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ABSTRACT

A theoretical model for division of flow through T-junction over a hornzontal
bed was obtained for subcntical steady flow through main, extension and branch
channels of equal widths. The new proposed model was denved with the aid of
continuity, energy and momentum equations.

For a given inflow discharge, the water depth and the width of the channels,
using the present model, the downstream depth and discharge could be determined.
Experimental data from previous studies were used to verify the proposed new
model. The deduced model was found in good agreement with the observations.

It was found that a linear relationship has been existed between the experimental
data of the inflow water depth with the branch water depth. The equation of trend
line was given and it could then be used to compute the branch water depth by
knowing the wflow water depth. The energy head-loss coefficient of a junction was
approximated and expresscd only in terms of discharge ratio.
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INTRODUCTION

For equal widths right-angled dividing flow over horizontal bed (T-junction),
Taylor (1944) studied it by analyzing experimental data and proposed a graphical
solution. Grace and Priest (1958) observed the flow division for various junction
angles and chanmel-width ratios and presented their data in graphical form using
dimensionless parameters. Rajaratnam and Thiruvengadam (1962-1963) studied a
dividing flow with a suberitical flow in a honzontal main channel and a
supercritical flow in a sloping branch channel. Law and Reynolds (1966) concluded
that for right-angled flow, the momentum and energy principies could both be
applied to describe the flow in the main channel extension. Also, they declared that
the flow in the branch chammel could be predicted from the momentum principle
when an appropriate contraction coefficient was applied to account for the presence
of extensive re-circulation regions in the branch. They assumed that the ratio of the
depths in the main channel upstream and downstream of the junction was assumed
to be unity. Hager (1983) proposed a simplified model to evaluate loss coefficients
for flow through the branch channel. Best and Reid (1984) solved the dividing flow
experimentally and theoretically. Ramamurthy and Satish (1988) found that, for a
short branch channe! with downstream Froude number exceeding a threshold value,
the branch flow exhibits un-submerged re-circulation region.

Ramamurthy et al. (1990) assumed no energy loss along the depth-averaged a
stagnation dividing streamline surface to obtain an expression for the momentum
transfer rate from the main channel to the branch channel. They used experimental
data to validate their proposed model. Hager (1992) demived an expression for the
energy loss coefficient across a division. He assumed critical flow at the maximum
contracted width section and concluded that the branch discharge coefficient was
simply a function of upstream Froude number and the discharge ratio. Neary and
Sotiropoulos (1996) were developed and validate a numerical method for modeling
3D lateral-intake.

Chung-Chieh et al. (2002) concluded that the energy heads upstream and
downstream the division in the main channel were found to be almost equal. They
gave the energy-loss coefficient at the division and was expressed in terms of the
discharge ratio, upstream Froude number and depth ratio.

In the present study a new model was developed to solve the dividing flow in
an open channel T-junction. For dividing flow at right-angled junctions of
rectangular open channels of equal widths an estimating of the discharge ratio,
R,=(Q,/0Q, , was obtained in terms of upstream Froude number, 5, and depth

I‘aﬁo, Ry =}.’| /}12 .
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THEQRETICAL ANALYSIS

The flow in the junction itself may be subcritical or supercritical, depending on
the state of the extension and the branch channel. Also, the flow in the junction
depends on the backwater effect of the two downstream channels below the
dividing junction as well as on the dynamic condition existing at the junction.
Accordingly, the channel junction with dividing flow indicated that generalization
of the problem was not possible or even desirable.

When the flow in a stream is divided by two branches, the division flow
between the two channels may be determined with the aid of discharge, energy and
momentum equations with the following assumptions:

1. The channels are honzontal and rectangular of equal widths;

2. The flow is from channel 1 into channels 2 and 3, Figure (1);

3. Channels | and 3 lie in a straight line;

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

Ordinary wall friction is negligible in comparison with other forces involved;
Energy loss is negligible between sections 1 and 2;
7. The flow at sections AF, BF, and AB, Figure (1), are nearly uniform

Q/b=0,/b,=0,/b,, and the momentum comection factors at these

sectons are close to unity.
8. For the dividing streamline BC, the stagnation point at C, and hence, the
depth p at an indefinitely small section ds, varies from y, at B to

O

Y=y (l + F;Z/ZJ at point C, Figure {1). This variation is assumed to follow a
very simple relationship y =y, +az® where g is a constant and z is the
distance from ds to the line BX (Ramamurthy et al. (1990)).

The variables to be evaluated are six; the depths and discharges at the three
sections enclosing the junction. In the present study while the flow was subcritical,
the boundary conditions were specified as the inflow discharge and depth and a
third downstream condition that could be either a fixed depth or a rating curve.
These boundary conditions define three of the six variables in the problem or two
variables and one equation. Hence, three additional equations were required for
solving the problem. Applying continuity, momentum and energy equations
between upstream main channel and its extension provided the three necessary
equations.
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Applying continuity to the junction gives:
Q=0,+0, (1)

in which: O, = the discharge in the main channel; (), = the discharge downstream
the junction (extension channel); and (), = the discharge in the branch channel.

Applying the momenturmn equation in the direction of 1 to 2, the component of
the hydrostatic force acting across the dividing stream surface in the direction of
the main channel, extension could be estimated by the following two methods:

1.Momentum consideration for the main channel extension

The component of the hydrostatic force acting across the dividing surface in the
direction of the main channel extension could be estimated by applying the
momentum equation in the direction of the main channel and its extension.as
follows, Figure (1):

1

Lty +me} @

F;: =[%7by12 + fﬁz‘Vlj—[
in which: F,= unknown hydrostatic force acting across the dividing streamline in
the direction of the main channel extension; y = specific weight of water; p =
density of water; b = width of the main channel and its extension; b, = width of
the main channel passing (,, (b, =bR ), , = water depth in the main chruinel; y,
= depth of the water in the extension channel; ¥, = mean velocity in the main
channel ; and ¥, =mean velocity in the extension channel.

P0F = G0N = L Gn R (32
1 (A4
/szz =g]; szbyzz =}'by22F;:2 (3'b}
2
, V: V,l 2 2V2b2 3 s .
F; =_2 :_.:_._Ql_=——————£‘)2 ! yl -—_-l';”.Rq”.RyJ (B'C)

o, o, 00 Oy

in which: /= Froude number in the main channel (£ =V,"/gy, ); £,= Froude
number in the extension channel (F,"=V,"/gv,); K_= discharge ratio
(R, =Q,/0 ) and R = water depth ratio (R, =y, /v, ).
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Substituting Egs. (3-a), (3-b) and (3-c) into Eq. (2) F can obtained as follows:
1 S 1 2
F; ={5}by1:+?byzzﬁ; -Rq 'Ryl]_[EwRq.}ﬁl +}by|2RqF; J (4)

Putting the ratio of the'hydrostatic force acting on the dividing surface to the
hydrostatic force acting on the upstream section as F_ = F, / 1/ Z}byf Eq. (4) can
be written in the following form:

F=RRRRR, -)-1]+ - (5)

y
2.1ategration of hydrostatic force acting across the dividing stream surface

The second method to get the component of the hydrostatic force acting across
the dividing stream surface in the direction of the main channel, an extension may
be estimated using the integration of the hydrostatic force at the dividing streamline
(Ramamurthy et al. (1990)). This method can be written as follows:

1
£, =J'5}y ds.cosg (6)

in which: y = the water depth at an indefinitely small section ds, which vanes
from y, at Bto y=y, (l + F,2/2) at point C. This variation was assumed to follow a
very simple relationship y=y, +az®, in which @ is a constant and z is the
distance from ds to the Line BX, and @ = the angle between the branch channel
axis and the stream line.

. . o F .
From the eighth assumption, substituting y =y, +— y,' z' , where b, = the width
kN

of main channel breadth which passing O, (4, =60,/0 = b(l - Rq)), and
dz = ds.cos ¢ . Then, integrating equation (6) one can obtain (Appendix B):

1, FioF"
Fo==p Bll-R 1+ +-L 7
x 20] ( q{"’ 3 20] ( )

Putting the dimensionless vanable as F,, =F:/(l/ 2;by,2), Eq. (7) could be reduced
to the following form:
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F: F4
F.=l1-R | 1+——+—+ 8)
a8 (

Then, an estimate of the dimensionless parameter F,, it Eq. (8) could be obtained
by using the vanables £ and R_.
From the two Egs. (5) and (8) the following equation could be derived:

. 1 Flz | 2R
RQ[ZFI (RQ-R,“1)—1]+F=(I—Rq{l+T—.—2—'0-] 9)

¥

SPECIFIC ENERGY UPSTREAM AND DOWNSTREAM THE DIiVISION
AT MAIN CHANNEL AND EXTENSION

To get the relationship between upstream and downstream specific energy
heads the division, previous experimental data were used. The appendix (Table A)
shows the results of the previous experimental work made by Chung-Chich et al.
(2002).

The specific energy heads in streamwise direction for the main channel and
extension, which can be treated as an expansion from width 4, to width & with

discharge (2, , are calculated as follows:

a() :
E =¥ -|'#—1 (10)
b 2g(b, )
an
and E =y, +——22 (11)
2g(by,)

m which: £, and £, are the specific energy heads betfore and after junction,
respectively, a, = energy coefficient at section I, and @,= energy coeffictent at
section 2.

It was noticed that the specific energy upstream and downstream junction
were found practically equal as given by Chung-Chieh et al. 2002, Thus; £ = E,as
shown m Table (1):

5

+ a'IQ:2 — E _y + a‘_Q:
2g(b,y)t 7T 2g(by,)

From the assumptions Q,/6=0Q,/b, , and @, and @, are equal unity, Eq. (12) can
be written as:

E -y, (12
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o 0.’
EI=I+ : ~.EE:: : t 0 (13)
Y gy T T  2geyy
or y,[l+%];y2[l+ Ez—] {14)

Depth ratio (R, )
Imposing Eg. (3-¢) into Eq. (l14), the following relationship could be

obtained:
2 1 2
R]_ > + 2 R + =0 15
¥ [FlzRq. Rq-J ¥ [FlzquJ ( )

The depth ratio, R, can be solved using a third-degree polynomial provided

that R, and F| are known. If the depth ratio, R,, and the upstream Froude nurnber
are known then Eq (15) takes the following form:

R[2+F’)-2 -
N TTER 1o
1 ¥

The predicted values from Eq. {(15) are plotted in Figure (2).

Branch channel;

The flow approaching the branch channel separates from the main channel and
begins to contract. Eventually, it attains a width equals to C.b at the section of

maximum contraction, as shown in Figure (1).

Contraction coefficient (C)

The location of the contracted section in the re-circulation region and the
contraction coefficient, (', were practically determined. The contraction
coefficient C, was determined by Chung-Chieh et al. (2002) and he concluded that
the contraction coefficient was increased linearly with the discharge in the branch
. channel (), .

Branch water depth (y,)
Figure (3) presents the relationship between the inflow water depth, y,, and the
branch water depth, ),. Thus, a linear trend line was plotted for this relationship
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between the two depths, as shown in Figure (3). The trend equation of this line is
given by the following equation:

¥, =09846y, +0.0374 (17)
Energy head-loss {4 ;)

The specific energy upstream and downstream the junction at the branch
channel, sections 1 and 3, can be written as follows:
EI:Ej-l-th.J (18)
2 2
&12:%4_&“4_ hLH (19
2g(by,)" "7 2g(by,)
in which: £, = specific energy after the junction at the branch channel, A .=
energy head-loss between sections 1 and 3, and y, = water depth in the branch

channel.
The energy head-loss between the two sections, | and 3, can be written as

follows;

»nt

hoo= O!]Q\2 _ a;Q: =(athz—a3Q32,fRy32) (20)
a2 2g(by,) 2g(6y,) 2g(by,)’

where R, = the water depth ratio (R, =y,/y, ).
2
or by, =(-(a,(0-R& }/R, @, ))% 1)

For theoretical assumptions R;=1.0 and e, =a, =1, and so L. (21) can be
reduced to:

P
hf-l—: = Rq (2 - Rq )g (22)

Energy head-loss coefficient (X, )

The energy head-loss equation can be expressed in terms of inflow velocity
head and the energy head-loss coefficient as follows:

2

‘ (23)

=K,
2g

L-3
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in which: K, = head-loss coefficient.
Equating of Eq. (21) to Eq.(23), the following equation for the energy head-loss
coefficient is obtained: '

X, - M (24)
Ryjal

For theoretical assumptions R ,=1.0 and @ =a,=1, and so Eq (24) can be
reduced to:

K,=R((2-R) (25)
Eq. (25) is plotted as shown in Figure (4).

Table (1): Results of the energy head losses and branch energy head-loss
coefficients.

i 10875/ 0925 [ 0998 | 664k [ 6611 | 5352 [0.037 | 1.297 | 0.557 | 19.504 | 0.991
3 | 0871|0935 0998 | 5620 | 5600 | 4.599 | 0.021 | 1.022 | 0.367 | 18.179 | 0.992
1 10833 [0.505 | 0.983 [ 6.028 | 5.946 | 4615 | 0.083 | 1.414 | 1.369 | 23.450 | 1.026

{0826 [ 0889 | 0.995 | 5490 | 5.463 | 4.282 | 0.028 | 1.209 | 0.501 | 22.016 | 0.982
5106920958 [ 0585 [ 9631 | 9.602 | 8.805 | 0.028 | 0.825 | 0.294 | 8568 | 1.057
0106740950 | 0983 | 5893 | 982 | 9010 | 0.03F | 0.883 | 0.315 | 8.924 | 1.011
706130939 0981 [ 9244 1 9201 [ 8364 | 0044 | (:880 [ 0472 | 9.524 | 0.995
5 | 0604 [ 0947 [ 0.994 | 8862 | K797 | 8.160 | 0.066 | G.702 | 0.740 | 7.922 | 0.898
% o503 0960 [ 0.690 [10893 [ 10:833 10294 | 0.060 | 0599 | 0.553 | 5.497 | 0.903
#10.496 [ 0.963 [ 0,997 10323 [10.300] $.901 [ 0023 | 0422 | 0.222 | 4.088 | 0.792
8 1041110950 0990 | 9550 | 9546 | 9392 | 0.014 | 0.468 | 0.147 | 4748 | 0.780
SHE| 0409 | 0950 | 0.981 (1017210 11R] 9.587 | 0.053 | 0,585 | 0.525 | 5.747 | 0.897

The proposed model

In a typical field problem, the rating curves for the upstream channel (O, — )
or extension channel (O, — y,) and the branch channel (Q, —» y,) will be known.
For subcritical flows, knowing {J,, y, and F, the other unknown parameters y, ,
Q, and @, can be determined from Egs. (1), ($), (8) and (15) epplying the
following procedures:
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e Assume a trial value of y,, which must be greater than y, and less than £,
and compute the depth ratio, R, =y, /y,;
 Obtain the discharge ratio R =Q,/(Q, by using Eq. (16), where the upstream

Froude number is now known;
» Using the discharge ratio R , the depth ratio R, and upstream Froude number
F, to compute F_ from Eqs. (5) and (8). If the trial value of y, do not give
the same value of £, from the two equations, assume a new value of y, and
repeat the procedures until the two Egs. (5) and (8) give the same value (or
with an acceptable difference),
* Get the downstream discharge from ¢, = R O and the branch discharge O,
using Eq. (1). -
A comparison between the predicted values of the downstream depth, y,, and
discharge, Q,, and the corresponding experimental data (Chung-Chieh 2002) are
given in Table (2).

Table (2): Comparison between the predicted values of the downstream depth, y,,
and discharge, Q,, and the corresponding experimental data (Chung-
Chieh 2002).

ey

o

g SR

=

1
580 | 877 | 052 0.921 | 0.875 | 0.1382 | 0.1474 | 3.43 | 343 -0.05
495 | 401 0.81 0.927 | 0.870 | 0.1421 | 0.1510 | 263 | 263 | -0.12
530 | 514 an 0.877 | 0.829 | 0.2023 | 0.2083 | 2.93 | 285 057 |
485 | 479 1.25 0.878 | 0.821 | 0.2105 | 02161 | 251 | 252 | -05@
929 | 924 0.54 0953 | 0693 | 0.3255 | 03251 | 352 | 351 | 0.15
953 | 949 | 042 0.946 | 0.681 | 0.3412 | 0.3398 | 366 | 362 | 1.08
896 | 890 | 067 | 0933 | 0.808 | 0.4295 | 0.4207 | 3.08 | 310 -0.79
8.62 [ 853 | 1.06 | 0937 | 0594 | 04426 | 04334 | 2.71 | 278 & -1.71
10.74 | 1066 | 0.75 | 0.953 | 0.504 | 0.5301 | 0.5176 | 2.71 | 2.70 0.28
| 1020 | 10.17 | 029 | 0960 | 0501 | D.5283 | 05178 | 2.30 | 2275 100 |
9.77 | 9.75 021 | 0948 | 0409 | 06396 | 0.6173 | 180 | 1.905 | -066 |

10.07 | 10.02 0.50 | 0.945 0.418 | 06319 | 06094 | 206 | 201 | 226 |
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ANALYSIS AND DISCUSSION OF RESULTS
Practical application:

For a suberitical, right-angled, equal-width, open channe! dividing flow over a
horizontal bed, the principals of momentum , energy and continuity can be applied
to predict a theoretical model for the juoction flow. The new proposed model is
easy to be applied to predict the flow through the junction. For a given inflow
discharge, water depth and the width of the channels, using the present model, the
downstream depth and discharge can be determined.

The component of the hydrostatic force acting across the dividing surface in the
direction of the main channel an extension is estimated by applying the momentum
equation in the direction of the main channel and its extension and by integrating
the hydrostatic force at dividing streamline, Eqs. (5) and (8).

To get the a relanonship between upstream and downstream specific energy
heads at junction, previous experumental data {Chung-Chieh et al. 2002), were used
in the present study. It was noted that the specific energy heads upstream and
downstream the division were found practically equal, Eq. (16).

For subcritical flows, knowing (,, y, and F, the other unknown parameters: y,
and (), could be determined from Eqs. (1), (5), (8) and (15) using the present
proposed model.

Data from earlier investipations {Chung-Chieh et al. 2002), are presented to
validate the proposed model. Experimental data Chung-Chieh et al. (2002) were
proved to be suitable than that of Ramamurthy et al. (1990) and Sridharan (1966)
because no measurements of the branch water depth, y,, were avalable in
Ramamurthy et al. or Sridharan data. The comparison of experimental data (Chung-
Chieh et al. 2002) concerming the downstream depth, y,, and downstream

discharge, (J,, with predicted values are given in Table (2). The calculated values

by using the proposed model were found in a good agreement with the observations
by Chung-Chieh et al.

Branch channel:
The water depth through the branch channel, y,, was nearly equal to the

upstream water depth, y,. Eq. (19) was presented a linear trend relationship

between the two observed water depths.
Eq. (24) showed that the energy-loss coefficient, K, could be expressed in

terms of the discharge ratio, Rq, water depth ratio, R,,, and energy coefficients, o,
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and «,. The energy-loss coefficient, X, could be approximately expressed only in
terms of the discharge ratio, R, , Eq. (25).

CONCLUSIONS

These analyses lead to the following major conclusions:

l.

In the design of dividing flow in rectangular open channels a theoretical
model was developed to relate the discharge rato R =Q,/0, with the
Froude number F, and the depth ratio R, =y,/y,. The proposed model was

validated by the experimental data and appeared in good agreement.

The specific energy heads upstream and downstream the junction were found
practically equal.

The water depth through the branch channel,” y,, was nearly equal to the
upstream water depth, y,.

The energy-loss coefficient, K,, could be approximately expressed only in
terms of the discharge ratio, R, .
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NOTATION
The fallowing symbols are used in this paper:

= cross-sectional area of flow;

= constant;

width of the main channc! and its extension;
width of main channe! breadth which passing;
Contraction coefficient;

indefinitely small section of stream line;
specific energy at section I,

[t

LT o h

"

™
o

o

= specific energy at section 2;
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= Froude number;

= dimensionless force;

gravitational acceleration,

= total energy;

= energy head-loss between sections 1 and 2;

1
(%)

Som e
i

energy head-loss between sections 1 and 3;

>
Il

£
)
-

= head-loss coefficient;

= discharge in the main channel;

= discharge in the extension channel;

= discharge in the branch channel;

= discharge ratio, (Q,/0,);

= depthratio, (¥,/7,);

= depthratio, (,/y,);

= slope of the channel bed;

= friction slope;

mean flow velocity;

= mean velocity in the main channel ;

= mean velocity in the extension channel;

= one dimensional space coordinate defined as positive in the direction
of flow;

= water depth at gradually varied flow;

depth of the water in the main channel;

= depth of the water in the extension channel;

= distance from dividing surface 1o axis;

height of the channel bed of the section above datum;

energy coefficient;

specific weight of water;

channel bed slope;

density of water; and

= the angle between the branch channel axis and stream line.

AROO
|

D)

N N - -
Il

o
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Fig. (2) Relationship between discharge ratio R, and depth ratio R, for

different values of upstream Froude number F,.




C.171 Rashwan, TM.H., Tarek A. Saafan

120

10.0

yl 80

6.0

4.0

20

0.0
0.0 20 4.0 6.0 8.0 10.0 120

Vs

Fig. (3) Relationship between upstream water depth ¥, and branch water
depth y,.

1.20
1.00 L

K, 080
0.60 /7—‘*/
0.40 -

0.20 » Experirmental ||
0.00 % l
0.00 0.20 0.40 0.60 0.80 1.00

Fig. (4) Relationship between Discharge Ratio R, and branch head-loss
coefficient K . '




Mansoura Engineering Journal, (MEJ), Vol. 29, No. I, March 2004,

Appendix A

C.i72

Table (A) Experimental data prepared by (Chung-Chieh Hsu et al. 2002).

0.54

3.92 343 | 049 | 534 577|533 ] 07
3.02 263 | 039 | 459 | 491 | 458 | 067 | 0.53 | 0.09
3.54 295 | 059 | 465 514 | 457 | 077 | 056 | 0.14
3.05 252 | 053|426 475 424 | 076 | 053 | 0.14
507 351 | 156 | 885 [ 924 [ 872042028 | 014
537 362 | 175 | 902 | 949 [ 891 [ 044 [ 028 | 015
5.06 310 | 196|836 | 890 | 82 | 046 | 026 | 0.20
457 276 | 1.81 | 808 | 853 | 803 | 0.44 | 025 | 0.18
4| 537 270 | 267 |102311066(10.13] 036 | 0.18 | 0.18
459 | 2275 [2315] 979 [1017] 976 | 033 | 0.16 | 0.17
“ I | 463 | 1905 |2.725(9.26 | 975 | 9.17 | 036 | 0.14 | 0.22 |
LR 492 201 | 291 | 952[1002] 934 | 037|014 | 023 I
Appendix B

F. =f%7y2d5.cosga

& 2 :
i) F .
Fx=f1r s S 211 d
i 2%,
& 12 2
B . By F
FI=I-1-)f y1'+—'y PRI S
2 3 48,
1 b”( 3 4 \l
Aelpllniia i ol
) Ay by i |
: \ B
4 o o
FI—}}—}'}’.N{Z Lozl ry
35, 208, J
- Fib, F's )
Fx =l?9’|' b]] + il N 31
2 3 20 J
s El
G B F
Fr'—zlyl byil+ 3 +20



