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ABSTRACT

Characteristics of Dividing and Combining Flows

Weimin Zhu, Ph.D.
Concordia University, 1995

In the present thesis, some aspects of dividing and combining flows are studied.
The first part of the study considers the discharge characteristics of flow past a
two-dimensional lateral slot located in a rectangular conduit. Existing theoretical
solutions to this problem are based on free streamline theory. The test results provide data
to verify the predictions of the theoretical model related to the dependence of the slot
discharge coefficient on discharge ratios and the ratio of the kinetic energy to the total
energy of the flow approaching the slot. The test results validate the model predictions.

A theoretical expression for the outflow through a rectangular lateral weir located
in a circular open channel is derived. The theoretical weir discharge coefficient is
ex.pfés:sed as a function of the parameters relating the geometry of the weir and the
channel, and a velocity parameter that is a function of the dimensionless flow duuth, the
weir sill height and the approach Froude number. Experimental results are presented to
verify the proposed theoretical model.

The characteristics of dividing flows in closed rectangular conduits are studied in
the next section. The contraction coefficient and the loss coefficients of branching flows
are determined using results of an existing model dealing with a two-dimensional lateral

outlet fitted with an external barrier. For dividing closed conduit flows, two different

it



procedures are used to obtain the variation of an energy loss coefficient and the
contraction coefficient with the discharge ratio. Detailed velocity and pressure
distribution profiles are presented to describe the flow processes.

In the final part of the thesis, the characteristics of combining flows past 90°
junctions of a rectangular closed conduit are presented. Detailed pressure and velocity
distribution data are obtained to understand the flow processes. Both the mean and
fluctuating components of the velocity field are determined in the two tlow scctions
immediately downstream of the junction. Simple empirical models are developed 1o
determine the transfer of momentum and the contraction coefficient. Experimental data

are used to verify the predicted results of the proposed models.
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LIST OF NOTATIONS
The following symbols are used in the thesis. Common notations are listed to begin with,

This is followed by topic specific notations.

1) Common notations:

A, = cross-sectional area of flow at depth ¥, in open channel or at upstream main in closed
conduit;

A,= A, cross-sectional area of main conduit;

A, = area of slot outlet or branch conduit,

B = channe! or main conduit width;

C = length of barrier (Fig.1.1);

C,= discharge coefficient for free outlet of conduits and local discharge coefficient for
lateral weirs;

C, = contraction coefficient in main conduit downstream of junction for combining flow
and in branch conduit for dividing flow (for dividing flow C, = C),

F() = afunction in Eq.1.3;

g = acceleration due to gravity;

G() = a function in Eq.1.3;

H() = afunction in Eq.1.4;

L = length of weir or width of slot or branch conduit;

Q, = discharge in upstream channel (main conduit),



Q,= discharge in downstream channel (main conduit);
Q, = lateral discharge;

R, = Reynolds number;

V,= mean velocity in upstream section;
¥,= mean velocity in downstream section;
V, = velocity in branch (for slot ¥V, =V);
V.= velocity of jet;

x, X = horizontal axial co-ordinate;

¥, Y= vertical co-ordinate;

z, Z = horizontal lateral co-ordinate;

v = specific weight of water;

1 = velocity parameter.

2) For Lateral Slot Flow:

¢, ¢, ¢,= coefficient for polynomial fit

u = mean axial velocity at measuring point

u . = maximum mean point axial velocity in the test section

i =ulu_,

v = mean lateral velocity at measuring points

v__=maximum for the mean lateral velocity in the test section

Ry

A
)=
! v/vmm'

xi



W = depth of the closed conduit

-
\I_.!
&

N>
I

[ 2]
~,

X

3) For the Lateral Weir Flows:

A, = projected area of the weir on the vertical plane through the channel axis;
B,= channel width at depth ¥,

B, = channel width at depth 4,

C, = mean discharge coefficient for lateral weirs,
¢, ¢, ¢ ¢,= coefficient for polynomial fit;

D = diameter of circular pipes;

F,= Froude number of the approach flow;

dh = thickness of infinitesimal layer;

h = depth of layer (Fig.3.2);

h, = head over sill (=Y,-s),

0, ,= measured discharge of weir;

O,= theoretical discharge of weir;

s = sill height of weir;

V; = mean velocity of weir outflow;

¥,= depth of flow in the approach section;

xii



1, = jet velocity parameter at k= h,(Eq.3.9).

4) For Rectangular Closed Dividing Conduit Flows:

K, = energy loss coefficient between sections 1 and 2 (Fig.4.1);
K,, = energy loss coefficient between sections 1 and 3 (Fig.4.1);
p, = pressure at "¢" (Fig.4.1);

p, = pressure at "j" (Fig.4.1);

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

Ap=p,-p.(=p, - pj)'

5) For Combining Flows:

IZ, = energy loss in the expansion section,

K,, = energy loss coefficient between sections 1 and 2 (Fig.5.1);
K,, = energy loss coefficient between sections 3 and 2 (Fig.5.1),
K, = power loss coefficient for combining flow (Eq.5.6);

AM = momentum difference between M, and M,

N = number of subsections at the entry section "ed" of Fig.5.1;
P, = pressure force on the downstream side wall of the branch;
P_= pressure force on the upstream side wall of the branch;

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

Xiil



1’ = turbulent intensity in the X direction;

U, .. = maximum for the mean axial velocity at the section;
-u'v' = turbulent shear stress term,

V_= average flow velocity at the vena contracta;

v'= turbulent intensity in ¥ direction;

& = average entry angle for branch flow (Fig.5.1).

xiv
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CHAPTER 1

INTRODUCTION

1.1 Genera! remarks

Dividing and combining flows are encountered in the design of open channels and closed
conduit engineering systems, such as water and wastewater treatment plants, water
distribution networks, irrigation systems, heating, ventilating, and air conditioning
systems, automobile engine systems and even electrical machine cooling systems. There
are many variables which influence the system performance. For example, the shape of the
conduits and orifices can alter the flow characteristics. The area ratio and discharge ratio
of the branches, the conditions at the inlet and outlet, and the nature of the conveying
system (open channel or closed conduit) can alter the characteristics of dividing and
combining flows. To understand the characteristics of a lateral flow system, it is essential
to study the behavior of flow past outlets of the simplest form to begin with. Lateral flows
commonly encountered in practice can occur in several ways. Fig.1.1 shows some typical
lateral flow configurations. There are a great number of studies dealing with lateral flows
related to combining and dividing flow problems. Crow and Wharton (1968), Ward-Smith
(1980) and Miller (1990) have provided very good reviews of previous studies on these
topics. In this chapter, some of the pervious studies related to combining and dividing
flow problems are reviewed and discussed. Based on this discussion, the scope of the

current study is presented.



1.2 Literature review

1.2.1 Dividing flows

Theoretically, the hydrodynamic model or momentum equation has been used to solve the
problem of dividing flows and combining flows. Michell (1890) was the first to use the
free-streamline theory to solve problems related to dividing flows (Fig.1.1a). For the
problem of flow past a slot in two-dimensional conduits, he gave the solution between the
jet angle ©® and the parameters involving the flow velocities at the upstream and
downstream sections of the slot. For the specific case in which the downstream velocity
V, = 0, von Mises (1917) found the dependence of the contraction coefficient C, and the
jet angle © (Fig.1.1a) on the relative size of the opening L/B. McNown and Hsu (1951)
extended the earlier studies on lateral flows and determined the dependence of the
discharge coefficient C, and jet angle 6 on the velocity ratio V,/¥,. Here, ¥/, denotes the

upstream velocity in the main. It may be noted that in this case, C,= C, (contraction

coefficient). InFig.1.1a (McNown and Hsu 1951),

_ -1 VI+V2

0 =cos '__ZVJ- (1.0

Vi~ V)B=CalV, (1.2)
_ ey _VizVs

L/B—F(Vj) F(V}) 7 G(9) (1.3)

in which,



V 2 2 -1V
A — - — — h —
I(VJ) 1+ J?)tan v

and

_2 By _g
G(8) = 7 cos 81n(cot 2) sin©

For the dividing flow past a slot fitted with an external barrier (Fig.1.1b), McNown and
Hsu (1951) found the effect of the barrier on the various parameters. To this end, they

used the above equations and replaced Eq. 1.1 by the following relation (Eq.1.4).
Vs Vie Vi=Va @
CiB H(Vj) H(V})+ v, G(2 8) (1.4)

in which,

v
2

1%

H(;Vj)=%(1 -

)tan"%

Ramamurthy and Carballada (1979) used free streamline theory and numerical methods to
solve the problem of flow past lateral outlets fitted with barriers that were set at arbitrary
angles. Tsakonas (1957) studied the flow through lateral outlets located in open channels
whose walls were not parallel. He concluded that the presence of very non-uniform
velocity profiles in the section upstream of the lateral outlet lead to test data which do not
agree with results of the free streamline theory. Gurevitch (1966) has reported that

experimental data fail to confirm the predictions of the free streamline model when the jet



air flows into ambient air. He pointed out that for experimental verification, the fluid in

the conduit should be denser than the fluid outside.

Earlier efforts to experimentally verify the predictions of existing two-dimensional
theoretical hydrodynamic models for flow past a two-dimensional slot in a rectangular
conduit were not successful (Ramamurthy et al. 1994). Verification of the theory was
limited to flow past circular orifices in circular pipes (Barton 1946, McNown 1954, and
Rawn 1960).  Although the theoretical results were found to hold good for flow of real
fluids in circular conduits, it is hardly a proper verification of the two-dimensional

theoretical model, since dividing and combining flows in circular pipes arc

three-dimensional.

Several different methods were proposed to solve the dividing flow problem. By balancing
the flow momentum at sections of the main which are upstream and downstream of the
junction, Bajura (1971) proposed a parameter termed as "pressure regain coefficient” v,
which accounts for the uncertainty in the axial momentum transferred from the main
conduit to the branch in dividing flows. Hager (1984) proposed a simple hydraulic model
to evaluate the energy losses assuming a linear pressure drop along the dividing streamline
(Fig.1.1c). Based on Hager's study (1984), Tran (1988) and Perinpanathan (1992)
assumed the pressure variation along the dividing streamline to be respectively parabolic
and nth-order polynomial. These assumptions were validated using test data. Williamson

and Rhone (1973) also proposed the expressions for the energy loss coefficients by using



Bernoulli's equation. However, Ward-Smith (1980) stated that their expressions are

poorly represented .

In the past, a large number of experimental studies have provided various energy loss
coefficient data for dividing flow past a branching closed circular conduit (Fig.1.1c). The
first comprehensive experimental investigation in this context was carried out at the
Hydraulic Institute of the Munich Technical University from 1928 to 1931 (Vogel 1929,
Thoma 1929, Petermann 1929, and Kinne 1931). Later, at the lowa Institute of Hydraulic
Research, McNown (1954) reported a series of experimental results related to dividing
flows. At Lausanne, Gardel (1957) carried out another set of experiments. The parameter

range was similar to that of the Munich tests.

Vogel (1929) reported a series of experiments on pipes with right angled branches. In
these experiments, the pipe diameters ranged from 15 to 43 mm and the Reynolds number
Re varied from 5 % 10° to 1 x 10°. He concluded that for a given branch configuration,

the loss coefficients were functions of the discharge ratio, but was independent of the
Reynolds number. Thoma (1929) extended the tests to cases of branches set at angles of
45° and 60° to the main. Petermann (1929) and Kinne (1931) repeated the studies of

Vogel and Thoma with a redesigned apparatus and a more accurate measuring equipment.

The Iowa tests (McNown 1954) were performed in a 2 in. (51 mm) diameter main made

of brass pipes and 2 in. (51 mm), 1 in. (25 mm), and 1/2 in. (13 mm) branch pipes with 90°



sharp edged junctions. The comparison of the results of the lowa and Munich tests show
that the energy loss coefficients from the main to branch are close only for a branch having
a diameter equal to that of the main. When the branch diameter was less than the diameter

of the main, the Munich tests gave considerably larger loss coeflicients than those reported

in the Iowa tests.

Gardel (1957) conducted a series of experiments at the University of Lausanne. The main
pipe was 150 mm and branches varied from 150 mm to 60 mm. The maximum Reynolds
number was about 4 X 10°, When the energy loss coefficient K,, from the main to branch
is compared with Munich data, the data agreed only for the specific case in which the
branch and main had the same diameter. The values of the energy loss from the main to

branch for the other Munich tests were significantly greater than those reported by Gardel.

Escobar (McNown, 1954) performed experiments in which the region of lateral flow from
the main circular conduit was visualized by observing streams of fine air bubbles or dye
injected into the flow upstream of the slot. Using the velocity distribution described by the
von Karman equation (logarithmic distribution of velocity), he tried to account for the
deviations of previous experimental data and the theoretical predictions for small
discharge ratios. Fu et al. (1991) used a numerical model to analyze the three-dimensional
flow past a rectangular branch conduit fitted to a rectangular conduit and verified the
predictions using laser Doppler velocimetry (LDV) test data. In a very limited range of

discharge ratios, for flow past a branching square conduit, Miller (1971) has obtained the



experimental energy loss coefficients. He asserts that the data of branching circular
conduits are directly applicable to branching non-circular conduits. Popp and Sallet
(1983) used LDV to obtain the velocity field data for dividing flow past a rectangular tee
junction for which the ratio L/B = I (Fig.1.1c). Unfortunately, in their tests, fully

developed turbulent velocity profiles were not attained in the approach section.

Based on experimental data, several empirical formulas have been proposed to relate the
loss coefficient K, and K, with the discharge ratio 0, Here, K}, denotes the energy loss
coefficient from the main to the branch, and K, is the energy loss coefficient related to the
flow in the main. Based on his test data, Gardel (1957) obtained the following empirical

equations for dividing flows.

K12 =0.03(1-0,)* +0.350? - 0.20,(1 - 0») . (1.5)
- 02 _oylrAsiAy, o @
K3 =0.95(1-0,)2+0.40.(1 - 0-X A )tan,
2 9_ 0.4_0.](A3/A|) _0 r 0.5 1.6
+OHO 3tan 3 =03+ =S (1 - 0.9 )) (1.6)

Here, 4, and 4, are cross sectional areas of the main and the branch, and ¢ is the angle
between the branch and the main. Lastly, r is the ratio of radius of the branch corner fillet

to the diameter of the main.

Ito and Imai (1973) used all the experimental results available to them and fitted the
empirical relations for the loss coefficients of 90° sharp-edged branches with 4,/ 4, = 1.

7



K,,=1.55(0.22 - Q) - 0.03 0<0,£0.22 (.7
K,,=0.65(Q. - 0.22)* - 0.03 022<0Q,<1 (1.7a)

K,,=0.99-0.820,+ 1.020; 0<Q.<1 (1.8)
1.2.2 Combining Flows

Modi, et al. (1981) presented an analytical solution for two-dimensional combining flows
(Fig. 1d) using conformal transformation techniques. Best and Reid (1984) found that the
theoretical predictions (Modi, et al. 1981) overestimate the width of the separation zone.
Blaisdell and Manson (1967) derived a theoretical relation for the loss in the combining
flows, which was criticized to be based on unsound reasoning (Ward-Smith 1980). Bajura
(1971) proposed a "pressure regain coefficient" y, which accounts for the uncertainty in

the axial momentum transferred from the branch to the main conduit in combining flows.

Vogel (1929), McNown (1954), Gardel (1957), Miller (1971}, Ito and Imai (1973) and
recently Serre et al. (1994) performed experimental studies on combining flows in closed
conduits. Except for Miller who used a square conduit, all the others obtained test data

for circular pipes.

On the basis of the experimental data, Gardel (1957) provided the following empirical

equations.



K =-0.92(1 - Q. +(2-4:/42)(1-Q)0:

—0(1.2 -5 A(’: T ) 1)+0.8(1 = (A2ld3)*] - (Aafd5 — )cos(T— )} (1.9)

K12 =0.03(1 - 0,)* +(2 - A3/A2)(1- 210,

cos(m—¢)

~0H 1 +(1.62 = O5)[—— s a7

—1]-0.38(1 —Ad3/42)} (1.10)

For 90° sharp-edged junction with 4,/ 4, = 1, Ito and Imai (1973) suggested the relations

K, =1.09-0.53(1-Q) - 1.48(1-Q)) (1.11)

K,,=0.045 + 1.380, - 0.900} (1.12)

Since most of the existing test results are restricted to pressure loss data only, information
related to the flow processes associated with combining closed conduit flows is scarce
(Ward-Smith, 1980). Only Serre et al. (1994) provide some insight into the flow features
of combining flows in the range A,/A, < 0.2 on the basis of visual observations of the

branch flow entering the main.
1.2.3 Lateral weir flows
Since lateral weir flows have very practical applications in irrigation and draining systems

as well as in the design of equipment for water and wastewater treatment plants, they

have been studied extensively in rectangular (Nimmo 1928; De Marchi 1934; Collinge



1957, Rajaratnam, 1967, Subramanya and Awasthy, 1972; and Hager, 1987a),
trapezoidal (El-Khashab and Smith 1976), circular (Allen 1957, Uyumaz and Mush,
1985) and "U™ shaped (Volkart 1983) open channels. Hager (1987b) provided a critical
analysis of the study on lateral weirs in circular channels by Uyumaz and Muslu (1985)
and presented an interesting empirical solution to the lateral weir flow problem.
Ramamurthy and Carballada (1980) applied the free streamline model of McNown (1951)
to solve the rectangular lateral weir flow problem. The model related the characteristics
of flow through rectangular lateral weirs located in the side of rectangular channels. In this
model, the weir outflow was considered as the sum of the efflux through a large number
of infinitesimal horizontal layers. The infinitesimal layers (Fig.1.2) were viewed as
two-dimensional lateral flow elements {Fig.1.1a) which possessed a lateral outlet. The
mean discharge coefficient of the weir was determined with the velocity parameter and the
ratio L/B. Later, similar procedures were used to solve the lateral weir flow problem in

trapezoidal channels (Ramamurthy et al. 1986).

1.3 Scope of the present investigation

Because of the complex nature of analyzing the lateral flow problem, it is almost
impossible at present to provide general solutions with the available information.  Free
streamline theory offers analytical solutions to some selected cases of flow distribution in
closed two-dimensional conduits. For dividing and combining closed conduit flows

(Fig.1.1c and d), no theoretical solution is available at the present time. The present
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study is initiated to use the result of two-dimensional free streamline theory to obtain
solutions to problems dealing with some selected engineering applications of dividing and
combining flows. Specifically, the following aspects of dividing and combining flows are

studied and reported in the present thesis:

1. Rectangular lateral slot in a rectangular conduit: The characteristics of flow past a
rectangular slot located in the wall of a rectangular conduit (Fig.1.1a) are studied
experimentally and the results are used to verify an existing free streamline slot flow
model. Detailed velocity and pressure measurements will be obtained to understand the

flow processes that are involved.

2. Rectangular weir in a circular open channel: A theoretical expression for the
discharge coefficient of a rectangular lateral weir located in the side of a circular open
channel (Fig.1.2) will be obtained using the above lateral slot flow model as the basis. Test
data obtained will be used to verify the dependence of the weir discharge coefficient on
the velocity parameter i (=V,/V)), the geometric parameter L/B, and the sill parameter

s/Y,. Here, s is the weir sill height and Y, is the depth of flow in the approach channel.

3. Dividing flow in rectangular conduit: The contraction coefficient for the branch flow
and the energy loss coefficient K,, will be determined as functions of L/B and Q,/Q, for
dividing flows in rectangular conduits (Fig.1.1c). The results will be verified using test

data.
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4. Combining flow in rectangular closed conduit junction: For rectangular closed
conduit junctions (Fig.1.1d), the energy loss and power loss coefficient will be determined
as a function of 0,/0, and L/B. The experimentally determined values of the parameters
such as the mean entry angle & of the branch flow as it enters the main and the contraction
coefficient C, of the combining flow will be compared with the predictions of empirical
models. Test data related to the flow characteristics of a r;;:tangular conduit junction will
be compared with the flow characteristics of circular conduit junctions to assess the

similarity and dissimilarity of the flow processes in the two systems.

In summary, in the following chapters, the characteristics of ﬁow past the following
configurations which are studied will be reported:

1). Dividing flow past a lateral outlet (Chapter 2),

2). Dividing flow past a rectangular weir in a circular channel (Chapter 3),

3). Dividing flow past a rectangular closed conduit branch (Chapter 4), and

4). Combining flow at a rectangular conduit junction (Chapter 5).

a
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CHAPTER 2

TWO DIMENSIONAL SLOT
IN A CLOSED RECTANGULAR CONDUIT

2.1 General remarks

The flow past a two-dimensional lateral slot of width L (Fig.2.2) located in the wall of a
closed rectangular conduit of width B finds applications in the design of equipment used
for distributing flow in water and wastewater treatment plants and drainage systems
(Benefield et al. 1984, Gill 1987). In this thesis, the characteristics of a two-dimensional
lateral slot located in the wall of a rectangular closed conduit is studied. Specifically, the
theoretical dependence of the discharge coefficient C, for the slot on the velocity
parameter N7 = V;/(2gE)) and the slot geometric parameter L/B is verified using test data.
Here, g and £, denote respectively the gravitational acceleration and the total energy of
the flow upstream of the slot reckoned with respect to the horizontal jet exit plane

(OR Fig.2.1). Experimental data related to typical velocity distributions in the conduit at
sections upstream and downstream of the slot are also presented to explain the processes

associated with the slot flow.

2.2 Governing relations

Figs.2.2 and 2.3 show the lateral flow through a two dimensional rectangular slot located

at the side of a rectangular conduit. For this flow configuration, the characteristics of flow
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have been theoretically determined on the basis of a free streamline flow model (McNown
and Hsu, 1951). Using the results of this model, the dependence of the slot discharge
coefficient C, on the parameters N; = Vi/(2gE)) and L/B can be obtained (Ramamurthy
and Carballada, 1980). Here, C, relates the slot discharge Q,, the slot area 4 and the

velocity V; = [2gE, of the jet emerging from the slot. Thus,

Q3 =CyA J28E, .1
Further,
Cq=fin;,LIB) (2.2a)

here, f; denotes a function. For the range T, <M1 S 1and0< /B <1, the following

relations are valid (Ramamurthy and Carballada, 1980):
Cs=0.61+cm? +com? +e3m® (2.2b)
in which,
¢y =-0.54+0.25(L/B)

¢2 =0.058 +0.234(L/B)
c3=-0.13-0.49(L/B)

Here, m_, = minimum value of 7, attainable for a given /3.  An alternate way of

presenting the results is to express C, in terms of the discharge ratio 0, denoting the ratio
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of the lateral outflow Q, to the total approach flow Q, (Fig.2.3). Thus, for a different
function £,
C, =10, L/B) @3)

here, O, = 9 C,n"'L/B.
Qi
2.3 Experimental set-up and procedures

Fig.2.1 shows the equipment used for the tests on lateral slots. The closed rectangular
Plexiglas conduit was 41.3 mm X 91.5 mm in cross section. It was nearly 4 m long
upstream of the slot to provide fully developed flow in the approach section. A constant
head supply tank ensured steady flow. The downstream slot edge was sharp and was
beveled to a very small angle (Fig.2.2) to let the jet emerge freely from the slot.  The slot
was oriented horizontally and the outflow through the slot was confined to the conduit
depth # by the extended side plates (Fig.2.3). These ensured that the two-dimensional
infinitesimal layers forming the jet flow would lie in vertical planes and remain parallel to
each other as they emerge from the slot. For the fixed value of B = 91.5 mm, the
geometry of the slot system used yielded L/B = 0.11, 0.78, and 1.0. A large number of 1
mm wall pressure taps spaced closely near the entry and exit sections of the slot enabled
detailed mapping of the pressure field in the vicinity of the slot. The water manometer
connected to the taps could be read to the nearest millimeter. O, and O, (Fig.2.1) were
measured with the help of standard V notches. The maximum error in the discharge

measurement was estimated to be 3%.
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The measured pressure head profile in the approach section upstream of the slot which
was unaffected by the presence of the slot was extrapolated to the center of the slot (FG

in Fig.2.7) to determine p,/y. This pressure head was used to find the upstream total

energy E;=pi/y+Vi/2g. Typical pressure head profiles are presented in a subsequent

section. A venturi meter in the pipe system provided a check on the total flow @, passing

through the system.

A Dantec two-dimensional LDV unit equipped with a two-dimensional fiber-optic probe
was used to obtain the velocity surveys. The laser power was 300 mw. Its measuring
volume was 0.078 mm wide and 0.66 mm long. The light scattered in the measuring
volume was collected by photo multipliers and processed to get the flow velocity. The
maximum error in the velocity measurement was estimated to be 1%. The fiber-optic
probe was positioned with the help of an automated traverse which could move in the x, y

and z directions (Fig.2.3) and provide a resolution of 0.0025 mm.

While using the LDV measurement, 1000 samples were used to calculate a single mean
velocity. The maximum Reynolds number in the all the tests was 1.744 x 10°. In Fig.
2.5, the few dark circles shown denote the data related to tests in which the velocity

profiles were also obtained. Fig.2.5 will be described in a subsequent section,

The maximum axial velocity #,, in the approach section was used to normalize axial

velocities and the maximum lateral velocity v, . in the region PS of Fig.2.1 was used to
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normalized the lateral velocities. In Fig.2.4, the x, y, and z locations were normalized by
L, B, and W respectively. Thus, ¥=x/L; $=y/B; t=gW,; i =ulumx; and V= VVimax.
The velocity profiles shown in Fig.2.4 were obtained at the centerline of the channel
(z=0.5) except for the profiles obtained at the upstream edge of the slot in Fig.2.4c

(¥ =0.0). Here, velocities were measured at z=0.35, 0.5 and 0.65.

2.4 Results

The test data obtained in the two-dimensional slot model are used to verify the predictions
according to the proposed model (Eq. 2.2). The measured pressure heads and other
results of the tests are summarized in tables 2.1, 2.2 and 2.3. The temperature of water
was 20°C. Typical axial and lateral velocity distributions at different sections along the
conduit length were obtained to describe the flow characteristics. To this end, in Fig.2.4,

the velocity survey data are plotted for the slot length ratios which were the largest
(L/B=1.0) and the smallest (L/B=0.11). For each slot, two typical discharge ratios Q,/0,

were selected to obtain the velocity profiles.

2.4.1 Profiles of axial and lateral velocities at various conduit locations (L/B=0.11)

When the discharge ratio 0, is small (Q,=0.04) and the slot width ratio L/B is also small,
the profiles of the axial velocity w=u(y} at i) the approach section (x/L<0), ii) the

downstream section (¥/L>/) and iii) in the vicinity of the slot (0.0<x/L<1.0) are very
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similar (Fig.2.4a). However, since the flow has to turn to emerge as a jet through tile
slot, the vertical velocity component v=w(}) increases in the vicinity of the slot
(x/L =0 to x/L = 1) and vanishes at a section downstream of the slot (+/L=5.77). (O, was
too small to permit one to trace the changes in the streamline patterns that were originally
parallel when no slot was present. Hence, the streamline pattern in the presence of the

slot is not shown in Fig.2.4a.

When , was increased to 0.10, for the same slot width ratio of L/B=0.11, the flow close
to the conduit wall in which the slot was located experiences considerable acceleration in
the axial direction, in the region just upstream of the slot. Also, the flow at a section
x/L=0.96 which is just upstream of the end of the slot (x/L=/.0) indicates that the axial
velocity component # registers a local flow reversal. At this location, the vertical velocity
component v is quite large (Fig.2.4b). The velocity distributions #=u(y) in the conduit
were used to obtain the streamline pattern (Fig.2.4b) for the L/B=0.// and Q,=0.10. The
dashed line of the sketch shows the dividing streamline for the slot flow pattern. The
dividing streamline reaches the conduit wall at right angles (not shown). One branch of
this dividing streamline forms the boundary of the emerging jet flow Q, and the other

branch forms part of the flow @, in the downstream section of the main.
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2.4.2 Profiles of axial and lateral velocities at various conduit locations (L/B=1.0)

Figs.2.4c and 2.4d show the velocity profiles and streamline patterns for the largest slot
width (L/B=1.0) and two discharge ratios. In Fig.2.4c, both O, and L/B are large
(Q,=0.65, L/B=1.0), and hence one can notice the reversal of flow occurring at the
conduit wall opposite to the slot at x/L = 0.71. The reversal of flow can also be seen on
the conduit wall containing the slot at a location just downstream of the slot (x/L = 1.02 ),
The streamline patterns for the slot flow are shown in Fig.2.4c. Fig.2.4c includes the
velocity profile #();) taken at a location across the span of the conduit (x/=0.0, z/#=0.35,
0.5, and 0.65). These velocity distributions indicate that thé flow was essentially

two-dimensional.

Popp and Sallet (1983), who conducted the study of flow past a two-dimensional outlet to
which a two-dimensional branch conduit was attached, state that for L/B=1.0, flow
separation on the conduit wall, which was opposite to the branch conduit, occurred only
at a much higher Q, value (Q,=0.8/). In the present tests dealing with flow past a
two-dimensional lateral slot, for L/B=/, flow separation was noticed on the conduit wall

opposite to the slot at O =0.65.

Fig.2.4d shows the velocity distribution and streamline pattern for 0,=0.33, L/B=1.0.
Here, Q, is very small and hence the flow does not separate at the wall opposite to the

slot.
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2.4.3 Verification of the free-streamline model of slot flow with

experimental result {2-D conduit (channel) model}:

Figs.2.5 and 2.6 show the variation of the slot discharge coefficient C, with the velocity
parameter 1% and the discharge ratio O, for three slot length ratios L/B. The theoretical
variations of C, with N7 at fixed values of L/B, given by Eq.2.2, are denoted by the solid
lines in the Fig.2.5, for L/B=0.11, 0.78 and 1.0. The insert of Fig.2.5¢ gives the group of
all the three different solutions in a single sketch. As indicated, the minimum values of
n} which can be achieved increase with an increase in the value of L/B. This is similar to
the existence of a minimum approach Froude number that can be achieved in a rectangular

open channel fitted with a rectangular branch channel at right angles to the main channel

(Ramamurthy 1988).

Fig.2.6 provides an alternate method for the verification of the theory with the present
experimental data. The solid line of Fig.2.6 denotes the relationship given by Eq.(2.3).
For all the L/B values tested, the present experimental data provided a good verification of
the free-streamline model. It must be noted that Egs. 2.2 and 2.3 are directly derived from

the existing free-streamline theory.
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2.4.4 Pressure distribution near the slot:

Fig 2.7 shows a typical pressure distribution for 0,=0.70 and x/L=0.11. As stated earlier,
the large accelerations experienced by the flow in the axial direction near the entrance to
the slot cause a large pressure gradient in the section AB of the insert of Fig.2.7.  The
point C in the insert of Fig.2.7 is close to the stagnation point and the flow quickly tends
to revert back to fully developed conduit flow and a velocity profile for which the v

component is nearly zero (location D at x/L=5.77 in Fig.2.7 insert).

2.4.5 Other remarks:

As stated earlier, to verify the theoretical two-dimensional free-streamline slot flow model,
the available test data are restricted to the flow through circular orifices in circular pipes
(McNown 1954). Alternative solutions to the problem of slot flow proposed by Gill
(1987) need experimental values of the slot discharge coefficient C, to find the slot
discharge. Toch (1953) solved the general free-streamfine model of manifold efflux. He
was able to verify his results only with the experimental data of a three-dimensional flow
through circular orifices located in the wall of circular pipes. He noted: "... although this
agreement is heartening, it must be viewed as fortuitous. The attempt at experimentally

verifying the model (2-D) ... was completely unsuccessful."
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In the tests, the Reynolds number of the flow was quite large and hence the flow
characteristics did not depend on it. The Reynolds number is not explicitly included in the
formulation of Eqs. 2.2 and 2.3. It may be noted that the slopes denoting the pressure
gradient in the upstream conduit section (FG in Fig.2.7) depends on the Reynolds number
of the flow, for flows which are not fully turbulent. A specimen computation related to

lateral slot flow is given in Appendix 5 (pp. 160).

2.5 Conclusions

The solution to the problem of the two-dimensional efflux through a rectangular slot
located in a two-dimensional wide rectangular closed conduit was solved earlier on the
basis of the free-streamline theory. However, in the past, its verification was obtained
only through experimental data pertaining to flow through circular orifices located in the
wall of circular pipes. [Eqs.2.2 and 2.3 are derived directly from the results of
free-streamline theory solution to two-dimensional siot flows. The present experimental
data provide a direct verification of the theoretical solutions of the two-dimensional slot

flow. The agreement between the theoretical predictions and test data is quite good for
the dependence of C, on the slot flow parameters 1 =Vy/ J2¢l5 and Q. = Q,/ @,

(Egs.2.2 and 2.3). The results find applications in treatment plant hydraulics for

environmental engineers dealing with dividing flows.
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CHAPTER 3
RECTANGULAR LATERAL WEIRS IN
CIRCULAR OPEN CHANNELS

3.1 General remarks

The hydrodynamic characteristics of flow through lateral slots(outlets) of two-dimensional
channels (Fig.3.1) have been determined theoretically by Michell (1890), McNown and
Hsu (1951) and Gurevitch (1966). A model related to the characteristics of flow through
rectangular weirs located in the side of rectangular channels has been reported by
Ramamurthy and Carballada (1980). In that model, the weir outflow was considered as
the sum of the efflux through a large number of infinitesimal horizontal layers of flow.

These layers were viewed as two-dimensional channel flow elements having lateral outlets.

Lateral weirs are used in irrigation and drainage systems to divert part of the flow in open
channels. They are also commonly used to bypass excess storm water flow in wastewater
treatment plants (Benefield et al. 1984). In this chapter, a theoretical expression for the
discharge through a rectangular lateral weir located in a circular open channel (Fig. 3.2) is

developed and this expression is verified on the basis of experimental data.

3.2 Governing Relations

The development of the governing relations describing the characteristics of flow through

a rectangular weir located in the side of a circular open channel is very similar to an earlier
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development of the relations for the flow through a rectangular lateral weir located in a

rectangular open channel (Ramamurthy and Carballada, 1980).

3.2.1 Two-dimensional conduit outlet model

For a rectangular lateral outlet of length L set in a two-dimensional conduit of width B

(Fig.3.1), following McNown and Hsu (1951), the discharge coefficient C, can be

defined as,

_jet discharge per unit depth of conduit

Cu Iv, (3.1

where, C, is a function of the geometric parameter L/B (Fig.3.1) and the velocity

parameter 1 (Ramamurthy and Carballada, 1980) which can be defined as:

n=4 (3.2)

In the above expressions, ¥, is the axial flow velocity in the approach section and V, is

the velocity of the jet emerging from the outlet. In other words, the results of McNown

and Hsu (1951) link the theoretical discharge coefficient C, withn and //B. i.c.

C,=C,(n,L/B) (3.3)
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The above relationship between C,, m and L/B which is implicit can be approximated
by an explicit cubic expression in n* for the range 0 < L/B< 1.0 and 0 <n <= 1.0
(Ramamurthy and Carballada, 1980). The ranges of the variables /B and 1 covered in the
present experimental study are 0 < L/B < 1.5 and 0 <m < 1.0. Hence, the following

explicit relation between C,, L/B and 1 was obtained for these ranges of L/B and n.

Ci=cg +C|T|2+an4+(.‘3ﬂ6 (34)

in which,

co= 0.618-0.020(L/B) +0.009(L/B)*

¢, =-0.528 +0.595(L/B) + 0.028(L/B)* — 0.248(L/B)?

c2 =—0.029 — 1.001(1/B) + 0.700(L/B)* + 0.24 1(L/B)?

c3=-0.058 +0.420(L/B) - 0.712(L/B)*

Equation (3.4) is an explicit cubic in n* and is adopted easily for the development of the

following model for a rectangular lateral weir in a circular open channel.

3.2.2 Rectangular lateral weir in a circular open channel

The existing theoretical two-dimensional lateral conduit outlet model is adopted to

develop an expression for the discharge through a rectangular lateral weir of length L
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located on one side of a circular open channel of diameter D (Fig. 3.2). The following
assumptions are made to develop the weir discharge relation.
(i) The bed of the channel and the free surface of water are horizontal.
(i) The axial velocity component of the jet emerging from the lateral weir is I/, =
velocity of the approach flow. The lateral velocity component of the jet emerging

from the outlet of the infinitesimal flow element of thickness ¢ (Fig. 3.2) is equal to

J2gh . Here, 4 is the depth of the layer below the free surface.

(iii) The velocity coefficient & = 1.0 at the approach section.

The total outflow through the rectangular lateral weir is obtained by adding the flow
through the large number of infinitesimal two-dimensional parallel rectangular flow
elements (Fig. 3.2) that give rise to the emerging jet. These flow elements are assumed to
represent two-dimensional conduits of infinitesimal thickness which have lateral outlets.

For any such flow element, the axial velocity component ¥, and the lateral velocity
component q/Zgh can be added vectorially (Subramanya and Awasthy, 1970) to obtain
the jet velocity V) (Fig. 3.1):

V= 1/25,,h+ Vi (3.5)

For the weir outflow through the flow elements outlet area Ldh, the local weir outlet

discharge coefficient C, is a function of L/B, (Fig. 3.2) and the velocity parameter
n=V/V, (Eq. 3.4, with B=B,). Here, B, denotes the varying widths of the flow elements

at different depths (k) below the free surface (Fig. 3.2). For the flow elements
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constituting the lateral weir flow, the parameter / has a range of 0 to &, (=Y-5). As
such, both the width of the flow element, B, , and the outflow jet velocity, ¥ vary with
the depth 4 of the flow element below the free surface. Consequently, the local discharge
coefficient C, for the flow element will vary for each flow element. The width of the
outflow from the flow element contracts, since it emerges as a jet and has an effective flow

area of C,Ldh.

Three new parameters are defined as foliows,

vZ
c= i

=25 (3.6)

Using Eq.(3.2), Eq.(3.5), Eq.(3.6) and the geometric relations of the circular channel,

L/B, can be expressed as:
L. b
B [1-4la=05-c(n?- 1))

(.7)

The expression for the theoretical outflow, Q,, through the rectangular lateral weir is:

T

o= ) Cy4V;Ldh (3.8)

Expressing V, in terms of 1y and /, (Egs. 3.2 and 3.5), @, can be expressed as:

ViL 1 ¢y
Q; -y Llu Fd

- (3.9)
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Here,

Vi
2D
M, == ‘“_ (3.10)
V" -)
g.D

denotes the lower limiting value of 0| for the infinitesimal layer located just above the weir

sill of height s. The parameter 1, depends on the dimensionless sill height /D, the

parameter V,/ fng and the dimensionless flow depth ¥,/D at the approach section.

For the theoretical weir outflow ., the following alternate relation may be stated in

terms of a mean weir discharge coefficient C, and a mean jet velocity T/j. Thus,

Q: = CiAwV; (3.11)

Tta

= (——-— 1) and the

where, for the weir jet outflow the mean velocity V "j 0 h 3;,!1
] o nu

flow area A, =h L. Here, A, is the projected area of the weir on the vertical plane through
the channe! axis. Since the local discharge coefficient C, is a function of n and L/B,

(Eq.3.4), from Eqs.(3.9) and (3.11), one can express the mean weir discharge coefficient

Cy as,

1 Cy
=dn
— Qr '[Tln 4 L Y[
Ca= = 09 = T 3.12
R A 6.12)




It may be noted that M, contains the parameter s/D in its definition (Eq. 3.10). The
experimental data which are presented in a following section will indicate that Ca is
dependent mainly on the parameter 1, and L/D and that the influence of the Y, /D and

V*/(2gD) are not dominant. The parameter m, is related to the approach Froude number

Fy=Vi JgAuB, - Thus:

,
f2:D Fy
no=|—= = — (3.13)
vi L (1
+(._._.'_ 2 ﬁ_i noh
wb\D D F+32(3 D)(—_a,-sina,
1_Y%
2 D

where, 8, =& — 2 arctan( ), g = the acceleration due to gravity. Also, 4, and

B, denote respectively the flow area and top width at the flow depth ¥, in the approach

section.

3.3 Experimental Set-Up And Procedures

Tests were conducted in a smooth PVC pipe of nominal diameter 30 cm which was laid
horizontally (Fig.3.3). Machined 12 mm thick plexiglas plates bent to have their inner
radius matching with the pipe's inner radius were located in the side of the pipe to form the
sharp-edged lateral weir models (Table 3.1). A system of baffles and screens reduced
large-scale turbulence at the inlet section. The flow depth was always measured at the
channel center using point gages (Fig.3.3) that could be read to the nearest 0.1 mm. In all

the weir test series, the nappes were fully ventilated. A spline fit was used to determine
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the measured water surface profile over the weir span L (Fig. 3.3). Based on this, the
average depth of flow Y, was determined. Standard V-notches were used to measure the
through discharge and the weir outflow. The maximum error in the discharge

measurement is estimated to be 3%.
3.4 Analysis Of Results

The test data for nine different /D and s/D combinations are listed in tabies 3.2 to 3.10.

The temperature of water during the experiment was 20°C.

3.4.1 Verification of the proposed mean discharge coefficient relationship

For a given circular channel of diameter [ and lateral weir of sill height s and length /,
and a set of approach flow conditions such as ¥, and , (Fig.3.2), one can obtain the jet
velocity ¥, of each flow element (Eq.3.5). The mean jet velocity for the total outflow is
= ﬁ:(-ﬁ% —1) which is expressed in terms of 1. m, itself can be determined from the
known quantities (Eq.3.10). The experimental data related to the directly measured
discharge Q,, for a range of parameters L/D and s/D (Table 3.1) are compared with the
predicted discharge O, (Fig.3.4) which is based solely on theoretical considerations
(Eq.3.11). The solid line in the sketch denotes a perfect correlation. For the case when
Ub = 0.5 and /D = 0.13 (Fig. 3.4c), the predicted discharge Q, is 14% less than the

measured discharge Q,, . In the other cases (Figs. 3.4a, b and d to /), the agreement

between O, and Q,, is reasonable.
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3.4.2 Comparison of the present model with a previous model (Uyumaz 1985)

Uyumaz (1985) has given a semi-empirical relation to predict the lateral weir discharge 0,
based on a spatially varied flow model and has proposed a discharge coefficient m on the
basis of empirical relations. His model is a highly improved version of the model
originally presented by De Marchi (1934). The range of L/D covered in his test series
was 0.6 < L/D) < 3.4 and the range of L/D covered in the present tests is from 0.5 to 1.0.
As such, the comparison of test data based on Uyumaz's tests and the present tests are
possible only in a narrow L/D range. L/D = 1.0 is chosen as a typical example for the

comparison of @,, with O, based on Uyumaz's model (1985) and the present model
(Eq.3.11). Although in the subcritical range (¥, < 1.0), the values of. Q,, agree with 0,
for both the models (Fig. 3.5), in the supercritical range, agreement between g,, and (J, is
better for the present model (Eq.3.11) than for the model of Uyumaz (1985). Uyumaz
(1985) developed his semi-empirical model by considering the flow depth present at the
start of the weir as the reference depth ¥,. However, in his analysis, he states that for his
test data, “calculating the mean of several intermediate heads proved more satisfactory"

to obtain ¥,. It should be added that in the field example provided by Uynmaz (1987), he

reverts back to the use of the single reference depth ¥, at the upstream end of the weir.
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3.4.3 Variation of Cq¢ with >

The value of the weir discharge coefficient based on the discharge measured directly, Cay,

can be determined using the following relation

Qu = Cardn¥; (3.14)

Fig. 3.6 and the insert of Fig. 3.6 show the variation of the mean discharge coefficient C,

with the parameters M. In these sketches, the solid lines denote the theoretical

relationship between C, and 7, (Eq.3.12). As stated earlier, the experimental values of

the mean discharge coefficient that are derived from test data (Eq.3.14) for the case in
which L/D = 0.5 and /D = 0.13 appear to have a slightly larger deviation from the
predicted values. Except for this case, the present experimental values of the mean
discharge coefficient Cavr (Eq.3.14, based on the measured discharges) follow the general
trend of the predicted C, - ,” relation given by Eq.3.12 (Fig.3.6). The stated deviation
of the experimental values of the mean discharge coefficient Cy (Eq. 3.14) from the

predicted values of Cy (Eq.3.12) could be due to two facts. For instance, the model

developed is based on the two-dimensional ideal flow theory in which the velocity
distribution in the approach channel is uniform. Further, in the experiments, the outflow
through the weir was not strictly two-dimensional when the depth of flow over the weir
was large. The reasonable agreement obtained between Q,, and O, can be traced to the
fact that experimental discharge Q,, denotes the integrated value of the discharge passing

through several horizontal layers located over the lateral weir sill.

32



3.4.4 Variation of Cy with /D, ¥,/D, V,//(2gD) and L/D

The parameter 1, includes s/D, ¥,/D and ¥,?/(2gD) in its definition (Eq. 3.10). Figs. 3.6a,
b and ¢ denote the variation of Cy with 7, and indicate that /D, ¥,/D and V,"/(2gD) are
not dominant parameters as stated earlier when one expresses Ca as a function of 7, and
L/D. The present hydrodynamic weir model is based on the theory of lateral flow through
outlets of two-dimensional channels, which predicts a slight increase in the discharge
coefficient with an increase in the outlet opening L/D (Insert, Fig. 3.6¢). The present weir
test results also indicate a slight increase in the weir discharge coefficient with an increase

in L/D.

3.4.5 A typical example

For a given set of flow conditions in the circular channel and the weir geometry, one can

get the prediction of the lateral weir discharge O,

Given: D=30cm, L =30cm, s=381cm, Y, = 12.1cm, Q, = 18,900 cn’/sec and
£ =981 cm/sec’

Find: the side weir discharge O,

150
8 =1 -2 arctan(—2=2-—) = 2 75radians
I (dy2
D~ \D

A= %(e, _sin8))D? = 267cm?
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B = 21/ Y\D-Y} =29.4cm

I

Vi= = T70.8cnils

S

ho=Y—5=829%m

From Eq.(3.10),
v,

/Z'D
M, =——= =0.485
V- y X
7 (55

From Fig 3.6 for > = 0.235 and L/B = 1.0, one can get C, = 0.49 ( dotted lines of

Fig.3.6¢) or the same value may be obtained from numerically integrating Eq. (3.12). For

this, use Eqs. (3.4) and (3.7) respectively to substitute C, and [L/B . For the weir
L/B=L/B,,

Vi = —d—(=—1) = 113cmi/s

J ng

A, =hL =249 cn’

From Eq.(3.11),
O =CuAwV; =13,800cm*/s
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3.5 Conclusions

A theoretical expression (Eq. 3.12) is developed to relate the mean weir discharge
coefficient C, with the parameter 1, and L/D for rectangular lateral weirs located in the
side of circular channels. Unlike earlier studies, C, (Eq.3.12) derived on the basis of
theoretical considerations is independent of experimental data. When Ca is expressed as
a function of n_ and L/D, the effect of the other parameters such as s/ and ¥, /D are not
significant in the range of variables covered by these tests. C, increases when the
parameter /D is increased. The experimental data presented for L/D=0.5, 0.75 and 1.0
provides a verification of the proposed expression for the lateral weir discharge for both

subcritical and supercritical approach flow conditions (Fig.3.4).
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CHAPTER 4

DIVIDING RECTANGULAR CLOSED CONDUIT FLOWS

4.1 Genera!l remarks

Division of flow past 90° branches of closed conduits (Fig.4.1) is encountered in internal
flow systems of water and wastewater purification plants and conduit network systems
associated with heating, ventilation and air conditioning. Chapter four deals with the
characteristics of dividing flows in closed rectangular conduits. Test results covering a
range of discharge ratios Q,/O, and three width ratios L/B are obtained to verify the
proposed model. Here, Q, and O, respectively denote the discharge in the branch of
width L and the main of width B (Fig.4.1). In particular, the contraction coefficient C,
for the branch flow, the energy loss coefficients K, related only to the main and the
energy loss coefficient K, related to the main and the branch are determined using test
data. An empirical method is used to predict C, and in turn yield K,,. For this, the result
of an existing lateral outlet model (McNown and Hsu 1951) for two dimensional flow past
a lateral slot fitted with a single 90° barrier of infinite length (Insert Fig.4.1) is used as the
basis. The value of C, determined by this method is compared with the value of C,
obtained graphically from the flow pattern sketched on the basis of measured velocity
distributions, Detailed velocity and pressure data are obtained to describe the flow

processes in dividing closed rectangular conduit flows.
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4.2 Governing relations

4.2.1 Contraction coefficient for dividing flows in a branching rectangular conduit

The development of the governing relations describing the characteristics of dividing flow
in rectangular closed conduits is very similar to the development of the relations for flow

through a rectangular lateral weir located in a circular channel (Ramamurthy et al. 1995).

The insert of Fig.4.1 shows a rectangular lateral outlet of length L fitted with a single
barrier of infinite length set in a two-dimensional conduit of width B. Following

McNown and Hsu (1951), C, can be defined as,

__ jet discharge per unit depth of conduit

Ce 37 . 4.1)

Here, C, is a function of the geometric parameter L/B (Fig.4.1) and the velocity

parameter 1) (Ramamurthy et al. 1995) which can be defined as in Eq.(4.2). Denoting the

specific weight of water as y and the gravitational acceleration as g,

(4.2)

Here, V, and p, are the axial flow velocity and pressure at the approach section and
Vi= 1/ V32g+pify is the velocity of the jet emerging from the lateral outlet (Insert

Fig.4.1). Theoretically, the speed of the fluid particles along the free streamline "bc" is

constant. It may be noted that test data shows that the velocity is nearly uniform at the
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contracted section "cg". The procedure to find p, experimentally is described in the

section on experimental procedures.

The existing results of McNown and Hsu (1951) for a slot-barrier configuration (Insert

Fig.4.1) can be used to link the theoretical contraction coefficient C, with n and L/B. i.c.

C.=C.(n,L/B) (4.3)

The above relationship among C,, 7 and L/B is implicit and can be approximated by
an explicit cubic expression in 1 for therange 0 < L/B<1.0 and 0<n < 1.0. For

instance, the following explicit relation between C, , L/B and m can be obtained for two

dimensional flow past a lateral slot fitted with a 90° barrier (Insert Fig.4.1).

Ce=co+cim+cam?+cm? (4.4)

in which,

co= 0.618+0.144(L/B)+0.225(L/B)?,

¢1 =—0.096 —0.286(L/B) - 0.977(L/B)?;
¢y =—0.700 +0.822(L/B) + 1 .41(L/B)?;
¢3 = 0.200—0.685(1/B) — 0.644(L/B)?

Eq.(4.4) is assumed to be valid to calculate C, for dividing flow in a branching rectangular

conduit (Fig.4.1) when p, is replaced by Ap=(p,-p,) in Eq.(4.2), since the pressure p_ at
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"e" is not in general zero. Accordingly, Eq.(4.2) denoting 1 for branch conduit flows 15

rewritten as,

(4.5)

The pressure decreases along "cj" from "c" to the point where the velocity is zero in the
branch separation bubble (Fig.4.1) and increases from there up to "j". Further, the
velocity in the bubble is very small. Hence, the pressure difference is in general not

expected to be large between "j" and "¢" (Fig.4.1). The measured pressure p; at "j" can be

used in place of p, at "c" to get Ap in Eq.(4.5).

4.2.2 Energy loss coefficient K,

The energy loss coefficient related only to the main rectangular conduit is given by,

K= ;1,52 (4.6)
2
Vi o pa
Fr= 2—g + T (4-7)

Here, the energy , velocity and pressure are respectively denoted by E, V and p. The

subscript 1, 2 and 3 relate to sections 1, 2 and 3 of Fig.4.1.
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4,2.3 Energy loss coefficient K ;

The energy loss coefficient K,, for the main and branch conduits is defined in terms of the

following expressions. Denoting the discharge ratio Q= Q,/0, ,

Kp=H2E (48
!
2g
where,
Vik
Vi= “-Q"r- (4.9)
_Vi i |
Er=75+% (4.10)
_B.p
E3_2g+"/ (4.11)

The flow entering the branch contracts in the region "b¢", expands in the region "cd", and
reattaches at "d". Following flow recovery in the region "de", fully developed flow
occurs beyond the section "e" which is far away from "d" (Fig.4.1). The flow expanding
in the region "cd" experiences considerable energy loss. This loss depends on the value of
C, which itself is a function of L/B and 1 (Eq.4.5). Assuming the expression (Eq.4.12)
for the sudden expansion of flow in a conduit to be approximately valid for the expansion

of the flow in the branch, the loss coefficient K ; can be written as,

Or 1
K3 ="'—(——1)2 (4.12)
L
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In sudden expansions, the separating flow does not strictly follow the profile of the sudden
conduit expansion. As such, Eq.(4.12) can be used as an approximation to obtain a

relation for K.

4.3 Experimental set-up and procedures

Fig.4.2 shows the equipment used for the tests to determine the characteristics of dividing
flows. /2 mm thick large Plexiglas plates were used to form 90° rectangular closed
conduit branches without too many joints. The main rectangular conduit was 4/.2 mm X
9/.5 mm in cross section. It was about 4 m long upstream of the junction to provide fully
developed flow in the approach section. For the branch conduits, three different cross
sections (20.4 mm X 41.2 mm, 70.5 mm X 4/.5 mm, and 2/.5 mm X 4/.5 mm) were used.
This resulted in the three geometric ratios of LB = 0.22, 0.77 and 1.0. A constant head
supply tank provided steady flow in the main conduit. O, and O, were measured with the
help of 30° V-notches (Fig.4.2). The point gages measuring the driving head of the
V-notches had a least count of 0.1 mm. The maximum error in the discharge measurement

was 3%.

Many closely spaced / mm pressure taps were provided along the wall centerlines of the
main and the branch. The spacing of the wall pressure taps was reduced to 3 mm near the
two corners "A" and "b" of the branch (Fig.4.1). This enabled detailed mapping of the

pressure field near the branch. The water manometers connected to the wall taps of the
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conduit could be read to the nearest millimeter, Far away from the branching point, the
pressure profiles at sections of the main and branch were linear and were unaffected by the
presence of the branch. These linear pressure profiles were noted and extrapolated to the
center of the junction to find the pressures p,, p, and p, experimentally. This procedure
eliminates the need to account for the boundary friction losses which are present in real
flows between the conduit branch center and sections 1, 2 and 3. These experimentally
determined pressures p,, p, and p, were used to find the total energies £, [, and /.,

(Egs.4.7,4.10 and 4.11), which in turn yield the energy loss coefficients.

The total energy of the main flow just before it enters the branch was experimentally
determined by adding the experimentally determined pressure head p,/y and the velocity
head at the exit section "bs" of the main. The mean velocity at sections | and "hs"
(Fig.4.1) are the same. Since the loss in the converging section "bhcg" is very small,

Vj3/2g +pfy= VS 2g+p/y. Thus, knowing V,, p, and p, one may find V; and in turn
n and C. In the present study, 7 was determined using Eq.(4.5), since the pressure
along the free streamline "b¢" is not zero as in the case of the lateral slot model (McNown

and Hsu 1951). Using the plotted streamline pattern (Fig.4.5), C, was determined

graphically.

The laser Doppler velocimetry (LDV) unit was used to measure velocities in the test
section. Detailed distribution data of the mean velocity components were obtained at

various cross sections for each of the three area ratios at two typical discharge ratios
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Q/0,. The velocity data was used to determine the flow pattern by plotting the
streamline. The x and y locations were normalized respectively by the branch width L and

the main width 5.

4.4 Results

Experimental data for three different L/B ratios are summarized in tables 4.1, 4.2 and 4.3,

respectively. The temperature of water was 20°C.

4.4.1 Energy Loss coefficient K,

The data (Fig.4.3) show that for rectangular branching conduits, L/B is not a signiﬁcaﬂt
variable controlling the variation of K, with 0,/0,. The negative loss coefficients in the
low Q,/0, range for circular conduits can be attributed to the fact that the low energy
three dimensional flow in the conduit boundary layer enters the branch leaving the through
flow to possess higher energy (Escobar 1954). This fact is well supported by the
two-dimensional flow pattemn of rectangular conduits sketched in Fig.4.5¢. For instance,
at low Q,/Q, , the low energy flow in the boundary layer entering the branch is clearly
trapped by the dividing streamline "nA" (Fig.4.5c). Further, at low Q.,/Q, values, the

energy loss due to expansion of flow in the main is small.
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4.4.2 Energy Loss coefficient K,

The energy loss coefficient K,; was determined as a function of Q,/Q, using Eq.(4.8) and
plotted in Fig. 4.4. Fig. 4.4 also contains the relation between K, and Q,/Q, for circular
and square pipes. The data for square pipes presented by Miller (1971) in Fig.4.4 is for
L/B=1 and for a limited range of ¢,/0,. Although no specific arguments are given, Miller
(1971) states that variations of K,, and K,; with Q,/Q, for circular and rectangular pipes
are nearly identical. Unfortunately, even for circular pipes, one notices a wide range of
variation in the experimental values of K,; and K, reported by different investigators
(Figs.4.3 and 4.4). The empirical relations between K , and Q,/Q, =0, determined on the
basis of Eq.(4.12) for rectangular conduits are shown in Fig.4.4 together with the variation
of K,, with Q,/Q, obtained on the basis of Eq.(4.8). These two relations are in close

agreement.

4.4.3 Flow pattern and contraction coefficient C_

The wall pressure taps are very closely spaced (3 mm center to center) near the branch
corners "b" and "A". Still, the pressure data indicated that a finer resolution was needed
to locate the stagnation points. Stagnation occurred either on the main wall or branch
wall depending on both L/B and Q,/Q,. The point where the velocity very near the wall
was zero denoted the stagnation point and the reattachment point of the separation flow.

However, at the stagnation point the pressure is generally larger. The stagnation points
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could be located accurately only in a few cases. For instance, at Q,/0,=0.3 and L/B=0.22
(Fig.4.5¢) the stagnation was on the main wall and at about 6 mm from the corner "b".
Fig.4.5 shows the shape of the separation bubble geometry and the variation of pressure
and velocity along the main and the branch. Table 4.4 shows the value of C, determined
graphically for a few specific cases for which the detailed velocity and pressure profile
were determined. The agreement between C, values based on flow pattern and Eq.(4.4) is
reasonable. The flow in the converging section "bhgc" was essentially two dimensional.
In the expanding region beyond "cg", the flow was not strictly two dimensional. As such,
the profile of the bubble "c¢d" was determined only approximately. The velocity
distribution data (not shown in Fig.4.5) indicated that the tendency for flow to separate

from the main wall "/m" starts when Q, is close to O, for all L/B ratios.

Fig.4.6 shows the dividing streamline {(DSL) profiles for the case L/B= 1.0, 0.77 and
0.22 at 0,/O,=0.42. The value of Q,/Q, = 0.42 for L/B=0.77 was chosen as a reference
discharge ratio. For L/B=1.0 and 0.22, the profiles of DSL corresponding to 0,/0, close
to 0.42 were chosen. Slight adjustments were made to these profiles using interpolation
or extrapolation techniques to determine the DSL profiles for L/B=1.0 and 0.22 at
0,/0Q=0.42. For L/B=0.22, the downstream branch corner "h," is set at a location 6 mm
upstream of the corners "h," and "h," at L/B=1.0 and 0.77, to account for the fact that the
stagnation for L/B= 0.22 was 6 mm downstream of the branch corner and the stagnation
for L/B=1.0 and 0.77 were close to the corner, for Q,/O, = 0.42. The resulting composite

sketch (Fig.4.6) shows that near the entry to the branch for L/B=0.22, the DSL is slightly
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steeper than it is for L/B=1.0. Still, the profiles for the three L/B ratios appear to be very
stmilar and imply that the energy loss due to expansion of the flow in the main does not

depend on the L/B ratio significantly.

A specimen computation related to dividing closed conduit flow is given in Appendix 5

(pp. 161).

4.5 Conclusions

The following conclusions can be drawn for branching flows in closed rectangular

conduits:

1. The energy loss coefficient K, for rectangular conduit branches depends on (//Q,
and is independent of L/B. For fixed Q,/Q, values which imply fixed (,/Q, values,
the streamline pattern determined on the basis of velocity data in the main are nearly
identical and hence the expansion loss in the main is independent of L/B. At low
values of discharge ratios (0,0, < 0.2), the flow patterns indicate that the low
energy flow in the conduit boundary layer gets trapped and passes into the branch.

The resulting higher energy in the through flow leads to negative K,, values.
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2. The energy loss coefficient K, is a function of Q,/0, and L/B. The value of K,
determined by direct energy measurements and the empirical method agree

reasonably well.

3. The contraction coefficient determined graphically is close to the values of C,

obtained from the Eq.(4.4), which is based on an existing free streamline

slot-barrier model.
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CHAPTER 5
COMBINING FLOWS

AT 90° JUNCTIONS OF RECTANGULAR CLOSED CONDUITS

5.1 General remarks

Combination of flow past 90° junctions of closed conduits (Fig.5.1) are encountered in
internal flow systems of water and wastewater purification plants and conduil network
systems associated with heating, ventilation and water distribution. In the present study,

the energy and power loss coefficients of two-dimensional flows past 90 junctions of
rectangular closed conduits are determined experimentally for three area ratios (4,/4, =

1.0, 0.77 and 0.22) and a range of discharge ratios (0 < Q/Q, </.0). Some of the

experimental parameters such as the average entry angle & (Fig.5.1) of the branch flows
are compared with the results of a simple model based on the application of the
momentum principle to two dimensional closed conduit flows. The detailed velocity and
wall pressure distribution data in the vicinity of the junction are also obtained to explain

the flow processes related to combining flows.
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5.2 Governing relations

Fig.5.1 shows a 20” junction for rectangular closed conduits. Downstream of the junction,
both the main and branch flows attain a minimum area of cross section at a location "mjk"
(Fig.5.1). As such, the energy loss in the contracting sections "bsmj" and "ebjk" is small.
For the flow configuration shown in Fig.5.1, 'Ehe following governing relations are valid.

They are respectively the momentum, power, and continuity equations;

AM = (D2 +pV3 Az — (p1+pVHA: .1
EiQi+E303 =E.Q: (5.2)
O1+03=02 (5.3)
where,

~_p Vi

k= pg+ Zg (5.43)
gl (5.4b)

*Tpg g '
- b V2
Ec=5g+ r (5.4c)

In the above, p is the density of water, g is the acceleration due to gravity, AM is the
difference of the momentum terms in the main between sections 1 and 2 (Fig.5.1). The

areas at sections 1 and 2 are equal. The total energy, pressure, discharge and velocity of
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flow are respectively I, p, O and V. Suffixes /, 2, 3 and ¢ refer to sections /, 2, 3 and the

vena contracta (section “m" in Fig.5.1).

The coefficients K,,, X, and K, denote the loss of energy (Eq.5.5) and the loss of power

(Eq.5.6) for combining flows (Fig.5.1). InEq.5.6b, K, e"xpresses in terms of K, and K,.

Suffix p refers to the power terms.

Kp= E ;,Ez (5.5a)
2
%
Ky =L2 ;Ez (5.5b)
2
%
E.~E
K, ” 2 (5.6a)
2
0 0
K,=(1 —5—2)1(,2 +5—2K32 (5.6b)

P}

The momentum transfer AM from the branch to the main conduit can be determined by the

following three different methods which involve three independent relationships.

I. Measuring momentum terms M;=p A2+ prA 2 and My=pA2+p V24, at
sections 1 and 2 (Fig.5.1), accounting for the frictional boundary losses and using

the relation AM = M, - M, (Eq.5.1).

50



~y

2. Applying the momentum equation to the branch control volume "ebcd” (Fig.5.1) in
the axial direction of the main and relating AM with the wall pressure forces P, on
the downstream wall and P, on the upstream wall (Fig.5.1). Thus, AM =P,-P,.

3. Determining directly the momentum transfer AM using the measured velocity
component « in the direction of the main channel and the velocity component v at
right angles to », at several subsections dx along the branch exit section "ed"

(Fig.5.1). Thus,

N
AM = pQ3V3cot = E(pvdx,-)u (5.7)

where, 8 is the average entry angle of the branch flow at section "eb" (Fig.5.1).

5.3 Experimental set-up and procedures

Fig.5.2 shows the equipment used for the tests to determine the characteristics of
combining flow. /2 mm thick large plexiglas plates were used to form 90° rectangular
closed conduit junctions without joints. The main rectangular conduit was 47.2 mm X 91.5
mm in cross section. It was about 4 m long upstream of the junction to provide fully
developed flow in the approach section. For the branch conduits, three different cross
sections (20.4 mm X 4/.2 mm, 70.5 mm X 4/.5 mm, and 9.5 mm X 4.5 mm) were used.
This resulted in the three geometric ratios of L/B = 0.22, 0.77 and 1.0. Here, L and B

denote the widths of the branch and main conduits respectively. Constant head supply
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tanks provided steady flow in the main and the branch. The main and branch flows as well
as the combined flow were measured with the help of 30° V-notches (Fig.5.2). The point
gages measuring the driving head of the V-notches had a least count of 0.1 mm. The

maximum error in the discharge measurement was 3%,

Many closely spaced / mm pressure taps were provided along the wall centerlines of the
main and branch. The spacing of the wall pressure taps was reduced to 3 mm near the two
corners "e¢" and "b" of the junction (Fig.5.1). This enabled detailed mapping of the
pressure field in the vicinity of the junction. The water manometers connected to the wall
taps of the conduit could be read to the nearest millimeter. Far away from the junction,

the pressure profiles at sections of the main and branch were linear and were unaffected by
the presence of the junction. These linear pressure profiles were noted and extrapolated to
the center of the junction to find the pressures p,, p, and p,. These pressures were used
to find the total energies £,, £, and E, (Eq.5.4), which in turn yielded the energy loss

coefficients (Figs. 5.3a and 5.3b).

Using the previously described LDV system, detailed distribution data of the mean and
fluctuating velocity comporients were obtained at various cross sections, for each of the
three area ratios at two typical discharge ratios 0,/0, for combining flows in rectangular
closed conduits (Figs.5.4, 5.5 and 5.6). The x and y locations were normalized

respectively by the branch width L and the main width B as before (Figs.5.4, 5.5 and 5.6).
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5.4 Results

The pressure head data and other results of the tests are shown in Tables 5.1 to 5.3. The

temperature of water was 20°C.

5.4.1 Energy loss coefficients

Fig.5.3a displays the dependence of the energy loss coefficients K, (Eq.5.5a) on , /0,
and A,/A, for rectangular conduits. The experimental data of K, for the three area ratios
A /A, indicate that K, decreases with an increase in A,/4, at fixed O,/Q, for rectangular
conduits. This characteristic is similar to the trend seen in Fig.5.3a for circular pipes. For
A,/A,=0.22, up to Q,/Q, = 0.8, the present test data for the rectangular conduit follows
the mean trend of the relation between K|, and Q/Q, for circular pipes for 4,/4,=0.22
(Gardel, 1957) __and for A/A,= 0.2 (Serre et al., 1994). For A,/4,=0.77 and 1.0, the
dependence of K,, on Q, /Q, for rectangular conduits does not closely follow the
dependence of K,, on 0,0, for circular pipes, although qualitatively the trends are the
same. For rectangular conduits with L/B=1 (4,/4,=1), the values of K, of the present
test are slightly lower than the values of X, obtained by Miller (1971) in the limited range

0.3 < 0,70, <0.75.

For both circular conduits (Gardel 1957, and A/ /4, = 0.2/, Serre et al. 1994) and

rectangular conduits in the low range of Q/Q,, Fig.5.3b and insert of the Fig.5.3b show
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the good agreement in the relationship between the energy loss coefficient K, and Q,/Q,
for A,/4,=0.22. For high Q/0, , the wide discrepancy between the present results related
to K, for rectangular conduits and the existing results for circular conduits (Serre 1994,
Gardel 1957) can be traced to the large inherent differences in the flow structure of
combining flows in rectangular conduits and circular conduits. The structure of combining
flows in rectangular conduits is discussed in a subsequent section of the results (Figs.5.4,
5.5 and 5.6). For A/A,=0.77 and 1.0, the variation of K, with (,/(, for both rectangular

conduits (present tests) and circular pipes (Gardel 1957, Ito and Imai 1973) is quite

similar.

5.4.2 Flow pattern

The confluence of the branch and the main flows leads to an increase in pressure near the
upstream junction corner "6” in the vicinity of which the flow stagnates (Figs.5.4, 5.5 and
5.6). At the corner "e" of the junction, the flow separates while entering the main conduit
and forms a separation bubble "ek/" in the section downstream of the junction (Figs.5.4,
5.5 and 5.6). The velocity distribution data indicate that the flow is two dimensional until
the vena contracta (section "mjk" of Fig.5.1). By integrating the axial velocity component
(u) data at the different cross sections along the axis of the main channel, the boundary of
the main flow and the boundary of the branch flow can be precisely located up to the
contracting section (4" and "ek" in Figs.5.4, 5.5 and 5.6). In the short expanding section

beyond sections "mj" and "jk", the flow becomes progressively three dimensional.
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Hence, as one proceeds downstream of "/" and "k" (Figs.5.4, 5.5 and 5.6), the boundaries
for the main and branch flows shown downstream of the contraction are less accurate. The
reattachment point “/” for the separation bubble was obtained more precisely by locating
the position very near the wall at which the velocity components were zero. Since the
flow was not strictly two dimensional in the expanding flow section downstream of "j"
(Figs.5.4, 5.5 and 5.6), the integration of the axial velocity profiles provided only a rough
estimate of the downstream boundary "4/ of the separation bubble. This boundary "4/*
was slightly corrected to force it to pass through the reattachment point "/” which was
determined more precisely from the velocity survey data close to the wall. As with the
stagnation point, the velocity components are zero at the reattachment point, The
downstream location where a fuily developed flow characterized by a linear falling

pressure profile is dependent on both 4;/4, and 0,/0,.

Only for the case of A, = A, can one expect some similarity of the flow characteristics of
combing flows in circular and rectangular conduits, since the branch flow in each case
spans the entire width of the main conduit. Combining flows in closed circular pipes and
closed rectangular conduits are expected to have different flow characteristics especially
when 4,< 4,. In the case of circular pipes, for 4;< 4,, the main flow sees the branch flow
entering the main flow as a narrow cross jet. Cross jet studies involving circular jets
emerging from 90° junctions and meeting a cross flow in a wider main duct indicate that
the branch jet expands continuously and is expected to develop strong horseshoe shaped

vortices with their axis nearly parallel to the main conduit axis {Antani, 1977). In fact,
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the flow is three dimensional for circular pipe junction flows, and hence the contracted
section will be a highly curved line. Consequently, the contraction coefficient is ill defined.
For circular closed conduits, except in the case of fully developed flows, the traditional
use of a single row of pressure taps on the two main walls will be insufficient to describe
the wall pressure distribution. In rectangular conduit systems, the flow from the branch is
constricted on the sides and hence continues to contract along with the main flow until the
vena contracta (section "mjk" Fig.5.1), and in this region, the flow remains two
dimensional, As such, the energy loss up to section "m" is quite small and high turbulence
is limited to the shear layers and the entire separation bubble region (Figs.5.7 and 5.8).
However, it is fortuitous that some gross characteristics such as the energy loss and power

loss coefficients for circular pipes and rectangular pipes are somewhat similar in some

ranges of 4,/4, and O,/0,.

The geometry of the separation bubble "ek!” shown in Figs.5.4, 5.5 and 5.6 is largely
influenced by both the ratios 4,74, and O,/0,. The streamline patterns indicate that the
vena contracta of the combined flow occurs at a distance of about B downstream of the
corner "b". Here, B denotes the width of the main conduit. This is true even for the case
where the reattachment length is very long (Fig.5.6a). The curvature of the flow in the
region downstream of the junction affects the wall pressures on the two walls "4i" and
"ef" very differently. Due to the curvilinear nature of the flow and the complex geometry
of the separation bubble, the location of the contracted section of the combined flow can

be estimated much less precisely by noting only the positions of the minimum wall
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pressures. As such, streamline patterns sketched on the basis of detailed velocity
distribution data provide a more accurate location of the contraction sections (Figs 5.4 to

5.6).
5.4.3 Turbulent characteristics

Figs.5.7 and 5.8 denote the turbulent characteristics for two typical cases of combining
flows. For the conditions shown in Fig.5.4a (Q,/0, = 0.49, L/B = 1.0), the flow is nearly
free from large velocity gradients up to the contracting region outside the separation
bubble. In Fig.5.7a, the non-dimensional intensity of turbulence »/U,_ . denoting the
normalized root mean square (RMS) value of the axial component of turbulent
fluctuations Iis relatively high in the separation bubble, in the expanding section and in the
vicinity of the free shear layer which denotes the boundary of the separation bubble “ek/".
This characteristic is true even for the normalized turbulent intensity v/U, . which denotes
the non-dimensional RMS value of the lateral velocity fluctuation (Fig.5.7b). The values
of w/U,_ and v/U__ in the bubble region indicate that the turbulence is nearly isotropic
here. As stated earlier, Fig.5.7c shows that large values of the turbulent shear -#'v’ are

confined to the separation bubble region, the vicinity of the free shear layer and the

expanding region downstream of section "mjk”.

In Figs.5.8a and b, for which Q,/Q, = 0.50 and L/B = 0.22, the intensities of turbulence

u/U, . and v7U, _ are not low in the short entry region. In this region, the velocity

HILY
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gradients are large since the speed of the branch flow is nearly 4.5 times the speed of the
main flow (Fig.5.6a). The velocity gradients vanish soon after the flow passes the short

entry length along the boundary "&;". Hence, the values of «”/U/,  and v/U

\y Mmay

in large
sections of the flow are not high except in the very short entry region from the branch to
the conduit (Figs.5.8a and 5.8b). The distribution of -u'v' shows that the velocity
gradients along both the boundaries of the branch jet give rise to a good deal of turbulent
shear. The large discharge ratio and the small area ratio cause the branch flow to behave

like a jet which keeps expanding after the initial contraction which occurs near "m"

(Fig.5.6a).
5.4.4 Power coefficient KF

The power term £ 0, of Eq. (5.2) at section "mk" of the flow (Fig.5.1) was obtained after
finding the total energy £_ at the contracted section "mk". To obtain /£, one needs the
velocity and the pressure data in the sections "mj" and "j&" in which the flow occurs.
There is a pressure gradient from the point "m" on the wall to the point "4" on the free
streamiine (FSL), due to the curvature of the streamlines. As such, a minor correction
was applied to the recorded wall pressure at "m" to obtain the pressure at "k". To provide
this minor correction, the radius of the streamline "e4/" can be obtained by considering the
segment "ek" to be the part of a true circle. Further, it was noted that along “4m" the
pressure gradient dp/dr=pV°/r, where r is the radius of the streamline and dr is the

differential of ¥, The computed power term £ 0, was found to be very close to the sum of
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the power terms £,Q, and /£,0, (Eq. 5.2) for all cases indicating that the major energy and

power losses occurred in the expanding region downstream of the section "mk".
5.4.5 Expansion loss and contraction coefficient C,

Most of the energy loss due to mixing occurs in the expanding section downstream of the
section "m" in Fig.5.1. Hence, the energy loss £, can be estimated using test data, which
in turn will yield the value of C_ as follows. In terms of the velocity ¥, at the contracted

section "mk", where the flow is nearly uniform,

RO /e ) B WY £

Ee—Ly=Fk = 2 —(Cc ) 52 (5.8)

The values of C, computed from Eq.(5.8) are compared in Table.5.4 with the values of C,
obtained directly from the flow patterns sketched on the basis of velocity data (Figs.5.4,
5.5 and 5.6). The use of Eq.(5.8), which is strictly applicable to the energy loss in sudden

expansions is justified by the fact that the streamlines in the sudden expansion do not

follow the contour of the expansion after leaving the narrower section.
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5.4.6 Momentum transfer and average entry angle &

The momentum transferred by the branch to the main was determined by the three
independent methods described earlier. The estimate of AM obtained by the direct wall
pressure force difference method is quite close to AM determined by summing the
momentum transferred by the subsections of the branch at the entry section "¢h" (Fig.5.4a)
and AM found by noting the difference in the momentum terms at sections | and 2
(Eq.5.1). The average entry angle 0 is related to AM. Hence, & too can be determined
by the same three independent methods. The values of & determined by the three methods
are generally in close agreement (Table 5.5). For small values of O, /Q, and all 4, /4,
values, the average jet entry angle d is expected to vary from a value of & =0 at the
corner "d” to a value & = 90° at the corner “¢”. On the other hand, for small 4,/4, and
large Q, /Q, values, the branch flow will essentially enter the main as a jet at a large

constant value of & at all subsections of the entry section "e¢b" (Fig.5.6a).

5.6 Conclusions

1. Based on the test data related to the velocity and wall pressure distributions, it is noted

that for combining flows at 90° junctions of rectangular conduits, the main and branch

flows generaily maintain the two dimensional character up to the contracting section
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downstream of the junction. This is in sharp contrast to the three dimensional nature of

the entire combining flow field in circular pipes.

2. Downstream of the junction, the contracted section occurs at a distance approximately
equal to one width of the main conduit. The contraction coefficient C_ determined
from the flow patterns agree well with the values of C, determined from an indirect

empirical method related to expansion losses.

3. The energy loss coefficients X, and K, for rectangular conduit are functions of the
discharge ratios @, /Q, and the area ratios A, /4,. The streamline pattern for the
circular and rectangular conduits are different especially when 4,/4,</. As such, any

similarity between the dependence of X, and X, on Q,/0, and 4,/4, is fortuitous.

4. The high degree of turbulent shear in the vicinity of the boundary streamline of the
separation bubble and the high intensities of turbulence in the bubble itself further

confirm the shape of separation bubble which is obtained from streamline patterns.

5. The average entry angle 8 of the branch flow to the main conduit is determined from the
velocity distribution data for the branch flow at the exit plane "eb" of the junction. This
value is close to the value of & determined by two other independent methods which

are based on separate momentum balances in the axial direction of the main conduit for

both the branch flow and the main flow.
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CHAPTER 6

CONCLUSIONS AND SCOPE FOR FURTHER STUDY

On the basis of the present study, the following conclusions can be drawn:

6.1 Validation of the theoretical solution for two-dimensional lateral conduit outlet:

The experimental results related to flow past a rectangular slot located in a rectangular
closed conduit provide a direct verification of the free streamline model for

two-dimensional flow past a lateral conduit (slot).

6.2 Rectangular lateral weir in a circular open channel:

Based on an existing hydrodynamic solution for free efflux from a two-dimensional
conduit, a theoretical model is developed to express the mean weir discharge coefficient
C, with the parameter m, and L/D for rectangular lateral weirs located in the side of
circular channels. The experimental data presented for L/0=0.5, 0.75 and 1.0 provides a
verification of the proposed theoretical expression for the weir discharge coefficient for

both subcritical and supercritical approach flow conditions.
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6.3 Dividing flows in rectangular closed conduits:

The existing solution for the free efflux from a two-dimensional conduit outlet fitted with
a barrier can be adopted to solve the dividing flow problem in rectangular closed conduits
by noting the difference between the two configurations. The values of the energy loss
coefficient and contraction coefficient obtained empirically by two different methods are
found to be in close agreement. Detailed pressure and velocity distribution data provide
explanations for the lack of dependence of energy loss coefficient K, on L/B. The
contraction coefficient C_ determined graphically is close to the values of C_ determined

from the free streamline model

6.4 Combining flows in rectangular closed conduits:

The streamline pattern obtained on the basis of detailed velocity surveys related to
combining flows in rectangular closed conduits indicate that the flow processes in circular
and rectangular conduits are quite different. The pressure distribution data obtained
during the present study tend to confirm this point of the view. As such, any similarity in
the dependence of energy loss coefficients on discharge ratios in the circular and
rectangular conduit junction flows should be regarded as fortuitous. The shear stress
distribution along the boundary of the separation bubble confirms the shape of the
separation bubble. The values of C_and & obtained on the basis of different methods are

in close agreement (Tables 5.4 anu 5.5).
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6.5 Practical applications and benefits

The results of the present study find applications in dividing and combining flows
encountered in the design of open channels and closed conduit engineering systems, such
as water and wastewater treatment plants, water distribution networks, irrigation systems,

heating, ventilating, and air conditioning system.

6.6 Scope for further studies

The present study may extended to the case of flow past multiport systems for combining

and dividing closed rectangular conduit flows.
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(A) Dividing flow past 2 slot (B) Dividing flow past a slot fitted with a barrier

dividing streamline

(C) Dividing conduit flow (D) Combining conduit flow

Fig. 1.1 Two-dimensional Flow Configurations
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Fig.5.8 Turbulent Intensity and Shear in Main Conduit
of Rectangular Combining Flow, L/B =0.22, 0,/(,=0.50
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Table 2.1 Experimental data of two-dimensional slot flow L/B = 1.0

tap | distance pressure head H (cm)
X(cm)

=z
=]

2197121434 | 357 | 23.9 1 333 | 389 | 274 | 178 | 22 | 246

-16638 [42.1 | 342 | 223 [ 303 | 358 | 249 | 17.2 | 21.1 | 235

-135.9 140.1 32 | 202 | 255 | 314 | 212 | 165 | 198 | 21.7

-105.42(38.1 | 30.1 | 18.1 21 269 | 176 | 158 | 18.5 | 203

-74.94 1363 | 282 | 163 | 17.1 23 14.5 | 152 | 173 | 18.7

431 | 34 | 259|139 | 126 | 185} 109 | 1445| 16 17.2

2786 (334 ] 252 | 131 | 10.7 | 166 { 94 | 142 | 154 | 166

21262 318 [ 239 | 11.7 82 | 144 | 74 | 135 | 145 | 159

-3 289 | 213 | 98 6.5 12 58 1 12.6 13 13.9

3.5 (2661194 | 85 56 | 10,6 | 5.1 11.7 | 12.2 13

-235 (243 | 174 | 73 4.7 9.4 45 | 10.8 11 11.6

-1.85 | 226 16 6.4 43 8.7 4.1 10.2 | 103 11

-1.35 |20.2 14 5.2 3.7 7.3 3.5 9.3 9.2 0.8

-0.85 [167 | 112 | 3.6 2.9 6 2.6 8.2 7.8 8.3

-0.35 1105 | 6.3 0.8 1.7 3.6 1.7 3.7 5.2 33

9.5 55.2 | 35l 387 | 38.7 | 558 | 337 | 17.5 ] 279 | 3138

10 524 48 | 338 | 326 ] 496 | 293 | 182 | 29 ;i 318

10.5 50 | 46.1 | 323 | 29.6 | 46.2 | 26.1 | 183 | 27.2 | 30.7

SR N N S E IR ES S T

11 474 | 437 1305 | 278 | 437 | 259 | 185 | 269 | 296

[\
o

11.5 46 | 419 | 29.6 | 264 | 424 | 246 | 17.2 | 246 | 28.7

21| 1265 |444 | 394 | 284 | 243 | 398 | 233 | 176 | 248 | 273

22 | 14.15 432 | 37 27 | 23.1 | 385 | 224 | 175 | 234 | 257

23| 1615 {425 | 356 | 258 | 223 | 37.1 | 222 17 | 21.7 | 248

24 | 3095 1426} 352 | 25 198 | 35.1 | 18.2 | 16.85| 21.2 | 24.2

25| 36.03 |43.1 | 355|252 | 195 [34.85]| 17.8 | 1685 214 | 243

26| 43.65 |43.6 | 362 | 254 | 187 | 345 | 17.5 11685| 21.8 | 252

Discharge, discharge ratio, velocity parameter, discharge cocfficient, and Reynolds numbers

0, (I7s) 738 | 7.47 | 7.61 | 11.4 | 1131} 996 | 3.95 | 5.6 | 634

Q,(Is) |644 | 559 | 411 | 1.85 | 318 | 1.87 | 3.95 | 3.94 | 4.11

0, 0.87 | 0.75 | 0.54 | 0.16 | 0.28 | 0.19 1 0.7 | 0.65
n’ 036 | 044 | 0.6 | 089 | 079 | 086 | 03 | 0.44 | 049
C, 052 | 049 | 042 | 0.15 ] 025 | 0.17 | 0.54 | 047 | 045

Re,x10° 113 | 114 | 116 | 1.74 | 1.73 | 1.52 | 0.6 | 0.86 | 097

Re,x10* (014 | 029 | 054 | 146 | 124 | 124 | 0 | 025 | 0.34
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Table 2.1 (continued)

tap | distance pressure head H (cm)
No.| X{cm)
1 | -197.12 | 24.8 33 32.2 24.7 12.9 13.9 33.4 3i8.3
2 | -166.38 | 22.9 30 29.9 | 235 12.1 126 | 308 | 352
3 | -1359 | 199 25.2 26.3 22.7 11 10.7 26.5 30.5
4 1-10542| 174 20.9 23.2 18.8 10.2 9.1 22.6 26.2
5 | -74.94 | 15.1 17.2 20.3 17.3 9.4 7.6 19.3 22,5
6 -43.1 12.3 12,7 17.2 16.5 8.3 6 15.4 18
7 | -27.86 | 11.2 11 15.8 15.7 7.9 5.2 13.8 16,1
8 | -1262 | 99 87 14 13.8 7.5 4.4 11.7 13.7
9 -5 8 6.5 11.7 13.1 6.3 3.4 9.4 11.1
10| -3.5 7.4 59 10.8 12.6 5.9 3 8.5 10.1
11 -2.35 6.3 4.9 0.5 11.6 5.2 2.6 7.3 8.6
12| -185 | 58 4.5 8.8 10.9 4.9 2.4 6.9 7.9
13 | -1.35 5 3.8 7.6 0.8 4.3 2 5.8 6.9
14 | -0.85 4 3.1 6.1 8.2 3.6 1.6 4.6 5.5
15 -0.35 2.2 1.6 3.6 5.3 2.2 0.8 2.6 3.1
16 0.5 35.9 41 47.4 31.9 16.9 18.4 47.1 55
17 10 32.6 34.8 43.6 31.8 16.7 16.2 41.8 48.9
18 10.5 30.7 31.6 41 30.8 16 14.9 38.7 45.5
19 11 29.2 29.6 39.3 29.6 15.3 14,1 36.8 43.1
20| 115 | 283 | 283 | 382 | 288 | 1438 13.6 | 355 | 416
21 12.65 | 26.7 26.2 36.2 27.3 14,1 12.6 334 39.2
221 14.15 | 257 25 35 26 13.5 12.1 32.1 37.6
23 16.15 | 24.9 23.5 33.8 24.6 12.3 11.8 31 36.3
24 | 3095 | 239 21.7 33.6 243 12.6 11.1 293 34.5
25 | 36.03 | 23.1 21.1 32.4 243 12.8 10.8 28.8 34
26 | 43.65 | 23.7 20.8 32.5 252 13 10.9 29 33.8

Discharge, discharge ratio, velocity parameter, discharge cocfficient, and Reynolds numbers

O, (I/s) 8.53 | 11.09 1 939 | 624 | 472 | 645 10.4 | 11.26
0, (I/s) 285 | 2.06 35 407 | 2.79 1.7 286 | 3.13
0. 0.33 0.19 0.37 } 0.65 0.59 | 0.26 028 | 028
n,’ 0.75 087 | 0.72 | 0.51 0.533 0.81 0.8 0.8
C, 029 | 017 | 032 | 047 | 043 024 | 025 0.25
Re, x 10° 1.3 1.7 144 | 095 ¢ 072 | 099 1.59 1.72
Re,x 10° | 0.87 1.38 0.9 0.33 0.3 0.73 1.15 1.24
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Table 2.2 Experimental data of two-dimensional slot flow L/B = 0.78

tap | distance pressure head H (cm)

No.| X(cm)
1 |-197.12| 40 272 | 262 | 474 | 502 | 349 20 48.9
2 | -166.38 | 38.3 25.8 24.9 46.8 49.5 33.6 18.6 44.4
3| -1359 | 363 | 238 | 228 | 46.1 48.2 | 314 | 163 | 373
4 | -105.42 34.1 21.8 20.8 45 47 29.1 14.2 30.7
5 | -74.94 | 323 20 19 44 45.5 28.1 12.3 24.9
6 | -431 | 299 | 17.5 | 164 | 427 | 435 | 262 9.8 16.9
7 | -27.86 | 293 16.8 15.6 42.3 43 25.5 9.1 15.2
8 | -12.62 | 28 15.4 13.6 40.5 40.8 23.1 7.6 11.7
9 -5 25.4 13.5 11,8 38.1 37.% 20.6 6.1 8.7

10 -3.5 233 11.8 10.2 36.1 354 18.8 4.3 7.3

11| -2.35 } 21.7 10.5 9.1 34 33 17 4.1 5.9

12 | -1.85 20 9.6 8.2 322 31.2 15.7 3.5 4.9

13| -1.35 | 17.9 8.2 6.9 29.8 28.5 14.1 2.5 3.7

14 | -0.85 | 14.8 6.2 5.1 26 245 12.4 1.2 2.4

15| -0.35 9 2.8 1.9 18.6 16.8 6.7 -0.9 0.5

16 749 | 55.6 | 42.1 399 | 4638 63.9 50.8 31.2

17 7.99 | 51.6 | 37.7 | 353 47.8 62.5 464 | 272

18 8.49 | 498 359 | 336 43 60.5 448 | 254

19 899 | 482 | 342 32 47.5 58.1 42.8 233

20| 949 | 46.2 33 30.9 47 559 | 411 22.3

21 ] 10.64 | 453 322 30 46.9 53.9 40.3 21.9

22 | 12.14 | 43.6 31.1 28.9 | 465 51.8 38.7 | 209

23 | 1414 | 41.7 | 302 28 46 504 | 37.5 | 20.1

24 | 3095 | 409 | 293 27 46.7 50.6 36.6 19

25| 36.03 | 412 | 291 27 46.7 509 | 36.7 18.9

26 | 43.65 | 416 | 291 26.9 | 46.7 514 | 37.1 18.7

Discharge, discharge ratio, velocity parameter, discharge cocfficient, and Reynolds numbers

0,(/s) | 758 | 776 | 772 | 548 | 682 | 761 | 78 | 6.87

Q,(s) | 451 | 347 | 325 | 548 | 541 | 412 | 247 | 1.77

o, 0.6 0.45 | 042 1 0.79 0.54 | 032 | 026
n} 0.41 0.55 | 0.56 0.2 027 | 044 | 069 | 0.66
C, 048 | 042 0.4 0.57 | 0.33 046 | 034 | 0.27

Re, x 107 1.16 1.19 1.18 | 0.84 1.04 1.16 1.19 1.05

Re,x10° | 047 | 0.66 | 0.68 0 022 | 053 | 0.81 0.78
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Table 2.2 (continued)

tap | distance pressure head H (cm)
No.| X(cm)
1 |-197.12 ]| 32.8 | 288 | 235 | 20.l 224 172 | 289 | 38.6
2 | -16638} 298 | 263 | 21.7 18.9 22 16 269 | 358
3 | -1359 | 25 22,6 19 17 21.4 14 238 | 318
4 | -10542 | 20.5 18,9 164 | 154 | 208 123 | 20.8 28
5| -7494 | 16.6 15.8 14.3 14 20.2 10.8 182 | 24.8
6 | -43.1 | 12.1 12.2 11,7 12.2 19.6 9 1545 | 21.1
7 | -27.86 | 10.2 10.7 10.6 11.6 19.4 8.2 14.1 19.3
8 | -1262 | 7.8 8.8 9.2 10.4 19 7.3 12.5 17.3
9 -5 5.9 7 7.8 9 17.1 6 10,6 14.6
10| -35 5.2 6.35 7 8.5 17 5.5 9.6 13.4
11| -235 | 44 5.5 6.2 7.7 15.9 4.8 8.4 11.8
12| -185 4 5 5.7 7.1 15.1 4.5 7.8 11
13| -135 | 34 4.4 4.9 6.3 14.1 3.8 6.9 9.6
14| -085 | 28 3.5 4.1 5.3 12.5 3.1 5.8 8
15| -0.35 1.7 2.2 2.6 3.6 9.4 1.9 3.5 49
16| 749 |306 | 329 | 304 | 268 | 215 | 227 | 385 | 53.25
17| 799 | 278 | 292 | 277 | 259 | 23.1 204 | 34.6 | 47.65
18| 849 | 233 | 259 | 249 | 247 | 227 19 323 | 446
19| 899 | 218 | 246 24 238 | 228 18.1 308 | 424
20 949 | 219 | 237 | 227 23 22 17.5 | 298 41
21 | 10.64 19 214 | 218 | 21.9 | 224 16.3 28 38.6
22| 12,14 | 182 | 206 21 21 22 15.9 27 37.2
23 | 1414 | 16.9 198 | 204 | 206 | 21.6 152 | 26.1 36
24 | 3095 | 13.2 17.1 18.3 19.3 21.5 14,6 25 34.5
25 | 36.03 | 127 16.6 18.2 192 | 21.55 | 144 | 244 | 34.05
26 | 43.65 | 119 16 17.9 19.1 | 21.55 | 145 | 246 | 338

Discharge, discharge ratio, velocity parameter, discharge coefficient, and Reynolds numbers

0, (s) 1141 | 10.04 | 827 | 6.55 349 | 6.66 | 883 | 10.29
0, (s) 1.14 1.52 1.88 | 232 | 3.49 1.8 2.33 2.79
Q, 0.1 0.15 0.23 0.35 1 027 | 026 | 027
N’ 0.89 | 083 0.75 0.61 0.19 | 0.71 0.71 0.71

C, 0.12 | 0.18 | 025 | 035 0.55 029 | 028 0.29
Re, x 107 1.74 1.53 1.27 1 0.53 1.02 1.35 1.57
Re,x 10° 1.57 1.3 0.98 | 0.65 0 0.74 | 099 1.15
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Table 2.3 Experimental data of two-dimensional slot flow L/B = 0.1/

tap | distance pressure head H (cm)
No.| X(cm)
1 1-197.121492 | 41.81 22 | 317|348 | 43.7| 48 1397|454 | 40.8
2 | -166381478 | 41.2 | 20.9 | 30.7 | 31.9 | 40.7 | 452 | 368 | 42.8
3 | -135.9 459 (396|193 {289 {271} 36.1 | 40.7 | 32.5 | 38.6
4 | -10542| 44 | 382|178 | 272|226 31.6 | 364 | 283 | 34.8
5 | 7494 |42.1 | 368 | 164 | 256 | 189 | 28 | 326 | 249 | 31.7
6 -43.1 [398 351 | 146|237 | 143|235} 283 | 205 | 279
7 | 2786 13921344141 | 231125 |21.6 {264 | 189 | 26.2 | 406
8 | -12.62 [379 1 33 129 | 22 10.1 | 193 | 242 ] 16.5 | 24 (4045
9 -5 355|322 ] 12.1 21 85 | 17.5] 222|148 | 22.1 | 40.3
10 3.5 (354|311} 115201 ] 79 | 166 | 21 141 | 21.3 | 40.2
11 -2.35 [34.5 1 306 11 194 71 1154199 ] 129 | 20.1 ; 40
121 -1.85 (337 30 | 105|188 | 6.6 | 149 | 19.1 | 125 ] 193 | 39.7
13 -1.35 [(325(287| 99 | 179 | 59 [ 13.7}117.7} 114 | 179 | 394
14} -085 [302)269| 87 | 163 | 48 | 119|159 ] 10.1 | 16.1 | 38.6
151 -035 (246 | 22 6.1 | 125 | 2.7 83 | 11.1 | 6.6 | 11.5 | 358
16 1.4 546 | 46.6 | 226 | 346 | 187 | 329 | 40.3 | 289 | 39.8 | 38.7
17 19 {479 | 416|184 | 29 | 147|273 | 339 | 239 | 338
18 2.4 46 | 397|172 | 275 | 13.1 1252 | 31.3 | 21.8 j 32.1
19 29 436|379 {159 | 26.1 | 123 | 239 | 30.1 21 29.9
20 34 427372 | 153 | 252 12 [ 23412891202 | 293
21 455 (4251 37 | 152 | 25 113 | 221279 | 19.2 | 27.7 | 40.4
22 605 418 |366) 148|245 1108 | 215|271 | 186 | 27 | 403
23 805 (415|362 146 1{ 242 | 10.1 | 20.9 | 26.1 18 | 26.3 | 40.3
24 | 3095 (392|344 | 132|225 | 63 | 172 ] 226 | 145 | 23.1
25| 36.03 |389 1342128 {222 | 57 ;165|222 | 13.7 | 225
26 | 43.65 |385 | 341 | 125218 | 47 | 15541213 ] 129|218 403

Discharge, discharge ratio, velocity parameter, discharge coefficient, and Reynolds numbers

0, (I%s) 749 | 6.51 | 6.6 | 6.97 [11.34{11.22|11.13|10.89|1042| 0.79
Q, (I's) 0.58 | 056 | 0.36 | 0.47 | 0.23 | 0.38 | 045 | 0.35 | 0.47 | 0.79
0, 0.08 | 0.09 | 0.06 | 0.07 | 0.02 | 0.03 | 0.04 | 0.03 | 0.05 1
n,’ 033 | 03 | 051|042 | 081 | 069 0.64 | 0.71 | 0.61 | 0.01
C, 043 | 046 | 038 1 0421 0.16 | 025 | 0.28 | 0.24 | 0.31 | 0.63
Re,x 107 |1.15 1 1.01 | 1.07 | .73 | 1.72 | 1.7 | 1.66 | 1.59 | 0.12
Re,x10° | 1.06 | 0.91 | 0.95 1 1.7 | 166 | 1.63 | 1.61 | 1.52| O
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Table 2.3 (continued)

tap | distance pressure head H (cm)
No.| X(cm)
1 |-197.12 1433 | 253 | 21.5 |1 357 | 219 | 50 50 13.4 1 22 36
2 | -166.38 |43.15| 23.6 | 20.4 | 35.7 47 | 48.8 | 12.6 | 20.7 | 342
3 -135.9 215 | 185 | 339 |21.85§ 422 | 47 1131 188 | 314
4 | -10542 193 | 17.3 383 14571 105 | 17.2 | 29.1
5 | -74.94 17.4 | 158 344 | 444 | 95 | 156 | 268
6 | -43.1 1423 [ 152 | 14.2 30.1 1 427 | 83 14 | 242
7 | -27.86 {422 | 143 | 13.6 | 32.5 |21.75] 282 | 41.8 |} 79 | 13.2 ] 23.2
8 | -12.62 |41.8 13 127 | 319 | 217 | 263 | 412 | 74 {122 ] 219
9 -5 415 1119|1191 31.5121.6 | 241 | 405 | 6.8 | 11.3 | 204
10 -3.5 [41.2 | 11.5 | 11.1 31 21512331395 66 | 109 ] 199
11 235 (408 | 109107298 | 214|221 (387 62 | 103 | 187
12| -185 (404 | 103 | 104 | 294 | 21.3 | 21.1 | 375 6 10,2 | 18.3
13 -1.35 [39.8 | 9.8 97 | 289 | 21.1 | 198 | 36.7 | 5.5 9.5 17.1
14| -0.85 |38.65| 8.5 8.8 1269206 | 179 | 343 | 5.1 8.6 | 159
15| -0.35 (349 | 5.7 63 | 23.5(192 | i3.3 | 32 3.7 6.3 11.9
16 14 433 (2221 18 36 | 204|426 | 542 | 11.51 191 | 33.9
17 19 (438 | 187 | 15.7 | 344 | 21.2 | 36.1 | 50.5 10 16.6 | 29.6
18 24 436|173 | 1471342 214 | 338|486 | 94 | 1506 | 278
19 2.9 432 | 168 | 14,1 | 33,7 | 21.4 | 323 | 474 9 15 | 26,7
20 34 [43.1 | 165 | 13.5 | 33.5 314 14677 | 87 | 146 | 26
21 455 |43.1|1561129 (324 |215| 30 | 455 | 83 | 138 | 25
22 6.05 |43.1 15 124 | 322 | 213293 | 446 | 8.15 | 13.5 | 244
23 805 (4275 14.6 | 128 [ 324 | 214 ;284 | 443 | 78 13 | 23.8
24 | 3095 (425 | 126] 125|329 | 21.6 | 248 | 43 7.1 12 22
25| 36.03 |425 | 12,1 | 123 | 32.7 239 1427 | 69 | 11,7 ] 214
26 | 4365 425 11.9 | 122 | 323 232 14251 68 [ 116 ] 21.2

Discharge, discharge ratio, velocity parameter, discharge coefficient, and Reynolds numbers

0, (/s) 213 | 7.58 | 6.24 | 3.89 | 0.59 |11.12| 6.46 5 6.54 | 8.21
Q, (I/s) 0.8 {036)039)069|059]| 04 | 067|023 ] 029 041
0, 0.38 | 0.05 | 0.06 | 0.18 1 004 | 0.1 | 005 0.05 | 005
n’ 0.04 | 0.58 | 0.49 | 0.14 | 0.01 | 0.64 } 0.27 | 0.56 | 0.57 | 0.54
C, 062 | 032} 038}057|063|025|047| 03 | 03 } 032
Re,x10° [033 |1.16 | 095 | 0.6 | 009 | 1.7 | 0.99 | 0.76 ] 1.26
Re,x10° |02 | 1.1 | 0.9 | 049 0 1.64 | 0.89 | 0.73 | 0.96 | 1.19
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Table 4.1 Experimental data of dividing closed conduit flow L/B = 1.0

tap | distance pressure head H (cm)

No.| (cm) |itest] | test2 | test3 | testd | testS | test6 | test7 | test8
1 ;-152.24| 7.1 21.7 23.2 34.4 47.4 453 40.9 36.1
2 | -117.26| 425 | 1885 | 2045 | 31.55 | 445 42.5 38.1 33.2
3 -94.4 1.6 16.5 18 29.3 42.2 40.1 35.6 30.8
4 | -63.92 |-124 | 13.56 | 15.16 | 26.56 | 39.3 37.3 32.8 278
51 -41.06 |-3.38 | 11.62 | 13.22 | 24.72 | 375 35.3 30.9 25.9
6 | -20.74 {-5.53 | 9.57 | 11.27 | 22.87 | 35.2 33.4 28.9 23.9
7 | -13.12 1-6.37 | 843 | 10.03 | 21.63 | 345 324 27.7 229
8 | -10.58 | -6.62 | 8.18 958 | 21.18 | 344 32.2 27.6 227
9 -5.5 |-8.07 | 7.03 7.63 | 1833 | 33.4 31.3 26.5 21.3
10 -45 |-871 | 6.19 6.89 | 17.09 | 33.2 31 26.1 21
Il -3.5 [-9.66 | 5.34 5.54 | 15,14 | 32.7 30.5 25.6 20.3
12 2.2 |-11.2 3.9 2.9 11.3 32.1 30 249 19.5
13 -1.7 |-12.65| 2.55 1.05 8.55 31.4 29.6 242 18.9
14 -1.2 [-13.79} 1.11 | -1.19 | 491 | 31.1 29 23.7 18.3
15 -0.8 |[-1534] -044 | -3.94 | 0.36 30.5 28.3 23.1 17.6
16 -0.4 |-17.58 | -2.78 | -8.28 | -6.48 | 295 27.4 219 16.4
17 02 |-1893| 433 |-11.33|-11.23 | 292 27 213 15.8
18 935 |18.32 | 33.72 | 38.72 | 51.92 | 37.7 36.7 | 35.1 33.2
19 9055 |18.98 | 33.88 | 39.38 | 54,18 | 41.9 41.3 392 36,9
20 095 |17.53 | 32,53 | 3833 | 5293 | 46.9 45.7 427 39.3
21 1035 [16.14 | 31.34 | 36.64 | 50.54 | 46.7 45.3 42 38
22| 1085 | 154 30.2 35.3 48,2 46.1 44.5 41 37.1
23 11.35 [ 1495 | 29.95 | 34.55 | 46.55 | 45.5 43.9 40.5 36.7
24 1 1265 | 13.3 284 | 32.2 42.2 44.5 429 39.5 35.5
25 13.65 |12.56 | 27.76 | 31.06 | 40.26 | 44.3 42.7 39 35.1
26 | 14.65 |12.11 | 27.11 | 30.2]1 | 38.71 | 43.7 422 38.6 34,6

27| 1973 [ 11.17 | 26.27 | 28,57 | 37.27 43 41.5 378 34

28 | 2227 | 1092 | 26.12 | 28.42 | 37.32 | 427 41.1 374 33.7
29 | 29.89 | 10.97 | 25.87 | 29.17 | 38.07 | 424 40.7 37.1 333
30| 3751 |10.73 | 25.73 | 29.43 | 38.83 | 41.9 40.3 36.8 32.9
31| 45.13 | 1048 | 25.78 | 29.78 | 39.58 | 41.6 40 36.4 326
32| 5275 |10.14 | 2544 | 29.84 | 40.14 | 409 | 395 35.9 323
33| 6037 | 9.89 | 25,19 | 29.89 | 40.59 | 40.6 39.1 35.5 31.9

34| 6799 | 945 | 24.85 | 29.95 | 4095 | 40.2 38.7 35.1 314
35| 75.61 9.2 244 29.9 41.6 394 40 343 30.8
36| 83.23 | 886 | 2426 | 2996 | 41.66 | 39.1 | 37.7 | 341 | 306
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Table 4.1 (continued)

tap | distance pressure head H (cm)

No.| (em) | iest] | test2 | test3 | testd | testS | test6 | test7 | testS
371 10447 | 781 23.41 | 29.61 | 41.81 377 36 32.6 29
38| 119.71 | 7.07 | 22.77 | 29047 | 4197 | 36.7 35 31.6 28
30| 142571592 | 21.72 | 2002 | 41.82 | 35.1 335 30.2 26.5
40| 16543 | 487 | 20.67 | 28.27 | 4127 | 334 31.8 28.7 25.1
41 | 188.29 | 4.33 20,33 | 28.23 | 41.33 326 31.1 27.8 241
42 | -13.82 | -6.42 8.68 1058 | 2208 | 345 324 27.6 22.5
43 5.2 -6.26 9.14 11.24 | 23.84 | 342 322 274 224
44 1.42 |-1.31 | 1419 | 19.19 | 3349 | 36.1 342 30 25.1
45 9.04 705 | 2245 | 25,15 | 35,75 | 41.2 38.9 35.5 31.3
46 | 2428 | 10.5 25.6 28.3 36.7 424 40.5 37.2 333
47 | 39.52 | 10.3 253 29.5 38.3 41,5 399 36.3 32.5
48 | 5476 97 249 29.7 395 40.6 39 356 31.8
49 70 39 243 29.7 40.6 39.6 38 34.6 309
50 945 245 | -10.3 | -22.1 | -31.1 26.9 24 4 18.7 12,8
51 975 |-245 | -104 | -22.1 -31 26.9 24.4 18.7 12.8
52 10.05 | -246 | -105 | =222 | -31.3 20.8 24.3 18.6 12.7
53 10.85 | -248 | -106 | -226 | -31.9 20.7 242 18.5 12.5
54 11.35 =25 -10.7 | 22,7 | -32.3 26.6 241 18.5 12.4
55 12.65 | -25.1 -11 -23.1 | -32.7 26.5 24 i8.4 12.4
56 13.65 | -25.6 | -11.4 | 237 | -33.2 26.5 23.9 18.3 12.2
57 1465 | -266 | -123 | -243 | -33.3 26.3 238 18.2 12,1
58 19.73 | -27.8 | -143 | -26.2 | -36.8 20 236 18 12
59 24 81 | -16.1 -1.9 -9 -17 26.9 249 20.9 16.2
60| 2989 |-144 0 5.2 -5.3 204 274 228 17.9
61 3497 | -13.8 0.6 -4 3.2 302 28.1 23 8.1
62 | 40.05 | -13.3 1.1 -3.6 -2.3 30.5 28.5 23.4 18.3
63 45.13 | -13.1 1.6 -3.2 -1.7 30.9 28.8 23.6 18.5
64 50.21 | -12.8 1.9 -2.8 -1.5 31.4 292 243 19
65| 5529 1-124 2.3 -2.4 -1.4 32.1 29.9 249 19.5
66 60.37 -12 2.6 2.1 -1.5 327 304 25.4 20
671 6545 | -11.7 2.8 -1.9 -1.6 33.5 31 26 204
68 945 31.9 45 42 8 43 8 69.7 68.7 64.7 60.7
69 9.75 229 36 326 33 62.7 61.2 57.1 52.4
70 10.05 | 21.8 35.2 32 32 61.7 60.1 56.2 51.5
71 10.85 | 18.6 32.1 28.5 29.6 51.7 51.2 48,2 45
72 11.35 13 26.8 23.6 24.2 457 44 4 42.6 38.3
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Table 4.1 (continued)

tap | distance pressure head H (cm)
No.| (cm) | testl | test2 | test3 | testd | test5 | test6 | test7 | test8

73 | 12.65 0.1 14.7 11.9 118 | 339 | 322 | 28.6 | 248
74 | 1365 | -85 6.6 3.6 2.9 296 | 275 | 229 8.1
75 | 14.65 | -15.7 0 -3.8 -4.8 275 | 252 19.7 14.1
76 | 19.73 -25 -10.5 | -20.8 -24 242 | 21.7 16.2 13.5
77 | 2481 |-189 | 45 | -13.5 | -18.9 | 267 | 246 | 202 15.3
78 | 2989 | -152 | -0.8 -7.2 -9.9 295 | 274 | 227 17.5
79 | 3497 | -143 0.4 -4.9 =53 302 | 282 | 235 18.2

80 | 40.05 | -13.4 1 -3.8 -3.1 306 | 284 | 237 18.3
811 45.13 {-12.9 1.6 -2.9 -2 309 | 288 24.1 18.6
82 | 50.21 | -12.5 2 -2.5 -1.7 314 | 295 24.5 19

83 | 5529 | -12.2 25 -2.1 -1.5 32.1 30.2 25 19.6
84 | 6037 | -11.7 2.7 -2 -1.3 326 | 305 255 | 201
85| 6545 | -11.5 3.2 -1.7 -1.1 33.3 314 | 262 21

86 | 8045 | -10.7 3.6 -1.5 -1 34.5 32 27 21.8
87 | 9569 | -10.2 4 -1.3 -1.3 349 | 326 | 277 | 223
88 | 110.93 | -10 4.4 -1.2 -2 35 33.1 28.1 22.6
80 | 126.17 | -10 4.6 -1.1 -2.5 35 33 28 22.5

discharges, discharge ratio, Reynolds number, and energy loss coefficients

0, (/) 9.11 8.80 | 880 | 873 | 883 8.9 8.94 | 9.01
0, (I/s) 5.89 55 405 | 2.18 7.3 7.3 7.17 | 7.03
0, (I/5) 322 | 339 | 484 | 655 | 1.53 1.6 1.77 | 197
0.0, 035 | 038 | 054 | 0.75 | 0.17 | 0.18 0.2 0.22
Re, x10% | 1.36 1.33 | 1.32 1.3 132 | 1.33 | 133 | 1.34
Re,x10% | 0.88 | 082 0.6 033 | 1.09 | 1.09 | 107 | 1.05
Re,x10° | 048 | 051 | 072 | 098 | 023 | 024 | 026 | 0.29
K,, Eq.(4.6) | -0.09 | -0.09 | -0.03 | 0.12 | -0.08 | -0.08 | -0.09 | -0.08
K,Eq.(4.8) | 087 | 086 | 091 | 1.03 | 0.88 | 086 | 0.87 | 0.88

K,; Eq.(4.12)| 0.87 0.88 | 0.93 1.04 | 089 | 088 | 087 | 086

Notes:
1. Pressure taps 1 to 41 located on the center of the branch side wall of main conduit,
taps 42 to 49 on the opposite wall of the main, The distances equate to X.
2. Pressure taps 50 to 67 located on the center of upstream side wall of branch conduit,
taps 68 to 89 on the downstream side wall of the branch. The distances equate to Y.
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Table 4.1 (continued)

tap | distance pressure head H (cm)

No.| (cm) | testo | test10 | testll | test12 | testi3 | testl4 | testlS | test16
i | -152.24| 23.9 97 445 51.1 43.4 40.9 396 353
2 §-117.261 209 6.4 419 48.5 40.5 38.2 36.8 32.5
3 044 18.3 39 393 46.2 38.3 35.8 343 30
4 -63.92 | 15.1 0.6 36.3 43.4 354 329 314 272
5 -41.06 | 13.2 -1.4 344 41.5 33.5 30.9 294 255
6 2074 | 11.2 -3.7 32.5 39.5 31.5 28.9 27.5 233
7 -13.12 | 10.1 -4.8 31.4 38.3 302 27.7 26.2 22.1
8 -10.58 10 -5 30.7 37.9 30 27 25.8 217
9 -5.5 8.5 -7.4 27.1 34.5 26.7 24 22.5 18.6
10 «4.5 8.2 -84 257 32.8 25 22.7 21.2 17.4
il -3.5 7.5 95 | 231 | 304 | 228 | 204 | 191 15.2
12 22 6.4 -11.5 18 24.1 18.2 15.9 14.9 11.1
13 -1.7 5.5 -13.1 14.2 21.4 14.7 12.4 11.7 8.2
14 -1.2 47 -149 02 16.6 10.3 8.1 7.8 4.5
15 -0.8 3.4 -16.2 3 11 4.9 33 1.8 0.1
16| -04 2.1 -19 -6.4 1.7 3.1 44 | 44 -6.7
17 -0.2 1.1 =206 | -13.9 -5.5 -0.6 -10.6 | -10.2 -12
18 9.35 27.9 24.4 60.7 66.5 63.7 611 59.1 53.2
19 Q.55 30.3 245 509 63.9 64.7 62.9 60.9 56
20 9.95 30.5 226 56.4 62.2 61.6 60.5 59.1 55.2
21 10.35 29 21.2 53.9 60.2 58.3 56.7 56.4 52.7
22 10.85 | 27.9 20.4 52.9 59 55.5 53.8 53.5 50.4
23| 1135 | 274 | 198 | 51.9 | 584 | 53.7 52 52 48.8
24 12.65 | 26.2 18 48.8 554 493 474 472 44 .4
25 13.65 26 17 47.6 54.3 47.6 45.7 451 42.2
26 14.65 | 253 16.6 47,1 53.7 46.6 44.6 43.7 40.7
27 1973 | 244 159 46.3 53.4 45.7 432 421 38.6
28 2227 1 242 15.6 46.2 534 45.6 432 42 38.06
29 2089 [ 239 15.5 4772 54.5 46.4 44 1 43 39.4
30 37.51 | 236 15.3 48.1 55.5 47.2 449 43 .8 40
31 4513 | 23.5 14.7 49 56 481 458 44 .6 40.8
32 5275 | 232 14.5 49.4 56.1 48.7 46.3 4151 41.4
33 60.37 | 22.7 14.3 49.6 56.2 492 46.8 458 423
34 6799 | 222 139 49.7 56.2 49 8 47.5 46.5 42.5
35 75.61 21.5 134 49.5 56.1 498 47.7 46.7 428
36 83.23 | 213 13.3 495 56.1 499 478 46.8 43,1
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Table 4.1 (continued)

tap | distance pressure head H (cm)

No.| (cm) | test9 | testlO | test1l | test12 | testl3 | test14 | testl5 | testl6
37| 10447198 | 124 | 494 | 56 | 498 | 478 | 469 | 434
38| 119711 19 | 117 | 494 | 56 | 498 | 478 | 469 | 433
30| 14257 | 177 | 108 | 493 | 559 | 497 | 476 | 46.7 | 43.1
20| 16543 | 167 | 99 | 493 | 559 | 497 | 475 | 466 | 43
411 18829 | 159 | 92 | 492 | 558 | 496 | 474 | 464 | 42.7
42 | -1382 | 108 | 55 | 32 | 388 | 308 | 28 | 268 | 223
23 | 62 | 107 | 5.1 | 338 | 404 | 324 | 2907 | 284 | 239
a4 | 142 | 14 1 441 | 512 | 429 | 403 | 387 | 342
45| 904 | 214 | 104 | 458 | 527 | 45 | 425 ! 412 | 371
46 | 2428 | 242 | 144 | 465 | 533 | 456 | 432 | 419 | 383
47| 3952 | 23 | 142 | 477 | 553 | 47 | 449 | 43.7 | 404
48 | 5476 | 22.4 | 13.7 | 489 | 557 | 485 | 46 | 449 | 415
49| 70 | 217 | 13.1 | 489 | 557 | 496 | 472 | 46.1 | 425
50| 945 | -2 | -28.7 | -44.6 | -34.7 | -35.3 | 348 | -32.7 | -32.5
511 975 | 21 | -28.7 | -44.4 | 344 | 352 | -34.7 | -32.8 | -324
52| 1005 | 22 | 2890 | -449 | -34.8 | -355 | -35.1 | -33.1 | -32.6
53| 1085 | 23 | 2903 | -458 | -35.7 | -36.4 | -356 | -33.7 | -33.1
sa | 1135 | 2.4 | 295 | 46.1 | -36.1 | -36.8 | -36 | -34 | -33.5
55 | 1265 | 26 | 298 | -47 | 368 | -37.4 | -36.7 | -34.8 | -34.1
56| 13.65 | 3.5 | 302 | -474 | -37.3 | -37.8 | -37.2 | -35.1 | -34.5
57| 1465 | -45 | 312 | -47.8 | -37.7 | -38.4 | -37.6 | -35.6 | -34.8
58 | 1973 | -4.7 | 320 | 486 | -38.2 | -41.4 | -41.1 | -39.5 | -39.4
50 | 2481 | 3.1 | -182 | 252 | -16.1 | -19.5 | -189 | -17.4 | -17.1
60| 2989 | 42 | -159 | -11.3 | -35 | -63 | -63 5 5.9
61) 3497 | 44 | -152 | 83 | 04 | 28 | -31 | -22 | 3.7
62 | 4005 | 47 | -146 | 65 | 18 | -14 | 21 | -14 | 28
63| 4513 | 5 | -141| -6 23 | 09 | -1.6 | -09 | 23
64| 5021 | 55 | -138 ] -57 | 27 | -02 -1 05 | -1.9
65| 5520 | 59 | -133 | 58 | 27 | -03 -1 05 | -19
66| 6037 | 65 | -129| 55 | 61 | 02 | <09 | -03 | -1.8
67! 6545 | 69 | -12 | 54 | 28 | 01 | 08 | 02 | -1.7
68| 945 1497 | 354 | 393 | 47.1 | 487 | 476 | 475 | 456
60| 975 [ 407 | 25 | 334 | 415 | 387 | 376 | 369 | 34
70| 1005 | 40 | 237 | 321 | 394 | 369 | 359 | 357 | 337
71| 1085 [ 353 | 2001 | 264 | 341 | 321 | 317 | 322 | 308
72| 1135 | 2890 | 145 | 207 | 285 | 263 | 26 | 265 | 251
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Table 4.1 (continued)

tap | distance pressure head H (cm)

No.| (cm) | test9 | testlO | test1l | testl2 | testl3 | testi4 | testl5 | testl6
73 1 12.65 14.7 1.2 7.8 15.7 13.1 12,7 13.2 12
74 | 13.65 | 6.2 -79 | -1.9 6.2 3.6 3.5 3 29
75 | 14.65 0.7 -155 | -10.3 | -2.2 -5 -4.9 -4.1 -5.2
76 | 19.73 -3.9 -293 | -30.7 | -22.1 | -253 | -255 | 249 | -253
77 | 24.81 1.5 -21.9 | 256 | -173 | 20 | 206 | -19.1 | -19.9
78 | 25.89 3.9 -172 | <153 | -6.9 | -102 | -106 | -94 | -10.2
79 | 34,97 4.2 -15.7 | -10.1 2.1 -49 -5.8 -5 -5.5
80 | 40.05 4.7 -146 | -7.1 1.1 -2.2 -2.6 -2.1 -3.5
81 | 45.13 5.1 -14.1 -5.9 2.4 -1 -1.3 -1 -2.4
82 | 50.21 5.5 -134 ) -55 3 -0.3 -0.8 | -04 -2
831 55.29 5.9 -13 -5.1 3.2 0 -0.5 -0.2 -1.7
84 | 60.37 6.5 -12.7 | -5.3 3.2 0.1 -04 -0.1 -1.7
85| 65.45 7.3 -123 | -52 3.1 0 -0.4 -0.1 -1.6
86 | 80.45 8 -11.2 | -5.1 3.1 0.1 -04 | -0.1 -1.6
87| 95.69 8.7 -11.5 | -53 2.6 -0.4 -0.9 -0.4 -1.9
88 | 11093 | 9.1 -10.8 | -6.2 1.9 09 | -1.6 | -09 | -2.1
89 | 126.17 9 -11 -7.2 0.8 -1.7 | =22 1 -1.6 | 27

discharges, discharge ratio, Reynolds number, and energy loss coefficients

O.(/s) | 921 | 942 | 886 | 8.74 | 887 | 8.92 | 895 | 9.01
0, (I/s) 6.75 559 | 076 | 076 | 145 | 1.73 2 2.42
O.(/s)y | 246 | 3.83 | 81 | 798 | 742 | 7.19 | 6.94 | 659
Q./0, 0.27 0.41 0.91 0.91 0.84 0.81 0.78 0.73
Re, x 107 1.37 1.4 1.32 1.3 1.32 1.33 1.33 1.34
Re,x 107 1.01 0.83 0.11 0.11 0.22 0.26 0.3 0.36
Pe.x 107 0.37 0.57 1.21 1.19 1.11 1.07 1.04 0.98
K, Eq{4.6) { -0.11 | -0.07 | 03 0.29 | 021 | 0.19 | 0.15 0.1
K,Eq.(4.8) | 087 | 089 | 1.14 | 114 | 1.09 | 1.07 | 1.06 | 1.03
K,;Eq(4.12)| 086 | 0.8 | 1.13 | 1.13 | 1.07 | 1.07 | 1.05 | 1.04
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Table 4.1 {continued})

tap | distance pressure head H (cm)

No.| (em} liest17 | test1® | test]9 | test20 | test21 | test22 | test23 | test24
1 |-15224| 344 | 308 | 545 | 367 | 268 | 695 | 13.8 | 544
2 | -117.26} 31.6 27.7 51.7 34 23.8 67 10.5 52.5
3] 944 {202 | 252 | 494 | 31.6 | 214 | 648 8.2 49.2
4 | 6392 | 263 | 222 | 465 | 288 | 182 | 623 49 48
5 | -41.06 | 243 20.1 44.5 27 16.3 60.1 2.2 47.7
6 | -20.74 | 22.1 18.2 42.6 25.3 14.3 58.6 0.6 45.7
7| -13.12 | 21 17 41.6 24.1 13,1 574 -0.4 44.5
8 | -10,58 | 20.7 16,7 41.4 23.7 12.7 56.7 -0.7 44.9
9 -5.5 17.7 14 39 21.2 10.6 53.3 -2.7 44.6
10 -4.5 16.7 13.2 38 20.1 9.7 51.7 -3.5 44.7
11 -3.5 14,9 11.2 36.4 18.5 8.4 49 .4 4.5 44.2
12 22 | 111 7.9 334 | 152 5.6 435 | -76 | 44.6
13 -1.7 8.4 5.3 31.2 13.1 3.6 40.3 -8.9 44.2
14 -1.2 49 2.1 28.3 10.4 1.3 355 | -10.7 | 44.6
15 -0.8 1 -1.4 24,9 7.1 -1.4 29.6 -13 44.5
16 -0.4 -5.4 -6.9 19.6 2 -5.6 19.7 | -16.7 | 444
17 -0.2 1-10.5 -11 15.8 -1.7 -8.7 119 | -194 | 433
18 9.35 50.7 46.4 65.9 51.6 42.9 78.5 29.5 38.3
19 9.55 53.6 48.7 71.1 53.3 43.6 78 29.7 41.2

20 9.95 53 48.3 70.8 52.7 42.5 75.4 28.4 41.6

21 10.35 | 50.8 45.9 68.7 51 40.8 74.5 27.1 42

22 | 10.85 | 48.7 44.1 66.8 491 39.2 73.9 257 42.3

23 11.35 | 47.5 43.4 66.3 48.4 38.7 73.7 25.6 42.4

24 | 12,65 | 43.7 40.2 63.3 45.5 36.3 71.7 23.2 42.2

25 13.65 | 41.8 38.9 61.9 442 35.3 71.2 22.6 42.5

26 1465 | 40.2 37.4 60.6 43.2 34.3 70.6 21.8 42.5

27 19.73 | 37.9 352 58.4 40.8 32.8 70.3 20.4 42.1

28 | 2227 (377 | 347 | 582 | 406 | 327 | 705 | 204 | 419

29| 2989 | 386 | 357 | 589 | 413 | 333 | 71.9 | 207 | 412

30 | 37.51 | 39.8 36.5 59.8 422 33.7 72.3 20.8 40.9

31 45.13 | 405 37.2 60.3 42.8 34 72.4 20.9 41.2

32| 5275 | 409 | 37.7 | 60.7 | 432 34 724 | 207 | 402

33| 6037 | 41.6 38 61.1 | 435 34 725 | 204 | 39.7

34| 6799 42 383 61.3 43.8 34.1 72.5 20.2 393

35| 75.61 | 421 | 383 | 614 | 438 | 339 | 726 | 199 | 385

36 | 83.23 | 423 384 61.5 439 33.9 72.6 19.8 376
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Table 4.1 (continued)

tap | distance pressure head H (cm)

No.| (cm) |[test17 | testi8 | test]9 | test20 | test2l | test22 | test23 | test2d
37| 104.47 1 42,5 38.4 61.5 43.9 33.4 72.5 19.2 37
38 | 119.71 | 42.5 38.4 61.6 438 33.1 72.5 18.7 354
39 | 142.57 | 42.3 38.1 61.3 43.5 32.7 72.4 18 34
40 | 165.43 | 42.1 37.9 60.8 43.2 32.2 72.5 17.5 32.9
41 | 188.29 | 41.8 37.5 60.4 428 31.6 72.4 16.6 31.7
421 -13.82 | 21.2 17.3 40.7 24 13.3 57.9 -0.2 44.7
43 -6.2 22.3 18.1 43 25.1 14 59.7 0.3 44.4
44 1.42 | 32.7 28 52.1 34.1 22.1 69 7.8 43.9
45 0.04 | 36.1 32.3 56 38.5 28.8 70.3 16.1 43.3
46 | 2428 | 374 34.4 57.6 40.4 323 70.9 20.1 41.9
47 1 39.52 | 394 36.4 61.2 41.9 33.3 71.7 20.6 41
48 | 54.76 | 40.7 37.7 604 | 428 33.6 71.5 204 | 40.1
49 70 41.6 37.9 59.7 43.3 33.6 70.9 20 39.1
50 945 |-28.6 | -26.6 13 -16 -19.8 | -194 | -27.9 | 43.2
51 9.75 | -286 | -26.5 1.3 -16.1 | -19.9 | -19.5 | -27.9 | 43.2
52| 10.05 |-28.8 | -26.7 1.3 -16.2 -20 -19.7 -28 43.2
53| 10.85 |-29.3 | -27.3 0.9 -16.5 | -20.2 | -20.6 | -28.2 | 43.1
54| 1135 |-297 | -274 0.6 -16.7 | -20.4 | -21.1 | -284 | 43.1
55| 12.65 |-30.1 | -27.7 0.2 -17 -20.8 -22 -28.8 43
56 1 13.65 |-30.8 | -28.1 05 | -17.7 | -21.2 | =222 | -29.1 43
57| 1465 |-31.3 | -286 | -0.7 | -18.1 -22 =225 | -29.7 | 429
58 1973 |-356 | -324 | -42 | -20.6 | -23.4 | -248 | -33.4 | 43.]
50| 2481 |-129 | -11.9 15 -1.8 -7.1 1.3 -15.8 | 43.6
60 | 2989 | -3.7 -4.5 22 4.6 -2.9 13.1 | -12.8 | 43.6
61 | 3497 -2 -3.1 23.2 5.7 -1.7 16.3 -12 43.6
62| 4005 | -1.3 -2.4 24.2 6.4 -1 17.5 | -11.2 | 43.6
63 | 4513 | -0.9 -1.8 24.6 6.8 -0.4 18.1 | -10.6 | 43.6
64 | 5021 | -0.5 -1.4 25 7.2 0.2 18.5 | -10.1 | 43.6
65| 5529 | -0.5 -1.3 25.1 7.3 04 18.5 538 43.6
66 | 60.37 | -0.3 -1.1 25.2 7.6 0.9 18.6 -9.4 43.6
67| 6545 | -0.3 -1 252 7.7 1.1 18.5 -9.1 43.6
68 9.45 47 46.7 67.7 522 | 484 | 4383 376 | 478
69 9.75 | 35.1 34.7 587 | 414 37.5 49.2 274 | 465
70 | 10.05 | 34.6 34.5 579 | 413 36.6 49 26.2 | 45.6
71 10.85 | 32.1 31.7 55.4 382 33.1 46.5 23 439
721 1135 | 26.7 263 503 33 277 | 419 17.5 43.6
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Table 4.1 {continued)

1 tap | distance pressure head H (cm)
No.| (em) |test17 | test8 | test19 | test20 | test2] | test22 | test23 | test24
73 12.65 13 16.7 38.7 213 15.4 30 5.5 432
74 13.65 4.9 47 304 12.9 6.6 21.5 -3.5 43 1
75 14.65 -3 -3 23.2 5.7 -0.8 128 | -11.5 | 428
76 19.73 | -23.3 | -22.7 4.9 -12.4 | -18.1 -5.6 -26.7 | 43.2
771 2481 | -169 | -16.1 11.1 -6.8 -1l 0.3 -19.8 | 43.5
78 | 29.89 | -7.6 | -16.6 19 1.8 -4.4 98 | -142 | 43.6
79 | 34,97 -3.7 -14.3 22.1 4.6 -2.1 148 | -124 | 43.7
80 | 40.05 -1.6 -2.4 23.8 6.3 0.7 17.1 -11.1 43.8
81 45,13 -0.9 -1.7 24.4 7 -0.2 18.3 -10.5 | 43.8
82| 5021 -0.6 -1.3 24.6 7.3 0.6 18.7 | -10.1 43.8
83 55.29 -0.3 -1 25 7.7 0.9 19.2 -9.7 43.8
84 | 6037 -0.1 -0.8 25.2 7.9 1.1 19.1 -93 43.8
85| 6545 t] -0.7 25.5 8.1 1.5 19.2 -9.1 43.8
86 | 8045 0.1 -0.5 25.9 8.5 2.2 19.2 -8.3 438
87 | 95.69 -0.1 -0.5 258 8.4 2.4 18.7 -7.7 43 .8
88 | 11093 1 -0.3 -0.7 25.8 83 2.5 18 -7.5 43.8
89 | 126.17 | -0.8 -1.1 25.2 7.9 2.1 16.8 -7.7 43.8

discharges, discharge ratio, Reynolds number, and energy loss coefficients

O, (/) | 904 | 909 | 87 | 877 | 9.09 | 843 | 932 | 7.22
0. (s) 28 | 332 | 3.14 | 329 | 431 | 023 5 | 722
O.(/s) | 624 | 577 | 556 | 548 | 478 | 82 | 432 | 0
040, 0.69 | 063 | 064 | 063 | 053 | 097 [ 046 | ©
Re,x10° | 135 | 136 | 1.3 | 131 | 135 | 126 | 139 | 1.08
Re,x10° | 042 | 05 | 047 | 049 | 0.64 | 003 [ 075 | 1.08
Re.x10° | 093 | 086 | 083 | 0.82 | 071 | 122 | 064 | O
K,.Eq.(4.6) | 0.06 | 003 | 0.04 | 0.02 | 006 | 036 | -0.09 | 0.02
K, Eq(48) | 1.01 | 098 | 097 | 097 | 092 | 121 | 086 | 101
K,Eq(4.12)| 1.02 | 098 | 099 | 097 | 091 | 117 | 0.9 1
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Table 4.2 Experimental data of dividing closed conduit flow L/B = (.77

tap | distance pressure head H (cm)

No.| (cm) | testl | test2 | test3 | testd | testS | test6 | test? | test8
1 | -154.36 1 75.5 61.8 51.7 42.3 34.6 295 363 43,3
2 |-119.38| 72.7 59 49 39.3 314 26,7 33.4 40,5
3 | -96.52 | 70.8 56.9 46.6 37 291 247 31.5 38.6
4 | -66.04 | 68.2 53.9 44 33.9 26.2 21.8 28.7 35.9
5 -43.18 | 66.6 52.2 41.9 32.1 24.3 20.1 27.1 342
6 | -20.74 | 64.5 50.1 39.9 29.8 21.8 17.8 24,9 32.1
7 | -13.12 | 63.9 49 4 39.1 201 21 i7.2 24.2 314
8 -5.5 62.7 47.9 37.5 27 189 14.8 21.6 28.5
9 -4.5 62.5 478 37.1 26.8 18.3 14.3 21 274
10 -3.5 62.2 472 36.4 25.8 17.3 13.1 19.8 25.9
i1 -2.2 61.4 46.1 35.1 24.3 15.7 11 17.1 22.9
12 -1.7 61 45,5 343 23.5 14.2 9.5 15.1 20.8
13 -1.2 60.3 44 4 329.1 216 12.5 7.4 12.5 17.7
14 -0.8 59.7 43.5 31.6 19.8 10.5 5.1 04 13,9
15 -0.4 58.9 42 299 17.6 1.7 1.8 5.2 8.5
16 -0.2 58.3 411 28.4 16 5.3 -0.9 1.4 3.9
17 7.24 66.3 61.3 56.6 51 45.7 428 51.2 57.9
18 7.44 71.9 64.4 58.1 51.4 45.5 42,6 51.9 59.6
19 7.84 738 64.1 56.8 49 4 43.7 409 50.3 58.8
20 8.24 72.9 62.7 55.4 48 42.5 39.5 48.6 56.7
21 8.74 72.3 61.8 54.3 46,9 41.3 38.3 472 55
22 024 72 61.4 53.8 46.5 40.8 37.8 46.7 54,5
23 10.54 71 60.4 52.4 45 39.1 359 44 4 51.8
24 11.54 | 70.7 59.8 519 44.5 38.4 35.1 43,7 50.8
25 12.54 | 704 59.5 51.5 439 38.2 34.6 433 50.1
26 17.62 | 69.7 58.8 51 43 37.2 33.7 423 48.6
27| 20.16 | 69.6 58.5 50.1 42,9 37 33.6 42.4 48.7
28 | 2778 | 689 58.1 497 427 36.7 335 42.3 49
29 354 68.5 57.7 49.4 42.4 36.4 333 42 49,1
30 | 43.02 68 572 491 41.9 36.1 33 42 492
31 50.64 | 675 56.8 48.6 41,7 35.7 327 41.8 493
32| 5826 | 673 56.4 483 41.3 354 324 41.6 49,2
337 6588 | 66.8 56 479 40.9 35 32.1 41.2 49.1
34 73.5 66.2 55.4 47.4 403 34.6 31.7 4] 49
35| 81.12 | 65.7 549 46.9 39.8 3472 31.3 40,9 48.7
36| 102.36 | 64.3 53.6 45.6 38.6 33.1 30.7 40.2 48.5 |
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Table 4.2 (continued)

tap | distance pressure head H (cm)

No.| (om) | test] | test2 | test3 | testd | testS | test6 | test7 | test8
37| 117.6 | 63.01 | 525 | 448 | 377 | 323 | 304 | 398 | 484
38 | 14046 | 61.6 | 50.7 | 43.6 | 36.6 31 29.3 39 479
39| 16331 ] 602 | 498 | 424 | 354 30 283 | 385 | 474
40 ] 186.18 | 58.8 | 48.5 | 41.1 | 342 | 288 | 275 | 383 | 46.8
41 | 201.42 | 57.8 479 | 403 33.5 28.2 26.9 38 46.6
42 | -15.74 | 64.2 49.7 39.1 29.5 21.9 17.6 25.3 31.7
43 | -8.12 | 63.7 49.2 38.8 29.2 214 17.4 254 31.9
44 -0.5 64.6 509 | 41.1 32 24.5 21.2 29.5 37.5
45 7.12 67.8 56.1 47.2 392 32.6 29.3 37.8 44.8
46 | 2236 | 69 58.1 50 423 | 363 | 332 | 41.6 | 478
47 37.6 | 68.2 57.3 49.5 41.9 35.7 33.7 41.8 48.9
48 | 52.84 | 673 56.5 48.7 41.2 35.1 33.1 41.4 49
49 | 68.08 | 66.2 55.7 48 40.5 34.4 32.7 41.1 48.9
50 9.45 58.8 38.1 24.2 10.4 -0.9 -8 -10.1 | -11.6
51 9.75 56.9 38.1 24.2 10.4 -0.8 -7.9 -10 -11.4
521 10.05 | 56.7 38 24 10.3 -1 -8.1 -10.2 | -11.5
53| 1085 [ 566 | 378 | 237 | 101 | -14 | -84 | -105 | -12
541 1135 | 56.5 376 | 23.6 10 -1.7 -8.6 | -10.9 | -12.1
55| 12.65 | 56.5 37.3 23.3 9.4 -1.8 8.7 | -11.4 | -12.8
56 | 13.65 | 564 37.1 22.7 9.1 -2.1 -9.3 -11.8 | -13.2
57 | 14.65 | 56.] 36.5 22 8.2 -2.8 99 | -123 | -13.8
581 19.73 56 38.8 26.3 13.7 3.4 -2.8 -3 -2.6
59| 2481 | 584 42.6 30.4 18.7 9.5 4 6.1 8.6
60 | 29.89 | 59.3 43.4 31.4 20 11.3 6 8.5 11.2
61| 3497 | 60 44 32 208 | 123 7.2 9.8 12.4
62 | 40.05 | 60.9 44.8 32.8 217 13.3 8.1 10.5 13
63| 4513 | 618 45.6 33.6 22,4 14 8.7 11 13.5
64 | 50.21 | 62.8 | 464 | 345 | 23.1 14.7 9 114 | 13.7
65| 5529 | 633 | 472 35 23.9 15 9.3 116 | 139
66 | 6037 | 63.6 478 35.7 243 15.6 9.7 11.8 14
67 | 6545 | 63.8 48 36.1 | 24.7 16 10 11.8 | 139
68| 945 [ 948 | 841 | 733 | 663 | 594 | 506 53 55.8
69 9.75 88.6 75.8 65.6 555 48 36.8 422 44.3
704 1005 | 86 743 | 641 | 543 | 467 | 38.1 | 41.1 | 43.7
711 1085 | 73.6 | 648 | 563 | 477 | 405 | 33.1 | 364 | 386
72| 1135 | 672 | 576 | 492 | 383 | 334 | 268 | 303 | 327

124




Table 4.2 (continued)

tap | distance pressure head H (cm)
No.| (cm) | test] | test2 | test3 | testd | testS | test6 | test7 | test8

73 | 1265 | 59.2 45.1 352 | 2438 18.2 13.6 16.5 18.6
74 | 1365 | 57.3 432 | 286 | 179 9.1 5.6 8.2 10.3
751 14.65 | 56.5 38.1 249 13.3 4.6 -0.1 1.8 4

76 | 19.73 | 55.9 388 | 256 12.8 3.1 -3.5 -3.3 -2.2
77 | 2481 | 582 423 1| 297 17.7 8.6 2.6 43 6.4
78 | 29.89 | 593 434 | 312 19.6 10.9 5.4 8.4 10.4
79 | 3497 | 599 44.1 31.7 | 203 12 6.7 9.4 11.8
80 | 40.05 | 60.7 43 328 | 215 13 7.6 10.3 12.6
81 | 4513 | 61.6 456 | 337 | 222 13.8 8.3 10.9 13.2
82| 5021 | 625 46.5 | 346 | 229 14.5 8.8 11.2 13.5
83 | 55.29 63 47.1 352 | 234 15.1 9.2 11.4 13.6
84 | 6037 | 63.3 47.7 | 356 | 239 15.5 9.5 11.6 13.8
85| 6545 | 63.6 48.2 | 36.1 243 15.8 0.8 11.7 13.7
86 | 80.55 | 63.7 48.6 | 36.7 | 249 16.5 10.4 11.9 13.8
87 | 9579 | 63.6 48.4 | 365 | 2438 16.4 10.3 11.7 13.5
88 | 111.03 | 63.5 48.3 363 | 246 16 10.1 11.4 12.9
89 | 12627 | 634 48.2 | 36.1 243 15.7 9.7 10.9 12.2

discharges, discharge ratio, Reynolds number, and energy loss coefficients

0, (I/5) 844 | 861 | 882 | 895 | 9. 872 | 862 | 85
0, (I/5) 733 | 698 | 677 | 652 | 637 | 554 | 482 | 4.14
0, (/) 1.12 | 1.63 | 205 | 243 | 273 | 3.18 | 3.79 | 435
0./0, 0.13 | 019 | 023 | 027 | 03 037 | 044 | 051
Re, x10% | 126 | 1.28 § 132 | 133 | 136 1.3 128 | 127
Re,x10° | 1.09 | 1.04 | 1.01 | 097 | 095 | 083 | 072 | 0.62
Re, x 107 0.2 029 | 036 | 043 | 048 | 0.56 | 0.67 | 0.77
K, Eq.(4.6) | -007 | -0.09 | -0.1 | -0.11 | -0.11 | -0.1 | -0.11 | -0.05
K,Eq.(4.8){ 091 | 092 | 092 | 094 | 093 | 095 ! 1.0l | 1.08

K, Eq.12)| 09 | 091 | 091 | 091 | 092 | 094 | 098 | 1.04

Notes:
1. Pressure taps 1 to 41 located on the center of the branch side wall of main conduit,
taps 42 to 49 on the opposite wall of the main. The distances equate to X.
2. Pressure taps 50 to 67 located on the center of upstream side wall of branch conduit,
taps 68 to 89 on the downstream side wall of the branch. The distances equate to Y.
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Table 4.2 (continued)

tap | distance pressure head H (cm)

No.| (em) | testo | test10 | testll | test12 | test13 | testl4 | testlS | testl6
1 | -154.361] 488 41,9 36.4 1036 | 859 69.2 37 475
2 1-119.38 | 46.2 391 333 1014 | 83.2 66.6 337 44.5
3 -96.52 | 443 37.2 31.2 100 81.5 64.6 31.8 42.2
4 -66.04 | 41.8 34.4 28.1 o7.7 78.9 61.7 28.6 302
5 43,18 40 32.6 26.2 96.1 77.5 60.1 26.6 374
6 -20.74 | 37.9 30.5 239 94.4 75.4 38 24.1 35
7 -13.12 | 36.9 29.6 231 93.2 74.7 57.1 234 34.1
8 -5.5 347 20.3 21.1 888 70.1 52.9 20.5 309
9 -4.5 32.9 254 20.7 87.1 8.6 51.5 19.8 299
10 -3.5 313 235 19.5 84.2 65.9 49 18.8 28.1
11 -2.2 28 19.8 17.5 78 60 43.6 16.2 24.4
12 -1.7 254 17.2 16.1 73.5 559 399 14.1 21.7
13 -1.2 21.7 13.5 14 66.8 49.7 34.1 11.3 18.1
14 -0.8 17.6 89 11.6 584 42.4 27.4 85 13.6
15 -0.4 1L.5 2.2 8.4 449 30.3 17.1 45 7
16 -0,2 5.9 -3.6 56 32.8 19.4 7.8 0.1 1.2
17 7.24 62.6 554 499 106.4 96.9 83.2 527 63.2
18 7.44 65.9 592 497 108.8 | 101.4 894 53.2 66.2
19 7.84 65.2 59 479 109.2 | 100.5 90.3 51.5 65.5

20 .24 63.2 56.7 46.4 109.3 08.3 873 497 62.8

21 8.74 61.3 54,7 453 109.4 96.1 84 48 4 60.9

22 924 60.8 54.1 447 109.2 | 948 82.5 48 60.3

23 10.54 | 57.8 51.2 429 106.7 91.2 77.2 46 574

24 11.54 | 56.6 497 42.1 105.8 897 74.8 44 8 559

25 12.54 | 55.6 48.5 41,7 105.6 89 73.5 442 55.1

26 17.62 | 535 46.2 40.8 105.1 88.1 71.3 43 52.9

27 20,16 | 534 46.1 40.6 1059 88.2 71.5 42.9 52.8

28 27.78 | 53.7 46.7 40.4 106.8 289 72.1 42.8 534

29 354 54.2 473 40.2 106.9 89.3 72.8 42.5 539

30 | 43.02 | 547 478 39.9 106.9 a0 73.6 42.4 54.1

31 50.64 | 549 48.2 398 106.9 20.5 74.1 4272 54.2

32 58.26 55 48.4 395 106.9 | 90.7 74.6 42 54.4

33 65.88 | 55.1 48 .4 393 106.9 90.9 75 41.7 54.4

34 73.5 55.1 48.5 38.7 106.9 o1 75.4 41.3 54.5

35 81.12 | 55.1 48.4 384 106.9 90.9 75.6 41.1 543

36 | 10236 | 55 48.3 374 1069 | ©09 75.7 403 542
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Table 4.2 (continued)

tap | distance pressure head H (cm)

No.| (em) | testo | testlO | testll | test12 | testl3 | test14 | testlS | test16
37 117.6 | 54.9 48.2 36,7 1069 | 90.8 75.6 399 53.9
38 | 14046 | 54.7 47.9 35.6 1069 | 90.8 75.5 39.1 53.3
39 | 163.31 | 54.2 476 34,5 1069 | 908 75.4 38.3 52.9
40 | 186.18 | 53,7 473 33.8 106.9 | 90.8 75.3 37.5 52.5
41 | 201.42 | 53.5 47 33.2 1069 | 90.7 75.3 37.1 52.2
42 | -15.74 | 376 30.3 24.2 95.1 76.1 58 23.7 348
43 -8.12 37.8 308 24.1 96.2 77.1 58.7 238 35.1
44 0.5 44.3 37.5 27.8 104.2 854 67.3 28.7 41,7
45 7.12 50.5 431 364 105.9 | 879 70.4 38.4 49
46 | 22.36 53 45,6 40.2 106.6 | 88.6 71.2 42 8 52.4
47 376 54.3 477 39.9 107 90.3 73 42 4 538
48 52.84 | 54.9 483 39.5 107 91.2 74.2 42 54.3
49 68.08 55 48.5 39 107 914 74.7 41.6 54 .4
50 945 |-13.4 | -24.6 -2.5 -184 | 246 | -288 | -11.8 | -183
51 975 |-13.3 | -24.5 -2.4 -184 | 246 | -287 | -11.7 | -182
52 10.05 | -13.4 | -24.6 -2.5 -18.5 | -24.8 -29 -11.8 | -18.4
53 10.85 | -13.9 | -25.1 -2.9 -19.6 | 255 | -208 | -12.5 ~-19
54 11.35 | -141 -25.3 -3.1 -20.1 | -25.7 | -30.1 -12.7 | -19.2
55 12.65 | -14.7 -26 -4.1 =21 266 | <309 | -13.1 -19.8
56 13.65 | -15.1 -26.4 -4.7 211 ] 27,1 | -31.3 | -13.5 | -204
57 1465 | -15.6 | -26.8 -5.2 -22.5 -28 =324 | -14.1 =21
58 19.73 23 -13.2 2 7.4 -3 -10.9 -4.5 =72
59 24.81 10.4 0.8 8.8 318 20.3 10 4.7 6.4
60 20.89 13 3.6 11 34.6 23.5 13.4 7.9 9.1
61 34,97 14.1 4.7 12.2 35.1 246 14.4 9 10.4
62 40.05 15 5.3 13.1 353 249 14.8 9.7 11.3
63 4513 15.3 57 13.8 352 24.9 14.9 10.5 11.7
64 50.21 15.1 6 14.6 349 24,7 14.8 11.4 11.8
65 55.29 15.3 6 15.1 34.5 24.3 14.5 11.8 11.9
66 | 6037 ] 154 5.9 15.4 34 24 14.2 11.9 11.8
67 | 6545 | 153 5.8 15.6 332 23.2 13.9 12.1 11.7
68 9.45 57.2 492 58.4 35.8 50.3 56 57.4 58.7
69 9.75 454 36.9 47.4 50 51.6 44.4 451 457
70 10.05 | 45.2 37 46 56.8 558 46 4372 453
71 10.85 | 40.2 32 40.9 55.8 49 4 41.} 38 39,5
72 11.35 | 339 25.1 34.1 49.6 423 34.1 31.2 32.7

127




Table 4.2 {continued)

tap | distance pressure head H (cm)
No.| (cm) | test9 | testlO | testl] | testl2 | testl3 | testld | testlS | testl6
731 12.65 | 19.9 106 | 193 | 347 | 263 | 176 | 163 | 172
74 | 13.65 | 114 1.6 11 25 16 7.7 7.5 7.8
75| 1465 | 48 -5.1 5.1 17.6 8.3 -0.1 0.6 0.4
76| 1973 | -1.8 | -11.7 2 13.8 3 -64 | -44 | -6.6
77 1 24.8] 7.3 -2.2 8.3 26.7 15.3 5.1 3.2 3.5
78 | 2989 | 11.7 2.4 11.1 329 21.6 11.4 6.7 8.1
79 | 3497 | 13.2 4.1 12.3 34.8 23.5 13.6 8.6 9.8
80 | 40,05 14.4 4.9 13.5 35.5 24.7 14.5 10.2 10.9
81| 4513 14.8 5.4 14.2 35.4 24.9 14.7 10.8 11.5
82 | 50.21 15 5.8 14.6 35.2 24.6 14.6 11.4 11.7
83 | 5529 | 15.2 5.9 15.2 34.8 24.4 14.4 11.3 11.8
84 | 60.37 | 15.2 5.9 15.5 34.2 23,7 14.1 11.5 11.9
85| 6545 15.1 5.7 15.7 33.7 23.3 13.6 11.7 11.8
86 | 80.55 15 5.5 16.1 | 324 | 221 12.7 | 121 11.7
87| 95.79 | 14.6 5 16.1 31 21 11.7 12 114
88 | 111.03 14 4.3 159 29.3 19.5 10.3 11.6 10.8
89 | 126.27 | 13.1 3.3 15.5 271 17.9 8.8 11,1 10
discharges, discharge ratio, Reynolds number, and energy loss coefficients
O (/5) | 845 | 852 [ 898 | 781 [ 814 | 847 | 9.01 | 896
O,(/) | 363 | 351 | 584 0 088 | 187 | 53 | 4.07
0. (I/8) 4,82 5.01 3.14 7.81 7.26 6.6 3.72 4.89
0.J0, 0.57 0.59 0.35 1 0.89 0.78 0.41 0.55
Re, x 10 1.26 1.27 1.34 1.16 1.21 1.26 1.34 1.34
Re,x10° | 0.54 | 0.52 | 0.87 0 013 | 028 | 0.79 | 0.61
Re.x10° | 0.85 089 | 056 | 138 | 129 | 1.17 | 0.66 | 0.87
K,,.Eq.(4.6) | -0.02 | -0.01 | -0.12 | 035 | 025 | 0.15 | -0.11 | -0.04
K,; Eq.(4.8) | 1.13 1.15 | 094 | 164 | 148 | 139 | 099 1.1
K,;Eq.(4.12) | 1.07 1.09 | 093 | 1.6] 144 | 131 | 096 | 1.07
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Table 4.2 (continued)

tap | distance pressure head H (cm)

No.| (cm) |test17 | testi8 | testl9 | test20 | test21 | test22 | test23 | test24
1 | -15436} 40 20.1 249 22.4 43.4 21.2 25.2 21
2 1-119381] 364 18.6 23.3 21.6 42.2 20 24 19.7
3 -06.52 | 344 17.6 22.4 21.1 41.7 19.4 235 19.1
4 -66.04 | 31.1 16.4 21 20.4 40,7 18.4 224 18.1
5 | -43.18 | 29.1 15.7 20.1 19.9 39.9 17.8 22.1 17.3
6 | -20.74 | 26.7 14.4 18.9 19.3 394 16.7 21.1 16.5
7 -13.12 | 26.1 14 18.5 19.1 38.9 16.5 20.7 16.2
8 -5.5 23.2 12.8 17.1 18.4 37.4 154 19,5 15
9 -4.5 22.4 12.5 16.6 18 36.4 14 8 18.7 14.4
10 -3.5 20.8 11.9 15.8 17.7 356 14 17.7 13.5
11 -2.2 184 11.2 14.4 17.1 33.9 12.8 16.3 12.2
12 -1.7 16.3 10.6 13.2 16.7 32.6 11.8 15 11
13 -1.2 13.3 9.1 114 159 30.1 10 12.9 9
14 -0.8 10.3 8.1 0.5 14.9 27.7 8.3 10.9 7.1
15 -0.4 5.6 6.2 6.3 13.4 23.7 5.6 7.5 4
16 -0.2 09 4.5 3.3 11.7 19.2 24 3.6 0.5
17 724 56.7 26 31.2 25 46 243 28.9 244
18 7.44 574 26.1 32.6 26 48 26.4 31 26.60
19 7.84 55.8 25.4 32.3 26.1 48.2 26.0 31.5 27
20 8.24 54.1 24.6 31.1 25.5 47.1 259 30.7 26.3
21 8.74 52.6 24 304 249 46.1 249 29.5 25.2
22 9.24 51.9 2338 301 24.7 454 247 29 24 8
23 10.54 | 49.3 22.8 28.7 24 44 23.6 274 23.5
24 | 1154 | 483 22.5 28.1 23.5 433 22.9 26.4 22.7
25 12.54 | 47.5 22.2 27.6 233 43.2 22.5 20 222
26 17.62 | 46.4 21.8 26.8 22,7 42.8 214 252 21.1
27 | 20.16 | 463 21.7 26.5 22.7 429 21.5 25.2 21.1
28 1 27.78 | 46.2 21.6 26.7 229 43.2 21.7 25.4 21.3
29 35.4 458 21.5 26.9 23 43.4 22 25.5 21.0
30| 43.02 | 458 21.5 27.1 231 43.6 224 26 21.9
31 5064 | 458 213 272 23.2 43.8 22.5 26.2 222
321 5826 | 456 21.2 27.3 234 439 22.7 26.4 22.3
33 6588 | 454 21 274 23.5 44 22.8 26.5 22.4
34 73.5 452 209 27.3 23.5 44.1 22.9 20.6 22.5
35 81.12 | 447 20.7 273 23.4 44 22.9 26.6 22.6
36 | 102,36 | 445 20.5 27.2 23.3 44 229 26.7 22.7
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Table 4.2 (continued)

tap | distance pressure head H (cm)

No.| (cm) |test]7 | test18 | test1O | test20 | test2l | test22 | test23 | test24
37 117.6 | 43.8 20.2 27 23.3 44 22.8 26.7 22.6
38 | 140.46 | 42.9 {9.8 26.8 23.2 44 228 26.6 22.6
39 | 163.31 42 19.4 26.7 232 44 227 26.6 22.5
40 | 186.18 | 41.1 18.9 26.4 23 44 22.6 26.6 224
41 | 201.42 | 40.7 18.7 262 22.9 44 22.5 26.5 223
42 1 -15.74 | 263 14 18.7 19.6 38.7 18 21.1 16.6
43 -8.12 26.6 4.1 18.9 19.8 39 18.3 21.3 16.8
44 -0.5 31.7 15.9 21.9 21 41.7 20.7 24 194
45 7.12 41.5 19.8 25.3 21.4 42.7 21.6 24.8 20.4
46 22.36 | 458 21.5 264 22.8 43 222 249 21.2
47 37.6 458 21.6 27.1 23.3 43.1 23.2 26 21.8
48 52.84 | 453 21.4 27.3 235 436 23.6 26.4 222
49 68.08 | 449 21.1 274 23.5 439 23.8 26.6 224
50 945 -11 1 -4.3 8.1 7 -3 -5.7 -7.8
51 975 |-109 1.1 -4.3 B2 6.9 -2.9 -5.7 -7.8
52 10.05 | -108 1 43 8.1 6.8 -3 -5.8 -78
53 10.85 | -11.6 0.9 -4.5 8 6.8 3.2 59 -8.1
54 11.35 -12 0.7 -4.7 7.8 6.6 -3.2 -6 -8
55 12.65 |-12.3 0.6 -4.9 1.7 6.4 -3.4 -6.1 -84
56 13.65 {-12.9 0.3 -5.1 73 6.2 -3.6 -6.5 -8.7
57 1465 | -13.8 0 -5.6 7 6 -3.9 -6.6 -9
58 19.73 -3.5 3.4 0.3 10.4 13.5 1.2 0.7 -2.8
59 24 .81 6.2 7.1 6.5 13.8 21.2 6.9 6.4 34
60 29.89 8.9 8.1 7.9 14.3 222 7.8 7.5 4.4
61 34.97 10.2 8.6 8.4 14.6 22.5 8.2 7.8 4.7
62 40.05 11.1 8.8 8.5 14.7 224 8.4 7.9 48
03 45.13 11.9 9.1 8.7 14.8 22.4 84 7.8 4.8
64 50,21 12.3 93 8.8 14.8 223 8.4 7.8 4.7
65 55.29 | 12.7 9.5 3.7 14.6 222 8.3 7.7 4.6
66 | 60.37 13 96 8.6 14.5 22 82 7.6 4.5
67| 6545 13.3 98 8.5 144 21.7 8 7.4 4.3
68 9.45 599 204 203 24 338 23 22.4 19.4
69 9.75 48 24.2 23.6 21.2 32.1 18.3 17.4 14.4
70 10.05 | 45.8 23.3 23.3 21.2 333 18.3 17.8 14.6
71 10.85 | 40.5 21.4 21.1 20.4 323 17.5 16.8 14
72 11.35 | 33.6 18.3 18.1 18.8 294 14.9 142 11.2
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Table 4.2 (continued)

tap | distance pressure head H (cm)

No.| (cm) |test17 | test18 | testl9 | test20 | test21 | test22 | test23 | test24
731 12.65 | 18.2 11.8 11.2 154 | 23.9 10.2 9.1 6.4
74 | 13.65 9.4 8.1 7.4 13.4 | 20.2 7.1 5.8 3.1
75 | 14.65 2.3 5 43 11.8 17.3 4.8 3.3 0.8
76 | 19.73 -3.3 29 0.9 10.1 15 2.3 1.1 -1.7
77 | 24381 4.5 6.2 5.2 12 18.6 5.5 4.4 1.4
78 | 29.89 8.2 7.8 7.3 13.4 21.3 7.5 6.5 3.5
79 1 34.97 0.8 8.3 8 13.5 21.6 1.9 6.9 4.1
80 | 40.05 11 8.9 8.4 13.8 224 8.5 7.6 4.7
81 | 45.13 11.8 9.2 8.6 14 22.6 8.7 7.8 4.9
82 | 5021 12.3 9.4 8.8 14 224 8.6 7.7 4.8
83 | 5529 | 127 0.6 8.8 14 22.3 8.5 1.6 4.7
84 | 6037 | 129 9.7 8.7 13.9 22 84 7.4 4.5
85 | 6545 13 9.7 8.6 13.8 21.6 8.3 7.2 4.3
86 | 8055 | 13.2 9.8 8.5 13.7 21.2 8.2 7 4.1
87| 9579 | 13.1 9.7 8.3 13.5 20.8 7.8 6.5 3.7
88 | 111.03 | 12.8 9.5 8 13.3 20.2 7.5 6.2 3.4
89 | 12627 | 12.2 9.3 7.5 13 19.5 7 5.5 2.8

discharges, discharge ratio, Reynolds number, and energy loss coefficients

Q, (//s) 9.22 5.88 5.84 4 462 | 473 4.73 4.95
O.(Vs) | 532 | 3.67 | 264 | 1.72 1 063 | 169 | 1.21 | .41
0. (I/s) 39 | 221 | 3.9 | 229 | 4 | 3.04 | 3.52 | 3.54
0./0, 0.42 0.38 0.55 0.57 0.86 0.64 0.74 0.72
Re, x 10? 1.37 0.88 0.87 0.6 0.69 0.71 0.7] 0.74
Re, x 107 0.79 0.55 0.39 0.26 0.09 | 0.25 0.18 0.21
Re, x 10° 0.69 0.39 0.57 0.41 0.71 0.54 0.62 0.63
K,.Eq.(4.6) | -0.1 -0.11 | -0.06 { -0.04 } 025 | 0.02 | 0.09 | 0.08
K;; Eq.(4.8) 1 0.99 1.11 1.16 1.46 1.18 1.31 1.25
K,; Eq.(4.12) | 0.97 0.95 1.06 1.08 1.39 1.14 1.26 1.22
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Table 4.3 Experimental data of dividing closed conduit flow L/B = 0.22

tap | distance pressure head H {cm)
No.| (cm) | test] | test2 | test3 | test4 | testS | test6 | test7 | testd
1 | -159.49 | 25.4 21.5 13.9 13 20.4 39 9.8 9
2 | -124.51) 2438 20.9 13.5 12.6 20.1 38.6 9.4 8.8
3 | -101.65] 24.2 20.3 12.9 12 194 37.9 8.8 8
4 | -71.17 | 23.5 19.5 12.1 11.2 18.5 37.1 8 7.2
5 | -48.31 | 23.2 19.1 11.7 10.7 18 36.5 7.5 6.7
6 | -28.37 | 22.6 18.6 11.1 10.1 17.4 35.9 7 6.2
7 | -20.75 | 22.4 18.4 10.9 9.9 17.2 35.7 6.8 6
8 [ -13.13 | 22.2 18.2 10.7 9.7 16.9 35.5 6.6 5.8
9 | -10.59 | 22 18 10.6 0.6 16.8 35.2 6.5 5.7
10| -5.51 | 21.6 17.6 10.1 9.1 16.1 34.5 6.3 5.3
11 -4.51 | 21.4 17.5 5.9 3.8 15.9 34.1 6.2 5.2
12 -351 | 212 17.3 9.6 8.4 15.4 33.6 6.1 5
131 -2.21 | 20.7 16.6 8.8 7.6 14.3 32.1 5.9 4.6
14| -1.71 | 20.3 16.1 8.2 6.9 13.4 31 5.6 42
151 -1.21 19.6 15.4 7.2 5.8 11.9 29.3 5.4 3.7
16 | -0.81 18.8 14.4 5.8 4.4 10 26.8 5 3
17 | -0.41] 17.4 12.6 3.5 1.8 6.6 221 4.5 1.9
18| -0.21 16 11 0.3 -0.6 3.3 17.6 4 0.9
19 2,24 272 23.7 16.5 16 23.6 40.4 9.5 10.6
20 2.44 26.9 23.5 16.8 16.5 24.8 43.1 9.1 10
21 2,84 26.2 22.7 16.2 15.7 242 43.2 8.6 9.4
22 3.24 25.6 22 15.3 14.9 23.3 42.4 8.3 8.8
23 3.74 25 21.4 14.7 142 22.5 41.4 8 3.4
24 424 | 247 21.2 14.4 13.9 22.2 41.1 7.9 8.1
25| 554 |242 | 208 | 13.8 | 132 | 213 | 404 7.6 7.7
26 6.54 24 20.5 13.6 12.9 21 40 7.5 7.5
27 7.54 23.9 204 13.4 12,7 20.7 39.8 7.4 7.3
28 12.63 | 23.6 20 13 12.4 203 39.3 7.2 7.1
291 15.16 | 23.5 19.7 12.9 12.4 20.2 392 7.1 7
30| 2279 | 233 196 | 128 | 123 | 20.1 | 39.1 6.9 6.9
31 304 23.2 19.5 12.7 12.2 20 39 6.7 6.8
32| 3802 | 23.1 194 | 126 | 12.1 19.8 39 6.6 6.6
33| 4564 23 19.3 12.5 12 19.7 38.9 6.4 6.5
341 6088 | 22.8 19.2 12.3 11.8 19.5 38.8 6.1 6.2
35| 76.13 | 226 18.9 12 11.5 19.2 38.5 5.9 59
36 | 97.16 22.2 18.5 11.7 11.2 18.9 383 55 5.5
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Table 4.3 (continued) -

tap | distance pressure head H (cm)

No.| (em) | test] | test2 | test3 | testd | testS | test6 | test7 | test8
37| 1124 | 21.9 182 | 11.5 10.9 18.7 38 5.1 5.2
38 | 13527 | 21.5 17.8 11.1 10.5 183 | 378 4.5 4.7
39| 158.13 | 21.2 | 17.6 | 109 | 10.2 18 37.6 4 4.2
40 | 180.99 | 20.8 17.2 | 10.5 9.8 17.7 | 37.2 3.6 3.8
41| 196.22 1 206 | 169 | 104 9.6 174 | 371 34 3.6
42 | -20.75 | 22.1 18 10.8 10 17 35.6 6.8 5.8
43 | -13.13 | 219 | 179 | 10.6 9.8 16.8 | 354 6.6 5.6
44 | -5.51 22 18.1 10.8 10 17.1 35.8 6.5 5.7
45| 211 | 227 | 188 | 119 11.3 18.8 | 374 7 6.3
46 | 1735 | 234 | 196 | 128 12.3 20 39 7.2 6.8
471 326 23 194 | 12.6 12.1 198 | 38.4 6.6 6.5
48 | 4783 | 22.7 19,2 12.4 11.8 19.6 38.3 6.3 6.2
49 | 63.07 | 22.5 19 12.2 11.6 19.3 | 38.1 6 5.9
50| 945 9.2 23 | -116 | -152 | -182 | -147 | 23 -3.8
51 9.75 8.6 1.5 | -126 | -16.3 | -19.8 | -17 2.1 -4.2
52| 10.05 | 8.5 1.3 | -12.9 | -16.7 | -20.1 | -17.7 | 2.1 -4.3
53| 1085 | 84 1.2 -13 -16.8 | -204 | -18 2.1 -4.4
54| 1135 | 85 1.3 | -12.8 | -16.5 | -199 | -168 | 2.2 -4.3
55| 12.65 | 10.6 43 -84 | -114 | -119 | -39 2.5 -3.1
56| 13.65 | 12.7 6.8 -3.8 -7.3 -6.3 3.1 3.1 -1.6
57| 14.65 14 8.4 -2.9 -5 -3.8 5.9 3.6 -0.5
58 | 19.73 16 104 | -0.6 -2.9 -1.5 7.5 4.9 1.5
59| 2481 | 163 108 | -04 -2.6 -1.3 7.3 5.1 1.8
60| 29.89 | 16.2 107 | -0.6 -2.9 -1.6 6.7 5.1 1.8
61 | 3497 | 16.1 10.5 | -0.9 -3.2 -2 6 5.1 1.7
62 | 40.05 | 159 10.3 -1.2 -3.6 -2.4 5.2 5.1 1.6
63 | 45.13 | 15.8 10.1 -1.5 -4 -3 4.5 1.5
64 | 50.21 | 156 98 -1.9 -4.3 -3.6 3.5 1.4
651 5529 | 154 9.6 2.2 -4.7 -4.1 2.8 4.9 1.3
66 | 6037 | 153 9.3 2.6 -5.1 -4.8 1.9 4.8 1.1
67| 945 | 24.1 19.3 8.9 7.4 11 19.1 10.5 9.3
68 | 9.75 19.9 14.6 3.1 0.9 2.6 11 8 5.7
69 | 10.05 | 17.3 11.7 0.1 -2.3 -1.5 6.2 5.5 3
701 10.85 | 11.5 5.1 75 1 -104 1 -11.2 | 47 24 -2.2
71| 1135 | 103 3.7 94 | -125 | -14 -7.9 23 -3.2
72| 12.65 | 10.8 44 -81 | -11.1 | -11.9 | -43 2.5 29
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Table 4.3 (continued)

tap | distance pressure head H (cm)
No.| (em) | test1 | test2 | test3 | test4 | test5 | testé | test7 | test8
73 13.65 12.4 6.4 5.4 -8.1 ~7.7 1.5 3 -1.6

74 | 14.65 | 13.8 8.2 -3 -5.6 -4.5 4.3 3.7 -0.4
75 | 19.73 16 10.7 -0.6 -2.8 -1.3 7.6 5 1.6
76 | 2481 | 163 11 -0.3 -2.7 -1.2 7.3 5.3 1.9
77 | 2989 | 162 10.9 | -0.5 -2.9 -1.6 6.7 5.2 1.9
78 | 3497 | 16.1 10.7 -0.7 -3.2 -2 6.2 3.1 1.8
79 1 40.05 | 157 10.3 -1.2 -3.6 -2.6 5.3 5 1.6
80 | 4513 | 15.8 104 | -14 -3.8 -2.9 4.7 5.1 1.6
81 { 5021 | 15.6 102 | -1.7 -4.2 -3.5 3.9 5.1 1.5
82 | 5529 | 134 9.9 -2 -4.6 -4.1 2.9 3 14
83 | 6037 | 15.2 9.6 -2.3 -4.9 -4.7 2 4.9 1.3
84 | 82.67 | 14.7 8.8 -3.4 -6.1 -6.3 -0.2 49 0.9
85 | 9791 | 14.1 8.1 -4.4 -1.2 -7.9 -2.8 4.7 0.6
86 | 113.15| 13.6 7.3 =33 -8.3 -9.4 -5.1 4.6 0.3

discharges, discharge ratio, Reynolds number, and energy loss coefficients

0,(/s) | 402 | 406 | 409 | 42 | 441 | 427 | 415 | 415
O,(s) | 341 | 3.34 | 321 | 324 | 323 | 28 | 3.88 | 3.66
O.(/s) | 062 | 072 | 088 | 096 | 1.18 | 147 | 026 | 049
0.J0, 0.15 | 0.18 | 022 | 023 | 027 | 034 | 0.06 | 0.12
Re,x10° | 06 | 0.6 | 0.61 | 063 | 0.66 | 0.64 | 0.62 | 0.62
Re.x10° | 051 | 05 | 048 | 0.48 | 048 | 042 [ 058 | 0.55
Re,x10° | 02 | 023 | 028 | 031 | 038 | 047 | 0.08 | 0.16
K.Eq.(4.6) | 011 | -0.12 | -0.11 | -0.11 | -0.11 | -0.11 | -0.09 | -0.1
K, Eq(48) | 144 | 145 | 1.71 | 165 | 187 | 253 | 1.05 | LI9

K,Eq@12)| 135 | 14 | 162 ] 1.6 | 1.79 | 229 | 1.04 | 119

Notes:
1. Pressure taps 1 to 41 located on the center of the branch side wall of main conduit,
taps 42 to 49 on the opposite wall of the main. The distances equate to X.
2. Pressure taps 50 to 66 located on the center of upstream side wall of branch conduit,
taps 67 to 86 on the downstream side wall of the branch. The distances equate to Y.
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Table 4.3 (continued)

tap | distance pressure head H {cm)

No.| (cm) | testo | testlO | testll | test12 | test13 | testl4 | testlS
1 | -15949 | 584 77.4 141 1162 | 108.2 | 47.1 136.6
2 | -124.51 | 58.1 77.1 | 1406 | 115.7 108 46.2 | 1355
3 | -101.65] 575 76.6 | 1402 | 1152 | 107.6 | 44.7 | 134.6
4 | -71.17 | 56.9 76 1395 | 1145 | 107.2 | 439 | 1334
5 | -4831 | 56.3 75.6 | 139.1 | 1141 107 43.2 | 132.8
6 | -2837 | 56 75.1 | 1386 | 113.6 | 1067 | 425 | 131.9
7 | -20.75 | 55.8 75 138.5 | 113.4 | 106.6 42 131.6
8 | -13.13 | 556 | 749 | 1382 | 113.1 | 1064 | 41.7 | 1312
9 | -10.59 | 554 74.7 138 113 106.3 | 41.4 | 1309
10| -551 | 547 | 738 | 1367 | 111.7 ] 1054 | 40.5 | 1293
11 -4.51 | 342 73.2 136 111 1048 | 398 | 1284
12 | -3.51 | 53.7 72.5 135 110 104 392 | 1272
13 -2.21 52.1 70.6 | 132.1 | 107.3 | 101.8 | 374 | 1249
14| -1.71 | 50.9 69 129.8 | 105.3 100 36.1 | 122.2
15| -1.21 | 48.8 663 | 1268 | 101.4 | 9638 33.6 | 1176
16 | -0.81 | 458 624 | 1199 | 957 92.1 307 | 111.2
17 -0.41 | 404 55.1 108.4 | 85.1 82.9 24.8 98.6
18 | -0.21 35 476 | 96.7 | 742 | 734 | 192 | 86.2
19 2.24 | 56.5 70.2 | 124.7 | 1023 § 934 50.5 | 127.6

20 244 | 61,6 79 139.3 | 116.1 | 1048 | 53.2 | 140.9

21 2.84 | 62.9 82.2 | 145.6 | 121.6 | 1103 | 529 | 145.2

22 324 | 623 81.6 | 1455 | 1214 | 1105 | 514 | 144.1

23 374 | 614 80.5 | 1444 120 1099 | 50.2 | 1423

241 424 | 61.2 | 805 | 1442 1 1197 1 109.8 | 499 | 1419

25| 554 | 604 {1 795 | 143.6 | 119 | 109.1 | 48.7 | 140.4

26 6.54 | 60.1 79.1 | 1429 | 1185 | 108.7 | 482 | 139.7

27 7.54 | 599 78.9 | 1422 | 118.1 | 1085 | 47.7 | 1392

28 | 12,63 | 593 78 141 116.8 | 108.2 47 137.8

29| 1516 | 592 77.8 | 1409 | 116.6 | 108.1 | 469 | 137.6

30| 2279 | 591 | 779 141 | 116.7 | 1083 | 46.8 | 137.7

31| 304 | 592 78 141.2 | 117 | 1084 | 46.7 | 137.8

32| 38.02 | 592 | 781 | 141.4 | 117.1 | 1084 | 46.6 | 1379

33| 4564 | 59.1 782 | 1415 | 117.2 | 1085 | 46.5 | 137.9

34 | 6088 | 59.1 | 782 | 1417 | 117.3 | 108.6 | 46.2 | 137.9

35| 76.13 59 78.2 | 141.6 | 117.2 ) 108.6 | 459 | 1377

36| 97.16 | 589 | 78.1 | 141.6 | 117.2 | 1086 | 455 | 1375
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Table 4.3 (continued)

tap | distance pressure head H {cm)

No.| (cm} | test9 | test1O | testil | test12 | test13 | test14 | testlS

37| 1124 | 588 78 1416 | 117.2 | 108.5 | 45.1 | 1374

38 | 135.27 | 58.6 78 1416 | 117.1 | 1084 | 447 | 1372

39| 158.13 | 584 | 779 {1415 | 117.1 | 108.5 | 443 137

40 | 180.99 | 58.3 778 114151 117 | 1084 | 43.9 | 136.8

41| 19622 1583 | 77.7 | 1415 | 1169 | 1084 | 43.7 | 136.7

42 | -20.75 | 55.6 | 75.1 | 138.2 | 113.3 | 106.5 42 131.6

43 | -13.13 | 55.5 73 138.1 | 113.2 | 106.5 | 41.7 | 1315

44 [ -5.51 56 75.6 | 1392 | 1142 | 107.2 | 422 | 1325

45 2.11 577 | 77.1 | 1406 | 116 | 107.8 | 44.8 135

46| 1735 | 586 | 775 | 1409 | 1163 | 107.9 | 46.5 | 1362

47 326 | 585 7138 46.3
48 | 47.83 | 585 | 719 46.1
49 | 63.07 | 585 | 779 45.8

50 9.45 -9.1 -18 -11.5 | =263 | -17.7 | -19.1 | -20.5

51 9.75 |-12.7 | -22.7 | -19.7 | -342 | -242 | -219 | -29.1

52| 1005 |-13.2 | -239 | -21.7 | -362 | -25.6 | -22.8 | -30.2

53| 1085 |{-133 | -233 | -19.7 | 343 | -244 | -234 3 -30.1

54| 1135 |-102 | -17.7 | -102 | -25.6 | -17.5 | -223 | -219

55| 1265 | 79 8.9 32.9 15.1 18.3 -7.3 22.1

56 | 13.65 | 20.5 178 | 458 | 27.6 | 295 2.1 38.2

57 | 1465 | 174 19.5 | 483 298 | 315 6.2 41.5

581 19.73 | 179 194 | 475 | 292 | 305 9.1 41.7

59| 2481 | 173 18.3 45.5 | 275 | 289 9.2 40.3

60 | 29.89 | 163 168 | 432 | 252 | 27.1 8.5 383

61 | 3497 | 154 156 | 41.1 234 | 255 7.9 36.1

62 | 40.05 | 144 14 389 | 212 | 234 7 34.2

63 1 4513 | 135 125 | 364 188 | 214 6.1 31.8

64 | 5021 | 124 11 338 16.4 19.2 5.1 294

651 5529 j 11.2 94 31.3 14 16.9 4.2 26.8

66 | 6037 | 9.9 7.6 29 11.4 | 145 3.1 241

67| 945 | 163 -93 | -29.7 | -33.7 | -33.2 | 28.8 12.8

68 9.75 | 203 6.3 -9.2 -12 | 237 | 145 § 337

69 | 10.05 | 16.1 17.9 | 42.1 26.4 14 8.3 385

70| 10.85 | 45 2 22 4.5 11.1 -1.2 12.1

71| 11.35 1.7 -1 17.7 0.7 7.3 ~11.5 72

72| 1265 | 69 6.6 28.5 116 | 154 | -72 19.3
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Table 4.3 (continued)

tap | distance pressure head H (cm)

No.| (cm) | test0 | testl0 | testll | test12 | testl3 | testl4 | testls
73 | 13.65 | 128 139 | 397 | 21.7 | 23.9 0.2 31.8
74 | 14.65 15.9 17.6 46.1 26.8 28.5 4.7 38.4
75 19.73 17.9 19.5 47.5 29.2 30.7 9.2 42.5
76 | 24381 17.2 18.3 454 27.3 29 9.1 40.6
771 29.89 16.2 16.9 43.2 25.3 27.1 8.5 38.5
78 | 34.97 15.4 15.7 41.3 23.5 254 7.8 36.6
79 | 40.05 14.2 14.1 39.1 21.2 233 7.3 35.7
80 | 45.13 13.6 12,9 37 19.2 21.6 6.2 32.3
81 | 50.21 12.5 12,2 35.4 16.8 19.4 5.3 20.8
82| 5529 1 113 9.5 26.7 14.3 17.2 4.3 27.2
83 | 60.37 10.1 7.8 28.8 11.7 14.8 3.2 24.5
84 | 82.67 7 3.5 22 5.6 9.1 0.5 17.9
85| 97.91 3.6 -1.4 14 -1.7 23 -2.4 10.3
86| 113151 0.5 -5.7 7 -8.1 -3.6 -5.3 3.5

discharges, discharge ratio, Reynolds number, and energy loss coeflicients

O,(/s)y | 381 | 3.67 | 375 | 3.96 | 288 | 524 | 5.1
O.(s) | 208 | 155 | 097 | 132 | 033 | 3.65 | 2.39
0. (s) 173 | 212 | 2.78 | 264 | 255 | 1.59 | 271

0/0, 046 | 058 | 074 | 0.67 | 0.88 | 0.30 | 0.53
Re,x10° | 057 | 055 | 0.56 | 059 | 043 | 0.78 | 0.76
Re.x10° | 031 | 023 | 015 | 02 | 005 | 0.54 | 036
Re,x10° | 0.56 | 0.68 | 0.89 | 0.85 | 0.82 | 0.51 | 0.87

K. Eq.(4.6) | -0.08 | -0.01 | 0.13 | 0.06 | 026 | -0.1 | -0.03

K,Eq.(48) | 3.53 | 496 | 65 | 589 | 879 | 2.2 | 4.16

K,Eq4.12)| 3106 | 439 | 604 | 538 | 815 | 201 | 3.8
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Table 4.4 The Contraction Coefficient C,

L/B 0,0, C, C,
(Eq.4.4) (graphical)
1.0 0.46 0.33 0.31
1.0 0.64 0.38 0.39
1.0 0.97 0.48 0.49
0.77 0.42 0.37 0.38
0.77 0.57 0.43 0.43
0.22 0.30 0.49 0.50
0.22 0.53 0.55 0.56
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Table 5.1 Experimental data of combining closed conduit flow L/B = 1.0

tap | distance pressure head H (cm)

No.| (em) | (et test2 test3 testd testS test6
1 | -152.24| 88 101 70.4 83.2 87.5 91.4
2 | -117.26| 872 100.1 70 82.7 87.1 914
31 -944 85.8 08.9 69.6 82.3 86.6 91.3
4 | -63.92 | B4.6 97.6 69.2 81.8 86.2 91.2
5 | -41.06 | 83.7 96.7 68.7 81.4 85.8 91.2
6 | -20.74 | 82.9 95.8 68.4 81.1 85.5 91.1
7 | -13.12 | 825 95.5 68.3 80.9 85.4 91.1
8 | -10.58 | 825 95.4 68.3 81 85.5 91.2
9 -5.5 82.3 95.5 68 .4 81.1 85.5 91.2
10 -4.5 82.5 05.6 68.5 81.2 85.7 91.2
11 -3.5 82.4 93.6 68.4 812 83.6 01,2
12 -2.2 82.6 95.8 68,7 814 859 01.2
13 -1.7 82.6 95.9 68.6 81.4 80 91.2
14 -1.2 82.9 096.2 68.8 81.5 86.2 91.3
15 -0.8 82.8 96.2 68.7 81.6 86.3 91.2
16| -04 83 96.4 68.9 81.7 86.4 91.3
17 -0.2 83.1 96.6 69 81.7 86.5 91.3
18| 935 67.4 71.9 53.6 60.6 57.4 31.3
19 9.55 67.4 71.8 53.5 60.6 574 31.2
20 9.95 67.2 71.8 53.5 60,6 57.3 30,9
21 10.35 66.8 71.6 53.4 60.5 57.2 30.7
22 | 10.85 66.7 71.4 53.4 60.5 572 30.6
23 11.35 66.6 71.3 53.4 60.4 57.2 30.6
24 | 12.65 67.6 71.1 53.3 60.4 57.1 30
25| 13.65 69.5 71.3 53.3 603 57 29.5
26 | 14.65 71.3 723 53.4 60.4 57.1 292
27| 19.73 74.6 80.9 56.4 63.6 60.4 31.6
28 | 2227 748 82.1 58.5 66.4 64 37.1
29 | 29.89 74.9 82.6 60 68.9 69 53.1
30} 37.51 748 82.3 59.9 69 G9.3 56
31| 4513 74.5 824 59.8 69.1 69.4 56.9
32| 52.75 74.3 82.1 59.7 69 69.3 57.2
33 | 60.37 74 81.8 59.5 68.8 69.1 57.3
34| 6799 73.6 81.5 594 68.6 68.9 57.2
35| 75.61 73.2 8i.1 59.2 68.3 68.6 57
36 | 10447 | 719 79.6 58.5 67.4 67.5 56
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Table 5.1 (continued)

tap | distance pressure head H (cm)

No.| (cm) test] test2 test3 test4 testS test6
37 | 119.71 71 78.6 57.9 66.9 66.9 55.1
38 | 14257 | 699 77.4 57.4 66.2 66.1 538
391 16543 { 68.7 76 56.7 65.4 635.1 52.6
40 | 188.29 | 67.6 74.8 55.9 64.6 64.1 51
41 | 203.53 | 66.9 73.9 55.6 64.2 63.8 47.8
42 | -13.82 82.3 95 68.6 80.9 85.5 90.6

43 -6.2 81.7 94.6 68.3 80.6 85.3 90.5

44 1.42 80.7 92.8 67.4 79.5 83.7 89.9

45 9.04 76.4 85.5 62.6 73.2 74.9 77.9

46 | 14.12 75.2 81.2 58.8 67.6 67.3 34.2

47 19.2 74.8 80.4 58.1 65.8 64.4 413
48 | 24.28 73.3 80.1 58 66.7 64.7 41.5
49 | 29.36 75 81.5 59.4 68 67.9 49.3
50 | 34.44 74.8 81.9 59.8 68.6 68.8 533
51| 3952 74.9 82.1 60 69 69.4 55.5
521 5476 74.3 81.6 59.8 68.7 69.3 56.8
53 70 73.7 81.1 594 68.3 68.8 56.6
54 9.45 829 95.9 69.4 82.1 86.7 913
55 9.75 82.9 95.9 69.4 82.1 86.6 o1.1
56 | 10.05 82.9 959 69.4 82.1 86.5 90.9
57 | 10.85 82.9 95.9 69.4 82 86.4 90.4
58 | 11.35 82.9 95.9 69.4 82 86.3 89.8

59 | 12.65 82.9 95.9 69.4 81.9 86.2 38.8

60 | 13.65 82.9 95.9 69.4 81.8 86.2 88.1

61 14.635 82.9 95.9 69.4 81.7 86 87.5

62 | 19.73 82.7 95.9 69.3 81.4 85.7 86.3

63 | 24.81 82.7 95.9 69.2 81.5 85.8 86.4

64 | 29.89 82.8 95.9 69.3 81.5 85.8 86.5

65 | 34.97 82.8 95.9 69.3 81.6 85.9 86.6

66 | 40.05 82.9 95.9 69.3 81.6 85.9 86.8

67| 45.13 829 95.9 69.3 81.6 86 87
68 | 50.21 82.9 95.9 69.3 81.6 86 87.2
69 | 55.29 82.9 95.9 69.3 81.7 86 87.4

70 | 60.37 82.9 95.9 69.3 81.7 86.1 87.6

71| 6545 82.9 95.9 69.3 81.7 86.1 87.9

72| 945 78.7 87.3 62.9 72.9 73.1 577
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Table 5.1 (continued)

tap | distance pressure head H (cm)
No.| (cm) test] test2 test3 testd tests test6

73 9.75 80.4 90.3 64.9 75.6 76.6 64.9
74 | 10.05 81.2 91.8 65.8 76.9 78.7 68.3

751 10.85 82 93.3 67.2 78.6 81.2 74.7
76 | 11.35 822 94.1 67.7 79.3 822 76.8
77 | 12.65 82.4 94.9 68.2 80.2 83.5 80.3
78 | 13.65 82.5 95.2 68.4 80.5 84.1 81.9

79 | 14.65 82.6 95.3 68.6 80.9 84.7 83.1
80 | 19.73 82.7 95.4 68.8 813 85.4 85.3
81 | 24.81 82.8 95.6 68.9 814 85.5 85.9
82 | 29.89 82.8 95.6 69 81.5 85.7 86.1
83 | 3497 82.9 95.7 68.8 81.5 85.8 86.2
84 | 45.13 82.9 95.7 69.1 81.5 85.9 86.9
85| 55.29 82.9 95.7 69.1 81.6 86 87.4
86 | 65.45 82.9 935.8 69.2 81.6 86.1 87.8
87 | 80.45 829 95.8 69.2 81.7 86.2 88.9

88 | 95.69 82.9 95.8 69.2 81.7 86.3 89.6
89| 11093 | 829 95.9 69.3 81.8 86.4 90.2
90| 126.17 | 829 95.9 69.4 81.9 86.5 90.3

discharges, discharge ratio, Reynolds number, and energy loss coefficients

0, (m¥/s)x 107 5.8 5.8 3.38 3.38 3.37 0.87
O, (m*s) x 10 6.37 6.85 4.72 5.12 5.77 6.93
Q, (m*/s) x 10°  0.61 1.11 1.27 1.8 2.39 6.19
0,0, 0.1 0.16 0.27 0.35 0.42 0.88

Re, x 107 0.87 0.87 0.5 0.5 0.5 0.13

Re, x 107 0.96 1.03 0.69 0.77 0.86 1.05

Re. x 107? 0.09 0.17 0.19 0.27 0.36 0.92

K, 0.15 0.25 0.35 0.42 0.45 0.6

K., -0.61 -0.39 0.03 0.19 0.32 1.01

Notes:

1. Pressure taps 1 to 41 located on the center of the branch side wall of main conduit,
taps 42 to 53 on the opposite wall of the main. The distances equate to X.

2. Pressure taps 54 to 71 located on the center of upstream side wall of branch conduit,
taps 72 to 90 on the downstream side wall of the branch. The distances equate to Y.
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Table 5.1 (continued)

tap | distance pressure head H (cm)

No.| (cm) | test7 | test8 testd | testl0 | testll | testl2
1 | -152.24 95 88 79.5 71.9 72.8 71.6
2 1 -11726| 94.9 87.9 79.4 71.8 72,7 71.5
3 -94 4 94.8 87.7 79.3 71.7 72.5 71.2
4 | -6392 04,7 87.6 79.3 71.6 72.4 71 ]
5 -41.06 94,6 87.4 79.2 71.5 72.2 70.8
6 -20.74 94.5 87.3 79.2 71.4 72.1 70.6
7 -13.12 04 4 87.2 791 71.3 72 70.5
8 -10.58 04 4 87.3 791 71.3 72.1 70.5
9 -5.5 94.5 87.3 79.1 71.3 72.1 70.5
10 -4.5 94.5 874 79.2 71.4 72.2 70.6
11 -3.5 94,5 87.4 79.2 71.3 72.2 70.6
12 -2.2 94.6 87.5 79.2 71.5 72.4 70.6
13 -1.7 94.6 87.5 79.3 71.5 72.4 70.7
14 -1.2 94.6 87.6 79.2 71.5 72.5 70.7
15 -0.8 94.6 87.6 79.3 71.5 72.5 70.7
16 -0.4 94.6 87.7 79.4 71.5 72.5 70.8
17 -0.2 94.6 87.7 79.4 71.5 72.6 70.8
18 9.35 449 39.5 70.4 60.2 60 65.1
19 9.55 449 39.5 70.5 60.2 59.9 65

20 9.95 447 394 70.3 60.3 59,9 65.1

21 10.35 44.5 39.3 70.3 60.2 59.9 65.1

22 10.85 44 4 39.3 70.3 60.2 59.9 65

23 11.35 44 .4 39.3 70.3 60.2 59.8 65

24 12.65 44 39.1 70.2 60.1 59.8 65

25 13.65 43.7 38.7 70.2 60.1 59.8 65

26 14.65 43.5 38.6 70.2 60.1 59.8 65.1

27 19.73 46.1 41.3 71 61.1 61 66.4

28 | 22.27 50.7 46.5 71.9 62.4 62.3 67

29 | 29.89 63.5 583 73.9 64.9 65 67.4

30 | 37.51 66.2 60.4 74.3 65.3 65.3 67.3

31 | 4513 66.9 61 74.4 65.2 65.3 67.3

321 5275 67.2 61.2 74.4 652 65.3 67.2

33 | 60.37 673 61.2 74.3 65.1 65.2 67.1

34| 67.99 67.2 61.1 74.2 65 63.1 67

35| 75.61 67.1 60.9 74.1 64.9 65 66.9

36 | 10447 | 66.1 59.9 73.8 64.5 64.5 66.6
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Table 5.1 {continued)

tap | distance pressure head H {cm)

No.| (em) | test7 | test8 | testd | testl0 | test!l | testl2
371 119.71 65.5 59.2 73.6 64.3 64.2 66.4
38 | 142.57 | 643 58 73.4 63.9 63.8 60.1
39 | 16543 63.1 56.8 73.1 63.5 63.4 65.8
40 | 188.29 57.2 52.1 72.7 63.2 63 65.5
41 | 203.53 53.1 40 8 72.5 62.9 62.7 65.3
42 | -13.82 941 87.1 79 70.9 72.1 70.3
43 -0.2 94 86,8 78.9 70.8 71.9 70.2
44 1.42 93.1 853 78.6 70.3 71.3 69.8
45 9.04 31 72.3 76 68.8 67.3 68.3
46 14.12 64.6 58.3 73.4 64 64.2 67
47 19.2 54,5 492 72.9 63.6 62.7 66.7
48 | 2428 52.3 47 71.8 61.7 62.3 66.8
49 1 2936 60.9 55.7 73.2 64 64.3 67.1
50 | 34.44 64.2 58.6 73.6 64.5 64.7 67.2
51 39.52 65.9 60.1 73.8 64.7 G5 67.2
52| 54.76 67.1 61.1 74 64.8 65.1 67.1
53 70 67 60.9 73.7 64.6 64.8 66.9
54 9.45 94.9 87 79,7 71.7 729 70.5

55 9.75 94.7 36.8 79.4 71.7 72.6 70.5

36 | 10.05 94.6 86.7 79.4 71.6 72.6 704

57| 10.85 94.2 86.5 79.3 71.6 72.6 70.4

58 | 11.35 94 86.3 79.3 71.5 72.5 70.3

59| 12.65 93.1 85.8 79.3 71.5 72.5 70.3

60 | 13.65 92.4 853 79.2 71.4 724 70.3

61 | 14.65 91.9 84.8 79.1 713 723 70.3

62 | 19.73 90.7 83.5 78.8 71.1 72 70.2
63 | 2481 90.8 83.5 78.8 71.2 72.1 70.2
64 | 29.89 91 83.5 78.9 712 72.1 70.2
65 | 34.97 91.1 83.6 78.9 71.3 72.2 70.2
66 | 40.05 91.3 83.7 79 713 72.2 70.3
67 | 45.13 91.5 83.9 79 71.3 72.2 70.3
68 | 50.21 91.7 84.1 79 71.3 72.2 70.3

69 | 55.29 91.9 843 79.1 71.4 723 70.3

70 | 60.37 02.1 34.4 79.1 71.4 723 70.3

71 | 6545 923 84.6 79.1 71.5 72.3 70.3

72 | 945 65.5 59.5 74.4 65.6 66.3 68.2
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Table 5.1 (continued)

tap | distance pressure head H (cm)

No.| (cm) test7 testd test9 test10 testll test12
73 9.75 72.3 65.7 75.7 67.1 67.9 69
74 | 10.05 74.9 68.9 76.3 67.9 68.7 69.2
75 | 10.85 80.5 74.2 77.2 69 69.9 69.6
76 | 11.35 82.6 76.5 77.6 69.5 70.3 69.9
77 | 12.65 85.7 79.5 78.1 70 71.1 70
78 | 13.65 87 80.9 78.3 70.5 71.4 70.2
79 | 14.65 87.9 81.9 78.5 70.6 71.6 70.2
80| 19.73 89.8 83.5 78.8 71 71.9 70.2
81 | 24.81 90.2 84 78.8 71.1 72 70.2
82 | 29.89 | 904 83.2 78.9 71.1 72.1 70.2
83 | 34.97 89.7 83.3 78.8 71 72.1 70.2
84 | 45.13 91.3 83.9 79 71.2 72.2 70.3
85 | 55.29 91,7 84.2 79 71.3 72.3 70.3
86 | 6545 92.2 84.5 79.1 71.4 723 70.3
87 | 8045 93 85.1 79.2 71.5 72.4 70.3
88 | 95.69 93.5 85.7 79.3 71.5 72.4 70.3
89 | 110.93 94 86.1 79.4 71.7 72.5 70.3
90 | 126.17 | 94.1 86.1 79.4 71.7 72.5 70.3

discharges, discharge ratio, Reynolds number, and energy loss coefficients

0, (m¥/s)x 10% 1.3 1.82 1 1.47 1.86 2.24
0, (m¥s) x 107 6.72 6.65 2.94 3.46 3.72 3

Q, (m*s) x 10° 5.36 4.86 1.8 1.85 1.76 0.66
0Q./0, 0.81 0.73 0.64 0.56 0.49 0.23

Re, x 107 0.19 0.27 0.15 0.22 0.28 0.33
Re,x 10? 0.99 1 0.42 0.5 0.54 0.43
Re, x 10° 0.8 0.72 0.27 0.28 0.26 0.1

K. 0.59 0.55 0.51 0.5 0.48 0.32

K,, 0.92 0.73 0.68 0.54 0.43 -0.13
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Table 5.2 Experimental data of combining closed conduit flow LB = 0.77

tap | distance pressure head H (cm)

No.| (em) | tegt] test2 test3 testd4 test5 test6
1 | -15436| 89.2 100.3 93.3 117.3 95.6 121.4
2 | -119.38 89 99.4 92.4 116.4 94.9 121.4
3 | -96.52 88.6 98.5 01.5 115.5 94.2 121.3
4 | -66.04 88.3 97.4 90.5 114.5 093.4 1214
S | -43.18 88.1 96.8 89.8 114 93 121.3
6 | -20.74 | 878 96.1 89 113.1 924 121.3
7 | -13.12 87.7 95.9 88.8 1129 022 1212
8 -5.5 88 06 89 113.2 92.5 1212
9 -4.5 88.1 96.1 89.1 113.4 92.7 121.2
10 -3.5 88.3 06.2 89.3 1137 93 1213
11 -2.2 88.4 96.4 89.7 114.2 93.4 i21.2
12 -1.7 88.7 96.7 g0 114.6 3.7 121.3
13 -1.2 88.7 96.9 90.1 114.7 93.9 121.3
14 -0.8 88.9 97.1 90.5 115 04.2 121.3
15y -04 88.8 97.3 90.7 1153 94.3 121.3
16 -0.2 88.7 97.4 90.8 115.5 94.4 1213
17| 7.24 54.1 76 60.1 72.6 52.8 81.3
18 7.44 54.1 76 60.1 72.7 52.8 81.4
19 7.84 54 76 60 72.6 52.8 80.9

20 8.24 54 75.8 59.9 72.5 52.7 81
21 8.74 54 75.6 59.7 72.3 52.6 80.6

22 0.24 54 75.7 59.7 72.5 52.6 80.8

23 10.54 53.8 75.4 59.5 72.2 52.4 80.4

24 | 11.54 53.6 75.6 59.4 72 52.2 80

251 12,54 53.7 76.2 59.8 72.3 52.4 79.7

26 | 17.62 56.9 82.9 67.4 80 58.2 79.6

27 | 20.16 67.4 84.4 70.7 85.4 63.4 79.1

28 | 27.78 68.5 85.2 72.9 90 69.5 84.7

29| 354 68.6 85.1 73 90.3 70.1 96.4

30 | 43.02 68.7 84.9 72.7 90.1 70 99

31| 50.64 68.9 8438 72.5 90.1 70 99.5

32| 58.26 68.8 84.6 72.4 89.8 69.8 99.7

33 | 65.88 68.7 843 72.1 89.5 69.6 99.9

34 73.5 68.4 84 7.7 89.1 69.2 99.8

35| 81.12 68.2 83.7 71.3 88.7 68.8 99.7

36 | 10236 | 67.5 82.8 70.3 87.5 67.8 99.2
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Table 5.2 (continued)

tap | distance | pressure head H {(cm)

No.| (cm) test] test2 test3 test4 test5 tast6
37| 1176 | 66.9 82 69.5 86.5 66.9 98.5
38 | 14046 | 66 81 68.3 85.1 65.6 97.7
39 | 163.31 65 79.9 67 83.5 64.3 96.7
40 | 186.18 | 64.1 78.8 65.9 82.3 63.1 95.8
41 | 201.42 64 78.3 65.1 81.5 62.4 94.4
42 | -15.74 87.6 96 88.7 112.9 92.2 121.3

43 | -8.12 87.4 95.7 88.3 112.4 92.1 121.2

44 -0.5 84.2 943 86.5 110.1 90.1 121.1

45 7.12 76.7 88.3 77.7 08.3 78.2 119
46 12.2 66.6 84 70.8 87.2 67.3 99.7
47 | 17.28 61.9 83 68.8 83.8 63.1 87.1
48 | 22.36 62.7 83.3 69.7 85.5 64.7 87.2
49 | 27.44 65.6 82.7 69.8 86 66.5 91.4

50 | 32.52 65.3 84.5 71.8 88.4 68.1 93.9

51 37.6 68.4 84.7 72.4 89.6 69.8 98.5

52 | 52.34 68.7 84.5 72.2 89.5 70 99.7
53 | 68.08 68.3 83.9 71.6 88.9 69.4 99.6
54 9.45 89.2 99.6 913 1153 94.1 122.5
55 9.75 89 99.4 91.2 115.2 93.8 122.3
56 | 10.05 83.9 99.1 91.2 115.1 93.7 i22.1
57 | 10.85 88.8 99.1 91.2 115.1 93.6 121.1
58 | 11.35 88.7 99.5 91.1 115.1 93.5 120.5
59 | 12.65 88.1 99.4 91 114.8 93.1 119.4

60 | 13.65 87.7 99.4 90.9 114.5 92.8 118.4

61 | 14.65 87.4 99.3 90.8 114.4 92.3 117.8

62 | 19.73 86.8 99.1 90.5 113.8 91.9 117.3
63 | 2481 86.9 99.1 90.5 113.7 91.9 117.4
64 | 29.89 87 99.1 90.5 113.8 92 117.7
65 | 34.97 87.1 99 90.6 114 92.1 117.9
66 | 40.05 87.2 99.1 90.6 114 92.2 118.2

67 | 45.13 87.3 99.2 90.7 114.1 923 118.5

68 | 50.21 87.4 99.1 90.7 114.2 92.4 118.7

69 | 355.29 87.5 99.1 90.8 114.3 92.5 119
70 | 60.37 87.6 99.2 20.9 114.4 92.6 119.2
711 6545 81.7 99 90.9 114.5 92.7 119.5
72| 945 | 713 92.1 79.3 67.1 75.2 98
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Table 5.2 (continued)

tap | distance pressure head H (cm)

No.| (cm) | test] | test2 | test3 testd | testS | test6
73 9.75 76.1 94.7 83.3 102.7 79.5 102.8
74 | 10.05 78.4 05.7 85 105.2 83.3 105.5
75 10.85 81.5 97 87.4 108.7 86.7 109.3 |
76 | 11.35 82.8 97.7 - 88.2 110 88 110.9
77 12,65 84.5 08.3 890.3 111.7 89.7 113.3
78 13.65 85.3 08.5 89,8 112.5 90.5 114.3
79 | 14.65 85.8 08.7 a0 112.9 90.9 115.1
80 | 19.73 86.5 08.8 90.4 113.7 01.8 116.5
81| 24381 86.7 98.9 00.4 113.8 91.9 117
82 | 29.89 86.9 99 90.5 113.9 92.1 117.3
83 | 34.97 86.8 99 90.6 114 922 117.6
84 | 45.13 87.4 99 90.6 114,1 923 118.2
85 | 55.29 87.7 09.1 00.7 114.4 02.5 118.6
86| 6545 88 90.1 90.8 114.5 892.6 119
87| 80.55 88.4 99.2 91 1149 93 120.1
88 | 95.79 88.7 99.2 91.1 115.1 93.3 121.2
89| 111.03 89.1 993 913 115.3 93.6 122.2
90 | 126.27 894 99.4 91.4 115.5 939 123

discharges, discharge ratio, Reynolds number, and energy loss coefficients

0, (m*/s) x 10°] 2.78 5.11 5.11 5.11 4,29 0.55
0, (m¥/s)x 10°] 5.8 6.15 6.88 7.33 6.8 5.54

0, (m’/s) X 10°| 2.96 1.05 1.6 2.24 2.56 5
0./0. 0.52 0.17 0.24 031 0.37 0.9
Re x 10° 0.41 0.76 0.76 0.76 0.64 0.08
Re,x 10° 0.86 0,92 1 1.1 1.02 0.83
Re. x 10° 0.53 0.19 0.28 0.4 0.45 0.89
K- 0.59 0.26 0.35 0.42 0.48 0.67
Ki, 0.72 -0.11 -0.01 0.17 03 1.5

Notes:

1. Pressure taps 1 to 41 located on the center of the branch side wall of main conduit,
taps 42 to 53 on the opposite wall of the main. The distances equate to X.

2. Pressure taps 54 to 71 located on the center of upstrean: side wall of branch conduit,
taps 72 to 90 on the downstream side wall of the branch. The distances equate to Y.
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Table 5.2 (continued)

tap | distance pressure head H (cm)

No.} (cm) test7 test8 test9 test10 test1i testi2
1 | -15436| 91.6 70,9 104.1 57 69.6 96.1
2 |-119.38| 916 70.8 103.9 56.8 69.3 95.9
31 -96.52 | 915 70.7 103.6 56.5 68.8 95.6
4 | -66.04 91.6 70.8 103.3 56.3 68.4 95.4
5 | -43.18 91.5 70.5 103.1 56.1 68 95.3
6 | -20.74 91.5 70.5 102.9 55.9 67.8 95.1
7 | -13.12 91.4 70.4 102.8 55.8 67.6 95
8 -3.5 91.6 70.6 103.1 56 67.9 95.2
9 -4.,5 91.5 70.6 103.2 56.1 68 95.3
10 -3.5 91.6 70.7 103.4 56.5 68.1 95.4
11 -2.2 91.5 70.6 103.5 56.3 68.3 05,5
12 -1.7 91.6 70.8 103.7 56.2 68.5 95.7
13 -1.2 91.5 70.8 103.8 56.6 68,7 95.7
14 -0.8 91.7 70.9 103.9 56.7 68.8 95.8
15 -0.4 91.5 70.8 103.9 56.6 68.9 95.7
16 -0.2 91.6 70.8 103.8 56.6 68.9 95.7
17 | 7.24 57.9 24.9 46.7 15.9 359 384
18 71.44 578 24.8 46.6 15.9 35.9 38.3
19 7.84 57.6 24.7 46.4 158 35.9 38.1

20| 8.24 57.5 24.5 46.3 15.7 35.8 38

21 8.74 57.4 24.3 46.2 15.7 358 37.9

22| 9.24 57.4 243 | 462 15.7 358 37.9

23 10.54 . 57 23.8 457 15.4 35.6 37.4

24 | 11,54 56.6 234 45.2 15.1 354 37

25 12.54 56.5 23.3 451 15.1 35.5 36.9

26 17.62 56.8 25.3 49 18.2 39.3 40.4

271 20.16 60.7 29.9 547 22.6 435 459

28 | 27.78 69.9 40.5 67.6 30.6 492 59.2

29| 354 71.9 43.1 70.2 322 498 61.9

30| 43.02 72.5 44 71 32.7 499 62.8

31 50.64 729 44 .4 7.4 32.9 49.8 63.2

32! 5826 73 446 71.5 32.9 497 634

33| 65.88 73.1 44.7 71.6 328 495 63.3

34 73.5 73 445 71.4 326 493 63.2

35| 8l1.12 72.9 44 4 7.2 324 49.1 63

36 | 102.36 72.5 438 70.3 318 483 622
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Table 5.2 (continued)

tap | distance pressure head H (cm)

No.| (cm) test7 test8 testd test10 testl1 test12
37| 117.6 72.1 43.2 69.4 31.2 47.7 61.3
38 | 140.46 71.2 42,1 68.1 30.2 46,7 60

39| 16331 | 704 41.2 66.6 293 45.8 58.7

40 | 186.18 | 69.6 40.2 65.3 28.3 448 57.3

41 | 20142 | 695 39.6 64.4 27.5 44.2 56.4

42 | -1574 | 91.2 70.9 102.5 35.5 67.4 94

43 | -8.12 91.1 70.8 102.2 554 67.1 94.6
44 -0.5 90.9 70.1 100.8 54.1 65.6 93.5
45 7.12 85.8 61 87.1 443 56.4 80

46 12.2 72.4 433 68.1 30.6 47.6 62.3
47 | 17.28 62.7 32.7 57.5 24.1 43.8 50.3
48 | 22.36 62.3 342 57.9 25.7 44.1 49.9
49 | 27.44 65.8 36.8 62.6 28.1 47.1 55.5
50 | 32.52 67.1 38.9 64.8 29.1 47.8 578
51 37.6 71.4 429 69.4 31.9 49.5 61.2
52 | 52.84 72.6 44.5 71 32.7 49.7 63.1

53 | 68.08 72.5 44.6 70.9 32.5 494 62.9

54 9.45 91.7 72.1 101.9 56.7 69.6 972

55 9.75 91.3 71.6 101.5 56.4 69.4 96.7
56 | 10.05 91.1 71.5 101 56.3 69.3 96.5
57| 1085 90.6 70.7 100.6 56 69.4 05.8
58 | 11.35 90 70.4 100 55.6 69.1 95.1
59| 12,65 88.9 69 99.5 54.9 68.7 93.9
60 | 13.65 88.6 68.4 99.2 54.4 68.4 93.1
61 | 14.65 88.1 67.7 98.6 54 68.1 02.6
62 | 19.73 87.7 66.9 97.5 53.3 67.5 915
63 | 24.81 87.8 67 98 53.4 67.6 01.7
64 | 29.89 87.8 67.3 98.2 53.6 67.7 91.9
65 | 34.97 88 67.5 98.7 53.7 67.8 92.2
66 | 40.05 83.3 67.7 99 33.7 67.9 92.4
67 | 45.13 88.4 68 994 53.8 67.9 92,6
68 | 50.21 88.6 68.1 99.7 54 68 92.8
69 | 55.29 88.8 68.3 100 542 68.2 93.1
70 | 60.37 89 68.5 100.7 54.3 68.3 932
71| 6545 89.2 68.6 100.8 54.5 68.4 9.5
72 9.45 71.1 457 72.7 355 533 65
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Table 5.2 (continued)

tap | distance pressure head H (cm)

No.| (em) | test7 test8 testd | testl0 | testll | testl2
73 9.75 75.5 51.7 803 40.7 579 731

74 10.05 717 54 .6 84.1 433 60 77.1

75 10.85 81.2 589 89.6 47 629 82.6

76 11.35 82.6 60.5 01.8 48.5 64 847

77 12.65 84.5 63 095.1 50.6 63.5 86.5

78 13.65 854 64.1 96.4 51.5 66.3 88.7

79 14.65 86.1 64.8 97.2 52.1 66:8 89.6

80 | 19.73 87.2 66.2 98.7 52.9 67.6 91.2

81 | 24281 87.5 66.6 99.2 53.3 67.7 91.7

82 | 25.89 87.8 66.9 99.6 534 - 67.8 92

83 | 3497 87.9 67 99.7 53.6 67.7 92

84 | 45.13 88.5 67.6 100.2 53.9 68 91.5
85 | 5529 88.9 68 100.7 54.2 68.2 03.2
86 | 65.45 89.2 68.4 101 54.5 68.4 93.5
87 | 80.55 90.1 69.4 102.1 55 68.7 94.7
88 | 95.79 90.9 70.2 103 55.6 69 95.7

89| 111.03 | 916 71.1 103.8 56.1 69.4 96.5

90 | 12627 | 923 71.7 104.6 56.5 69.6 972

discharges, discharge ratio, Reynolds number, and energy loss coefficients

0, (m¥/s) x 10°]  0.83 1.57 2.36 2.37 3.2 2.21
0, (m¥/s) x 10° _ 5.14 6.06 7.03 5.94 5.89 7.01
0, (m/s) x 10°]  4.33 4.62 4.62 3.67 2.62 4.73
0./0, 0.84 0.75 0.66 0.61 0.45 0.68

Re, x 10° 0.12 0.23 0.35 0.35 0.48 0.33
Re,x10°% 0.77 0.92 1.04 0.9 0.87 1.04
Re, x 107 0.77 0.82 0.82 0.65 0.46 0.84
K, 0.66 0.63 0.65 0.62 0.53 0.65

K,, 1.3 1.14 0.99 0.84 0.55 1.06
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Table 5.3 Experimental data of combining closed conduit flow L/B = (.22

tap distance pressure head H (cm)

No.| (cm) test1 test2 test3 testd test5 testé
1 | -159.49 698 68.7 91.9 68 87.7 86
2 | -124.51 69 68.5 1.8 68.1 87.2 85.4
3 | -101.65 68.2 68.1 91.7 68 87 85.2
4 -71.17 67.3 67.9 01.7 68.1 86.5 £4.7
5 -48.31 66.6 67.5 01.6 68.1 86.2 844
6 -28.37 65.9 67.3 91.5 68 85.8 84
7 -20.75 65.8 67.1 91.5 68 85.7 83.9
8 -13.13 65.6 67.2 1.5 67.8 85.6 84
9 -10.59 65.5 67.4 01.5 67.5 85.7 839
10 -5.51 66 67.8 91.6 66.9 86 84.6
11 -4.51 65.4 679 91.6 66.8 86.1 84.7
12 -3.51 66.6 68.3 91.7 66.9 86.5 84.9
13 -2.21 67.4 68.4 01.7 67.1 86.6 853
14 -1.71 67.6 68.5 a91.8 672 86.9 854
15 -1.21 68.2 68.7 91.8 673 87.2 85.5
16 -0.81 68.6 68.8 01.7 67.3 87.3 5.6
17 -0.41 68.8 68.8 01.7 67.3 87.4 85.7
18 -0.21 68.9 68.9 091.8 67.4 87.5 85.8
19 2.25 50.2 20.5 47.6 33 71.5 60.8

20 2.45 50,2 204 47.5 32.9 71.4 60.8

21 2.85 50.3 20.1 472 32.7 71.5 60.6

22 325 50 20 47.1 32.6 71.5 60.6

23 3.75 496 19.9 471 322 71.5 60.5

24 425 497 20 47.2 326 1.4 60.6

25 5.55 49 8 19.5 46.7 32.1 71.4 60.4

26 6.55 50.4 19.1 46.4 31.9 71.4 60.3

27 7.55 51.1 19 46.3 31.7 71.5 60.4

28 12.63 56.8 19.5 432 241 73.6 62.2

29 15.17 58.4 21.1 42.6 26 75.1 63.4

30 22.79 58.6 28 50 42.5 78.3 08.5

31 30.41 58.5 35.9 57.7 456 792 72.1

32 | 38.03 58.5 41.9 63.2 47.4 793 732

33 45.65 58.2 45 67.3 49 4 79.3 73.6

34 60.89 575 47.4 73.9 54 79.1 73.6

35 76.13 57 47.8 77 57.2 78.8 733

36 97.17 56.2 473 77.6 58.2 78.2 72.7
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Table 5.3 (continued)

tap | distance pressure head H (cm)

No.| (em) | et test2 test3 test4 testS test6
37 | 112.4] 55.5 46.6 77.1 57.9 717 72.2
38 | 135.27 | 53.9 45.7 76.5 57.5 772 71.5
39 | 158.13 | 53.6 447 75.9 57.3 76.6 70.7
40 | 180.99 | 525 43.6 75.2 56.8 76 70
41 | 196.23 52 43.2 75.1 56.7 75.8 69.8
42 | -20.75 635.5 67.8 91.5 68 86.3 84.1
43 | -13.13 65.3 67.6 91.4 67.8 86.1 83.9
44 | -5.51 64.6 66.9 91.4 66.6 85.6 83.4
451 2.12 60.9 59.7 91.1 64.8 82.1 78.1
46 7.2 57.2 41 87.7 65 77.5 70.6
47 | 12.28 56.7 292 46.6 31 75.7 65.9
48 | 17.36 37.7 25.1 43.6 30.2 76.4 66.3
49 | 22.44 58.6 31.2 52.1 43 78.4 69.5
50 | 27.52 38.4 333 54.6 44.2 78.5 70.9
51 32.6 583 377 59 46 78.9 72
52 | 4784 | 578 45 68.3 50.2 79.2 73.3
53 | 63.08 574 47.2 73.9 54.4 79 73.6
54 | 945 68.9 66.5 88.5 64 87.7 84.7
55 9.75 68.6 63.8 85.7 61.9 87.1 83.5
56 | 10.05 68.3 62.2 84 60.5 86.8 82.8
571 10.85 67.8 58.4 79.5 56.7 85.9 81.1
58 | 11.35 67.6 57.4 78.5 56 85.8 80.7
59 [ 12.65 67.5 57.1 78.4 56.1 85.6 80.5
60 | 13.65 67.4 57.2 78.4 56 85.7 80.5
61 14.65 67.5 57 78.2 55.9 85.7 80.5
62 | 19.73 67.6 59.1 81.3 59 86 81.2
63 | 24.81 67.8 60.9 84 61.7 86.4 81.9
64 | 29.89 67.9 62.7 86.7 64.3 86.6 82,5
65| 3497 | 68.1 65 89.9 67.7 87.1 83.6
66 | 40.05 | 68.3 67 92.9 70.8 87.4 84
67 | 45.13 68.4 69.1 96 74 87.6 85
68 | 50.21 68.5 70.6 98.5 76.5 87.8 85.7
69 | 55.29 68.7 71.9 100 77.9 :1: 86
70 | 60.37 | 688 73 101.8 79.7 88.4 86.5
71| 945 63.2 41.7 63.6 44.6 80.3 72.5
72| 975 65.1 48.4 70.1 49.7 82.5 76.2
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Table 5.3 (continued)

tap | distance pressure head H (cm)

No.| (cm) | test] test2 test3 testd test5 test6
73 | 10.05 66.1 51.5 73 51.9 83.6 77.3
74} 10.85 66.8 54.5 75.6 53.7 84.7 79.2
75| 11.35 67 55.4 76.4 54.3 85 79.7
76 | 12.65 67.3 56.5 77.4 55.1 85.3 80.1
77 | 13.65 67.4 55.7 76.2 53.8 85.3 80
78 | 14.65 67.4 57 78 55.6 85.5 80.5
79 | 19.73 67.5 58.3 79.9 574 85.9 81.2
80 | 24.81 67.6 60.5 83.3 61.1 86.1 81.6
81| 29.89 67.7 61.6 83.2 62.6 86.4 82.5
82 | 3497 68 65.2 90.2 68 86.9 83.5
83 ) 40.05 67.9 67 92.9 70.8 87.4 34
84 | 45.13 68.2 68 95.9 73.5 87.4 84,8
85| 50.21 68.4 69.9 08.1 75.7 87.6 85.1
86 | 55.29 68.5 71.4 100.6 78.4 88 85.9
87| 6037 68.7 72.8 102.1 79.9 88.4 86.4
88 | 82.67 69.5 80.5 114.1 91.8 89.7 89.5
89| 97.91 69.9 86.9 123.8 101.5 90.9 1.9
90 | 113.15 70.5 94.6 135 112.9 92.3 94.8

discharges, discharge ratio, Reynolds number, and energy loss coefficients

0, (m¥/s) x 10 5.07 3.01 0.9 0 3.27 3.28
0, (m*/s) x 10} 5.68 5.61 43 3.32 4.24 4,78
0, (m*/s) x 10°  0.61 2.64 3.32 3.32 0.95 1.48
0./0, 0.11 0.47 0.79 ] 0.23 0.31

Re, x 10° 0.76 0.45 0.13 0 0.49 0.49

Re, x 10° 0.85 0.84 0.63 0.5 0.63 0.71

Re, x 107 0.2 0.85 1.07 1.07 0.31 0.48

K, 0.16 - 0.62 0.88 1.08 0.33 0.43

K, -0.18 3.08 8.9 14.39 0.71 1.3

Notes:

1. Pressure taps 1 to 41 located on the center of the branch side wall of main conduit,
taps 42 to 53 on the opposite wall of the main. The distances equate to X,

2. Pressure taps 54 to 70 located on the center of upstream side wall of branch conduit,
taps 71 to 90 on the downstream side wall of the branch. The distances equate to Y,
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Table 5.3 (continued)

tap | distance pressure head H (cm)

No.[ (em) | test7 test8 test9 test10 | testll test12
{ | -159.49| 773 80.1 60.1 81.8 53.8 92.5
2 | -12451| 768 80 60 81.7 53.1 92
3 | -101.65| 768 79.8 59.3 81.4 52.2 91.7
4 | -71.17 | 763 79.7 58.9 81.3 512 91.3
5 [ -48.31 76.7 79.5 58.5 81.2 50.8 90.9
6 | -28.37 76.7 79.2 58.3 81.1 50.1 90.6
7 | -20.75 76.6 79.1 58.2 81 49.6 90.5
8 | -13.13 76.6 79.2 58.3 81.1 49.5 90.5
9 | -10.59 | 76.6 79.1 58.3 81.1 49.3 90.5
10§ -5.51 76.7 79.5 58.7 81.3 50 91.2
11 -4.51 76.6 79.5 58.9 81.3 50.4 91.3
12 1 -3.51 76.7 79.7 59.2 81.4 50.7 91.7
13 -2.21 76.6 79.8 59.4 81.5 514 91.9
141 -1.71 76.7 79.9 59.6 81.6 51.6 92
15| -1.21 76.6 79.9 59.6 81.6 52 92.2
16 | -0.81 76.7 79.9 59.8 81.6 52.4 922
17 | -0.41 76.7 80 59.8 81.6 52.6 92.2
18 | -0.21 76.7 80 59.9 81.7 52.6 92.3
19 2.25 26.7 29.3 21 20,1 31.5 19.2

20 2.45 26.6 29.1 20.9 19.9 31.5 19

21 2.85 26.3 28.8 20.7 19.4 31.5 18.6

22 3.25 26.2 28.7 20.5 19.3 31.4 18.4

23 3.75 26.3 28.9 20.5 19.2 31 18.3

24 4.25 26.1 28.7 20.5 19.3 31 18.5

25 5.55 25.7 28.3 20.1 18.8 31 17.6

26 6.55 254 217 19.8 18.2 31.3 17

27 7.55 252 275 19.7 17.9 31.8 16.7

28 | 12.63 21.6 25.8 21.2 14.8 37.1 16.5

20| 1517 20.5 26.8 23 15.3 39.7 18.8

30| 22.79 28.9 33.7 29.4 239 412 28.5

31| 3041 384 42 36.2 342 41 409

32| 38.03 43.9 48.6 40 42.5 40.9 50.6

33 | 45.65 48.6 53.1 41.8 48.3 40.6 56.3

34 | 60.89 56.1 57.8 42.7 55.6 40.1 60.9

351 76.13 60.1 59.6 426 58.7 39.7 62

36 | 97.17 61 59.8 41.7 59.3 389 61.4
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Table 5.3 (continued)

tap | distance pressure head H (cm)

No.| (cm) | test7 | test8 | test9 | testl0 | testll | testl2
371 11241 | 60.6 59.3 41 58.8 38.2 60.5
38 | 13527 | 599 58.5 40.2 57.9 37.4 59.4
39 ] 158.13 | 593 57.7 39.3 57 36.6 58
40 | 180.99 | 586 56.8 38.3 56 35.6 56.6
41 | 196.23 | 58.2 56.5 37.9 55.6 35 56.1
42 | -20.75 | 76.6 79 58.1 80.9 49.3 90.4
43 | -13.13 | 76.6 79 57.9 81 494 90.2
44 | -5.51 76.5 78.6 57.1 80.8 48.4 89.3
45 2.12 76.4 73.8 50.1 77.3 43.3 79.4
46 7.2 74.1 57.1 37.2 61.2 39.3 53.5
47 | 12.28 24,7 34.2 27.1 23.1 384 28.1
48 | 17.36 22.7 30.6 26.7 19.4 39.3 24.7
49 | 22.44 26.9 33.2 29.7 222 40.3 27.9
50 | 27.52 35.1 39.3 33.9 311 40.6 36.6
51 32.6 39.3 43.3 36.2 36.2 40.4 433
52 | 47.84 49.3 53.5 41.2 49.2 40.3 56
53 | 63.08 56.1 57.9 42.4 55.8 39.9 60.3
54 | 945 72.8 76.1 58.9 76.7 51.5 85.2
55 9.75 69.7 73.1 57 73.1 51.2 81.1
56 | 10.05 67.3 70.9 55.6 70.6 50.7 78.3
57 | 10.85 62.9 67.8 52.8 65.6 50.5 72.7
58 | 11.35 61.8 66.7 52 64.2 50.3 70.9
59 | 12.65 61.4 65.4 51.6 63.7 50.5 70.2
60 | 13.65 60 64.3 51.3 63.8 50.6 70.3
61 | 14.65 62.1 65.9 52 64.4 50.6 71
62 | 19.73 65.2 68.2 53.1 67.2 50.7 73.4
63 | 24.81 68.5 70.7 54.5 70.6 509 76.6
64 | 29.89 71.7 73.1 55.9 74.2 51.1 80
651 3497 75.8 76.3 57.7 71.9 51.5 83.3
66 | 40.05 79 78.7 59.1 80.3 51.9 85.7
67 | 45.13 81.4 80.8 60.2 84.3 522 89.4
68 | 50.21 84.2 82.9 61.1 86.7 525 91.5
69 | 55.29 86 84.7 62.4 88.7 52.7 93.2
70 | 60.37 88.7 86.7 63.5 01.8 52.9 96.1
71 9.45 453 49.7 39.2 44.6 45 48.4
721 9.75 51.7 56.3 44 53 47.6 57.7
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Table 5.3 (continued)

tap | distance pressure head H (cm)

No.| (cm) test7 test8 test9 test10 test11 test12
73 10.05 55 59.6 472 57.7 48.7 63.1
74 10.85 58 62.6 491 60.6 50.1 66.1
75 11.35 59.4 63.8 50.2 61.5 50.3 68.5
76 12.65 61.1 65.3 51 63.8 50,6 69.8
77 13.65 61 652 50.9 63.7 50.6 69.8

78 | 14.65 60.9 63.2 51.3 64.2 50.7 71.5

79 | 19.73 64.9 68.2 527 66.7 50.9 73.7

80 | 24.8] 67.2 69.9 54 70.5 51.2 77.4
81 | 29.89 71.2 73 53.5 73.6 51.6 80.1
82 | 3497 75.2 76.2 57.2 77.5 51.8 83.3
83 | 40.05 78.3 78.4 58.6 80.2 52 86

84 | 45.13 81.9 81.2 59.8 83.6 52.4 89.3

85| 35021 84.6 83.3 61.2 86.2 52.5 91.6

86 | 55.29 87 85 62.1 89.5 52.8 943
87 | 60.37 88.6 86.4 63.1 91.1 53 95.9
88 | 82.67 | 1023 96.8 68.9 105.1 53.8 108.4

89 | 9791 113.2 105.1 73.7 116.3 54.5 118.1

90 | 113.15 | 126.2 114.8 79.1 129.2 55.4 129.9

discharges, discharge ratio, Reynolds number, and energy loss coefficients

0, (m¥s) x 107 0.82 2.14 3.23 1.78 4.87 3.32
0, (m¥s) x 107 4.42 5.16 5.41 5.41 5.59 6.62
0, (m¥s) x 10 3.58 3.08 2.17 3.61 0.79 3.37
0/0, 0.81 0.59 0.4 0.67 0.14 0.5
Re, x10° | 012 0.32 0.48 0.27 0.73 0.5
Re,x10° | 0.66 0.78 0.81 0.8 0.84 1
Re,x10° | 115 0.99 0.7 1.16 0.25 1.08
K, 0.92 0.75 0.55 0.81 0.22 0.65
K,, 9.89 5.13 2.39 639 | -0.01 3.45
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Table 5.4 Contraction coefticient for combining flows

L/B 0/0, |C.(Eq.5.8)| C. (Figs.5.4,5.5,5.6)
1 0.49 0.6 0.6
1 0.23 0.69 0.71

0.77 0.68 0.53 0.51

0.77 0.45 0.61 0.58

0.22 0.5 0.41 0.41

0.22 0.14 0.74 0.73

Table 5.5 Average entry angle "8" for momentum transfer

L/B 0,/Q, | Method 1 | Method 2 | Method 3
Gl o )

1 0.49 01.6 63.0 65.6

1 0.23 498 46.7 52.2
0.77 0.68 78.4 71.7 75.1
0.77 0.45 72.0 63.4 70.7
0.22 0.5 87.4 82.6 83.6
0.22 0.14 75.6 712 75.0
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Appendix 4 Experimental Uncertainties

A. 4.1 Uncertainty in thc measurements

1. Conduit dimensions

2. Open charnnel dimensions

3. V-notch readings

4, Pressure measurements

5. LDV measurements

6. Temperature

158

Length= X+ 0.02 mm
Height =B + 0.02 mm

Width =W +0.02 mm

Length =X *0.02 mm
Diameter =D £ 1 mm
Sill height = s + 0.02 mm

Length of weir =L % 0.02 mm

Notch height =h £ 0.05 mm

Pressure head =P/y+ 0.5 mm

(water column)

Mean velocity = U + 0.05 m/s

Turbulent intensity =u'£ 0.5 %

T £0.25°C



A. 4.2 Uncertainty in computed results

1. Discharge 0+3%
2. Mean velocity V3%
3. Reynolds number Re+3.5%
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Appendix5 Specimen Computations

A. 5.1 Two-dimensional slot flow:

Givendata: V,=1955cm/s, H,=p,/y=34.1cm, L/B=1.0
H_=p, /vy=0cm (the pressure outside conduits)

Find: discharge coefficient C,

h=H,-H,=341cm

M= e = 195.3 =0.603
[ w2gh 19557 +2x981x34.1

From Eq.(2.2)

C=0.52

N
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A. 5.2 Dividing rectangular closed conduit flow:

Given data: V,=241.7cnvs, H,=p,/y=-825cm,
H, =p_ /v=-27.8 cm (the pressure at point ¢, Fig. 4.1)

0=0354, LB=10

Find: energy loss coefficient K|, and K,

A pA=H,-H_=19.55cm

V=¥,x[0,/ (L/B)}=85.6 cmvs

V= fV%+2g(%’i) =311.1 cmils

C="V,/V,=0275

From Eq.(4.12),

ol e Qe
Ki=( - 1) (UB) 0.871

From fit curve in Fig.4.3,

K,=-0.11
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A. 5.3 Combining rectanguiar closed conduit flow:

Given data: V,=893cm/s, V,=633cm/s, L/B=1.0

Find: energy loss coefficient K,, and K,

From Table 5.1, one may get following relations (by curve fitting):

K,=0.077+1.14Q,-0.64 0}

K,=-088+353Q,-1.63 Q>

and here,
Q=7 s —g415
5 +V;
then,
K,,=0.440 -
K,,=0.304

T
e
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