l * National Library of Canada
Collections Development Branch

Canadian Theses on

Microfiche Service sur microfiche

NOTICE

The quality of this microfiche is heavily dependent
upon the quality of the original thesis submitted for
microfilming. Every effort has been made to ensure
the highest quality of reproduction paossible.’

If pages are missing, contact the university which

granted the degree.

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

Previously copyrighted materials {journal articles,
published tests, etc.} are not filmed. '

Reproduction in full or in part of this film is gov-
erned by the Canadian Copyright Act, R.S.C. 1970, -

-

accompany this thesis.

THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED -

Ottawa, Canada
K1A ON4

Service des théses canadiennes

¢ (C-30. Please read the authorization forms which

. Bibliothéque nationale du Canada
~mirection du développement des collections

AVIS * Y

s~

4 La qualité de ce(te microfiche dépend grandement de
la qualité de la thése soumise au microfilmage. Nous
‘avons tout fait pour assurer une qualité supérieure
de reproduction.

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

La qualité d'impression de certaines pages beut

laisser & désirer, surtout si les pages originales ont ete

dactylographiées a I'aide d'un ruban usé ou si I'univer-
_sité nous a fait parvenir une photocopie de mauvaise
qualité.

Les ‘documents qui font déja I‘objet d'un droit
dpauteur (articles de revue, examens publiés, etc.} ne
sont pas microfilmés.

La reproduction, méme partielle, de ce microfilm

est soumise a la Loi canadienne sur le droit d'auteur,.

SRC 1970, c. C-30. Veuillez prendre connaissance des
formules d’autorisation qui accompagnent cette thése.

o
LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS RECUE

T A

3

NL-339 (Ra¥. 8/80!

JRTSNE Nr R |



A Laboratory Investigation of Possible Improvements

in. the Mixing of 90°-Confluence Flows at
Box Culvert Outlets

by

Douglas M. Joy

A Thesis ‘
presented to the University of Ottawa
in partial fulfillment of the
requirements for the degree of

Master of Applied Science !
S~ én .
4 Departmenh 0f "Civil Engineering

-

Ottawa, Ontario, 1980

(g)‘Douglas M. Joy, 1980

Douglas M. Joy, Ottawa, Canada, 1980. = -



PREFACE

—

Intersecting.chénﬁels is a situatioﬁ-that is often en-
countered in land drainage. For example; this is freguently
the case with higgwaf drainage'éulverts,:where a cylvert
through a roadwaf embankment discharges into a reéeiving
stream flowing parallel to‘the émbankment. Quite often, be-~
‘cause of the complex mixing processes at the confluence, ﬁany
intersections of this type require special cdonsiderations.
Thgse speéial considgrations may ‘include protection of the
natural channel boundaries against.excessi#e_erosioﬁ and the
prediction of confluencé energy losses. 'In the absence of
special outlet structures {e.g. stilling basins) these prob-
iems are often solved by stabilizing thé‘stream boundaries in
the immediate Qicinity of the 5unction (rip-rap protection,
gabions, etc.).and/or reducing the angle of intersection

- between the two channels. However, thesersolutions can also
be expensive, both in capital, and maintenance costs.~ On the
other hand, little work has been dcone to improve culvert
outlet geométry with a viéw to reducing confluence losses

and abnormal scour in the Junction area.

" Knowledge of the flow conditions at a confluence can
help the designer regarding two important design considera-
tions. First they tan assist - the engineer in better evalua-

ting.the energy loss through the tonfluence, by knowing the
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orde; of magnitede of the losses due to the E%nfluence,-and
“knowing.the energy correction factors dOWnetreaﬁ'of the
confluence. Secondly, prior knowledge of boundary shear
stresses that may occur will allow-the engineer to provide.

the required protection needed to. prevent erosion.

<

™~

‘\The géal of this study was to investigate, by means of
a phyeical medel the effects of small changee in culvert
outlet geometry on the flow condltlons at and downstream of
the\ESEﬁi//;ce. This with the goal that an overall reduc-
‘tlon in cost for_a typlcal installation could b€ achieved by
heving a 90° intersection and vet providing minimal brotec—
tion against scour in the receiving channel.

A laboratory model with 1.83 m and 12.3 m long channels
(rep:eseﬂting the lateral culvert and receiving channel res-
pectively) was used in the study . Evaluation of the perform—
ance of each outlet geometry tested was over a range of flow
rates and by measurement of several pertinent parameters.
These parameters included boundary shear stresses, energy
correction factors and the ehergy loss through the conflu-

ence over and above that loss due to friction. -
It was found that the use of energy correction factors
equal to unity, as has been routinely done in the past,.

would lead to errors as high as 95% in the estimation of

- ii -

-
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kinetic energy levelg,dOWnstream of the confluence. In addi--
tion to this results showed that substantial improvement in
the flow conditions downstream of the confluence could be
achieved by beuveling (flaring) éhé downstream cornefvof the

culvert outlet..

The principal areas in which this gébmetric alteration
_showed improvement were as follows: (i) reﬁuction'in £he
‘energy correction factor kwhicﬁ'can.be,used as an indicator .
of the degree of velocity distribution distortion): and (ii)
reduction in the boundary shear stresses generated immediate-
ly downstream of the COnfluence.. Although the;e reduced
values (parti;ularlytjm shear stE?ssegl were not as small as
those found for uniform flow conditiOns,.the overall improve-
ment dver that for a square-edged outlet was none-the-less
substantial. Figally, altﬁough related énérgy losses were
‘determined, values were found to be quite erratic and since
no identifiable trend waé noted it was hot possible ﬁo state,
conclusively, the effects of these 6utlets chaggéf ongconflu—

)

ence energy losses. . no ¢

. N
!
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NOMENCLATURE

thickness of tﬁrbulent boundary layer
diameter of pitot tube

total energy/unit mass

potential energy/unit mass

energy/unit mass with respect to local
temperature

kinetic energy/unit mass (v2/2)
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Manning roughness coefficihent

ratio of 1atefal channel width to main channel
width (B,/B)

ratio of léfe;al channel flow to combined
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local pressure
local velocity

local velocity measured with pitot tube
against boundary '

- shear velocity (T/p}l/2

distance from channel boundary
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pressure
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energy level in control wvolume

change in total energy in control volume
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friction loss from section 1 to 2

turbulent energy loss/unit weight from section
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total turbulent energy loss
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work done by a system on its surroundings
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distance along main channel from channel -

junction (positive downstream)
relative distance along main channel (X/Bm)
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" turbulent boundary layer

distance from origin of turbulent boundary layer
distance from cross section 1 to 2

distance from left wall
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turbulent energy loss coefficient for lateral
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turbulent energy loss for main channel flow
total turbulent energy loss coefficient
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Chapter I

INTRODUCTION

1.1 INTRODUCTORY REMARKS

In the field of Open Channel Hydraulics situations
sometimes occur which are often difficult, if not impossi-
ble, to describe using the conventidnal flow eéiations.

This can be due to any number of reasons, including high de-
grees of turbulence and large numbers of floy fiela influ-
"encing variables. The complex flow field generated at the

confluence of two intersecting channels is just such a situ-

ation.

Channel junctions are often encountered in highway cul-
vert design, i.e. discharge through a roadway embankment
into a’ larger (receiving) stream flowing parallel to the em-
bankment. If the flow rate of the larger stream is much
larger than.that discharging from the culvert, this situa-
tion presents no particular hydraulic problems and can be
adedliately described usingione-dimensional flow equations.
1f, however, the flow discharging from the culvert becomes
substantial {(relative to the receiving stream) the direct

discharge of the lateral flows into the natural stream may

cause significant problems. At the confluence of the two
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streams the compiex (and highly turbulent) mixing processes
generate both an unstable and asymmetrical flow field in the
vicinity of the intersection. This instabiiity in the flow
produces (secondary)‘surface Qaves which then propagate }
downstream for some distance. Also, a severely distorted
velocity distribution results in high boundary shear stress
concentrations which in turn can cause severe local scour of
the natural channel. The occurrence of either of these two
phenomena iiﬁgenerally.cénsidéred unacceptable in culveft
design. Thus for design purposes, the practicing engineer
is ‘concerned with minimizing these, as well as determining -

‘the magnitude of the confluence energy losses.

In present préctise avoidance of local scour and down~-

stream disturbances (surface waves) 1is usually accomplished

in one of two wa irst approach is to keep the angle

of the ¥wo streams to an absolute minimum.

-

Although this avoids the above mentioned problems very ef-

of intersectio

fectively (with some significant restrictions discussed in
the next chapfer) it requires very long culvert lengths at

smail angles of intersection. Also, in QOme.cases this may
not be poséible, either because of 'right-of-way' limitations
or because the culvert may already be in place before a
problem is realized. The other solution quite often used is
to provide protection to the boundaries of the natural

stream, not only in the area of the intersection, but also
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“distance downstream. This, however, has the disad-
vantage of high-.cost and in addition the necessity of per-

iodic maintenance.

While a considerable'amount of work has been done in
the past concerning highway culvert design, most investiga-
tors have concentrated their efforts on the reduction of
head losses at the culvert inlet (8,10). Culvert outlets on
the other hand have received little or no attention (except
when they are designed like spillways) and are usually
conSﬁructed as mirror images of lhe inlets. This is contrary

to the fact that the design objective at the inlet is to

minimize the energy losses and at the outlet the objective
“\

is quite often to mMaximize the losses.
Given this paucity of information on intersecting chan-

1.2 STUDY GOALS

nels in general and specifically for that where culvert out-
léts are concerned, it was the goal of this research pro-
ject to investigate possibilities whereby the length of a
culvert could be minimized (by having a 90° intersection)
and the required scour protection lessened; all of these so
that an overall cost savings could be realized for the typi-
cal installation. To be able to realize an economic benefit
and yet have an inflow at large angles of intersection re-—

quires two things:
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1. An improved outlet junction structure to promote

a more efficient mixing of the two streams;-

2. 'Rapid dissipation of the lateral momentum intro-

duced by the lateral inflow.

These will first of aii minimize the levels of turbu-
lence and instability generated at the confluence which
cause surface éaves to propagate downstream. Secondly, and
perhaps more importantly, high boundary shear stresses
{caused by distorted velocity distributions) which encourage
scour will be reduced. It is possible that by altering the
geometry of the culvert outlet this can be accomplished at

Al

an overall cost savings.

Due to the aforementioned instability and-complexity of
the flow field, the hydraulic conditions at the channel con-
fluence are difficult to describe accurately from a theoreti-
cal viewpoint. This situation then lends itself well to a
scale model study to examine the mixing processes and moni-
tor the effects produced by discrete changes in the junction

geometry.

In studying the effectiveness of various proposed junc-
tion geometries several aspects of the flow field will be
examined. First, dye studies will be made to determine,

gqualitatively, the mixing patterns of the two streams for a
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widé range‘of flow éonditions. Secondly, velocity profiles
will be obtained at several locations downstream of the
junction‘to examine theufesidual effects of the initial mix-
ing process on the combined flow. Thirdly, actual boundary
shear stress distributions (based on the resulting distorted
flow field) will be determined to identify where scour may
occur. Finally, energy balances will be made through the
junction and the logses due to friction and turbulence det-

‘ermined.

In installations where very high velocities occur,
say an average velocity of over 2.5 m/s, channel bed protection
by itself will not necessarily prevent scour éndnppus sophis-
ticated energy dissipators (e.qg. stilliﬁé basins) ﬁhst be
employed. The present study was directed more towards instal-
lations which have average velocities below these high valueé.
For example if the model scale was taken as 1:4, a typical

average outlet velocity of 0.5 m/s would represent a prototype

velocity of 1.0 m/s and therefore would be in the lower velocity

range and would not reguire sophisticated dissipators.




Chapter II o

LITERATURE REVIEW

The m;>¥ng.of intersecting streams has been studied by '

many, and, as stated by Chow (p. 512) (6),
iThe conclusions of such studies indicate that
generalization of the problem is not possible or
even desirable. When the application of hydraulic
theory to the problem encounters limitations, a mo-
del study will give the best solution for the flow
characteristics involved." '’
These studies have been either analytical, analytical 'with '
experimental data or just experimental in nature. All ag-
proaches have met with some success but all have illustrated
how complex the situation is. By far the most successful
types of studies are those that are strictly experimental in
nature. These are invariably-designed to optimize one or a

e . . . . a
few specific situations with regard to some desired perform-

ance criteria and well defined constraints.

The first to study the intersection of two channels was
Taylor (20). In his work Taylor developed an equa?ion to
determine the ratios of the ﬁpstream and downstream depths-
based on momentum theory. While the results were rather
good for an angle of intersection of 450, at a higher angle

of intersection (1350) they became rather poor. This was



undoubtedly due to the?ﬁacé that a more sevére-ahgle of in-
tersection reSultinn larger distortion of the downstream
velOcity'QistributiOn.  This leads to a momentum correction
factor® substantially greater than unity, (Taylor used unity
in his formulations). It should be noted that all of the
flows 'in this study were tranguil. In the discussion fol-

lowing, Palmer {(14) suggested two things of interest:

. o ,
1. Andlysis should be on the basis of energy;
2. The shape of the junction would have a profound

effect on the results and that rounding of the

corners would improve the flow conditions.

This then defined the two theoretical approaches, one us-
ing momentum considerations (as Taylor used) and another us-

ing energy congiderations (as Palmer suggested).

Work done by Bowers (4) is typical of those purely ex-
perimental in nature. This was one of the first publica-
tions indicating the problems which occur at junctions.

Those indicated were:

1. Wave generation;

lMomentum-and energy correction factors relate the momentum
and energy calculated using the average flow velocity and
the values calculated by integrating across the cross sec~
tion. Generally these are taken to be equal to the minimum
possible of unity.

- 7 = \
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2. High local scour;

3. Formatio{ of hydraulic jumps in the channels.

The results of this étudy, after many trials, were the
design of junction geometries which would work well over a
fange of flows for a specific- location. An important aspect
of this study is‘ﬁhat the problem of scour was solved by
'lining the channels with non-erodable material.

*

Atalik (l)-was the first to attempt a general study of
the energy conditions at the confluence of two open chan-
nels. The author examined many of the parameters to be det-
ermined in the present study for oné junction geometry and
at one angle of intersection (900i. This included determi-
nation of the distortion of the velocity profiles and their
change downstream, as well as energy losses through the
junction. However, probably the most significant contribu-
tion was his determination of the energy and momentum cor-
rect}on factors, which were found to be well above unity.

In addition the author identified some locations of high ,
velocity and the existence of a 'dead' zone just downstream

of the junction.

Many investigators have examined the situation of sewer

junctions, including‘Pardee {(15), Sangster et al (17), Stev-



-

ens (19) and Lorah (13). Those that concern only presagr
(or pipe full) flow (17,19) however, are of little signifi
cance to the present study.
Pardee (15) used a‘ﬁomentum balance approach.applied to
the particularities of a storm sewer junction to enable the

designer to determine some of the parameters conc rning the

design of the junction. Of interest here are th assumptions
used:
1. The momentum correction factors are equal to
unity; .
2. Normal depth occurs immediatély down tream of

.

the junction;

- AN

\ 3. Friction effects can be ignored.
, v

~ T R
-

The author states that the dccuracy of the formulas devel-
oped have been confirmed byjnume:dus model tests, although
 no data is given 'to demonsféate this.
|

Using a totally empiiical approach, Lorah (13) tried to
develop equétions to predict the'power_%st in a 'free-surface'
pipe junction. The author studied two types of Jjunctions,
one which had intersecting pipes whoge' crown.élevations

were equal and another with eéual invert elevations.

The relationships developed were based soley on ‘the

e ———



data without any regard for a theoretical basis. The au-
thor was able to obtain a good working relationship for the
case where the inflow was at the upper inlet but not for the
lower. Also pf interest was the fact that an enéréy correc- '
tion factor equal tg-unity was assumed and that the lower

-

inlet always had less power loss than the upper inlet.

Although Barella (2} limited his model studf to a ser-
ies of very specific situations and thus the results ¢aﬂnot
be gener;;ized for all junctions, the conclusions are none-
the~less of interest. 1In the study optimum desigﬁs for sev~-
eral sites were determined based on minimizing wave heights
and their propagation downstream. For all cases the flows
were supercritical and the intersections consisted of spi-
rals‘with the curves superelevated. Based on these criteria

L}

the conclusions were:

1. The water surface elevations of both incoming

channels should be the same;

2. The angle of intersection should be almost OO,

and never greater than 120;

3. Expansion of the width of the main channel down-

stream of the junction is favourable;

4, The velocities of the two channels should be

nearly equal.



l‘

Finally, it should be noted that the final configura-

tions were based on only one set of flow conditions.

Behlke and Pritchett (3) also concentrated their work
on supercritical flows. The goals 6f their study were to

reduce or eliminate the generation of wave pile-up. Al-

though_the'authors looked at a wide rénge of flow conditions

and junction geometries, they found'éhat the problems could
only be effectively solved for one set of design flow condi-
tions and flew in only one channel. When the conditions de—
viated significantly froﬁ these, problems with wave pile-up
occurred. Also of interest was the similarity in their con-

clusions with those of Barella (2).

-

/
By far the most comprehensive study of the energy
losses to date was that done by Soong (lé) and Lin and Soong
{(12). This was an attempt to determine the 'extra' energy

loss in the junction due to the turbulence and to determine

the streamwise variation of the energy correction factor.

The authors found that the turbulent loss was in most cases
larger than Ehe fricfion loss and in all cases significant.
In addition to measuring the streamﬁise variation of the en-
ergy correction facgfor, Soong developed an equation from
first principles %o predict:this variation. Although the
trends of the variation in. the energy correction factor

{determined by the author's equation and by actual measure-

[ S
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ment) agree, the absolute values determined by.the two meth-
ods differ significantly, and in addition the equation gives

the obvious error of consistently giving some values?®of the.
\ ~ . ’
energy correction factor less than_unity.l

[

~%
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Chapter III

NUMERICAL ANALYSIS

3.1 INTRODUCTION

The flow behaviour at the confluence Qf two channels
has-been studied numefically by many in the past. Mention
has been made previously of the two different approaches to
the analysis of the gross behaviour, those using energy and
momentum considerations. In many of the analyses some as-—
sumptions have been used to simplify the problems. Some

typical assumptions have been:

1. Uniform flow depth will occur downstream of the

Jjunction; ‘ N

2. Frictional and other losses are negligible;

3. Energy and momentum coefficients are both equal
to unity.

Mdst of these assumptions have not been found to be valid
in the present study.
™.,

The analysis of any aspect except for the gross behav-
iour i§ made extremely diffiqult by the highly compiex flow
at the confluence. Because of this the analysis here has'
been limited to determining the energy loss through the con-

fluence for the different junction structures tested. The
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dévelopment of this is given in section 3.2.

Also of interest to the engineer are the distribution
of boundary .shear stresses, particularly‘the locations of
the higher stresses. This, however, is usually difficult to
determine and only an aﬁeragé value is obtainable. Use has
been made of a technique using a pitot tube to determine

L
these stresses and is presented in section 3.3.

3.2 ENERGY LOSSES

The analysis of the energy losses begins with the First

Law of Thermodynamics, which states:

"The difference between the heat added to a system
of masses and the work done by the system depends
only on the initial and final states of the system."

The difference in states is the change in energy (E), this
can be expressed in equation form as:

r’j‘,
dE = &H - &W . ‘ 1.

Where:
dE = Increase in energy in thé system;
6H = Heat added to the system from its surroundings;
W = Work done by the system on its surroundings.



If this is then expressed as a rate of change in energy due to
the rate of heat transfer and work done, Equatidn 1 becomes

.

ae _ SH _ Sw
at dt ~ dat

When this concept is appliéd to fluid mechanics, the
work. and ener&y terms are made up of several components.

For work done by the fluid the components are:

W - Work done by normal stresses (pressure)
pressure
acting on the boundaries of the system;
wshear - Work done by the tangential stresses
' (shear) acting on the boundaries;

Wshaft - Work done on a rectating element in the
system transmitted outside the system by
means of a shaft.

Thus:
W _ 6wpressure + 6Wshear + 6Wshaft 3
dt dt dt dt )

For the energy term, if it is expressed as the energy/unit

mass (e), the components are:




e - Internal energy/unit mass associated with the

f u
f local temperature of the fluid;
ep -~ Potential energy/unit mass associated/dith the
position of the fluid. Equal to g-h\where g is
the gravitationai/ﬁEceleration and h\}F the local
elevation to the ‘fluid; . \
e, ~ Kinetic energy/unit mas;SAssociated with!the

local velocity (v) of the fluid, (equal to §2/2).'

Thus the total energy/unit mass of the fluid can be ex-

pressed as:

e = e + e + e 4.
bs) VoA

If this first law is now applied to some control VOlu?S'
the rate of change of energy in the control volume is equal to
the net rate of energy flux across the surface plus the rate

- of change within the volume. This is given in Equation 5.

dE _ _ > a2 3
gt = “$os €P (V.dB) + % [ (epdw) 5.
in which: A
N

_16_ '
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Velocity, vector:;
y

dA - Unit area vector; .
p - Density of the fluid;
¥ -~ Control volume.

For a steady state condition the last term is zero, thus

Equation 5 can be reduced to:

Now if the local pressure is given as p, the net rate at
which work is being done by the pressure on the boundaries

is:

oW
pressure _ _ CA o
3T ﬁcs p(V-dn) 7.

Combining equations 2, 3, 6 and 7 gives:

5w 5w
£t h
g6 - —de " Hes = bee B+ ere(deab) 8.

A
For open channel hydraulics the second and third terms on

the left side of the eguation can be' set equal to zero, thus

this can be reduced to Equation 9.

- 17 -
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= = —§(E + e)p(V-dA) 9.

By choosing a control volume which has boundaries that

&

“are either a fixed surface, free surface or perpendicular to
the velocity and by combining Equations 4 and 9, the following

is obtained:
2 K .
= = —§ (% + e+ g-h + 3 Yp (V-dA) 10.

This type of analysis can be found in most standard fluid

mechanics texts, for example Daily and Harleman({7).
For open channel flows this can be applied between two
cross sections (1 and 2) using average values and the following

substftutions:

ﬁcs p(v-dﬁ) = pQ = mass flow rate into control volume;
. ,
écs p(V-dK) = -pQ = mass flow rate out of control volume.

Making these substitutions into Equation 10 gives the fol-

lowing:

- 18 -
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SH _ B+ e + g-h+ v ) st-(B + e ‘:wafh - ) pQ 11.
p u 2 2 p - u 2 1

pividing by pg and assuming that p and e, remain constant

reduces this still further to:

2 2 :

v Py v

- - 4. 12.
2g)2Q (Y + h + 2g)lQ 2

§H _ P
/Y = (Y+h+

If the left side is neglected (or assumed to equal
zero).and the right side of the equation is divided by the
. flow rate, Equation 12 becomes the familiar Bernoulli Equa-
tion. However, in situations where significant energy losses
occur the %%/Y term must be retained to have a functional re-
lationship. This term is then referred to as the 'losses'
since the energy is not readily usable and is usually in the

form of a boundary friction loss from cross section 1 to 2

(—Hf ). Using this the general energy equation is written
1-2
as:
2 2
v p \
B+h+i)o-E+n+00 = oH 13.
Y 294 Y 29°, £1.9

In most uniform flow conditions Equation 13 adequately

describes the flow and the boundary friction losses are usually

determined using either the Manning (14) or the Chezy (15)

equations (metric versions):

- 19 -




_ Xl-Zn v
R\i Hf = g7y 14.
1-2 R .
X V2
_ 1-2
Hf = 5 15.
1-2 C
\
Where:
xl_2 - Distance between cross sections 1 and 2;
n,C - Roughness coefficients;
. V- Average velocity (= Q/A);
AN
R - Hydraulic radius (= A/Pw); }
A - Cross sectional area;
Pw - Wetted perimeter.

However, in cases where high turbulence and distorted
velocity distributions occur, Equation”lB fails to adequately

describe the flow for two reasons:
Oy

1. Higher energy losses to internal fluid friction;

2. Substantial increases in the kinetic energy level

over that given by V2/2.

- 20 -



The assumption that:

16a.

fpv?(% . dA)

N
o]
ol
Il
o !
<5
@)

(which was used to obtain Equation 13) is true only when the
velocity is constant across a cross section. However, when.
there is some variation in the local velocity within the °
cross section, this assumption leads to an‘undgrestimatioh .
of the kinetic energy. This then leads to the introduction
of the energy correction factor;(Ke)‘wh;ch ié used to account

for the discrepancy in Equétion 16a.
fov? (V- aky = oK V70 | 16b.

Equation I3 is then rewritten using Ke:

2 2
E v_ - (B v =
&+ n o+ x 25,2 - G hrx 25, 0 OH 13.

When energy losses due to internal friction, or turbu-

lence, become significant a turbulent mixing loss (HT ) term
: 1-2
must be included:
@4 +x D ®+n+x L (H B 17
+ + — - + L e = + .
Y e ° T e 297, ° NP

T ;'ﬁ

- 21 -
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Appl;cation of Equation 17 to combining flows first
requires some modifications. Recalling that the subscripts
"1 and 2 refer to the incoming (upstream) and outgoing (down-
streamf cross sections respectively, the subscripts m, 1, t
and j are introduced. These represent the various cross
sections used to define the control volume and can be des-

cribed as:
m - Main channel upstream of the junction;
1l - Lateral channel upstream of the jun?tion;
t - Main channei downstream of the junction

-~
j - Junction of the two channel centerlines.

Using these, Equation 17 becomes:

(H + H ) O+ (H + H ) O, + (H + H ) Q
T ey’ Ty £y.5° "1 Tyt £y ot
p vz‘ ' p V2
= (? + h + Ke EELIQm + (Y + h + Ke §§G_Ql

p v2
- (Y + h + Ke E)tQt ' 18.

Isolating the turbulent mixing loss terms on the left and

rewriting gives:

- 22 -



Tm—j m Tl—j Tj—t t
b vy e v*
= + h + K 2 - + h+K -—) -H - H
[(y e 250~ § " Re 29 T e fj_t]Qm
b 2 5 2 |
+ +h+K Y9 - EE+nh+x YY) -H - H ] 19.
[(Y e 29)1, 5 e %g)t RS Tyt !
Further revision éives: ;
H + H Q + [ H + H ].Q
[ -3 Ty-t; T T1-3 Tj-el 1
[p v? p - y? : }
=lEB+n+x ¥y - B+nhna+k Ly -w - H _
B VZ B | V2
+ +h+ K *) - + h + K - H - H

By examining the terms in Equation 20, it is apparent
. that the first [ | term on the left and right of the equation
represent the mixing loss/unit weight of the main channel

flow (Qm) and similarly the second [ ] terms represent the

mixing loss/unit weight of the lateral channel flow (Ql).
Thus these two mixing loss terms can be defined as:
: 2 2
— v S Vv
H + H =H, = B+h+x ) - (E+h+k =)
Tm—j Tj—t Th Y e 29'y Y e 2g9'¢
- H, - H ot 21.
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- B - H 22.

Also, the total  mixing loss HT can be defined as:
t

+ H —_— 23,

This can now be non-dimensionalized by introducing nq,
the ratio of the lateral channel flow to the total flow
(Ql/Qt) and by dividing the mixing 1loss terms by the ki-

netic energy level at the downstream cross section.

T T T
L = (1L - n) + Ln 24.
2 2 2 g
v v v
K -—£ K -t K =
e 2g e 2g e 2g

Further simplification is made by introducing the follow-

ing coefficients:

Overall mixing loss coefficient = §_ = —= 25.

- 24 -
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‘H
T
Main channel mixing loss coefficient = Em = ——7% 26.
| K ot
e 2g A
: HTl
Lateral channel mixing logs coefficient = El = > 27.
' K ‘.I_t " &
e 2g
Thus Eguation 24 becomes: i
Et = Em(l‘- nq) + El nq- - 28.

This coefficient (Et) is used in Chapter V to determine the
magnitude of the mixing energy losses ﬁor each outlet geometry.
These are presented graphically against n_.
£

This development of the mixing loss coe€fficient is-
similar to that presented by Soong"(18) with the exception of
the inclusion of Ke-when determining the kinetic energy level ~

at the downstream cross section.

The determination of the energy losses just presented
is of course based on energy principles. Meﬁtion has previously
been madé of two possible approaches to the problem, namely,
using either momentum or energy considerations. In open
channel flows, because of the large nquer of independent wvari-
ables, no advantage is gained (without some of the assumptions

in Chapter I1) by adopting ‘the momentum approach. Thus the

energy approach was employved in this instance.

- 25a -
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3.3 BOUNDARY SHEAR DETERMINATION

In open channel flows a shear force is exerted by the
fluid on the channel boundaries. 1In channel design an esti-
mation must be made of this to ensure that erosion of the

channel boundaries doesn't occur. An average value for the

" shear stress (?0) in uniform flows is often determined using

- 25b -



Equation 29. _ -

Al
il

Ygso ) 29.

Where:
%o - Average shear stress;
Y - Specific weight of fluid;
R - Hydraulic radius;
S0 - Channel beq slope.

In uniform flows this is usually adequate, since the

maximum shear stress in the section is very close to this

average value. However, for situations where the shear stress

varies significantly from this (e.g. those with distorted
velocity distributions), recourse must be made to other means
to determine the variation in TO across the channel. This is

-

often difficult to measure.

Preston (16)° introduced a simple method whereby the
shear stress {or skin friction as the author referred to it)
could be determined using a pitot tube in a wind tunnel.
This method was based on the existence of a region near the
surface where fldg conditions are dependent only on the

local skin friction, physical constants of the fluid and a




suitable length. This was later applied to open channel flows

by Kartha and Leutheusser (11).

The 'Preston Technique' is bhased on the universal ap-
plicability of the Inner Law of Velocity Distribution, given

in Equation 30.

= w(v*y) i | 30.

<<

Where: .
v - Local.velocity at a distaﬂce y from the boundary;-
V, — Shear velocity (T/p);/z;
T ~ Local shear stress:
p — Density of fluid;
v - Kinematic viscosity of fluid;
Y = Unknown function.

Kartha and Leutheusser state that for practical pusposes
this can be assumed to be true for the following condition

(where y is the distance from the boundary) :

< ioo 31.




Since the technique requires that the pitot tube (diameter
= do) be placed touching the boundary, Equation 31 can be re-

written (using y = do/2) as:

32.

Thus a pitot tube must be used which satisfies this cri-

L

terion in order to successfully use this technique.

The prescribed technigue for calibration first re-
quires that all the variables which influence the form of V¥

be kept conétant. These include:
1. Tip shape;
2. Pitot tube dimensions;
3. Distance from the boundary.

Thus by using a given pitot tube, touching the channel
boundary,‘v car’ be replacé§.with the bed velocity (vb) and y
with d0/2 in Equation 30 to give:

v v, d

_ *“o
= w(zvy 33.

o

After some manipulation this can be rewritten as:
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—_— = ll) 1 (vbdo
v 2V

) . : 34.

Thus if ¢' is known v, can be determined for known boundary

velocities. This function (¢') must be determined empirically.

To calibrate a pitot tube (i.e. to determine ¢') use
is made of the logarithmic form of Equation 30 presented by
both Preston (16} and Kartha and Leutheusser (11).

by

v V*y
- = 5.75 lo
v, g (%

) + 5.5 35.

This eguation (35), used in conjunction with pairs of v and
y for different velocity profiles, is then used to determine
the apparent shear stress (v,'}) for each y value. These are
then plotted and the best average is used as v, for thefgiven
yb (v measured at y= do/2). Any vafiation in v,' can be ex-
plained by the complex effects of turbulence, viscosity, pitot
tube shift and the closeness of the channel boundary. Follow-

ing this a non-dimensional calibration curve is made by plot-

ting v*/vb vs vde/Zv for all pa1r§ of v, anq Vi

- 29 -



Chapter IV

MODEL AND INSTRUMENTATION CONSIDERATIONS .

4.1 EXPERIMENTAL APPARATUS AND INSTRUMENTATION

The experimental investigation was conducted in the hy~-
draulics laboratory of the Department of Civil Engineering
at the University of Ottawa. The apparatus used for the ex-
perimental work consisted of the following principal compo-
nents: main channel, lateral channel, 'V' notch welir, mano-
meter bank, pumps and header tanks. These are all shown

schematically 'in Figure 1 and also in Plate 1.

The main channel had a rectangular cross section with a
width of 0.305 m, height of 0.152 m and an overall length of
12.3 m. Supporting this was a variable slope platform which
had its slope set to 0.001 throughout the study. Intersect-
ing the main channel, 5.08 m from the entrance section, was
the lateral channel. This also had a rectangular crosé sec—
tion and a wall height of 0.152 m. The overall length of the
lateral channel was 1.83 m and its width could be set at
either 0.102, 0.152 or 0.203 m. The angle &f intersection
of the_two channels could be set at either 45.0?, 67.5O or
90.0°. Both channels and'fhe various junction structures

tested were constructed from clear plexiglass.
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Each channel was equipped with a header tank designed
to produce a smooth 'entrance'-flow te the channels. The
‘tanks were each supplied with a constant flow rate by sepa-
rate pumps whose capacities were 0.010 and 0.007 m3/s at
heads of 18 and 28 m fo£ the main and lateral channels res-
pectively. Discharge from the main channel was into a col-
lecting tank equipped with a pre~calibrated 900, 'V' notch

weir. The latter was used to accurately set the two flows

in the channels.

Although open channel flow depths iﬁ a laboratory set-
ting are usually measured using a point or a hook gaugé,
this/was not posgibie in either the junction area nor immed-
iately downstream of it. This was because of the rapid
fluctuations in depth, due to the aforementioned instability *
and high degree of turbulence in this region, in spite of
the gquasi-steady state of the flows. It was therefore im-
possible to accurately measure the average depth with such
conventional tools. To resolve this problem thirty piezo-
metric tapping points were installed in the floor of the main
channel to determine the average depths. These tapping points
were connected to a manometer bank with 3.0 m long flexible
hoses. Because of frictional effects along the hoses rapid
fluctuations in depth due to turbulence were dampened out

and a good estimation of the average depths was obtained.



Velocity measurements were primarily taken with a
'NIXON STREAMFLO PROBE' (type 543) current meter. This was
capable of measuring velocities from 0.0 to 1.50 m/s. How~
ever, because of the current meter's size, it could only be
placed to within 0.65 and 0.75 cm of the wall and bed res- ™
pectively. To permit velocities closer to the boundaries to
be measured, a 4.0 mm diameter pitot tube was used near the

boundaries of interest to determine the velocities there.

Depth readings {other than those taken in the junction
area) were measured with a point gauge having a minimum gra-
dation of 1.0 mm. The pitot tube, current meter and the
point gauge could all be interchangably mounted on a mobile
carriage, which in turn was mounted on the channel walls.

A cathetometer was used to read the manometers (both
those for the tapping points and the pitot tube). The in-

strument had a minimum gradation of 0.05 mm.

4.2 CALIBRATION PROCEDURES

Al

1
Several aspects of the model and instrumentation had éﬁ

be checked or calibrated before testing could begin. These
aspects included calibration of the 'V' notch weir and pitot

tube (with respect to shear stress measurement), determina-

tion of flow development length and ¢hannel roughness, check-

- 34 -




ing the manufacturer's calibration, of the current meter,
setting the channel slope and determining the energy and

momentum correction factors for uniform flows.

The 90° sharp-crested weir was constructed precisely
according to standard specifications. This was then cali-
brated using the volumetric tank in the laboratory over the
range of anticipated flows. The results were found to agree
to within +1.5% with other published data over the whole

range of experimental flows.

The channel roughness coefficient was defermined using
the Manning equation. This was dong by first establishing a
steady flow rate in the main channei {with the lateral chan-
nel blocked off) and then establishing a uniform depth along
the channel by aéjusting the tailgate control on the channel.
Following this the measured depth ahd flow rate were used in
the Manning equation to determine 'n'. For a range of flow
rates encompassing those used in the experiment 'n' was
found to vary from 0.0110 to 0.0124. A value of 0.012 was
then used throughout the study to determine ﬁniform flow
depths and related friction losses. The adopted value is
a little higher than the value reported in standard hydra-
lic texts (5,6,9) for glass and pPlexiglass, but this was
expected~considering the additional roughness effects due

to the presence of joints between the chaﬁnel sections.

- 18 o
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With each set up for the 'n' determination, energy and momentum
‘correction factors were also determined. These were found to

vary from 1.017 to 1.024 and 1.005 to 1.008 respectively.

In prismatic laboratory flumes there is some distance
from the channel entrance oﬁer which the flow field develops,
past which it remains essentially constant. This is referred
to as the 'development length' and can be defined as the
length it takes for the turbulent boundary layer to reach the
water surface. To ensure that the effects of the lateral in-
flow on the flow field wé¥e identified (and not confused with
those effects originatipg from the entrance) it was necessary
to detegm{;e that~<there were no residual effects from the
entrance reaching the juncﬁion, i.e. that thé}flow field was

fﬁily devéloped before reaching the junction. For smooth ~

surfaces Henderson (9) gives two criteria:

J
S 1 The turbulent boundary layer starts at a Rey-
nolds number (Nr ) equal to about 500,000} o
X -, T
f . l ’
2. The thickness of the boundary layer is given by:
asx;, %.BS(N y~1/3
; Ty
. ' ¥ 2
Where:
Nr = Voxl/\); -
Xl ‘ /
- '_/-"‘\
Vo = Free flow velocity; ~

e &

/




‘xl = Distance from start of channel to origin of

turbﬁlent boundary layer;

X2 = Distance along channel from origin of turbulent

boundary layer; ‘

. . . . ot
V £ Kinematic viscosity; v

d = Thickness of boundary layer at Xoy-

Y

L

, For the present situation, typical values of depth (8.0
cm) and viscosity (l.31x10_6n@/s)\give the turbulent boungary
layer originating 3.2 m from the start of the channel and the
layer reaching the water surface 6.0 m from the start of the
channel. This,”howevgr, is unacceptable since the junction
is only 5.1 m frém the start of the channel. A close examin-
ation of the situation will resolve this pfbblem, however.
First, 6.5 m of beé in the headef'tank was igno}ed that
wouid contribute to the onset of the turbulent layer, this
will decrease Xl to 2.7 apd x2 to 5.5 m. Secondly, 1t can

be assumed that the turbulent boundary layer begins at the
start of the channel if the channel is artificially roughen=-
ed‘at its entrance'section. Although the chanhel wasn't
,pufbosely roughened at the entrance; the joint between the
channei énd header tank does act, at least partially, in

-

this manner. This will also have the effect of reducing Xl.

Flat
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The above criteria are for idealized (smooth) surfaces

and since the channel does have some measurable roughness,
the actual value of Xy will be reduced still further. Al-

though most of these reductions in xl cannot be determined

precisely, it is safe to assume that they will reduce it ;
significantly enough to ensure that the flo@ is, in fact,
Eully developed upstream of the junction. Finally, this

‘data was- chosen to give the longest development length,thus
for most cases it 'ill be even less than that determined here.

To verify that the main channel flow was fully devel-

oped before the junction location, velocity profiles were

measured along the upstream channel reach. These are shown
in Figu;é 2 and indicate that the flow is fully developed
upstream of the junction location.

/

Later, during the evaluation of the uniform flow condi-
tioné, evidence was found which indicated that the flow
wasn't fully developed before the junction. During this
part of the study two local maximum velocities were found to
occur in the cross section 10.0 m from the entrance (this
with the lateral channel blocked off). Since no mention of
this phenomenon could be found in. the literature further
tests were conducted to determine the reason for their occur-
rence. The first of these was to measure a series of six

velocity distributions between the entrance section and the
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junctibn of the two channels. These showed that the two locaf
maximum velocities developed at approximately 2.0 m after
the entrance. Measurements were then repeated with a dense
filter screen installed at the channel entrance, in addition
to the screen already in the header tank. The result of

this was the elimination of these local maximum velocities

in the channel reach before the junction. It was assumed
therefore, that tﬁese phenomena were probably indications of
some‘entrance effect. These however were considered to be a
secondary effect in the main channel and as such would have
little influence on the flow field in and downstream of the
confluence; this because of the highly turbulent nature

and ?ross distortion of the flow field in this region.

The manufacturerlof the current meter supplied a cali-
bration curve for the instrument at the time of purchase,
and, although it had been calibrated by the manufacturer
prior to delivery, it wés checked against the ﬁitot tube to
ensure that no damage had occurred during transit. The check
was done over an appropriate range of velocities, the results
of which are shown in Figure 3.l It can be seen that there
is reasonably good agreement between the two sets of data,
with perhaps a tgndency on the part of the current meter to
give slightly higher valﬁes than ﬁhé pitot tﬁbe: This is
because the current meter is exposed to a much greater flow

area than the pitot tube and has an inherent bias toward the
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higher velocities in its domain. Upon examination of the
velocity préfiles it was found that this was indeed the case.
By comparing the flow rate determined using the velocities
measured and that using the weir, this bias was found to give
an error of 2-3% over the whole cross section, and thus was

considered acceptable.

The final calibration was that of the pitot tube to
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ensure accurate determination of shear stress at the boundaries.



This was necessary because of the influence of the tip shape
on the calibration curve. The method descxibed by Kartha and
Leutheusser (l11) was used to pe?form the calibrqtion. This
method first reguires meaéuring steady flow ﬁfofiles for
different bed velocities (bed velocities indicating the velo-
cities measured with pitot tube while restiné on the bed).
%hen the apparent shear velocity (v;) is deétermined using
Equation 35. These are then plofted against the distance
from the bed (y) and a 'best average' determined, (see
Figure 4 a to i). Using this 'best average' as the shear
velocity (v,), v*/vb is plotted against deO/Zv, as‘in Figure
5. Also shown in this figure is the calibration curve obtained
by Kartha and Leutheusser (11) which shows good agreement with
the present calibration. Based on this agreement over the
range tested, the previous calibration curve was then used
beyond the limits of the data obtained in the present, cali-
bration.

The main channel slope was set as close as éggéible to
0.001 with a precise level. This was done by first setting
the platform sldpe as close as possible to the desired‘slope.
Howevér, because the channel is made up of 2.54 m long sections,
it required furthe£ adjustment with shims to bring the elevations
to within the desired accuracy of +0.5 mm. This was confirmed
by measuring the stillwater depfhs and was also checked period-
ically throughout the testing Pprogramme; the results of cne of

these checks is shown in Figure 6.
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® -PRESENT CALIBRATION
——— KARTHA AND LEUTHEUSSER
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Figure 5: Shear Stress Calibration Curve
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4.3 EXPERIMENTAL PROCEDURES

Each experiment began by setting the physical charac-
teristics of the model. Those that were varied were the
lateral channel width and slope, angle of intersect%on of
the two channels and the geometry of the junction area.
Following this the flow rates in each channel were individ-
uwally set'using the weir on the collecting tank at the end
of the main channel. The main flow rate was kept consfant

throughout the experiment at 0.005m3/s. Once steady flows
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were obtained the tailgate control was adjusted until uniform

depth was established at approximately 5.0 m downstream of the

junction. This was done to avoid the substantial drawdown
caused by the free-overfall when the tailgate was open. It
was noted that when the gate was fully open suﬁercritical
flows often occurred in the junction region, accombanied by a

skewed hydraulic jump, which led to a much higher degree of

turbulence in the junction area. The establishment of uniform

flow depth is justified for two reasons:

1. It greatly reduced the level of turbulence (and

local velocities) in the junction area;

[
2. This is probably closer to what could be ex-

pected in an actual field situation.

For each experimént several sets of velocity readings
were taken, so that velocity contours (isévels) could be
drawn. The latter were then used to determine the skewness
of the.flow field and velocities near the channel boundaries.
Also, from the velocity measurements, energy correction
factors could be determined. Not only were these factors
used to quantify the velocity profile distortion, but also to
calculate energies at various stations along the channel. The
velocity readings were taken at two cross sections located
40.0 and 90.0 cm downstream from the junction centreline

(hereafter referred to as stations 1 and 2 respectively).
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The purpose of these (in addiéion of the above reasons) was
to monitor the change in the velocity profiles with distance
downstream of the'junction. Although changes did take place
further downstream than 90.0 cm from the junction, the ob- )
ject of the work was to return the flow field to near normal
as soon as possible, and thus aftention was focussed on the

region immediately downstream of the junction.

The longitudinal locations of the velocity readings
were kept constant throughout the study so that meaningful
compariéons could be made between the different experiments.
For each cross section approximately 60 velocity readings
within the cross section were taken. These always included
readings as near to the walls, bed and water surface as pos-
sible with the current meter. Readings were also taken next
to the bed and wall opposite the lateral channel with;Fhe
pitot tube. This gave a much better estimation of the bound-
ary velocities and also permitted calculation of boundary
shear stresses. No velocity readings ‘'were taken with the
pitot tube on the wall next to the lateral channel (left
side looking downstream) because these velocities were al-
ways less than those for ndrmal‘conditions and thus of no
concern with regard to shear stress. The bglance of the
velocity readings were taken with the current meter in the
interior of the cross section and the locations were chosen
so that the velocity distribution could be accurately deter-

mined.
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In any flow field the local velociéy is made up of three
components, Ve~ parailel to the channel, vy - across the channel
and‘vz - perpendicular fo‘the channel bottom. This is particular-
ly true for combining flows. Thus to accurately determine the
velocity all three components must be measured. However, based on
a wealth of experimental evidence, the vertical domponents is
small when compared with the other two components and thus can
safely be ignored. It was originally attempted to find the hori-
zontal direction of the velocity component in the region where
the hiéhest transﬁerse velocity was located, i.e. at station 1,
40.0 cm downstream from the junction. This was done by measuring
velocities at several angles to the x axis and determining the
angle at which the velocity was the highest. Invariably this
was found to be within +5% of the longitudinal velocity component.2
Because .of this, the velocity component parallel to the channel

was assumed‘to accurately represent the total velocity.3

Initially some velocity rgadings were taken upstream of
the junction in the main channel. These veloc%ﬁies were found
to be very low (as expecte@) and yielded a value for the energy
correction factor very close to that determined for uniform
flow of 1.02. This was subsequently used- for all subsequent

energy calculations.

2'The directional accuracy of the current meter is at best 5%.

'3A 5.0% error in the direction of the velocity component over
the entire*cross section will] give an error in the energy
correction factor of less than 1.0%.




4.4 COORDINATE SYSTEM

The coordinate system used, in addition to right and

left refering to loocking downstream, is as follows:

X' - Longitudinal dimension-parallel to the channel,
equal to the distance downstream from the channel
junctig& centrelines over the main channel width

(X/Bm);

Y' - Lateral dimension across the channel, equal to
the distance Trom the left wall of the channel

Jover the main channdl width (Y/Bm);

Z' - Vertical dimension perpendicular to the channel
bottom, equal to the distance from the channel
bottom over the uniform flow depth of tﬁe com-

bined flows (Z2/2 ).
- Ot
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Chapter V

RESULTS

5.1 INTRODUCTION
. ™ .

Initially a series of tests were cogducted on a set.of
plain jfzction

flow on

rmine the effects of the incoming

he fliow gonditions in and downstream of the confld-
. ence. This was done for four different physical arrange-
'\\\‘”_ﬁe ts, h over a range of flow rates,4 and are summarized
in Table 1. Following this vérious junction geometries and
‘appurtenances were tried, all with Sl, Bl, and 8 set ;t
0.015, 0.102 m and 90.0° (so that a meaningful comparison bet-
"xﬁ‘ ween each could be obtained).
' *
On the basis of the initial 'plain’ junctioh tests, it
‘was decided that what was needed was a'more effective redirec-
tion of the lateral channel dischargg jet once it hadventered
'thé main chaﬁhel. Several appurtenapcessin the main channel
;eré tried and eValuated visually. Of those tried this way,
a set of fpur guide vanes, 15.1 cm in height, were found to
' férk besf. The arrangement tested is shown in Figureﬁ7;

. .

-4Throughout the testing programme the main channel flow
rate, slope and width were kept constant at 0.005 m3/s,
0.001 and 0.305 m respectlvely.‘

5These included various sizes, shapes and numbers of both
gulde vanes and solid walls.
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TABLE 1

Lateral Channel Characteristics For Plain Junctions

TEST# Sl Bl 6 Ql
- (m) (m3/s)
DlCc-1 0.015 0.102 90.0 0.005
-2 0.015 0.102 90.0 0.00375
-3 0.015 0.102 90.0 0.0025
-4 0.015 0.102 90.0 0.00125
-5 0.015 0.102 90.0 0.0000625
_-—/
D3C-2 0.015 0.102 45.0 0.00375
-3 0.015 0.102 45.0 0.0025
-4 0.015 0.102 45.0 0.00125
AlC-1 0.0 0.102 90.0 0.00125
-3 0.0 0.102 90.0 0.00375
-4 0.0 0.102 50.0 0.005
-5 0.0 0.102 ’90.0 0.000625
AlA-1 0.0 0.203 90.0 0..005
-2 0.0 0.203 90.0 0.00375
-3 0.0 0.203 90.0 0.0025
-4 0.0 0.203 90.0 0.00125

This was then fully tested over a range of Ql and also using
different vane heights (15.1, 7.6 and 3.8 cm) tec test the

-

effects of vane submergence.

The results of these tests, as well as practical con-
siderations, suggested that attention should be focussed on
the cutlet geometry of the lateral channel (or culvert).
Based on the superior overall performance of a 45° intersec-

tion, and the need to redirect the lateral flow component,

- 52 _—



the downstream corner of the outlet was beveled at 45O (see
Figure 8) and the effect of this ;tructural modification con
junction performance was tested over a range of (lateral)
flows. To further redirect the latéral flows, two different
deflection walls were installed oﬂ the upstream corner of the

outlet and tested under similar conditions, these are shown

in Figures 9 and 10. N

It was noted that, whereas most flow characteristics
were substéntially improved as a result of these modified
outlet geometries, high (scour producing) velocities were
still occuring at the channel bed. To alléviate this prob-
lem two additional appurtenances were tested. The first was
a loccalized reverse slope at the end of the lateral channel
to direct the flow upward and away from the bed. Secondly,
because of possible sedimentation problems with the _former,
a superelevation type of reverse slope was tried (it was
also felt that this_second device would help, at least some-
what,‘in redirecting the lateral flow downstream). These
last two are shown in Figures 11 and l2-énd the test coﬁd%f
tions for these and all other outlet dévices are summarized

in Table 2.
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Summary of Geometries and Appurtenances Tested

TEST

D1C-11
-12
-13
-14
-15

DlC-21
=22
-23
-24

DlC-31
-32
-33
-34
-35

D1C-41
-42
-43
-44
-45

D1C~51
-52
-53
-54
-55

DIC-61
~62
-63
-64
-65

plC-72

=73
-74

D1C-82
-83
-84

©

.00500
.00375
.00250
.00125
.000625

.00500
.00375
.00250
.00125

.00500
.00375
+.00250
.00125
.000625

.00500
.00375
.00250
.00125
.000625

.00500
.00375.
.00250
.00125
.000625

.00500
.00375
.00250
.00125
.000625

.00375
.00250
.00125

.00375
-00250
.00125

n

TABLE 2

GEOMETRY
Four vanes in main channel
to redirect flow, 15.1 cm
in height.
Same as above, except vanes
7.6 cm in height.
Same as above, except vanes
3.8 cm in height.
Downstream corner of outlet
channel given 45 bevel.

Similar to above, except with

large deflection wall added
to the cutlet.

Similar to above, except with

smaller deflection wall.

Similar to D1C-42/44 except

with reverse slope at end of

lateral channel.

Similar to D1C-72/74 except
reverse slope superelevated.
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5.2 UNIFORM FLOW CONDITIONS

Prior‘to examining the flow field characteristics at
and below the confluence these same properties were evalu-
ated f8r a 'uniform' flow condition in the main'channei
only. These results were then used as a basis for compar:®-
son in the tests that followed. Those flow properties of

particular interest were:

1. Velocity Distributions; -
2. Shear Stress Distributions; *
3. Energy Correction Factors.

Isovel patterns {which show lines of equal velocity ex-
pressed as the measured velocity divided by the average velo-
city in the section) for uniform flows of 0.010, 0.00875,
0.0075, 0.00625 and 0.005625 m3/s ére shown in Figure 13.
These show a relatively constant profile (non-dimensional),
with the velocity varying across the_section from .7/.8 to
1.1/1.2 of the average flow wvelocity. Local high veloéitiés
in all but the lowest flow rate occur at approximately 20%
of the width from the channel sides ahd 50% of the depth.

The occurrence of these local maximum velocities have pre-

1S
viously been discussed in Chapter 3 in the section concerning

development and therefore are not discussed here.

N -
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The shear stress distributions (expressed non-dimen-
sionally as the measured shear stress divided by the shear
stress calculated using Equation 29) shown in Figure 14,
all show a marked similarity. These show-é maximum bed
stress ranging from 0.69 to 0.91 and relatively constant
across the section-with a slight reduction near the walls.
Right and left wall results show that for a given £flow they
are identical (within experimental accuracy) and that they
are also very similar for different flow rates (maximum
values from 0.68 to 0378).

.(71
- The energy qgrrection factors determined for uniform
flow conditions wére found to be greater than wnity-as is
usually assumed. These were found to be within tO.S%lof the

1.02 value previously mentioned.
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5.3 PLAIN CHANNEL JUNCTION
1

<

Plain channel junctigns were studied tb determine th
effegts of changes in theziateral channel characteristics
(width, slope and angle of intersectionl. The inference of
'plain' is that no appurtenances were added in ch junction
area 4nd nor was any aiteratian made. to the qutlet of the

lateral channel.‘kw.
D

5.3.1 90° Plain Channel Junctions

Three series of tests were cénducted on a 90° plain
channel junction, These ?ests'were designed to illustrate
the effects of'cﬁangipg the sloﬁe,“width‘and dischérge 6f’
the late;al channel. The chafacteristics of these aFe'igy—
marized in Table 1. - . ' )

5.3;131 ‘Effect of ﬁecreasing Lateral Di:-:cl'la.J:*g'e‘2

Q\\ . .
. ’ - o '3
To study the effects of changing the. lateral discharge,

the reéﬁlts of Tests DlC-1.-to 5 are examined here. As the

discharge decréases in the' lateral channel, r&la
. r

total ‘flow, the overall level of turbulence decreases in the

. - . . ~

junction area. and downstream of it.

8
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Bye Studies

Plate 2 shows photog;aphs of three of the plain channel
juncticdhs for a flow ratio of 0.33. .The boétom‘two,photo—
graphs, which are for similar conéitions exce?t for the
channel into which the dye was‘injgcted, show that although
there would appear to be a clear deﬁarcation between the two
flows, the line of demarcatibn is not the same when the dye
is in different cﬁannels. This is due to. the cross mixing
of the dye between the two flows, aﬂd thus the line of de-
marcation between the two flows must be taken as somewhere

‘betheen the tw&.

- . w

. The results of the dve study for the 90° junction
showed that as nq aeéreased the degree of penetration by the

&lateral ipflow into the main channel flow decreased. Also,
it could be seen that the area of reverse currents just
downstream of the confluence also, decreased with nq.

™~

Velocity Profiles

¢ Isovel patterns are shown in Figures 15 and 16 for

both downstream stations. (X'=1.31 and 2.95) to illustrate

the effect of decreasing ng on the velocity distribution in

.
the section. The isovels in these are again the measured

velocity relative to the uniform velocity for that section.

k]
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These show the region of unutilized flow area® diminishes

e

from about 20% to 5% and from 4% to 0% at stations 1 and 2
respectively,” as nq decreases from 0.50 to 0.11., This un-
utilized area is of course the 'dead zone' which Ataiik (1)

referred to in his work.

The pertinent data concerning these velocity distribu-

tions are shown in Table S—a6

and Figure 17. The table shows
the location of the maximum velocity filament gradually mov-
ing away from the bed and its value decreasing as n_ decreases.

This trend is of course not one that is strictly followed, as

can be seen fram the data. A result of the turbulent nature

of the flow is that the maximum velocity is c , both its

location and magnitude, quite rapidly Qith time and thgrefore
its'location, within the highest isovel, cannot be pinpointed
exactly. Also, the maximum velocities measured on the bed
and right wall decrease with nq. Figure 17 shows the change
in K, yith nq at the two stations and this can be used as a

measure of the distortion of the flow field. Recalling that

if the velocity was constant across the section Ke would be

5The unutilized flow area is défined hete as that area where
the velocity is less than 10% of the average.in the cross
ion. .

6All tables and figures numbered with an '-a' are found in
-~ the appendix. ’
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equal to unity and that for uniform flows this has been found
- to be 1.02, the increase in Ke due to the confluence was found
to Be'substantial, ranging from 1.95 to 1.14 (an increase of
91 and 12%). This graph also shows the marked decrease in Ke

with nq and with distance ddwnstream of the confluence.
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Shear Stress Distribution

Shear stress distributions are shown in Figure 18 for the

plain junction and maximum shear stresses, for all tests, are

summarized in Table 3-a. These clearly illustrate several

important aspects:

1.

Much higher shear stress than that given. by YRS
and also that measured for uniform flow (these in-

creases were as high as 200% and 330% respectiveiy);

-Decrease in 'the maximum bed shear stress with n

and d}stance from the confluence;

Shifting of the location of the maximum bed shear

stress from right to left with decreasing nq;
Decrease in maximum right wall stress with ngi

Raising location of maximum right wall shear

stress with distance downstream.

- These figures become particularly significant when they

are cowgﬁred-ﬁith the results obtained for uniform flow con-

L)

ditions shown in Figure 14.
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Mixing Energy Losses

Figure 19 shows the variation of the turbulent mixing
loss coefficient (calculated using Equation 28} with n for
both downstream stations {these are 5150 shownxin Table 4-a).
It is seen that both decrease with nq and that Et at the
further downstream station is generally higher than at the
station closer to the lateral channel, with fhe exception
of nq at 0.20. Both of these observations are consistent

with what would be expected to occur, namely: ag kgss
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lateral flow is introduced, less turbulence is generated and
‘thus less energy is lost to mixing. Also, since there is
still a relatively high level of turbulence in the flgt field
between the two stations sampled, there will be some energy

- P
loss to turbulence between them. Thi's is borne out by the

-—

fact that Et is larger at 2.95 channel widths.downstrdam of

the junction than aT/T?3l. \{i:/

The fact that Et is lower further downstream for n
equal 0.20 is of course inconsistent with the above dis-
cussion. The reasons for this inconsistency, and others, i
are many aqd complex. Most important of these is the use of
a uniform flow equation to determine the friction losses.

Also important is the omission of the turbulent energy, i.e.

the energy contained in the high fregquency turbulencg. Since
the instruments used to measure velocities (pitot tube and
current meter) had a very low frequency response and were there-
fore.only capable of measuring average velocities this energy
component could not be determined. To-.-do so would h.gve ‘required

using much more sophisticated instrumentation such as thexhot~

wire or laser doppleqf;nemomeﬁers. It was felt that this was
]

not necessarz_ginceJinterest was largely concerned with large R

L4

scale turbulence.
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5.3.1.2 Effect of Changing Latefal Channel Slope

The effect of the lateral channel slope on the flow
conditions can be evaluated- by eigmining the results of )
tests D1C-1 to 5 and AlC-1 to 5, which are identical except
the lateral-channel invert slopedf of 0.015 and .0.00 respec-
tively. It was found that by chénging the slope of thé.la-
teral channel little or no significant ;hange in the flow g -
conditions was caused. Both the dye, shear stress and velo-
city profile results show little difference between the two
slope conditiops. Ke'values are very close overithe fanéé

.of nq tested, with the lesser sloag having slightly smaller

values (see Figure 20).

»
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The reason that the lateral channel slope has such an
inéignificant effect on the flow field is due to‘the fact
that the incoming velocity, which is primarily responsible
for the effect on the flow, is dependent on the depth of the
flow in the junction area,ﬁwhich in turn is;primarily con-
trolled by the downstream conditions. This 6f course is con~
trary to uniform flows where (in long channels) the flow

depth, and thus velocity, is only:dependent on the slope of

the channel (all other things being equai). Thus it can be
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#sumed that if the lateral channel slope was allowed to be
the determining factor concerning the outlet velocity (i.e.
if the depth in the junctioh was less: than uniform depth for

the. lateral) condltlons would be- worse with hng&r lateral

channel slopes This was seen to be the case.

5.3.1.3 Effect of'Lateral‘Chgnnel Width
Increasing - the: lateral channel width had the predict-
able result of improving the, overall performance of&the con-

fluence. This is no doubt due to the decrease in- the incom-

ing flow'velocity‘and thué momentum. This comparieon ;s made
by comparing the reSults of tests Alcjg to 5 and AlA-l to 4,
which have chahnel W ths of 10.2 and.20. 3 respectlvely.
Flgure 21, which sbﬁ K for both width condltlons, 1llus-
trates this 1mprovement by a reductlon in X e partlcularly
at- the further downstream station, W1th the wider channel
of up to 19 and 28% at the upstream and downstream staE}ons_l
.respectlvely. . This dlffehence, however, is not quite*eo
epperent when theieoveé patterne,for'the two channels
(Figures 22 andh23) are examineé.

5.3.2 - 45°¥s 90° \OUFLETS = «

As expected reducing the-angle of intersection of e
two channels from gooqu_45° significantly imp:oved;the re
sults. This was ildustrated bi-ahmarked reduction: in Ko

oy
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(Figurgyaﬂ), and a less significant yet‘noticeaﬁle reduction
in Et (?igure 25) over the whole pange of nq. ‘Also, examina-
tion of Pléte 2'Sh0wed that for equal.flow.rates, the 45°
junction produced much less flow peﬁétration into the main
channel thadk{hat for the 90° arrangement. Finally, the
isovel patterns (Figufe 26) showed that ,the 45° confﬁgura—

tion had a much better centered and % more uniform velocity
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\\
profile as well as smaller velocity gradients, maximum velo-

cities and boundary velocities. This was also found to,be'—
true further downstream (X' = 2.95) as can be-seén in th
appendix. In all aspects then the 45° interséction gave a
much better result, with of course the only disadvantage be-

vert 41% lon

ing that to,qdopt such an arrangement would result in a cul-
\éqi.than that required for a 90° junction.
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5.4 GUIDE VANES .
S
As stated previously the use of 'guide vanes was an at-.-
tempt to provide a mechanism whereby the lateral momentum

would be-more quickly.dissipated and the incoming flows re- :

directed with lessdadverée efféets on the main flow. The

different sizes and shapes. This final configu idén (shown
in Figure 7) was then tested over a range of f}ow ratios
and vane heights, the results of whicH are summarized here

. .

according to the following four methods of evaluation.

-

5.4.1 Dye Study

The 'dye' results showed that the gross redirection of
the flow as a result of the presence of vanes was small, and
became even less significant when the vanes pegame submerged.7
This is shown in Plate 3 for éll three vane sizes at nq = 0.33.

?—D

5.4.2 Velocity Profile

For all three vane heights used there wgs a general re-

duction in-the maximum velocity both'in the cross section as

No submergence occurred for the largest vanes, however it
did occur for the 7.6 cm high vanes at and above'n_ = 0.33
and for all flows for the smalléest vanes. q
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Plate 3:

3.8 cm Vanes

Dye Results for Junctions
(nq = (.33) :

with Guide Vanes




o

- -

a whole and at the boundaries. This wgs small though, and

the reduction was_usualiy less than 10% and i@, some instances "

. the velocity was -even larger than'with no vanes, These pros

files are shown'in'Figures 27 to 32-a for stations 1 and 2

and the maximum velocities are summarized in Tables 6-a and
—

7-a. | 5 .
. \ ‘.

-t .

¢

‘With regard to the location of the maximum vgiocitﬂ it(/

was generally shiftéd more toward the center of the channe
b )

with the vanes than without. This effect was seen to dimin-

ish with the reduction in vane height. Again this effect

-was generally small and in several instances the maximum

velocity is closer to the right wall without the vanes than

with. The unutilized cross sectional area was the aspect

where most improvement was realized with the presence of
guidé vanes. -?his area was always reduced and more so with
the larger vanes than withhthe smaller ones. This then is
the reason for. the significant reduction in K, with.guide
vanes being present. Figure 33 shows the variation in Ke vs
nq fo; both the élain junction anz/iil\igg/ﬁgggg“at Staéion
1. Over the whole range (of nq) his was reduced by the -
presence of the vanes, normally between 8 and 12%, although

the vane Hgight would appear to have a small or negligible

effect on the reduction.
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il

< In summary, then, the effects of the guide vanes were
to give some marginal reduction in the maximum velocities
and significant reductions in the unutilized flow area and

the kinetic energy factor.

5.4.3 Shear Stress

The shear stress distribytions for the guide vanes &t

station 1 are shown in Figures 34 to 36. These show that
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the change in stresses as a‘result of the guide vanes being
present was a general reduction of the bed stresses and little
Or no chanée in the wall shear stresses. This change became
less as the height of the vanes decreased. Reference to
Figures 37-a to 39-a shows that the change in the bed andl
right wall stresses from those measured for no guide vanes

was marginal ‘at station 2.

Although the vanes did reduce the maximum bed stresses
slightly, it must be kept in mind that this change is smal{, -
and tﬁat the maximum stress is still substantially greater
than that measured for uniform flow and that éalculatéd
using the theoretical expressionyR S (as much as 360% and
320% respectively). Thus this area of the natural channel
.would undoubtedly still require some protection to prevent

excessive erosion.

5.4.4 Mixing Energy Losses

'
The results of the determination of the mixing ener-

gy loss coefficient were interesting for two reasons. The
first was that this was usually larger with the vanes than
without (see Figure 40),.although the difference is small.
Secondly, in several instances this was determined to be.
less than zero-implying that the turbulence added energy
r§ther than consumed it. This is of course erroneous and

the problem again lies in the determination of the friction
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losses with a uniform flow equation.

E
-]

[

L~
[ M= No Vanes
"
7

=4 .

S a- 15.1 cm Vanes
QP

“/1!&..\
g . A=
i L \
/ﬂ:"/_';x/ wll +- 7.6 cm Vanes
[ 4/
o /1‘/ 1/
-~ ,/"
/ X - 3.8 cm Vanes
x

[=]

2]

o . N

'0.00 0.10 0-20 0.30 0. 40 0.50

Ng

Figure 40: §E,_ vs nq for Guide Vanes

t

5.5 OUTLET GEOMETRY CHANGES

Practical considerations concerning the construction
and maintenance of guide vanes (as well as their poor pér—
formance) suggested that, to effectively imprbve flow per-
éormance, attention should be focussed on improving the out-

let geometry of the culvert, or lateral channel. Several

changes were tried and are discussed here separately.
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5.5.1 Beveled Outlet Corner

The first change made was to bevel the downstream corner
of the outlet according to Figure 8. This was found to cause

a substantial change on the flow characteristics of the con-

‘fluence. . ’,;/H

5.5.1.1 Dye Results

Resul f the preliminary dye studies showed that,
since the fllow was encouraged to turn downstream sooner, the
dye, when ingected into the lateral channel, took a much
longer distapce to reach the right wall of the receiving
channel. Aléo, it reduced the 'dead zone' where the circu-
latory motions occur. This is illustrated in Plate 4 for

n_ equal 0.33.
q q

5.5.1.2 velocity Distribution

The isovel pétterns shown in Figure 41 for the beveled
outlet over a range of floW rates™sghow a profound change in
the velocity distribution at~gtation 1 over those for a

“\&pldin junction. With the beveI;H\eﬁ%let maximum velocities
were reduced and the location of same rose and moved more
toward the center of the section. However, further down-
stream at station 2 these improvements were much less pro-

nounced, although the distributions were much more uniform

- 895 -
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and regular with the beveled outlet iq place [(see Figure 42).
This‘is furﬁher illustrated by'Tables 8-a and\ 9-a. The
reason for this improvemehtAat the upstream st tépn.wés that
although some redirection of the lateral inflow occurred
sooner because’of the bevel, there was nbthing introduced to
reduce its lateral momentum and thus it still, eventually,

penetrated the main channel profile and shifted it by the same

amount.

This improvement in the velocity distributions is also
‘dramatically illustrated by the reduction in the energy cor-
rection factors shown in Figure 43. These showed a substan-
tial decrease both at stations land 2 (as much as 33 and
24%_resbectiveiy) over the whole range of flows and at the
lower flow ratios (nq less than 0.33) the factor became
nearly independent of the distance from the confluence and
nq. As well as this, Ke was found to be very nearly equal

L

to that for uniform flow (1.06 vs 1.02).

5.5.1.3 Shear Stress Distributions

The shear stress distributions shown in Figure 44
showed some improvement over those obtained for a plain
junction, most especially for flow ratios of 0.43, 0.33
and 0.20. These, however, were still both high and well

above those distributions obtained for uniform flow {(from



75 to 320%

above). This was due to the relatively high bed

and wall velocities still present.
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5.5.1.4 Mixing Energy Losses
The mixing energy losses for the beveled outlet
(shown in Figure 45), although usually less than those for
the plain junction, appeared to be quite unstable. Several..

values at

L

station 2 were less than zero, and also all value

(at station 2) were less than those upstream, indicating en-
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energy was being added from station 1 to 2.

This anomaly was

due to the aforementioned problems concerning the calculation

of the friction losses. %
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Figure 45 : Et Vs nq for Beveled Outlet
Deflection Wall

5.5.2

To further assist the redirection of the incoming la-

teral ?}ows, two different 'deflection walls' were installed

at the upstream corner of the outlet {with the downstream

corner still beveled).

would redirect the flow,

R

. /'I

i
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This was done not only because it

but also because it would help to



~reduce the lateral momentum, and thus prevgnt the flow field
- from shifting to the right further downstream. These lee-

tion walls were of two sizes, shown in Figures 9 and 10.

5.5.2.1 Dye Results

The injection of.thé dye into the incoming flow showed
clearly that deflection walls helped to fedirect the flows
downstream, -this of course was less for the smaller wall.
However, further downstream it can be seen (Plate 4) that
there was stiil substantial penetration of the main channel

flow field by the lateral inflow.

5.5.2.2 Velocity Distributions

The isovel patterns in Figures 46 to 49 clearly showed
the dramatic effects of the deflection walls at the downstream
stations 1 and 2. The most obvious change is the shifting of
the profile to the left, with the maximum velocity filament
either at or to the left of center. This effect again was
reduced with the smaller deflection{%all. The maximum velo-
cities, however, were larger than with the beveled outlet
using the larger wall, and as well, there was less utilized
flow area. This howeve;, waé not true for the smaller de-
flection wall, which showed maximum velocities very near
those of the beveled outlet but mucﬁ better centered in

the cross section. In addition, the isovel patterns at
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station 2 were very régular and were often appfoaching those
for uniform flow conditions, particularly for the small de-

flection wall.

The reason for the reduced impFovement with the large
deflection wall can be attributed to the effect of the wall
on the conditions in the lateral channel. Since the depth
of flow in-the lateral channel is controlled by the condi-
tions at the exit, the presence of the wall at the end cf
the lateral channel created a ‘'ponding' effect
in the channel. Thus for nq equal to 6.50 the depth in the
channel just before the confluence was found to increase by

33% and 10% for the large and small walls respectively.

‘This had two effects:

1. Raising the incoming energy;
2. Raising the incoming depth over that in the
J junction.

L

The result of this latter effect was that upon entering the
main channel, the incoming flow velocity had a significant
downward component which forced the ﬁaximum velocity toward

*
the bed. Obviously this could cause erosion problems in
the receiving channel if left unchecked. In addition to
this problem, the 'ponding' effect would necessitate a larger

culvert to pass the required flow-if the energy level at the
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éulvert inlet was to remain the same (under outlet control conditions).

The energy correction factors shown in Figure 50 for
station 1 sﬂow that although there was a substantial de-
crease over that for a plain junction, (up to 33%) they were
still larger than that for the beveled outlet-at least at the
higher flow ratiosﬂ For example at nq = O.SO,Ke values were
24 and 7% greater with the large‘and small deflection walls
respectively. This increase ovér the beveled outlet condi-
tion was due to the increase in the incoming energy, and
was futher illustrated by the fact that Ko values for the

larger wall in place were always greater than those for the
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Figure 50: Ke vs nq for Dekle tign Walls (X' = 1.31}

- 109 -



smaller wall. At station 2 these factors again followed

these tendencies and approached uniform flow values at the

o

lower flow ratios (see Figure 51).
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Figure 51: Ke Vs nq for Deflection Wall (X' = 2.95)
5.5.2.3

The
station 1
backwater
bea shear

increased

Shear Stress Distributions

shear stress distributiong in Figures 52 and 53 for
show the effects of redi ction of the flow and of
in the lateral channél. in mo t\sases the maximum
stress shifted substantially to thé\%eft and also

in value. This was more noticeable with the larger
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deflection wall. The shift to the ieft was of course due to
the additional flow redirection as a résult of the wall. The
deleterious effect of the inc;ease in the values of the shear
stress {(up to 4 times that determined using y R S) was a re-
sult of the downward velocity component of the inflow, which
in turn forced the higher velocities toward the bed. This
effect was seen to diminish as the flow ratio (and thus the
backwater effect) decreased. Similar results to these are

also found in Figures 54-a and 55-a for station 2.

5.5.2.4 Mixing Energy Losses

The results of the determination of the mixing energy
loss coefficient (shown in Figure 56) were again inconclusive.
Although these were found to be larger than those for the
beveled outlet ét the higher flow ratios, the values were

again erratic and no definable trend appeared.

5.5.3 Reverse Slopes

As a result of the high bed shear stress experienced with
the beveled outlet (with and without the deflection walls), two
attempts were made to give the incoming flow an upward velocity
component to reduce the bed velocities. Because of the afore-
mentioned problems with the backwater caused by the deflection
walls, these attempts were in addition to the beveled ocutlet

only. The first solution was to give the outlet a reverse
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invert‘slope as shown in Figure 1l. Secondly, since the

. former might experience reduced beneficial effects if the
culvert outlet were to be partially covered by sediment
(which may occur at low flows), a superelevated reverse
slope was tried which would allow both low flows and sedi-
ments to pass unimpeded into the receiving channel. Also,
it was felt that this latter attempt might also help to re-

direct the lateral flows downstream.
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5.5.3.1 Velocity Distributions

The isovel patterns in Figures 57 to 60 for both down-
stream stations show the effects gf the reverse and super-
elevated reverse slope on the flow field. As notéd,although
there was some raising of the maximum velocity at station 1,
this was lost by station 2. These.velocities are also sum-
marized in Tables 8-a and 9—#. The ' maximum bed‘veiocities
would also appear to be slightly less with these modifications
in place, althoughthe m&xmelevauﬁireverse slope is less effec-
tive in this regard, again this effect was lost by station 2.
The same was also true for the fight wall velocities. The
energy correction factors shown in Figure 61 -also indicated
that these slope modifications had little or no effect on the
flow field at station 1 by the less than 2% change in K-

This was also found to be true at station 2.

5.5.3.2 Shear Stress Distribution
&

The shear stress distributions shown in Figures 62 and
64 showed some, marginal, reduction in the bdundary shear
stresses. As with the other effects the superelevated re-
verse slope would appear to bé less effective. Also, these

effects were negligible both at station 2 (Figures 63 and

65) and at the lower flow ratios..
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5.5.3.3 Mixing Energy Losses
The mixing energy loss coefficient, shown in Figure

66 for station 1 was very similar to that obtained for a be-

veled outlet, with perhaps a tendency to be somewhat higher.

-
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Chapter VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

On the basis of the results in the previous chapter the

following conclusions can be made:

1. The use of energy correction faétors equal to unity
when determining the kinetic energy level downstream of a
confluence will lead t6 erroneous results. - These have been
found to vary from 1.95 to 1.14 for one particular plain
junction just below the confluence. Thus, even when the in-
coming flows are small (11% of the combined flow) this cor-
rection must be made to accurately predict the downstream

enerqgy level.

2. For the design of channel junctions, allowance mus£
be made for mixing energy losses. Thesé have been found
to be substantial, in some cases as high as the kinetic ener-
gy level downstream of the coﬁfluence, and in most cases
larger than the losses to friction. Althgugh the effects of
outlet geometry on these losses have not been determined
conclusively, other than to say that there is a definite

effect, these losses are none-the-~less substantial.
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é. The outlet geometry and size of the lateral channel
{or culvert) has been shown to have a marked effect on the
downstream flow conditions. Tﬁis has been demonstrated by
the dye results, velocity and shear distributions. These
velocity distributions first showed the considerable distor-
tion of the flow field and its improvement with certain
changes.. Those outlet geometries that were particﬁlarly
effectivé in improving the flow conditions were bevelling the
downstream corner of the culvert outlet and the addition of
a small deflection on the opposite corner, both of which
helped to shift the profile closer to the center of the sec-
tion. There was of course the disadvantage with the deflec—
tion wall of the béckwater effect in the culvert, and thus
these two effects would have to be'wéighed against each
other for‘each particular installation to give the best
overall culvert performance. Reverse slopes in the end of
the culvert were found to have a marginal effect on the velo-

city distribution.

The shear stress distributions were particularly inform-
ative in that they showed up to a 330% increase in.thé local
shear stress at the bed over that measured for uniform flow.
This waé reduced to a maximum_of 150% by the addition of a
beveled outlet, at just over one channel width downstream
of the confluence. This will reduce the amount of channel

boundary protection required to prevent erosion of the .
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natural stream. The amount of protection required for -a
particular installation must be evaluated based on the chan-
nel boundary material. Some reduction of these shear stress-
es was found possible by the addition of a reverse invert

slope at the outlet of the culvert, although this was small.

6.2 RECOMMENDATIONS

Whereas time and budget constraints limited the scope
of this particular study it would, never-the-less, be desir-
able to extend certain aspects of the work presented'here:
Firstly, certain portions of the laboratory investigation
should be repeated using a model with non-rigid boundaries.
Although the shear stress distributions presented here did
indicate where abnormal scour might be concentrated, model-
ling with non-rigid boundaries would more conclusively answer
any uncertaintiés as to the location, development and extent
of this scour in the receiving channel. Furthermore, with
non-rigid boundar:es the effects-éf changing channel cross
section (due to scour) on the hydraulic conditions could
also be investigated.

Secondly, to better erstand the effect of outlet

geometry on the mixing hedd leoss, it is recommended that

a greater number of tests on e

-~

ducted for different flow rates. While additional tests

cutlet geometry be con-
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Wauld not reduce the spread in the data, a greater number of
values would none-the-less better define the trends in these

losses.

Thirdly, although it was conclusively shown that bevel-
ing of the culvert outlet improved the confluence performance,
it is recommended that further work be done to determine the
effect of different bevel sizes on the confluence flow
characteristigs. This might lead to still further improve-

ments in hydraulic performance.

The present study, because of its basic nature, was
limited to the use of rectangular-shaped cross sections for
both the receiving and lateral channels. This was done to
limit, as much as possible, the number of geometric vari-
ables to be considered. 1In light of the fact that both
trapezoidal-shaped receiving channels and circular culverts
are common field occurrences, it would be very informative
to perform similar tests using a model with either or both
of these characteristics. Suc; tests would increase the
number of geometric variables, for instance channel side

slope and bottom width for a trapezoidal section and dia-

meter for a circular section.
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-11
=12
-13
~14
-15

=21
=22
-23
-24

-31
~32
=33
-34
=35

-41
-42
-43
-44
~45

~-51
-52
-53
-54
-55

0.50
0.43
0.33
0.20
0.11

0.50
0.43
0.33
0.20
0.11

'0.50

0.43

0.50
0.43
0.33
0.20
0.11

0.50
0.43
0.33
0.20
0.11

Appendix &

xl

Tl

0.70
0.91

0.69

0.76
0.72

3.04
3.09
2.96
1.70
0.86

2.80
2.38
2.30
1.42
1.06

2.86
2.87
1.84
1.50

3.26
2.94
2.48
1.41
1.29

2.95
2.02
1.38

1.33:

1.98

4.16
3.52
1.87
1.46
0.88

.. TABLE 3-a

1.31

Yl

0.803
0.607
¢.o07
0.410
0.410

0.787
0.393
0% 393
0.393
0.803

0.787
0.787
0.993
0.393
0.5%90

0.993

0.393
0.993
0.590

0.787
0.607
0.590
0.607
0.803

0.590
0.607
0.410
0.213
0.410

0.607
0.410
0.213
0.213
0.213
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Maximum Bed Shear Stresses

Xl
Tt

0.70
0.91
0.69
0.41
0.72

1.58
1.39
1.36°
0.92
0.79

1.39
1.12.
1.36
1.06
0.65

0.803
0.607
0.007
0.410
0.410

0.787
0.787
0.393
¢.393
0.803

0.590
0.590
0.393
0.590
0.787

0.787
0.787
0.590
0.590

0.787
0.803
0.590
0.607
0.607

0.803

0.607"

0.607
0.607
0.410

- 0.607

0.410
0.410
0.213
0.213



Test#

-6l
-62
-63
-64

_65 o

=72
-73
=74

-82-

-83
-84

aAlc-4
-3
-1
-5

D3C-2
-3
-4

.0.50

0.43
0.33
0.20
0.11

0.43
0.33
0.20

"0.43

0.33
0.20

0.50
0.43
0.20
0.11

0.43
0.33
0.20

TABLE 3-a (Contd.)

Maximum Bed Shear Stresses

*  two maximums

X' = 1.31

T’ Y!
2.59 0.607
2.10 0.410
3,66 0.410
1011 0.213
0.91 0.410
1.73 0.607
1.35 - 0.410
1.39 0.213
1.96 0.607
1.59 0.410
1.20 0.203
3.02 0.590
2.92 0.590
2.11 0.393
1.09 0.787
0.91 - 0.410
0.97 0.213
0.93 0.213

.
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xl
Tl

1.54
1.18
1.09
0.74
0.74

1.19
1.14
0.92

1.46
1.31
0.79

1.80
1.59
0.98
0-.80

0.85

‘1.02

0.76

= 2.95
Yl

0.607
0.410
0.410
0.410
0.410

0.607

0.410
0.213

0.803
0.607

.213/.607*

0.623
0.590
0.393
0.993

0.393
0.410
0.410
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TABLE 5-a

Maximum Velocity Locations For Plain Junction

n z' Y! v v v $Unutilized
q m b W
m m area
0.50 .11 .53 2.0 1.9 2.0 20.
0.43 .48 .67 2.1 1.8 1.5 16,
0.33 .49 .60 1.9 1.7 1.4 7.
0.20 .51 .67 1.5 1.3 1.1 5.
0.11 .40 .67 1.5 0.9 1.0 5.
X' = 1.31
0.50 .49 .87 1.9 1.2 1.5 15.
0.43 .37 .80 1.7 1.2 1.1 10.
0.33 .39 .63 1.5 1.2 1.4 0.
0.20 .38 .53 1.4 0.9 1.1 0.
0.11 .50 .53 1.4 0.8 0.6 0.
X' = 2,95

Note: In Tables 3 to 7 Z2' and ¥' are the locations of

the maximum velocity filament in the section and V_,

. Vb and er are maximum velocities in the section,
oI

on the bed and right wall respectively.
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0.50
0.43
0.33
0.20
0.11

0.50
0.43
0.33
0.20

¢.50
0.43
0.33
0.20
0.11

*

two
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TABLE 6-~a

Maximum Velocity.Data For Guide Vanes - X' = 1.31
z' Y! v $Unutilizedw,

m area

.12 .53 2.1 15.

.37 .80 1.9 10.

.39 .47 1.6 0.

.38 .53 1.6 0.

.50 .40/.73 1.2 0.

Large Guide Vanes

.65 .53 1.9 17.

.11 .40 1.8 5.

.37 .47 1.7 2.

.41 .73 1.5 0.

Medium Guide Vanes

.80 15.

13.

.67 4.

.67 1.

.53 1.



TABLE 7-a

Maximum Velocity Data For Guide Vanes - X' = 2.95

n z' Y! v Vb er $Unutilized
4 : m m m area
0.50 .70 .76 1.7 1.2 1.3 0.
0.43 .39 .67 1.6 1.1 1.1 0.
0.33 .39 .67 1.5 1.1 1.3 0.
0.20 .53 .80 1.3 1.0 .9 0.
0.11 .54 .73 1. .8 .7 0.
L;Ege Guide Vanes
0.50 .37 .87 1.6 1.2 . 1.3 0.
0.43 .40 .93 1.5 1:0 1.2 0.
0.33 .40 .60 1.5 1.0 .9 0.
0.20 .63 .73 1. 1.0 .8 0.
' Medium Guide Van@s
_..-..“' - ‘,", *
0.50 .37 .93 1.8 1.6 1.4 0.
0.43 .38 .93 1.8 1.3 1.4 0.
0.33 .39 .80 1.4 1.2 1.1 0.
0.20 .40 .63 1.4 1.0 0.7- 0.
0.11 .39 .60 1. 1.0 .8 0.
73 -

Smali—~Guide Vanes 5
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TABLE 8-a

Maximum Velocity Location For Beveled Outlets - X' = 1.31
n Z' Y' v vy, v $Unutilized
q. m m ¥n area
0.50 .55 .53 1.9 1.7 1.4 3.
0.43 .37 .60 1.5 1.4 1.2 0.
0.33 .35 .47 1.4 1.2 0.8 0.
0.20 .46 .57 1.3 1.0 0.8 0.
0.11 .04 .40 1, 1.4 1.2 0.
Beveled OQutlet )
0.50 .58 .53 2.3 2.2 1.7 17.
0.43 .03 .47 2.1 2.1 1.4 12.
0.33 .38 .33 1.7 1.3 0.8 2.
0.20 .39 .27 1.3 1.1 0.8 0.
0.11 .39 .60 1. 1.0 0.9 0.
Large Deflection Wall
0.50 .10 - .53 1.9 1.7 1.2 9.
0.43 .47 .47 1.8 1.4 1.2 0.
0.33 .11 .33 ‘1.5 1.3 0.9 0.
0.20 .47 .60 1.5 1.0 0.8 0.
0.11 .65 .53 1.4 0.9 0.8 0.
Small Deflection Wall
0.43 .36 .67 1.6 1.3 1.1 0.
0.33 .37 47 1.4 1.1 0.9 0.
0.20 . .36 .73 1.4 l~lﬁ 1.0 0.
Reverse Slope
0.43 .63 .73 1.8 1.4 1.2 0.
0.33 11 .47 1.5 1.3 1.0 0.
0.20 .40 .40/.87* 1.3 1.0 0.9 0.~

Superelevated Reverse' Slopé

*  two maximums
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TABLE 9-a

Maximum Velocity Locations For Beveled Outlet - X' = 2.95

n z! Y' Vv Vv v $Unutilized
-9 m bm ) TWnm area
¢.50 .36 .87 1.5 1.2 1.3 0.

0.43 .36 .87 1.3 1.3 1.2 0.
0.33 .64 .67 1.2 .9 .6 0.
0.20 .63 .60 1.2 .9 .7 0.
0.11 .39 .67 «1.2 1.2 1.1 0.

Beveled Outlet

0.

0.50 .41 .53 1.7 1.5 0.9
0.43 .43 .47 1.8 l.4 0.8 0.
0.33 .37 .33 1.3 1.1 0.6 0.
0.20 .65 .57 1.2 1.0 0.7 0.
0.11 .66 .40 1. 0.9 0.8 0.
Large Deflection Wall
0.50 .38 .60 1.6 1.2 1.0 0.
0.43. .24 .50 1.4 ‘1.1 0.7 d.
0.33 .64 .53 1.2 1.0 0.7 0.
0.20 * .38 .67 1.3 0.8 0.7 0.
0.11 .66 . .60 1. 0.8 0.7 0.
Small Deflection Wall
0.43 .38 .77 1.4 1.1 1.1 0.
0.33 .39 .73 1.3 1.0 0.8 0.
0.20 .40 .73 1.3 0.9 0.9 0.
Reverse Slope
0.43 .39 .73 1.5 1.2 1.1 0.
6.33 .40 .60 1.4 1.1 0.8 0.
0.20 .66 .57 1.3 0.9 0.8. 0.

Superelevated Reverse‘SIOpe
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