I*l National Library
of Canada du Canada

Bibliothéque nationate

Canadian Theses Service Service des théses canadiennes

Ottawa, Canada
K1A ON4

NOTICE

The quality of this microform is heavily dependent upon the
quality of the original thesis submitted for microfilming.
Every effort has been Made to ensure the highest quality of
reproduction possible.

If pages are missing, contact the university which granted
the degree.

Some pages may have indistinct print especially if the
original pages were typed with a poor typewriter ribbon or
if the university sent us an inferior photocopy.

Reproduction infull or in part of this microform is governed
by the Canadian Copyright Act, R.S.C. 1970, c. C-30, and
subsequent amendments.

NL-339 (r. 88/04) ¢

AVIS

La qualité de cette microforme dépend grandement de la
qualité de la thése soumise au microfilmage. Nous avons
tout fait pour assurer une qualité supérieure de reproduc-
tion.

S'il manque des pages, veuillez communiquer avec
I'université qui a conféré le grade.

La qualité d'impression de certaines pages peut laisser &
désirer, surtout si les pages originales ont été dactylogra-
phiées a l'aide d'un ruban usé ou si l'université nous a fait
parvenir une photocopie de qualité inférieure.

L.a reproduction, méme partielle, de cette microforme est

soumise a la Loi canadienne sur le droit d'auteur, SRC
1970, c. C-30, et ses amendements subséquente

Canadi



Junction flow in open channels

Duc minh Tran

A Thesis

The Department
of
Civil Engineering

Presented in partial fuifillment of the Requirements
for the degree of Doctor of Philosophy at
Concordia University
Montréal, Québec, Canada

1988

© Duc minh Tran, 1988



i+l

National Library

of Canada du Canada

Canadian Theses Service

Ottawa, Canada
K1A ON4

The author has granted an irrevocable non-
exclusive licence allowing the National Library
of Canada to reproduce, loan, distribute or sell
copies of his/her thesis by any means and in any
form or format, making this thesis available to in-
terested persons.

The author retains ownership of the copyright
in his/her thesis. Neither the thesis nor substan-
tial extracts from it may be printed or otherwise
reproduced without his/her permission.

Bibliothéque nationale

Service des théses canadiennes

L'auteur a accordé une licence irrévocable et
non exclusive permettant a la Bibliothéque na-
tionale du Canada de reproduire, préter, dis-
tribuer ou vendre des copies de sa thése de
quelque maniére et sous quelque forme que ce
soit pour mettre des exemplaires de cette thése
a la disposition des personnes intéressées.

'auteur conserve la propriété du droit d'auteur
qui protége sa thése. Ni la thése ni des axiraits
substantiels de celle-ci ne doivent &tre imprimés
ou autrement reproduits sans son autorisation.

ISBN 0-315-49072-1

Canada



iii
ABSTRACT
Junction flow in open channels

Duc Minh Tran
Concordia University, 1988

Channel junctions are of considerable importance in the study of open channeis. The
complex patterns of fiow that result at the confluence of two streams are difficult to
analyse. Usually, one identifies two classes of flow configurations: combining flow and
dividing flow. In combining open channel flow, blockage at the junction denotes the rise
in the stage due to the effect of the lateral inflow from the branch channel. Blockage
phenomenon has been recognized and studied in the past. One serious difficulty
encountered in the earlier studies is related to the estimation of the momentum transfer from
the branch to the main channel. In the present study, an estimate of the transfer of lateral
momentum at rectangular channel junctions is provided on the basis of experimental data.
Using this estimation, a relationship between the depth of flow at the junction and the ratio
of the lateral discharge to the total discharge is derived on the basis of the momentum
principle. Another relationship related to blockage is also derived on the basis of the energy
principle. The verification of these relationships is made on the basis of experimental data
pertaining to present and past studies.

In the case of dividing open channel flow, the problem is more complicated, hence,
comprehensive analytical studies do not seem to exist. In previous studiies, the transfer of
momentum from the main channel to the branch channel was evaluated experimentally. In
the present study, this transfer is evaluated analytically and experimentally. Using this
evaluation , a relationship involving the discharge ratio, the Froude numbers in the main
channel upstream and downstream of the junction is derived on the basis of the momentum
principle. A similar relationship is also derived for open channel flow through floor
outlets. These relationships are validated by exprimental data. They could be used to
predict the division of flow at the branching point of open channel flows. Practical
applications of the above flows occur in the study of river hydraulics and also in the design
of open channel networks of treatment plants.
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CHAPTER 1

INTRODUCTION

Flow through an open channel junction is a phenomenon that involves numerious
variables , such as the angle of intersection , the width ratio of the adjoining channels , the
shape and slope of the channels , the directions and discharges of flow etc. Chow (1959)
stated : " The problem is so complicated that only a few simple and specific cases have
been studied . The conclusions of such studies indicate that generalization of the problem is
not possible or even desirable " .

Since then , using computers, attempts have been made to generalize the problem .
Advanced studies have given more useful information to the design of open channel
networks of drainage systems . Even though complete generalization is still not possible ,
models are being created and are applicable to both general and specific situations.

The characteristics of junction flows change drastically from combining flow to
dividing flow.

In combining flow, blockage at the junction denotes the rise in the stage due to the
effect of lateral inflow from the branch channel. This phenomenon was recognized and
studied by previous studies (Lin and Soong - 1979, Carballada - 1979). It is the most
important characteristic of combining flow. Comprehensive study of the blockage
phenomenon is necessary in the design of combining flow in open channel channel
networks.



In dividing flow, the phenomenon is almost inverse. The most important problem is
the division of flow at the junction. The discharge ratio , which is the independent variable
in the study of the blockage effect in combining flow, becomes the dependent variable in
the study of dividing flow.

Flow through transverse floor outlets is a special case of dividing flow . Its flow
pattern is simpler than those of branch channel junctions because of its stricly
two-dimensional characteristics. Study of flow through floor outlets or bottom racks have
direct applications in horizontal trash-racks of hydro power plants , in curb outlets of
strects (Brune, et al - 1975, Venkataraman - 1978, White, et al - 1972) and in general to
divert flow from one stream to another. An understanding of the flow behaviour over
bottom or floor outlets is very important for the proper design of such flow diversion
works . As mentioned in the previous studies (Nasser, et al - 1980, Ramamurthy and
Satish - 1986), the discharge through the outlet is the most important aspect of this
phenomenon.

In chapter II, some previous studies of combining flow, dividing flow and flow
through floor outlets are reviewed and discussed. The more important aspects of
combining flow, dividing flow and flow through floor outlets will be identified and
presented in chapter III, IV and V.



CHAPTER II

Review of literature

In this chapter, some previous studies of combining flow and dividing flow in open
channels are presented and discussed subsequently.

A) Taylor's investigation (1944)

A first comprehensive study of junction flow in open channels was provided by
Taylor. For subcritical flow passing through the channels at a junction, Taylor
investigated the specific cases shown in Fig. 1 . The channels are horizontal and of equal
widths . In the case of combining flow, the following assumptions were made:

1) The flow is from channels 1 and 2 into channel 3 ;

2) Channels 1 and 3 lie in a straight line ;

3) The flow is parallel to the channel walls, and the velocity is uniformly distributed
immediately above and below the junction ;

4) Ordinary wall friction is negligible in comparison to other forces involved ;

5) The depths in channels 1 and 2 are equal immediately above the junction ;

With these assumptions and by the application of the momentum equation to the junction in
the direction of 1 to 3, Taylor was able to obtain the following equation :



2 2
Rq(Ry' 1)

2 2
4Ryr2Rq- Rq (l1+cosO) + Ry- l]

B2
2
- (1)

- where Rg = Q/Q3, Ry=Y/Y3,Fj is Froude number in the branch channel, Y is

the depth above the junction , Y3 is the depth below the junction , and @ is the angle

between the merging channels.
Taking Rq as a parameter , Fo may be plotted against Ry for any given ©.

Equation (1) was verified by experiments on junctions with 0 = 45° and 135°, It was
found that the agreement between theory and experiment was good for 6 = 45°. There

was no agreement , however , for 0 = 1359, It was believed that this was because the
velocivy distribution below the junction was distorted and the flow did not remain parallel
to the channel walls . The experimental data showed clearly that assumption 5 above is
valid , regardless of the angle of intersection of the channels .

In the case of dividing flow, the problem can not easily be analyzed theoretically
because it involves some unknown quantities , and assumptions which might simplify the
determination of these quantities , such as assumption 5 for the combining flow , are not
available . Basically , the division of flow will depend upon the backwater effects of the
two branch channels and the dynamic conditions existing at the junction . For the specific
junction shown in Fig. 1, Taylor provided an experimental approach to the problem . His
correlation curves could be used to determine the division of flow of a given discharge

Qg assuming that the inflows to the branches are not controlled by gates but merely by the

characteristics of the junciion and the branches themselves .



B) Carballada's investigation (1979)

Carballada has investigated the general case of the combining flow phenomenon shown in
Fig. 2 . His mathematical model is based on the following assumptions :

1) Friction is negligible ;

2) Pressure distribution is hydrostatic ;

3) The depthin channels 1 and 2 are equal immediately above the junction ;
4) The flumes are horizontal and rectangular .

Unlike Taylor (1944), Carballada (1979) did consider the nonuniformity of the velocity
distribution in the formulation of the mathematical model related to junction flows .

With the above assumptions and by the application of the momentum equation to the
junction in the direction 3 (Fig. 2 ) , Carballada was able to obtain the following equation :

cos © 2 oose' 2
-R;-+(Rq-l) B’TB_ 2F3 = 0 (2)

3 2
R, - (142, F) R + [Rq;s2

where , Ry= Y,/Y3 , Rq= Q2/Q3 , Ryi3= by/b3,Ry3 =by/bg

Y,b, V,Q, b arerespectively flow depth, width of flume, mean velocity, discharge, mo-
mentum coefficient. Subcripts 1, 2, 3 denote the conditions at channels 1, 2, 3 (Fig. 2).



g is gravity acceleration. © and 6' are respectively the angles formec by channel 3
with channels 2and 1.

For a given geometrical configuration of the junction , the values of 6,6',Ry3,

Ry3 are known ; the dimensionless blockage Ry is a function of Fj, Rq and the

momentum coefficients B; , B, and Bj.

To obtain two dimensional design charts , the dimensionless blockage Ry is
considered as the dependent variable, the Froude number of the downstream channel F3
as the independent variable and the discharge ratio Rq as the group variable . Clearly, the
maximum value of Ry is of interest to the designer. Hence, selecting the maximum value
of Ry as the variable, yet another variable can be included in the graphical presentation of

the solution. Thus, the variation of the maximum value of Ry in terms of F3 can be

viewed with another group variable such as width ratio, B , B, and p.

By this method , Carballada was able to obtain the effect of any variable to his model .

The results indicate that B; and B, are not very sensitive to his model while [33 is a very

important parameter in the olockage phenomenon of combining flow . In fact , upstream of

the junction , the flow is nearly uniform and the momentum coefficients B; and B, can be

assumed as unity .



C) Law's investigation (1965)

Law studied analytically and experimentally the dividing flow phenomenon . Using the
energy principle, he neglected the energy losses caused by hydraulic jumps and diverging
flows . Using the momentum principle , he was able to obtain the following equations :

3
5
P c e, Q«n"
[l [Fa _ 'Y Ty (3)
IQ‘“ Fa 9£+4F
h Qy
and
F
Fy, = L - (3b)
7

-t

where F and Q are respectively the Froude number znd the discharge, ¢ is the
contraction coefficient ; subcripts d1 , d2 denote the conditions of flow in the main
channe! upstream and downstream of the junction ; subcript d3 denotes the conditions of
flow in the branch channel (Fig.5).

His analysis was based on two important assumptions :
1) The estimation of the force , acting across the dividing streamline , is based on the

average depth of Yy and Y4 ;

2) The flow depth ratio Y32/Y 41 in the main channel upstream and downstream of

the junction is assumed to be unity .



D) Satish’s investigation (1986)

D-1 Branch channel junction

Satish (1986) studied analytically and experimentally the dividing flow phenomenon.
He evaluated experimentally the transfer of momentum from the main channel to the branch
channel.

Using the momentum principle , he was able to obtain the following equation :

ERECTRM R O

where, F,Q,Y and subscripts dl,d2,d3 are as previously defined .
His analysis was based on two important assumptions :

1) The contraction coefficients given by conformal mapping of Mc Nown and Hsu
(1950) are applicable for branch channel junction ;

2) The existence of a critical section in the branch channel where the maximum
contraction occurs .

With these assumptions and Eq. 4 , he evaluated Qg43/Qq; and then Y4p/Yq4q in
terms of Fgy; . From this, he obtained the relationship between the Froude number Fy,
in the main channel downstream of the junction and the discharge ratio Q43/Qq; -

However , his model is valid only for F33 >0.35.



D-2 Flow through transverse floor outlets:

Based on the characteristics of lateral efflux from a two dimensional conduit
(Ramamurthy and Carballada - 1979,1980) and on the approximation by a polynomial fit
of the pressure coefficient correction , Satish was able to evaluate the discharge coefficient
through the floor outlet as the following :

Cy = 0611 + Cn2 + C,mf + Cyms )
where ,
F U
‘nf = { F, = £

L

’ f
‘/F?+2K gY

K is pressure correction coefficient ; Ug, , Yg , Fr are respectively velocity , depth ,

Froude number at section EE{ (Fig.7).

K could be evaluated by the polynomial fit equation :
2 3
L L L
K =1-035 -Y-c -0.95 [—Y-c-] + 0.90[ _Y:] (5b)

where, L is the length of the floor outlet, Y, is critical depth.
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E) Discussion of the previous studies .

1) Combining flow phenomenon :

Consider the case for which 8 = 90° . According to previous studies (Taylor-1944,
Carballada-1979) , the contribution of the lateral momentum to the main channel is :

PQVacos6=0

where, p is density of water and Qp, V2, 0 are as previously defined .

When the branch flow approaches the main chanrel , its direction changes gradually
and its flow pattern is similar to the flow pattern of curved channels . Consequently, there
will be some momentum contribution from the lateral channel flow to the main channel
flow. Failure to consider this lateral momentum contribution is an important omission in
the analysis of combining flow especially when the junction angle is not very small.

In the present study , for right angled junctions of rectangular channels , the pressure
forces on the walls of the branch channel were measured to ditectly obtain the magnitude
of the lateral momentum that is transferred to the main channe! . This transfer momentum

can be large compared to the branch ¢'annel momentum pQ;V, . Because of this , in the

formulation of the momentum equation for the analysis of junction flows , one must
include the contribution of lateral momentum transfer to get acceptable results .

In addition , in Taylor': study (1944), there was no agreement between theory and
experiment for the case where junction angle is 1359 . It was believed that this was
because the velocity distribution below the junction was distorted and the flow did not
remain parallel to the channel walls . The nonuniformity of the velocity distribution was
included in the mathematical model of Carballada (1979). According to the numerical
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analysis of this model , the momentum cocfficient in section 3 (Fig.2) is very sensitive
and one can not assume it to be unity . This analysis could be very useful in the estimation
of blockage for combining flow in open channels .

However , in the derivation of this model , Carballada neglected the difference of
pressures on the two walls of the branch channel . He also neglected the effect of the
energy coefficient of the flow below the junction . In fact , for the reasons stated in chapter
I11 (Combining flcw in open channels - section "Discussion of results"), this energy
coefficient is very sensitive to the biockage effect .

In the present study , the momentum transfer from the branch to the main channel and
the energy coefficient are included in the model to predict the blockage effect for combining
flow in open channels .

2) Dividing flow phenomenon .
2-1 Branch channel junction:

Based on experimental results , Taylor (1944) proposed a graphical method to predict
flow division . According to it , the inflows to the branches are not controlled by gates but
merely by the characteristics of the junction and the branches themselves and such an ideal
set of conditions could hardly occur in practice . Furthermore , this method involved the

measurement of flow denti Y43 in the branch channel where the flow pattern is very

complicated due to flow separation , recirculation , the formation of waves and hydraulic
jumps. This means that the measurement of Y43 was not very accurate . It should be

recalled that Y 43 is an important parameter in Taylor's graphical solution.

In the present model , the problem is studied analytically and experimentaliy , the flow
depth data is confined to sections where the flow is nearly uniform . Furthermore , the
present model accommodates common field structures in which the flows in the main
channel and the branch channel are regulated by controlled gates.
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Law (1965) studied the dividing flow phenomenon analytically and experimentally.
From his two basic assumptions mentioned previously about the evaluation of the
hydrostatic force acting across the dividing streamline and the ratio of flow depths in the
main channel upstream and downstream of the junction , one can apply the momentum
principle in the direction of the main channel axis for the control section ADCE (Fig.5)
and get the momentum transfer U from the main channel to the branch channel.
Accordingly,

U=20

In fact , in the present study , it will be shown later in chapter IV that :

U = 0.82de3 le

where p,Q ,dl, d3 are defined as previously ; V is the mean velocity .

Further , for supercritical flow in the approach channel , a hydraulic jump occurs at the
junction. Hence, the flow depth Y4y is much greater than Y4 . For subcritical flow in
the approach channel , the flow is diverted in the main channel right after the junction.

Hence , the flow depth Y 4 is in general greater than Y44 even for small values of the
discharge ratio Q43/Qqg1 - The ratio Y49/Y 41 can be much greater than unity for larger

discharge ratios Q43/Qq1 - In other words , one can not assume this ratio to be unity .

In the present study , it will be shown that the ratio of flow depths in the main channel
upstream and downstream of the junction is a very sensitive and important parameter in the
determination of the discharge ratio (chapter IV ) . This ratio should not be assumed as
unity .

Satish (1986) studied analytically and experimentally the dividing flow phenomenon .
In the estimation of the hydrostatic force acting across the dividing streamline , he assumed

the flow depth as the mean depth (Y41 + Yq2) /2 . In fact, along the dividing streamline ,
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the flow depth increases from Y4 to the total head Yq4(1 + Fd12 /2) atthe stagnation
point C (Fig.5).

Based on these assumptions and the momentum principle , Satish (1986) was able to
obtain a relationship between the discharge ratio and the Froude number in the main
channel downstream of the junction . His model is limited by the conditions of Froude

number in the branch channel (Fy3> 0.35).

In the present study , it will be shown that the Froude number in the approach channel
is an important parameter for the relationship between the discharge ratio and the Froude
number in the main channel downstream of the junction . In other words , the present
study is the general case where the flow conditions in the branch channel are not limited.

2-2 Flow through floor outlets :

One important parameter in Szdsh's study (1986) is the evaluation of the pressure
coefficient cericeuon K (Eq.5b) . From this equation , for a given discharge of flow
shrough transverse floo outlet , K will be a constant . In fact , if downstream conditions
change , obviously , upstream conditions will change except when the flow is supercritical;
hence , K will depend on downstream conditions . If the downstream gate is completely
closed , the discharge through the floor outlet will be the total discharge and K will change
drastically . In other words , Satish's study (1986) is good for the special case where the
channel is not controlled by an end gate but merely by the characteristics of the floor outlet
and the channel itself . In the present study , it will be shown later that the effect of
downstream conditions is an important factor which controls the discharge characteristics
of flow through the floor outlet .
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CHAPTER INI

Combining flow in open channels

HI-1 Introduction:

The first comprehensive study of combining flow in open channel was provided by
Taylor (1944). He studied the characteristics of flow at the junction of two horizontal
channels whose cross section was rectangular . He applied the momentum equation to the
analysis of combining flow and verified his predictions with experimental data for junction
angles of 45° and 135°. His theoretical predictions were good for the smaller junction
angle . However , there was no agreement for the junction angle of 135° . It was believed
that this was because the velocity distribution below the junction was distorted and the
flow did not remain parallel to the channel walls . In fact , according to the results of the
present study, this disagreement is related to the estimation of the momentum transfer from
the branch to the main channel .

The increase of the flow depth in the upstream channel caused by the branch channel
flow was studied by Carballada (1979). He tried to generalize the problem by developing a
mathematical model for the general case based on the momentum principle. He did
consider the velocity distribution effects.

An analytical solution based on complex variable theory has been obtained for the
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problem of combining flow by Modi et al (1981) and Webber (1966). Unfortunately ,
variations of parameters in the vertical direction could not be accommodated in the model
as the theoretical analysis was strictly two dimensional.

Using dye injection techniques, Best and Reid (1984) recently conducted experiments
to determine the maximum width of flow separation in the main channel at the section
downstream of the junction and stated that the theoretical predictions of Modi et al (1981)
overestimate the width of separation .

Other previous studies provided useful information in the study of combining flow in
open channels. Demuren and Rodi (1983) presented a three din.ensional numerical
mathematical model for calculating the near field of side discharges into open channel flow.
Lorah (1966) presented a study of hydraulic power losses associated with free surface,
subcritical , combining flow in a 90° junction box of circular pipes. Jamison and
Villemonte (1971) studied junction losses in laminar and transitional flows. Lin and
Soong (1979) studied junction losses in open channel combining flow. They stated that the
turbulent mixing loss could be of the same order of magnitude of the boundary friction
loss. Joy and Townsend (1981} studied the flow characteristics of a right angled open
channel junction and observed that the energy coefficient increases with an increase in the
discharge ratio or with a decrease in the width of the lateral channel.

As mentioned above , one serious difficulty encountered in th: previous studies
(Taylor-1944, Carballada-1979) is related to the estimation of the momentum transfer from
the branch to the main channel. This is the main reason for the disagreement between
theoretical prediction and experimental data for junction angle of 135° in Taylor's study
(1944). Taylor , himself , did recognize that failure to measure the pressure on the walls of
the branch channel or failure in the estimation of the momentum transfer from the branch to
the main channel constitutes an important omission .

In the present study , an estimate of the transfer of lateral momentum at rectangular
channel junctions is provided on the bLasis of experimental data . Using this estimation , a
relationship between depth ratio and discharge ratio is deiived based on the momentum
principle . Another relationship related to the blockage is derived on the basis of the
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energy principle. Here, blockage at the junction denotes the rise in the stage due to the
effect of lateral inflow from the branch channel . Experimental data from the present and
previous studies are provided to validate these relationships.

ITI-2 Theoretical Investigation

As mentioned in chapter I, flow through an open channel junction is a phenomenon
that involves numerous variables , such as the angles of intersection , the width ratios of
the adjoining channels , the shape and slope of the channels etc. In analyzing the problem ,
one has to adopt a simpler version of the phenomenon by designating some of the variables
to be more important than others .

In the present study , the specific case shown in Fig.3 is investigated . The channels
are rectangular , horizontal and are of equal width . The junction angle is 90° .

This case is chosen because of the following reasons :

a) wide channels in the field can be assumed as rectangular channels .

b) slopes of field channels are usually small .

c) junction angles in field channels are usually equal to or less than 90° . In the case
of right angled junction , the evaluation of the momentum transfer from the
branch channel to the main channel is critical because it was neglected in previous
studies (Taylor-1944, Carballada-1979).

Fig.3 shows the right angled junction for which Q,V,Y,F,b, a,B denote the
discharge, mean velocity , stage , Froude number , width , energy coefficient and
momentum coefficient of the flows . The subcripts 1 and 3 denote the conditions of flows
at the sections EF and HG in the main channel upstream and downstream of the junction.

The subcript 2 denotes the conditions of flow at section CB in the branch channel . Vz' is
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the resultant velocity of the branch flow turning and entering the main channel . § is the

angle formed by the resultant velocity V2' and the main channel axis . P, and Pgjare the

pressure forces on the walls CD and AB.

The following assumptions are made to study the combining flow problem :

1)

2)

3)

4)
5)

6)

The branch and main channels have the same rectangular section and are
horizontal.

The incoming flows Qq and Q are subcritical in the branch and the main
channels .

Based on the experimental data of the present and previous studies ( Taylor-1944,
Lin and Soong-1979), for the entrance sections BC and EF, one can assume
thatthe flow depths are equal and the flows are nearly uniform .

Boundary friction is negligible in the control volumes ABCD and EFGH .

The cross - sectional area at sections BC and AD are nearly equal such that the

mean axial velocity V9 of the flow in the branch channel is the same at AD and
BC.

Flow is not submerged right downstream of the junction (section HG) and the
flow at section HG is critical in the range 0.3Q,/Q for the reasons stated in
section III-2-2.

II-2-1 The transfer of lateral momentum at open channel junctions .

The importance of the transfer of lateral momentum at right angled junctions of closed
conduits has been recognized by many investigators in the past . For instance , McNown
(1954) introduced an unbalanced force term in the formulation of the momentum equation
for branching flows in closed conduits . In the study of manifolds , Bajura (1970) states
that the momentum balance for the flow in the main channel can not be achieved without
the inclusion of the lateral momentum term. He obtained a rough estimate of this term
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indirectly on the basis of experimental data . In open channel flows , Taylor (1544)
recognized that failure to measure the pressure on the walls of the branch channel

constitutes an important omission . In the present study, to directly obtain the magnitude of
the lateral momentum that is transferred to the main channel, the pressure forces on the
walls of the branch channel were measured.

Considering Fig.3, the stagnation point occurs near corner D and the flow separates
atcommer A (Modi et al -1981). Hence, near comer A, the flow velocity will have reached
a high value and this causes the water surface to be lower while near corner D, the velocity
of flow will have reached an extremely small value and this causes the water surface to be

higher. Consequently , P, will be larger than Py and one should expect a net transfer of

momentum from the branch to the main channel on the basis of the momentum principle.

Consider the control volume ABCD ( Fig.3 ) in the branch channel and apply the

momentum equation in the axial direction of the main channel to get the following balance
of forces :

pQ,V,cos8 = P, - P, (6)

where p is the density of water

From assumption 5 , it follows that :

vV, = -2 (7

Using Eq.6 in Eq.7 ,one gets:

V.
P-P = B&.ﬁ (8)
tan 8

Based on the studies made in an experimental facility (Fig.4), a relation between
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pQyVH/(P,-Pg) and Qy/Q; was obtained (Fig.9). For the range 0.35Q5/Q<1.5, this
relation can be described approximately by the following equation:

P Qz vz Qz
—_— . £ 9
Pu - Pd Ql )

Using Eqs.8 and 9, and further noting that Q5/Q; = V5/V; = F5/F; (assumptions 1

and 3), one gets :

Q2 v2 F2

From Eqgs.9 and 10,

Q
P, - P = pQV, = pQV, = Plelﬁf an
Or
F,
Pu - Pd = szvz-I?; (12)

Eq.11 indicates that the transfer of lateral momentum can be significant when the ratio
Q2/Q; is large. Clearly, inclusion of the lateral momentum transfer is essential for a proper

analysis of junction flows.

III-2-2 Blockage effect for combining flow in open channels :

In combining open channel flow , blockage at the junction denotes the rise in the stage
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due to effect of lateral inflow from the branch channel . For right angled sharped edged
junctions of rectangular channels , a relation between the ratio of flow depths upstream and
downstream of the junction and the ratic of the lateral discharge to the total discharge is
derived on the basis of the momentum principle . Using this relationship , one can predict
blockage for the main channel if the undisturbed flow conditions in the channels are
specified . Experimental data is provided to verify the stage predicted .

Considering the control volume EFGH (Fig.3) and applying the momenium equation
in the direction of the main channel axis , one gets :

1 2 1 2
FYBY, + BpQV, +pQV, = ZYbY; + BpQY, (13)

where b is width of the channels , v is specific weight of water, p is density of water

and pQ,Vy is momentum transfer from the branch to the main channel (Eq.11)

Noting that,
v = &— ’ V = _Q3_ ’
1 bY, 3T bY,
By =1 ( Assumption 3 ) and Y =pg

Using these relationships in Eq.13 and simplifying,

2

2Q 2p.Q
be+H)-Y’,—(Ql+Q2) = bY§+?§Y—3 (14)

1 3
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Further,

Vv Q.. /0
F. = — 3 _ = 313

3 \/gYJ% bY; e

and Q3 =Qy + Qy (continuity), from Eq.14,

2

2Q,Q F

Yf + 2' 3 = Y: + 2B3Y§_3
goY, e,

Simplifying Eq.15, one gets :

2
Y, 2 ¢ Fy
Y| f Y R = 1 +2B,—=
3 1 gb o
QaY—s g 3 3
Or
2, 20-RY F, 1 28,F,
y TR T T ¥
y o, o,

where Ry= Y Y3, Rq= Qy/Q3

Simplyfying ,

1P

F
R - (1+2ﬂ3—3.)Ry + —2(1-R) -
@ o,

(15)

(16)

(17)

(18)
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A contraction occurs in the main channel due to the separation of the lateral flow , and
this was studied by Best and Reid (1984), and Modi et al (1981). One should normally
expect the critical flow conditions to occur at the contracted section especially when the
contraction is severe. However , due to the curvilinear nature of the flow and the mixing
process associated with combining flow , the flow field is three dimensional and the flow
tends to regain its two dimensional nature only after it reattaches to the side wall of the

main channel at HG (Fig.3) . For Q5/Q120.3 a hydraulic jump was always observed in

the present tests just after section HG . This implied the existence of supercritical and
critical flow conditions just upstream of the jump.

Figs.11, 12, and 13 provide data related to typical velocity and depth measurements at
section HG. The results indeed confirmed the existence of critical conditions in the vicinity
of this section. The depth of flow at the critical section is :

1

3
2
@, Q
Y, = 2 3] (19)
2
gh |
Note that F3 =1 at the critical section HG, from Eq.18 ,
B 2(1-R))
Ry - (142=2)R + —L = 0 (20)
s %

The values of o5 and a3/B3 depend on many factors such as the rounding of the
corners at the junction , junction angle , discharge ratio etc... .According to Joy and
Townsend (1981), small modifications to the outlet geometry greatly affect the flow
conditions at the confluence. Hence, 05 and a3/ﬁ3 may change drastically. For a given

geometrical channel junction , one can assume that the discharge ratio is the main variable
(Joy and Townsend-1981). For right angled junctions of rectangular open channels when
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the width ratio is unity , Fig.14 shows the variation of the energy coefficient o3 and of
the ratio [33/a3 with the discharge ratio Rq=Q2/Q3 . Clearly, in the range 0.23 < Qp/Q3

£0.60, one notices a linear variation of o3 and Pj/03 with Rq .

Accordingly , for 0.23 < Q9/Q3 < 0.60,

o, = 125 + 0.5 Q, (21)
and

B, Q

— = 1 - 024 = 22

o Q (22

Incidentally , the data of Joy and Townsend (1981) for by/by=1/3 and 2/3 shown in

the insert of Fig.14 indicate that a3 increases approximately linearly with Rq in the

range 0.1 < Rq < 0.5 (Range of Joy and Townsend-1981).

The comparison of the present data with those of Joy and Townsend (1981) should be
made only on a qualitative basis as the dimensionless parameter X' denoting the location

of the measuring section (Fig.14) is also a secondary factor that determines 03 and B3.

Using Eqs.21 and 22 in Eq.20 and noting that Y3=Y_ at the critical section , one
gets the following expression for the dimensionless blockage Ry =Y1/Y3=Y/Y,.
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l-R(l

3
&j + (048 Rq- 3) Ry + 0635 1055 Rq

0 (23)

It may be recalled that Eq.19 yields Y, for given discharge Q. In other words ,
from Eqs.19 and 23, one can predict the flow depth Y just upstream of the junction for

given discharges Q9 and Q3.

Note that the downstream condition does not affect the characteristics of flow at the
junction because of the existence of the critical conditions at section HG (Fig.3).

However, when the flow is submerged , assumption 6 and Eqs.21 and 22 become

invalid, F3 is not equal to unity, and one should use Eq.18 to evaluate the dimensionless

blockage Ry . In this case , assuming 03, B4 as unity, Eq.18 becomes:
3
R)- (1+2F)R, + 2F5(1-R) = 0 (24)

Considering Rq as an independent variable , Ry as a dependent variable and Fj
as a group variable, one can draw the variation of Ry in terms of Rq and F3 .Fig.16
shows the variation of Ry as a function of Rq with F3 as a group parameter . From this
figure , when Fjis equal to 0.2, Ry will vary from 1 to 1.04 . In other words , in the
case of submerged flows where F3it _atively small, the blockage effect is negligible .

In fact , when the flow is submerged (caused by the downstream gate), the flow depth
increases drastically but the effect of combining flow on blockage is negligible .
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1II-2-3 Alternate approach to study blockage effects for combining flow in open channels :

For combining flow at right angled junctions ( Fig.3) , according to the ideal fluid
flow model of Modi et al (1981), a stagnation point could occur at D or at a location
along DC or DE. In particular , according to them, stagnation of flow occurs at D only

when discharge ratio Q2/Q3=0.618 or Qy/ Q = 1.618 . In real flows, discontinuity of

the boundary can lead to the separation of flow . As the flows from the branch channel and
the main channel approach the comer D, they encounter an adverse pressure gradient and
this can lead to flow separation from the side walls DC and DE just ahead of the corner
D. In other words , a stagnation zone occurs in the vicinity of comer D.

Lin and Soong (1979) did recognize that the side channel flow introduces a significant
effect on the water surface profile in the main channel and hence, the blockage
phenomenon can not be neglected in the design of combining flow junctions. Blockage can

be represented by the depth of water at the stagnation zone or the total head at the junction .

Considering the total heads at sections EF and CB ( Fig.3):

E, = Y, + = (25)

2

V2
E Y Vr (26)
In subcritical flow, downstream conditions affect the surface profile of the upstream flow .
In other words , E; and E, are dependent on the junction conditions. The average total

head Ey at the junction zone will be nearly equal to the stagnation depth near corner D :

E, = Y (20
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where, Y is the depth of water at stagnation zone.

From sections CB and EF to th= junction , both flow cross sections corresponding to Q;

and Q, are contracted. Hence , neglecting the power losses in the contracting zones, one

gets,
'YEJ Q3 = YEI Ql + YEZ Q2 (28)
Or
Q Q
Ys = EJ = { 63- + 2 63' (29)

For a long reach downstream of the junction in the main channel, Lin and Soong
(1979) divided the junction losses in two components : the turbulent mixing and the
boundary friction . They stated that these two components of energy losses are of the
same order of magnitude. In fact, this mixing loss includes the dominant portion of the
loss caused by hydraulic jump just downstream of section HG (assumption 6) . Further,
one also notes that the flow accelerates from the junction zone to section HG which is just
upstream of the hydraulic jump. Hence , in the present study , while seeking an
approximate solution , o:*.. can neglect the mixing loss from the junction to section HG.

Considering Fig.3 and applying energy equation between the junction and section
HG , one gets :

v2

C
E, = Y. + a3-2—g + h (30)

where, Y,V , 0 are respectively water depth , velocity , energy coefficient at critical
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section HG; hy is energy loss from D to HG . In Eq.30, the value of hy depends on

many factors such as roughness of the channels , junction angle , width ratio of the
channels , discharge ratio and Reynolds number of the flow.

The total losses h; includes the mixing loss (hy,) and friction loss (hg) from the junction to

section HG.

As mentioned earlier , the mixing loss h, is negligible . One notes that h¢ is Reynolds
number (R,) dependent and hence, hy decreases drastically with increasing values of R, .
Figs.17and 18, and Tables 4 and 5 show that h¢ decreases drastically when Reynolds

number R, increases . In field channels, where R, is very large, one can expect hg

between the junction and section HG to be insignificant. Hence, from Eq.30, one can
formulate the following approximate relationship:

EJ = 1.5 YC (31
Or
Y E
] J
- = == = 15 (32)
YC YC

It may be recalled that Eq.19 yields Y, for given discharges Q7 and Qg . Therefore
Eq.32 can be used to predict the blockage phenomenon in combining flow .

III-2-4 Generalization of the problem :

Flow through a channel junction is a complicated phenomenon that involves numerous
variables and generalization of the problem is not possible or even desirable (Chow,1959).
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However , with the use of computer to solve enginecering problems , Carballada (1979)
could generalize the problem of combining flow . Based on his model ( Eq.2), he
provided the design charts to predict the blockage effect for combining open channel flow .
From the results of the present study , one should include in his model the transfer of
lateral momentum and the proper value of the energy coefficient at the section downstream
of the junction for more precise results. According to the experimental data of the present
and previous studies (Joy and Townsend-1981) , this energy coefficient could be very

high (aq = 2 ) and could not be assumed as unity. Further, the transfer of lateral

momentum and the energy coefficient depend on numerous variables such as the junction
angle , the shape and slope of the channels , the rounding of the corners at the junction, the
ratio of the channel widths and could be estimated only on the basis of the experimental
data .

Considering Eqs.31 and 32 , the dimensionless blockage is constant i.e. it does not

depend on any variable . However , in the evaluation of Y, , the energy coefficient o3 isa

significant variable. The effects of the numerous variables such as the junction angle , the
shape and slope of the channels , the rounding of the corners at the junction , the ratio of

channel widths etc... could be replaced by their effects on the energy coefficient at section
HG (Fig3).

According to Joy and Townsend (1981) the energy coefficient o increases with

an increase in the discharge ratio or with a decrease in the width ratio . The accurate

evaluation of the energy coefficient o3 at the critical section HG (Fig.3) in any specific

case will yield the accurate prediction of blockage for combining open channel flow .

In the case where the junction angle is much greater than 90°, the energy loss from the
junction to section HG can not be neglected. Fortunaiely , in field channels, the junction
angle is usually smaller or equal 90°.

Eq.32 is based on the existence of the critical section HG (Fig.3) which depends on
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many factors : junction angle , width ratio , discharge ratio etc... . However , the blockage
phenomenon is only important when the combining flow is severely contracted i.e. only
when the critical section exists in the region downstream of the junction.

In any specific case one could approximate the energy coefficient a4 based on the

study of Joy and Townsend (1981) and then use Eqgs.19 and 32 to predict blockage in
combining open channel flow.
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III-3 Experimental facility

Fig.4 shows the experimental set up for combining flow . The main channel was
0.248 m wideand 6.10 m long . The branch channel was 0.245m wide and 1.30m
long and the junction angle was 90°. The channels were made of smooth stainless steel
plates. The discrepancy of the widths between the main and the branch channel is of the
order 1%.The edges of the junction were sharp . The flumes were 0.48 m deep and a large
number of 1.6 mm diameter wall static taps were provided at 40 mm horizontal intervals
and 50 mm vertical intervals along the walls AB and CD . Near the corners A and D ,
the tap intervals were even closer . These taps were connected to an inclined manometer
bank which had an inclination of 1:6 . The inclined manometer bank could register wall
pressures to the nearest 0.16 mm of the water depth . The discharges from the channels
were measured with standard V-notches . The point gages, used to measure the water
levels in the channels and the V-notch tanks could be read to the nearest 0.3 mm . The
V-notches were constructed in accordance with ASME standards . For the low range of
discharges (0.0028 m3/s to 0.0084 m3/s ) an independent gravimetric method of
determining the flow rate was used for comparison . The ASME calibration curves (
adjusted to account for tank dimensions ) indicated that the deviation of the flow rate was
less than 3% . The total head and the static head were measured with standard pitot tubes
3mm in diameter. Baffles and screens were used in the upstream sections of the channels
to ensure the flow to be free from large scale turbulence in the channel reaches upstream of
the junction.



31

II-4 DISCUSSION OF RESULTS

II-4-1 The transfer of lateral momentum at open channel junctions :

Considering Fig.3, the pressure forces P, and P4 on the side walls of the branch

channel were calculated using the integration of the wall pressure recorded on the inclined
manometer bank. The pressure distribution was hydrostatic along the wall CD and nearly
hydrostatic along the wall BA . Table 1 shows results related to the momentum transfer
corresponding to the range of discharge ratio covered by the tests . The data of Table 1 is
used to plot Fig. 9 which indicates the variation of the dimensionless form of lateral

momentum p Qy Vo /(P -Pyq) with the discharge ratio Q;/Qj . Clearly, in the range
03< Qy/Qq <15 ,the variation of pQy V5 /(P - Pg) with Qy/Q; can be closely
approximated by a straight line whose slope is unity . The data in Table 1 and Fig.9

indicate that the contribution of lateral momentum p Q, V to the main flow at right

angled junction can be large compared to the branch channel momentum p Q, V5 . Hence

, in the formulation of the momentum equation for the analysis of junction flows , one
must include the contribution of lateral momentum transfer to get acceptable predictions of
flow behaviour.

I1I-4-2 Blockage effects for combining flow at open channels (momentum relationship) :

Tables 2 and 3 indicate that the maximum deviation of the measured stages from the
predicted values ( Eqs. 19 and 23 ) is generally limited to 3% and 5% . This validates
the relationship between the dimensionless blockage and the discharge ratio ( Eq.23) .
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Fig.15 shows the experimental data related to Y /Y, of the present tests and “ose of

Lin and Soong (1979) plotted as a function of Qo / Q3.

For Lin's data, Y was measured at a distance of 1.6 meter from the junction .
Hence , a minor correction was applied to reduce the value of the total head to conform
with the present data recorded at section EF ( Fig.3).This minor correction was of the

order of 1% in the value of Y. It was computed by assuming the roughness coefficient
n tobe 0.01 .

The solid line in Fig.15 denotes Eq.23 . The dashed lined in Fig.15 denotes 1 :e &
5% bands. The two dark circles in Fig.15 are associated with the largest deviations from
the predicted trend . They correspond to the smallest discharges reported by Lin and
Soong (1979). Generally test data associated with very low discharge tend to be less

accurate . One should also note that the ratio Qy/ Q5 for these tests are close to the limits
of applicability of Eq.23 . Lastly , the Reynolds number R, =VR /v associated with

these two tests are relatively small : 25* 103 (Table 3). Here,v denotes the kinematic
viscosity of water, R is the hydraulic radius of the channel . Tables 2 and 3  shows that
for larger R, , the errors in the prediction of blockage are relatively smaller as one would

expect . As such , it may be added that the prediction of blockage will be more accurate in
the field channel where the Reynolds number will be very large .

The conditions for existence of the critical section at HG depend on many variables
such as discharge ratio , Froude number of flow in the main channel at section EF (
Fig.3) , junction angle, junction energy loss , channel slopes etc... . However , the
discharge ratio is the most important variable . It controls the contraction of the flow in the

main channel to a large extent . When the ratio Qp / Qy is very small (say Q2/Q; <0.3),
the existence of critical condition is doubtful and Egs.19 and 23 could be invalid .

Fortunately, the phenomenon of blockage has practical importance only for larger
discharge ratios .
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II1-4-3 Alternate approach to study blockage effects for combining open channel flow:

In the case of right angled junctions, for given discharges Qj and Q3 , Eq.19 yields

the critical depth . From Eq.32, one can predict the water depth of the stagnation zone in
the vicinity of the junction . Test variables were chosen to avoid very low Reynolds
numbers, for which boundary friction effects are significant even for short reaches;
because in practical applications, one seldom encounters very low Reynolds numbers.

Table 6 and Fig. 19 show the variation of experimental values of blockage (present
study ) in terms of the discharge ratio. There is a fair agreement between these values and
Eq.32. Table 7 and Fig. 20 show the variation of experimental values of blockage (Lin and
Soong -1979) in terms of the discharge ratio. The agreement of these values with Eq.32
seems to be acceptable.

In the general case, "flow through a channel junction is a complicated phenomenon
that involves numerous variables and generalization of the problems is not possible or even
desirable"(Chow-1959). However, in the present model (Eqs.19 and 32), numerous
variables are reduced to only one : the energy coefficient at section HG.

The accuracy of ihe prediction of the blockage Ys depends on the evaluation of the

energy coefficient a3 which is not easy to measure with high accuracy . Fortunately,
according to Egs. 19 and 32 the critical depth Y, and the blockage Y vary with the one
third power of the energy coefficient . In other words , inherent errors associated in the

evaluation of a3 for more complex junction flow will result in acceptable prediction of

blockage.
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I1-4-4 Generalization of th problem:

Carballada (1979) tried to generalize the combining flow problem . In this study , the
momentum transfer from the branch channel to the main channel was neglected and the
energy coefficient o3 was assumed to be unity. In the present study, this momentum

transfer is evaluated by the direct measurement of pressure forces on the walls of the
branch channel . Unfortunately , this transfer will change with the geometrical
configurations of the junction ; hence , one can not include this transfer in Carballada's
mathematical model in the generalization of the problem.

Applying the mathematical model of Carballada (Eq.2) to the present physical model

where 6=90°, 6'=0°, Ry3=1, Ry3=1; one gets:

R) - (1+2B,F)R, + 2FK(1-R)? = 0 (33)

Comparing the two Eqgs. 13 and 33, and noting that B3 is very significant in Eq.33
(Carballada,1979); one can conclude that the ratio B3/oc3 of Eq.18 is a very significant

variable for the present model. In other words, the energy coefficient a is also very

sensitive to the blockage phenomenon. According to experimental data of the present study
and of previous studies (Joy and Townsend-1981), this coefficient could be much greater
than unity and hence, it should be included in the proper analysis of junction flows.

Comparing the two different cases namely Eq.33 and Eq.18, one can conclude that
the lateral momentum transfer can not be neglected. These equations are derived for the
specific case where the junction angle is 90°. Obviously, if the junction angle is much
smaller than 90° , the effect of the momentum transfer will be negligible. This fact explains
the agreement between theoretical predictions and experimental data of Taylor's study in
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the case where the junction angle is equal to 45° . In the case where the junction angle is
greater than 909, clearly , the effect of the momentum transfer will increase drastically .
That is the main reason for the disagreement between theoretical predictions and
experimental data of Taylor's study in the case where the junction angle is equal to 135°.
It was believed earlier that this disagreement was solely caused by the nonuniformity of the
velocity distribution downstream of the junction .
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HOI-5 Conclusions and applications :

For right angled junctions of rectangular open channels of equal width related to
combination of flows , the magnitude of the momentum transferred from the branch flow
to the main flow can be estimated on the basis of the measurement of pressure forces on

the walls of the branch channel . For 0.235RqSO.6, and critical flow at the downstreem

branch, the lateral momentum transfer is linearly proportional to the discharge in the
branch channel and to the mean velocity in the main channel . Inclusion of the lateral
momentum transfer is essential for a proper analysis of junction flows .

The prediction of water depth just upstream of the junction is important in river
engineering and in the design of open channel networks of treatment plants and drainage

systems . Eq.23 provides information related to the dimensionless depth rise Y /Y, for

the range of discharge ratio 0.35Q,/Q<s1.5 in right angled junction of rectangular open
channels . The proposed relationship between Y (/Y. and Qy/Qj is validated by

experimental data of present and previous studies .

Eq.32 provides an estimate of the water depth in the stagnation zone at the corner
upstream of the junction. For right angled junction of rectangular open channels , the

proposed relationship between Ygand Y, is validated by experimental data of present

and previous studies .

In the general case, the application of the momentum principle relies on the
approximation of the momentum transfer from the branch channel to the main channel .
The accuracy of the prediction of the blockage phenomenon may be limited by this
approximation . However, in field flows, the junction angle is usually equal or smaller
than 900; hence, Eq.11 will give an upper bound of the momentum transfer.
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One can also use the energy principle to predict this blockage, provided the

experimental values of @3 can be obtained. Further , the prediction of blockage is

expected to be reasonable even though the estiation of a4 has limited accuracy .
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CHAPTER 1V

Dividing flow in open channels
(Branch channel junction)

IV-1 Introduction :

The study of the division of flows in open channels has a direct application in the
design of water and waste water treatment plants and open channel networks of irrigation
and drainage systems. In dividing flow,the flow at the junction is characterized by a large
number of variables and features like flow separation,recirculation in the branch and wave
formation in both the main and the branch channel. Furthermore,depending on the
downstream conditions in the main and the branch channel,the flow in the junction may be
subcritical or supercritical . Hence, comprehensive analytical studies related to dividing
flow in open channels do not seem to exist.

Taylor (1944) studied the problern of dividing flow by analyzing experimental data
and proposed a graphical solution for the specific case of right angled junctions . The
application of his study is limited, since he assumed that the inflows to the branches are not
controlled by gates but are merely governed by the characteristics of the junction and the
branches themselves.In other words,it is admittedly a very special case, as such an ideal
set of conditions could hardly be expected to occur in practice. Grace and Priest (1958)
presented experimental results for different width ratios of the branch with the main
channel and classified dividing flow into two regimes based on the existence of surface
waves. Conformal transformation techniques have been used to solve analytically the
problem of the branch channel (Milne Thomson - 1949 ; Murota - 1958 ; Tanaka - 1957) .
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However,the assumption of flow depth being constant in all channels makes it unrealistic
for use in practice.

Some earlier investigators (Krishnappa and Seetharamiah - 1963 ; Pattabhiramiah -
1960 ; Pattabhiramiah and Rajaratnam - 1966 ; Rajaratnam -1967 ) also studied dividing
flow where the branch flow was treated as flow through a side weir of zero sill height to
obtain an experimental coefficient. Hager (1983) proposed a simplified model to evaluate
loss coefficients for flow through the branch channel.

Law and Reynolds (1966) conducted both analytical and experimental investigations to
study dividing flow. In this study , unfortunately , the ratio of the depths in the main

channel upstream (Y 41) and downstream (Y 49) of the junction was assumed to be unity .
In fact , in general Y 4 is greater than Y4 even for simall values of the discharge ratio
Qg3/ Qq; - Here, Qg3 is the branch channel discharge and Qg is the discharge in the
approach channel . The ratio Y49/Y4; can be much greater than unity for larger ratios

Qq3/Qq - Further, in their study , the reported values of Y 35 were less than Y4 in a
very large number of tests . This indicates the possible influence of the drawdown on the

measurement of de .

Recently , Ramamurthy and Satish (1987) ,and Satish (1986) have studied the
dividing flow problem in open channels with short branches . Their studies were limited to
the case where the Froude number in the branch channel is greater than 0.35 , which
ensures unsubmerged flow conditions at the entrance to the branch .

In the present study, the solution to the general case of dividing flow through right
angled junctions is obtained for all branch flow conditions . To this end , the discharge

ratio Qq2/Qq is expressed in teriis of the Froude number F4; and the depth ratio

Y41/Y g2- Alternatively , the discharge ratio can be expressed in terms of the Froude

numbers in the main channel upstream and downstream of the junction. The study is based
on the transfer of momentum from the main channel to the branch channel . Data from the
present and previous studies are used to verify the model .



IV-2 Theoretical investigation :

As mentioned in chapter I, flow through an open channel junction is a phenomenon
that involves numerious variables , such as the angles of intersection , the width ratios of
the adjoining channels , the shape and slope of the channels etc. In analyzing the problem ,
one has to adopt a simpler version of the phenomenon by designating some of the variables
to be more important than others . In the present study , the specific case shown in Fig.5
is investigated. The channels have the same rectangular section and are horizontal . The
junction angle is equal to 90°. This case is chosen because of the following reasons :

a) wide channels in the field are usually assumed as rectangular channels ;

b) the slopes of real channels are usually small ;

¢) this case was chosen in previous studies (Law-1965, Sridharan-1966) whose
experimental data can be used as independent checks for the present model ;

Fig.5 shows a right angled junction in which Q, V , Y, F are respectively
discharge , mean velocity , flow depth and Froude number ; subcripts d1 , d2,d3 denote
the conditions of flow at sections AB , GF , HK ; PEC is the dividing streamline , w is

the width of both channels , EB = wj and EA = w3 . The direction Ex is parallel to the

main channel axis .
The following assumptions are made to study the dividing flow phenomenon :

1) The main and branch channels have the same rectangular section and are
horizontal;

2) Theincoming flow Qg is suhcritical ;

3) The flows at sections AB , GFand HK are nearly uniform ; hence,
Qq41/w=Qq2/W2=Qq43/w3. The momentum coefficients at these sections are close

to unity ;
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4) Friction loss in section ADCE and the energy loss along the streamline EC are

negligible .

5) For the dividing streamline PEC (Fig.5) , the stagnation point is at C ; the depth
Y, atan indefinitely small section ds , varies from Yq; at E to Yqq(1+F4;2/2)

at C. This variation is assumed to follow a very simple curvilinear relation such

as:

Y=Yy +az? (34)
whereaisa constant and z is the distance fromds to Ex .

IV-2-1 Momentum transfer from the main to the branch channel :

For the control section ADCE in Fig.5 , the application of the momentum equation in
the direction Ex yields the following relation :

C
1 1
U = 3yw\rz] +pQgV, - Iiszdscosw (35)
E

where U is the unknown magnitude of the momentum transfer from the main to the

branch channel , p is density of water, v is specific weight of water , y is the angle

between ds and the branch channel axis .

From assumption 5, it follows that,

FY, ,

Y = Y, + dldlz

2
2w3

(36)

Using Eq.36 in Eq.35, and noting that dz =ds cos y (Fig.5),
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¢ 2y, ]
1 1 2
U= 5ywYg + pQyVy - -z-jy Ym+-;‘-'-7‘“z dz (37)
0 W3

Simplifying the above expression after integration and noting that :

2
YW3Y:1F<11 = PQpVy
one gets ,
5 Fi
U=pQsValg-75) (38)

Alternatively ,Eq.38 can be written in the following form :

U = kpQy3 Va1 (39

where, k denotes the momentum transfer coefficient,

5 F<2n
k = 30 (39-a)

Eqs.38 and 39 denote the momentum transfer from the main to the branch channel in the
direction of the main channel axis.
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IV-2-2 Momentum relationship:
Applying the momentumn equation to section ABGF in the direction x (Fig.5), one gets :
1 1
FIWYg + PQyVy = U + pQuVy + 5YWYy (40)

Noting that :

2
PQyVy = 'wacznr'za » PQpVyp = 7WY¢22Fdz » U = kpQuyVy

and simplifying ,
Y 2 Y 2 Qp
2| + 2| |ty = 1o+ 2R @1)
Yo ) Qu
Further , one notes that ,
2 2
F. R
Fi = _‘%ﬁ (42)
Ry

where : Rgq= Qd2/Q4d1 » Rdy= Yd2/Ydi

Using Egs.41 and 42, and noting that Q43/ Qq; = 1- qu ,

2 2
2F2[1-k(1-R,)] 2FAR
L + di d = 1 + d_4 43)
R R R
¥ y &



Simplifying,
2F2 R? 1+2F3(1-x(1-R. )| R R 0
dld]- + dl( '('q» dy+ & - (44)
where,
2
k-3 la
6 40

Hence, qu can be expressed directly in terms of Fy; and Rdy

From Eq.44,
1-R 1 s R 1-R2
- & 4 2 2 . 2 ! -
o F, + 6+6R"‘l E‘:-yl F, + —2-1 = 0 45)
Hence, F4; can be expressed in terms of qu and Rdy (Fig.21).
Altematively , from Eqgs.41 and 42, one gets :
4 4 4
3 3.3
_fa Fa Rag (46)
2
1+2F, 1+ 2Fy[1-k(1-Ry]

Hence ,Rgqq can expressed directly in terms of Fy; and Fgy (Fig.31).
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IV-2.3 Generalization of the problem.

Flow through a channel junction is a complicated phenomenon that involves numerous
variables; hence , the generalization of the problem does not seem exist .

When the junction angle 0 , the width ratio Ry, and the other geometrical

configurations change, the transfer of momentum from the main to the branch channel

(U=k p Qq3V41) will change: i.e. the momentum transfer coefficient (k) is a function

of these variables . In other words , the applications of hydraulic theory to the problem
encounters limitations and a model study will give the best solution for the flow
characteristics involved .

However , with a given geometry of channel junction , one can determine k for the

prescribed conditions. For example , in the present study, since 0 < Fy; <1, using

Eq.39-a, onecan obtain the approximation: k= 0.82 £ 0.01 or k = 0.82

Figs. 21 to 26 show the variation of Froude number F in terms of discharge ratio
qu with depth ratio Rdy as a group variable, for different values of k. Figs. 27 to 32
show the variation of discharge ratio qu in terms of Froude number Fg4y with Froude

number Fg; as a group variable, for different values of k.



IV-3 Experimental facility

The main and the branch channels were 25.4 cm wide and 43.2 cm deep.The
channels were horizontal and made of polished stainless steel plates (Fig. 6). The junction
angle was 90 degree and its edges were sharp. A large number of 1.6 mm diameter wall
static taps were provided at 40 mm horizontal intervals and 50 mm vertical intervals along
the walls KD and HC (Fig. 6). Near the corner C and D, the tap intervals were even
closer . These taps were connected to an inclined manometer bank which had an inclination
of 1:6. Baffles and screens were used in the upstream sections of the channels to ensure

the flow to be free from large scale turbulence in the channel reaches upstream of the
junction.

The measurement techniques used in the study of dividing flow are the same
techniques described in Chapter III, page 28.
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IV-4 Discussion of results:

IV-4-1 Momentum transfer from the main to the branch channel .

Using experimental data ,two independent methods are used to check the validity of
Eqgs. 38 and 39:

1) Anestimate of the lateral momentum transfer U in Eq.40 can be obtained by direct
measurement of the other variables related to the main channel only .

2) Alternatively , applying the momentum equation in direction x to the branch
channel section CDKH in Fig.5 , the momentum transfer from the main to the

branch channel will be:

U=P, _P 47)

where, Py is the pressure force on the wall CH and Py is the pressure force on the

wall DK.

These pressure forces can be calculated using the integration of the recorded wall
pressures.

Experimental data from the present study and from previous studies (Satish-1986)
indicate that there is a fair agreement between the measured values of U (Eqgs.40 and 47)
and the predicted ones (Eq.38) .

IV-4-2 Momentum relationship:

Based on experimental results, Taylor (1944) proposed a graphical solution for
dividing flow in a very special case where the inflows to the branches are not controlled by
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gates but merely by the characteristics of the junction and the branches
themselves.Furthermore , the flow pattern of the branch channel is very complicated due to
flow separation, recirculation , the formation of waves and hydraulic jump . Hence , the

measurement of the flow depth in the branch channel Y 43 is not very accurate. It should be
recalled that ,for the problem of dividing flow , Y43 is an important parameter in Taylor's
graphical solution .

On the other hand, in the present study , the measurement of depth is confined to

sections AB and GF where the flow is nearly uniform when Fyq; is not very large . It is
conceded that the accuracy of Y 4 is considerably affected when the flow at section FG
tends to be non-uniform . Such situations occur for Fgq > 0.75 . Consequently , test data

for which F 31> 0.75 was not included for verifying the proposed model .

The limit of Fy; prescribed in the above analysis is quite high to include most

practical situations. Furthermore , the present model accommodates common field
structures in which the flow in the main and the branch channel are regulated by control
gates . Lastly , the present analysis requires only two depth measurements compared to
three depth measurements in Taylor's experimental study . Figs.21 to 26 show the
dependence of discharge ratio on Froude number and depth ratio .

One also notes that the flow depth right after the junction increases in the main
channel and decreases in the branch channel . In other words , the flow depth in the main
channel , right after the junction , is the highest depth of flow at the dividing flow

phenomenon . For a given discharge ratio and Froude number Fy; ; using Eq.44, onc
can evaluate the depth ratio and hence , the highest flow depth Y4, near the junction .
Table 8 shows the results of the present tests . One notes a fair agreement between the
measured depth Y y9 and the predicted one. Tables ¢ and 10 compare the data of previous

studies (Sridharan-1966; Law-1965) with the proposed model . The agreement seems to be
reasonable .
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IV-4-3 Generalization of the problem.

In the case of right angled junction, the momentum transfer coefficient:

82

5
k=% -

can be approximated as 0.82 (section IV-2-3). This is verified by the experimental data of
present and previous studies (Satish-1986).

In the general case, the momentum transfer coefficient k will be a function of
numerous variables, such as the junction angle, the channel width ratio, and other
geometrical configurations.

For any specific case, one should evaluate the value of the momentum transfer
coefficient k.

Figs. 21 to 26 show the variation of Froude number Fg in terms of discharge ratio

qu with depth ratio Rdy as a group variable. Each figure corespond with a specific volue

of k (assuming k varies from 0.1 to 0.9).

Figs.27 to 32 show the variation of discharge ratio qu in terms of Froude number

Fgp with Froude number Fg; as a group variable. Each figure correspond with a specific

value of k (assuming k varies from 0.1 to 0.9). These figures represent the effects of
downstream conditions on discharge ratio or on the division of flow in open channels.
They can be used to generalize the model of previous studies (Ramamurthy and
Satish,1987; Satish,1986).
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IV-§ Conclusions and applications:

For dividing flow in rectangular open channels, a theoretical model was developed to
relate the discharge ratio Qg /Qq; with the Froude number F4; and the depth ratio

Yq2/Y4) . For 0<Fy41<0.75 the model is validated by experimental data . The proposed

method is more useful and practical than Taylor's method because it accommodates the
existence of control gates and it does not require the measurement of flow depths in the
branch channei where the flow is extremely complicated .

Alternatively, the model can relate the discharge ratio with the Froude numbers in the
main channel, upstream and downstream of the junction.In other words, the downstream
effects are incorporated in the present model. Hence, the present case has much wider
applications than the previous studies (Ramamurthy and Satish - 1987 ; and Satish -
1986), since there are no restriction to the nature of flow in the branch channel .

Figs. 21 to 32 can be used as design charts in the study of dividing flow in open
channels.
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Chapter V

Open channel flow through transverse floor outlets

V-1 Introduction :

Study of subcritical flow through floor outlets or bottom racks in rectangular open
channels have direct applications in horizontal trash-racks of hydro power plants , in curb
outlets of streets (Townsend-1984) and in stream diversion works. An understanding of
the flow behaviour over bottom racks or floor outlets is very important for the proper
design of such flow diversion structures.

Design charts for multiple outlets (Townsend,R.D.,-1984 ; Metcalf and Eddy
Inc.-1972) have been developed based on experimental results . Nasser et al (1980)
proposed an expression for the discharge through a single tranverse floor outlet located in
an open channel, disregarding the effect of the ratio of the outlet width to the flow depth on
the outflow. In a recent study (Ramamurthy and Satish-1986) , this effect was
incorporated in the expression for the diverted discharge on the basis of an existing
hydrodynamic model (Mc Nown and Hsu -1950) for the lateral efflux from a two
dimensional conduit . In these studies (Nasser et al-1980,Ramamurthy and Satish-1986) ,
the downstream conditions consisted of a free overfall at the end of the channel . In a more
general situation , the downstream depth will be the normal depth for the downsiream
channel which could vary over a wide range and hence affect the outflow . Alternatively ,
one may come across an artificial control such as an end gate which may also drastically
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increase the diverted discharge . Hence , to solve the general problem of flow through
floor outlets , the downstream conditions are incorporated in the present model while
deriving an expression for the outflow. Experimental data are provided to verify the model.
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V-2 Theoretical consideration :

Fig.7 shows a rectangular floor outlet in an open channel through which part of the
approach flow is diverted. Let Q,V,Y and F denote respectively the discharge , mean
velocity , water depth and Froude number of the flows . The subscripts 01 and 02 denote

the conditions of flows at section AB and CD. Qg and V¢ denote respectively the

discharge and mean velocity at section GH . L and b are respectively the length of the

outlet and the width of the channel . ¢ is the angle between V¢ and the channel axis .

The following assumptions are made to study open channel flow through a transverse
floor outlet :
1) The channel is rectangular and horizontal ; the outlet edges are sharp .
2) Boundary friction is neglegible in the control volume ABDC .
3) The flows are nearly uniform at sections AB and CD which are far away from
the zone of disturbance.

4) The incoming flow Qg is subcritical .

Considering the control volume EKHG and applying the momentum equation in
direction x , one gets :

U, = pQVicosd 48)

where , Us is the momentum transfer in the axial direction of the main flow through the

outlet, p is the density of water.
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According to previous studies (Nasser et al -1980; Venkataraman-1977), the
following approximation is valid :

Vecosd =V, 49)

Hence, the momentum Ug transferred through the outlet is:

U = PQVy (50)

Considering the control volume ABCD in Fig.7 and applying the momentum equation
in the direction x, one gets another independent relation which involves Uy:

1 2 1
FYbYg + pQuVy = Up+ m¥bYg + pQg Vg (51)

where 7 is specific weight of water; p,b,Yq, , Qp; . Vo; » U, Ygp, Qga s Vi are
defined as above .

Noting that :
PQy Vg = Ybyfu thn (52)
and

PQQVe = 'Ybyfnptzn (53)



55

Using Eqs.50,52, 53 in Eq.51 and simplifying ,

2 2
Y Y Q
o o] o2 _ 2
[-?;] + 2 [ql FO] I 1 --Q—o-l-] = 1 + 2 FOZ (54)
Further,
F2 R
an = _‘”_3_‘3 (55)
Ry
where Roq =Qq2/Qp1 » Roy = Y02 /Y01 -
Noting that Qf/ Qg =(1 - Roq) and using Eqs.54 and 55,
4 4 4
3 3 .3
Foy _ Fy R 6
2
1+2F, 1 +2FyR,
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V-3- Experimental fadlity and procedure:

The channel was 25.4 cm wide and 12.19 m long . It was rectangular , horizontal and
made of polished stainless steel plates (Fig.8) . Transverse rectangular slots fixed in the
channel floor were made from machined plexiglass sheets . The edges of the floor outlet
were sharp . Two different outlet lengths (1.27 cm and 2.54 cm) were used . Baffles and
screens were used in the upstream sections of the channels to ensure the flow to be free
from large scale turbulence in the channel reaches upstream of the floor outlet .

The measurement techniques used in the study of open channel flow through floor
outlets are the same techniques described in Chapter III, page 28.

In each test, values of YOI*YOZ'QOI and Q02 were determined. These in turn yielded
Fo1,F02.Us rRoq (Tables 11,12,13,14).
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V-4-Discussion and application of results

An estimate of the experimental value of Ug, the momentum transfer in the axial

direction of the main flow was obtained by direct measurement of the variables in Eq.51
which are related to the main channel only . Both the experimental values (Eq.51) and the

theoretical values of Ug (EqQ.50) are shown in Tables 11 and 12 . The agreement between

the two values seem to validate the proposed model .

Tables 13 and 14 show the experimentally determined variation of the discharge ratio
Roq as a function of the Froude number Fy, and the approach channel Froude number

Fy;. The tables also indicate the theoretical values of Roq for given values of F, and

Fo1 (Eq.56) . The resuits shown provide a verification of the proposed model for the
variation of Roq with Fy,; and F,.
Fig.42 show the variation of Froude number Fy, in terms of discharge ratio R

oq with

Froude number F,; as a group variable. In other words, the outlet conditions do affect the

downstream conditions of the channel.

Fig.33 was developed using Eq.56 . It shows the dependence of Roq on Fj;, with

Fy, as the group variable. Fig.33 can be used in the design of floor outlets in the general
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case where the channel is controlled by an end gate .

The results find direct applications in the design of engineering structures such as
horizontal trash-racks of hydro power plants and curb outlets of streets . New application
may also be found in the design of open channel networks of water and waste water
treatment plant . According to Benefield et al (1984), " in water and waste water treatment
plants , open channels rather than manifolds are often used to distribute incoming flow to
parallel treatment units , such as aeration tanks , sedimentation basins , filters and
flocculation basins " . Such systems employ short open channels in conjunction with
additional flow controlling devices (Benefield et al -1984) .

In a practical situation, the characteristics of the approach flow like Q,, and F, are
known. The designer chooses a specified villue of Qo2 and Roq=Q02/Q01 , for desired
flow diversion, and determines the value of F, using Fig.33 . Further, F, and Q, yield

Y. Finally, for a control device like an end gate, the rating curve can be used to obtain
the required gate opening.
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V-Conclusions :

Based on the momentum principle , the momentum transfer in the axial direction of the
main flow through floor outlets in a rectangular channel can be evaluated . Further, a
relationship between discharge ratio and Froude numbers upstream and downstream of the
outlet can be derived.

This relationship represents the effects of downstream conditions on the discharge
characteristics of the outlet . The results are useful in the design of floor outlets in the
general case where the downstream channel depth is altered by a controlling device or
when the downstream channel is very long . Experimental data appear to validate the
proposed model.



CHAPTER VI

Conclusions and Scope for further study

This chapter summarises the highlights of the present study related to junction flows in
open channels.

VI-1 Junction flows in open channels:
VI-1-1 Combining flow:

In the application of the momentum principle, inclusion of the lateral momentum
transfer from the branch channel to the main channel is essential for a proper analysis of
combining flow in open channels.

The prediction of blockage phenomenon in combining flow is verified by experimental
data of the present and previous studies.

VI-1-2 Dividing flow:

In the case of dividing flow, the transfer of momentum from the main channel to the
branch channel can be evaluated theoretically and experimentally. Hence, the division of
flow can be evaluated in terms of the Froude numbers in the main channel, upstream and
downstream of the junction. This theoretical relationship is derived on the basis of the
momentum principle and is verified by experimental data of the present and previous
studies.
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VI-1-3 Flow through transverse floor outlets:

Open channel flow through transverse floor outlets is a special case of dividing flow.
In this case, the momentum transfer coefficient is equal to unity.

VI-2 Scope for further study:

The direct determination of momentum transfer in open channels has a great
application for combining flow as well as dividing flow and flow through transverse floor
outlets. It can be considered as a new method in the analysis of junction flows.

Significant studies have been done in the past to understand the behavior of junction
flows in closed conduits (Bajura,1970,1976; Mc Nown,1950,1954) which involved the
concept of the momentum transfer. The present method of direct determination of
momentum transfer can also be used in the study of combining flow and dividing flow in
closed conduits. One can expect similar momentum relationships to predict flow behaviors
at junctions.
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Fig.1 Simple channel junctions
a) Combining flow
b) Dividing flow
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Fig.2 A channel junction
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with depth ratio (Rdy) as a group variable
Momentum transfer coefficient k = 0.82
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Momentum transfer coefficientk = 0.1
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with depth ratio (Rdy) as a group variable
Momentum transfer coefficient k = 0.3
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Momentum transfer coefficientk = 0.5
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Momentum transfer coefficient k = 0.9
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Fig.27 Variation of discharge ratio (Q43/Qq;) in terms of Froude number Fy9

with Froude number Fq; ac a group variable
Momentum transfer coefficient k = 0.82
(1) Fg1=02

(2) F41=03
(3) Fq =04
(4) Fg; =05
(5) F41=0.6
(6) Fg1=0.7
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Fig.28 Variation of discharge ratio (Q43/Qq1) in terms of Froude number F 4,

with Froude number Fg; as a group variable

Momentum transfer coefficient k = 0.1
(1) Fg; =02

(2) Fg =03
(3) Fqp = 0.4
(4) Fg; =05
(5) Fg1=0.6
(6) Fygy =07
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Fig.29 Variation of discharge ratio (Q43/Qq1) in terms of Froude number Fy9

with Froude number F; as a group variable
Momentum transfer coefficientk = 0.3
(1) Fq1 =0.2

(2) Fq1 =03
(3) Fqp =04
4) Fqy =05
(5) Fq1=0.6
(6) Fq; =0.7
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Fig.30 Variation of discharge ratio (Q43/Qq) in terms of Froude number Fyp

with Froude number Fg as a group variable

Momentum transfer coefficient k = 0.5
(1) F4; =02

(2) Fgy =03
(3) Fqp =04
(4) Fgy =05
(5) Fq; =06
(6) Fgq =0.7
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Fig.31 Variation of discharge ratio (Q43/Qq1) in terms of Froude number Fyy

with Froude number Fg as a group variable

Momentum transfer coefficientk = 0.7
(1) gy = 0.2

(2) Fq; =03
(3) Fq; =04
(4) Fq; =05
(5) Fq; =0.6
(6) Fqp =0.7
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Fig.32 Variation of discharge ratio (Qq3/Qq) in terms of Froude number Fy,

with Froude number F, as a group variable

Momentum transfer coefficientk = 0.9
(1) Fg; =02

(2) Fg =03
(3) Fygy = 0.4
(4) Fg =05
(5) Fg, =06
(6) Fg1 =07
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Fig.33 Variation of discharge ratio (Qf/Qq1) in terms of Froude number Fp

with Froude number F as a group variable

Momentum transfer coefficientk = 1.0
(1) Fg;=0.2

(2) Fp =03
(3) Fg=0.4
(4) Fg; =05
(5) Fgy=0.6
(6) Fg;=0.7
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Table 1: Variation of dimensionless lateral momentum pQ,Vo/(P,-Py)
in terms of discharge ratio Qp/Q; in combining flow

Present data

Test No Discharge ratio Lateral Momentum
% r & Yy
o
1 Pu P q

1 14 .26

2 32 41

3 37 67

4 .56 .62

5 .58 .59

6 74 74

7 .84 .99

8 92 1.15

9 1.13 .89

10 1.19 1.36

11 1.24 1.20

12 1.49 1.30

13 1.78 1.39

14 2.11 1.38
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Table 2 : Comparison of predicted and measured stages in combining flow

Present data
F‘q Qa Yc Y1e Hy Y R e Y1é Y
m3/s cm cm cm (1 0-3 ) 0.01 Y1e
(measured) (predicted] %
24 .0235 10.77 15.79 1.46 15.70 46 0.5
27 .0106 6.38 9.69 1.47 9.35 26 3.5
.36 .0200. 9.80 14.57 1.49 14.62 40 -0.3
37 0277 12.21 17.98 1.49 18.24 50 -14
43 .0306 13.11 19.54 1.51 19.77 53 -1.2
45 0129 7.39 11.06 1.51 11.19 30 -1.2
46 .0322 13.62 20.12 1.52 20.64 55 -26
48 .0242 11.30 16.89 1.52 17.18 47 -1.7
53 .0161 8.66 13.26 1.53 13.25 34 0.1
54 .0268 12.16 18.26 1.53 18.63 48 -2.0
55 0198 9.96 14.81 1.53 15.26 40 -3.0
85 0171 9.03 13.41 1.83 13.85 36 -3.2
55 0285, 12.71 18.90 1.53 19.50 50 -3.2
60 0185 955 14.60 1.54 14.72 38 -0.9




Table 3 : Comparison of predicted and measured stages in combining flow

Data of Lin and Soong (1979)
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Rq Q3 Yc Y1e Y1e F(y Y1 Re Y'1e 1
m3/s cm cm cm cm |(10 3) 0.01 Y1e
(meas.] (corr.) (predic.) %
.23 0148 5.26 8171 S.i3| 145 7.65 25 | 58
25 0151 £.35 845| 841 | 146 | 7.6 25 | 7.1
.26 0153 | 5.40 854 | 850| 146 | 7.91 26 | 7.0
.29 .0160 5.49 875 | 671 | 1.47 8.23 27 | 56
.32 .0170 5.84 9.15| 9.12| 1.48 8.65 28 | 5.2
35 .0176 5.99 9.33| 9.30| 1.49 8.93 29 4.0
37 .)181 6.12 9.57 | 9.54{ 1.50 9.15 29 4.1
.38 A'186 6.24 9.70 | 9.67 | 1.50 9.35 30 3.4
41 0190 6.35 10.03 | 10.01 | 1.50 9.56 31 45
41 0192 | 6.40 10.06 | 10.04 | 1.50 | 9.63 31 4.1
44 .0198 6.55 10.15 | 10.13 | 1.51 9.90 32 | 22
45 .0208 | 6.78 10.40 | 10.38 | 1.51 | 10.26 33 1.1
47 0215 | 6.95 10.67 | 10.65 | 1.52 | 10.54 34 1.0
49 0226 7.20 10.98 | 10.96 | 1.52 | 10.95 35 | 0.1
.50 0227 | 7.23 1113 1111 ] 152 | 11.01 35 | 09
52 0235 | 7.41 1140 | 11.38 | 153 | 11.32 36 | 05
53 0239 7.50 11.59 { 1157 | 153 | 11.48 37 | 08
.55 0253 | 7.81 11.83 | 11.82 | 153 | 11.98 39 |-14
56 0261 7.98 1213 {1212 | 1.54 | 12.25 40 |-1.1
.58 0265 | 8.08 12.32 1 12.31 | 1.54 | 12.43 40 |-1.0
23 0185 | 6.11 9.24 | 9.99 | 145 | 8.88 30 | 34
.26 0195 | 6.35 9.63] 959 | 147 | 9.30 32 ] 3.0
29 0204 | 6.57 9.97 | 9.93 | 1.48 | 9.67 33 | 26
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Table 3 (continued)
Rq 03 Yc Y1 e Y1 e Ry Y1 F‘e 3 Y1e Y1
m3/s cm cm cm cm (10°) 0.01 Y1e
[+)
(measu.)| (correct.) (predict.) v
31 0210 6.71 10.15 1011 | 1.48 9.93 33 1.8
33 | .0215 6.83 10.34 1030 |148 |10.145 | 34 15
35 | .0225 7.06 10.61 1058 149 1052 |35 0.5
37 | .0230 7.18 10.92 1089 [150 |10.74 |36 1.4
39 | .0237 7.34 11.16 11.13 |1.50 [11.02 |37 1.0
41 0245 7.53 11.37 11.34 |150 |11.32 | 38 0.2
43 | .0255 1.75 11.74 11.71 | 1.51 1169 | 39 0.2
46 | .0267 8.01 12.01 11.99 152 [1215 | 40 1.4
25 | .0242 7.32 10.88 1083 (146 |10.70 | 38 1.2
25 | .0241 7.30 10.76 10.71 |1.46 |10.67 | 38 0.4
26 | .0247 7.43 11.19 1114 |146 |10.88 | 38 2.4
28 | .0253 7.57 11.28 1124 (147 11113 |39 0.9
30 | .0258 7.69 11.52 1148 148 |11.35 |40 1.1
32 | .0266 7.87 11.77 1173 |148 1166 |41 0.6
33 | .0272 7.99 11.98 1194 1148 |11.87 |41 0.6
35 | .0281 8.19 12.38 1235 149 11220 | 42 1.2




Table 4 : Variation of Energy loss in terms of Reynolds number (combining flow)
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-

Present data
Ftq Q3 Yc Y1 Y2 Ej R e Energy
losses
m3/s cm cm cm cm (1 0—3 )
(Eq.19) %
24 0235 10.77 15.79 15.9 16.6 46 2.7
27 0106 6.38 9.69 0.8 10.1 26 54
.36 .0200. 9.80 14.57 14.7 15.1 40 2.6
37 .0277 12.21 17.98 18.2 18.7 50 1.7
43 .0306 13.11 19.54 19.5 20.1 53 1.8
45 0129 7.39 11.06 11.2 11.4 30 2.5
46 0322 13.62 20.12 20.3 20.7 55 1.2
.48 .0242 11.30 16.89 16.9 17.3 47 2.1
53 0161 8.56 13.26 13.3 13.6 34 4.3
54 .0268 12.16 18.26 18.2 18.7 48 2.3
55 .0198 9.96 14.81 14.7 15.1 40 1.0
55 0171 9.03 13.41 13.3 13.7 36 0.9
55 .0285. 12.71 18.90 18.9 19.4 50 1.5
.60 0185 9.55 14.60 14.5 14.9 38 3.8




Table § : Variation of Energy loss in terms of Reynolds number (combining flow)

Data of Lin and Soong (1979)
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Rq :?3 Yc Y 1 Y2 Ej Re Energy
m/s cm cm cm cm (1 63 loss
(Eq19) %
15 0134 4.9 7.6 75 8.0 23 8.9
A7 0136 4.9 7.8 7.7 8.2 23 9.7
.20 0142 5.1 7.9 7.9 8.3 24 7.8
23 .0148 5.3 8.1 8.0 8.5 25 6.8
25 0151 5.3 8.4 8.3 8.7 25 7.9
.26 .0153 5.4 8.5 8.4 8.8 26 8.0
.29 0160 5.6 8.7 8.7 9.0 27 6.9
32 .0170 5.8 9.1 9.0 9.4 28 6.6
.35 0176 6.0 9.3 9.2 9.5 29 58
37 0181 6.1 9.5 94 9.8 29 6.0
.38 .0186 6.2 9.7 9.6 9.9 30 56
41 .0190 6.4 10.0 9.9 10.2 31 6.7
41 0192 6.4 10.0 9.9 10.2 31 6.3
44 .0198 6.6 1C 1 10.0 10.3 32 4.9
.45 .0208 6.8 10.4 10.3 10.6 33 3.9
47 0215 6.9 10.6 10.5 10.8 34 4.0
49 .0226 7.2 11.0 10.8 1.1 35 3.0
50 0227 7.2 11.1 11.0 1.3 35 4.0
52 .0235 7.4 114 11.2 11.6 36 38
53 .0239 7.5 116 11.4 11.7 37 4.1
55 0253 7.8 11.8 11.6 12.0 39 2.3
56 0261 8.0 121 11.9 12.3 40 25
58 .0265 8.1 12.3 12.0 12.5 40 2.8




Table 5 (continued)
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Rq 23 Yc Y ] Y2 Ej Re Energy
m/s cm cm cmi cm -3 loss
(107) %
(o]
15 0170 5.7 8.6 8.6 9.2 28 6.9
.16 0173 5.8 8.8 8.7 9.3 29 7.0
20 0180 6.0 0.1 9.0 9.6 29 6.3
23 .0185 6.1 9.2 9.1 9.6 30 4.8
.26 0195 6.3 9.6 9.5 10.0 32 4.5
.29 .0204 6.6 9.9 9.8 10.3 33 4.3
31 0210 6.7 10.1 10.1 10.5 33 3.8
33 0215 6.8 10.3 10.2 10.6 34 3.6
35 0225 7.1 10.6 10.5 10.9 35 2.9
37 .0230 7.2 10.9 10.8 11.2 36 3.7
.39 .0237 7.3 11.1 11.0 11.4 37 3.3
41 0245 7.5 11.3 11.3 11.6 38 2.9
43 .0255 7.7 11.7 11.6 12.0 39 2.8
46 .0267 8.0 12.0 11.9 12.2 40 18
g1 .0205 6.4 9.4 9.4 10.2 33 5.2
12 0208 6.5 9.6 9.6 10.4 33 5.9
14 0211 6.6 9.8 9.7 10.5 34 5.6
16 0216 6.7 10.0 10.0 10.7 34 58
19 0225 6.9 10.3 10.3 10.9 36 5.0
22 0233 71 10.5 10.5 11.1 37 3.9
.25 0242 7.3 10.8 10.8 11.3 38 3.1
25 0241 7.3 10.7 10.6 11.2 38 2.3
.26 .0247 7.4 111 11.1 11.6 38 4.0
.28 .0253 7.6 11.2 1.2 11.7 39 2.9
30 .0258 7.7 11.5 11.4 11.9 40 3.1
.32 .0266 7.9 11.7 11.6 12.1 41 2.7
33 0272 8.0 11.9 11.9 12.3 41 2.8
35 .0281 8.2 12.3 12.2 12.7 42 3.3




Table 6 : Variation of blockage in terms of discharge ratio (combining flow)
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Present data

Rq Q:3 Yc Y1 Y2 Ej R 0 El

m3/s cm cm cm cm R 0-3 ) YC
24 .0235 10.77 15.79 15.9 16.6 46 1.537
27 .0106 6.38 9.69 9.8 10.1 26 not appl.
.36 .0200. 9.80 14.57 14.7 15.1 40 1.541
37 .0277 12.21 17.98 18.2 18.7 50 1.533
43 .0306 13.11 19.54 19.5 20.1 53 1534
45 0129 7.39 11.06 11.2 11.4 30 1.541
46 .0322 13.62 20.12 20.3 20.7 55 1.522
A48 .0242 11.30 16.89 16.9 173 47 1.531
53 .0161 8.66 13.26 13.3 13.6 34 1.563
54 .0268 12.16 18.26 18.2 18.7 48 1533
55 .0198 9.96 14.81 14.7 15.1 40 1510
55 0171 9.03 13.41 13.3 13.7 36 1.522
55 .0285. 12.71 18.90 18.9 19.4 50 1.528
.60 .0185 9.55 14.60 14.5 14.9 38 1.552
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Table 7 : Variation of blockage in terms of discharge ratio (combining flow)
Data of Lin and Soong (1979)

For data where Rq<0.23 or Re<33000, the model is not applicable

Rq ?3 YC Y 1 Y2 Ej Re Ej
m/s cm cm cm cm (103) Yc
15 0134 4.9 76 75 8.0 23 na.
A7 0136 49 7. 7.7 8.2 23 na.
20 0142 5.1 79 7.9 8.3 24 n.a.
23 0148 5.3 8.1 8.0 85 25 n.a.
25 0151 5.3 8.4 8.3 S.7 25 n.a.
.26 0153 5.4 8.5 8.4 8.8 26 n.a.
29 0160 5.6 8.7 8.7 9.0 27 n.a.
32 0170 5.8 9.1 8.0 G4 28 n.a.
35 0176 6.0 9.3 9.2 95 29 na.
37 0181 6.1 9.5 9.4 9.8 29 na.
3¢ 0186 6.2 9.7 9.6 9.9 30 na.
41 .0190 6.4 10.0 8.9 10.2 31 na.
41 0192 6.4 10.0 9.9 10.2 31 na.
44 0198 6.6 10.1 10.0 10.3 32 na.
45 0208 6.8 10.4 10.3 10.6 33 1.559
47 0215 6.9 10.6 10.5 10.8 34 1.565
49 0226 7.2 11.0 10.8 1.1 35 1.542
50 0227 7.2 11.1 11.0 113 35 1.569
52 0235 7.4 11.4 11.2 1.6 36 1.568
53 0239 7.5 1.6 11.4 11.7 37 1.560
55 0253 7.8 11.8 11.6 12.0 39 1.538
56 0261 8.0 12.1 11.9 123 40 1.538
58 0265 8.1 12.3 12.0 12.5 40 1.543




Table 7 (continied)

111

Rq 23 YC Y1 Y2 Ej Re Ej
m/s cm cm cm cm (103) Yc
15 0170 57 8.6 8.6 9.2 28 na
16 0173 5.8 8.8 8.7 9.3 29 n.a.
20 0180 6.0 91 9.0 9.6 29 na.
23 0185 6.1 9.2 9.1 9.6 30 na.
.26 0195 6.3 9.6 95 10.0 32 n.a.
.29 0204 6.6 9.9 9.8 10.3 33 1.561
31 0210 6.7 10.1 10.1 10.5 33 1.567
33 0215 6.8 10.3 10.2 10.6 34 1.559
.35 0225 7.1 10.6 10.5 10.9 35 1.535
37 0230 7.2 10.9 10.8 11.2 36 1.556
39 0237 7.3 11.1 11.0 11.4 37 1.562
41 0245 7.5 11.3 11.3 11.6 38 1.547
43 0255 7.7 11.7 11.6 12.0 39 1.558
46 0267 8.0 12.0 11.9 12.2 40 1.525
A1 .0205 6.4 9.4 9.4 10.2 33 na.
12 .0208 6.5 9.6 9.6 10.4 33 na.
14 0211 6.6 9.8 9.7 10.5 34 na.
16 0216 6.7 10.0 10.0 10.7 34 na.
19 0225 6.9 10.3 10.3 10.9 36 na.
22 0233 71 10.5 10.5 11.1 37 na.
25 0242 7.3 10.8 10.8 11.3 38 1.548
25 0241 7.3 10.7 10.6 11.2 38 1.534
.26 0247 7.4 11.1 11.1 11.6 38 1.568
.28 0253 7.6 1.2 11.2 11.7 39 1.539
.30 0258 7.7 11.5 11.4 11.9 40 1.545
32 0266 7.9 1.7 11.6 i2.1 41 1.632
.33 0272 8.0 11.9 11.9 12.3 41 1.538
.35 .0281 8.2 12.3 12.2 12.7 42 1.549

n.a. : not applicable
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Table 8 : Comparison of experimental data of Y 49 and the predicted ones (dividing flow)

Present data
R o Yd1 Fd1 Yd2 M|y 42 (ft) | Discrepancy

ft redicted) (measured) %
15 254 48 .270 268 1
16 258 47 274 272 1
.25 .289 .39 .303 304 0
.36 .308 36 .321 320 0
40 331 32 .343 340 1
50 .353 29 .363 361 -1
.57 372 27 .380 380 0
65 .390 25 .397 395 r
72 405 24 411 410 0
.84 430 22 433 430 -1
.53 468 94 613 624 2
.48 481 .92 .623 617 -1
43 493 .89 627 620 -1
42 570 71 669 665 -
40 .588 .67 .678 682 1

Note : 1 ft = 0.305 meter
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Table 9 : Comparison of experimental data of Yq4- and the predicted ones (dividing flow-Eq.44)
Data of Sridharan (1966)

R Y a1 F ” Yaoth | Ygolft) Discrepancy
dq ft (predicted] (measured] %
.380 124 57 138 147 6
277 .158 A48 170 174 3
472 .134 .65 .163 175 12
354 176 57 195 .206 5
525 .146 75 175 .180 3
207 .199 .50 213 221 3
413 .1589 .70 .186 .190 2
.253 .207 .56 227 237 4
486 .182 .68 211 215 2
500 179 75 214 221 3
313 .209 .60 233 241 3
377 222 .61 .250 .260 4
152 .254 51 272 .285 5
454 .207 .69 241 .249 3
257 254 57 .280 .289 3
318 .262 .59 292 .298 2
183 .287 51 .308 316 2
.756 .186 .98 242 .239 -1
392 .268 .65 306 313 2
372 372 .66 304 318 5
077 326 48 343 .360 5
423 .264 74 313 .326 4
.184 .326 .54 .353 .363 3
.222 .381 .53 413 420 2
528 302 76 361 358 | .q

Note : 1 ft = 0.305 meter
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Table 10 : Comparison of experimental data of Y4, and the predicted ones (dividing flow-Eq.44)
Data of Law (1965)

R Y F (f) |Y,, (f) Discrepancy
dq ftd1 di p‘redicted nq%asured %

.60 271 .16 273 274 0
13 .231 .20 .233 235 1
.58 .189 27 .193 194 0
16 147 .39 153 154 1
.70 102 .68 116 a11 -4
.94 234 .25 ..235 .235 0
.59 .194 .33 .201 205 2
.26 .154 43 .163 162 -1
.22 .241 .24 245 245 0
57 .284 A7 287 287 0
.94 319 .16 320 321 0
.57 .368 RK! .370 371 0
.22 326 .16 .328 330 0
.28 336 .18 340 339 0
.58 .380 15 383 382 0
.89 331 19 332 332 0
.59 .293 .22 297 288 0
.28 .249 .28 .255 256 0
.33 163 54 A79 A76 -1
.62 .205 .38 214 215 0
.93 .241 30 .243 244 0
g7 124 .82 .148 155 4
.88 257 33 .261 261 0
.62 .222 41 234 263 11
.36 179 57 .198 .196 -1
73 152 38 .158 .158 0
.62 144 A1 .151 1561 0
.52 134 45 143 142 -1
43 124 .52 .135 133 -2
.35 115 57 .128 126 -1
.51 102 .68 .118 115 -3
.58 120 54 .131 122 -8
.66 119 55 .130 129 -1
A7 .130 48 137 136 -1
.86 .139 44 .143 .143 0

Note : 1 ft = 0.305 meter
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R Y F Y, (ft) lY,, (ft) |Discrepancy
dq ftd1 di bredicted %ggsured %
90 117 .56 122 .120 -2
.80 107 .65 118 115 -2
74 .099 74 115 110 -4
.89 102 71 J11 107 -4
.86 127 .61 .136 130 -5
.03 135 57 .139 135 -3
81 149 48 .156 .154 -1
72 141 52 152 .149 -2
65 130 .59 144 142 -2
57 122 .65 139 .130 -7
51 113 73 134 134 0
.09 204 49 215 217 1
.16 195 .53 210 210 0
.23 185 57 .203 .204 1
31 187 .56 .206 194 -6
.38 .166 .67 191 .185 -3
48 159 71 .187 178 -5
.08 221 47 .232 .233 0
12 211 49 224 225 1
17 .201 54 217 219 1
24 193 .58 213 210 -1
.32 .184 .62 207 .204 -2
40 176 .69 .205 194 -6
51 .108 .68 125 121 -4
62 104 73 122 113 -8
41 135 .67 .156 152 -3
71 165 .70 .189 .170 -11
48 .169 73 .200 .193 -4

Note : 1 ft = 0.305 meter
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Table 11 : Verification of the momentum transfer through
the transverse floor outlet
(outlet length = 1.27 cm = 0.5 inch)

Yo Yoo Q,, Q. e>l<Jf U, ﬂDlscrepancy
(ft) (ft) (cfs) (cfs) P bredict | (%)
(Ie)
(Ib)
.153 .165 .166 .126 .096 101 -5
.160 172 .166 114 Jd21 126 -3
.231 237 .164 .099 101 107 -5
.241 .246 .164 .097 107 106 +1
.654 .656 .301 .284 134 125 +6
.282 292 294 .226 A57 165 -5
.206 224 .296 .239 .195 191 +2
302 32 487 417 247 .263 -6
401 411 .484 397 .256 .245 +5
.681 .685 483 366 .200 193 +4

Note : 1 ft = 0.305 meter
11b = 4.45 Newtons
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Table 12 : Verification of the momentum transfer through
the transverse floor outlet
(outlet length = 2.54 cm = 1.0 inch)

Ym Y02 Qm 002 (meaL;fur ) (predil:{ed) Pecrerancs
(ft) (ft) (cfs) (cfs) (Ib) (Ib) %)
134 147 138 072 154 .158 +3
157 175 193 114 ..226 .228 +1
172 195 248 157 319 .305 -4
.188 219 297 194 361 376 +4
210 243 347 237 407 424 +4
223 .264 407 .286 494 517 +5
244 287 460 331 537 .566 +5
.260 .305 509 376 581 .607 +5
272 319 545 405 621 .651 +5
.288 335 594 450 686 .693 +1

Note : 1 ft =0.305 meter
11b = 4.45 Newtons
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Table 13 : Verification of the momentum relationship
of flow through transverse floor outlet
(outlet length = 1.27 cm = 0.5 inch)

Roq F 01 F 02 Roq Discrepancy
Exp. Exp. Bxp. predicted %
.759 .587 .398 .755 -1
687 .549 .338 683 -1
.604 313 182 603 0
591 .293 168 592 0
944 120 113 943 0
769 415 303 767 0
.807 .670 477 .809 0
.856 .621 483 853 -1
.820 .403 319 823 0
.758 182 137 .760 0
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Table 14 : Verification of the momentum relationship
of flow through transverse floor outlet
(outlet length = 2.54 cm = 1.0 inch)

Roq Fo1 Foo Roq Discrepancy
(exp.) (exp.) (exp.) | predicted (%)
522 .595 270 518 -1
591 .656 329 .589 0
.633 736 .386 640 +1
653 7N 400 646 -1
.683 .763 419 678 -1
.703 818 446 694 -1
.720 .807 455 711 -1
739 812 472 732 -1
.743 813 476 137 -1
.758 813 491 756 0
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APPENDIX IV- PRACTICAL APPLICATION

Example 1:

Determine the rise of flow depths for combining open channel flows at right angled
junction, given discharge in the main channel Q 1=15m3/s, discharge in the branch channel

Q2=9.Sm3ls, width of both channels b=20m, slope of both channels S=0.3%, Manning's

coefficient for both channels n=0.05. Assuming flows are subcritical and both channels are
rectangular.
Solution:

Applying Manning's equation in the upstream section of the main channel, far from
the junction:

where, Ap1,R,1 are area and hydraulic radius of the transversal section.

For wide and rectangular channels, Rp; = Yy, (normal depth) and A, = b Yp;.

Hence,

2 1
Q = $0Y,)(Y,)" §*
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Or,
3
b
Qn
Y. = 1
nl
b s>
3
5
15x0.05
Yo = |20 /o003] = %8m

Similarly, in the upstream section of the branch channel, far from the junction:

Q2 9.5x0.05
Y, = 000 = 0.6lm
Discharge ratio:
Q Q
R = 2= 2___2% __ g3

1 - Q Q+Q 15+95
From Eq.23 or Fig.15:

Y, 1.5
Y '

From Eq.21,

Q,

o, = 125+ 05x—=> = 1445
Q
3
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From Eq.19,
L 1
2 3 2 3
o, Q; 1.445 x 24.5
Y = > = =3 = 06lm
ghb 9.81 x 20

Hence, the flow depth near the junction is:

Y, =15Y, =092m

The rise of the flow depth in the main channel :

Yy -Ynq = 092 - 080 =0.12m or 15%.

The rise of the flow depth in the branch channel:

Y{ - Y = 092 - 061 = 0.31m or 51%.

Example 2:

For dividing open channel flow at right angled junction, determine the flow depth
downstream of the junction in the main channel, given discharge Q4= 20m3/s, flow

depth Y4y = 0.8 m, in the main ~hannel upstream of the junction, and discharge Q43 =
13.74 m3/s in the branch channel. Width of both channels: b=15m.
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Solution:

In the main channel upstream of the junction, flow velocity:

le 20 3
le = bYdl = 15708 = 1.667m’/ s
Froude number:
A"
F - d1 _ 1.667 - 06

dl

From Eq.44, given discharge ratio qu =(Qq1 - Q43)/Qq; = 0.313 and Froude
number Fq4; = 0.6, one gets the flow depth ratio:

Hence, flow depth in the main channel downstream of the junction is :

de = 0.89m

Example 3:

Determine the discharge through transverse floor outlet, given discharge Qqg; =0.2

m3/s, Froude numver F;=0.77, in the section upstream of the outlet, and Fy5=0.4 in the

section Juwnstream of the outlet.
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Solution:

From Eq.56, with Fy1=0.77, F3»=0.4, one gets:
Rq=Q02/Q01 = 0.646.

Hence, discharge through transverse floor outlet:
Qof = Qpj (1 - 0.646) = 0.0708 mys.

Example 4:

For flow through transverse floor outlet, determine the flow depth downstream of the
outlet, given discharge Qg =0.4 m3/s, Froude number Fg; = 0.74 in the section

upstream of the outlet, width of the chiannel b=0.4 m and discharge through floor outlet
Qof = 0.1440 m3ys.

Solution:

Flow depth upstream of the outlet:

Y, - onlb %
o Fp 8 Yy b
Or:
Y(l).ls _ Qi _ 04 _
Fy bJg  0.74x0.4x/9.81
Hence,

Y,

0 = 0571 m
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Discharge ratio:
R - Uz _ 04-0.1440 _ 0.64
oq Qy 04

From Eq.56 or from Fig.33, with Fp1 = 0.74, = 0.64, one gets Fyy =0.39.
01 02

Flow depth downstream of the outlet:

win

0.4-0.144
F b,/“ = lo39x04xfosr| = 06°m




