transport formula. The
following observations were found.

For small value of k (smaller than about 1.3), there are three equilibrium states. The
cquilibrium state with both branches open is unstable. The other two equilibrium states with
only one of the branches open are stable. This is the same as the conclusion drawn from the
analysis of Wang et. al (1993). However, the critical value of k is no more a constant. It
depends on the sediment transport parameter.
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For a large vatue of k (larger than 1.3), there are in total five equilibrium states. Three with
both branches open are stable and the two equilibrium states of which the positions depend
on the value of k, are unstable.

According to their analysis on morphological time scale, there are basically two
morphological time scales with different order of magnitude. As a consequence the system
will first react with the smaller time scale and then develop with the larger time scale. The
closer of the secondary channel is related to the larger time scale. This means that for the first
period the minor change of the secondary channel may be neglected. Therefore rapid siltation
in the main channel is expected in this period. Corresponding to the slow closer of the
secondary channel the main channel starts to erode after the first period, tending to restore
~ the original bed level.

They also performed numerical simulations with SOBEK. Most of the simulations show a
similar behaviour of the system. Only the case with time varying discharge and the case with
finer sediment in the secondary channel show significant difference in the behaviour of the
system. This means that the final morphological evolution on the design of the secondary
channel should be based on the time-varying discharge and that special attention should be
paid to the grain size in the secondary channel.

3.4.5 Stability of river bifurcation in 1D morphodynamic models

The stability of river bifurcation in 1D morphodynamic model was analyzed by Wang et. al
(1995). They considered the nodal point relation that the ratio between the sediment transports
into the downstream branches is proportional to a power of the discharge ratio. The influence
of the nodal point relation appears to be’ crucial for the stability of the bifurcation in the
model. For large values of the exponent, the bifurcation is stable, i.e. the downstream
branches remain open. For small values of the exponent, the bifurcation is unstable: only one
of the branches tends to remain open. The exponent also has a strong influence on the
morphological time-scale of the network.They also verified the conclusions by numerical
simulations using a package for one dimensional network modelling.

3.4.6 Sensitivity analysis of 1D morphodynamic network models

The morphodynamic behaviour of 1D network model is extremely sensitive to certain
parameters in the sediment transport formula and nodal-point relation. Fokkink et. al (1995)
analyzed the sensitivity of three parameters (k,n,c) in 1D network morphodynamic model.
One parameter (k) is from the nodal point relation (eq. 3.11) and the other two parameters
(n,c) are from the sediment transport formula. The sediment transport formula is

s =Mu-c)” (3.12)
In this equation, M is a constant and n is a positive exponent. The constant ¢ is a
threshold value which signifies the initiation of sediment transport. The optional choice of
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the parameters depends on the sediment transport formula. For instance the threshold value
¢ is zero if the Engelund-Hansen formula is used, whereas it is positive for the Meyer-Peter-
Muller formula. : '

There are obvious three equilibrium states independent of ¢: branch 1 and branch 2 have
depth equal to the main channel (state A); branch 2 is closed (state B); branch 1 is closed
(state C). For large values of k, A turns into a stable case and B, C are unstable. There are
two extra unstable states D and E in the case that ¢ is greater than zero. The states B and C
remain stable for large values of k. For small values of c, the states D and E are close to B
and C. For large values of C, they are close to A. For ¢ equal to zero, i.c. a power-law
transport formula, B coincides with D and C coincides with E.

In summary, the exponent k and n mainly. influence the state A, whereas the threshold value
¢ influences the states B,C,D,E.
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4.1 Introduction

A basic set-up of the physical model to study the river bifurcation phenomenon was
constructed in 1993 at the laboratory of Water Resources Engineering Department by previous
investigators (Roosjen and Zwanenberg, 1995 and Hannan, 1996). This sct-up was such
constructed so that experiments can be conducted as per requirement of the objective to know
the insight of the behaviour of river bifurcation. The set-up also had the flexibility needed to
carry out further studies in future. Thus the available facilities were adopted and modified for
the purpose of this study.

4.2 The experimental set-up

The construction of the experimental set-up was based on a design made by Dekker and van
Voorthuizen (1993). The layout of the model is shown in Fig. 4.1. The model consists of two
parts: permanent part and temporary part (Fig.4.2).

4,2.1 The permanent part

The permanent part is the experimental facility necessary for storage and regulation of water
circulation through the model and guidance of this water to and from the temporary part. The
permanent part can be divided into three elements: the water supply system, the sediment
supply system and the regulating and measuring system of the model.

4.2.1.1 The water supply system

The circulation of the water within the model is a closed system. From the downstream
reservoir the water is transported by means of the pipeline to the upstream reservoir.
Consequently it flows through the experimental model and returns to the downstream
reservoir. The water supply system consists of the downstream reservoir, the pipe line system
and the upstream fese_:rvoir.

The downstream reservoir
The downstream reservoir serves many functions. It provides required suction head necessary
for the pump, it serves as an independent water supply system. There is a spillway and a

valve at the end of the downstream reservoir. The spillway is used to remove excess water.
The valve attached to the reservoir is used to empty the reservoir for cleaning or repairing

purpose.
The pipeline system

The transport of water is taken care of by the pipeline system. The pump sucks the water
from the downstream reservoir into the pipeline. The T-joint on top of the pump divides the

/
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water over the excess pipe and the delivery or supply pipe. Both the pipes contain valves. As
the pump delivers a constant discharge, the required discharge through the model must be
supplied by operating these valves. The excess pipe dumps the water back into the
downstream reservoir. The delivery pipe transports the water to the upstream reservoir.

The upstream reservoir.

The upstream reservoir consists of two basins. The water from the pipeline enters the
upstream reservoir in the stilling reservoir. The function of this small rectangular reservoir
is to dampen the turbulence in the water caused by all the bends in the pipeline. The stilling
reservoir is separated by a wall from the larger basin of the upstream reservoir.

For maintenance purposes the upstream reservoir can be emptied through a small pipe with
a valve, incorporated in one of the walls. By opening the valve the water flows away into an
existing drain in the laboratory.

4.2.1.2 The sediment supply system

Just as the water, the sediment also circulates during an experiment. Starting the model
introduces a sediment transport as a result of the flow velocity. Sand is transported
downstream and has to be refilled from upstream. Therefore, two sand feeders placed at the
beginning of branch 0 provide for the supply of sand. The amount of sediment supply
depends on the equilibrium state in branch 0. A motor is used to run the sandfeeder. The sand
first falls on a sand distributor via a tube which is connected to the sandfeeder. The sand
distributor distributes the sand over the inflow section of branch 0.

4.2.1.3 The regulating and measuring system

The regulating and measuring system consist of tail gates, stilling basins and transition
flumes, guiding vanes and tubes, approach channels, Rehbock weirs, stilling basins connected
with Rehbock weirs.

The tail gates

The regulating function of the downstream end is provided by two tail gates. The tailgates
rotate around a horizontal axis. They are used to fix the downstream water level constant.

Another function of tail gates is to close the model during non-running periods. The tail gates
prevent the water from flowing away, which would cause an unacceptable dry bed.

S
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. The stilling basins and transition flumes

Behind the tail gates the water falls into a stilling basin. In case of the water from branch 1
this is a larger basin than in case of branch 2. Just after stilling basins there are two transition
flumes.

The guiding vanes and tubes

To ensure a more smooth flow towards the approach channels, guiding vanes are placed
between the transition flumes and the approach channels. These vanes guide the water around
the corner. In order to prevent creation of extra unwanted turbulence in the approach
channels, on both the upstream and downstream side of the guiding vanes PVC-tubes are
fixed.

The approach channel

Two approach channels are provided after the guiding vanes. The function of both the
approach channels is to reduce the turbulence in the water.

The Rehbock weirs

The Rehbock weirs form the measuring facility of the model. The discharge distribution over
branch 1 and branch 2 is measured with the Rehbock weirs. The weirs are placed at the
downstream end of the approach channels.

The stilling basins connected with Rehbock weirs

For the measurement of the water height above the Rehbock weirs two stilling basins are built
along the downstream reservoir. A hole is implemented in the floor of the approach channel
through which a pipeline is fixed. The pipeline (dia = 1.5 cm) connects the approach channel
with the stilling basin. The water level in the stilling basin is representative for the water level
at the Rehbock weir. In the stilling basin the water level is measured with a point gauge.

4.2.2 The temporary part

The temporary part consists of the actual experimental model of river bifurcation. It is a
mobile bed model with fixed banks. The layout of the model comprises of three branches: a
main branch (denoted by branch 0} which bifurcates into two separate branches: branch 1 and
branch 2. To avoid accidental equilibrium during experimentation, branch 1 and branch 2
have different widths. The different elements of the temporary part (Fig. 4.3) are described
in the following sections. A
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4.2.2.1 Inflow section

An inflow section and inflow branch of considerable length are needed to ensure an equal
distribution of sediment transport and stable flow conditions before the water reaches the
bifurcation. Water flows from the upstream reservoir via the inflow section. PVC tubes (dia
= 2.7 am; length = 30 m) are placed over the width of entrance gate in order to reduce larger
eddies present in the upstream reservoir and thus stabilize the flow. A sandfeeder situated on
the side of the tubes distributes sand over the width of the channel into the flow. The
distribution of sand over the width of the channel is done by a wooden structure which is
called sand distributor.

4.2.2.2 The characteristics of branch 0'

This is the main branch of the river which splits up at the bifurcation. The width and length
of branch 0 is 1.00 m and 4.55 m.

4.2.2.3 The characteristics of branch 1 and branch 2

At the bifurcation, the flow is split into branch 1 and branch 2. The width, length and radius
of branch 1 and branch 2 are given below.

Branch 1 :  Width(B,) = 0.40 m; Length(L,) = 8.60 m; Radius(R,) = 23.5 m.
Branch 2 :  Width(B,) = 0.60 m; Length(L,) = 8.40 m; Radius(R,) = 25.5 m.

4.2.2.4 Configuration of the bifurcation

The distribution of sediment transport rate to the downstream branches is governed by the
local flow pattern at the bifurcation. Thus the shape of bifurcation plays an important role in
this distribution. Therefore, the nose of the bifurcation is implemented as a flexible
component of the model : whereas the entire model is made of brick work. Different shapes
of noses can be constructed to conduct the experiment.

4.2.2.5 Sandtraps

There are two sandtraps in the model. One is located at the end of branch 1 and another is
located at the end of branch 2. The main function of sandtrap is to intercept the sediment
transported through the branch so that the average sediment transport rate can be determined
for the branch. Another function of sandtrap is to prevent the sand from coming into the
permanent part of the model which includes the reservoir and the pump system.

The length, width and capacity of each sandtrap is given below:
Sandtrap 1: Length = 2.0 m; Width = 0.4 m; Capacity = 0.63 m*
Sandtrap 2: Length = 2.0 m; Width = 0.6 m; Capacity = 0.72 m>
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4.2.2.6 Outflow section

At the downstream end of the model, the water in each branch flows over a tail gate into the
permanent part of the model where the discharge is measured before spilling into the
downstream reservoir. The tail gates regulate the water Jevel in each branch and prevent the
sand bed from running dry.

4.3 Fixation of reference level

The water level and bed level measurements have to be taken with respect to a specific
reference level. The method of fixing the reference level is as follows.

Fill the model with water to a certain arbitrary level (z) above the laboratory floor. In order
to prevent movement of water, take care that the ceiling fans are not working. This should
provide a perfectly horizontal water level. Now measure this water level with the equipment
10 be used for measuring water levels and bed levels during the experiments. There is no need
to adjust the zero’s of the measuring instruments of this arbitrary reference level. The zero’s
of the measuring instruments should be such that one can later on measure the bed levels and
water levels, which he anticipates to occur in the mode! during the experiments. For each
measuring instrument it is now obtained a reading (x), corresponding to a water level or bed
level, having an elevation of z above the laboratory floor. For any other reading (y), the
elevation (elev.) of the water level or bed level above the laboratory floor can be computed
by using eq. (4.1} '

glev.=z-x+y 4.1

For illustration, eq. {(4.1) is depicted in Fig. 4.1’

It is not important to know the exact elevation of the still standing water level in the
model above the laboratory floor. Important is that all bed levels and water levels refer to
the same reference level.

There are two measuring beams: one is wooden made and another is made of iron. There
are two separate pins. One is called long pin and the other is called short pin. The iron
measuring beam is used for branches 1 and 2 and the wooden measuring beam is used for
branch 0. No corrections for thickness of the wooden measuring beam etc. are required.
They are incorporated into the reference level. In addition, no correction for long pin or
short pin is required. However, a record is kept whether the reference level refers to a
short pin or a long pin. For accuracy, 5 .points are measured in a cross-section located in
branch 1 and 2 and 10 points in a cross-section located in branch 0. These distances are
marked on the measuring beams. The reference levels are measured at these locations. In
these way the bending of the measuring beam is corrected.
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The position of the measuring beam is located on the side walls in such a way that it can
exactly be placed in the same way on the side walls everytime. The cross-sections 9,10,11 and
12 are relocated in such a way that they arc perpendicular to the flow direction. All the
measuring devices are checked whether they are standing exactly vertical.

" Before the start of the experiment, it is checked whether the zero or some else of one of the
gauges might have changed. This can be done in the following way:

There is a still-standing water level in the model before starting an experiment. Now a new
temporarily set of reference levels is measured for each individual measuring device. The old
fixed reference levels are subtracted from each temporarily reference level for each measuring
device. For each measuring device, the same constant value should be obtained. In case one
particular measuring device gives an other value, something is wrong.

4.4 Calibration of the instruments

Calibration of Rehbock’s weirs, sandfeeder and sand buckets needs to be done to ease the
work for conducting experiments. The procedures of their calibration are described in the
following sections.

4.4.1 Calibration of Rehbock weirs

The discharge distribution over the two downstream branches of the bifurcation is measured
by the use of Rehbock weirs. The discharge equation of a Rehbock weir is (ISO, 1975, after
Dekker and van Voorthuizen, 1994)

O = C.2VZE b b2 @.2)
with h, = h+h, = H+0.0072 (4.3)
C,=0.602 + 0.083 h/p , “4.4)

where:
Q, is the discharge measured over the Rehbock weir;
C, is the coefficient of discharge;
b is the measured width of the weir;
h, is the effective piezometric head with respect to the level of the crest;
h is the measured head;
K, is an experimentally determined quantity which compensates for the influence of
surface tension and viscosity; :
P is the apex height in meters.

The width and the apex height of both Rehbock weirs were measured by Dekker and van
Voorthuizen (1994). _
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Rehbock weir I: p = 0.1719 m; b = 0.4969 m.
Rehbock weir 2: p = 0.1753 m; b = 0.4978 m.

Using the above constant values and the equation, calibration tables of the Rehbock weirs
were made by Hannan (1995). These tables are used to find the discharge just knowing the
measured head h.

4.4.2 Calibration of sandfeeder

Calibration of sandfeeder is required to supply the sediment corresponding to a particular
discharge. The sandfeader belongs to the speeds ranging from 0 to 250 rpm. At each speed
the amount of sand per hour is measured three times. Then it is averaged. Thus a calibration
table is prepared showing the amount of sand that outflows per hour for a particular speed.
The calibration table is given bellow:

Table 4.1 Calibration chart of sandfeeder

Speed 0 25 50 75 100 125 150 175 200 225 250
in rpm

Amount o] 470 18.68 29.05 34.75 38.10 41.85 4497 4797 4833 51.83
of sand

in kg/r

4.4.3 Calibration of sand buckets

Sand buckets are required to carry the sand from the sandtrap for measurement. These sand
huckets need to be calibrated so that the amount of sand from sandtrap can be found just
knowing the point gauge reading of water level in the sand bucket and the weight of bucket,
sand and water in the balance. First the empty weight of the bucket is measured. Then the
bucket is filled up with water to a certain level. Then the weight of bucket and water is
measured. At the same time the point gauge reading of the water level is taken. The
difference of the two weights gives the weight of water corresponding to a particular point
gauge reading. Thus for different levels the weight of water is measured. And a calibration
chart is prepared showing the weight of water corresponding to a particular point gauge
reading for a particular bucket.

4.5 Preparation of initial bed
For preparation of initial bed, the normal depths in the three branches have to be known
because for the run one needs to put the bed level in the model in such a away that a uniform

flow is obtained. If the flow is not uniform, the results of the experiments could be influenced
by non-uniform flow conditions. Besides, if the normal depths are not known, then it is not
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known whether there will be any sediment transport in both the two downstream branches or
not.

The normal depths are calculated in the following way:

First the upstream discharge, Q, and the ratio of the downstream discharges, Q,/Q, are
chosen. From the values of Q, and Q,/Q,, the values of Q, and Q, are found as

Q,=1L@1 (4.5)
oG
9
“Torg %9

Now, Chezy’s formula for uniform flow is

g = Cfii (4.7)

Now, G = Au = Byh Cfhyl 4.8)
Q 3
xd
ho= ; 13 4.9)
Similarly
Ql 2/3 .
]
h,= B (4.10)
| Q 3
5c]
and hy= l? 5 (4.11)
where:
h,, h,, h, = normal depths of water in branch 0, branch 1 and branch 2
respectively
Q = upstream discharge
QLG = downstream discharge in branch 1 and branch 2 respectively
C = Chezy’s roughness coefficient
1 = longitudinal bed slope
B, By, B, = widths of branch 0, branch 1 and branch 2 respectively.
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Using these normal depths and the reference level, the initial bed is prepared. In order to save
time, a spreadsheet programme has been developed to compute initial bed level reading.

4.6 Determination of upstream sediment load

Determination of upstream sediment load to be supplied during an experiment for a particular
discharge is needed so that equilibrium condition (i.e. no siltation, no erosion) is achicved.
To determine the upstream sediment load Engelund-Hansen sediment load transport formula
is used which is as foliows:

K3 OOSC

\/—T(le)g

(4.12)

in which:
s = sediment transport in situ, including pores in m?/s
g = acceleration due to gravity (g = 9.814 m/s?)

bl
p
p, = density of sediment = 2650 kg/m’
p = density of water = 1000 kg/m’
D = Dy, = sediment size in m
¢ = porosity {content of pores)
C = chezy coefficient m"/s

_hi
6=ap

i = slope of water level

h = depth of water in m

The Engelund-Iansen sediment transport formula is used because it has been observed that
this formula is more accurate for the physical model of river bifurcation than the other
formulae (e.g. van Rejn, Einstein etc.).

The sand which is used in the experiment has Dy, equal to 270 um and the value of chezy’s
roughness coefficient is assumed to be 30 m'%/s. For a particular discharge the normal depth
1s known. Thus the amount of sediment te be supplied from the sandfeeder can be found to
maintain equilibrium condition.

4.7 Measurement of parameters describing bifurcation
The main objective of this study is to find the influence of nose angle on sediment

distribution at channel bifurcation. The measurements which are needed are described in the
following sections.
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4.7.1 Measurement of discharge

The individual discharges of branch 1 and branch 2 are measured with the respective Rehbock
weirs. The water level at the crest of the weirs i1s measured in stilling basins with point
gauges, with an accuracy of 0.05 mm. The zeros of the point gauges were set by filling the
two approach channels with water upto the crest level of the weirs; the point gauges were
then adjusted and the zeros fixed. The water levels in the stilling basins are measured at every
15 minutes. Using the calibration chart, the discharges are found.

4.7.2 Measurement of water level

The water level is measured at four places in the model: in stilling basins placed at the
beginning and end of each branch and at bifurcation.

The stilling basins I, III and IV are fixed stilling basins. They render the water level present
in a fixed place of the adjacent branch, namely the water level immediately in front of it. The
water seeps through a hole in a wooden plate fixed in the wall of the branch. This wooden
plate can be moved up and down to ensure that the seepage hole is always located between
the water level and the bed level. Stilling basin II, which is located near the bifurcation, is
a flexible stilling basin. This stilling basin is completely closed (i.e. there is no connecting
hole from basin to the branch). The water is syphoned into the stilling basin via a Pitot tube
mounted on a frame laid across the width of the channel. The Pitot tube can be moved to
different spots in the channel so that it is possible to measure the water level at different
places, near the bifurcation. This is necessary because different shapes of noses are used
which each includes different local flow patterns. It must be noted that the Pitot tube is
merely used as a syphon, and not as a measuring device: the readings are done with a point
gauge in the stilling basin.

Stilling basins III and IV are placed directly upstream of the sandtraps. They are used
together with the tail gates to regulate the downstream water level. This water level is
checked at regular intervals during experimentation to ensure that the correct downstream

boundary condition is being induced.

The water level in a stilling basin is measured with a point gauge. The zeros of the point
gauges were set by filling the branches of the model with water, which made a horizontal
reference level to which all four gauges were related.

4.7.3 Measurement of bed levels
Measurement of bed levels is done both at the start and at the end of the experiment. The bed

level is measured with a point gauge in which a special pin is used. A square plate of 2x2
cm’ is fixed to the point of the pin to prevent it from sinking too deep into the sand bed.
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In branch 0, the bed level is measured in 10 points of each cross-section. In branch 1 and 2,
the bed level is measured in 5 points of each cross-section.

4.8 Sediment transport measurement

The sediment transport rates in branches 1 and 2 are determined with the help of the
sandtraps located at the end of each branch. These sandtraps intercept all sediment transported
through the branches. In the following sections, the detailed procedure of determining
sediment transport rate is given.

4.8.1 Measuring the sand in the sandtrap

For measuring the amount of sand in the sandtraps, the following procedure is followed.
Buckets filled with sand and water are compared with buckets filled with only water. The
weight that is found is the submerged weight of sand. This can be proved by the following
calculation: '

If : W = weight of bucket
V, = total volume
V, = volume of sand in situ
¢ = porosity of sand
p = density of water
p, = density of sand

Then:

weight of bucket and water is
W, =W+ (V, xp)
weight of bucket, water and sand:
W, = WH(V,-V,) oV, (1-¢) p,tV, e
Subtracting from each other gives: )
Wy-W, = {WHV-V,) p+V, (1-¢) p;tV, ep} - {W + (V, x p)}
= Vy0+Vi(1-e)p,+V,ep
= Vy(1-e)p-Vy(1-€)p
= Vy(1-e)(p,-p0)

From above, it is seen that this is the law of Archimedes. The first part of the equation
represents the weight of dry sand and the second part the lift force caused by the water. So
comparing the two buckets leads to the submerged weight of sand.

In practice, measuring the sand is as follows. After an experiment has been done, the stop
locks will be placed. Then the water in the sand trap can be syphoned out. Next buckets can
be filled with sand and brought to the scale. On the laboratory floor, a scale is placed. Above
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the scale a point gauge is hinged to the wall. So the weight and water level can be measured
in one time. :

The buckets have been standardized, so for every bucket tables of weight and water levels
have been made. When a certain water level is found, the weight of water and bucket can be
found in the table. Subtracting this weight from the weight found, gives the submerged weight
of the sand.

To compare the amount of sand, found in the sandtrap with the change in bed level, the
volume of the sand has to be known. This can be done by dividing the weight by the
submerged density of the sand (1650 kg/m®). Now the volume of sand with the pores is
found. Here the pore volume is about 40%. So to correct the volume for the pore volume it
is multiplied by 100/60.

4.8.2 Determination of volume of sand deposited or eroded in the branches

As mentioned earlier that the bed level measurements are taken both at the start and at the
end of the experiment. The difference of these two bed level measurements gives the depth
of deposition or erosion. Now the volume of sand deposited or eroded 1n between two cross-
sections can be determined by the following formula.

Vl-f%(BlhﬁBzhz)Ll -2 (4.13)
in which:
Vi, = volume of sand deposited or eroded in between cross-sections 1 and 2
B,,B,= width of cross-sections 1 and 2 respectively.
h, h, = difference between initial and final bed level readings
L,, = _ distance between cross-sections 1 and 2.

In the similar way, the volume of sediment deposited or eroded in other cross-sections is
determined. Thus if V,, V, and V, are the volumes of sediment deposited or eroded in branch
0, 1 and 2 respectively, then

Vo=V, +V,,+ ..+ Vg, (4.14)
V) = Vo o R Vig n(R) + .o + V5 (4.15)
V, = Vo oL+ Vign(L) + o+ Vi (4.16)

If the volume is positive it means deposition and if negative it means erosion.

Here, it is noted that branch 0 belongs to cross-sections 1 through 9, branch 1 belongs to
cross-sections 9(R) through 40 and branch 2 belongs to cross-sections 9(L) through 26.
Cross-sections 41 and 40 have been introduced in between cross-sections 38 & 39 and 25
& 26 respectively. The letters R and L refer to right and left respectively.
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4.8.3 Sediment balance

Let,
ST,, ST, = volume of sediment traped in sandtrap 1 and 2 respectively
Vi = volume of sediment supplied by the sandfeeder
S, S, S, = volumes of sediment flowing through branch 0, 1 and 2 respectively.
Now,
So=/f (Vs Vo, Vs, Vs, ST}, STy) (4.17)
S, =f (Vg Vo Vi, V, STy, ST) (4.18)
S, =f (V4 Vo, V,, V, ST, 5T (4.19)

Sediment balance in branch 0 (Fig. 4.6):
In - out = storage
=)} Vg~ Sp =V '
:) SO = st - VO (4.20)
Sediment balance in branch 1 (Fig. 4.7):
In - out = storage
=) 8§, - ST, =V,
=S, =V, + 8T, : (4.21)
Sediment balance in branch 2 (Fig. 4.8):
In - out = storage
=S,-S8T,=V,
=) S, =V, + 8T, (4.22)

4.8.4 Sediment transport rate

Sediment transport rate is determined by dividing the amount of sediment by the time
elapsed. Thus the sediment transport rates in branch 0, 1 and 2 respectively are

Ry _ (4.23)

s =t (4.24)

5= §T2‘ _ (4.25)
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Ih which:

Sps 510 S5~ sediment transport rates in branch 0, 1 and 2 respectively
T =. total-experimentation time

4.9 Checklist to conduct the experiments

Running the experiment and collecting data requires not only a great deal of physical work
but also a careful observation. In order to facilitate work, the following checklist has been
developed (after Dekker and van voorthiuzen, 1994).

Before running:
- choose the upstream discharge, Q,
- estimate the rate of sand to be supplied
- prepare the initial bed using Qq, Q;, Q, and reference level established ago.
- fill up the model with water
- take initial bed level readings
- be sure that the sand feeder is filled.
- be sure that the sandtraps are empty
- be sure that the valves are positioned so that the right discharge can be obtained.
- install the Pitot tube
- check the zero levels of the four stilling basins and two measuring frames.
_ check the zero levels of the two Rehbock weirs to the stilling basins.

During running:
- put the date and experiment number on every form
- fill in the head form
- measure at the start and at the end the sandfeeder capacity
- check whether the Pitot tube is still running
- check whether the holes to the stilling basins are still open
- measure the discharge at every 15 minutes
- make a graph showing the discharge against time.
- measure the water level at every 30 minutes.
- when the levels in the downstream branches are changing adjust them by tail gates
- check the sandfeeder at every hour.

After running:
- put the stop locks in and make them water tight with the help of tube
- syhpon the water out from the sandtraps .
- when the water is out of the sandtraps, let someone make them empty and measure
the weight of sand coming out. .
- during syphoning and emptying measure the final bed level readings of the run.
- input the data obtained to the computer in order to get the desired results.
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4.10 Description of the noses used in the experiment

There are four noses. The first three noses were designed by Dekker and van Voorthuizen
(1994). The last nose is designed by the author.

Nose 1 is a symmetrical nose (Fig. 4.9). The experiments using this nose were completed
through an on going research project.

Nose 2 is a asymmetrical nose (Fig. 4.10) from which the tip is directed towards branch 1
reducing the inflow area of this branch by 50% with respect to the symmetrical tip.

Nose 3 is also a asymmetrical nose (Fig. 4.11) from which the tip is directed towards branch
2 reducing the inflow of this branch by 50% with respect to the symmetrical tip.

Nose 4 Fig. (4.12) is designed in such a way that it’s tip divides the inflow area of the main
branch equally.

4.11 Nose angle

The main objective of this study is to find the influence of nose angle on sediment
distribution at channel bifurcation. The nose angle is defined in the following way:

The nose angle, & may be defined as the angle between the tip of the nose and the
symmetrical line of a bifurcation.

It is positive when the tip rotates in the counter clockwise direction and negative in the
clockwise direction from the symmetrical line. Thus symmetrical nose corresponds to nose
angle of 0°. Fig. 4.13 shows the definition sketch of nose angle. According to this definition,
the different nose angles are shown in Fig. 4.14.

4.12 Experiment numbering

In order to prevent mixing of the results of the runs, the experiments are coded. The
procedure of experiment numbering is described below.

The experimental numbering is chosen in such a way that all the variables can be recognized.
For the experiments, several influences are studied - the upstream discharge, the nose type
(i.e. nose angle), the discharge ratio.

The first number of the experiment code represents the upstream discharge. In the former
section, it is described that three different upstream discharges are used. There is a discharge
of 20 Vs, represented by a one in the code, a discharge of 30 I/s represented by a two in the
code and a discharge of 40 1/s represented by three in the code.
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The second number in the code represents the nose type. The symmetrical nose is represented
by number one. The other nose members has been described in chapter 4.

In order to get different points of Q,/Q, and S,/S,, the discharge ratio Q,/Q, is changed. The
third number in the code represents the discharge ratio. For each change the third number in
the code is increased by one.

For a particular discharge ratio, the run is continued until equilibrium is reached. This may
take several days. The forth number of the code represents the day of the run.

According to this numbering system, the experiment number 2341 contains the following
features: the upstream discharge of 20 Vs, the third nose type is used, the fourth change of
the discharge ratio and the first day of the run.

As the experiments of nose no. 1 were performed By Roosjen and Zwanenberg (1995) and
Hannan (1996), so their numbering system is to some extent different from the system
described above. -
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5.1 Data collection

For collection of data four different nose angles, viz: 0°, 6.97% -3.50° and -10.38% were
choosen. Discharge in the main branch was choosen according to the carrying capacity of the
channel. And sediment load in the main branch was selected for equilibrium condition, i.e.
non-scouring, non-silting condition, using Engelund-Hansen sediment transport formula. For

each nose angle three discharge values viz: 20 I/s, 30 I/s and 40 I/s were used. Corresponding
average sediment loads were 18 kg/hr, 28 kg/hr and 44 kg/hr respectively. Data for nose angle
of 0° were collected by previous investigator (Roosjen and Zwanenburg, 1995 and Hannan,
1996). And data for other three nose angles were collected during the present study.
Measurements on the downstream branches include water level, bed level, discharges,
sediment transport. The data on discharges and sediment transports in the downstream
branches are presented in table 5.1 through 5.12.

Table 5.1 Data on Q,/Q, and S/S, for § = 0° and Q, = 20 I/s
(Source: Roosjen and Zwanenburg, 1995 and Hannan, 1996)

Run No. | Q,(Us) Q,(I/s) $,(m?) S,(m’) Q,/Q, S,/S,
1311a 5.09 13.64 0.0222 0.1491 0.38 0.149
1321a 8.83 9.72 0.1045 0.0639 0.91 1.635
1321b 10.88 7.38 0.1571 0.0259 1.47 6.074
1331a 7.39 11.03 0.0855 0.0767 0.67 1.114
1331b 6.61 11.77 0.0626 0.109 0.56 0.574
133le. | 611 12.19 0.0397 0.132 0.50 0.30

1341a 4.90 13.74 0.0322 0.137 0.36 0.235
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Table 5.2 Data on Q,/Q, and S,/S, for 6 = 0° and Q, = 30 I/s
(Source: Roosjen and Zwanenburg, 1995 and Hannan, 1996)
Run No. Q,(I/s}) Q,(I/s) -8,(m?) S,(m°) Q,/Q, S/8,
1111 9.53 18.78 0.0515 0.1375 0.51 0.374
1121 18.45 9.46 0.2427 -0.045 1.95 -5.32
1131a 9.32 2221 0.0256 0.1769 0.42 0.145
1131b 9.95 20.42 0.0111 0.1029 0.49 0.108
1131c 11.96 18.26 0.0877 0.0878 0.65 0.999
1141a 12.94 18.94 0.0762 0.0762 0.68 1.00
1141b 12.41 19.20 0.0796 0.095 0.65 0.841
1141c 12.72 18.99 0.0784 0.0878 0.67 0.894
Table 5.3 Data on Q,/Q, and S,/S, for 8 = 0® and Q, = 40 I/s
(Source: Roosjen and Zwanenburg, 1995 and Hannan, 1996)
Run No. | Q,(I/s) Q,(I/s) S, (m?) Sy(m?) Q,/Q, S/S,
1211a 12.56 26.04 0.0251 0.1806 0.48 0.139
1211b 13.66 24.99 0.067 0.1257 0.56 0.534
1211c 13.10- 25.21 0.073 0.1299 0.52 0.562
1221a 15.57 22.85 0.1187 0.0923 0.68 1.286
1221b 14.44 24.00 0.0992 0.131 0.60 0.758
1221c 14.38 24.18 0.0764 0.1113 0.59 0.687

48 .




Chapter 5 Analysis of Data, Results and Discussions

Table 5.4 Data on Q,/Q, and S,/S, for @ = 6.97° and Q, = 20 I/s

Run No. { Q,(I/s) | Qxl/s) S,(m%) S,(m®) Q/Q, S/S,
1211 3.916 16.349 0.0183 0.0418 0.239 0.437
1212 3.599 16.856 0.0176 | 0.0845 0.213 0.208
1213 3.427 16.994 0.0264 0.121986 | 0.201 0.216
1221 3.782 16.582 0.0217 0.0743 0.228 0.292
1231 6.830 12.585 10.0619 0.0780 0.542 3.438
1232 4.162 15.329 0.0245 0.0444 0.271 0.551
1233 3.449 16.061 0.0173 0.0617 0.214 0.280
1241 5.374 13.973 0.0408 0.0318 0.384 1.280
1242 4.033 15465  |0.0179 0.0577 | 0.260 0.310
1251 6.922 13.475 0.0546 0.0068 0.513 7.898
1261 6.559 13.934 0.0638 0.0084 0.470 3.623
1271 6.935 13.518 0.0580 0.0212 0.513 2.727
1281 6.480 13.905 0.0543 - 10.0192 0.466 2.819
Table 5.5 Data on Q,/Q, and S,/S, for @ = 6.97° and Q, = 30 I/s

Run No. | Q,(I/s) Q,(Us) S,(m?) S,(m?) Q/Q, S,/S,
2211 9.838 20812 | 0.1235 0.032 0.472 3.860
2221 8.149 24271 0.0985 0.0935 0.335 1.053
2222 5.201 26.891 0.020 0.126 0.193 0.159
2231 12.174 20.334 0.174 0.0039 | 0.598 -43.601
2232 6.540 26.126 0.0409 0.1063 | 0.250 0.383
2241 8.681 23.721 0.1086 0.0669 0.365 1.621
2242 5.479 27.066 0.0240 0.1271 0.202 0.189
2251 9.074 21.127 0.1154 0.0606 0.429 1.902
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Table 5.6 Data on Q,/Q, and S,/S, for # = 6.97° and Q=40 1/s
Run No. | Q,(Is) Q,(I/s) S ,(m’) S,(m?) Q/Q, S,/S,
3211 11.733 29.121 0.0963 0.0221 0.402 4.351
3212 7.624 33.404 0.0422 0.119 0.228 0.377
3213 6.727 34.351 0.0184 0.0825 0.195 0.224
3221 14.818 26.119 0.0887 -0.0182 0.567 -4.867
3222 9.773 30.877 0.0796 0.0674 0.316 1.18
3223 6.774 33.942 0.0264 0.0972 0.199 0.271
3231 11.164 30.167 0.0813 0.0467 0.370 1.737
3241 11.218 28.762 0.0986 0.0343 0.3900 2.871
Table 5.7 Data on Q,/Q, and S,/S, for § = -10.38° and Q, = 20 I/s

Run No. Q,(l/s) Q,(I/s) S,(m%) S,(m?) Q,/Q, S./8,
1311 10.896 10.310 0.0070 0.0648 1.056 0.108
1312 13.404 7.901 0.0478 0.0414 1.696 1.155
1313 14.922 6.350 0.0565 0.0239 2.349 2.361
1321 8.183 13.140 -0.0182 - | 0.1016 0.622 -0.179
1322 10.316 11.134 0.0047 0.0411 0.926 0.116
1323 12.732 8.768 0.0190 0.0398 1.452 0.479
1324 14.388 7.086 0.0446 0.0192 2.030 2.316
1325 15.509 5.964 10.0236 0.0119 2.606 2.106
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Table 5.8 Data on Q,/Q, and S,/S, for # = -10.38° and Q, = 30 Us

Run No. | Q(fs) | QUs) S,(m?) S,(m?) Q,/Q, S,/S,
2311 14.813 14866 | 0.0032 0.0872 0.996 0.037
2312 17.820 11.733 0.0416 0.0473 1518 | 0878
2313 20.002 9.562 0.051 0.0157 2.091 3.231
2321 15.833 13.793 0.0161 0.1022 1.147 0.157
2322 19.212 10.348 0.0738 0.0483 | 1.856 1.527
2323 20.841 8.788 0.0600 0.0151 2371 3.968
2324 21.562 8.007 0.0616 0.0222 2.692 2.768

Table 5.9 Data on Q,/Q, and S,/S, for 8 = -10.38° and Q, = 40 U/s

Run No. | Q,(i/s) Q,(I/s) S,(m?) S,(m?) Q,/Q, S,/S,
3311 20.678 20.106 0.0071 0.1239 1.028 0.057
3312 24.719 16.198 | 0.0544 0.0819 1.526 0.663
3313 28.084 12.914 0.078 0.0433 2.174 1.799
3314 28.353 12.598 0.1009 0.0366 2.250 2.750
3315 28910 | 12.245 0.0913 0.0197 2.360 4.638
3316 29.098 12.244 0.0901 0.0342 | 2376 2.630
3321 22.316 18.625 0.0182 0.1191 1.198 0.153
3322 26.185 14.774 0.0893 0.0674 1.772 1.325
3323 28.274 12.639 0.0986 | 0.0232 2.236 7.238

81




Chapter 5 Analysis of Data, Results and Discussions

Table 5.10 Data on Q,/Q, and 8,/S, for § = -3.50° and Q, = 20 Us
RunNo. |Qs) | QW9  [Sm) |Sm) | Q/Q, 8//,
1411 7.398 12.824 0.0122 0.0593 0.576 0.205
1412 8.574 11.781 0.0239 0.0574 0.727 0.417
1421 12.639 7.789 0.0361 0.0210 1.622 1.718

Table 5.11 Data on Q,/Q, and S,/S, for # = -3.50° and Q, = 30 /s
RunNo. |Qls) [Qs) [Sm)  [Sm) | Q/Q S8,
2411 10.468 18.599 -0.0148 0.0753 0.562 0.197
2412 12.888 16.984 0.0365 0.0705 0.758 0.517
2413 13.374 15.446 0.0326 0.0460 0.865 0.708
2421 18.145 11.906 0.0639 0.0076 1.524 8.345
2422 15.578 13.616 0.0654 0.0155 1.144 4.213

Table 5.12 Data on Q,/Q, and S,/S, for 8 = -3.50° and Q, = 40 I/s
Run No. Q,(/s) Qy(I/s) S,(m?) S,(m*) Q/Q, S//8,
3411 20.080 20.995 0.0806 0.0523 0.956 1.539
3412 19.195 21.932 0.0666 0.0740 0.872 0.889
3421 12.269 28.796 -0.0301 0.1524 0.426 -.0197
3422 15.320 25.992 10.0266 0.1108 0.589 0.240
3431 23.359 17.886 0.0985 0.0006 1.305 9.000
3432 19.931 20.985 0.0746 0.0415 0.949 1.795
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5.2 Development of nodal point relation

The general nodal point relation is

i=[ﬁ)k | (3.6)

$2 1492

51/ B, f[ 9/ B, )"

. 5,/B, \Q/B,

Sy { QB |

—_— == 1= 2.59
o S, [Qz) (Bz) (259

This general nodal point relation includes the influence of widths only.

Thus in a more general form, the nodal point relation can be written as

SloM (ﬂjk (5.1)
in which M represents the influence of widths and all other possible influence.

Eq. (5.1) can be linearised by taking logarithms.

log (z—;}zlog M +klog (%) (5.2)

ory=60+ﬁ!x : (5.3)
where, y = log (s//s,), x = log (q,/qy), B, =log M and 8, =k
Now, we can write the linear, first order model

y=B,+Bx+¢ -9
where ¢ 1s the increament by which an iﬁdividual y may fall off the regresstion line.

Now 8,, 8, and { are unknown in Eq. (5.4), and in fact £ would be difficult to discover
since it changes for each observation y. However, 3, and 3, remain fixed and although we
cannot find them exactly without examining all possible occurrences of y and x, we can
use the information provided by the data in table 5.1 through 5.12 to give us estimates b,
and b, of 8, and B,; thus we can write '
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Y=bysb x (5.5)

where y denotes the predicted value of y for a given x, when b, and b, are determined.

ny, (Xx )Xy in iy
LIRONBEL oo

by=y-bx (5.7)

100 (1 - «)% confidence limit

t (n-2,1-2a)s
for B,is: by* - (5.8)

0%

2
for B, is - boi-t(n—ffl,l—%a) DX s | (5.9)
”Z(x:“x_)zj
sy
where s={z—(;’52?1’~)—} 2 (5.10)

The goodness-of-fit can be expressed by R?

where RZ= Z(y )° (5.11)
Y i)’

Now, the nodal point relations for different upstream discharges and different nose angles
and the value R are given in the following table
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Table 5.13 Nodal point relations and the value of R?

6 Q - Nodal point relation R?
s, =M (Q1/q2)k

-10.38° 20 Vs s,/s, = 0.052 (q,/q,)"*" 0.933
30 Us s,/s, = 0.018 (q,/q,)**” 0.903
40 /s s,/s, = 0.014 (q,/q,)* ™ 0.934

-3.50° 20 s s,/s, = 0.458 (q,/3,)"™ 0.986
30 Us s)/s, = 0.509 (q,/q,)*** 0.973
40 I/s s/s, = 0.523 (q,/q,)*"* 0.964

6.97° 20 Vs s,/s, = 9.601 (q,/q,* 0.976
30 s s/s, = 16.405 (q,/q,)"* 0.989
40 Vs s,/s, = 30.158 (q,/q,)"*" 0.974

oot 20 1/s s,/s, = 1.237 (q,/q,)** 0.970
30 Us s,/s, = 1.397 (q,/q,)*** | 0.870
40 1/s s,/s, = 2.035 (q,/q,)"™" 0.800

[1] Results obtained by previous investigators (Roosjen and Zwanenburg, 1995, Hannan,
1996)

The value of R? (the ratio of the sum of squares due to regression and sum of squares about
mean indicates the accuracy of curve fitting. If R? equals to one, the curve fits perfectly. The
‘lack of fit’ can be checked from the plots of residuals (deviation of the ith observation from
its predicted or fitted value) versus log (q,/q,). Two different cases can be occurred. Firstly,
the nodal point relation completely describes the relation between the sediment transport ratio
and the discharge ratio. For this situation the residuals consist of the measuring errors only.
Plots of the residuals versus the discharge ratio show a random pattern. Secondly, the
equation does not completely describes the relation between the sediment transport ratio and
the discharge ratio. The residuals consist of the measurement errors and an extra factor. In
this case, plots of residuals versus the discharge ratio indicate a relation between the two and
an extra term should be added to the equation described earlier.

Now, from the plots (Figure 5.1 through 5.9) of the residuals versus the discharge ratio, it is
seen that a clear pattern cannot be found. Thus no relation exists between the residuals and
the discharge ratio, so an extra term does not need to be added to the nodal point relation.

5.2.1 Confidence interval of linear regression coefficients
The coefficient, M and the exponent, k of the general nodal point relation (Eq. 2.60) for
diffeent nose angles were estimated by linear regression analysis as discussed in section 5.2.
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In this section, the confidence interval for M and k has been determined. The following tables
show the 95% confidence interval for M and k.

Table 5.14 95% confidence interval for M

g, Q Lower bound M | M Upper bound M
f=-1038,Q=201s 0.020 0.052 0.141
{6=-1038,Q=301Us 0.003 0.018 0.098
=-1038°, Q=401 0.004 0.013 0.043
0=-350°Q=201Vs 0.096 0.458 2.181
=-3.50%Q=301/s 0.289 0.510 0.905
f=-3.50%0Q =40 Is 0.419 0.524 0.655
6=697°,Q=201Vs 7.153 9.606 12.901
0=697, Q= 36 Vs 7.485 16.506 36.400
f =697, Q=401Us 16.359 30.027 55.114

Table 5.15 95% confidence interval for k

| 6, Q Lower bound k |k Upper bound k
0=-1038,Q=20Vls {2332 3.368 4.404
6=-1038,Q=30ls |2.807 4.506 6.205
0=-1038,Q=401s {3.743 4.910 6.078

=-350°%Q=20Us -1.008 1.979 4.965
6=-350°,Q=301Vs 2.762 3.989 5216
0=-350"Q=401s 3.653 4.529 5.406
0 =697, Q=201Us 2518 2.854 3.190
0=697,Q=301s 2.481 3.410 4.339
6=697",Q=401s 2.972 3.653 4.334
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5.3 Analysis of data

A total of 67 runs have been performed for three different nose types and for three upstream
discharges (i.e. 20 Vs, 30 l/s, 40 /s). For each discharge, the results of 2 runs are analysed
and the changes in bed level across cross section and variation of discharge with run time are
shown. The criterion for selecting two runs per discharge is that the first run represents the
first day of running and the second run represents the last day of running when the
equilibrium is more or less achieved.

5.3.1 Analysis of data for runs with nose no. 1 (8 = (°)

Data for nose no. | was analysed earliecr by Roosjen and Zwanenburg (1995) and Hannan
~(1996) and has been summarised in section 3.3.3. '

5.3.2 Runs with nose no. 2 (§ = 6.97%

With the second nose, a total of 29 runs have been performed. For the upstream discharge of
20 /s, 30 I/s and 40 I/s; 13, 8 and 8 runs have been done respectively.

For run no. 1231, the initial bed has been prepared by taking a discharge ratio of 1.0 1.e. a
discharge of 10 l/s in branch 1 and a discharge of 10 l/s in branch 2. During the run it is
found that the discharge in branch 1 decreases and the discharge in branch 2 increases (Fig.
B.1). This changing occurs in order to achieve equilibrium condition. It is also found that
there is deposition in branch 1 and erosion in branch 2 (Fig. A.1). The reason is that the
width of branch 1 at bifurcation is 0.20 m whereas the actual width of branch 1 is 0.40 m.
Thus for a constant discharge the velocity is more at the point of bifurcation than that of the
actual width. So its sediment transport capacity is also large. When this discharge with
sediment load enters the actual branch whose width (0.40 m) is more, dissipates energy
resulting in a deposition in branch 1. Similarly the width of branch 2 at bifurcation is 0.80
m whereas the actual width is 0.60 m. So for a constant discharge the velocity is less at the
point of bifurcation than that of the actual width. When the water comes to the actual width,
its velocity increases. So its sediment transport capacity becomes higher than that of the
bifurcation. This causes erosion in branch 2.

For run no. 1233 which is the continuation of run no. 1231, the discharges through the two
downstream branches do not change remarkably (Fig. B.2). It means that equilibrium is more
or less achieved. This can be seen from bed level change of this run. The bed levels are more
or less constant (Fig. A.2).

For run no. 2241, it is seen that branch 1 has been deposited and branch 2 has been eroded
(Fig. A.3). And the discharge in branch 1 decreases and that of branch 2 increases (Fig. B.3).
Run no. 2242 is the continuation of run no. 2241. Here the bed level is more or less same
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before and after the run (Fig. A.4) and the discharge in branch 1 and branch 2 do not vary
to a large extent (Fig. B.4). This means that the equilibrium condition is achieved.

For run no. 3211, 1t is seen that branch 1 goes under deposition and branch 2 under erosion
(Fig. A.5). And the discharge in branch 1 decreases and that of branch 2 increases (Fig. B.5).
This is because the initial disturbed condition was such that the discharge in branch 1 is larger
and in branch 2 is smaller than the equilibrium discharge in the two branches. The
equilibrium situation is achieved in run no. 3213 (continuation of run no. 3211). The bed
level evolution and variation of discharge with run time of run no. 3213 are shown in Fig.
A.6 and B.6 respectively.

For nose no. 2, 1t 1s seen that the maximum scour depth occurs on the outer face (i.c. on the
face where the width is larger) of the nose. Because the flow gets obstructed at the tip of the
nose. This causes vortex {i.e. secondary flow). The secondary flow is greater on the outer
edge of the nose than the inner edge. Thus the maximum scour hole occurs on the outer face
of the nose.

5.3.3 Runs with nose no. 3 (¢ = -10.38%

With nose no. 3, a total of 24 runs have been performed. For upstream discharge of 20 /s,
30 I/s and 40 1/s, the number of runs performed are 8, 7 and 9 respectively.

For run no. 1311, the initial bed has been prepared with a discharge ratio of 0.67 i.e. a
discharge of 8 /s in branch 1 and a discharge of 12 I/s in branch 2. For nose no. 3, this
discharge (8 1/s) in branch 1 is the less than the equilibrium discharge and the discharge (12
I/s) in branch 2 is more than the equilibrium discharge. The geometry of nose no. 3 is such
that the width of branch 1 at bifurcation is 0.70 m and that of branch 2 at bifurcation is 0.30
m. From this run it is seen that discharge in branch 1 increases and that of branch 2 decreases
(Fig. A.7). And the branch 1 erodes and branch 2 silts (Fig. B.7). The reason behind this is
explained below.

The width of branch 1 at the point of tip (0.7 m) is more than the actual width (0.4 m). As
a result for a constant discharge, the velocity is less at the point of tip and sediment transport
is also less. But the width gradually decreases upto the end of the nose. So velocity will be
more, causing energy rise to transport sediment. Now the sediment coming through water
is less than the transport capacity, so there occurs erosion. On the other hand, the width of
branch 2 at the point of tip (0.3 m) is less than the actual width (0.6 m). As a result, for a
constant discharge velocity is more at the point of tip which causes more sediment transport.
But the width gradually increases upto the end of the nose. So velocity becomes less and
energy dissipates. This causes sediment transport capacity to be low. Thus the extra sediment
is deposited to that branch. )
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For run no. 1313 which the continuation of run no. 1311, it is seen that the discharge in the
two branches do not change remarkably (Fig. A.8) and the bed levels are more or less
constant (Fig. B.8). This means that equilibrium is achieved.

The same conclusions can be drawn for run no. 2321 and 2224 of upstream discharge 30 l/s
and 3311 and 3316 of upstream discharge 40 I/s. The bed level evolutions of run no. 2221,
2224, 3311 and 3316 are shown in Fig. A9, A.10, A 11 and A.12 respectively. The variations
of discharge with run time of the above runs are shown in Fig. B.9, B.10, B.11 and B.12

respectively.

For nose no. 3, it is seen that the maximum scour depth occurs on the outer face of the nose.
The reason is same as of nose 2.

5.3.4 Runs with nose no. 4 (6 = -3.50°)

With nose no. 4, a total of 14 runs have been performed. For the upstream discharge of 20
I/s, 30 I/s and 40 Us, the total numbers of runs are 3, 5 and 6 respectively.

The deposition or erosion in a branch or increasing or decreasing of discharge in a branch
depends on the initial disturbed condition i.e. how much discharges are allowed to the
branches. This disturbance is done by the discharge ratio.

For run no. 1411, the initial bed has been prepared by using a discharge ratio of 0.51e. a
discharge of 6.67 I/s in branch 1 and a discharge of 13.33 Vs in branch 2. After the run it is
found that these is a erosion in branch 1 and a deposition in branch 2 (Fig. A.13) and
discharge in branch 1 increases and that of branch 2 decreases (Fig. B.13).

For run no. 1412, which is the continuation of run no. 1411, it is seen that the discharge in
branch 1 is still increasing and that of branch 2 is decreasing (Fig. B.14). There is also
erosion in branch 1 and siltation in branch 2 (Fig. A.14). This means that equilibrium
condition is not achieved.

The reasons for deposition or erosion and increasing or decreasing of discharge that have been
explained in the previous articles for nose no. 2 and nose no. 3 are the same for nose no. 4.
The bed level evolutions of run no. 2411, 2413, 3411 and 3412 are shown in Fig. A.15, A.16,
A.17 and A.18 respectively. The variations of discharge with run time of the above runs are
shown in Fig. B.15, B.16, B.17 and B.18 respectively.

5.4 Influence of nose angle on M and k
The nodal point relation determines the distribution of sediment to the downstream branches.

The value of the coefficient, M and the power, k in the nodal point relation for different nose
angles and upstream discharges are given in table 5.16 and 5.17 respectively.
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Table 5.16 Variation of M with 8

6 Values of M for

Q=20 Vs Q=30 Us Q=40 I/s
6.97 9.601 16.405 30.158
0° 1.237 1.397 2.035
-3.50° . 0.458 ' 0.509 0.523
-10.38° 0.052 0.018 0.014

Table 5.17 Variation of k with 8

0 Values of k for

Q,=20 /s Q=30 s Q=40 1/s
6.97° 2.854 3.401 3.659
0° 2.537 4,632 5.510
-3.50° 1.978 3.989 4.529
-10.38° 3.367 4,499 4.765

From table 5.16, it is seen that for § = 0, the value of the coefficient M increases as the
discharge increases. Similar is the case for other nose angles except for nose angle 6 = -10.3 8°
where the coefficient decreases as the discharge increases. For a particular upstream discharge
the coefficient M increases as the nose angle changes from negative to positive (-10.3 8% <f<

6.97%.

From table 5.17, it is seen that for a particular nose angle, the value of the exponent k
increases as the discharge increases. When the discharge is held constant at 30 Vs, it is found
that the maximum value of the coefficient, k occurs for symmetric nose (6 = 0°%). Similar is
the case for the upstream discharge of 40 I/s. But when the upstream discharge is 20 /s, the
maximum value of k is found for 6 = -10.38°.
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5.5 Variation of s,/s, and q,/q, with discharge

The variations of s,/s, and q,/q, with discharge for differents nose angles are shown in Fig.
5.10, 5.11, 5.12 and 5.13. From these figures, it is seen that for a particular discharge ratio,
the sediment transport ratio increases as the discharge increases for nose angle of 6.97°, 0°
and -3.50°. But when the nose angle is -10.38°, the variation of s,/s, with q,/q, is almost same
for the discharges of 30 I/s and 40 Us. So it is concluded that more points on s,/s; and q,/q,
should be obtained to get a better evidence. '

5.6 Variation of s,/s, and q,/q, with nose angle

Fig. 5.14, 5.15 and 5.16 show the variation of s/s, and q,/q, with nose angles for the
upstream discharge of 20 I/s, 30 I/s and 40 1/s respectively. From the figures, it is seen that
for a particular sediment tpansport ratio, the discharge ratio increases as the nose angle
changes from positive to negative. It is also seen that the upstream discharges do not
influence too much the sediment transport ratio with discharge ratio. Thus s,/s, vs. q,/q, has
been plotted independent of the upstream discharge in Fig. 5.17. From this figure, it is seen
that the data shows good correlation between s,/s, and q,/q,. It can therefore be concluded that
sediment distribution to the downstream branches is independent of upstream discharge. The
nose angle is the major variable for sediment distribution.
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Chapter 6 Conclusions and Recommendations for Further Studies

6.1 Introduction

The study is based on the experimental results from the physical model of river bifurcation
built in the Hydraulics and River Engineering Laboratory of BUET. The conclusions so far
obtained from the study and the recommendations for further study are given below.

6.2 Conclusions
The following conclusions have been derived from the study.

1. The value of the coefficient M in the nodal point relation increases as the discharge
increases for nose angles of 6.97°,0° and -3.5°. For nose angle -10.38°, the coefficient
decreases with increase of discharge.

2. For a particular upstream discharge the coefficient, M increases as the nose angle
changes from negative to positive (-10.38° <6< 6.97°).

3. The value of the exponent, k in the nodal point relation increases as the discharge
increases when the nose angle is held constant. That means for a particular nose angle
sediment transport in branch 1 increases as the exponent increases.

4. The distribution of sediment to the downstream branches is independent of upstream
discharge. The nose angle is the major variable for the distribution of sediment.
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6.3 Recommendations

The following are the recommendations for further studies.

1.

The study has been performed based on a limited number of experiments. In order to
find better evidence more experiments should be performed.

The experiments so far performed are valid only for a particular sediment size. In
order to get an idea about how the sediment size influences the distribution of
sediment to the downstream branches, it is recommended to use at least another two
sediment sizes.

The results so far obtained from the study are valid only for bed load sediment. But
in nature, this rarely happens. So in order to compare the results with natural
bifurcation, experiments should be done using suspended sediment. This will
obviously require some modifications of the model.

The seasonal effect of discharge is not considered in the study. As in nature the
discharge varies seasonally, the experiments can be done with a varying upstream
discharge. It may be gradually increasing or decreasing.

The results of the experiments should be simulated with a mathematical computer
model (e.g. WENDY, SOBEK etc.).

The results of the study should be compared with the prototype data i.e. with actual
situation in the field.
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Appendix A Figures Showing Bed Level Evolution for Various Runs
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Appendix A Figures Showing Bed Level Evolution for Various Runs

RUN NO.2241

BRANCHO
-40
-63 "
y
. __5_72 T ‘\
=70 =
0 / T
B -5
2 /
w
o> -8
o]
: /
uC-} - /
1
oo /
-91 1
o
1 z 3 4 3 3 7 [
CROSS SECTION
_w_ ATI=0 e ATi=END
RUN NO.2241
BRANCII ]
6 —
-0 —/’1 4\‘ s
- 4 4
: A ~-4
H It St Y S NES S . \\
| ton
1]
>
L
|
a -130
) \
@
=200 p—d——
_ \l
—230 1 —_
T L L I L R TR T O e T T T ™
CROSSSECTION
_m_ ATI=0 —e— ATI=END
RUN NO.2241
RRANCH 2
-4
| _/Ili—llu——uL——-u‘".__‘ — |
*—y
-1 I
= ) S ol N T T4 ——4
8
-
[7¥]
- ~150 |—| —
iy
pu ]
]
w
@
~200 — ]
4
B I ik JRUUv s vy [N FUUY DU Y U N — —
@ " 11} 17 11 1€ i3 1% 17 (L} 19 Fi kLY 7 b2l 24 1% 4n 14
CROSS SECTION
_we AT1=0 _e— ATi=END

Fig. A.3 Bed level evolution of run no. 2241

298




Appendix A

Figures Showing Bed Level Evolution for Various Runs

BED LEVEL (mm)

BED LEVEL (mm)

BED LEVEL (ma)

RUN NO.1242

BRANCIIO

—se

=55

/1

-0 b

=50

~15¢

=200

— 24500

-150

-0

Fig. A.4 Bed level evolution of run no. 2242

z 3 4 5 6 : 7 8
CROSS SECTO
-m- ATI=0 e ATI=END
BRANCIT 1
-
S P, et S _
/“f_u B St e NP | - <4rﬁ—<>___‘0
. .—-8 Ty
o_/ e l\
\I
I R N
CROSS SECITON
g ATt=0 o ATI=END
RUN NO.1242
BRANCTI 2
%
g . 4
1 \1,_:",_,_.&74 S e EEE s P b o
\’
.
o e o un W T T o T T e e e e s s %
CROSS SECTION
_a- ATt=0 —e—- ATI=END

99




Appendix A - Figures Showing Bed Level Evolution for Various Runs
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Appendix A Figures Showing Bed Level Evolution for Various Runs

RUN NO.1311

BRANCHQ
-0
a5
I
— _sn o ’
g
A ~
g 35 I‘ N —_— -+~ 0‘___“/{ ]
T e
P < B / - W g
]
wl
GRS /
" /
4
70
-7
1 2 A 1 by & T B
CROSS SECTION
—w- AT1=0 —4— ATt=END
RUN NO.1311
BRANCIH 1
—s¢
:l — —— -— -
~ 4 4
~. E L L+
. +— _— - 9 ™~ 1 \
—106 T —¢ -+ o
g
g
)
i}
p}
ol
@

B \

-0 A4 " 11 12 7 p.. N__-,‘n ,"l-_:‘i_——.‘.i_—]l as 4 a7 A8 4l 19
CROSS SECTION
e ATI=0 e ATI=END
RUN NO.1311
BRANCI{ 2
L}
——‘A’
—s0 y Teamlh s
= T —0 —~II—;:-—-||-::I —hd T
— gy -

L
Ey

BED LEVEL {mm)
L
)
—‘/

—200
;

. T - - R T TS I P -
* 1n 1 iz 13 L] [} In 17 iR 19 0 21 i il pal P “ %

CROSS SECIMON
_m— AT1=0 —e- Alt=END

Fig. A.7 Bed level evolution of run no. 1311

102




Appendix A Figures Showing Bed Level Evolution for Various Runs
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Appendix A Figures Showing Bed Level Evolution for Various Runs
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Appendix A Figures Showing Bed Level Evolution for Various Runs
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Appendix A Figures Showing Bed Level Evolution for Various Runs
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Appendix A Figures Showing Bed Level Evolution for Various Runs
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Appendix A Figures Showing Bed Level Evolution for Various Runs
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Appendix A Figures Showing Bed Level Evolution for Various Runs
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Fig. A.15 Bed level evolution of run no. 2411
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Appendix A Figures Showing Bed Level Evolution for Various Runs
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Appendix A Figures Showing Bed Level Evolution for Various Runs

RUN NO.3411
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Appendix A Figures Showing Bed Level Evolution for Various Runs

RUN NO.3412
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Fig. A.18 Bed level evolution of run no. 3412
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Appendix B Figures Showing Variation of Discharge With Run Time for Various Runs
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Appendix B Figures Showing Variation of Discharge With Run Time for Various Runs
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Appendix B Figures Showing Variation of Discharge With Run Time for Various Runs
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Appendix B Figures Showing Variation of Discharge With Run Time for Various Runs
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Appendix B Figures Showing Variation of Discharge With Run Time for Various Runs
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Appendix C Final Results of Various Runs -

FINAL RESULTS OF RUN NO. 1211

Total run time, T(min.} - 410
Rate of sand supplied by sand feeder, R (kg/hr) : 28.1
Volume of sand supplied by sand feeder, V ; (m®) 0.1207
Discharge in branch 0, Q, (I/s) 20.266
Discharge in branch 1, Q, (I/s) 3.916
Discharge in branch 2, Q, (I/s) 16.349
Volume of sand trapped in sandtrap 1, ST, (m’) 0.0003
- Volume of sand trapped in sandtrap 2, ST, (m*) . 0.0082
Volume of sand deposited (+) or eroded (~) in branch 0, V, (m”) 0.0782
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m®) 0.0180
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m®) 0.0336
Volume of sand transported through branch 0, S, (m’) 0.0425
Volume of sand transported through branch 1, S, (m?®) (0.0183
Volume of sand transported through branch 2, S, (m?) 0.0418
Ratio of Q, and Q,, Q,/Q, ' 0.239
Ratio of S, and S,, S,/§, 0.437
Ratio of Vyand Vg, V,/V, 0.647
Error in percentage of sand balance 41.48

FINAL RESULTS OF RUN NO. 1212

Total run time, T(min.) 373
Rate of sand supplied by sand feeder, R (kg/hr) 27
Volume of sand supplied by sand feeder, V,; (m’) 0.1055
Discharge it branch 0, Q, (I/s) 20.455
Discharge in branch 1, Q, (I/s) 3.599
Discharge in branch 2, Q, (I/s) : 16.856
Volume of sand trapped in sandtrap 1, ST, (m°) 0.071x107
Volume of sand trapped in sandtrap 2, ST, (m?) 0.0488
Volume of sand deposited (+) or eroded (-} in branch 0, V, (m?) 0.0247
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) 0.0175
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m?) 0.0356
Volume of sand transported through branch 0, S, (m*) 0.0808
Volume of sand transported through branch I, S, (n®) 0.0176
Volume of sand transported through branch 2, S, (m?) 0.0845
Ratio of Q, and Q,, Q,/Q, 0.213
Ratio of S, and S,, S//S, 0.208
Ratio of Vyand Vi, V/V, 0.234
Error in percentage of sand balance 26.43
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Appendix C Final Results of Various Runs

FINAL RESULTS OF RUN NO. 1213

Total run time, T(min.) -

Rate of sand supplied by sand feeder, R (kg/hr)

Volume of sand supplied by sand feeder, V. ; (m?)

Discharge in branch 0, Q, (I/s)

Discharge in branch 1, Q, (I/s)

Discharge in branch 2, Q, (I/s)

Volume of sand trapped in sandtrap 1, ST, (m?)

Volume of sand trapped in sandtrap 2, ST, (m’)

Volume of sand deposited (+) or eroded (-) in branch 0, V, (m°)

Volume of sand deposited (+) or eroded (-) in branch 1, V, (m%)

Volume of sand deposited (+) or eroded (-} in branch 2, V, (m°®)
Volume of sand transported through branch 0, S, (m?)

Volume of sand transported through branch 1, S, (m’)

Volume of sand transported through branch 2, S, (m®)

Ratio of Q, and Q,, Q,/Q,

Ratio of S, and S,, S,/S,

Ratio of V and Vg, V /V

Error in percentage of sand balance

FINAL RESULTS OF RUN NO. 1221

Total run time, T(min.)

Rate of sand supplied by sand feeder, R (kg/hr)

Volume of sand supplied by sand feeder, V  (m?)

Discharge in branch 0, Q, (I/s)

Discharge in branch 1, Q, (I/s)

Discharge in branch 2, Q, (I/s)

Volume of sand trapped in sandtrap 1, ST, (m®)

Volume of sand trapped in sandtrap 2, ST, (m’)

Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?)
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?)
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m?)
Volume of sand transported through branch 0, S, (m®)

Volume of sand transported through branch 1, S, (m?)

Volume of sand transported through branch 2, S, (m?)

Ratio of Q, and Q,, Q,/Q,

Ratio of S, and §,, S,/S,

Ratio of Vyand Vg, V/V,,

Error in percentage of sand balance

501
28.3
0.1486
20.421
3.427
16.994
0.036x107
0.0971
0.0045
0.0263
0.0248
0.1440
0.0264
0.1219
0.201
0.216
0.030
2.99

498
17.9
0.0934
20.364
3.782
16.582
0.0011
0.0674
0.0253
0.0205
0.0068
0.0681
0.0217
0.0743
0.228
0.292
0.270
40.96
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Appendix C Final Results of Various Runs

FINAL RESULTS OF RUN NO. 1231

Total run time, T(min.)-

Rate of sand supplied by sand feeder, R (kg/hr)

Volume of sand supplied by sand feeder, V; (m3)

Discharge in branch 0, Q, (I/s)

Discharge in branch 1, Q, (I/s)

Discharge in branch 2, Q, (I/s)

Volume of sand trapped in sandtrap 1, ST, (m?)

Volume of sand trapped in sandtrap 2, ST, (m?)

Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?)
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?)
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m?)
Volume of sand transported through branch 0, S, (m’)

Volume of sand transported through branch 1, S, (m?)

Volume of sand transported through branch 2, S, (m’)

Ratio of Q, and Q,, Q/Q,

Ratio of §, and S,, S,/S,

Ratio of V, and Vg, V/V,

Error in percentage of sand balance

FINAL RESULTS OF RUN NO. 1232

Total run time, T(min.)

Rate of sand supplied by sand feeder, R (kg/hr)

Volume of sand supplied by sand feeder, V_; (m®)

Discharge in branch 0, Q, (I/s)

Discharge in branch 1, Q, (I/s)

Discharge in branch 2, Q, (I/s)

Volume of sand trapped in sandtrap 1, ST, (m°)

Volume of sand trapped in sandtrap 2, ST, (m®)

Volume of sand deposited (+) or eroded (-) in branch 0, V, (m®)
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m®)
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m?)
Volume of sand transported through branch 0, S, (m?®)

Volume of sand transported through branch 1, S, (m?)

Volume of sand transported through branch 2, S, (m?)

Ratio of Q, and Q,, Q,/Q,

Ratio of S, and S,, S,/S,

Ratio of V, and V, V,/V

Error in percentage of sand balance

501
17.2
0.0903
19416
6.830
12.585
0.0025
0.0645
0.0198
0.0594
-0.0465
0.0704
0.0619
0.0180
0.542
3.438
0.219
13.53

501
17.2
0.0903
19.491
4.162
15.329
0.0025
0.0824
-0.0014
0.0220
-0.0380 -
0.0918
0.0245
0.0444
0.271
0.551
0.016
24.89
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Appendix C Final Results of Various Runs

FINAL RESULTS OF RUN NO. 1233

Total run time, T(min.) - 378
Rate of sand supplied by sand feeder, R (kg/hr) 15.53
Volume of sand supplied by sand feeder, V; (m’) 0.0615
Discharge in branch 0, Q, (I/s) 19.511
Discharge in branch 1, Q, (Us) ‘ 3.449
Discharge in branch 2, Q, (I/s) ' 16.061
Volume of sand trapped in sandtrap 1, ST, (m’) 0.051x107
- Volume of sand trapped in sandtrap 2, ST, (m’) 0.0607
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m*) -0.0011
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m’) 0.0172
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m*) 0.0010
Volume of sand transported through branch 0, S, (m) 0.0626
Volume of sand transported through branch 1, S, (m?*) ' 0.0173
Volume of sand transported through branch 2, S, (m’) 0.0617
Ratio of Q, and Q,, Q,/Q, 0.214
Ratio of S, and S,, §,/S, 0.280
Ratio of V, and V, Vy/V; : ' 0.018
Error in percentage of sand balance 26.11

FINAL RESULTS OF RUN NO. 1241

Total run time, T(min.) ‘ 500
Rate of sand supplied by sand feeder, R (kg/hr) 17.1
Volume of sand supplied by sand feeder, V, (m’) ' 0.0896
Discharge in branch 0, Q, (I/s) 19.348
Discharge in branch 1, Q, (I/s) 5.374
Discharge in branch 2, Q, (I/s) 13.973
Volume of sand trapped in sandtrap 1, ST, (m®) 0.0065
Volume of sand trapped in sandtrap 2, ST, (m’) 0.0824
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m*) 0.0254
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m’) 0.0342
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m’) -0.0505
Volume of sand transported through branch 0, S, (m’) : 0.0641
Volume of sand transported through branch 1, S, (m’) 0.0408
Volume of sand transported through branch 2, S, (m’) 0.0318
Ratio of Q, and Q,, Q,/Q, o 0.384
Ratio of S, and S,, S//S, 1.280
Ratio of V, and V, V/V 0.283
Error in percentage of sand balance 13.23

123




Appendix C Final Results of Various Runs

FINAL RESULTS OF RUN NO. 1242

Total run time, T(min.) - 378
Rate of sand supplied by sand feeder, R (kg/hr) 16.8
Volume of sand supplied by sand feeder, V, (m*) 0.0665
Discharge in branch 0, Q, (I/s) 19.498
Discharge in branch 1, Q, (I/s) : 4.033
Discharge in branch 2, Q, (I/s) 15.465
Volume of sand trapped in sandtrap 1, ST, (m®) 0.0006
Volume of sand trapped in sandtrap 2, ST, (m*) 0.0529
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?) 0.0099
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) 0.0172
Volume of sand deposited (+) or eroded (-) in branch 2, V2 (m’ ) 0.0047
Volume of sand transported through branch 0, S, (m?) 0.0566
Volume of sand transported through branch 1, S, (m’) 0.0179
Volume of sand transported through branch 2, S, (m®) 0.0577
Ratio of Q, and Q,, Q,/Q, - 0.260
Ratio of S, and §,, §,/S," 0.310
Ratio of V; and V, V/V, 0.149
Error in percentage of sand balance : 33.65

FINAL RESULTS OF RUN NO. 1251

Total run time, T(min.) 421
Rate of sand supplied by sand feeder, R (kg/hr) 19
Volume of sand supplied by sand feeder, V,, (m’) 0.0838
Discharge in branch 0, Q, (I/s) 20.397
Discharge in branch 1, Q, (I/s) 6.922
Discharge in branch 2, Q, (I/s) 13.475
Volume of sand trapped in sandtrap 1, ST, (m®) 0.0168
Volume of sand trapped in sandtrap 2, ST, (m®) 0.0754
Volume of sand deposited (+) or eroded (-} in branch 0, V, (m?) 0.0241
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m®) 0.0377
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m?) -0.0685
Volume of sand transported through branch 0, S, (m®) 0.0596
Volume of sand transported through branch 1, S, (m?) 0.0546
Volume of sand transported through branch 2, S, (m?) 0.0069
Ratio of Q, and Q,, Q/Q, 0.513
Ratio of S, and S,, S,/S, : 7.898
Ratio of Vy and V, V/V 0.288
Error in percentage of sand balance 3.12
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FINAL RESULTS OF RUN NO. 1261

Total run time, T(min.) - 545
Rate of sand supplied by sand feeder, R (kg/hr) - 18
Volume of sand supplied by sand feeder, V,; (m®) 0.1028
Discharge in branch 0, Q, (I/s) 20.494
Discharge in branch 1, Q, (I/s) 6.559
Discharge in branch 2, Q, (I/s) ‘ 13.559
Volume of sand trapped in sandtrap 1, ST, (m?) 0.0172
- Volume of sand trapped in sandtrap 2, ST, (m*) 0.1081
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?) 0.0264
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) 0.0466
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m®) -0.0905
Volume of sand transported through branch 0, S, (m*) 0.0763
Volume of sand transported through branch 1, S, (m?) 0.0638
Volume of sand transported through branch 2, S, (m3) 0.0176
Ratio of Q, and Q,, Q,/Q, 0.470
Ratio of S, and S,, §,/5, N 3.623
Ratio of V, and V4, V,/V 0.257
Error in percentage of sand balance 6.69

FINAL RESULTS OF RUN NO. 1271

Total run time, T(min.) 527
Rate of sand supplied by sand feeder R (kg/hr) 15.7
Volume of sand supplied by sand feeder, V., (m3) 0.0867

Discharge in branch 0, Q, (1/s)
Discharge in branch 1, Q, (I/s)
Discharge in branch 2, Q, (I/s)

Volume of sand trapped in sandtrap 1, ST, (m’) 0.0168
Volume of sand trapped in sandtrap 2, ST, (m’) 0.0913
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?®) 0.0173
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) 0.0412
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m?) -0.0700
Volumne of sand transported through branch 0, S, (m®) 0.0693
Volume of sand transported through branch 1, S, (m?) 0.0580
Volume of sand transported through branch 2, S, (m®) 0.0212
Ratio of Q, and Q,, Q,/Q, 0.513
Ratio of S, and S,, §,/S, 2.727
Ratio of V, and Vg, V/V, : 0.199
Error in percentage of sand balance 14.38
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'FINAL RESULTS OF RUN NO. 1281

Total run time, T(min.) - ' 527
Rate of sand supplied by sand feeder, R (kg/hr) 15
Volume of sand supplied by sand feeder, V; (m?) 0.0828
Discharge in branch 0, Q, (I/s) 20.387
Discharge in branch 1, Q, (I/s) 6.480
Discharge in branch 2, Q, (I/s} 13.905
Volume of sand trapped in sandtrap 1, ST, (m?) 0.0188
Volume of sand trapped in sandtrap 2, ST, (m’) 0.0973
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m’) 0.0202
Volume of sand deposited (+) or eroded (-} in branch 1, V, (m’) 0.0355
Volume of sand deposited (+) or eroded (-} in branch 2, V, (m?) -0.0780
Volume of sand transported through branch 0, S, (m’) 0.0625
Volume of sand transported through branch 1, S, (m?) 0.0543
Volume of sand transported through branch 2, S, (m*) 0.0192
Ratio of Q, and Q,, Q,/Q, A 0.466
Ratio of S, and S,, S,/S, ' 2.819
Ratio of Vyand Vg V/V 0.244
Error in percentage of sand balance ' 17.71

FINAL RESULTS OF RUN NO. 2211

Total run time, T(min.) 502
Rate of sand supplied by sand feeder, R (kg/hr} 324
Volume of sand supplied by sand feeder, V,; (m?) 0.1660
Discharge in branch 0, Q, (I/s) 30.651
Discharge in branch 1, Q, (1/s) : 9.838
Discharge in branch 2, Q, (I/s) 20.812
Volume of sand trapped in sandtrap 1, ST, (m?) : 0.0250
Volume of sand trapped in sandtrap 2, ST, (m’) 0.1665
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m®) 0.0181
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m’) 0.0985
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m?) -0.134
Volume of sand transported through branch 0, S, (m’) 0.1478
Volume of sand transported through branch 1, S, (m’) 0.1235
Volume of sand transported through branch 2, S, (m?) 0.0320
Ratio of Q, and Q,, Q,/Q, 0.472
Ratio of S, and S,, S,/8, 3.860
Ratio of Vy and Vi, V/V 0.109
Error in percentage of sand balance ’ 5.17
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FINAL RESULTS OF RUN NO. 2221

Total run time, T(min.) . 502
Rate of sand supplied by sand feeder, R (kg/hr) 324
Volume of sand supplied by sand feeder, V,; (m’) 0.1704
Discharge in branch 0, Q, (I/s) 32.421
Discharge in branch 1, Q, (I/s) 8.149
Discharge in branch 2, Q, (I/s) 24.271
Volume of sand trapped in sandtrap 1, ST, (m’) 0.0211
Volume of sand trapped in sandtrap 2, ST, (m’) 0.0202
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m’) 0.0072
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) 0.0773
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m?) -0.1089
Volume of sand transported through branch 0, S, (m?) 0.1632
Volume of sand transported through branch 1, S, (m®) 0.0985
Volume of sand transported through branch 2, S, (m?) 0.0935
Ratio of Q, and Q,, Q,/Q, ' 0.335
Ratio of S, and S,, S§,/S, 1.053
Ratio of V, and Vg, V/V 0.042
Error in percentage of sand balance _ 17.62

FINAL RESULTS OF RUN NO. 2222

Total run time, T(min.) 384
Rate of sand supplied by sand feeder, R (kg/hr) 33.2
Volume of sand supplied by sand feeder, V; (m’) 0.1336
Discharge in branch 0, Q, (I/s) 32.092
Discharge in branch 1, Q, (I/s) 5.201
Discharge in branch 2, Q, (I/s) ' 26.891
Volume of sand trapped in sandtrap 1, ST, (m’) 0.0048
Volume of sand trapped in sandtrap 2, ST, (m’) 0.1365
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?) -0.0096
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m®) 0.0153
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m®) -0.0102
Volume of sand transported through branch 0, S, (m®) 0.1433
Volume of sand transported through branch 1, S, (m?) ' 0.0201
Volume of sand transported through branch 2, S, (m?) 0.1263
Ratio of Q, and Q,, Q,/Q, 0.193
Ratio of S, and §,, S,/§, 0.159
Ratio of Vg and V4, V/V 0.072
Error in percentage of sand balance 2.22
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FINAL RESULTS OF RUN NO. 2231

Total run time, T(min.) 501
Rate of sand supplied by sand feeder, R (kg/hr) 32
Volume of sand supplied by sand feeder, V_; (m®) ' 0.1680
Discharge in branch 0, Q, (1/s) 32.509
Discharge in branch 1, Q, (I/s) 12.174
Discharge in branch 2, Q, (I/s) 20.334
Volume of sand trapped in sandtrap 1, ST, (m?) 0.0419
Volume of sand trapped in sandtrap 2, ST, (m*) 0.2282
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m®) 0.0023
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m®) 0.1321
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m?) -0.2322
Volume of sand transported through branch 0, S, (m®) 0.1657
Volume of sand transported through branch 1, S, (m?) 0.1740
Volume of sand transported through branch 2, S, (m?) -0.0039
Ratio of Q, and Q,, Q,/Q, _ 0.598
Ratio of S, and S,; §,/5, -43.601
Ratio of V,and V, V,/V,, 0.013
Error in percentage of sand balance 2.62

FINAL RESULTS OF RUN NO. 2232

Total run time, T(min.) 441
Rate of sand supplied by sand feeder, R (kg/hr) 324
Volume of sand supplied by sand feeder, V,; (m’) 0.1497
Discharge in branch 0, Q, (1/s) 32.666
Discharge in branch 1, Q, (I/s) ' 6.540
Discharge in branch 2, Q, (I/s) 26.126
Volume of sand trapped in sandtrap 1, ST, (m®) 0.0035
Volume of sand trapped in sandtrap 2, ST, (m?) 0.1195
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m®) -0.0159
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) 0.0372
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m®) -0.0132
Volume of sand transported through branch 0, S, (m®) 0.1657
Volume of sand transported through branch I, S, (m?) 0.0408
Volume of sand transported through branch 2, S, (m?) 0.1063
Ratio of , and Q,, Q,/Q, 0.250
Ratio of S, and S,, §/,/S, 0.383
Ratio of Vyand V, V/V 0.106
Error in percentage of sand balance ' 11.21
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FINAL RESULTS OF RUN NO. 2241

Total run time, T(min.}- 501
Rate of sand supplied by sand feeder, R (kg/hr} 314
Volume of sand supplied by sand feeder, V ; (m®) 0.1648
Discharge in branch 0, Q, (I/s) ' 32.403
Discharge in branch 1, Q, (I/s) 8.681
Discharge in branch 2, Q, (I/s) 23.721
Volume of sand trapped in sandtrap 1, ST, (m*) 0.0187
- Volume of sand trapped in sandtrap 2, ST, (m?) 0.1999
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m°) -0.0042
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m’) 0.0898
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m’) -0.1329
Volume of sand transported through branch 0, S, (m®) 0.1691
Volume of sand transported through branch 1, S, (m?) 0.1086
Volume of sand transported through branch 2, S, (m*) 0.0669
Ratio of Q, and Q,, Q,/Q, , 0.365
Ratio of S, and S,, S,/8, ' 1.621
Ratio of V, and V,, V,/V, ' 0.025
Error in percentage of sand balance 3.82

FINAL RESULTS OF RUN NO. 2242

Total run time, T(min.) 439
Rate of sand supplied by sand feeder, R (kg/hr) 324
Volume of sand supplied by sand feeder, V; (m?) 0.1490
Discharge in branch 0, Q, (I/s) 32.546
Discharge in branch 1, Q, (I/s) ' 5.479
Discharge in branch 2, Q, (I/s) 27.066
Volume of sand trapped in sandtrap 1, ST, (m’) 0.0034
Volume of sand trapped in sandtrap 2, ST, (m’) . 0.1454
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m®) 0.0059
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) 0.0206
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m”) -0.0183
Volume of sand transported through branch 0, S, (m*) 0.1431
Volume of sand transported through branch 1, S, (m*) 0.0240
Volume of sand transported through branch 2, S, (m’) 0.1271
Ratio of Q, and Q,, Q,/Q, 0.202
Ratio of S, and S,, §,/S, 0.189
Ratio of V, and V, Vo/V 0.039
Error in percentage of sand balance 5.62
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FINAL RESULTS OF RUN NO. 2251

Total run time, T(min.} - 511
Rate of sand supplied by sand feeder, R (kg/hr) 34.5
Volume of sand supplied bv sand feeder, V. (m*) 0.1847
Discharge in branch 0, Q, (I/s) 30.202
Discharge in branch 1. Q, (I/s) ' 9.074
Discharge in branch 2. Q, (I/s) 21.127
Volume of sand trapped in sandwrap 1, ST, (m?) 0.0249
Volume of sand trapped in sandwrap 2, ST, (m?) 0.1727
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m’) 0.0273
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m®) 0.0905
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m®) -0.1120-
Volume of sand transported through branch 0, S, (m’) ‘ 0.1574
Volume of sand transported through branch 1, S, (m®) 0.1154
Volume of sand transported through branch 2, S, (m?) 0.0606
Ratio of Q, and Q,, Q,/Q, 0.429
Ratio of S, and S,, §,/S, 1.902
Ratio of Vyand Vi, V,/V; 0.147
Error in percentage of sand balance ' 11.87

FINAL RESULTS OF RUN NO. 3211

Total run time, T(min.) 260
Rate of sand supplied by sand feeder, R (kg/hr) 46.9
Volume of sand supplied by sand feeder, V; (m’) 0.1278
Discharge in branch 0. Q, (I/s) 40.855
Discharge i branch 1., Q, (I/s) 11.733
Discharge in branch 2. Q, (I/s) 29.121
Volume of sand trapped in sandtrap 1, ST, (m?) 0.0175
Volume of sand trapped in sandtrap 2, ST, (m?) 0.1312
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m’) 0.0068
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m’®) 0.0788
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m*) -0.1091
Volume of sand transported through branch 0, S, (m’) 0.1209
Volume of sand transported through branch 1, S, (m?) ' 0.0963
Volume of sand transported through branch 2, S, (m*) 0.0221
Ratio of Q, and Q,, Q/Q, 0.402
Ratio of S, and S,, S,/S, ' 4.351
Ratio of Vyand V, V/V, 0.053
Error in percentage of sand balance 2.09
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FINAL RESULTS OF RUN NO. 3212

Total run time, T(min.) - 275
Rate of sand supplied by sand feeder, R (kg/hr) 45.5
Volume of sand supplied by sand feeder, V ; (m?) 0.1311
Discharge in branch 0, Q, (I/s) 41.028
Discharge in branch 1, Q, (I/s) 7.624
Discharge in branch 2, Q, (I/s) ' 33.404
Volume of sand trapped in sandtrap 1, ST, (m?) 0.0084
= Volume of sand trapped in sandtrap 2, ST, (m’) 0.1168
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?) -0.0056
Volume of sand deposited (+) or eroded (-} in branch 1, V, (m? 0.0338
Volume of sand deposited (+) or eroded () in branch 2, V2 (m3) -0.0048
Volume of sand transported through branch 0, S, (m ) 0.1367
Volume of sand transported through branch 1, S, (m°) 0.0422
Volume of sand transported through branch 2, 82 (m?) 0.1119
Ratio of Q, and Q,, Q,/Q, 0.228
Ratio of S, and S,, S,/S, 0.377
Ratio of Vy and Vi, V/V,, 0.043
Error in percentage of sand balance ) 12.78

FINAL RESULTS OF RUN NO. 3213

Total run time, T(min.) 214
Rate of sand supplied by sand feeder, R (kg/hr) 454
Volume of sand supplied by sand feeder, V,; (m?) - 0.1018
Discharge in branch 0, Q, (I/s) ‘ 41.079
Discharge in branch 1, Q, (I/s) 6.727
Discharge in branch 2, Q, (I/s) 34.351
Volume of sand trapped in sandtrap 1, ST, (m?) 0.0074
Volume of sand trapped in sandtrap 2, ST, (m?) 0.0947
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?) -0.0033
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) 0.0110
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m?) -0.0122
Volume of sand transported through branch 0, S, (m*) 0.1052
Volume of sand transported through branch 1, S, (m®) 0.0184
Volume of sand transported through branch 2, S, (m?) 0.0825
Ratio of Q, and Q,, Q,/Q, 0.195
Ratio of S, and S,, S,/S, . 0.224
Ratio of Vj and V, V/V; 0.033
Error in percentage of sand balance 4.01
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FINAL RESULTS OF RUN NO. 3221

Total run time, T(min.) -

Rate of sand supplied by sand feeder, R (kg/hr)

Volume of sand supplied by sand feeder, V., (m?)

Discharge in branch 0, Q, (I/s)

Discharge in branch 1, Q, (I/s)

Discharge in branch 2, Q, (I/s)

Volume of sand trapped in sandtrap 1, ST, (m%)

Volume of sand trapped in sandtrap 2, ST, (m®)

Volume of sand deposited (+) or eroded (-) in branch 0, V, (m’)
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m%
Volume of sand deposited (+) or croded (-) in branch 2, V, (m?)
Volume of sand transported through branch 0, S, (m®)

Volume of sand transported through branch 1, S, (m*)

Volume of sand transported through branch 2, S, (m?)

Ratio of Q, and Q,, Q,/Q,

Ratio of S, and S,, S,/S,

Ratio of V, and V, V/V,

Error in percentage of sand balance

FINAL RESULTS OF RUN NO. 3222

Total run time, T(min.)

Rate of sand supplied by sand feeder, R (kg/hr)

Volume of sand supplied by sand feeder, V., (m?)

Discharge in branch 0, Q, (I/s)

Discharge in branch 1, Q, (I/s)

Discharge in branch 2, Q, (I/s)

Volume of sand trapped in sandtrap 1, ST, (m?)

Volume of sand trapped in sandtrap 2, ST, (m)

Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?)
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m®)

Volume of sand deposited (+) or eroded (-) in branch 2, V, (m?)

Volume of sand transported through branch 0, S, (m%)
Volume of sand transported through branch 1, S, (m?)
Volume of sand transported through branch 2, S, (m?)
Ratio of Q, and Q,, Q,/Q,

Ratio of S, and S,, S//S,

Ratio of Vjand Vi, Vy/V,

Error in percentage of sand balance

185
45.7
0.0886
40.938
14.818
26.119
0.0216
0.1081
0.0081
0.0671
-0.1263
0.0805
0.0887
-0.0182
0.567
-4.867
0.091
12.44

246
45.8
0.1181
40.650
9.773
30.877
0.0101
0.1205
-0.0028
0.0695
-0.053
0.1209
0.0796
0.0674
0.316
1.180
0.024
21.67
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FINAL RESULTS OF RUN NO. 3223

Total run time, T(min.) - 244
Rate of sand supplied by sand feeder, R (kg/hr) ' 45.2
Volume of sand supplied by sand feeder, V; (m®) 0.1156
Discharge in branch 0, Q, (I/s) ' 40.716
Discharge in branch 1, Q, (I/s) 6.774
Discharge in branch 2, Q, (I/s) 33.942
Volume of sand trapped in sandtrap 1, ST, (m’) 0.0044
- Volume of sand trapped in sandtrap 2, ST, (m’) - 0.1042
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m*) -0.0062
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) 0.0220
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m®) -0.0069
Volume of sand transported through branch 0, S, (m?) 0.1218
Volume of sand transported through branch 1, S, (m’) 0.0264
Volume of sand transported through branch 2, S, (m’) : 0.0972
Ratio of Q, and Q;, Q,/Q, . 0.199
Ratio of S, and S,, §,/S, ' 0.271
Ratio of Vj and Vg, Vy/V; 0.054
Error in percentage of sand balance 1.48

FINAL RESULTS OF RUN NO. 3231

Total run time, T(min.) - 244
Rate of sand supplied by sand feeder, R (kg/hr) 46.9
Volume of sand supplied by sand feeder, V., (m’) 0.1199
Discharge in branch 0, Q, (I/s) 41.331
Discharge in branch 1, Q,; (I/s) 11.164
Discharge in branch 2, Q, (I/s) : 30.167
Volume of sand trapped in sandtrap 1, ST, (m’) 0.0145
Volume of sand trapped in sandtrap 2, ST, (m’) 0.1289
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m®) -0.0030
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m®) 0.0668
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m’) -0.0821
Volume of sand transported through branch 0, S, (m?) 0.1230
Volume of sand transported through branch 1, S, (m?) 0.0813
Volume of sand transported through branch 2, S, (m®) 0.0467
Ratio of Q, and Q,, Q,/Q, 0.370
Ratio of S, and S,, S,/S, 1.737
Ratio of Vy and Vi, Vi/V 0.025
Error in percentage of sand balance 4.11
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FINAL RESULTS OF RUN NO. 3241

Total run time, T(min.)

Rate of sand supplied by sand feeder, R (kg/hr)
Volume of sand supplied by sand feeder, V; (m’)
Discharge in branch 0, Q, (1/s)

Discharge in branch 1, Q, (I/s)

Discharge in branch 2, Q, (I/s)

Volume of sand trapped in sandtrap 1, ST, (m’)
Volume of sand trapped in sandtrap 2, ST, (m’)

Volume of sand deposited (+) or eroded (-) in branch 0, V, (m*) -

Volume of sand deposited (+) or eroded (-) in branch 1, V| (m®)
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m*)
Volume of sand transported through branch 0, S, (m’)

Volume of sand transported through branch 1, S, (m’)

Volume of sand transported through branch 2, S, (m*)

Ratio of Q, and Q,, Q,/Q, -

Ratio of S, and S,, 5,/S,

Ratio of V, and Vg, Vy/V,

Error in percentage of sand balance

FINAL RESULTS OF RUN NO. 1311

Total run time, T(min.)

Rate of sand supplied by sand feeder, R (kg/hr)

Volume of sand supplied by sand feeder, V,; (m®)

Discharge in branch 0, Q, (I/s)

Discharge in branch 1, Q, (I/s)

Discharge in branch 2, Q, (I/s)

Volume of sand trapped in sandtrap 1, ST, (m?)

Volume of sand trapped in sandtrap 2, ST, (m*)

Volume of sand deposited (+) or eroded (-) in branch 0, V, (m’)
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m’)
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m’)
Volume of sand transported through branch 0, S, (m’)

Volume of sand transported through branch 1, S, (m?)

Volume of sand transported through branch 2, S, (m®)

Ratio of @, and Q,, Q,/Q,

Ratio of S, and S,, S,/S,

Ratio of V, and Vg, V/V

Error in percentage of sand balance

286
43.5
0.1304
39.980
11.218
28.762
0.0176
0.1285
0.0138
0.0809

-0.0941

0.1165
0.0986
0.0343
0.390
2.871
0.106
14.14

424

18
0.0800
21.206
10.896
10.310
0.0762
0.0247
0.0146
-0.0692
0.0400
0.0653
0.0070
0.0648
1.056
0.108
0.182
9.84
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FINAL RESULTS OF RUN NO. 1312

Total run time, T(min.) - 425
Rate of sand supplied by sand feeder, R (kg/hr) 17.85
Volume of sand supplied by sand feeder, V, (m’) - 0.0795
Discharge in branch 0, Q, (I/s) 21.305
Discharge in branch 1, Q, (I/s) 13.404
Discharge in branch 2, Q, (I/s) 7.901
Volume of sand trapped in sandtrap 1, ST, (m?) 0.0696
- Volume of sand trapped in sandtrap 2, ST, (m®) 0.0106
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?) -0.0078
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m% -0.0218
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m?%) 0.0307
Volume of sand transported through branch 0, S, (m?) 0.0874
Volume of sand transported through branch 1, S, (m’) 0.0478
Volume of sand transported through branch 2, S, (m?) 0.0414
Ratio of Q, and Q,, Q,/Q, ; 1.696
Ratio of S, and S,, §,/8, : 1.155
Ratio of V, and V;, V/V, 0.099
Error in percentage of sand balance 2.07

FINAL RESULTS OF RUN NO. 1313

Total run time, T(min.) - ' 365
Rate of sand supplied by sand feeder, R (kg/hr) 19.25
Volume of sand supplied by sand feeder, V,; (m°) 0.0736
Discharge in branch 0, Q, (I/s) 21.273
Discharge in branch 1, Q, (i/s) 14.922
Discharge in branch 2, Q, (I/s) 6.350
Volume of sand trapped in sandtrap 1, ST, (m®) ' 0.0653
Volume of sand trapped in sandtrap 2, ST, (m®) 0.0063
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?) ' 0.0013
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) -0.0087
Volum of sand deposited (+) or eroded (-} in branch 2, V, (m® 0.0176
Volume of sand transported through branch 0, S, (m®) 0.0723
Volume of sand transported through branch 1, S, (m?) 0.0565
Volume of sand transported through branch 2, S, (m®) : 0.0239
Ratio of Q, and Q,, Q,/Q, 2.349
Ratio of S, and §,, S,/S, 2.361
Ratio of V and V,, V/V 0.018
Error in percentage of sand balance 11.39
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FINAL RESULTS OF RUN NO. 1321

Total run time, T(min.) - 485
Rate of sand supplied by sand feeder, R (kg/hr) 17.9
Volume of sand supplied by sand feeder, V; (m®) 0.0910
Discharge in branch 0, Q, (I/s) ' 21.323
Discharge in branch 1, Q, (I/s) 8.1831
Discharge in branch 2, Q, (I/s) 13.1402
Volume of sand trapped in sandtrap 1, ST, (m®) 10.0735
Volume of sand trapped in sandtrap 2, ST, (m’) 0.0556
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?®) 0.0101
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m%) -0.0918
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m?) 0.0459
Volume of sand transported through branch 0, S, (m®) 0.0808
Volume of sand transported through branch 1, S, (m?) -0.0182
Volume of sand transported through branch 2, S, (m?) 0.1016
Ratio of Q, and Q,, Q,/Q, 0.622
Ratio of S, and S,, S,/S, _ -0.179
Ratio of V, and V, V/V 0.111
Error in percentage of sand balance 3.07

FINAL RESULTS OF RUN NO. 1322

Total run time, T(min.) 244
Rate of sand supplied by sand feeder, R (kg/hr) ‘ 17.6
Volume of sand supplied by sand feeder, V ; (m®) 0.0450
Discharge in branch 0, Q, (1/s) 21.450
Discharge in branch 1, Q, (I/s} 10.316
Discharge in branch 2, Q, (I/s) 11.134
Volume of sand trapped in sandtrap 1, ST, (m®) 0.0249
Volume of sand trapped in sandtrap 2, ST, (m*) - 0.0153
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?) 0.0043
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) -0.0201
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m’) 0.0258
Volume of sand transported through branch 0, S, (m?) 0.0406
Volume of sand transported through branch 1, S, (m?) 0.0047
Volume of sand transported through branch 2, S, (m®) 0.0411
Ratio of Q, and Q,, Q,/Q, 0.926
Ratio of S, and S,, S,/S, 0.116
Ratio of V, and V, V,/V 0.096
Error in percentage of sand balance 12.94
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FINAL RESULTS OF RUN NO. 1323

Total run time, T{min.)-

Rate of sand supplied by sand feeder, R (kg/hr)

Volume of sand supplied by sand feeder, V; (m*)

Discharge in branch 0, Q, (I/s)

Discharge in branch 1, Q, (I/s)

Discharge in branch 2, Q, (1/s)

Volume of sand trapped in sandtrap 1, ST, (m?)

Volume of sand trapped in sandtrap 2, ST, (m’)

Volume of sand deposited (+) or eroded (-) in branch 0, V, (m’)
Volume of sand deposited (+) or ereded (-) in branch 1, V, (m®)

Volume of sand deposited (+) or eroded (-) in branch 2, V, (m*)

Volume of sand transported through branch 0, S, (m”)
Volume of sand transported through branch 1, S, (m®)
Volume of sand transported through branch 2, S, (m®)
Ratio of Q, and Q,, Q,/Q,

Ratio of S, and S,, S,/S,

Ratio of Vyand V;, V/V,

Error in percentage of sand balance

FINAL RESULTS OF RUN NO. 1324

Total run time, T(min.}

Rate of sand supplied by sand feeder, R (kg/hr)
Volume of sand supplied by sand feeder, V (m*)
Discharge in branch 0, Q, (I/s)

Discharge in branch 1, Q, (I/s)

Discharge in branch 2, Q, (I/s)

Volume of sand trapped in sandtrap 1, ST, (m?%)
Volume of sand trapped in sandtrap 2, ST, (m’)

Volume of sand deposited (+) or eroded (-) in branch 0, V, (m®) .

Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?)
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m’)
Volume of sand transported through branch 0, S, (m?)

Volume of sand transported through branch 1, S, (m?)

Volume of sand transported through branch 2, S, (m?)

Ratio of Q, and Q,, Q,/Q,

Ratio of 8§, and S,, S,/S,

Ratio of Vyand V,, V/V,,

Error in percentage of sand balance

245
18.2
0.0467
21.500
12.732
8.7680
0.0449
0.0051
-0.0066
-0.0258
0.0347
0.0534
0.0190
0.0398
1.452
0.479
0.142
10.32

362
18.8
0.0713
21.475
14.388
7.086
0.0561
0.0034
0.0097
-0.0114
0.0158
0.0615
0.0446
0.0192
2.030
2.316
0.136
3.50
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FINAL RESULTS OF RUN NO. 1325

Total run time, T(min.) 364
Rate of sand supplied by sand feeder, R (kg/hr) 19.4
Volume of sand supplied by sand feeder, V; (m®) 0.0740
. Discharge in branch 0, Q, (I/s) 21.509
Discharge in branch 1, Q, (I/s) 15.545
Discharge in branch 2, Q, (I/s) ' 5.964
Volume of sand trapped in sandtrap 1, ST, (m°®) 0.0650
Volume of sand trapped in sandtrap 2, ST, (m®) 0.0037
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m®) 0.0012
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m®) -0.0152
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m®) 0.0199
Volume of sand transported through branch 0, S, (m?) 0.0727
Volume of sand transported through branch 1, S, (m?) 0.0498
Volume of sand transported through branch 2, S, (m®) 0.0236
Ratio of Q, and Q,, Q,/Q, 2.606
Ratio of S, and S,, S,/S, 2.106
Ratio of V, and Vg, V,/V, 0.017
Error in percentage of sand balance 0.99

FINAL RESULTS OF RUN NO. 2311

Total run time, T(min.) 277
Rate of sand supplied by sand feeder, R (kg/hr) 31.25
Volume of sand supplied by sand feeder, V,, (m’) 0.0907
Discharge in branch 0, Q, (I/s) ' 25.679
Discharge 1n branch 1, Q, (I/s) 14.813
Dischage in branch 2, Q, (I/s) 14.866
Volume of sand trapped in sandtrap 1, ST, (m’) 0.0670
Volume of sand trapped in sandtrap 2, ST, (m’) 0.0276
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?) 0.0220
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) -0.0638
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m®) 0.0596
Volume of sand transported through branch 0, S, (m*) 0.0686
Volume of sand transported through branch 1, S, (m*) 0.0032
Volume of sand transported through branch 2, S, (m’) 0.0872
Ratio of Q, and Q,, Q,/Q, (.996
Ratio of S, and S,, S//S, 0.037
Ratio of Vyand Vi, V/V; ' 0.243
Error in percentage of sand balance 31.77
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FINAL RESULTS OF RUN NO. 2312

Total run time, T(min.) 246
Rate of sand supplied by sand feeder, R (kg/hr) 31.2
Volume of sand supplied by sand feeder, V, (m’) 0.0804
Discharge in branch 0, Q, (I/s) 29.553
Discharge in branch 1, Q, (I/s) ' 17.820
Discharge in branch 2, Q, (I/s) 11.733
Volume of sand trapped in sandtrap 1, ST, (m’) : 0.0665
Volume of sand trapped in sandtrap 2, ST, (m’) 0.0142
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m”) 0.0004
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) -0.0249
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m?) 0.0331
Volume of sand transported through branch 0, S, (m®) 0.0800
Volume of sand transported through branch 1, S, (m’) 0.0416
Volume of sand transported through branch 2, S, (m’) 0.0473
Ratio of Q, and Q,, Q,/Q, 1.518
Ratio of S, and S,, S,/S, 0.878
Ratio of Vyand V, V,/V 0.005
Error in percentage of sand balance 11.15

FINAL RESULTS OF RUN NO. 2313

Total run time, T(min.) 243
Rate of sand supplied by sand feeder, R (kg/hr) 31.2
Volume of sand supplied by sand feeder, V ; (m’) 0.0794
Discharge in branch 0, Q, (I/s) 29.565
Discharge in branch 1, Q, (I/s) ' 20.002
Discharge in branch 2, Q, (I/s) 9.562
Volume of sand trapped in sandtrap 1, ST, (m’) 0.0571
Volume of sand trapped in sandtrap 2, ST, (m®) 0.0092
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?®) -0.0037
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) -0.0061
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m’) 0.0065
Volume of sand transported through branch 0, S, (m’) (.0832
Volume of sand transported through branch 1, S, (m?) 0.0510
Volume of sand transported through branch 2, S, (m?) 0.0157
Ratio of Q, and Q,, Q,/Q, . 2.091
Ratio of S, and S,, S,/S, 3.231
Ratio of Vyand Vi, Vy/V; _ 0.047
Error in percentage of sand balance 19.75
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FINAL RESULTS OF RUN NO. 2321

Total run time, T(min.)- _ 365
Rate of sand supplied by sand feeder, R (kg/hr) 31.2
Volume of sand supplied by sand feeder, V (m*) 0.1193
Discharge in branch 0, Q, (I/s) 29.627
Discharge in branch 1, Q, (I/s) 15.833
Discharge in branch 2, Q, (l/s) 13.793
Volume of sand trapped in sandtrap 1, ST, (m*) 0.0880
Volume of sand trapped in sandtrap 2, ST, (m®) 0.0314
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?) 0.0273
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) -0.0719
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m®) 0.0708
Volume of sand transported through branch 0, S, (m?®) 0.0920
Volume of sand transported through branch 1, S, (m?) 0.0161
Volume of sand transported through branch 2, S, (m®) 0.0022
Ratio of Q, and Q,, Q,/Q, ' 1.147
Ratio of S, and S,, S,/S, 0.157
Ratio of Vy and Vg, V/Vsf i 0.228
Error in percentage of sand balance 28.61

FINAL RESULTS OF RUN NO. 2322

Total run time, T{min.} 335
Rate of sand supplied by sand feeder, R (kg/hr) 30.2
Volume of sand supplied by sand feeder, V (m®) 0.1060
Discharge in branch 0, Q, (1/s) 29.561
Discharge in branch 1, Q, (I/s) .19.212
Discharge in branch 2, Q, (I/s) ' 10.348
Volume of sand trapped in sandtrap 1, ST, (m®) 0.0840
Volume of sand trapped in sandtrap 2, ST, (m?®) 0.0111
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m®) -0.0106
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m®) -0.0101
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m’) 0.0371
Volume of sand transported through branch 0, S, (m°) 0.1166
Volume of sand transported through branch 1, S, (m®) 0.0738
Volume of sand transported through branch 2, S, (m’) 0.0483
Ratio of Q, and Q,, Q,/Q, 1.856
Ratio of S, and §,, 5,/8, 1.527
Ratio of V, and Vg, V/V 0.100
Error in percentage of sand balance 4.67
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FINAL RESULTS OF RUN NO. 2323

Total run time, T(min.) 245
Rate of sand supplied by sand feeder, R (kg/hr) _ 30
Volume of sand supplied by sand feeder, V; (m’) 0.0770
Discharge in branch 0, Q, (I/s) _ 29.629
Discharge in branch 1, Q, (I/s) 20.841
Discharge in branch 2, Q, (I/s) 8.788
Volume of sand trapped in sandtrap 1, ST, (m’) 0.0624
Volume of sand trapped in sandtrap 2, ST, (m’) 0.0083
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m’) 0.0150
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m’) -0.0024
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m’) 0.0067
Volume of sand transported through branch 0, S, (m?) 0.0619
Volume of sand transported through branch 1, §; (m’) 0.0600
Volume of sand transported through branch 2, S, (m*) 0.0151
Ratio of Q, and Q,, Q,/Q, 2.371
Ratio of S, and S,, S,/S, 3.968
Ratio of V, and V, V/V, 0.195
Error in percentage of sand balance ' ' 21.28

FINAL RESULTS OF RUN NO. 2324

Total run time, T(min.)} 244

Rate of sand supplied by sand feeder, R (kg/hr) 31.25
Volume of sand supplied by sand feeder, V ; (m’) 0.0799
Discharge in branch 0, Q, (I/s) 29.562
Discharge in branch 1, Q, (I/s) 21.562
Discharge in branch 2, Q, (I/s) 8.007
Volume of sand trapped in sandtrap 1, ST, (m%) 0.0713
Volume of sand trapped in sandtrap 2, ST, (m’) 0.0069
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m’) -0.0125
Volume of sand deposited (+) or eroded (-} in branch 1, V, (m®) -0.0097
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m’) ' 0.0152
Volume of sand transported through branch 0, S, (m’) 0.0924
Volume of sand transported through branch 1, S, (m’) 0.0616
Volume of sand transported through branch 2, S, (m’) 0.0222
Ratio of Q, and Q,, Q,/Q, _ 2.692
Ratio of S, and S, S,/S, 2.768
Ratio of V, and Vg, V/V, 0.157
Error in percentage of sand balance 9.31
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FINAL RESULTS OF RUN NO. 3311

Total run time, T(min.) 243
Rate of sand supplied by sand feeder, R (kg/hr) 44.6
Volume of sand supplied by sand feeder, V (m?) 0.1136
Discharge in branch 0, Q, (I/s) 40.785
Discharge in branch 1, Q, (I/s) ' 20.678
Discharge in branch 2, Q, (I/s) 20.106
Volume of sand trapped in sandtrap 1, ST, (m®) : 0.1062
Volume of sand trapped in sandtrap 2, ST, (m®) 0.0552
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m’) 0.0079
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) -0.0990
Volume of sand deposited (+) or eroded (-} in branch 2, V, (m?) 0.0687
Volume of sand transported through branch 0, S, (m?) 0.1056
Volume of sand transported through branch 1, S, (m®) 0.0071
Volume of sand transported through branch 2, S, (m’) 0.1239
Ratio of Q, and Q,, Q,/Q, ‘ 1.028
Ratio of S, and §,, §,/S, ‘ 0.057
Ratio of Vyand Vi, V/V : 0.069
Error in percentage of sand balance 24.08

FINAL RESULTS OF RUN NO. 3312

Total run time, T(min.) 245
Rate of sand supplied by sand feeder, R (kg/hr) _ 44.6
Volume of sand supplied by sand feeder, V,; (m®) 0.1145
Discharge in branch 0, Q, (I/s) 40.918
Discharge in branch 1, Q, (I/s) ‘ 24.719
Discharge in branch 2, Q, (I/s) 16.198
Volume of sand trapped in sandtrap 1, ST, (m®) 0.1103
Volume of sand trapped in sandtrap 2, ST, (m?) 0.0339
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?) - -0.0094
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) -0.0559
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m?) 0.0479
Volume of sand transported through branch 0, S, (m?) 0.1240
Volume of sand transported through branch 1, S, (m’) 0.0544
Volume of sand transported through branch 2, 82 (m®) 0.0819
Ratio of Q, and Q,, Q,/Q, 1.526
Ratio of §; and S,, S\/S, 0.663
Ratio of Vyand Vg, V/V, 0.082
Error in percentage of sand balance 9.96
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FINAL RESULTS OF RUN NO. 3313

Total run time, T(min.)- 244
Rate of sand supplied by sand feeder, R (kg/hr) 45.3
Volume of sand supplied by sand feeder, V; (m?®) 0.1158
Discharge in branch 0, Q, (I/s) 40.999
Discharge in branch 1, Q, (I/s) ' 28.084
Discharge in branch 2, Q, (I/s) 12.914
Volume of sand trapped in sandtrap 1, ST, (m*) 0.0657
Volume of sand trapped in sandtrap 2, ST, (m®) 0.0202
Volume of sand deposited (+) or eroded (-) in branch 0, V; (m’) -0.0088
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m’) 0.0122
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m*) 0.0231
Volume of sand transported through branch 0, S; (m’) 0.0124
Volume of sand transported through branch 1, S, (m’) 0.0780
Volume of sand transported through branch 2, S, (m?) 0.0433
Ratio of Q, and Q,, Q,/Q, 2.174
Ratio of S, and S,, S,/S, 1.799
Ratio of V,and V, V/V, 0.076
Error in percentage of sand balance ' 2.64

- FINAL RESULTS OF RUN NO. 3314

Total run time, T(min.) 214
Rate of sand supplied by sand feeder, R (kg/hr) 45.2
Volume of sand supplied by sand feeder, V; (m’) 0.1013
Discharge in branch 0, Q, (I/s) 40.952
Discharge in branch 1, Q, (I/s) 28.353
Discharge in branch 2, Q, (I/s) 12.598
Volume of sand trapped in sandtrap 1, ST, (m”) 0.0841
Volume of sand trapped in sandtrap 2, ST, (m?) 0.0194
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m’) 0.0025
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m*) 0.0167
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m*) 0.0171
Volume of sand transported through branch 0, S, (m?*) 0.0988
Volume of sand transported through branch 1, S, (m?) 0.1009
Volume of sand transported through branch 2, S, (m?) 0.0366
Ratio of Q, and Q,, Q,/Q, 2.250
Ratio of 8, and S,, S,/S, ' 2.750
Ratio of Vy and Vi, V/V; 0.024
Error in percentage of sand balance 39.13
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FINAL RESULTS OF RUN NO. 3315

Total run time, T(min.) - 244
Rate of sand supplied by sand feeder, R (kg/hr) 43.7
Volume of sand supplied by sand feeder, V; (m®) 0.1117
Discharge in branch 0, Q, (I/s) 41.155
Discharge in branch 1, Q, (I/s) 28.910
Discharge in branch 2, Q, (I/s) ' 12.245
Volume of sand trapped in sandtrap 1, ST, (m%) 0.1024
Volume of sand trapped in sandtrap 2, ST, (m’) 0.0264
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m®) -0.0142
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) -0.0110
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m®) -0.0067
Volume of sand transported through branch 0, S, (m®) 0.1260
Volume of sand transported through branch 1, S, (m®) 0.0913
Volume of sand transported through branch 2, S, (m?) 0.0197
Ratio of Q, and Q,, Q,/Q, 2.361
Ratio of S, and S,, S,/S, _ 4.638
Ratio of Vyand Vi, V/V, 0.127
Error in percentage of sand balance 11.88

FINAL RESULTS OF RUN NO. 3316

Total run time, T(min.) 244
Rate of sand supplied by sand feeder, R (kg/h) 44.4
Volume of sand supplied by sand feeder, V,; (m®) 0.1135
Discharge in branch 0, Q, (I/s) ' 41.342
Discharge in branch 1, Q, (I/s) 29.098
Discharge in branch 2, Q, (I/s) 12.244
Volume of sand trapped in sandtrap 1, ST, (m’) 0.0852
Volume of sand trapped in sandtrap 2, ST, (m’) 0.0260
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?®) -0.0024
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m’) 0.0048
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m®) 0.0082
Volume of sand transported through branch 0, S, (m®) 0.1160
Volume of sand transported through branch 1, S, (m®) 0.0901
Volume of sand transported through branch 2, S, (m®) 0.0342
Ratio of Q, and Q,, Q,/Q2 2.376
Ratio of S, and S,, §,/S, 2.630
Ratio of V, and Vi, V/V; ' 0.021
Error in percentage of sand balance 7.17
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FINAL RESULTS OF RUN NO. 3321

Total run time, T(min.} - 243
Rate of sand supplied by sand feeder, R (kg/hr) 45.7
Volume of sand supplied by sand feeder, V,; (m®) 0.1164
Discharge in branch 0, Q,.(I/s) 40.941
Discharge in branch 1, Q, (I/s) 22.316
Discharge in branch 2, Q, (I/s) 18.625
Volume of sand trapped in sandtrap 1, ST, (m*) ‘ 0.1010
Volume of sand trapped in sandtrap 2, ST, (m®) 0.0422
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?) 0.0055
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) -0.0828
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m’) 0.0769
Volume of sand transported through branch 0, S, (m’) 0.1108
Volume of sand transported through branch 1, S, (m’) 0.0182
Volume of sand transported through branch 2, S, (m®) 0.1191
Ratio of Q, and Q,, Q,/Q, 1.198
Ratio of S, and S,, §,/S, 0.153
Ratio of V, and Vg, V/V 0.047
Error in percentage of sand balance 23.91

FINAL RESULTS OF RUN NO. 3322

Total run time, T(min.) 274
Rate of sand supplied by sand feeder, R (kg/hr) 45.6
Volume of sand supplied by sand feeder, V (m’) 0.1309
Discharge in branch 0, Q, (I/s) 40.960
Discharge in branch 1, Q, (I/s) ' 26.185
Discharge in branch 2, Q, (I/s) 14.774
Volume of sand trapped in sandtrap 1, ST, (m’) 0.1253
Volume of sand trapped in sandtrap 2, ST, (m’) 0.0347
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m’) -0.0212
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) -0.0359
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m’) 0.0327
Volume of sand transported through branch 0, S, (m’) 0.1521
Volume of sand transported through branch 1, S, (m®) 0.0893
Volume of sand transported through branch 2, S, (m’) 0.0674
Ratio of Q, and Q,, Q,/Q, 1.772
Ratio of S, and S,, S,/S, 1.325
Ratio of V, and Vg, V/V, . 0.162
Error in percentage of sand balance 3.06
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FINAL RESULTS OF RUN NO. 3323

Total run time, T(min.) . ' 244
Rate of sand supplied by sand feeder, R (kg/hr) 46
Volume of sand supplied by sand feeder, V., (m?) 0.1176
Discharge in branch 0, Q, (1/s) 40.914
Discharge in branch 1, Q, (I/s) 28.274
Discharge in branch 2, Q, (I/s) 12.639
Volume of sand trapped in sandtrap 1, ST, (m?) 0.0828
Volume of sand trapped in sandtrap 2, ST, (m’) 0.0228
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?) 0.0095
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m°) 0.0157
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m®) 0.0003
Volume of sand transported through branch 0, S, (m?) 0.1081
Volume of sand transported through branch 1, S, (m?) ' 0.0986
Volume of sand transported through branch 2, S, (m?) ' 0.0232
Ratio of Q, and Q,, Q,/Q, ‘ 2.236
Ratio of S, and S,, §,/8, ‘ 4.238
Ratio of Vyand V, V/V; 0.080
Error in percentage of sand balance 12.69

FINAL RESULTS OF RUN NO. 1411

Total run time, T(min.) 361

Rate of sand supplied by sand feeder, R (kg/hr) 223
Volume of sand supplied by sand feeder, V,; (m’) 0.0843
Discharge in branch 0, Q, (I/s) 20.223
Discharge in branch 1, Q, (1/s) : 7.398
Discharge in branch 2, Q, (I/s) 12.824 5
Volume of sand trapped in sandtrap 1, ST, (m’) 0.0388 -
Volume of sand trapped in sandtrap 2, ST, (m’) 0.0397 '
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m®) 0.0275
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m®) -0.0288
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m?) 0.0195
Volume of sand transported through branch 0, S, (m®) ' 0.0568
Volume of sand transported through branch 1, S, (m®) 0.0122
Volume of sand transported through branch 2, S, (m?) 0.0593
Ratio of Q, and Q,, Q,/Q, _ 0.576

Ratio of S, and S,, S,/S, 0.205

Ratio of V, and V4, V/V 0.326

Error in percentage of sand balance ) 25.75
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Appendix C Final Results of Various Runs

FINAL RESULTS OF RUN NO. 1412

Total run time, T{min.)- 302
Rate of sand supplied by sand feeder, R (kg/hr) ' 22.7
Volume of sand supplied by sand feeder, V_; (m®) 0.0718
Discharge in branch 0, Q, (I/s) 20.355
Discharge in branch 1, Q, (I/s) 8.574
Discharge in branch 2, Q, (I/s) 11.781
Volume of sand trapped in sandtrap 1, ST, (m®) 0.0304
Volume of sand trapped in sandtrap 2, ST, (m®) 0.0290
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?) 0.0040
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m%) -0.0064
+ Volume of sand deposited (+) or eroded (-) in branch 2, V, (m°) 0.0283
Volume of sand transported through branch 0, S, (im*) 0.0677
Volume of sand transported through branch 1, S, (m?) 0.0239
Volume of sand transported through branch 2, S, (m?) 0.0574
Ratio of Q, and Q,, Q,/Q, 0.727
Ratio of S, and S,, S,/S, 0.417
Ratio of V,and Vi, V/V, 0.094
Error in percentage of sand balance 20.16

FINAL RESULTS OF RUN NO. 1421

Total run time, T(min.) 363
Rate of sand supplied by sand feeder, R (kg/hr) 222
Volume of sand supplied by sand feeder, V,; (m?) 0.0844
Discharge in branch 0, Q, (I/s) 20.429
Discharge in branch 1, Q, (I/s) 12.639
Discharge in branch 2, Q, (I/s) ' 7.789
Volume of sand trapped in sandtrap 1, ST, (m®) 0.0353
Volume of sand trapped in sandtrap 2, ST, (m®) 0.0454
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?) 0.0330
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?) 0.0008
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m®) -0.0244
Volume of sand transported through branch 0, S, (m®) , 0.0514
Volume of sand transported through branch 1, S, (m®) 0.0361
Volume of sand transported through branch 2, S, (m?) 0.0210
Ratio of Q, and Q,, Q,/Q, _ 1.622
Ratio of S, and S,, S,/S, 1.718
Ratio of Vyand V, V/V, 0.390
Error in percentage of sand balance 11.19
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Appendix C Final Results of Various Runs

FINAL RESULTS OF RUN NO. 2411

Total run time, T(min.)- 244
Rate of sand supplied by sand feeder, R (kg/hr) 48.9
Volume of sand supplied by sand feeder, V (m®) 0.1250
Discharge in branch 0, Q, (I/s) 29.067
Discharge in branch 1, Q, (I/s) 10.468
Discharge in branch 2, Q, (I/s) 18.599
Volume of sand trapped in sandtrap 1, ST, (m°) 0.0312
Volume of sand trapped in sandtrap 2, ST, (m®) 0.0311
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m®) 0.0525
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m%) -0.0305
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m°) . 0.0441
Volume of sand transported through branch 0, S, (m3) 0.0724
Volume of sand transported through branch 1, S, (m®) 0.0006
Volume of sand transported through branch 2, S, (m3) 0.0753
Ratio of Q, and Q,, Q,/Q, 0.562
Ratio of S, and §,, S,/S, 0.009
Ratio of V0 and Vg, V/V; 0.420
Error in percentage of sand balance . 4.85

FINAL RESULTS OF RUN NO. 2412

Total run time, T(min.) 213
Rate of sand supplied by sand feeder, R (kg/hr) 34
Volume of sand supplied by sand feeder, V; (m?) 0.0759
Discharge in branch 0, Q, (I/s) 29.873
Discharge in branch 1, Q, (I/s) 12.888
Discharge in branch 2, Q, (I/s) 16.984
Volume of sand trapped in sandtrap 1, ST, (m?) ' 0.0424
Volume of sand trapped in sandtrap 2, ST, (m®) 0.0350
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?) -0.0246
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m%) -0.0059
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m®) ' 0.0355
Volume of sand transported through branch 0, S, (m’) 0.1005
Volume of sand transported through branch 1, S, (m?) 0.0365
Volume of sand transported through branch 2, S, (m’) 0.0705
Ratio of Q, and Q,, Q,/Q, _ 0.758
Ratio of S, and S,, S,/S, 0.517
Ratio of V, and Vg, V/V, 0.324
Error in percentage of sand balance 6.56
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Appendix C Final Results of Various Runs

FINAL RESULTS OF RUN NO. 2413

Total run time, T(min.).

~ Rate of sand supplied by sand feeder, R (kg/hr)

Volume of sand supplied by sand feeder, V (m’)

Discharge in branch 0, Q, (I/s)

Discharge in branch 1, Q, (lI/s)

Discharge in branch 2, Q, (I/s)

Volume of sand trapped in sandtrap 1, ST, (m®)

Volume of sand trapped in sandtrap 2, ST, (m’)

Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?)
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m?)
Volume of sand transported through branch 0, S, (m°)

Volume of sand transported through branch 1, S, (m?)

Volume of sand transported through branch 2, S, (m®)

Ratio of Q, and Q,, Q,/Q,

Ratio of S, and S,, S,/S,

Ratio of Vy and Vg, V/V;

Error in percentage of sand balance

FINAL RESULTS OF RUN NO. 2421

Total run time, T(min.)

Rate of sand supplied by sand feeder, R (kg/hr)

Volume of sand supplied by sand feeder, V,; (m?)

Discharge in branch 0, Q, (I/s)

Discharge in branch 1, Q, (I/s)

Discharge in branch 2, Q, (I/s)

Volume of sand trapped in sandtrap 1, ST, (m%)

Volume of sand trapped in sandtrap 2, ST, (m®)

Volume of sand deposited (+) or eroded (-) in branch 0, V, (m*)
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?)
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m’)
Volume of sand transported through branch 0, S, (m®)

Volume of sand transported through branch 1, S, (m?)

Volume of sand transported through branch 2, S, (m*)

Ratio of Q, and Q,, Q,/Q,

Ratio of S, and S,, S,/S,

Ratio of Vy and Vg, V/V

Error in percentage of sand balance

215
33.7
0.0759
28.821
13.374
15.446
0.0379
0.0389
0.0041
-0.0052
0.0117
0.0717
0.0326
0.0460
0.865
0.708
0.055
9.86

214
36.4
0.0816
30.051
18.145
11.906
0.0407
0.0395
0.0380
0.0387
-0.0532
0.0588
0.0639
0.0076
1.524
8.345

- 0.466

21.75
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Appendix C Final Results of Various Runs

FINAL RESULTS OF RUN NO. 2422

Total run time, T(min.) 217
Rate of sand supplied by sand feeder, R (kg/hr) 34
Volume of sand supplied by sand feeder, V,; (m®) 0.0773
Discharge n branch 0, Q, (I/s) ' 29.195
Discharge in branch 1, Q, (I/s) 15.578
Discharge in branch 2, Q, (I/s) 13.616
Volume of sand trapped in sandtrap 1, ST, (m?) _ 0.0326
Volume of sand trapped in sandtrap 2, ST, (m?) 0.0369
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m*) 0.0078
Volume of sand deposited (+) or eroded (-) in branch I, V, (m?) 0.0327
Volume of sand deposited (+) or eroded (-} in branch 2, V, (m®) -0.0213
Volume of sand transported through branch 0, S, (m®) 0.0694
Volume of sand transported through branch 1, S, (m’) 0.0654
Volume of sand transported through branch 2, S, (m?) 0.0155
Ratio of Q, and Q,, Q,/Q, 1.144
Ratio of S, and S,, S,/S, : 4.213
Ratio of V, and V,, V/V; 0.102
Error in percentage of sand balance 16.67

FINAL RESULTS OF RUN NO. 3411

Total run time, T(min.) 242
Rate of sand supplied by sand feeder, R (kg/hr) ' 45
Volume of sand supplied by sand feeder, V (m?) 0.1141
Discharge in branch 0, Q, (I/s) 41.076
Discharge in branch 1, Q, (I/s) 20.080
Discharge mn branch 2, Q, (I/s) 20.995
Volume of sand trapped in sandtrap 1, ST, (m?) 0.0599
Volume of sand trapped in sandtrap 2, ST, (m®) 0.0601
Volume of sand deposited (+) or eroded {-) in branch 0, V; (m’) -0.0067
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m®) 0.0206
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m?) -0.0077
~ Volume of sand transported through branch 0, S, (m®) 0.1208
Volume of sand transported through branch 1, S, (m®) ' 0.0806
Volume of sand transported through branch 2, S, (m®) 0.0523
Ratio of Q, and Q,, Q,/Q, 0.956
Ratio of S, and S,, S,/S, 1.539
Ratio of Vyand Vi, V/V; 0.058
Error in percentage of sand balance 10.04
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Appendix C Final Results of Various Runs

FINAL RESULTS OF RUN NO. 3412

Total run time, T(min.) 245
Rate of sand supplied by sand feeder, R (kg/hr) 44.2
Volume of sand supplied by sand feeder, V ; (m’) 0.1135
Discharge in branch 0, Q, (I/s) i 41.127
Discharge in branch 1, Q, (I/s) 19.195
Discharge in branch 2, Q, (I/s). 21.932
Volume of sand trapped in sandtrap 1, ST, (m’) 0.0631
Volume of sand trapped in sandtrap 2, ST, (m’) 0.0726
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m% -0.0074
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m’) 0.0057
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m®) - 0.0024 -
Volume of sand transported through branch 0, S, (m*) 0.1179
Volume of sand transported through branch 1, S, (m’) 0.0666
Volume of sand transported through branch 2, S, (m?) 0.0740
Ratio of Q, and Q,, Q,/Q, _ 0.875
Ratio of S, and §,, §,/§, ' 0.899
Ratio of V, and Vg, V/V; _ 0.065
Error in percentage of sand balance 19.27

FINAL RESULTS OF RUN NO. 3421

Total run time, T(min.) 249
Rate of sand supplied by sand feeder, R (kg/hr) 46.2
Volume of sand supplied by sand feeder, V (m?) 0.1205
Discharge in branch 0, Q, (I/s) 41.065
Discharge in branch 1, Q, (l/s) 12.269
Discharge in branch 2, Q, (I/s) 28.796
Volume of sand trapped in sandtrap 1, ST, (m’) 0.0367
Volume of sand trapped in sandtrap 2, ST, (m®) 0.0998
Volume of sand deposited (+) or eroded (-) in branch 0, V, (m*) - -0.0016
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m’) -0.0668
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m’) 0.0526
Volume of sand transported through branch 0, S, (m’) 0.1222
Volume of sand transported through branch 1, S, (m’) -0.0301
Volume of sand transported through branch 2, S, (m*) : 0.1524
Ratio of Q, and Q,, Q,/Q, . 0.426
Ratio of S, and S,, S,/S, -0.197
Ratio of Vyand Vg, V/V : 0.013
Error in percentage of sand balance 0.10
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Appendix C Final Results of Various Runs

FINAL RESULTS OF RUN NO. 3422

Total run time, T{min.).

Rate of sand supplied by sand feeder, R (kg/hr)

Volume of sand supplied by sand feeder, V,; (m®)

Discharge in branch 0, Q, (I/s)

Discharge in branch 1, Q, (I/s)

Discharge in branch 2, Q, (I/s)

Volume of sand trapped in sandtrap 1, ST, (m°)

Volume of sand trapped in sandtrap 2, ST, (m®)

Volume of sand deposited (+) or eroded (-) in branch 0, V, (n°)
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m?)
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m’)
Volume of sand transported through branch 0, S, (m?)

Volume of sand transported through branch 1, S, (m’)

Volume of sand transported through branch 2, S, (m%)

Ratio of Q, and Q,, Q,/Q,

Ratio of S, and S,, S,/S,

Ratio of V, and V, V/V,

Error in percentage of sand balance

FINAL RESULTS OF RUN NO. 3431

Total run time, T(min.)
Rate of sand supplied by sand feeder, R (kg/hr)

Volume of sand supplied by sand feeder, V. (m®)

Discharge in branch 0, Q, (I/s)

Discharge in branch 1, Q, (I/s)

Discharge in branch 2, Q, (I/s)

Volume of sand trapped in sandtrap 1, ST, (m’)

Volume of sand trapped in sandtrap 2, ST, (m®)

Volume of sand deposited (+) or eroded (-) in branch 0, V, (m3)
Volume of sand deposited (+) or eroded (-) in branch 1, Vv, (m?)
Volume of sand deposited (+)} or eroded (-) in branch 2, V2 (m’)
Volume of sand transported through branch 0, S, (m?)

Volume of sand transported through branch 1, S, (m?)

Volume of sand transported through branch 2, S, (m?)

Ratio of QQ, and Q,, Q,/Q,

Ratio of 8, and S,, §,/S,

Ratio of Vyand V, V/V;

Error in percentage of sand balance

243
48.2
0.1227
41.312
15.320
25.992
0.0781
0.0833
-0.0012
0.0412
0.0274
0.1239
0.0369
0.1108
0.589
0.333
0.009
19.18

212
458
0.1017
41.246
23.359
17.886
0.0535
0.0659
-0.0008
0.0450
-0.0652
0.1025
0.0985
0.0006
1.305
140.997
0.008
3.28
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Appendix C Final Results of Various Runs

FINAL RESULTS OF RUN NO. 3432

Total run time, T(min.)
Rate of sand supplied by sand feeder, R (kg/hr)

Volume of sand supplied by sand feeder, V ; (m®)

Discharge in branch 0, Q, (¥/s)

Discharge in branch 1, @, (I/s)

Discharge in branch 2, Q, (I/s)

Volume of sand trapped in sandtrap 1, ST, (m*)

Volume of sand trapped in sandtrap 2, ST, (m’)

Volume of sand deposited (+) or eroded (-) in branch 0, V, (m?)
Volume of sand deposited (+) or eroded (-) in branch 1, V, (m®)
Volume of sand deposited (+) or eroded (-) in branch 2, V, (m?)
Volume of sand transported through branch 0, S, (m?)

Volume of sand transported through branch 1, S, (m*)

Volume of sand transported through branch 2, S, (m’)

Ratio of Q, and Q,, Q,/Q,

Ratio of S, and S,, S,/S,

Ratio of Vg and V;, V/V, -

Error in percentage of sand balance

215
46.5
0.1047
40.917
19.931
20.985
0.0470
0.0655
-0.0067
0.0275
-0.0240
0.1115
0.0746
0.0415
0.949
1.795
0.064
4.14
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