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ABSTRACT

An investigation has been made of the magnituds of
hydraulic losses produced by storm drain junction
structures which connect pipes operating under flow-
full conditions.

The study comprised three parts:

(a) a literature review;

(b) a study of losses associated with
commercially available 'closed' pipe
junctions;

(c) an experimental study, using hydraulic
models, to investigate the magnitude of

losses at 'open' pit structures.

A theoretical analysis was developed for closed pipe
junctions. The theory was found to be adequate when
checked against available experimental data. For pit
junction structures, the experimental programme comprised
thirty models covering an extensive range of geometric and
hydraulic variables. The model studies indicated that
maximum hydraulic efficiency is attained when the
junction branch point is located on the downstream

face of the pit. Data have been plotted for bend
deflections angles of between 0° and 90°, and for
upstream to downstream pipe diameter ratios within

the range 0.55 to 1.00. Grate inlet flow and sub-
mergence have been identified as parameters affecting
losses. Semi-empirical equations have been developed

to account for junction losses when the branch point

is located on the downstream face of the pit.
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Nomenclature

The symbols used in this thesis are listed hereunder.
Alphabetical subscripts have been used which conform to a
standard format. The subscript 'u' refers to the primary
upstream pipe. If more than one upstream pipe converges
at a junction, the second such pipe is characterized by
the subscript 'b' (branch or lateral pipe). The outfall
pipe is identified by the subseript 'o'.

Notation

spacer length for compound mitre bend junction.

mean cross sectional area of the lateral pipe.

mean cross section area of the model pipeline.

mean cross sectional area of the outfall pipe.

mean cross sectional area of the prototype pipeline.
model-prototype area ratio.

> H>'UD> OD> BI> U‘B> m

mean cross sectional area of the upstream pipe.

=t

pit dimension (square in plan).

O =

dimensionless total energy loss coefficient as defined

by the difference between the lateral total energy line
elevation and the downstream total energy line elevation
when extrapolated linearly to the branch point of the
junction, divided by the average downstream velocity head.
C.. dimensionless total energy loss coefficient as defined

by the difference between the upstream total energy line
elevation and the downstream total energy line elevation
when extrapolated linearly to the branch point of the
junction, divided by the average downstream velocity head.

mean diameter of the lateral pipe.

o 9
o

mean diameter of the model pipeline.

=]

mean diameter of the outfall pipe.

mean diameter of the prototype pipeline.
model-prototype diameter ratio.

Froude number in the outfall pipe,.

o m U o d
© H T O

acceleration due to gravity (9.8l m/s?).
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HGL Hydraulic Grade Line (or pressure line or piezometric
head line).

Ky dimensionless pressure head change coefficient as
defined by the difference between the lateral and
downstream pressure line elevations when extrapol-
ated linearly to the branch point of the junction,
divided by the average downstream velocity head.

k dimensionless pressure head change coefficient as
defined by the difference between the upstream and
downstream pressure line elevations when extrapolated
linearly to the branch point of the junction, divided
by the average downstream velocity head.

k dimensionless pressure head change coefficient as
defined by the difference between the water surface
elevation in a pit junction and the elevation of the
downstream pressure line when extrapolated linearly to
the branch point of the junction, divided by the average
downstream velocity head.

Lm characteristic length in a model.

Lp characteristic length in a prototype.

Lr scalar ratio of the model equal to the characteristic
length of the model divided by the characteristic
length of the prototype.

Py, static pressure in the lateral conduit.

P, static pressure in the main conduit.

Py static pressure in the upstream conduit.

Qb mean discharge in the lateral pipe.

Qg mean grate flow discharge through the pit grate inlet

Q, mean discharge in the model pipeline,.

QO mean discharge in the outfall pipe.

Qp mean discharge in the prototype pipeline.

Q, model-prototype discharge ratio.

Qu mean discharge in the upstream pipe.

R, resultant force component acting at the junction
used in the impulse-momentum equation.

S depth of water in a pit junction measured from pit

invert elevation to water surface elevation (submergence).
TEL Total Energy Line.
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mean velocity in the lateral pipe.

mean velocity in the model pipeline.

<g< dC

mean velocity in the outfall pipe.
mean velocity in the prototype pipeline.
characteristic model-prototype velocity ratio.

< < <
= H T O

mean velocity in the upstream pipe.

=
%
t=

pressure head change defining the difference between

the water surface elevation in a junction pit and the

elevation of the downstream pressure line when extra-

polated linearly to the branch point of the junction.

Y specific weight of a fluid.

AH  available head.

aHy total energy loss across a junction as defined by the
difference between the lateral total energy line
elevation and the downstream total energy line elevation
when extrapolated linearly to the branch point of the junction.

AH total energy loss across a junction as defined by the
difference between the upstream total energy line
elevation and the downstream total energy line
elevation when 'extrapolated linearly to the branch
point of the junction.

Akp incremental pressure head change coefficient due to
presence of a pit structure, over and above a
theoretical solution

Ak incremental pressure head change coefficient due

to submergence effects, over and above a theoret-

ical solution

A? change in pressure head as defined by the difference
between an upstream pressure line elevation and the
downstream pressure line elevation when extrapolated
linearly to the branch point of the junction.

0 density of water (= 1000 kg/m3).

6, angle of lateral pipe deflection.
8., angle of upstream pipe deflection.
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INTRODUCTION

The hydraulic design of piped drainage systems involves an
analysis of pipe friction losses and energy losses at
junction structures. Methods for determining friction
losses in individual pipe reaches are well documented

and an accurate assessment of such losses can be made with
a high degree of confidence if appropriate assumptions are
made about condition of pipe wall surfaces and pipe joints.
This is not so, however, for energy losses at junction
structures. ''This problem is so complicated that only

a few simple and specific cases have been studied. The
conclusions of such studies indicate that generalization
of the problem is not possible or even desirable.' (Chow,
1959) p. 512).

Little information is available with regard to the magnitude
of energy losses and pressure head changes occurring at pit
junction structures. Jens and McPherson state: ''There are
virtually no data on which estimates of such losses can be
based, other than those from the recent University of
Missouri experiments.' (Chow, 1954) p. 20-31). The use of
closed pipe junctions, where expensive pit structures can

be avoided, is likewise prohibited by the lack of design
information that has had widespread publication. Conse-
quently, methods used for the design of piped drainage

systems may or may not lead to efficient designs.

The level to which water will rise in a pit junction
structure is equal to or slightly greater than the elevation
of the upstream pipe pressure line. The water surface eleva-
tion in the pit is, therefore, determined by the magnitude
of the pressure head change (W.S.E.) attributable to the
junction structure (see Figure 1.1), Without definitiv:
data concerning the magnitude of such pressure head changes,
it is not possible to accurately determine the minimum pipe
sizes required to prevent flooding or to make an accurate
assessment of the discharge capacity of the pipe system.
There is, therefore, a need to develop a design method
which simulates flow through surcharged pipes and which
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accurately accounts for pit junction losses.

Figure 1.1 illustrates a design method for piped drainage
systems using hydraulic grade line computation. Although
total energy line concepts are conventionally employed in
hydraulic design, it is more convenient to use h&draulic
grade line computations in storm drain design since such
methods yield direct solutions to pit water surface elev-
ations without the unnecessary inclusion of velocity heads.
The design procedure is iterative: a pipe diameter is
assumed, from which both friction loss and pressure head
change are calculated. The pipe size is hydraulically
adequate when the change in hydraulic grade line (4HGL)
is sufficiently small to avoid surface flooding at the
upstream structure, i.e., the required head is less than
or equal to the available head.

Utilizing the Darcy-Weisbach Equation:

T v 2
70 S I U Vi R ... Eq. 1.1
D \ 2g
o
where AH is the available head difference between
pits (equal to the difference between the
gutter invert elevation at the upstream pit
and the pressure line elevation at the down-

stream pit minus the required freeboard) (m),

f is the Darcy-Weisbach friction factor,

L is the length of pipe (m),

Do is the pipe diameter (m),

Vo is the mean velocity of flow (m/s),

g 1is the acceleration due to gravity (m/s?),
and kw is the water surface elevation coefficient

for the upstream junction.
The left and right hand sides of Equation 1.1 represent
available head and required head respectively.

The magnitude of kw was found by Sangster (1958) to vary
within the range —Ackw<2.5 for most practical applicatiowus,
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depending on the junction geometry. A similar range of
values was found to occur for the range of junction pit
geometries covered in the research reported on in this
thesis. Such variations in kw create either large var-
iations in head requirements for a pipe of given diameter
or large variations in required pipe diameters when the
available head is fixed. An example is illustrated in
Figure 1.1. The selection of k , can be seen to be of
critical importance in the selection of required pipe

sizes and, therefore, on overall construction economics.

An extensive literature search relating to losses at junction
structures revealed few prior experimental investigations.
These publications are reviewed in Chapter 3 and, in summary,
provide data on a limited range of pit and pipe geometries.
The work contained in subsequent chapters herein provides a
state-of-the-art report on data for both closed pipe junct-
ions and open pit structures, reports on original work

which expands current knowledge, and presents design
recommendations and constructional improvements which

will produce more efficient and economic drainage systems.
With such data, a surcharged pipe design method can be

more successfully utilized - such designs yielding a more
satisfactory correlation between the desirable frequency

of surface flooding and the design storm recurrence interval.
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CHAPTER 2

PIPE JUNCTION HYDRAULICS

Introduction
Assumptions

Development of a General Theory

A Check of Theory Against Experimental Data.

Hydraulic Performance of Commercially Available

Pipe Junctions

.1 Sudden Expansions
Sudden Contractions
Mitre Bends

Compound Mitre Bends
Intake Junctions

Slope Junctions
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PIPE JUNCTION HYDRAULICS

2.1 Introduction

This chapter is concerned with the development of a theor-
etical approach to the determination of energy losses and
pressure head changes occurring at converging pipe
junctions, to compare the derived equations with known
experimental data, and to provide design data for the range

of commercially available pipe junctions.

When water flows in a number of conduits converging to a
common junction point, the resultant energy losses and
pressure head changes may be determined theoretical.y
using the principles of flow continuity, impulse-momentum
and energy. A number of assumptions need to be made before

such a theoretical analysis can be developed.

2.2 Assumptions

The initial assumption adopted in this analysis is that all
pipes entering the junction are flowing full, and are under
pressure. Uniform velocity distributions are also assumed
for all connecting conduits and the flow both upstream and
downstream of the junction is assumed to be fully estab-
lished and representative of steady flow conditions.
Experimental evidence has shown that correction factors

for non-uniform velocity distributions are not warranted
on the grounds that the differences between the observed
values and the corrected theoretical equations are several
times greater than the correction obtained. (Blaisdell

and Manson, 1963, p. 10). The hydraulic grade line and
the total energy line for each of the conduits is assumed
to extend linearly to the point of intersection, in plan,

of the centrelines of the connecting pipes. This point is
referred to as the branch point of the junction (see Figure
2.1). Where the centrelines of connecting pipes are not
coincident, added complexities of multiple branch points
affect the development of an adequate theory. The linear
extension of the energy lines to the branch point of the

junction means that the analysis ignores the acceleration
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and deceleration of fluid particles in the region of the
junction, particularly just downstream of the junction

where a vena contracta is likely to occur.

All junctions are assumed to be sharp-edged. The
theoretical analysis does not take into account the

effects of curvature at pipe entrances and exits.

The energy losses and pressure head changes derived are
those due to fluid impact eddying, turbulence and separat-
ion (form losses). Losses due to frictional resistance
across a junction are accounted for by the linear extension

of the energy lines to the branch point of the junction.

To simplify the theoretical analysis, certain assumptions have
been made concerning the impulse-momentum equation. For a
three-pipe junction (as shown in Figure 2.1), Equation 2.1
applies. The left-hand side represents the impulse per

unit time due to all forces acting at the junction in the
downstream flow direction (x), and the right-hand side is

the rate of change of flow momentum, also in the downstream

flow direction:

AF,. = » [QOVO - Q,V,cos8, - Q,Vycoséy ] ... Eq.2.1

Thus, for two upstream conduits, Equation 2.2 holds:

puAucoseu + pbAbcoseb - pvo - RX

= o [QV, - QV,cos6 - Q,Vycoso, ] ... Eq. 2.2

The impulse-momentum relationship states that the pressure
plus the momentum forces upstream of the junction must
equal the pressure plus the momentum forces downstream of
the junction (friction forces being neglected). This
equality is maintained by a reaction force, R, exerted on
the fluid by the junction structure. Evidence derived from

experiments by various investigators indicates that this
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force can either assist or oppose the flow across a
Jjunction depending upon junction geometry and th: flow

characteristies.

In the case of more than one upstream pipe converging at
a junction (such as in Figure 2.1), the elevation of the
pressure lines for all upstream branches must be the

same at the junction. Thus for 'n' upstream pipes:

P - P - P = = P Eq. 2.3
1.1/ bl/y bz/Y ...... b PR q

Favre (1937) argues that, if this were not the case,
"the gradient of the pressure will be enormous in that
zone (where two flows combine, and) one would have there

in any practical case a pressure discontinuity".

Favre's theory is not, however, altogether supported by
experimental evidence. Blaisdell and Manson (1963) and
Gardel (1957) suggest that some variation exists between
any two upstream hydraulic grade line elevations when
these lines are extended linearly to the branch point of
the junction. The difference becomes evident when the
energy loss equations developed by each of these investi-
gators are converted into pressure head change equations.
(Compare, for example, Figure 2.1l and Figure 2.12 which
present pressure head change coefficients for main and
lateral pipes respectively at a 45° slope junction.) TFor
the theory being developed here, however, coincident
pressure line elevations are assumed to occur as shown

in Figure 2.1. Upstream total energy line elevations
will be located one velocity head above the correspond-
ing hydraulic grade line elevations. Therefore, unless
the upstream velocity heads are equal in magnitude, the
upstream total energy line elevations will not be coinci-

dent at the junction branch point.
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On the left hand side of the impulse-momentum relationship
(Equation 2.2), two further assumptions must be made.

First, it must be assumed that the upstream pressures

(pu, Py, ....) each act uniformly over the dOWnstream area
Ao' Taking the upstream lateral as an example, it is

thus reasonable to assume that the pressure on the area

(Ao - Ab) is the same as that in the lateral pipe, namely
Py The assumption can be illustrated using the simple case

of a sudden expansion as shown in Figure 2.2,

Ao

A L

\ -
A By
(Ao -Ap)
FIGURE 2.2 : FLUID PRESSURES ACTING AT A SUDDEN EXPANSION.

The pressure acting on the face of the downstream pipe at
the section of enlargement is the same as the pressure in
the approach flow (pb). For a three-pipe junction, this
situation is assumed to exist for each upstream conduit.
This line of argument is supported by Karaki (1971) p.l42,
Webber (1971) p. 106, Vennard (1961) p. 180, and has been
used previously in the establishment of the Borda-Carnot
formula for the energy loss attributable to a sudden en-
largement. Favre (1937) justifies the use of such an
assumption on the basis that, "it is known that the Borda-
Carnot formula is remarkably well confirmed in practice

and it is at the Munich Laboratory that the best series
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of experiments for the verification of this formula

have been performed'. Favre is referring to the work of
Vogel (1926, 1928), Kinne (1931) and Petermann (1929).
Other experimental work such as that performed by Blaisdell
and Manson (1963) and by Gardel (1957) add weight to

Favre's justification.

Second, it has been assumed that the flow across the junct-
ion operates under a pressure distribution such that the
pressure on a horizontal plane is equal in magnitude in

all directions. Such an assumption effectively eliminates
the need to introduce e, and oy into the left-hand side of
the impulse-momentum equation (Equation 2.2), and the
pressure components of the approach flows (puAucoseu,
pbAbcoseb. ...... ) may be assumed simply as puAu, pbAb

etc. Blaisdell and Manson (1963) have used such an assumpt-
ion in the theoretical analysis they provide for total
energy loss coefficients at sloped pipe junctions.
Stevens (1926) used the same assumption stating that the
change in momentum across the junction is simply equal .o
the pressure at the junction minus the average pressure in
the main below the junction, multiplied by the area of the
downstream main. Use of Stevens' terminology leads to Equation
2.4,

(J-P)A = M ... Eq. 2.4

where J 1s the pressure at the junction,

P is the maximum average pressure in the
downstream main,

A 1is the downstream pipe area, and

oM is the change in momentum.

The impulse-momentum equation stated previously (Equation
2.2) may now be rewritten as Equation 2.5.
(b, * Py = Py) Ay - Ry
=g [ QOVo - QuVucoseu- Qbecoseb ]
Egq. 2.5
This equation is the modified form of the impulse-momentum
equation used in the development of a general theory for flow

through a pipe junction system.
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2.3 Development of a General Theory

Consider the control volume for a pipe junction defined
within Sections 1, 2 and 3 as shown in Figure 2.1. The
sections are assumed to be located so that the fluid motion
is not influenced by the convergence of the two branch

flows.

The distance (AP/Y> represents the change in pressure head
across the junction, whilst AHu and AHy represent the loss
of total energy that occurs in the upstream main and lateral

conduits respectively.

The Bernoulli Equation may be written for each of the

upstream conduits as Equations 2.6 and 2.7.

P, e v 2 P, v 2

+ 9 4 cu o - v 4, _u Eq. 2.6
y 2g 2g Y 2g
P v 2 v 2 P v, 2
o L o +Cb__0=_b_+_b . ... Bq. 2.7
Y 2g 2g Y 2g

Utilizing the continuity equation (V = Q/A) and rearranging
the above expressions, the total energy loss coefficients,

Cu and Cb may be stated as shown in Equations 2.8 and 2.9 respectively.

2
= -1+ 28 ok _o %Y

C, 1+ v (pu )6—2 Q Auz Eq. 2.8
2 2 2

C, = -1+ 2g (p. - P )Ao Ao Q Eq. 2.9
b b 0'== + =— * —
¥ Qf Qg AR

The modified impulse momentum equation (Equation 2.5) may

be used to eliminate the absolute pressures Pyr Py and Py

from the above equations. Restating Equation 2.5 for both

the main and the lateral leads respectively to Equations 2.10 and

2.11.

(- po)Ao Ry =op EQovo - QVyc088, - Qbecoseb] ~ Pphs
...Eq. 2.10
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(Py- po)Ao- Ry =° [ QY - Q,V,c0s8, - Qbecoseb] “Pulo

. Eq. 2.11
Dividing Equations 2.10 and 2.11 by AO, recognizing that

Y = pg, and substituting into Equations 2.8 and 2.9,
Equations 2.12 and 2.13 may be derived:

Cu = 1 - (22% coseb> + (42% cos © b) : (%‘1—)

2
o (coseu . cos8y i ) (Qu) BA, 2RX
o Au A-b 2A Q o) QOVO p Qovo

. Eq. 2.12

and, for the lateral,

A A Q
_ _ 9.0 “o b
Cb = (l 2Au coseu>-+ <4A coso ) KQ )
2 2p A 2R
i 2A <.coss N cozeb ] Al ) (gh) - Puvo N va
A b b Qo on o PRov0

. Eq. 2.13

From Figure 2.1, Equations 2.14 and 2.15 may be derived.

v2 v 2 V2 V2

b Cpr=2 -2 +k, 2 = 0 ... Eq. 2.14
2g 2g 2g 2g
V2 v2 Yy 2 v 2

and u _ .~ 0 _ 0 L .0 _ 9 ... Eq. 2.15
2g Y 2g  2g Y o2g

Simplifing these equations and solving for ky and ky leads to
Equations 2.16, 2.17 and 2.18.

2 2
k, = 1+¢ - gz> , (§§> ... Eq. 2.16
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kk
u

_ Q 2 A 2
l+Cl_1 (QE)(Kﬁ) ... Eq. 2.17
C .+ 2 QN ... Eq. 2.18
CORNED

Since pu/y has been assumed to equal pb/y, then ku must

]

equal kb. It is necessary, therefore, to derive only one
equation for the pressure head change coefficient. Substi-
tuting Equation 2.13 into Equation 2.16, the final expression
for the pressure head change coefficient may be stated as:

A Q A
ku = kb =2 - 2 (A——Z> coseu + 4 <a§> <A_:> cos eu

cosby cos® Zp A 2R

- 2A + > + X
( A pQOV0
Eq. 2.19
The pressure head change may now be determined
2 k 2
AE = ku vq = b * VO Eq. 2. 20
Y 2g 2g

Similarly, total energy losses may be calculated using Equations
2.21 and 2.22 which have been derived using Equations 2.12 and
2.13 and substituting

= 2

AHu Cu‘ Vo Eq. 2.21
2g
= 2

AHb Cb' Vo ... Eq. 2.22
2g

Commercially available pipe junctions are shown in Figure
2.3. With the exception of compound mitre bends (which have
no theoretical base and depend on experimentally derived
data for the evaluation of losses) Equations 2.12, 2.13 and
2.19 may be simplified to provide theoretical solutions for

each of the junction geometries shown.
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2.4 A Check of Theory Against Experimental Data

Tt has been shown that equations for total energy loss and
pressure head change coefficients can be derived. provided

that terms are included "for the corresponding unbalanced

force component acting on the wall of the lateral" (McNown
(1954) p. 1105), and for the absolute upstream pressure

acting at the branch point of the junction. Both terms,

are introduced in the impulse-momentum equation (Equation

2.5) and are carried through, as unknowns, to Equation 2.19,
which is the equation for the pressure head change coefficients
ku axikb. The theoretical equations obtained contain three ‘mknowns.
The application of Equations 2.12, 2.13 and 2.19 is not
possible without first assuming the magnitudes of the

reaction force and the upstream pressure.

In previous theoretical analyses (Favre 1937) and Stevens
(1928) ), the reaction force component, Rx’ and the upstream
pressure component were assumed equal to zero. With these
assumptions, a comparison can be made batween simplified
theoretical and experimentally derived energy loss and
pressure head change coefficients. Differences between the
theoretical and experimental coefficients may be attributed
to the resultant force and pressure having non-zero magni-
tudes, errors introduced by the assumptions made in the
development of the theory and from experimental error. In the
following section, the hydraulic performance of various pipe
junctions is evaluated and a comparison is tmtade wherever possible
between the experimental evidence and the simplified

theoretical equations.

2.5 Hydraulic Performance of Commercially Available Pipe

Junctions.

2.5.1 Sudden Expansions

For a sudden expansion of a pipeline (Figure 2.3(A) ), the
theoretical equation for the pressure head change coefficient

(Equation 2.19) reduces to Equation 2.23.
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A
K o= 2 (1 - _9) . w90, _x ... Eq. 2.23
AU P QOVO o 0O

Setting Rx and Py equal to zero:

A
kK = 2 (} - KQ) ... Eq. 2.24
u u

Similarly, from Equation 2.12:

c. = (1-%)2 ... Eq. 2.25

Using continuity and the Bernoulli Equation, it can be
shown that:

A ¢ V2?2
- .o\ o
AH = ( Au) 79 Eq. 2.26
= (V, -V)?
S 5 ° Eq. 2.27
d

Equation 2.27 is known as the Borda-Carnot Formula and is
plotted in Figure 2.4. Experimental work on the perform-
ance of sudden enlargements has been investigated by
Archer (1913), who developed Equations 2.28 and 2.29:

1, 919
o = 1098 Yy - Vo) ... Eq. 2.28
2g
= - 1.919
0.01705 (v, - V) ... Eq. 2.29

where g is measured in imperial units (32.17 ft/s ).

9.81 m/s), Archer's Equation becomes:

In metric units (g

1 .915
BH, = 0.05081 (V, - V) ... Eq. 2.30

For the limiting case where Vo equals zero, experiments at
the University of Michigan indicate that Archer's Formula
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is quite satisfactory. Equation 2.30 has been plotted
on Figure 2.4 for Vo = 0.5 m/s and vV, = 5 m/s. From the
figure, Equation 2.25 may be considered to give a

good approximation of energy losses when the diame'er
ratio Du/Do approaches 1.00, and may be considered

conservative for lower values of Du/DO.

Figure 2.5 presents total energy loss and pressure head
change coefficients based on Equations 2.25 and 2.24

respectively.

2.5.2 Sudden Contractions

For sudden contractions, a reduction of Equation

2.19 setting R, and P, equal to zero, will yield Equat-
ion 2.24.- However, 'Expansions and contractions .....
cannot be treated in the same fashion due to the unknown
distribution of piezometric head over the contraction face
in the latter case" (Sangster, 1958, p. 22). Various
authors present design data relating to the losses across
reducers. Few, however, cite the source of experimental
evidence. Energy loss and pressure head change coeffici-
ents fromvarious source are presented in Figure 2.6. King
(1963) accredits Merriman (1916) with the universally
recognized formula of Equation 2.31.

1 2y 2
bH = (ql) fg ... Eq. 2.31

where CC is the contraction co-efficient defined by
Equation 2.32.

_ 0.0418
CC = 0.582 - -]-—.—Wﬁut) e . Eq. 2.32

The formula has been found to be accurate when the head
loss exceeds 0.3m but is somewhat conservative for smaller
head losses. Data by Karaki (1971) and data from Austral-
ian Standard A.S.2200 have been included in Figure 2.6

for comparative purposes.
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2.5.3 Mitre Bends

Simplifying Equation 2.19 for the geometry of a mitre
bend and seting Rx and Py equal to zero, Equation 2.33
may be developed.

ku = 2 (1 - coseu) ... Eq. 2.33
The distribution of piezometric head at the vena contracta
in the downstream pipe is unknown. A logarathmic plot of
total energy loss and pressure head change coefficients
against angle of deflection (eu) for Equation 2.33 is slown
in Figure 2.7. Ambrose (1953) has presented an alternative
theoretical analysis using a "free streamline" approach, by
consideration of separation at the vena contracta immediate-
ly downstream of the bend. Where the theoretical analysis
set out in Section 2.3 overestimates the magnitude of losses
when Rx and p, are set equal to zero, the free streamline
theory underestimates these losses. This comes about
because the theory does not take into account secondary
flow patterns and the resulting secondary flow losses.

Experimental work by Kirchbach (1929) and Schubart (1929)
are shown to plot between the two theoretical approaches.
Equation 2.33 is shown to be conservative for large deflect-
ion angles; the reaction force in these cases being more
significant. Figure 2.8 shows curves fitted visually to
Kirchbach and Schubart's experimental data.

2.5.4 Compound Mitre Bends

Miller (1971) has presented performance curves for compound
90° mitre bends (Figure 2.9). With such bends, an adequate
length must be provided between adjacent bends in order to
minimize the overall bend loss. This length should be app-
roximately 1.5 pipe diameters for optimal design. Data is
not presented by Miller for bends having a total deflection
angle less than 90° (for example, 2 x 30° mitre bends
making a 60° compound junction) and such junctions do not
lend themselves to theoretical solutions.



24,

S/CXRE 2.7

COMPARISON BETWEBEN EQLATION! 2.33 AND EXPER/MENTAL
EVIOBAMCE FOR S/ANCGLE MITRE BEND P/IPB JUARTIONS .

LECEND ¢ o KRCHBACH (1923) SMoOYH PIALS
o SCHUBART (7922) SMooTH PIPES
V SCHUBART (/92D) ROUGH PrPES.
— EQUATION 2.33
— = fREE STREAMLNE THEORY (AMBROSE,

(9S3).
1.50
/ P
L~
.. 100 -
I 7 7
- A4 /
o0.60 / )
/

0
3
™

N
q
N

\\k

B
\‘
\n
N

[

o
3

o
8

)
R

i
/
d
1
[
[o ]
[/
/

onzo.aomsom;vwaow//o/zo

Pressere  Head Chonge Coe/frcrent-
0 ( (
Ny

7otal Energy Loss Coefroent 'q”

Angle of Deflection - °



TOTAL ENERGY LOSS COEFFICENT 'C. =

/’

‘£

PRESSULRE HEAD CHAMCE COQEFF/ICIEANIT

FIGURE 2.8: PRERFORMANCE OF MITRE BENDS.

1.50

/.00

0.60

o.qo

0.20

Q.10

0.06

o.o¢

0.02

(AO7E -

CULRUES MAVE BEEN FITTED LrsusLy 7O
EXFERMENTAL DATA AS FER FIGURE 2.7 )

©

.

(

——

ROUCH PIPAES ‘——"—/ /

/L—«swocmv PIPES
1

%\\

o

0

0 30 4 So 6o 0o 8 o w0 (o /20

o
ANGLE OF DEFLECTION €.



26.

LIGURE. 2.9
PERFORMANCE OF COMAOUND 90 ° MITRE BENDS .

(SOURCE : AMuLer (197) ).
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Based on the hydraulic performance of single mitre bends
(Figure 2.7), and compound 90° junctions (Figure 2.8), the
values of loss coefficients as set out in Table 2.1 have
been obtained by interpolation for a spacer length (a/D

in Figure 2.9) of 1.5 pipe diameters. The values thus
represent minimum design values.

TABLE 2.1

TOTAL ENERGY LOSS COEFFICIENTS FOR COMPOUND MITRE BENDS

Total Energy Loss Coefficient _
Smooth Pipes  Rough Pipes

Geometric Configuration

2 x 223° 0.10 0.14
3 x 22%° 0.14 0.17
2 x 30 ° 0.16 0.20
2 x 37%° 0.24 0.27
(Note: Total Energy Loss and Pressure Head Change

Coefficients are equal)

For other spacer length dimensions, larger coefficient values
should be expected. While no experimental evidence is known
to be available to support Table 2.1, interpolation between
Figures 2.8 and 2.9 yields values accurate to approximately
0.03.

Little advantage appears to be gained from use of '"lobster-
back'" bends when more than three individual mitre bends are
used compositely. By comparison with available data, the
curve representing 4 x 22%° bends in Figure 2.9 approxi-
mates the curve attributable to a circular arc for values
of a/D greater than 1.5 (Miller (1971) pp. 194-195).
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2.5.5 Intake Junctions

The provision of a simple upstream inlet pipe attached to

a mitre bend junction (as shown in Figure 2,3(E) ) is easily
achieved in pipe junction manufacture. Unfortunately, experi-
mental evidence regarding the hydraulic efficiency of such
junctions does not appear to be available and a theoretical
solution is necessary. Such solutions should yield
conservative values of loss coefficients for most geometric
configurations.

Equation 2.34 is presented as a theoretical solution for
intake junctions.

Ab Ab Ab . 2
ST 2(1 -71\_1')+ 4(%) (E) - 2<K; +%coseb) (%)
. Eq. 2.34

Equation 2.34 is a simplication of Equation 2.19 with Rx
and Py set equal to zero.

2.5.6 Slope Junctions

For slope junctions (Figure 2.3(F) ), Equation 2.19 may be
reduced to Equation 2.35.

Q A Q, 2
o (@) Er R e @)
... Ea. 2.35

Total Energy Loss Equations 2.12 and 2.13 similarly reduce to
Equations 2.36 and 2.37 respectively.

Q 2
c, = 2 (g—:) - (1 + 2 2% coseb> (i)

. Eq. 2.36
Q A A .2 Q 2

c,6 = -1+ 4((—1%)- [2 + 2A§ cost, —(KE.) }(%;)
. Eq. 2.37

Equations 2.36 and 2.37 were derived by Favre (1937).
Blaisdell and Manson (1963) performed a comprehensive series
of experiments to check derived theory for total energy

loss coefficients at slope junctions. They reported that:
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"In general, the theoretical junction loss
coefficients are greater than the observed
loss coefficients. Use of the theoretical
coefficients in place of the observed co-
efficients would thus err on the side of
conservatism." (ibid p. 46) .

"Graphical analysis of the general equations
for determining the junction energy loss co-
efficients in the main (pipe) shows that
the theoretical equations generally give
predictions as good as or better than
the least squares developed equations.

For - the lateral the situation is reversed
with the least squares equations giving
predictions of the junction energy loss
coefficients that are in better agreement
with the observed values than are the
theoretical coefficients. Statistical
tests ... ... show that the theoretical
equations well represent the observed
data even though the least squares
equations are more representative".

(ibid p.58)

Gardel (1957) makes no comparative analysis between the
theoretical equations and his experimental results; he
does briefly state, however, that:

"One finds several differences, especially
when the loss of head is small ... ... "
(p. 6).

Theoretical and experimentally derived equations for
total energy loss coefficients, Cu and Cb’ are compared
in Table 2.2, and need to be modified using Equations
2.16 and 2.18 to determine the pressure head change
coefficients, ku and k. Figures 2.11 and 2.12 illus-
trate for a 45° slope junction the equations set out in
Table 2.2, after modification to pressure head change

coefficients.

Figure 2.1l represents the pressure head change coeffic-
ients (ku) for the main conduit whilst those for the
lateral (kb) are represented in Figure 2.12. Comparison
of the two figures reveals some variation between ku and
kg for experimentally derived curves. The variation
becomes more pronounced as 6y approaches 90°. Also of
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interest in these figures is the ability to obtain negative
values for the pressure head change coefficients given
suitable geometric and flow configurations. Such values

occur as a result of flow deceleration across the junction.

A comparison of total energy loss coefficients determined
by various investigators was developed by Blaisdell and
Manson (1963). Equations 2.36 and 2.37 have been shown

to produce conservative results for most junction geometries
and flow divisions. Use of the theoretical equations
generally yields higher coefficient values than experi-
mental data support.

In conclusion, Figure 2.13 presents the Equations recommended by
Blaisdell and Manson (1963) for both main and lateral conduit
pressure head change coefficients for slopejunctions. (Equation
2.44 is the pressure head change equation corresponding '

to the least squares total energy loss equation developed

by Blaisdell and Manson for the lateral conduit (shown as
Equation 2.43 in Table 2.2).

2.5.7 Vertical Entry Junctions

For vertical entry junctions (Figure 2.3(G) ), Equation
2.19 reduces to Equation 2.45.

2
k, = b (%g) -2 (gh) ... Eq. 2.45

o
where Q is the discharge through the vertical entry.

Using the relationship Q = Qu + Qy, Equation 2.45 may be
rewritten as Equation 2.46.

Q 2
= . u
k, = 2 (1 Qo) ... Eq. 2.46

This equation has been checked against data for pit junct-
ions where additional flow enters through a grate-inlet
(the pit being larger than the connecting pipes). The
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reader 1s referred to Chapter 5 for details. It should

be noted, however, that when Qu/Qo is equal to 0.50, the
pressure head change coefficient has been found experiment-
ally to equal 1.5 for pit junctions when Du/Do'iS equal to
1.00. Similar values for pipe junctions will result using
Equation 2.46. The corresponding total energy loss equat-
ion for vertical entry junctions may be determined from
Equation 2.47.

u

c = 1 - (gf)z ... Eq. 2.47

2.6 Effect of the Reynold's Number

Blaisdell and Manson (l1963) state that viscosity effects, as
measured by the Reynold's Number, are known to affect the mag-
nitudes of the various resistance coefficients. This relat-
ionship is reflected in the derived theoretical equations
(Equations 2.12, 2.13 and 2.19) by the inclusion of the
pressure component (~2pqu/onVo). For a fixed geometry,

the static upstream pressure can only rise with an increase
in discharge (i.e., Reynold's Number).

Anderson and Straub (1948) point out that, "in the turbulent
range, the bend coefficent decreases with increasing Reynold's
Number until ..... a point is reached where it becomes indep-
endent of the Reynold's Number, and remains constant'.

Miller (1971) suggests that the Reynold's Number correction
factor remains constant (equal to 1.00) for Reynold's
Numbers greater than 200,000. Similarly, Blaisdell and
Manson (1967) conclude that, ‘the energy loss coefficient
will decrease slightly as the Reynold's Number increases for
Reynold's Numbers somewhat below about 150,000".

In urban drainage design, Reynold's Numbers below 200,000
are rarely present due to minimum pipe diameter and minimum
flow velocity specifications. It may therefore be concluded
that viscosity effects are not significant in such
applications.
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2.7 Summary : Pit Junction Hydraulics

A theoretical solution has been developed to evaluate
the hydraulic performance of flow through pipe junctions
for the general case of three converging pipes. Certain
assumptions have been applied to the theory to provide a
simplified approach which can be checked against experi-
mental data. Where such data is not available, the
simplified theoretical solution will yield conservative
but adequate values. For commercially available junctions
which do not lend themselves to theoretical analysis
(such as compound bends), experimental data have been
reviewed to allow the determination of loss coefficients

for such geometries.

Estimates of hydraulic performance have thus been provided
for most commercially available pipe junctions.
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CHAPTER 3

JUNCTION PIT HYDRAULICS

Introduction

Literature Review

Flow Across Pit Junction Structures
Effect of Pit Size and Shape
Combining Flow at Three Pipe Junction

Effect of Froude Number and Submergence
on Pressure Head Change Coefficients

Summary : Pit Junction Hydraulics
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JUNCTION PIT HYDRAULICS

3.1 Introduction

When water flows through a piped drainage system, energy is
lost due to frictional resistance along each pipe length.

In addition, other energy losses occur wherever the flow
undergoes a change in momentum, such as at a change in flow
direction or with the introduction of additional flow at a
junction strucutre. In some circumstances, particularly
where pipe lengths are short or where pipes are laid on
hydraulically steep grades, losses attributable to such
structures may be relatively large. For a design example
glven by Sangster et al (1958), Jens and McPherson calculated
losses at inlets and manholes to comprise 37% of the overall
pipe friction loss and conclude that such losses are much
greater than estimates made by ordinary design criteria.
(Chow (1964) p. 20-31).

3.2 Literature Review

A comprehensive literature search, using both manual
techniques and a computerized reference system, revealed
relatively little past research into storm drain junction
hydraulics. Two of the three research programmes that
were uncovered were concerned with the nature of flow
across pit junctions for which all connecting pipes

were flowing full and under pressure (Sangster et al
(1958) and Archer et a? (1978) ). A third study, Prins
(1976) dealt with energy losses under part-full flow
conditions and was aimed at establishing the optimum
channel invert shape across the junction. These investi-
gations, however, are limited in their application to
design since only specific geometric configurations have
been tested to satisfy localized design problems. Other
references were found to present fragmented material or,
in some cases, to simply present a rep2at of Sangster's
work. Only the three references above gave an adequate
appreciation of junction hydraulics. These references

are reviewed below.
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3.2.1 Sangster, Wood, Smerdon, and Bossy (1958)

In 1953, a research programme to establish the effects of
open pit junctions on the magnitude of pressure head
changes in storm drain systems flowing full was .init-
iated by Sangster, Wood, Smerdon and Bossy at the Civil
Engineering Department of the University of Miss-

ouri. The project took five years to complete. The
majority of tests performed by these investigators involved
grate drop inlet junctions of rectangular shape. The
junctions investigated were in common use by the Missouri
State Highway Department. The extent of the work may be
summarized as follows:

""Rectangular boxes serving as inlets for surface flow alone,
and as combination inlets and pipe Jjunctions, were studied.
Square and round manholes were also investigated. Several
measures were evolved to reduce pressure losses for junction
types otheérwise characterized by especially large losses.

The report covers the laboratory investigation and presents

an analysis of the hydraulic characteristics of most of the
structures investigated. Methods for converting the test
results into design methods are discussed. A concluding
section includes methods for the design of inlets and junctions
in storm drain systems flowing full, together with illustrative

examples. ' (ibid, p.iii)

The geometries tested by Sangster et al are shown in Figure
3.1. Each geometry tested comprised either a 0° or 90°
bend structure. The study of junctions with angles other
than those tested was recommended by the authors as a

topic worthy of further investigation (Zbid, p. 81).

The work of Sangster et al at the University of Missouri
provided data and methods which may be used in the hydraul-
ic design of stormwater drainage structures. ''Designs based
on the data can be made with assurance so long as the basic
limitations of the data are not exceeded" (Zbid p. 8l). The
main difficulty in the use of their data is the limited
range of manhole geometries considered. The hydraulic
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performance of geometries of angles other an 00 and 90°%camot be
determined using interpolation or modification procedures,
since junctions invariably produce significant discontinu-
ities in flow patterns with changing angles of deflection
Typical results obtained by Sangster et al are summarized

in Table 3.1:

TABLE 3.1

TYPICAL VALUES OF kuFOR PIT JUNCTIONS TESTED BY SANGSTER
et al, (1958)

Junction Geometry Typical
v
1. Straight through manhole without lateral or change
in pipe size. 0.1 - 0.2
2. Straight through manhole with change in pipe size. - 0.5
3. Upstream pipe in line with outlet with 20% grate flow. 0.6
4. Upstream pipe in line with outlet pipe and 90° lateral.
Flow from lateral 20% of total flow. 0.5
5. Two opposed laterals, one-third the flow from the
lateral with the higher velocity. 0.7
6. Two offset opposed laterals, two-third of the flow
from the lateral nearest the outlet pipe. 1.5 - 1.9
o . X
7. 90 angle, without change in size. No lateral. 1.6
8. Upstreampipe in line with outlet, plus 90° lateral.
Flow equally divided between the upstream pipes 1.2

3.2.2 Archer, Bettess and Colyer (1978)

Work on junction pit losses has also been performed at
the Hydraulic Research Station, Wallingford, England, by
Archer et al. The test programme involved the use of
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rectangular and circular structures, to determine the
magnitude of energy losses occurring at surcharged sewer

manholes:

"The manholes were designed to represent
typical configurations used in current
sewerage practice”.
(¢bid, p.3)
The tests were limited to deflection angles of 0°, 30° and
60°, with no secondary inflow through a top grate anc
with a constant diameter ratio, Du/Do‘ of unity. The

configurations used are shown in Figure 3.2.

The authors concluded that the magnitude of the loss
coefficient was independent of the discharge, the
degree of submergence (i.e, pressure) and the extent

of the air entrainment. The change in alignment and
the manhole shape were the main factors influencing the
loss of head.” Results applicable to the cases tested
are given in Table 3.2. The benching shown in Figure
3.2 has, in each case, a slope of 1 : 12 towards the

channel.

TABLE 3.2

MAGNITUDE OF ku (= Cu) AS DETERMINED BY ARCHER et al

Type of Manhole 0O deflection 30o deflection 60° deflection

Rectangular 0.1 0.4 0.85

Circular 0.15 0.5 0.985
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3.2.3 Prins (1976)

A research programme undertaken by Prins (1976) at the
University of Ottawa was concerned primarily with vari-
ations in pit invert geometry and the magnitude of
related energy losses. Prins studies the effects of
such variations for pipes flowing under part-full condit-
ions. For junctions having a 152 mm in-line main and a
102 mm lateral connecting to a junction box at either a

45° or 90° angle, Prins arrived at the following conclusions:

1. A U-shaped cross-section resulted in minimum
energy loss.

2. An open junction box (with no furnishings)
resulted in the highest energy loss.

3. An abrupt or smooth drop provided across
a junction between pipe inverts was effect-

ive in reducing the energy loss.

4, Pit dimensions should be kept as small as
possible.
5. Deflectors tested were not helpful for the

45° junction but were of benefit for 90°

lateral configurations.

Prins' experimental results apply exclusively to junctions
for which all connecting pipes are operating under part-
full flow conditions. The conclusions drawn, however,
serve an indicators for possible field improvements in
existing storm drain systems which fail to perform
satisfactorily.
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3.3 Flow Across Pit Junction Structures

As water flows through a junction pit, a loss of total
energy occurs due to turbulence, eddying, impact and
structural vibration. This loss of total energy (AH) is
converted to heat and sound energy and represents an addi-
tional energy that is required to the drain system due to
the presence of the junction structure. The total energy
loss is usually defined as a function of the downstream
velocity head (Equations 2.21 and 2.22), where the coeffi-
cients Cu and Cb are always positive (i.e. a loss of

energy occurs). A redistribution of total energy compon-
ents (pressure head and velocity head) also occurs as

the flow proceeds across the junction. The change in
pressure head across the junction may be expressed as a
function of the downstream velocity head (Equation 2.20,.
In this equation, ku and kb, the pressure head change co-
efficients for each upstream conduit may be either positive
or negative depending upon the specific geometric and flow
characteristics of the junction (i.e. either a drop or a
rise in the hydraulic grade line occurs across the structure).

— —¥
el 14%
7 T~
4 L2 4P Loy
¥ ’ g
N S
N
POSI7TVE, NEGATIVE

FIGURE 3.3 : POSITIVE AND NEGATIVE PRESSURE HEAD CHANGES.
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Negative pressure head changes are confined to junction
structures where the downstream pipe diameter is larger

than the upstream pipe diameter and, based on experiment observ-
ations, where the angle of deflection across the junction

is generally less than 45°.

1f the upstream and downstream velocity heads are equal in
magnitude (i.e. Qu equals Qo and Du equals DO), the

change in the pressure head across the junction will be
equal to the loss in total energy. If, however, the flow
coriffiguration at the junction is complicated by either the
provision of a secondary inflow (such as inlet grate flow),
or by a change in pipe diameters across the junction, the
upstream and downstream velocity heads cannot be equal.

In these circumstances, the magnitude of the pressure head
change will not correspond to the magnitude of the total
energy loss across the junction. It has been shown in
Chapter 2 that a relationship exists between the total
energy loss and the pressure head change. Equations 2.16,
2.17 and 2.18, which were developed for pipe junctions,
also apply to pit junction structures.

The energy lines shown in Figure 3.4 represent the magni-
tude of the total energy components (pressure head, veloc-
ity head and potential head) at the pipe centreline
elevations. For example, the point 'e' represents the

point of intersection of the total energy line for the
upstream pipe with the centre of the junction pit. The
water surface elevation in the pit will rise (or fall)

to a level at least equal to the elevation of the upstream.
hydraulic grade line at the junction branch point (point b).
The water surface elevation in the pit does not represent
the total energy of the flow, but is an indication of the
upstream pressure head plus some kinetic energy contributed
by the upstream flow which has been lost by conversion to an
additional pressure head as the flow proceeds across the
junction (be in Figure 3.4). The dimension of ec represents
the upstream kinetic energy which has not undergone
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conversion to potential head. The conversion of kinetic
energy will vary with pit geometry being approximately

5 per cent for straight through flow and up to 30 per
cent at a 90° junction structure. Thus, in Figure 3.4,
Equation 3.1 applies:

0.05-2 ¢ (WSE - 22 ) ¢ 0.3 - ... Eq.3.1

These figures have been determined experimentally by Sangs-
ter et al (1958) for three-pipe tee junctions and by the
author (see Chapter 5) for two-pipe bend structures for

pit sizes of twice the downstream diameter (B/DO

= 2.0). Larger pit sizes can be expected to increase

the percentage conversion, but increasing the proportion

of total flow contributed by grate flow decreases the
percentage conversion. For low submergence depths (8),
conversion to potential head increases. Research work by
Archer et al (1978) indicates that, for the junction geometries
shown in Figure 3.2, percentage conversion of upstream
velocity head to potential head may, in some circumstances,

be higher than indicated by Equation 3.1:

"It will be observed that there is better than 80%
conversion of velocity energy to potential energy
in some instances when the surcharge heads are very
low .... but as the surcharge over the exit pipe
increases, the proportion of the velocity energy

converted to potential energy decreases. " - (Ibid p-6)

The larger conversion figures obtained by Archer may be
partly attributable to the channel benching across the
junction, causing the flow to be diverted in an upstream
direction. In addition, the use of circular manholes

was found to produce "a strong vortex in the pool of
water in the manhole' (Zbid, p. 6), which may also contri-

bute to an increased energy conversion.

* Secondary flow entering the junction through a top grate inlet.



50.

For medium to high submergence heads (VO > lm/s) the
figures shown in Table 3.3 have been derived from Archer's

results for rectangular manholes.

TABLE 3.3

PERCENTAGE CONVERSION OF KINETIC TO POTENTIAL HEAD
DERIVED FROM ARCHER'S EXPERIMENTAL DATA

Mean % Conversion

Angle of Deflection of Velocity Head

o° 10
30° 25
60° 24

The foregoing discussion reveals that it is necessary
to differentiate between two pressure head change co-
efficients, namely, ku which determines the elevation
of the upstream hydraulic grade line, and kw’ which
determines the water surface elevation in the pit.
The role of each coefficient 1s shown in Figure 3.4

3.4 Effect of Pit Size and Shape

The effects of inlet pit size and shape variations have
been studied by Sangster et al (1958) and by Archer et al
(1978). Archer's study is confined to the effect of pit
shape (rectangular or circular) and examines large pit
structures of constant size. Sangster's work includes

an analysis of both junction size and shape effects, and
shows these to vary with junction geometry. Two cases are
considered by Sangster: 0° and 90° deflection.
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3.4.1 Straight Through Flow

Figure 3.5 (Sangster, 1958) illustrates the variation in

the pressure head change coefficient, ku' corresponding to

a change in pit size and shape for 0° deflection. Because
of the relatively small variations in pressure head change
coefficients (0.0l < ku < 0.28), changes in pit size and
shape produce insignificant changes to the hydraulic effic-
iency of such structures. With manhole access and minimum -
pipe size restrictions, maximum values for B/D likely to be
encountered for urban drainage systems would be approximate-
ly 2.4, It may be concluded, therefore, that pit shape also
produces insignificant changes within the usual design
limitations.

3.4.2 Flow Through a 90° Bend

Figures 3.6 and 3.7 (Sangster, 1958) present experimental
results for flow through a 90° bend. The figures repres-
ent pressure head change (ku) and water surface elevation
(k,) coefficients respectively. The figures illustrate,
for the usual design range (1.0 < DO/Du < 1.25), that the
coefficients decrease by up to 0.4 as B/Do is reduced from
2.0 to 1.0. For a downstream velocity of 3 m/s, a variat-
ion in water surface elevation of 180 mm may be anticipated

by such a change in pit size.

Small pit sizes result in a significant reduction of
pressure head changes because the wall opposing the lateral
is nearly flush with the rim of the outfall pipe resulting
in a less turbulent flow across the junction. The use of
deflectors is encouraged by Sangster ''in moderately large
manholes", and "straight walls placed flush with the side
of the outfall pipe and opposite the lateral exit, effect-
ing a reduction in manhole width,s exhibited significantly
beneficial effects'" (ibid, p. 63). The hydraulic effective-
ness of deflectors is illustrated in Figure 3.5.

For 90° bend structures, Sangster recommends that, 'the
data on square manholes generally by used unchanged for
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for round manholes'" (ibid,p. 63). This statement seems to
conflict with experimental results provided by Archer
(see Table 3.1). Application of the data for square

pits to circular manholes might slightly underestimate

the pressure head changes.

3.5 Combining Flow at Three-Pipe Junctions

In Section 3.3, it was shown that, for two-pipe junctions
with deflection angles up to 90°, there are two pressure
head change coefficients, ku and kw. defining the upstream
hydraulic grade line and the water surface elevations
respectively. The water surface elevation is located

at approximately 0.3 upstream velocity heads above the
upstream hydraulic grade line when the angle of deflection
is 90°. 1If consideration is now given to the inclusion of
an upstream in-line pipe, the configuration becomes a 90°
Tee junction and the hydraulics become more complicated;
such a junction is illustrated in Figure 3.8. The hydraulic
grade line of the upstream in-line pipe adopts the wate:
surface elevation as its elevation (Figure 3.8a). As the
lateral flow is reduced and the in-line flow is increased,
the conversion of kinetic to potential energy will also be
reduced until, for the limiting case, all flow occurs in the
in-line main and the two pressure head change coefficients
are approximately equal (Figure 3.8b). The water sur©ace
and the upstream in-line hydraulic grade line elevations
are always coincident. The lateral hydraulic grade line
is located up to 0.3 lateral velocity heads below this
elevation, depending upon the ratio Qb/Qo' Tables for
calculating the various coefficients at such junctions

are presented by Sangster et al (1958).

3.6 Effect of Froude Number and Submergence on Pressure

Head Change Coefficients

By dimensional analysis and the application of the
Buckingham 1 Theorem, Sangster (1958) found that a function-
al relationship may exist between the pressure head change
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coefficients and the downstream Froude Number, Fo (Zbid
p- l4). For a given geometry, the Froude Number may
be varied only by varying the rate of flow.

For straight through flow, Sangster tested eight different
geometries and plotted graphs of ku versus Fo.' From this
information, Sangster concluded that it, 'appears inescap-
able that the coefficient for a given geometry is indzpend-
ent of the Froude Number ...... In as much as ku does not
depend on the Froude Number, it follows that neither does
it depend on the rate of flow, but rather is constant for

a given geometry" (Zbid p. 24).

However, under the geometric and flow configuration that
Sangster selected to test for a functional relationship
between ku and Fo' the pressure head change coefficient,
ku’ is independent of the degree of surcharge (Zbid

p. D-15). For other geometric or flow configurations

(see Changr 5) ku is not independent of submergence, s,
and, since submergence is, for a fixed geometry, partially
a function of discharge, then ku must be a function of the
Froude Number. It is unfortunate that the inter-relationship
between ku’ Qo’ F0 and s was developed by Sangster,
resulting in a conclusion being drawn which is applicable

only to a limited range of geometric and flow configurations.

3.7 Summary : Pit Junction Hydraulics

The discharge capacity of a single pipe reach is determined
by the friction loss within the conduit and by the pressure
head change that occurs at the pit junction immediately
upstream. For the majority of pit configurations this
pressure head change is an unknown quantity. Some con-
figurations have been tested and appropriate design data
have been established. In general, however, the lack of
data inhibits the use of accurate design methods which
incorporate hydraulic grade line or energy line computations.

The nature of flow across pit structures has been described

in Sections 3.3 to 3.6. Information on loss coefficients
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and junction geometry efficiency is limited to that
applying to a limited number of cases. The available
data have been obtained from the use of hydraulic models.

In view of the paucity of suitable data which could be

used in the design of junction pits with the wide range

of geometries found in practice, an experimental programme,
using hydraulic models, was initiated to produce appropriate
design data. Details of the programme are set out in the
following chapters.
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4.1 The Use of Hydraulic Models

The magnitude of energy losses and pressure head changes at
stormwater junction pits must invariably be determined using
hydraulic modelling techniques. Such models must conform
with geometric and dynamic laws of similarity. Simultane-

ous compliance in every respect, however, is not always
possible and losses in similarity lead to scale effect errors
when model results are extrapolated to a prototype. These
errors can, however, be minimized if the models are made
sufficiently large. Hydraulic models of stormwater junction
pits have been used by Sangster et al (1958) and by Archer et al
(1978). These investigators concentrated on junction geometries
which have specific local applications in each case. Sangster,
for example, tested geometries which are in common use by the
Missouri State Highway Department. Archer considered systems
where pipes are small, pits are relatively large and sharp
bends are avoided. The design data available from these

tests have limitations and need to be expanded before an
accurate estimate of flow through surcharged pipe systems

can be made. An experimental programme involving the use of
hydraulic models was established by the author and aimed at
reducing these limitations. Details of the programme are

reported in the following sections.

4.2 Model Construction and Apparatus for Pit Junction
Experimental Programme

4.2.1 Scope of the Investigation

In view of the limitations of the existing pit junction hydraul-
ic data, an experimental programme was initiated to determine
the magnitude of pressure head changes at junction pits with

two connecting pipes. The investigation was undertaken for

a variety of pipe sizes, pipe configurations, pit geometries

and flow conditions. The following constraints were applied

to the programme:

1. All pipes were to flow full and under pressure.

2. The range of deflection angles (6) to be tested
was to be within the range commonly found in
practice, i.e., 00 ¢ o s 90°0.
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Pipe area ratios were to cover the range
1.00 <« Ao/Au < 2.50. (Commercially available pipes for
the models extended this range to 1.00 « AO/Au < 3.29).

All pits were to be constructed square in plan and of
a size so that the ratio of the pit width divided by
the downstream pipe diameter was equal to 2 (i.e.,
B/Do = 2). Because of the infinite number of junction
configurations possible with respect to pit size and
shape, the experimental programme was limited to geo-
metric configurations typically found in prototypes
and, where this was not possible, to configurations
which would allow the use of appropriate adjustments
to the test data during the prototype design. In
arriving at the pit size ratio used in the model
tests, consideration was given to the following:
{(a) standard Department of Main Roads (N.S.W.) gully pit
design practice;

(b) the previous experimental investigation of Sangster
el al (1958);

(c) minimum prototype pit size requirements for access and
maintenance;

(d) the reductions in pit size ratios that will necessarily
occur as a result of increased downstream pipe sizes;

(e) current design practice regarding minimum pipe dia-
meters to prevent blockage by debris: ("It is common
practice not to use pipes smaller than 450 mm diameter"
(Institution of Engineexs, Australia (1977) p.1l46), but
some designers may use pipes as small as 375 mm).
Grate flows were to be tested for ratios of
Q,/Q, < 0.50. During the experimental programme, how-
ever, grate flows were sometimes taken beyond this
limit to check trends in data. A limit of
Q,/Q, < 0.50 allows design criteria to be formulated
for all pit Jjunctions up to the second downstream
pit in a drainage system.
Model discharges of up to 10 1/s were to be used during
the experiments. This maximum model discharge was adopt-
ed by consideration of a maximum velocity in a prototype
system of 6 m/s. Where Du/Do < 1.00, the maximum
velocity will occur in the upstream pipe when the

grate flow is small. The relevant calculations are
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Due to the possible free surface

effects at the junction structure, a Froude model is

used:
V&(max)

where

Vp(max) p'e (LR)-%

. Eq. 4.1

V_(max) is the maximum average velocity in the

m

model pipeline;

V_(max) is the maximum average velocity in the
P prototype pipeline;

LR is the scalar model to prototype length ratio

The smallest prototype pipe diameter used in Australia is
375 mm nominal (381 mm actual). For a model pipe diameter
of 70 mm (the smallest model diameter used), the length

ratio, Lp, would equal:

LR - 381/70 = 5.44

Vm(max)

Q, (max)

6 x (5.44)°%F = 2.57 m/s

Vm(max) X Am

2.57 x (0.072xn)/4
0.0099 m3/s
(say) 10 1/s

7. The practical limits for submergence ratio (i.e. depth

8.

9.

of water in pit expressed as a number of outlet pipe
diameters, S/Do) were considered to fall within the
range 1.00 < S/Do < 4.0, (Submergence ratios greater
than 4.0 were sometimes tested to examine trends in

data, but were considered unlikely to occur in prototype

conditions),

All pipe entrances were to be sharp-edged.
feasible to study the effects of rounding
the pipe entrance.

It was not

All pits were to be flat bottomed with no benching or

deflection devices,

Pipe obverts were to be aligned

in accordance with construction techniques practised

in Sydney.
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4.2.2 Water Supply System

The hydraulic models were supplied with water by pump

from a reservoir through a 150 mm diameter overhead
ringmain. The pressure in the ringmain was held constant
through a constant-head tank located approximately 20 m above
the floor of the laboratory. The ringmain is permanently
suspended from the ceiling of the laboratory and is

fitted with flanged outlet connections. Two such connect-
ing flanges were utilized in the model tests. One supplied
water to the headtank and the other supplied water to the
inlet pit to simulate grate flow in the prototype. Each

of the two supply lines was constructed with a p.v.c.
flange bolted to a ringmain outlet flange, connecting an

80 mm diameter p.v.c. conduit to the headtank and to the

inlet pit respectively.

Each supply -line was provided with a gate valve to regulate
the flow and an orifice meter to measure the rate of flow.
The orifice plates were calibrated using a weighing tank.
Pressure differences across the orifice plates were observed
using mercury manometers for high flowrates and water mano-
meters for low flowrates (Figure 4.3). The pressure
differences were converted to flowrates using equations
derived during the meter calibrations. Velocity heads

and grate flow discharge ratios were calculated using the
flowrates determined by the orifice meters.

4.2.3 Model System and Pipelines

Headtank:

The headtank at the upstream end of the model pipeline
(Figures 4.1 and 4.2) was constructed with a height suffi-
cient to provide flows of up to 10 1/s through the models
when the tailwater tank downstream was fully closed. A head-
tank with a height of 1500 mm was found to be adequate.
Horizontal stiffeners were provided arnund the headtank

at 300 mm centres for structural strength. A transparent
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FICURE 3.5 : FLOW 7MOUGH A 455 JUNCTION.

FIGURE 4.6 FLOW THROUGH A A5 JUNCTION.
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p.v.c. face was provided for the front of the tank to view

water surface elevations.

Inlet Pits:

Three model inlet pits were constructed for the experiment
programme, each pit being used in conjunction with each
of three downstream pipe sizes, thus providing a near con-
stant ratio of pit size to downstream diameter.

TABLE 4.1

CONSTRUCTED INLET PIT SIZE RATIOS

Pit No. Size (mm) Outlet Pipe Dia. (mm) (8/ )
0

(B x B) (Do)
.140 x 140 70 2.00
190 x 190 94 2.02
240 x 240 127 1.89

Pits were standardized as square in plan and of size such
that B/Do = 2.0 (see Section 4.2.,1). For pit number 3,

B/Do was equal to 1.89. This departure resulted from a
changeover to metric pipe sizes in the course of the experi-
ment programme.

The differences in the B/Do ratios, however, do not yield
significant errors in the experimental work and all three
inlet pipes have been dimensioned as having B/D0 ratios

equal to 2.0.

The inlet pits were constructed so as to allow the testing
of various geometric configurations. Each inlet pit could
be used to test ten different model geometries (models 1 to
30 are illustrated in Figures 4.13 through 4.18).

A floor was built in the inlet pit to provide a stilling
basin, from which an average pit water surface elevation

could be read on the accompanying piezometer board. A
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Piezometer tapping was located below the floor to measure
the mean hydrostatic head within the pit. To elim-

inate errors due to the possible inclusion of a hydro-
dynamic head attributable to turbulence under the floor,
the pit bottom was sealed at invert level leaving the

four corners of the pit fleor unsealed to measure an
average static head. In addition, checks were made

during testing to ensure that the static head on the
piezometer board was representative of the water surface
elevation in the pit. Each pit was constructed to a height
of 1000 mm above floor level, providing for submergence
ratios (S/Do) in excess of those that could be expected

in

Grate flow was discharged into each pit at a constant
height above the pit invert equal to five outfall pipe
diameters for each of the models. (Tests performed by
Sangster et al (1958) indicate that the height of fall

of grate flow relative to the degree of submergence is

not a significant factor in the determination of the
pressure head change (ibid p. 53)). It would be reasonable
to expect that the fall-to-submergence ratio would be mest
significant at low submergences. However, Sangster found
that, even for submergence depths of approximately 1.5
outfall pipe diameters, the scatter of the experimental
data was reduced to acceptable limits using a single

submergence paramater (S/Do).

Tailwater Tank

A tailwater tank was constructed as shown in Figure 4.6.
An important feature was the provision of an adjustable

tail-gate structure that could be used to vary the sub-

mergence depths in the upstream inlet pit without having
to change either the upstream or grate flow discharge.
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FIGURE 4.8 : TAILWATER TANK.
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Model Pipelines

Model pipelines were constructed with transparent perspex
tubing so that hydraulic behaviour could be observed.

Three nominal pipe diameters were used, viz: 70 mm, 94 mm
and 127 mm. Actual pipe diameters were carefully measured.
The most significant percentage error occurred in the small-
est pipe size of 70 mm, resulting in errors of 0.2 per cent
in nominal cross-sectional area. These errors were consid-
ered as being of only minor importance.

The use of pipes smaller than 70 mm diameter was avoided
to minimize undesirable scale effects. Pipes larger than
127 mm diameter presented difficulties in handling and
maintenance of pipe-full conditions.

Only the 70 mm diameter pipe was used upstream from the
inlet pit; all three pipe sizes were used as downstream
outlet pipés. Such an arrangement yielded the diameter
and area ratios shown in Table 4.2.

TABLE 4.2

DIAMETER AND AREA RATIOS USED IN MODEL PROGRAMME

Pine Diameter Ratio of Diametex 29 Ratio of Areas ;9
u a |
70 mm I.D. downstream 1.00 1.00
94 mm I.D. downstream 1.343 1.803
127 mm 1.D. downstream 1.814 3.292

The range of pipe diameter ratios (D_/D ) tested is considered
to represent most practical applications. Pipe diameter ratios
less than unity were not tested. Ratios less than unity were
tested by Sangster at al (1958) for pipe deflection anglns of

0° to 90°.
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The length required for a pipeline to develop fully estab-
lished flow has been stated by Rouse (1950) and by otl=rs
to be in excess of 25 - 40 pipe diameters. Such a specifi-
cation defines the length of pipe which is required before
piezometer readings can yield a linear hydraulic gradient.
The pipe lengths required are thus significant, and limit-
ations in laboratory space and difficulties in handling
pipes required consideration. Also, technical limitations
had to be considered. For example, for the 70 mm diameter
conduit, a pipe length greater than approximately 30 dia-
meters would yield high friction losses making it
impossible to produce low submergence ratios except for

low rates of flow (less than 1.5 1/s). Small discharges
consequently increase the experimental errors because the
dimensionless pressure head change coefficients are derived
by the division of the pressure head change by the downstream
velocity head, both of these variables being small and
susceptible to larger errors for small discharges. To
minimize such errors, pipe lengths were kept to a minimum.
Approximate linear friction gradients were found to occur
when piezometer tappings were located at a distance greater
than ten pipe diameters downstream from the headtank and
the inlet pit. Under these conditions, for discharges
greater than 2 1/s, the coefficient of determination for
linear regression (r?) was, in most cases, greater than
0.99, despite the fact that the flowwas not fully developed.
Photographs shown in Figure 4.4 and 4.5 show linear friction
gradients for pipe lengths much less than those expected for
the establishment of the flow. It was decided, therefore,
that for the purposes of reading the common piezometer
board to an accuracy of 0.5 mm of water, linear friction
gradients could be obtained in much shorter development
lengths than is commonly assumed. The pipe lengths used

in the course of the experiment programme are shown in
Table 4.3.
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TABLE 4.3

PIPE LENGTHS USED IN MODEL PROGRAMME

Pipe Leng?h No. of Tappings in Pige
(ror) (diameter) Length Exceeding 10 dias.
70 mm I.D. upstream 2000 28.57 6
70 mm I.D. downstream 2000 28.57 6
94 mm I.D. downstream | 3400 36.17 6
127 m I.D. downstream | 3500 27.56 5

Metric sized pipes were supplied in 2m lengths. Consequent-
ly, the 94 mm and 127 mm diameter pipes were spliced.
Details of flange splices are shown in Figures 4.10 and
4.11. The square flange plates were bored to the exact
outside diameter of the pipe using a specially made trepann-
ing tool. For each splice, both flanges were clamped and
drilled simultaneously to ensure accurate alignment when the
acrylic pipes were glued to the flanges, and the flanges
were bolted together. A grease gasket was found to be
adequate to prevent leakage from the splice. Similar
splices were required to attach specially made angle adaptors
(see Figure 4.12) between the junction pit and a connecting
pipe. The length of each adaptor was 200 mm. Two adaptors
were cut for each pipe diameter, the six adaptors being

used for the junction configurations and deflection angles
described in Table 4.4. The table shows that each angle
adaptor was constructed so as to be used for two or more
different angles or junction configurations. For example,
adaptor No. 1 was used for a downstream pipe diameter of

70 mm as a 22%O bend when fitted to the opposing face of the
pit or as a 67%o bend when fitted upside down to the adjac-
ent face of the pit. The adaptor could also be connected

to the upstream pipe as a 22%)or a 67%0 bend. The use of
the adaptors provided an economical means of testing bend

structures.
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The angle flange of each adaptor was accurately bored to
form the required ellipse created by the angle of deflect-
ion. The centre of the ellipse was located coincident with
the centreline of the appropriate pit face. A flushing
plate was provided to each adaptor so that, when the
adaptor was bolted to the pit, the pipe entrance (or

exit) was flush with the inside of the pit wall. This
provided sharp-edged entrances and exits. Similar remov-
able flushing plates were provided to the upstream end of
the downstream pipe and the downstream end of the upstream
pipe so that sharp-edged conditions could be maintained
for deflection angles of 0° and 90°.

Eight peizometer tappings were provided to each pipe reach.
The spacing and location of tappings were detailed as shown
in Figures 4.9 to 4.11. The tappings were made from 25 mm
diameter acrylic rod which was cut to size, tapped and
fitted with. 6 mm brass airline fittings. Each tapping

was then glued to the pipe at the desired location. Holes
of 3 mm diameter were then carefully drilled through the
conduit taking care to avoid chipping or burring the inside
of the tubing. Typical peizometer tappings are shown in Figure
4.5, Six millimetrediameter hose was used to connect the
plezometer tappings to the piezometer board. Wherever
possible, tappings were placed upstream from splices in the

conduits.

In addition to the pressure tappings in the pipes, an
additional tapping was provided in each junction pit. This
tapping was located under the false floor of the pit and a
check was made for each model to ensure that the pressure
tapping did not measure additional hydrodynamic head on
the piezometer board due to potential turbulence under the

false floor.

Connecting Pipes to Pits

Each pipe was bolted either directly to the pit so that the
pipe was perpendicular to a pit face, or was bolted to the

appropriate angle adaptor which was then bolted to the pit
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face. An initial test programme (models 1 to 18) contained
geometries such that the upstream pipe was always
perpendicular to the upstream face of the pit, and the
angle adaptors were always located on the downstream pipe.
With the completion of this initial programme, further
investigation revealed major hydraulic variations when
the angle adaptors were attached to the upstream face of
the pit and the downstream pipe bolted directly to the
downstream pit face. Consequently, the initial test
programme was extended to include geometries charact-
erised by reverse orientations. (models 19 to 30).

For each model, the pipes were aligned so that the pipe
obverts were at the same elevation. This is in accord-
ance with the alignment procedures adopted throughout
Sydney. (Sangster's tests (1958) were performed with

the alignment of pipe inverts). In all cases, the invert
of the downstream connecting pipe was located at the
elevation of the pit floor. The pit floor was constructed
horizontal. ©No tests were conducted to investigate the
hydraulic effects of shaping the pit bottom, such as

those conducted by Prins (1976).

4.2.4 Model Geometries

Figures 4.13 to 4.18 show details of model junction geo-

metries tested.

Models 1 to 18 comprise the initial test programme and
incorporate six angles of deflection (8) and three
downstream pipe sizes (Do). Each downstream pipe

diameter is associated with a corresponding increase in
pit size such that the ratio B/D0 is approximately constant

and equal to 2,

The remaining models (19 - 30) were tested with geometries

identical to corresponding models in the original test
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programme except that the bencd angle adaptor was fitted to
the upstream pipe. In these cases, the flow entered the
junction pit at an angle inclined to the upstream face

of the pit. Thus, for the same basic bend geometrv (de-
fined by 6 and Du/Do)’ there may occur a number of orienta-
tions of the pit relative to the connecting pipe (four such
orientations may be compared in models 3, 4, 20 and 21).
Significant differences in hydraulic behaviour were

observed for each orientation.

Each model was tested for the effects of the following

flow conditions:

(1) variation in discharge, Q,

(ii) variation in submergence, S

Q

(iii) wvariation in grate flow ratio, g/Q
o]

For reasons discussed in Section 3.6, variations inprototype dis-
charge and submergence are inter-related in the prototype.

In the models, however, itwas possible, usingthe adjustable
tailgate, to independently regulate discharge and submerg-

ence so that the effect of each parameter could be considered

separately.

4.2.5 Experimental Procedures

To determine the upstream and grate flow discharges (Qu
and Qg)’ both water and mercury manometers were used for
each supply line (see Figure 4.3). The mercury manometers
were used for discharges greater than 2 1/s. For low dis-
charges, water manometers were used to measure flowrates.
Low discharge tests were found to be necessary for the
smallest (70 mm) outfall pipe size, because, in these models,
the friction losses in the downstream pipe were relatively
large and resulted in high submergence depths for the pit.
To test these models with low submergence ratios (S/DO),
the discharges were reduced to less than 2 1/s. This pro-

cedure produces large experimental errors.
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Initially, tests were run with arbitrarily selected mano-
meter settings. The calculation of discharge, velocity and
velocity head then followed. As the work proceeded, dis-
charges of integer wvalues up to 10 1/s were used directly
with known velocities and velocity heads. This procedure
minimized the necessary calculations.

Geometric and flow data were recorded on data-computation
sheets as shown in Figure 4.19. Plezometer tapping chain-
ages measured to the branch point of the junction were
also recorded.

Prior to reading the piezometer board, a number of important
checks were made:

(i) The piezometer boavrd was levelled.

(ii) The water surface elevation in the pit
was checked against the piezometer reading
for the pit tapping.

(1ii) Each of the manometer and peizometer hoses
were carefully checked for the inclusion of
air .

(iv) For low flowrates, it was found that the
model system took some time to reach
hydraulic stability.

For high discharges, each hose on the piezometer board was
generally read to an accuracy of one millimetre. For low
cischarges, where pressure differences between adjacent
tappings were less than 1 millimettre, the board was

generally read to the nearest millimetre.

Readings which were not comsistent with the general trend
of other readings were not included in the calculations.

The first and second piezometers downstream of a

junction structure were usually disregarded in this respect.
In models where the upstream and downstream pipes were
placed on adjacent faces of the pit (such as a 90°

bend), and where the continuity of the jet discharge

across the junction was disturbed by the pit, the
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pressure fluctuations were extensive and the piezometer
lines were difficult to read. Due to the general turbul-
ence created at sharply angled junctions, the pressure
variations to a distance of approximately half the down-
stream pipe length were extensive and readings were taken
as the mean value of the upper and lower readings. Large
pressure variations at such junctions led to errors which
are reflected in the scatter of the experimental data for
these models. Despite such difficulties, however, linear
equations for the hydraulic grade lines were usually
developed with a coefficient of determination (r?) greater
than 0.95.

For each of the 2000 test runs,. seventeen piezometer
tappings were read, eight of which were located in each
connecting pipe and one at the junction pit. Only the
piezometer tappings located more than 10 pipe diameters
downstream .of a pipe inlet, however, were used in calculat-
ions. From the piezometer readings and the respective
distances away from the branch point of the junction, two
linear regression equations for the hydraulic grade lines
could be developed for each test run, using a least-squares
fit. These equations were used to calculate the ordinate

at the junction branch point and the slope of the friction
line. The equations were recorded on each data-computation
sheet (Figure 4.19) as "Equation U/S HGL" and "Equation

D/S HGL'". The equation ordinates thus represent the
elevations of the upstream and downstream hydraulic grade
lines when extrapolated linearly to the branch point of the
junction, and their subtraction yielded theabsolute pressure
head change (Ap/y in Figure 3.4) occurring across the structure.
Similarly, the subtraction of the pit piezometer reading
from the downstream equation ordinate yielded the pressure
head change plus the degree of conversion of upstream
kinetic energy (WSE in Figure 3.4). From the values of
ap/y and WSE, obtained in this way, division by the down-
stream velocity head yielded the dimensionless coefficients,
ku and kw .
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Having determined these coefficients, the values were
plotted for each test run against the downstream discharge
Qo’ with grate flow and submergence ratios as secondary

parameters. Tyovical data plots are shown in Figures

4.20 and 4.21. Such plots served two purposes:

1. to check the consistency of data; and

2. to enable the visual interpolation of
pressure head change coefficients, ku
and kw, for the submergence ratios sel-
ected in the presentation of design curves

as detailed later in Chapter 5.

All data were plotted onto figures such as those shown in
Figures 4.20 and 4.21 as soon as the test had been run

and the coefficients computed. Sixty such figures were
plotted (two for each model) and these are included in the
Appendix.

4.2.6 Error Analysis

Calibration of Orifice Meters

Two orifice meters were manufactured and calibrated for
the measurement of upstream and grate flow discharges.
Calibration equations (Equations 4.2 and 4.3) were deter-

mined using power curve regression analysis.

Q, = 0.349 (ah)0-500 ... Eq. 4.2
and
Qg = 0.348 (ah)0-505 ... Eq. 4.3
where Qu is the upstream discharge (1/s);
Q_ is the grate flow discharge (1/s); and

o
(=]
Ah is the manometer reading in mm Hg.

Ten volumetric measurements were taken for each calibration
and the coefficients of determination (r?) were both record-
ed as 1.000. With this level of correlation, errors due to

meter calibration were considered to be insignificant.
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Reading of Orifice Meter Manometers

Mercury manometers were used on the orifice meters for
discharges greater than 2 1/s, using one millimetre
divisions. A reading error of one millimetre at this
discharge results in a 2 percent error. The diameters

of the model pipelines were measured to an accuracy of

0.1 mm, resulting in a possible error in cross sectional
area of 0.3 per cent for the 70 mm diameter pipe. There-
fore, since the possible error attributable to the

flow velocity is the sum of the individual errors of
discharge and cross-sectional area, a one millimetre

error in manometer reading will yield a total error of

2.3 per cent. For higher discharges, the maximum error

is reduced. Provided the manometers were read consistently
to an accuracy of 0.5 mm for each column, errors resulting
in velocity head calculations could thus be maximized at
4.6 per cent at a discharge of 2 1/s. For discharges less
than 2 1/s,water manometers were used., Under these cordit-

ions errors in discharge measurements were reduced.

Piezometer Measurements

In the majority of tests, linear regression analysis for

the determination of friction slopes yielded coefficients

of determination (r?) greater than or equal to 0.98.

Friction slopes for each pipe were determined for each

test run and recorded to four decimal places. 1In Figure
4.22, friction slope has been plotted against the outfall
discharge for model numbers 1, 2 and 3 (70 mm diameter pipe).
The points plotted are for randomly selected data.

The accuracy of piezometer readings increased with increasing
discharge (the errors being reflected in the scatter of

the data).

At a discharge of 2 1/s, the variation in the outfall
friction slope represents a maximum error of 3.6 mm in the
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ultimate pressure head change over a 2000 mm length of
pipe. The error in pressure head change may be set
simply as a proportion of the downstream pipe diameter

as follows:
3.6\ Do
Maximum Error at 2 1l/s = (—4— = DO/18
70

which corresponds to an absolute error of 21 mm for a 375
mm diameter prototype, and 50 mm for a 900 mm diameter
prototype. This order of accuracy may be considered

to be adequate for practical design purposes.
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EXPERIMENTAL RESULTS

Introduction
Flow Straight
22}5O Bends at
45° Bends at
67%° Bends at

90° Bends at

Through Junction Pits
Pits
Pits
Pits

Pits



99.

EXPERIMENTAL RESULTS

5.1 Introduction

Over 2000 tests were performed on thirty different models
of various geometric configurations. All models were test-
ed for three different values of the diameter ratio D,/Dg
and for a range of values of the hydraulic parameters Qg/QO
and S/DO. These data have been processed and the results
are set out in graphical form in Figures 5.1 through 5.35.
A commentary on the processing of the test data is included
in the Appendix. The figures show pressure head change
coefficients and/or water surface elevation coefficients
plotted against diameter ratios for various submergence

and grate flow conditions. The figures have been cate-

gorized into five sub-groups:

1. Straight through flow.
2. 22%° bend structures

3. 45 0 bend structures.
4. 67%0 bend structures.
S. 90 % bend structures.

Each category is detailed in Section 5.2 to 5.6 respectively.

In some models, the submergence ratio was restricted due to
model limitations. For example, with large downstream
pipe sizes. submergence depths significantly greater than
three could not be obtained due to low friction losses in
the downstream pipe. 1In these cases, the graphs are shown
with dashed lines representing an extrapolation of the

curves beyond the range covered by the experimental data.

When interpolating for intermediate grate flow ratios
(Qg/Qo)’ the pressure head change and water surface
elevation coefficients should not be read as a linear
function but rather as a function of (Qu/Qo) in accord-

ance with Equation 5.1:

— Qu ? 5
k, = k, + 1.33 - [1- <Q> 1(1{50- k) ... Eq. 5.

1
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k 1is the coefficient to be calculated for a
given grate flow ratio,

ko is the coefficient value when Q /Qo=0
and kgy is the coefficient value when Qg/Qo= 0.50.

For submergence values of about 1.5 outfall pipe diameters,
experimental evidence suggests that the loss coefficients
decrease until the limiting case of pipes not flowing full
occurs. In some models tested, loss coefficients started

to decrease for submergence depths higher than 1.5 pipe
diameters. In the formulation of the charts, the assumpt-
ion has been made that the pressure head change coefficients
will only start to decrease for submergence depths less

than 1.5 outfall pipe diameters. This assumption has been
made on the basis, first, that errors in experimental read-
ings are potentially larger at low submergence depths (see
Section 4.2.6) and, second, that interpolation of coeffici-
ent values for submergences between 1.5 < S/Do < 2 could

not be made from the figures if the loss coefficients decrease
suddenly within this range. This assumption may lead to conservative re-
sults for some geometric configurations but seeks to eliminate
the experimental difficulties and subsequent risk of signifi-
cant errors when the model submergence ratios were tested at

values of 1.5 outfall pipe diameters or less.

In the practical application of the graphs, the derived loss
coefficients, ku and kw’ must be multiplied by the down-
stream velocity head to determine the upstream pressure

line and water surface elevations respectively.

Table 5.1 provides a quick reference to the various bend

geometries tested.
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TASLE 8.1 QUICK REFERENCE GUIDE TO GEOMETR/ES TESTED .

GEOMETRIC CONFIGURATION .

AIGURE ALS. RAGE MOS.
p —— —— Fig. 5.1, 5.2 112, 113,
iy S Table 5.2 103
OO
2 224° Fig. 5.3, 5.4 114, 115,
. e ~ Table 5.2 103
3 Fig. 5.5 - 5.8 116 - 119
4. Fig. 5.9, 5.10 120, 121,
Table 5.2 103
Fig. 5.9, 5.11 120, 122,
5. Table 5.2 103
6 Fig. 5.12 - 5.15 123 - 126
7. — Fig. 5.16 - 5.19 127 - 130
——— A — \45‘
8 _G_. Fig. 5.20 - 5.24 131 - 135
5-721" 7//——_._
) '—Er"\ - Fig. 5.25 - 5.28 136 - 139
——————— \ . %3
/0. E—[ Fig. 5.29 - 5.35| 140 - 146
L]
e
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5.2 Flow Straight Through Junction Pits

For junction pits in which the inlet and outlet pipes are
in-line and which have flow entering through a top grate,
Equation 2.19 can be reduced to Equation 5.2:

k, = 2[1-2_3 (%)2} ... Eq. 5.2

Equation 5.2 has been plotted in Figure S.l* and the
results compared with experimental data obtained by the
author and by previous investigators. These include
Archer (1978) who tested junctions with Du/Do equal to
1.00 and Qg/Qo equal to zero, and Sangster (1958) who
presented experimental data for Qg/Qo 2qual to zero but
extrapolated his results for grate flow ratios of up to
50 per cent.

Of particular interest in Figure 5.1 are the negative
pressure head change coefficients obtained when Du/D0 < 1.0
(i.e., at an expansion). At low grate flows the
negative coefficients are large in magnitude and are

attributable to deceleration of flow across the junction.

Experimental Results

Experimental results have been plotted in Figure 5.2 for
a submergence ratio equal to 2.5 (i.e. S/b, = 2.5).

Use of Table 5.2 allows modification of pressure

head change coefficients for other values of submergence
(1.5 ¢ S/D0 ¢ 4.0), Modifications ne¢ed only be made when
Qg/Qo is not equal to zero. The water surface elevation
in the pit coincides with the elevation of the pressure

line of the upstream pipe at the junction branch point

(i.e., ku = kw).

* Because of the large number of figures in this Chapter, the figures
have been grouped together at the end of the Chapter. Figure 5.1

is located on page 1l12.
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In most design applications, the ratio Du/Do approaches
unity whilst the grate flow ratio Qg/Qo approaches.

zero. Thus the loss coefficients, ku and kw,would, in
most instances, lie within the range -0.5 < ku, kw < 0.5.
For the common case of equal size pipes (Du/DO = 1.0) and
for grate flow, Q_, equal to zero, coefficients ku and kw
may be set equal to 0.2, being independent of cubmergence
ratio, S/Do. For expansions (Du < Do), negative pressure
head change coefficients will occur. Negative pressure
head changes are considered acceptable in design practice
provided that the upstream hydraulic grade line elevation,
as determined, is located above the upstream pipe obvert,
thus avoiding negative (less than atmospheric) pipe
pressures. For in-line flow, loss ccefficients are
generally lower than those values which have been used
traditionally in design practice. Maximum pressure head
changes of two downstream velocity heads are obtained at

high grate flow ratios coupled with low submergence depths.

5.3 22%% Rends at Pits

Two configurations using 2230 bends were tested:

(i) the junction branch point

located on the downstream —

face of the pit.

(ii) the junction branch point

located on the upstream ——— d
face of the pit. \

/,

Configuration (i) : Branch Point located on Downstream
Face of Pit.

For junction pits having the branch point on the downstream
face, Equation 2.19 may be reduced to Equation 5.3:

A Wy
= (o]
k = 2 [ 1l - A_l; . (q) CcoS Gu] e Eq. 5.3

u
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Equation 5.3 is plotted in Figure 5.3 along with the
author's experimental data for submergence ratios equal
to approximately 2.5. The good correlation which exists
between the equation and the data suggests that Equation
5.3 may be used for pits with a 22%0 bend configuration
when the branch is located on the downstream face of the

pit and when the submergence depth is relatively high.

Figure 5.4 has been developed from the author's test data,
and applies specifically to a submergence depth of 2.5 D,
For submergence ratios other than 2.5, values obtained
from Figure 5.4 should be modified by using Table 5.2.

The elevations of the upstream pressure line and the water
surface are coincident. Negative pressure head change co-
efficients apply to some combinations of pipe sizes and

grate flow contributions. Values of pressure head change

coefficients, for most design applications, will be less

than those values that have been traditionally used in design.

Configuration (ii) : Branch point located on Upstream
Face of Pit.

When the branch point is located on the upstream face of
the pit, the hydraulic efficiency of the junction is re-
duced since the upstream flow momentum is partially lost

in crossing the pit. This interference across the junction
precludes the theoretical analysis previously derived.

Figures5.5 through 5.8 have been prepared using experimental
data for pressure head change and water surfuace elevation
coefficients for a range of submergence depths (1.5 « S/Do < 4.0,
when the branch point 1is located on the upstream

face of the pit. For this condition, the magnitudes of ku

and k _ are considerably greater than values shown in

Figure 5.4 for equivalent diameter and grate flow ratios.



All pressure head change coefficients are
in each case,

the upstream pressure line elevation.

shifted to ensure that the branch point is located on
the downstream face of the pit.
hydraulic efficiency similar to case (i) above may be
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anticipated.

5.4 450 Bends at Pits

the water surface elevation
To

performance, the location of the upstream

positive and,

is located above

improve junction

pipe should be

Under these conditions,

For 45° bends, the following junction pit configurations

were tested:

(1)

(ii)

(iii)

(iv)

the junction branch point located
on the downstream face of the pit
with the downstream pipe on a 450
angle connected to the downstream
face of the pit;

the junction branch point located
on the downstream face of the pit
with the upstream pipe on a 459
angle connected to a side face of
the pit;

the junction branch point located
on the upstream face of the pit
with the upstream pipe on a 4590
angle connected to the upstream

face of the pit;

the junction branch point located
on the upstream face of the pit
with the downstream pipe on a 459
angle connected to a side face of
the pit. '
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Many configurations other than those described above can

be obtained by changing the location of the junction branch
point and/or the pit-to-pipe orientation. The hydraulic
principles can, however, be demonstrated using those

configurations described above as examples.

Relative hydraulic efficiencies of the configurations
tested can be deduced from Figures 5.10 through 5.19

which have been prepared using the experimental data.

For 45° junction pit configurations (i) and (ii) above,
the experimental results may be compared with the theoret-
ical solution obtained using Equation 5.3. This is shown

in Figure 5.9.

For the purpose of discussion, each configuration has been

considered separately below.

Configuration (i)

In Figure 5.9, Equation 5.3 is drawn together with the plot

of expzrimental data for the junction geometry describecd.

Good agreement is observed between the equation and the

data. Since the branch point of the junction is located

on the downstream face of the pit, the loss coefficients

k, and k will be equal in magnitude and negative pressure

head changes will occur at expansions,i.e., (Dy<D,). Figure 5.10
presents data for submergence depths of 2.5D0. Adjustments
for other submergence ratios may be made in accordance with
Table 5.2.

Configuration (ii)

Since the branch point of the junction is located on the
downstream face of the pit, the hydraulic performance of this
junction configuration is similar to that described for case (i).
Loss coefficients, however, are marginally larger for case (ii).
A comparison between the experimental results for this
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configuration and Equation 5.3 is also shown in Figure 5.9.
Once again, good agreement is observed. Pressure line and
water surface elevations are coincident and negative
pressure head change coefficients occur at low values

of Du/Do‘

Figure 5.11 has been drawn using experimental results

for a submergence ratio of 2.5. Loss coefficients for
other submergence ratios may be determined using the modi-

fication factors in Table 5.2.

Configuration (iii)

With the branch point of the junction located on the upstream
face of the pit, much of the upstream flow momentum is lost
within the confines of the pit. Consequently, such a junct-
ion configuration does not lend itself to the application

of a theoretical solution for the determination of loss
coefficients. The experimental results show that the
coefficients are higher than those for corresponding

values of Du/Do in configurations (i) and (ii). Negative
pressure head change coefficients are not developed and the
water surface elevation will be located above the upstream

pressure line elevation (i.e., k> ku). Of interest, how-

ever, is the fact that the loss 2oefficients can decrease
with increased grate flow (see Figure 5.12 for example).
This may be explained by an increased pressure component
acting in the upstream direction when the upstream flow

jet strikes the side face of the pit. This upstream force
(or backpressure) will increase the loss coefficients.
Increasing grate flow ratios will, by reducing the upstream
flow momentum, reduce the backpressure effects and lower
the loss coefficients.

Figures 5.12 through 5.15 have been developed using the
experimental results. Loss coefficients ku and kw have
been evaluated for a submergence range of 1.5 < S/Do < 4.0.
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Configuration (iv)

This junction pit geometry is characterized by an upstream
pipe perpendicular to an opposing pit face, creating a

strong backpressure effect in the upstream pipe and a
corresponding rise in the hydraulic grade line. In addition,
flow across the junction is hampered severely by what amounts
to a 135% deflection angle once the jet hits and is reflected

off the opposing face of the pit.

For this configuration, Figures 5.16 through 5.19

present pressure head change and water surface elevation
coefficients for a submergence range of 1.5 <« S/D0 < +.0.
For the most common design applications (Du equal to Do

Q_ approaching zero), loss coefficients would generally

lie within the range 2 < ku, kw, < 2.5. Such values greatly
exceed those that have been traditionally used in design

practice.

5.5 67%° Bends at Pits

Two 67%° bend configurations were tested:

(1) the upstream pipe angled at
67%% such that the junction
branch point was located
near the downstream face of

the pit;

(ii) the downstream pipe angled
at 67%% such that the junc-

tion branch point was loc- ____.[::::EE;%
ated near the upstream face -

\.
A\
of the pit. .\

Configuration (i)

Of the two 67%° bend geometries tested, this configuration,
with the branch point of the junction located near the down-
stream face of the pit, was found to be more hydraulically
efficient.
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Even though the branch point is not located on the downstream
face, a trend toward a theoretical solution is evident from Fig-
ure 5.20. Negative pressure head change coefficients will
occur for low values of Du/DO. Water surface elevation
coefficients, kw’ however, will be greater than the corres-
ponding pressure head change coefficients, ku. A closer
agreement between experimental results and the theoretical
solution (Equation 5.2) may be anticipated by shifting the
upstream pipe so that the branch point of the junction
coincides with the downstream face of the pit.

Experimental results have been plotted in Figures 5.21
through 5.24 for both pressure head change and water surface
elevation coefficients for a submergence range 1.5« S/DO < 4.0.

Configuration (ii)

With the branch point of the junction located near the upstream
face of the pit, hydraulic efficiency is reduced. The configu-
ration is characterized by high losses attributable to
backpressure effects.

Figures 5.25 through 5.28 present experimental results for
loss coefficients, ku and kw, for a submergence range of

1.5 ¢ S/D0 ¢ 4.0. A theoretical solution is not applicable
since the upstream flow momentum does not cross the structure
without severe disturbance. Water surface elevation coeffic-
ients will be significantly greater than the pressure head
change coefficient values for the same geometric and flow
conditions.

5.6 Flow at 90° Bends

On discussion flow characteristics at 90°% bends, Sangster
(1958) states:
"It is unlikely that a sound and general theoretical

analysis can be devised for the manhole problem." (p. 63)
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Experimental results by both Sangster (1958) and by the
author have been plotted along with the theoretical
solutions in Figures 5.30 and 5.31 and support Sangster's
view. Variations between experimental and theoretical
results are attributable to a disturbance of the ﬁpstream
flow momentum in crossing the structure. (Fully undis-
turbed flow is not possible unless the branch point is

located on the downstream face of the pit).

Experimental results have been plotted, for both ku and
k , in Figures 5.32 through 5.35. Water surface elevation
coefficients will be significantly larger than the

corresponding pressure head change coefficients.

Typical design values of loss coefficients would lie within
the range 1.5 « k. kw < 1.9. Loss coefficients may be
reduced by using deflection devises such as those proposed
by Sangster (1958) or by changing to junction geometries

such as those shown in Figure 5.29.
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A/GLRE $.9 : COAMPARISON OF THAQREYICAL
AANALY SIS WITY EXPER/IMENTAL RESULTS FOR,
e =45°

COVA/GURATON (77)

£Kuarron £.8

(Rq/Qq = O..50) I

EQUATION S.3
(Re/Qo = ©.20)
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E/IGURE $./0 ¢ PRESSVRE HEAD CHANGE AND KATER

SURRACE £/ LUATION COEFRRICIENTS FOR 4$° BEAMDS A7 ~r7=
SAICTIONS —— BRANCH PONT LOCED ON DOUNSTREAM
AACE OF PI/T"——— FDR SUBMERGEACE RATIO OF 2.5.

(conricemarions (1))

s I
7 T
pos/TIvE PRESSUE ([ ] 47 4, (g2 / Lg?
- , o
—, Heas CHaNCE ! Ll F 29 "W
S NOTE
Do, | B FOR OTHER SUBMERGENCE
9&._ ._t._.;__L Qo RATICS USE TABLE 5.2

\

ELEVATION 0.50 |
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E/GURE K./ + PRESSURE MHEQD CHANGE AND MATER
SUREACE BLEVATION COEFEICIENTS FOR 48°BenD AT PIr
JUNCTIONS —— BRANCH PONT LOCATED ON DOUNSTRENM
FACE CE PIT-  FOR SUBMIRGENCE RAT/IO OF 2.5.

Qo\‘

(CONEIGURATION (1)) -
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LIG/RE 5./2 ! PRAESSURE HEAD CHAAGE COLFEICIENTS
(ko) FOR 45° BEMDS AT Pr7T JUMCTIONS BRANCL POINT

LOCATED ON U PRPSTREAM FACE OF P17 . ——— FOR,
SUBIMERCENCE RATO OF 2.5.
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FIGURE 5./13 : PRESSURE HEAD GCHANGE COEFRSIC/IANTS (Ku)

(,) FOR 45° BENDS AT PIT™  JUNCTOMS —— ERANCH FOINT
LOCATED ON UPSTREAAMT FACE OF P/7 —— FOR
SUBMERGCENCLE RATIOS OF 1.5 ,2.0,3.0 AND 4.0 .
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EIGURE & (4 : wWATER SURFACE LLEVATION COERSICENTS

(%) FOR 45 BENDS AT PIT WUNCTIONS —— BRAACY AOoINT
LOCATED OV URLSTREAM FACE OF Pr7~ — — FOR
SUBAIERGEACE RATIO OF 25

(COAIFIGURATION (77 ) )
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E/GURE £./5 > WATER, SCRSACE ALELATION COSSE/CIENTS

(£,) FOR 4S° BENDS AT Pr7= SUNCITONS —— BRANGCH RONT

LOCATED ON (UPSIREAM FACE OF P17~ —— FOR  SUBMERGENTE
RATICS OF (5, 2.0,3.0 AMD &0 .
(CONFIGURATIONATI 1) ).

- S/np=/.5

= Re/Qe =0.50

- Qe/ R, = OO

L 1 L ! 1

o.5 c.€ o7 0.8 0:9 l.o

- D/IAMETER RATIO Ou/ny

- S/Do =2.0 Qc/ Qo =C-5

. - Qc/Qe =0.00
1 1 1 I 1

0.5 o.¢ 0.7 0.8 X} /o

_ pramerErR, RATIO Y

. Qe/@ =0.90

i Qg /0= 000
1 { T T L

o8 o.6 0.7 o8 039 1.0

_ DIAMETER RATIO Ao/,

S/Dy=4.0

i % Qo =0.50

N ///X QG‘/QO =000
] 1 T I 1

os 0.6 o7 a8 o.s ‘e

DrAmETER RATO Pbg




‘ko

PRESSURE HEAD CHAANMCE COEFFICIEALT

3.5

2.5

2.0

21

1.0

127.
F/GURE 8./16 @ PRESSURE HEAD CHANGE COAECFIC/EATS
(4,) FOR. L5° BEADS AT PI7~ _SUNCITOANS —— BRANCAY
Po/AdT LOCATED ON THIE UPSTREAM FACE OF 7ME PIT
—— FDR SUBAIERGENCE RATIO OF 2.5,
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FIGURE S./7 ~ PRESSURE HEAQD CHANGE COLFFICIENTS

v) FOR A4S CBEANDS AT PIT™ JUANCTIONS. ——

BRANCA FONT LOCATED ON UPSTREAM F4CE OF PIT ——
DR SUBMERGENCE RATIOS OF /.8 7.0, 3.0 adD 4.0

((CONA/SRATION(I\)).
.
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A/GCRE S§./18 ° WATER SUURFACE ELB2/A770N QECEI/EATS
(k) FoR 4S5 °BENDS AT PIT JUNCTIONS —— BRAMCH
FOINT LOCATED ON URSTREAM FACE OF THE PIT— FQR
SUBIERGENCE RATIO OF 2.5.

(CONFIGURATION (1V) )
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AVGLRE S.7/D » WATER SURFACE ELEVQrTON C%W/C/EA’?‘S
f‘éw) FOR 45° LENDS AT PIT SUA/CTTIONS —
BRANICH POINT LOCATED ON (UPSTREAAM F4CE O P

—— FOR SUBMERGENMCE RATIOS OF 1.5,20,30AND &0

_ ( CONnEIGURATION (7)) -
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LICURE S$5.20 ¢+ COMPAR/ISON OF THEOREIICAL
ANALYSIS W/ITR EXPERMENAL RESUILTS FOR

19::67{°

EQuATIoON 8.3 °
(Qg/@ = ©-59)

SQUATION 8.3
(R /Qo =0.0)

O EXPER/MENTAL DATA
For S/ = 2.5.
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SIGURE 8.2 ¢ PRESSURE HEBAD CHANGE COLLCIC/ENTS
ke ) FoR E7° BEnDS AT Pr7 SUAMCTIONS — BRAACH

POINT LOCATED NEAR., DOWNSTREAM F4CE OF PIrr AoR
SUBATERCEACE RATIO OF 5.
AP, W
HEL v ' ".Ej
\-r." I
Sl I~- \”GL r
Q
—— T —— ] —q,
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FIGURE 5.22 @ PRESSURE MNEAD CHANGE COEFF/ICIENTS
(k) AOR C7F° BENOS AT PIT _JUNCTIONS — ABRANCH
POINIT LOCATED NEAR DOWNSTREAM A4CE OF Lr7 AR
SUBMERGEAICE TS OF - 1.5, 2.0, 3.0 AND 4.0.
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FIGURE _5.23 ¢ WATER SURRACE ELEVATION COSF1CiENTS (Kw)
FOR &t ° BENDS AT AT _JUNCTIONS —— BRANCH POINT

LOCATED NEAR LOOWAISTREAM [ACE OF Pr7r —— FORL
SC/BAIER GENCE RA7/O OF 2.5 . '
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FIGURE 5.2¢ ° WATER SURFACE ELEVATION COEEFICIENTS (K, )~
BRANCKH RINT LOCATED MNEAR DOWNSTREAN FACE OF P/ ROR,
SUBMERGENCE RATIOS 1.5 ,2.0,3.0 AND 4.0
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F/GURA $.25 ¢ PRESSURE WEAD CHAANGE COLrc/ENTS (%)
FOR 670 BENDS AT Prr SUNCTTONS —— SRANCH

POINT LOCATED ANEAR THE PSTREANT FACE OF THE PIT.
PIT—— FOR SUBAIERCGEAICE RATIO OF 2.5 .
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FIGURLE 5.26 @ FRESSURE HEAD CHANGE COEFFIC'SArS
(Ku) FOR E7£° BENDS AT 777 JUACT VS —

BEANCA FOINT~ LOCATED ANEAR THE. PSTREAAS e

OF PI17T— [OR SUBMERGEMCE, R47/0S OF /.£2.0,3.0 AND 4.0
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EIN/RE 5.2): WATER SURFACKE SLM\ATTON
COEFEICIENTS (ki) FOR 674 ° merms ar orr
SUNCTIONS . — BRAAICY POINT LOCATED NEAR, LPSTREAN
FACE OF Prr — FOR SUBAMERCEAICE RATIO OF 2.5 .
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FIGURE S .28 ° IWATER SURSACE ELBVATTON COREE/IC/ENTS
(4.) For 67% PBEADS A7 P17 JUNCTIONS —— BRANCH
POINT LOCATED ANEAR, (UPSTREAM FACE OF Arr

— ROR SUBATERGENCE RA7TI0S OF [.5,.2.0, 30 AND «.O
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SIGURE .30 ¢ COATO/RRISONS, QOF EXAERMENTAL

RESULYS /7w TAHOSE OF OTMER., /INVESTIGATORS,
(PRESSURE MHEAD CHAMSE COSFFIC/ENTS AT

90 S IUAICTIONS)D
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EIGURE 5.3/ + COMPAR/ISON OF EXPERIMENTAL
RESULTS WITH THOSE OF O7NER (INMVEST/GAITRS
(WATER SU/RFACE ELEVATION COEFF/ICIENTS AT
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FIGURE 522 : PRESSURE WEAD CHANGE CoLrEK/ENTS (%)

FOR 20 CRENDS AT PIT SUNCTIONS —— FOR
SUBMERGENCE RATIO OF 2.5
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F/GURE 5.3 . PRESSURE MHEAD CHANGE COEFFICENTS

(%) FOR B0° BENDS AT PIT_JUNCTION'S —— FROR
SU/BMERGENCE RATIOS OF /.5 029 3.0 AND 4-0,
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FIGURE 5. 34 WATER SURFACE ELLVATION COEFFIC/IENTS
(k) FOR S0° BENDS AT PIT _JUNCTIONS — FOR
SUBMERGENCE RATIO OF 2.5

Qc/Qo = Q.50

Qc/Q. = 000
|3/ Qo =2.8 |
f 1 [ T 1
05 0.6 07 08 08 (o

prameree. Rare O, .



K

SCURFACE ELLEVATION COArE/ICIENT

ANATER

3.4
3.2
30
2.8

2.6

3.2

é.6

2.4

2.6
24
22
2.0

-8

2.4
2.2
2.0
1.8

1.6

146.

A/GURE 5.38 ¢ NWATER SIURFSACE LLEVAToN COBF ICIENTS
%) FoR 20° BENDS A7 PIT SUNCTIOAS —— FOR
SUBIIERGENCE RATIOS OF /5,20 3.0 4D 4.0,

T
$/Do ? 1.5
:
- Q¢/Qo Q.50
T T T T 1
0.5 06 0 88 ¢ 18
Qc/Qe "0.0
i slao £2.0
4Qs/Qe=0.50
T T t T 1
05 06 07 0§ 09 7

05 0.6 07 08 09 10

DIAMETER. RAT/0 6”/ b .



147.

CHAPTER 6

CONCLUSIONS




148,

CONCLUSIONS

The work contained in this thesis includes a consideration
of closed pipe and open pit junction structures used in
stormwater drainage systems. Hydraulic losses at such
junctions constitute a significant proportion of total
system losses, but the lack of design data to estimate
these losses does not always permit the use of an accurate
design method based on energy principles.

The purpose of this study has been to research the magnitude
of hydraulic losses at junction structures and to provide

data which could be used in storm drainage system design,.

A general theoretical solution has been developed to
determine the magnitude of pressure head change coefficients
at closed pipe junctions. Data which have been published
for a wide range of commercially available pipe junctions
show that the theoretical solutions proposed yield values
of energy loss and pressure head change coefficients which
could be used for design purposes. Similarly, losses at
closed pipe junction structures for which data have not
been determined experimentally may be evaluated using the
theoretical solutions derived in this thesis. In such
instances, derived loss coefficients will generally produce

conservative results.

For pit junctions, few data have been published and an
experimental programme was undertaken to expand the available
data which could be used for design purposes. An important
conclusion which may be drawn from the results of this test
programme 1s that the location of the branch point of the
junction (i.e., the intersection of the centre lines of

the upstream and downstream pipes) has a controlling effect
on the hydraulic operation and efficlency of the junction pit.

The junction pit tests conducted in the programme covered
a range of configurations and it was noted that the effic-
iency of the pit structure increased when the branch point

was located close to or on the downstream face of the pit.
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The most hydraulically efficient structures were those which

had the branch point located on the downstream face.

By assertion, it would appear that the same basic principle
would apply for junction pit structures which are character-
ized by more than two connecting pipes converging to a single
junction branch point. Such an assertion is not currently
supported by experimental evidence but is a logical extens-
ion of the conclusions drawn within the scope of this

thesis.

For structures where the branch point is located on the
downstream face of the pit, several poirts may be noted:

1. Pressure head change coefficients are consider-
ably less than those values which have been
traditionally used in storm drain design
practice. In Australia, a requirement of
1.5 downstream velocity heads has been set
as a design standard by both local government
and road authorities alike. Typical values of
coefficients (for zero grate flow) derived in

this study are given in Table 6.1:

w
TABLE 6.1 : Typical Values of ku and kw for Branch

Point on Downstream Face of Pit.

b/D, 6 = a0 6 = 2240 8 = 450
0.7 - 1.95 - 1.60 - 0.90
0.8 - 0.95 - 0.60 0.00

. - 0.20 0.00 0.45
1.0 0.20 .30 0.60

2. Negative values of the pressure head change co-
efficients develop when the diameter ratio Du/Do
is less than one. This is evidenced in Table
6.1. A deceleration of flow (i.e., the

* Values extracted from Figures 5.2, 5.4 and 5.10
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provision of an expansion) may be used, therefore,
to overcome other (positive) losses attributable
to changes in flow direction or the addition of

a secondary (grate) flow.

For practical purposes, the water surface
elevation in a junction pit may be considered
to be coincident with the upstream hydraulic
grade line elevation (i.e., k, = kw).

The pit size and shape does not significantly

affect the magnitude of the loss coefficients.

A closed pipe junction theoretical solution can
be applied to determine pressure head changes
at junction pit structures provided that,

(a) an allowance (Ak_) is made for the presence
of the pit structure itself (0.20 downstream
velocity heads for two-pipe junctions and, say,
0.3 downstream velocity heads for three-pipe
junctions; and (b) an allowance (Aks) is made
for submergence effects in accordance with
Table 5.2. Alternatively a modification for
submergence may be made to the theoretical
solution given in Equation 2.19 using Equation 6.1:

beg = [4.4 C/n,) - 175 (%) -0'18] (QE/QO)

Eq. 6.1

-1-18

The junction pressure head change coefficient can
thus be derived from Equation 6.2

Ky = Ky Cencoryyt M T K ... Eq. 6.2

where k can be developed from Equation 2.19:

(theory)
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A Q A
ku(theor)b =2 -2 (K—E> coseu + 4 <i>(—§§) \ coseu

cos g~ cose Q 2p A
- 92A + u} /by -"uo, "X
o \\ Ay A, ) (Qo) PV, P QY
(... Eq. 2.19)

For a two-pipe junction, setting Py and R equal to

zZero,

A QL2
Ky (eneory) = 2 [1 -2 (5;) coseu] ... Eq. 6.3

u

and, similarly, for a three-pipe junction, ku(U“wry)

is given by Equation 6.4:

= - Ab cosh  + Ab . Cos
ku(theéry) =2-2 (Xu—) e1.1 4 (%) (A;) %
cosB cosh + 2
Y ( Abb N Auu> (Qb QQ%)

. Eq. 6.4

(For a three-pipe junction, it must be assumed,
pending further investigation, that the lateral
pressure line coefficient, kb, will correspond
to ku and kw when the branch point of the junct-
ion is located on the downstream face of the pit.

These conclusions do not apply to pit junction structures
where the branch point of the junction is not located on
the downstream face of the pit and consideration should
be given to the following points:

1. Loss coefficients are generally higher
than those values that have been trad-
itionally used in design practice.
Typical values determined in this study

are set out in Table 6.2.
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TABLE 6.2 : Typical vValues* of ku and kw for Branch Point

Not on Downstream Face of Pit

= 0 = 2,0 - 0
5 /D 8 45 0 674 [*] 90
u’ o
k k k Xk k k
u w u w u w
0.7 2.05 2.90 1.70 2.50 1.50 2.40
0.8 2.10 2.60 1.80 2.35 1.65 2.10
0.9 2.15 2.50 1.90 2.25 1.75 2.00
1.0 2,20 2.40 2.00 2.20 1.85 1.90

2. The water surface elevation within the pit is
located above the upstream hydraulic grade line
by a distance of up to 0.3 upstream velocity
heads. (This value, however, may increase for
very low submergence depths). For a three-
pipe tee junction, the water surface elevation
willl correspond to the upstream in-line pressure
line. The lateral pressure line elevation will be
located below the water surface by up to 0.3 upstream
velocity heads. Thus, ku equals kw' and
kb < ku’ kw'

3. The pit size is an important factor in determining
the magnitude of loss coefficients. These
coefficients are minimized when pit sizes are

kept to a minimum.

4, A closed pipe junction theoretical solution is not
applicable. Data should be extracted from the

appropriate figures.

Where it is not possible to locate the iunction branch
point on the downstream face of the pit, consideration
should be given to the use of deflection devices such as
those outlined by Sangster et al (1958) and to keep pit
dimensions as small as is practically feasible allowing

for access and maintenance.

* vValues extracted from Figures 5.16, 5.18, 5.25, 5.27, 5.32, 5.34
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In summary, either experimental results or empirically
derived equations have been developed for the range of

pit junctions that were tested in the experimental pro-
grammes. It is envisaged that this data will be adopted

in urban storm drain design and will eventually be included
in a manual that will lead to an accurate design approach

for surcharged storm drain systems.
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TEST DATA

Test data determined from the experimental programme are
plotted in Figures Al to A60. Two data plots have been
prepared for each of the thirty models tested, being
pressure head change coefficient (ku) versus discharge,
and water surface elevation coefficient (kw) versus dis-
charge respectively. For each data plot, grate flow
ratio (Qg/QO) and submergence ratio (S/Do) have been

used as secondary parameters.

The data contained in this Appendix have been interpret=zd
to produce the experimental results presented in Chapter 5.

For most models, the grate flow ratio (Qg/Qo) was tested
for values of 0.00 and 0.50. 1In some models, intermediate
values were z2lso tested to verify the interpolation of the
test data. The effects of the grate flow ratio has been
established from this information and reported on in
Section 5.1. For each grate flow ratio, a submergence
range of 1.5 <« S/Do < 4.0 was also tested. Submergence
ratios have been numbered on both data plots for each

model.

Thus, for example, in Figure Al (Model No. 1), pressure

head change coefficients have been determined for grate flow
ratios of 0.00 « Qg/Qo ¢ 0.50. For each of these grate flow
ratios, a range of submergence has also been examined.
Likewise, in Figure A2, water surface elevation coefficients
have been determined for similar ranges of grate flow and

submergence ratios.

In the interpretation of the data, the effect of discharge
QO was considered to be reflected primarily by the submerg-
ence ratio (S/DO), since, in prototype application, the
submergence will vary only with variable discharge.

Where variations in derived loss coefficients occurred

for constant submergence but with variable discharge, test
results have been interpreted for discharges of approxi-
mately 6 1/s. This selection eliminated the higher
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potential for experimental error at low discharges and
represents a medium value of discharge and velocity in
the prototype application (for example, 6 1/s flowing in
a 94 mm diameter model represents a velocity of 2.44 m/s

in a 750 mm diameter prototype).

The effects of variations in the diameter ratio (Du/Do)
are reflected in the data plots for coistant angle of
deflection 6. Thus, for example, Figure 5.2 has been
derived from an interpretation of Figures Al, A2, Al3,
Al4, A25 and A26 which have all been plotted for 6 equal
to 0°.

All experimental results included in Chapter 5 have been
produced from a similar interpretation of all other data

plots.
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RATER SR FACE ELEVATIOAN, CoEFRICIEAIT

A/GL/RE A8 :

A-10

DATA PLOr FOR A100E&EL AL. &

WATER SURFACE ELEVATION COLEF(CHAT VS DISCHARGE (R, -

3.0

2.5

143

lo

9=45-0/ Da“?MM , Du'?’MM/@XU N Ae)

(FIGURES INDICATE SUBMERCENCE RATIOS )

(— mworcares  Re/Q, = o.50. ).

/-89-
l'w_
237
3
1.76
2%-
1.7
V4 23
~3’g ;2” Szt
29 % 3%
1y T3 250 &0
et 7% 1703
[ Ry 264 — Qe/Q,=0-c0
_| -
5-;’/— 4932
i A
. T
ca- - eg G 8:3)- s Qe /R, = 0-50
4-9"'547’ 6'34"
52—
97 52-
I 1 T — -
1~ e 4 6 9 /J

Arodtr  DiscmarGe @ (LK)



A-11

FIGURE AD: DATA PLOT FOR MODEL No. §.

PRESSURE HEAD CHANGE COEFEICIENT VS DISTHARGE Q.
©=67°, Doz oMM , Dyt 70 MM, Aoh, " ic0
(FICURES INDICATE SUBMERGENCE. RATIOS ).
(- wDIca7es R /Qo = O. 50}.

30
-
2.5 | ’.75"
-
- /08;’-
3
U
%
V]
g - )
B
23— . 2‘2"’
8
'3 267 4050 47 ot
T > ) hsy ——— Qo/Q, 0.00
536- 458°
20%- 5'&4"
ﬁ 2.09- 370" o2 -
Jo7l =~ ; .
/‘s - 3.82- .” 8-36_
qe2- 67~ Qc/Qs = 0.5
436 1.9~
2.50-
)
1 1 | 1 {
o 2 4J 6 8 /0

MODEL DISCHARGE Q (Lf).



‘%, ~

WATER SURFACE ELLEVATIONS COEFKTCIENT

A-12

EFIGURE A/10 \ DATQ FALOT FOR AODEL NO. K

WATER SURFACE ELEVATION COEFS/CIENT™ US. DISCHARGE Q. -
(-4 —
© =6¥" , Dy yoMur , Dyz70 MMy, A9y = leo,
(FIGURES INDICATE SUIBAERGEA/CE RATICS)
(—NDICHVES /@, =) .

3.’ _ 1796~
.69
25 i
2.29~
74 .
. 707 9/4 e QG/Q Q Ao
20 —_ 1; %_ 1-57
293~
3.9-
2:67- 370-
53 S
29" ‘}12’ - $p-
a5~ — R/R,T0%0
445 7 8:36-
4-67- ’ §.07-
1§ i 350~ . 43— 89-
r0 T T T T 1
(] 2 4 & & 10

MODEL  DiscHARGE Qo (Ufs).



t
PRESEURE HEAD CHANGE CoerFicenT Ay .

LTCURE 4// . DATA PLOT FOR MODEL NO. 6

PRESSURE MHedd

CHANGE. COLFFICENT US. D/ISCHARGE Q4.

O=M® , Do T70MM , D, oMM, Ay 00

(FICULRES INDICATE \SUBMERGENCE RATIOS).

25 — (~/NDICATES Q54 ca;o),
257

60~

2.0 —_
20 g
2.9
2‘52{5 246~
2.‘:- d 7,‘7
- ¥ ap 637
2,6/ 0 %
e 28 il ‘
% 3.07- & :

. Z.60 vy 4. 04 ¢ 7 8:-4://-1: ' Q/Ro * 0.0
s - 22‘653 37~ 2% . A

Ju- 31 4,76~ 48~ ‘i

- S~ S/~

i - g .

4.5~ 42- 78~ 8%3- Q/Qoz0.50

3.87-
/.0 ]
0.5
) f 1 1§ I 1

0 2 4 é 8 . o

MODEL  DISCHARCE Qg (‘ZA}_), |



{
WATER SURFACE ELEVATION, COEFEClENT K, 7.

A-14

SIGLRE 412 2 DATA PLOT RAR MONEL Ao: &

/
WATER SURFACE ELEVATION COEFEICIENT kw, ' US DITHARGE Qg .

095, D =Jorms , Do o sm, 4, oo

(FIGURES  INDILATE SUBMERGEACE RATIUS)
Re/Q, = 0-50).

(= WDICATES

)4 .
257
80~
25 _ 257
26
2:63-
2.5
8%-
zp - uz% B9 43 |
\..%7 8% ~—— Qo/Q079.00
22 30~ g 985 3 o
267 I8 76
y 3% AP
&= st
25 sy ym
4-2- 48~
3 45
37
’-‘ — 2‘7?' 7.25.—
457- S 7-93=
>8- 0-£2~ ims aw- Qe/R.= 0.5
2.8
/ g i 1 B
/ 2 6 é 0

MObEL  MiscHARGE @, ( L&).



A-15

FIGURE A13: DATA PLOT FOR MODEL Ab. 7.

PRESSURE HEAD CHANGCE COELFEICIENT Ky VS DISCHARGE Q.
8= o°, Doz DI MM, D.,:;bMM, ’%u=/-éb3

(FICURES IWDICATE SUBMERCENCE RATIOS.).

7/

(3

PRESSURE HEAD CHNAMGE CoEEFICENT

20 —
1-84-
- L h%- _
2.29-
- 2.61- ‘ L
/.73- Lo ’ 277~ B ..
3 o .
8- Zodb—p- 0- —_—— Qg :0.%0
o _ - z.n-;z" j“; y 2805
U sme B R e g
2.8/- 35 b
25 3
o ]
"‘,‘:,’
[o
227 F&0 I
2_75 . ‘ ) b : N
2.3 37 i Ra/Q 920
3;7& 27 T S-E-RIESPEN PRI
2 z
~L.0 _
1ol
»3l . , |
133 0.85 - A S
- 1,63 rz x P :
7% il o zi8. 1
262 0.0 .
25/ 252 Qs /0
3.5 : L
|
20 ‘
-2.0
I i 3 T i 1
- | !
AL
o z 4 € 8 RS-
|

MODEL DISCHARGE 4 l( [/s).l




A /
WATER. SURFACE ELEVATION COEFFICIENT &k, "

A-16

S/OURE A/E -~ DATA PLOT FOR MODEL ANO. 7.

WATER SURFACE ELEVATION COEREIC/ENT VS, DISCHARGE Qg .
9"-00; Do =8¢MM/ Dy, = 7OMM/ '4%4a=f.aos.

(HIGURES INDICATE SUBMERGEACE RATICS).

z N
1A~
2.29-
el 7
22-2 q—=17]= 2.67-
- T Qe/gr0
2.3- 2.477.68-261- .
5 3 w_z 7 2'46——?'77' 368
>é- ST 30 Ja0- 44 ,
’ ) I dw"gg: 38~ S22/~
34~
17
0 -1 e 7
35 i RQ,=o
25 B 4%
23 o)
2 375
28
c.’ —
131
/B 23
3.0
127 x 2.81 QR = 0.00
22 262
> 3.5
3% 1t
163
-2 T T T | )
0 2 4 ) 4 10

MODEL.  DISCHARGE Qo (Ufs)



et .

CAHANCE COEFETICIENT

PRESSURE  HEAS

A-17

LI/GURE A/ DATA PLOT FoR MODEL NO. 8 .

PRESSURE HNEAD CHANGE COEFF/C/IENT VS, DISCHARGE Qq-
9=222£° , Do = OFrrn7, D‘,='7OMM/ %:/’.&JJ

(FIGLRES  INDICATE  SUBMERGENCE RATIOS ).

2. —_
1,76
2‘“ 2”6‘
T T Qq/Q°=O.50
! T 463 44
o —
134
140
=/ oo
B 7, 2 ' -
3-5? 30 Qq/Qg = ©-00
/u“ 3‘ EI : )
257
3.65
2:29
284
—Z | | T T 1
o 4 4 6 & 0

MODEL DISCHARGE @, (L/s)-



/
W

COEFFICIENT

WATER SURKACE ELEVATION

FIGURE A/6 -

A-18

DATA PLOT PR MODEL ANO. 8

/ /
WATER SURFACE ELEVATION COEFFICIENT K US DISCHARGE Q. -

©222{°, D, powm, byz g, Y 1.803.

(FICURES INDICATE. SUBMERLENCE RATIES)

(= mworares WG, =0.50)

-
/76—
2.5~
2.6~
403~ QC/Qo = 0. 50
— 44/
13
10
129 12 ,
30 .
- 146 280 — . Q¢fRpC00
361
5 27
264
227
) 1 ! 1 1
0 2 4 6 é v
rMODEL  DISCHARGE Qo (U/S).



“%e .

CHANCE COEFFICIENT

PRESSCRE  HEAD

A-19

FIGLRE A/7 2 DATA Ploy FOR ModDEL No. O

PRESSURE HEAD CHANGE COEFIC/IENTS W DISCHIRCE Q) -

©=45°, D, = oM , Dy=ny, %4, =1.803 .

(FIGURES INIDIOATE SLBMERGENCE RATICS).

1.8 -
2,12 2.8 EY . l -
2% — = O.50
w00 vst - Q/q=0-50
- 157 N
K ‘ I/ o
g B S e ' |
& T R - Qg/Qq = O:C0
258 245 29 N - I
% 27 SR
3f7i8
113
1 A { } H
< V4 6 8 /0

MODEL DISCHARGE

Qo (l/{).



K !

1

MKATER SUREACE ELELATION COESFICIENT

A-20

FIGURE A/8 » DATA Proy” FOR MODEL ND. O,

r, v
WATER SCRFACE ELEVATION COEFFICIENT Ky, US OISCHARGE @,

0-45°, Du= JoMm Bz 94 mm

A4, = 1.803

(FICURES IMOICATE SUBMERGENCE RATIOS,) |

2 —1 (= morcares R/Q, = 0.50).
83—
2.3 Q. /Q, =050
3.%- 2.81—
Z'E- J.y__ 3‘59"
4-0l- b0z~
I -
o —
1:50
1.57
373 16
/68
25 7.4 3.0 2. — %/Q°=O‘m
78 28 78 3 390
R 378
—[ -
-2 T 1 T T 1
o 2 d 6 8 o

MOQEL ODISCHARGE.

Qo (l/‘f)



14

PRESSCIRE HEAD CHANGE COEFFICIENT ‘Ko

A-21

LIGURE AID : DATA PLOT FOR MODEL ANO./O

PRESSURE HEAD CHANGE COEASC/IENT US. DISCWARGE Qo
° A
O©=245" , DOy= JOMM, Do= A , T4, = (.63

(FICURES ND/CATE SUBRMERGENCE RATIOS) -

30 . =Inorcares 9, = 0.50 ).
235 -
1.85
3.8
178- 2’.04-
2..5 * . 2—“—
g:g’_ 3.05-
2.0 — A 43 40 260~ (382
- 8/
3.8 IO . -
. Blg- o 3D
- 4
1g- 332 ]
197~ 3480~ .
— 4.39-
32- 4.48-
29 398 52—
443 -
/.5 _ 209'
1D~
7= 412~
7.0
T T T T 1
o 2 4 6 8 10

MODEL DISCHARGE Qo (L/s).



‘hi

COEFFICIENT

WATER SURFACE ELEVAr/ON

A-22

AICURE AZ0 < OATH4 FLOT RIR ATODEL A/O. 1O.

WATER. SURFACE ELEVATION, COEFFICIENTS US DISCHARGE QO .
©=a5° D,z domm , D2t , 9%, = 16803,

(FIURES INDICATE SURMERGENCE ,em?osj, .
(—NOIATES Dy, =O0.)

30 — e
28
28 3.82
33 -
2 4.3
3-7;'2 208 4
2z
e 4%
2.5 — Y V- .
167- 2.85-
3.20-
3.05-
160 2.60-
316- S
337-
2.0 —_ J22-
250 398~ 340~ L gy
4-48-
37~ » 5.20-
4.3-
379~ ar
x -]
/'o
1 { B | b
o z q 6 é 0

MOOEL BISCHARGE Qo ( L/5).



A=23

FIOURE ALl » LATA Plo7r FOR AMODEL NO-. 1/ .

PRESSURE HEAD CHANGE COEFFICIENT VS DISCHARGE @ -
£L° =
©=67%", Ou= JomMM ,Do= UMy, D= 1803.

(F/GURES INDICATE SUBMERGENCE RAT7OS).

30 — @\‘/ND/O‘}TE-S Q%o = OE) )
2S5 4
e
¥
;
v
U
% 2:07
V] 2-87-
Zo — 1m- I

28~ -

HEAD  CHAAGE
N
R
[N}
5

287 A
FUSPUGEE ,._:;S 3-‘”- 4.15__ —— 247 )
I3 -
» 3.?4..
I’ s0g 407 2.89 ' ,
43 45 364- 4209~
372- 4‘” 2% '3:45‘3 !
y T .
¥ 4:67- 60 471
g Xy - -
P 3
o
2.5
1.0
: | 1 1 1 i
o 2 4 € 8 0

MODEL  DISCHARGE Qo ([ (/r) .



Y

MWATER SURFACE ELEVATION COEFFICIENT

WATER SU/REACE LLEVATION COEFRICIENT" VS OISCHARIE Qq -

3-0

25

zZ.0

]

/0

A-24

EFrOU/RE A22 & DATA4 PLDT™ FOR AIODEL NO.//

95672z°/ D‘/=kl"fM/ Do=wMM/ 4/,40‘:/-8&3

EICURES WEICATE SUBMERGENCE. RATIOS) .

(_ INEICATES QG/QO = 0. SO,) .

420~

.
1B~
2-07 6ol
| 3% 3% 4 &8
2 4 zd- a9 5.5t
- 153 a»
255
ol 348
3% 2t
3%
3%-
47~
364
4.67— 437~
T 1 T T =
o z 4 & 8

pronEs. OISCHARGE @ (U8



&

HEAD . CHANGE COEFEICENT

PRESSURE.

A-25

FIGURE A23 ¢ DATA PLOT FOR MODEL ANo. /12

PRESSURE MEADN CHMMCE COEFKICIENT VS IVSTHARGE Q.

O =S, Do = A 4 Dy =JoMM, %’/.JQS‘.
(FICURES  INDICATE SUBMERGENCE RATIOS )
(~ ADICATES Qo/By = ©.50 )

2.5 + ” » =7 .00
— )
&5 216+
168~
246+
20 _ 2:31~-
2.9+ 10
2.0¢- 3i-
2.02 . 40d-
3.84+ =
5 202
3P 173-
> 1-61- 3--
372 72 s
2 el
2 '57 3,92~ 39
[.: ] 3050 44l - 2% 393~
392 4.7/ 261 3.2
42U
354
13
1.0 -]
05
1 |13 1 ] L
(o] e qd € & 1@

MODEL DISCHARGE Qo (4f5).



A-26

FICURE A2 & 474 FLOT AR MOOEL AD. /2.

WATER SURFACE ELEVATION COEEEICIENT US. DSTHARE Q,
o
O=80° , D, =TomMr, Dy=Ftinr, Yok, =/ 803 .-

" (F/OLRES [ANDICATE SUBMERGENCE RATIOS)

30 : ~ %=~ 0.%0).
29)-
170~
E
3.
2.5 - 25 B
1.68-
B . /‘B- N
3P 202
/'p 23/~ 471~
35 20 . i'/ﬁ
: : 53
By
392 Z3- 503
L &
3% .8 4% 30— 445
2.0 . 7 _
392 4
2.26-
172
3.5~ 3-92-
5.22—
5% -
oy 395
15 —
/0 { | i { ]
o 2 4 Pl 4 /4

MODEL DISCHARGE Ro(” &s).



‘e !

PRESSCURE  HEAD CHANCE COEFE/ICIEN]T

A-27

A/CURE A28 DATA PLOT FOR MODEL No. /3

PRESSURE. HEAD CHAMCE QOBFEIC/ENT fop VS DISCHARCE Q. -

©z0°, D, = 127 Mm , Dus o s , A%4, = 3202

(FIGURES ~[NDICATE SUBMERCENCE RATIOS ).

2 — Enocares R, = 0.5 ).
.83~ 2.6
A 2%~
3.2-
309~
) -
.42 ]
- _
2.30 2.38 2,06
172
-6
| 1 1 ) T 1
o < 4 6 8 0 r



A-28

STCULE AZE - DATA PLOT FROR AIQDEL ANO. /3.

NWATER SURBACE ELEWATION COEFL/CIENT V8. DISCHRRGE Qg -

‘i

NWATER SXRFACE ELEVATION CQOQEFFICIENT

~&

e=O°/ Dy =70 Mry , Lp =/27MM/ ’4’%“: 3.292.
(F/CURES  INDICATE R BMELZENCE RATIOS,)

_ (= moscazes Rk = 0.5 ).

218~
/.85~
200~
J3.22-
3O 26—
- 2% 238 206
192
T T T T s
(o) 2 q € 8 /o

MODEL DISCHARGE™ Qo (U/S).



'é‘,{

PRESSCRE HEAD CHANCE CORFEICIEAIT

A-29

FIOURE A2 QOAT4 FLOT; £OR AODEL NO . /2

FRESSURE HEAD CHANGE COEREICIENT Koy US. DISCHARGE Qg .
©=22¢° D, = o1, D =12ymr, Yo f, =322,

(FIGURES INDICATE SLIBMERGENCE RATIOS)

2 - (~ morcaes Yo =0.4) .
7~ 18-
3%
o _
=2 -
'
-4 -
30 118
260 133
5 b
3y 191
-6 j T 1 T 1
o 2 4 6 & Jo

MoODAL DISCHARGE Qo (L) .



A-30

L/CCRE A28 ¢ DAY L7 ROR MODEL NO. /4 .

WHATER, SURFHCE LLEVATION COEFFIC/ENT™ US. DISCHARGE Qp .
©=224°, D= oM , Do = /Z7 MM, Hf, = 3222,

(FrOURES INIVCATE LIBMERGEACE RATIOS)

WATER  SURFEACE ELEVATION COEFFICIENT

2 - (=AD/CATES Q%O=O.50) )
=
"y 5&
X ° -
-2 _
I8
Y
~d . 1.48
2.58 2.35 133
1%
23l 149/
-6 T 1 1 1 1
o 2 4 é & o

MODEL. DISCHARGE @y (U .



A-31

SIGURE A2D @ DATA PLOT ROR AMOlEL NO. /S

PRESSURE MHEAA CWANGE COEFFEICIENT US DISSWARCE Qo .

93‘6.0/ DO = /27MM / Du‘”MM / 46/4”’332

(FIGURES INDICATE SUBMERCENCE eqnas).

v4 - (~ worcares X/, =0.50).
1.33 -
‘o — 176 - )
e 342 - QG/QO * 050
o) _
\
3
4
g
;} -2 i
¥
143
125
g 4 Qg /Q, = 00
) 2 23l +5
2.2
1:90
2'65
)
‘&l -4 _
3
[
<
&
)
J B 1 o T ]
o 2 4 6 8 10 2

MODEL DISCHARGE Qo (Ufs)



A-32

FIGURE A30 1 DAYA PLOT FOR ATODEL NO. 15

WATER SURFACE ELEUATION COEFFICIENT VS LO/SCHARIE Qo .
Oz 4f‘°, Dy = /27 MA7 , Do = J0AmT, ’4%’-'3.292.

(FIGURES INDICATE SUBMERGENCE RATIOS )

& 2 (= mpcares  Rg/Q, = 0.%).
4
X 2
N )
0 /33—
E 253~ )76~
3/2-
0
0
P,
X
3
% 143
" 23/
g -2 ~ 27 1% 159
N
2.03 & ‘7:% 5?5
-4 T T T T 1
o 2 4 ¢ & 6. .

AMODEL. DiSCHARGE @ (1/S) .



£’

1

PRESSURE MEAD CHAACE COEFECIEAT

A-33

FIGURE A3/ : DATA PLOT FOR AMODEL AQ. /&

PRESSUIRE HEAD CHANGE COSFFICIENT VS. DISCHARGE Q4 .

©=45°, Do=rzm, D= p0Mme Ao/l = 32002,

(FICURES INDICATE SUBMIERGENCE RATIOS)

= MmDICHTES  RG/Qy = O

2.0 -
1-7€
1.59
206
2.5 —
1.75-
2z
/89—
& 195 (85—
2.0 ]
3.06
2.7-
2.45 2.43
3.27
327 2.u
2:a3
3-3/-
L5 ]
360
3.5¢
10
’ f I | T 1
[ 2 4 (3 8 10

ATODEL DISCHARGE Ry (L/5)-



A-34

FICURE 432 @' DATA o)y FAOR AMoDEL NG. /6

KATER SURFACE ELLEVATION COEFEICIENT LS. DISCHARGE Qo -

WATER SUIRFACE ELEATION CosrtcwrT ‘£ 7

4.0

35

30

25

©=45. Dy = /2pat , D = par, Aoli= 3.290.
/

19
23 )
3.08
)
— 245
3
3
z
159 7
3.2
187
2.4
327 358

(CIGLRES NDICATE SUBMERGENCE RATIAS)

_ (~ morcares Raf, =0.50) .

175-
189-

/-65-

291

33~

1 1 i | 1

o 2 2 s P4 /o

AMODEL DrscmarGE Qo C/g) )



Crance  coermcienr ke’

HEAS

PRESSURE

A-35

FICURE 433 o DATA PLOT AR AMODEL. ANO. /T

PRESSURE HEAD CHANGCE COEFF/CIENT LS. DISCHARCE Qg .

2.8

L)
N

2.0

LS

L0

o= 6‘7240/ Dy =/2D ktar , 2, =ﬂ7MM/ '4’/42( =.8.222 .
(FIGERES INDICATE SUBAPERGERCE RATIOS)

— (—nvorcares Ry, = 0.50) .

/68
1-86
187
164~
/- 88—
215
/83
23
Z:6/-
20
2:25 3-%-
2:8
2.59 273
3.20 249
322
1 ] { T 1
o 2 4 € 8 0

ModEL — DIScHARGE Qo (Us).



(4

SURFRACLE ELEVATION) COEFFICIEANIT

WATER

A-36

FASCRE A3 DATH PLOT AOR AMODEL NO . 17

WATER SURSACE ELEVETTION COEFIC/EAIT U OSCHILSE Gy -

>5

25

& = 6721" p = /27 it / _Q/-_%MH/ 4% =3,252.

188

-~ /-68
87
2:25 é,f?
259
20
3.2 23
23
- 28l
34

(FIHIRES INOICATE SUBMERGENCE RATIOS )

- (— mocares Rl = 0sp) .

164~
{-88~
2.61-
1 1 ot i L
. 3.24-
[?) 4 4 6 8 le

MODEL  DISCHARGE Qo (Ufs).



PRESSURE HEAD CHANGE COEEFICIENT ‘Ko’

A-37

FIGURE A35 - OA474 PLO?” FAOR ArOLDUL AO. /8 .

PRESTLRE HEAD CHANGE COEFF/ICIENTS US. O/SCHARGE Qo -

2.5

2.0

r.5

/.0

o X

6= So° L Dp /Ry a1, O, = Ot ’4?/4¢.=3.232,

(FIGURES INDICATE SUBMERGENCE RATIOS)
(# mwrcares R, = 0z5)

i (= moicares /@, =0.2) .
.87
— 1-57 .
172~ . 0=
1.y -
143 169
228-
‘2.39-
208 2w
I3
] 1.2 223~
219
139 L5 2% 30~ i%-
2+06
29+
25
3.Bx
2.67
T 289 2.82
2§
X4
307
3-06
T T ) | L
(o] 2 4 6 4 10

MODEL DISCHARGE Qo (45).



A
WATER SURSACE ELEUATION CQEFFFICEATY léw .

A-33

FIGRE A38 - DATA FLOyr FOR MODEL. ANO. /8.

WATER SURA/ACE ELEVATTON COEFRC/EN/7” IS, O/STHARGE C%
©=B° |, D, =20mm1 , D, = Joras Ao/l = 3,292,

(FICURES INDVCATE SUBMERGEI/CE RATIOS)
—maicares Xe/fly,=0.9 ).

4.0 — 1-24
. /57
+37 1-43.
& 187
3~
3.5 ] 5
2.06
A
2% ez
220
245
208
30
39
’ 2-6)
o0 —
26/
F72= 3
193~
28 —
2.07.-
239 228-
2.0 T ] T ] Rl
- o
(o) 2 24 6‘2.74 & 5.

prodeL  DISCIARGE Q (45).
3.0~



"éyf

PRESSCIRE HEAD CAAAA/GE CoEFFICIEATS

A-39

EIGURE A37 ¢ DAard4 PLOT FOR MODEL NMO. /1D,

PRESSURE MHEAD CHANGE COEFFIC/IENT US. D/SCHARGE Qs
o
Q= 22F , Lon Doamy , 2y = bAmy, ""/Qﬁ/.oo.

(FIGURES |NOYCATE SLBMERSENMCE RATIOS )

20— (~ micares Vo, = 0.59).
91
M-
Iy
5 | 226 28~
326
43~
4!74-
.y 8
, 0 | 24 9%
) KY/j j
; R 74 580
20 58 '
K S 7
163
0s ~
ﬂ I | L I |
o 2 4 ¢ &8 0

POOEL DIscHARGE Q, (U/S).



J
WAATER SURFACE ELELATION COEFFICENT ki, "

EreuRE A38

A-40

D74 LPLOT FOR MODEL NOT. /O

WATER SCURBACE 139 ELEVATION COLFMCIEAT Uy, DiscrarGE Qs .

O =.22{° D= i, Dy =To b, “ofiy = l00

(FICURES INDICATE SUBMECCTACE RATIOS)

2.0 _ (= IADICATES ‘G?Wo = 050).
226
2.8-
3.2 -
,.S - i
473 -
4.3~ 2.8
31 .14
14 36
244457
é.ig 560 %2
22 9.36
/-0 — /.63 5-&1584
o.s _
o T | 1 i L
o 2 4 6 & 0

MODEL — DISCHARGE Qo (U/s)
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PRESSURE HEAD CHANGE Coerrrcinrs ko'

A-41

FAOURE ASD : D4rAq Pror FOR MODEL AO.20.

PRESSUIRE HEAD CHANGE COERFCIENIT US. DISCHARGE R .
O=45° , Dosorrmr , Du=jpins , “Su = oo

(FHIGLRES ININCATE SUBMERGEME RIS )

28 _ Cavcares g,z 0.%0) .
20
2.3/
243
178 ;l:g- 2.4
SR Y 2 3.07-
65 27
‘. 5%~
8 s 27
1.5 _
28 i

o

1
/.0 —

MaDEL OISCHARGE Q, (lfs).



)
WATER, SURFACE ELEVATION COEFFICIENT K,

A-42

£ Ge/RE AF0 » DATA PLO7 FOR, AODEL AC. Zo.

HALTER SIREACE Ll EATION QCOEFS/ICIENT VS L/SCHARCE Qa .
S=L5C | LDy=oitar , DLeJoriM Aok, = oo .

(FIOCRES  WDIATE SLIRAEEZENCE BATIOS )

25 _ (= npicares Q%o ~0.%0) .
J e
/64~
zo L 2.3/
2-/4
1-60 2.0-
3% 50
= 5T
2:6/-
590—
. _ 273
* %k 5:/‘/57
- 514 4.63-
Lo —
o.§ T T T T 1
o 2 4 6 &8 (o]

AADEL LISCHARGE Ry ((L/S)



Ko

MHEAD CHANGE COELRRICIENTS

PRESSURE

A-43

FrGURE A4/ s DATA PLOTT FOR AODEL NO. 2/

PRESSURE HEAD CHANGE COEFFICIENTS US. DISCHARGE , Qp

.S

/.0

0.5

1=

=] .
©=4S°, D= Jotnt , D= Jorr, '%qw.o

[FIGLIRES INDICUTE SUBMERGEALCE RATICS)

.
( ~ moreares X586, = 0.50) .
414
- 49—
2.7 4%_
S0~
14
12D 3.06
18 337 32! .
2.0 S938  4a S Rs/Q, = 0.0
45 4-0326/
z00
I I T 1 i
o 2 4 ' & /o

AreoéL Discwarce Qq ().



WATER SURARACE ELLEUATION -QOEFF/CIENTS L. DITHARGE b -

/
rV N

t

WATER SRAACE ELEUVATION COEFF/CIENTYS

A-44

FICGURE A2 - DATA Pror FOR APDEL A/O. 2/.

25

20

L5

,.o

05

Q=4_<'° sy o= Jormr |, Dy = Jormy, ""/4“=/.o
-

. ((FrGURES INIDICATE SUBMERGIMCE R47/0S)

(= mocares Q= 0.5).

4.14-

59—
_ 5:;5

189

3.0

2.08 5ﬁ;z~3y

. WA 3.2

45 7% 7%

T T I | 1
o 4 4 & 8 1o

MODEL DISCHARGE Gy (&)
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PRESSURE MEAD CHANGCE COEFEICIENTS Ko '

A-45

FIGURE AL . 2474 PLOT FOR AOQDEL AL Z22.

PRESSYRE HEAD CHANGE COERFICIENT U8. DICHRAE (), .

25

53

lo

0.5

O=62%°,0 = pmy O,z DM, %4 = 100
(FIGURES /NDICATE UBMERSENCE RATTOS)

(— mpcarEs B, = O.50).

-
2.22-
-
297~
4.0
2.81- .
3.0~ 455 8.80—
- 472
241 34~
4-77-
170
437~
53 483 283
3} 400
44
- sty
. T ! T 1
(o 2 4 € a /o

ATODEL  DISCHARGE ((L[s).



WATER SU/RFACE ELEVWATION CoEFLEICIEAT "éw{

A-46

L/GULRE RAGEE & DA LLOr FfOR AMMODEL A/O. Z2.

ARVER SURFACE ELBVATION QOEFRICIENT LS. DISCHARBRE Q) .
O= 6%, L= Doy, 2, =orne, "@Q“ = /.00

(F/GLRES INDICKTE SUBMERGEACE A0S .

28 . K— INDICATES 4%0 =0.) .
223~
2.0 |
po14
479
633 29
2412 41
2028
3.44- 3.09-
170 3.80~
477
.8 _
43~ 18
7853
- 253 —
7, ‘
b 400
5.4
(-0 .
o-s 1 T T 1 , 1
o 2 4 € 8 /o

MODEL  DISCHARGE Q) (¢ 45) -



\
PRESSURE HNEAD CHANGE COEXrEICIEAITS é‘,/o

A-47

ErGURE ALS o~ DATA4 FPLOT FOR AIODEL NO. 28

PRESSURE HEAD CHANGE COEFFIC/IENT VS, DISCHARGE 4 .
2 Aog =

9.-,,32?.(“/ Ly » O2apt, O, = Jorrrt, "4 = /.803
(FICLIRES WEIVCATE SURLIERGEX/CE RATOS )

-

EnocarEs ReG - 0050 ).
N — . 65—
3.2/—~
55
co %
29
37
pA
283 »
lo -
5y
42 )9 36
422
as ]
o
L T T T m
c 2 4 Y g . - /1

MODEL  DiscHARGE Gy (L) .



NRATER Sc/RAACE ELEVAIYYON CaEFFICIEAST (,é'w /

A-48

AIGURE AFE - DAr4q LPLOFT FOR A10DEL XO. 3.

WATER, SURFACE ELEVATION QCOEF/FICIEN~ IS DISCHARGE Q-
©2a221°, Dy= Dy, O = Jorrry, 4, = (83

(FIGURES INDICATE SUBMERGENCE RATIOS)
(= mnicarss Ry, 0.50) .

20 — =
A 3.2/~
1.5 - 3}5‘3 4o
yeys-
%
2
3
1
pely
fo 4z
Q.85 _
o
I l | ,' L
o 2 4 & 8 )

rrover orscwarGE Gy (U5) .
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PRESSURE KHEAD Cran/GE COEFEIC/ENT /é‘,/

A-49

E/XRE AL)  DA7A PLOFT £LOR A100EL ANO. B,

PRESSURE KEAD CHANMGE COELEICIENT VS DISCHARBE Qo .

2.5

rs

lo

o5

O=25°, D= Seimy O =90, 4’/4“=/.803.
(FIELRES INDICATE SUBMERGENGE B4770S)
_ (-mworcarEes iz = 0.5,

2./0

201

n7o 2:/0 2.35

/.80
223

2.27"

= 2 4 & «Q /o

poDEL Drscwarse Q, (U5).
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IWATER ScmEACE ECEVATION CosFeicliaAy A’

A-50

F/Ge/RE ALE8 S DT PLOTT FOR ATODEL AND, 24

WATER SURCACE ELE\ATTON COEFF/IC/IEA) 1S, DLTHARGE & .
o
O=45°, n=9sm , Dus ormt, =182,

(FrGuRES WNDICATE SUBMERGENCE RATIAS,)

3.0 . (~ mibreares Qf?/@a = 0.50).
25 - 2:10
pL7 4
Y 2:3§
Zo  _ 80 _
2:23-
2.3
2529-‘
169~ 2.5
2' -
3.?326"
35
3%
LS - 42~
l.0




(74

COELFICIEATS

PRESSURE. HEAD CaMANGE

A-51

LIGURE A9 . OAr4 PLOT LFOR AMODEL AND. 25.

PRESSURE HEAD CHANGE COEFFICENT US. DASCHARGE Q.

o= 4r°/ Qy= Searns , 0 = Joarsy, ‘%Rcf.oo.
(FIGURES  IAUVCATE SUBMERRENCE 47705

= mipicares g o o).

.
2./~
16/
3.09-
3%~ 2K
4:1%-
7
/146 ."55
3-23
I { 1 T 1
o 2 < 6 & 0

ModEL DiscnarGE '@y’ (U/s).



A-52

A/AFHNRE ASC - DAr4 PLPLOT FOR AIMODEL AO. 25,

WATER SUREACE ELLLATION COELFICIEy VS, DYSCHARGE & -
S = 4:“’, Do s O2AIrg, Q =2 DArM, '(%“=/.603,

(FASIRES INIICATE SUBMERSENCE RATICS)-

/
W -

\

WKWATER. Sc/RAACLE ELEUAAT/ON COEFFICHENT

3 _ O~ morcares Ko, = o s) .
2 -
/€)=
2.0
G- 3.09—
g y:83— 37~
/ —]
o 7
146 /.65
3-93
~/
I | |9 ] 1
o 2 4 & 8 /0

AMODEL DISCHARCE Qp (L)



A-53

E/GURE ASY ~ DATA FLPLOT £FROR MODEL N . 26 .

PRESSURE HEQD CHAMSE COEFFCIENT US. DISCHARGE Qg .
o = A =
©:=69F°, D=y, ny= Do, "M, = 183,

(FIERES AILCATE SUBMERSGENCE R477a5) ~

2.0 _ C —novcares Rg, = 0.5 ) .
24—
29~
<
d
¥ 1. _ 333-
7 , 2:83-
)59
g 4-40-
Q
J
8 /o
3
Ry
u 4.93
1% 24
Q Z 7);
Q /22 380
»t
o.s A
/.60
o
1 i T T 1
o 2 « 'y P ©o

MedeL  Drserarce @, (G5).



b !

ELEVATION, QCOELFEIC/EAST

WATER SU/RFACE

A-54

FIGURE A5 » DATA FLOT FOR MODAaAL Ao . 26

KATER S/RFACE ELEUVATION, COLELLIC/IENT US. DISCiaRGE Qo .

o

e

O =67£€ Op = S h7], 2 = DM, ‘4%4“_: /. 8aS.

(FIGURES MIOCATE SUBMERSENCE RATIOS) ..

2.0 _ (= mprcares  KgQ = 0.50)
2.-
204-
- 3.33-
" N 2.8
440~
15
.60
2
- = 2:45
by
14 203
38
ro ]
oS -
9 T 1 I | —
(24 2 4 € 8 /0

AMobEr Drscaarés @, (L) .



PRESSURE — HEAD Crtan/ee cosrrciENy &'

A-55

LITGURE A8 = DATA PLOT FOR AMODEL AO. 27

PRESSURE MEAD CHANGE COEFEYCIENT VS D/STHARGE (R .
G:22£° , Do= R7My R= Jorm, Aoly, = 3297
(FTCLRES O/ CATE SUBMERGENCE RATIOS ) ..

20 ~ (=~ INDICATES chgo = 0.50).

1.99—

2./7=
/.55 —

’L5 2.5~

3-09—

/63

L0 -

22422/
22%

20!

3.0
[_.'p 2‘ 5
-2-56‘;5
0.5 _ 220
302
/12

[ [ 1. i | T
0 2 4 6 8 /0 .

MODEL  DISCHARGE Qy (U/5).



WarerR SURFACE ELEvATIons Cofreicrany YKl

A-56

L/SURE ASE . DAT ,LO)yr FOR MODEL NO. 27,

RATER SURFACE ELLELATION QOLFEICIENT VS. DISCHARGE Q) .
- /0 = 4,
O=22£° , D= @ mm , R = porrr, Wy 2282

(FIURES NOICATE SLUBMERGEICE RATIOS).

z.5 - (= moncazs Qg/qg =0.%) .
L0 -
/- /»-63
ol >/
, 22
.46
%
L5 o 2.5~
3.09-
2-56
2-2!
LO _—
/1/2
3-2
o5
] f I ! |
o -4 4 é 8 /o

Mover DiIScrarze @, (L)



PLESSURE MHEAD CHANGE Cosescuir K,

A-57

AICL/RE AES - DA7a PLoy FOR ATADEL AR, 2B.

PRESSURE HEAD CHANGE (DEFFICIENT US DISCHRGE K -
O = 48°, B i2pums, Do posms , ok, = 3282,
(FIGURES  /NIYCATE RIBMERGENCE RATIOS).

Lo - (= mocares Re/Q =0.55) .

ol o .

2o -

/-5 - 3H-

/.0 )
[ t [ f ]

o 2 -4 & & /o

Moper. DiscrArRsE @, ((5) .



aren SCRFACE ELEATION CoerscreaT Yo,/

A-58

A/GRE ASE | DA7A4A FLOT FOR AropEL AO. 28.

WATER SURFACE ELEVAIION COLFE/ICIENT US D/ISCHALEE Qp -
o 4 ‘V
G=F" , B2 r2prmr, B=70 I't dpr, "4 3282,

ﬁcxsgeeg ANDICATE SUBMERTGENCE EAﬁUSﬁ

/63
3.5 —

(= worcares R, =0.9) .

/-%8

2H

30 -~ 259

Py — 35

2.0 —] 1-45—~

/5 /=

o 2 & 6 & (=]

AroDEL  Drscares Q (U5).



kzl/

PRESSURE AEAD CHRAVGE COEFFICI/EAT™

A-59

FIGUBE AS5) & DAZrA PLPLor FORK ADEL A/O. 29

PRESSc/RE HEAD CHANMGE COEFFICIEAT VS. DISCHARGE &y .

[~ ]
©=45 °, nozrzrmmr , D= oand, “h, s 2207,
(EIGRES NDICHTE SURMERASEME /?47705) )

— = wrcarEs Kyl < 0.5)

16/~
2=
243-

2d

/87
2:07

4%

T L T T —
fa) 2 « & 8 /o

atopel DiscmarseE @ (05).



A-60

FIHIIRE LB «~ DASHA PLOFr LOR MODEL ANO. 29D,

WATER SURFACE ELEVATION COEFFICIENT US. DISCHARGE QYo .
(<] -
= L85 , I} = /Z7An1, D,= JOMM, 4%4“= 3.282 .

(T GRES  INDICATE SUBMERGENCE 247705,

4 - (- worares V54 = 0.5 .
\
¥,
3
Q 2'/7"',5'/._
d %94
$
R
N
y
g
)
9’ 7
207
T 44
\S 117
X
¥ r T T T |
o 2 >4 & &8 /o

MooEL OrscuarcE @ (fS).



A-61

F/GU/RE A8D -~ DA PLOyr LSO ATQLDLEL A0, 3o .

PRESSLIRE AEAD CHANGE COEFE/CIENT US. DYVSCALARGSE Ra .

Go 6L, Dy = 127411, Dy = 20 rig, Aoy = 2282,

7
e .

PRESSURE FEAD CArarn/GE COELLEYCrEA/T

(FIGURES INDICATE SUBMERGENCE RATIOS)

6 - (— INLDICATES C&;/Qo = 0.5,
<2 -
/93—
oy
2 — Z 3‘}-
2./0-
For-
o - /8.
5%
=2 T 1 I T T 1
o 2L T4 € 8 /o

AMopeL Discsarce @ %>



A-62

A/ee/RE A D74 PLOT AR AMODEL NO., 3.

HATER SURSICE LELEVATION QCOEFEIC/IEALT VS O/SCHAIRGE Rgq.
S~ 67° , D = sapams , D, = Jorms %4, - 3282,

[(FIGLIRES INDVCATE SUBMERGENCE RA77QS) .

WATER SURAACE ELEVATION COEFSIC/EAN T 141, /

P —_ (-— INIYCRATES Qg/qo = O-jb) .
4 _
/93~
236 Z/ 157
2 — 232~
3/3
3./0-
3.9~
0 -
2 T = T T ]
o 2 & 6. &8 0

MODEL DISCHaRGE R (LE).
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