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i Spatially varied fiow equations are critically rev1ewed and the

inconsistencies existing«in their derivations are brought out. The his-

«toricai deve]opment .of the ana]ysis of flow through bottom intakes which

represent a speciai case of steady spatiai]y varied flow is traced
’ An anaiyticai expression for the entrance depth of a slot at
. the bed of a horizontal channel is derived in terms of tne siot length,

the Froude numbec of the approach flow and the performance factor; the

) expression was verified for sopercritical flow, -

-Experimental data on bottbm racks with bars transverse to the

At
flow direction and racks with smail orifices or perforations are analyzed

". using Mostkow S equations. The coefficients of discharge are computed

land their behaviour is discussed . The flow profiles predicted‘by Most-

. kow's equationsaare in satisfactory agreemént‘with the observed profiles.
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NOMENCLATURE ™

DESCRIPTION -

Arga of water flow-

" -

Width of bottom 6ack or channel

.' L '
" Coefficient of discharge for rack with-parallel bars

X N ‘
Coefficient of .discharge for rack with orifices

Hydraulic depth

. Specific energy

Froude number

Froude number of incomiﬁg-f]ow

Acceleration due to gravity

Total length of rack-

- Spacing of rack

Change in momentum
Resultant pressure
Incoming discharge
Diverted diséharge B
Residual discharge
Incoming.d%scharge ber unif width of channel

Energy slope  {
Bed slope
- it




SYMBOL

. Sf.
T

Vv,

L1

T2

. chtmn slope

. Pressure correction factor at downstream end of rack

DESCRIPTION - J

Top width of flow .- - - K
Velocity of mcoming ﬂow

Velocity of diverted f‘lovi

Distance a]ong the rack irom-th,e upstream end . ¢
/

;e

Depth of the incoming flow 4 ‘ ~
Depth of the residual flow //u
, v

Depth of flow at a section 1/r; the rack
g

Depth of flow at the upstréam zgnd of the rack

Depth of flow at the downstream end of the rack

.

Energy coef ficient - / -

Angle made by the ve'locity vector of diverted flow w1th
the channe'l bed
Performance factor‘, ra'ﬁo of diverted flow to main flow

Pressure correction-factor at upstream end of rack

Speciﬂ;: weight of water o

Ratio of the area of o en1ngs to the total area of rack
(opening area ratios \

-
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has a nonuniform discharge resulting from the addition or. diminution of

"filters, effluent channels around sewage-treatment tanks,-and the main

.ventionaliy employed in previous works reqmres re- examination Further,

-of discharge is not properiy evaluated

-
rd ' 0’/ -
- CHAPTER 1 ‘ . .
= INTRODUCTION
A ‘7 Spatially varied fiow is encountered in an open channel which
NN

water along the flow direction. This type of flow is found in side-

channe] spillways, side-weirs, roadside gytters, washwater troughs in

Bl 5 S WL

drainage channels and feeding“channe]s in irrigation systems'[B].' The

dynamic equations describing the water surface profiies in a channel with .
A%

spatiaiiy varied flow are analyzed in various forms to cover a multitude R

of practica1 app]ications. in reviewing’ the literature, sé%eraJ‘inconsis-

- tencies have'been detected among these expressions.

Flow in a channe] with a bottom rack represents a case of B
'spatieily varied-fiow. Scanning through the literature avai]ab]e on fiow '

through-bottom racks, one finds that th® constant energy assumption con-

the extent of inf]uence of theastate of approach flow on the coefficient L
¥ .
This study presents an attanpt to determine the effect of Froude
number on the discharge coefficient utilizing Venkataraman s data [15].
The’ theoretical ana]ysis is simplified by,considering different sizes of

» -
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B priate momentum equation is applied in a direction normal.to the direction

t

of flow. An expression for the ratio of the depth at the beginning of
the opeqihg to its length, is obtained and is ver1fied on ‘the basis of

-

the reﬁbrted data in ref. 15. In addition, the flow profiles have been

obtained- using Mostkow's equations [9] for ‘racks with bars perpendicu]ar to
the direction of flow and for ‘racks with small orifices; these are then

compared with Venkataraman's experihental profiles [15].

In order td”furnish a basis for understanding the probTem, LT

the art dn flow Yehaviour in channels with bottom racks.

¥
Chapter 2 presi::j\a review of the governing.equations and the state of

The theoretical.analysis and experimenpa] verificat{on are
presented in detail in Chapter 3. ‘ ' '

Chapter 4 smnnar1zes the important findings of ;hfs study and
suggests possible areas ‘where further work can be.carried out

< 2 v v .
. -

‘rectangular bed~s]ot§, spanning the\\htire width of the channel-'the'appro-‘

L

-
.
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3
'REVIEW OF LITERATURE .

1

2.1 GENERAb‘REMARKS :
\ i J

The review presented in this chapter deals with two aspects

~ of the phenomenon under stu&y. In the first sectﬁon, the dynamic equa-
tions.describing'the spetiaiﬁy varieq flow with either dincreasing or
decreasing discharge are discussed with an emphasisqn certain discrep-
ancies that exist amohg them. The avai1ab1e,1iterature on flow through.

~_bottom racks. 1s briefly descr1bed in a later stage in order to illustrate

the. method of attack emp]oyed in the present study.

3

2, 2 REVIEW OF SPATIALLY VARIED FLow EQUATIONS

~

Conservatidk'of mass in congunct1on with either the momentum
princip]e or the energy princip]e'are generally used in the derivatnon.

of spatially varied flow equations. Because of the basic difference in
the phys1ca1 concept between the momentnm and the energy principles, the
expressions obtained based on elther approach w11] be 1nherent1y different,
The momEntum approach 1s a vector re1at1onsh1p which equates the net momen-
vtum f1ux to the external forces acting on a control volume in the direction

" of flow, while the\ehergy;approach is a scalar re]ationship considering

. ‘ L _}/*
. e
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the work done by the gravity force and the energy dissipation due to inter-

nal stresses within the control volume.
Numerous 1nvest1‘galons have been carried out on the theoretical

and the experimental aspects Pof soatially varied flow in open channe1s

£1,3,4,5,7,8,10,17]. The‘mejority of these studies treat both the Eases of

jncreasing and decrégsing discharge [?,4,5,10,17];nrefs. 1,7] reiatg to
flow with decreasing discharge and ref. [8] solely describes the*flow with
increasing discharge. )

Recently more studies have been d]rected to derive generalized

1

spatially var1ed flow, equations for 1ncrea51ng as well as decreas1ng dis-
The general assumptions made in the derivation of -the.spatially

varied flow equation may be summarized as follows [4]:

/ . .l
1. -The flow is unidirectional . . :

2. The velocity d1str1bution across the channel section is constant
: and un1fonn L

The pressure in the flow is hydrostatic
. - The s1dpe of the channel i;_relativeTy small
3 .
5.. The Mann1ng formu1a is used to evaluate the fr1ction loss

GL\\IPe effect of air entrainment is neglected BN

Hinds [8] Was one of the earliest investlgators to carry out a-
theoretical analysis of the prob1em of spatially varied flow with increag-
ing discharge Using the momentum principle, he derived a flqw profiie,
app1ica61e to channels of any shape. The momentum of the latera1 inflow '
in the channel was not considered as the.inflow was assumed to enter the
e ) : -

. : ¢
. Pl ‘I
N ' .
s

oy e 4. L g -
- , [
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main channel at right aﬁg]es and the frictional resistaﬁce was neglected.
Hinds' equation at two consecutive sectioné separated by a small finite

distance Ax is:

. o
- A WA VA :
AX g ( m AX + q (V + AV) ..... e (2.3)
where — ' .
Q@ = the discharge in cubic feet per second N
g = acceleration due to gravity
d v = velocity in feet per second
y = head\of-water ‘
%%. = water-surface s]ope‘
L
"Nimmo [10] derived two equations, one for spatially varied flow
with increasing discharge and the other for decreasing diséharge; usin§
the momen tum approach." His equht1ons, simplified for a rectﬁhgu1ar pris-
matic channel, take the forms: | . ’ |
dy _ S - S. - 20q./gA? ’ ‘ ‘
= "0 f 0 . - . .
H%' T Q‘/gA?y , — (for 1pc63351ng discharge) . . . (2.2a)
: . " ‘
dy . S -S_. - Qq_/gA? ' T
= 70 f 0 .
3%' | T QT — (for decreasing discharg?) e (?.Zb)
where — ' . ' ® .
q, = the incoming discharge per unit width of channel
, , So =- bed. slope ] ‘
R , Sg= friction slope ' ' ‘
‘ A = area of water flow.
;o . .
~ {

- gt e v . -
< R N
N T e - 5 . . #
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It can be seen that the difference in these\two equations 1ies
only in the coefficient of the third term in thi numerator on the right

hand side.
De Marchi [7] carried out analytical and experimental inveétiga—
tions on the flow of water over side-weirs assuming the energy head é]ong

the weir crest to be constant. He concluded that the water surface profile

over the weir is essentially curved (ris$ing in’subcritical flow and dropping"

in supercritical flow). DeMarchi's equation is identical to that proposed

' by Nimmo. For horizontal channels, the flow profile is given by:
. v L

t

- Qq,/ghA?
dy - 0 |
ax T<0%/5 y . C e e e s e e e (2.3)
The two equat1ons obta1ned by Chow (3] are;
S, - S - ZaQq /gA*
g%-= ? - aQ‘?gA’DO (for increasing discharge) . . . . {Z.4a)
. S, -5 ~ aQq,/gA? ‘ S

-g¥:= ‘%Ltl§617axf§“" (for decreasing discharge) . . . . (?.4b)

where_-—'

3 - _ -Flow area, A |
D = h_ydrau'ijlc depth = W

kL

o = energy coéfficieni; A

- " He 1hdicated that the momentum principle or the energy principle
cqu]d be applied to ‘obtain these equations. However, he favours the use
of the energy,equatipn for the case of I?teraliouthOw. Such a preferencé

« . s not justified, since botﬁ approaches stem from Newﬁon‘s second 1aw;‘
thus when applied to any open channé] flow Phenomenon\should lead fo

" identical results. .furthér.\Chow does not consider the sense of the flow,

LY

e Tt e
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i. e s accrod1ng to his equations, 1nf10w or outflow would have the same
1nf1uence on the flow profile. It m1ght have been more log1ca1 and general
to obtain identical equations to describe both types of flow and assign a
positive sign to take care of the case with inflow and a .negative sign for

the outflow case. Also, the occurrence of the coefficient 2 in the

.thlrd term of the numerator describing the 1atera1 flow is not exp]a1ned

adequately )

3

, In a later study, Chow obtains equations for the s1ope of the

water surface for flow with 1ncreas1ng discharge using the-momentum

v
approach and uses the energy ﬁr1nc1p1e for flow w1th decreas1ng d1scharge
[4]. The two new equat1ons are 1dent1ca1 to the earlier ones [3].

It should be noted that these‘equat1ons are applicable only for

. some cases of flow and cannot be universally employed.

Then Chow [5] proceeds to establish that both the momentum and \
the energy pr1nc1p1es are equa]ly applicable in the derivation of the
spatially varied flow equations and derives identical equations for either

increas1ng or decreasing d1scharge, viz.

Equat1ons based on momentum princ1p1e (fOr U cos<b- 0):

o _ 2
S Sf Zqu/gA \

:g¥.= - ®/ghzy (for jncreasing_discharge)‘, . .. (2.5a)

d So" s -zqq /9A2 . i
a¥.= ]f: Qf7gA2y " (for decreasing discharge) . .. (2.5b)

v Ry

Wi e s
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Equations based on Energy principle (for V = U = U cos ¢):

Sy - Qg /9A’ ~ - |
%%- = 1 ~ QilgAzy (for increasing discharge) . . . . . (2i5c)
S, - S, - 0q_/gA* ‘ ‘ ~
%% = \%;02/3A2y 0 (for decreasing discharge) . . . . . (2.5d)

This cannot be true because.the equations would
yield identigal profiles whether the flow is an inflow or out-

flow.

Yen and wenie1 173 performea a theoretical analysis using Both
momentum and energy principles for the cagg‘bf steady flow of an incompres-
sib1e viscous fluid in a prismatic channel with spat1a11y variab]e 1atera1
inflow or outflow. They considered the sense of the lateral flow, an aspect
that was neglected by all earlier investigators. They ‘obtdned genera11ze&
equations for flow profiles that would bé applicable for both the outflow
and inflow case and assigned a positive sign for the 1nf1ow and a negative .
sign for the outflow. Tbeir simp]ified equations arey ‘ '

i

Based on Momentum pr1nc1p1e

\

dy .- So - Sgt{ag/9R) (Ucose =2v) '
, a¥.= T . . (for 1ncreasing discharge).. (2 6a)

dy . So - S¢(9/9h) (Ucoss -2v) -
E%’e‘ T 0% : ”(for dgcreasfng dj;charge)...(e.sb)
. .o ‘ ¢

e S At s e i e
N ..
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Based on Energy principle: -

Sy = Se* (qé/ZgAV)(U2-3V2)

dy - . .
e Ty (for increasing discharge)..... (2.6¢)
‘ .
.S =S - (q_/2gAV)(U?-3V?) ~ :
%%. = 0 efw: legAzy | “(for decr?asing discharge)..... (2.6d)
These equations Tack experimental verification; it is difficﬁit,
therefore, to evaluate their va1iditysf6r practical cases. .

It is noted that Yen and Nenze]'s.Eq. (2.6a) is the same as
© Eq. (2.4a) thsined by Chow for lateral inflow at right angles, but
Ea. (2.6b) differs from Chow's Eq. (2.4b). On the other . hand their
Eq. (2.6¢) islditf;rent from Chow's Eq. (2.4a), while their Eq. (2.6d)
is identical with that of Chow Eq. (2.4b).

E1-Khashab and  Smith [1] carried out analytical and experimental ' -1

‘investigations of f]oﬁ over side weirs and conc]uded that the traditional
assumption of constant total energy in the side-weir channe] has not been,
;substantiatgd. For decreaseing discharge they employ the energy principie‘
.and their equation for the s]ope of the water surface is the same as that
of Chow Eq. (2.4b). Their ‘equation obtained from the momentum principle
is the same as-that of ‘Yen and MWenzel (Eq 2.6b). |

El-Khashab and Smith's,equations for the two'sases are:

Momen tum '%x. _ So T 5g /A (2V-Ucoss) |
Principle: - dx - T 0eksy . |
! o . ';
- - - . 2_'2
g g BT
Principle: .dx T - Q%/gA%y AR
- /.
/
- S/ ;
' /
oA
-/
‘1'/
/'/
. ///{ : ./




2,3 /RevIEW OF FLOW IN CHANNELS WITH BoTTOM RACKS

The bottom intake or bottom rack represents a simple hydrqulic

device used to divert the flow 1n7an.open channel. This device consists

~of a rack compb§éd of bars arranged to form a grid structupé. The bars

of grid may be either parallel to the direction of flow or transverse to (

it.
Fig.

Alternatively, this Qe§1ce may be made up of perforated scfeéns (see

1).

E

Flow 1n a channe] with bottom intakes represents a ‘case of spa-

‘t1a11y varied flow with decreas1ng discharge (Fig. 2). Bottom intakes

have a number of applications 'such as: [14]

1.

2.

3.

In a largé canal system Qhere flow in excess‘of that required
in the/égin canal may be divertedﬁlo some convenient location
As ho?izonta1 trash racks in the hydﬁo-hower plants located
on mountain streams -

/In the sedimentﬂtion ‘tanks to trap the debris in the grit

/
* chambers
.

e M kerb-outlets on the side of main stfeets to drain storm

- 5.

waters into the subsurface drains
As skimmers when it 8 desired to reduce the volume of water to \

Y.

transport fish.

g ﬁetermining the performance of a bottom rack is a complex pfob-

.Ieﬁ due to the large number of variables involved. Many investigations ..

!

“have been carried'outlto effect a proper design for a bottom intake and

to analyze the phenomenon of flow through it.

RPN
;-
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Rack with Bars
N . . ‘ -
Flow . j o | I , ' Flow
——— —

a) perpendicular to tile flow b) parallel to the flow

. {
0 o) 0 \
| ©c° o o
” , .
- rack with perforated screen
N .
»
R4 . ¢
o

' Fig(."l — Types of Radks. S

.
o
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Bovard [2] proposed that the diverted flow depends upon the .
depth of flow over the rack. He obtained a 1st order differential equa-
tion with six variables for the rate of diverted flow through the rack.

}f'!OWever, the results of his-experiments on transverse racks did not con-

-for‘m to his theoretijcal analysis.

Orth, Chardonnet and Meynardi [12] carried out different model
ft:ests on intakes of varying lengths having rack bars of different shapes.
From experiments they found the best ﬁjdraul"i c perfomiance was attained

with rack-bars bf oval cross-sectian which permitted- flushing of all sizes

- of gravel and maintained the desired flow through the rack bars. The bars

' were or1entgd transverse to the flow. .

\

Noseda [11] carried out h1s exper1ments on d1fferent bar sizes.
In the majority of cases the b@rf were parallel to the direction .of
flow;. the flow surface prof'ﬁes were recorded. Nosedd assumed /

constant specific energy and obtained, analytically, the characteris-

tics of an ideal botto/m intake. He noticed that the coefficient of dis-

charge decreased as the ratio of the area of the openings to "the,tota]

area increased.
{

Mostkow [9] proposed, perhaps the most generally accepted analy-

'sis. His experiments were conducted on intakes having transverse bars and

p‘erforat_i'ons. 'He cbnsidef‘ed that the specific energy along tﬁe channel
remained constant. He, further, noticed that when the direction ‘of Flow -
through the rack openings is nearly vertica]" the energy loss is ne'gHgiblbe
and in th1s case the effective head on the rack is practicaﬂy equal to the
specific energy. Mostkow found that th*ls 1s true for racks with para11e1
bars. When the direction- of ﬂov/ through the. rack openings’makes an

i appreciable angle with the vertical, it resu'lts 1n a loss of energ_y’ this

AL

o et
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is because the flow impinges on the sides of the Openinés, and -a change
in the direction of flow from inclined to vertical will occur eventually.
This was Eonfirmed experimentally for racks with perforated screens.

For flow through racks with parallel bars where the flow is vertica]

Mostkow proposed the fo11mw1ng formula: - . 7

(LJ] 1(- ) | .G.‘....(2.8a)

ang for inclined flow through racks with perforated screens:

&b T 3o Wx}]

E'JW

ll‘

. (2.8b)

o

x = the distarice along the rack from its upstream end
E = specific energy at the section

€= ratio of the area of the openings to the total area
- of rack (opening area ratio) . D

' C{,Qz coeff cient of discharge through the openings

y1 = depth af flow at the upstream end of the rack

*

.y = depth 6f flow at a section in the rack.

The.valde of the coefficients of discharge, through the rack r

opgnihgs actually varies c0n§1derab1yia1ongrthe rack. In general, he
found that these coefficients are higher for racks with perforated screens
than for racks with parallel bars. The value 1s higher for horizontal

racks than for inclined racks.

Q

Drimmer [6] obtained a d1fferent1a1 equat1on of the f1rst order -

-

with five variables to ana]yze the shape of the nappe in the case of steady

- flow, over a bottom 14takg with rack-bars orfented along the f1ow,’

A A

1
A,

© et L et
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2,4 CoNcLUDING REMARKS A .

k From the preceding presentition, it js seen that there is a

peed for the revision of .the spatially varied flow equations, since the
deriVéd equatiofis by most of the 1nvestigafors are contr§dictony. Also,
each equation is agp]icable only for some cases of flow and cannot be
generd1fzed o
, From the point of view of pract1ca1 application, it is seen
that in general, txb\egergy equation is prgferred for spatially varied
flow with decreasing discharge and the momentum equation is preferred for
1ncreasing discharge, although such a preference is unnecessary .o ‘ ’ d
Th:é:947;;—;;\?1ow in channel with bottom racks demonstrates |
éhat each inVéstigation is valid only for ‘the conditions under which it
was conducted. A generalized ;heory is not ye£ available.

»
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CHAPTER 3
ANALYSIS

ES

3,1 GENERAL REMARKS - | ,

: Th} brief survey of literature on analysis of flow 'in channels ,
with bottom rack reveals that moic.t of thezexisting studies arfe based
either on‘emp'irical assumptions or assumptions that are chaHéngéd
by recent investigators. It is believed thadt the stﬁdy of-a channel with
a slot at‘;‘ its bed, spannind its.entire widt?m ﬂ-'ig. 3] wouid pr-ovijde, a
| better Anderstanding of the flow ‘behav'i'ou'r. S'lnce' there are no rack bars,q‘
. the area factor e, defined as the ratio of the area of the openings to the
-total area of‘ rack 1s unity. The flow is two—dimérgsiona] ;- the ass‘unption
thaf the enef:gy correction factor,a, and the momentum factor,B, is equal
to uriity would further simplify the problem to,a one-dimensional c"ase‘. The
. slot then represents a simp'l"lfi‘ed‘bottom rack and 1% easﬁ;} amen&ble to
thebreficél‘ analysis. Further, the f41nd1ngsgof such an analysis could
be easﬂy extended to the cf!se of flow through a bottom rack, .‘and might

© form a rat1ona1 basis for the evol ut1on of a proper. des1gn procedure for

bottom racks ¢

+ 3, 2/; )EORETICAL ANALYSIS OF . FLOW THROUGH BOTTOM StoTs

(ime By applying the momentun equation in a direction.parallel to the

channel bed, (Fig. 3), Venka;ar.aman:_’&?] has obtained an equation rjelaj;ing

l'-‘
; -16 - -
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the flow depths at the upstream and the downstream ends of the openings.

’YR 2 2 YR 2 |
Z2 |V +Fon-Fo~C1 Y—+F°2'[l-n]=0.\....(3.1)
) )
’ SN
where — M
Y, YR = the flow depths at the beg1nn1ng and end of the
° slot of length &
, qoz ]/2
F. = Froud number.of the incoming flow = | —~
¢ © 9y,
n = performance factor, defined as the ratio of the
diverted discharge, Qd’ to the channel main flow,

%

T, amd 2 = pressure correction factors and varijes with the flow
curvature at the section

If the streamlines were parallel to the channel bed,
the pressure distribution at any section would be -
hydrostatic. Then, the pressure correction factor
is defined by :

P = C.Y.hz . .‘; oooooo (3.2)

where - .

&
©
it

resultant pressure at the section and ¢ = 0.50.

>

Therefore, when hydrostatic'pressure distributionlpreva115 at
sections 1 and 2, ¢, =C§ = 0.50. Eq. (3.1) reduces to a three'variabIe
expression. for his ch§é, the solutions of the equation were represented

Y

in the form of a chart relating 'R to Fo for different valuesof n_[15]. |

0
It 1s felt that it s more logical to relate Y /z. o and n
Qnstead of YR/YO, F and n. The flow conditions can then be described 1n
_ terms of the upstream depth and slot 1ength,on1y and the influences of slot

PR ]
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length on flow parameters could be evaluated.
.
In order to obtain an expression for Yo/z, the momentum change

of the water body above the opening is now resolved in the vertical direction.’

/
and equated to the external forces in the same direction. The change in

momentum, AM,in the vertical direction is affected only by the vertical

N
component of the diverted flow. Therefore: . ' ~
m o= Yog -V, R Ce . (3.3)
where — . ‘ h ’
v = specific weight of water / - -
'y = diverted flow quantity ° t
- g = acceleration of gravity
de = the diyerted f{hh velocity in the y-direction. ,

. N The compbnent of the diverted velocity, Vd’ “in the direction of

" Flow may be assumed to be equal to the, ve]oc1ty, V of the channe1 flow at

the section where lateral f1ow leaves the main f1ow, 1. e , h

v
VO = Vd dos‘¢ ‘ e e e e e e e e e e e (?.4)

_where — N

¢ = ang]e made by the ve]ocity vector at the section, with
the x-direction .

N

Hence, tm1¢=;n-sz' R ¢ )|

The weight of Water'above the opening represents the only exter- .

nal force, P o 1n the vertical direction, 1.e.

' Yo+ Y, o ‘ "
PvgY 'T..&.B .‘.._.‘-,.'."...'-.(3-6)

-

where - B= width of the channel.




. . . Y | 2‘ Y ’ | \
? R-r 0' - '
- v- 2n F<z> 1‘," ......... C .. (3.7)
- ' »

A

From equations 3.3, 3.4, and 3.6, one obtains:

The'adventage:of Eq. (3.7) iies‘in the absence of pressure correction
terms. 'EqUation (3.1) 1s now empioyed‘to:reduce one of the variables from
. Eq. (3.7) so-that the results could be represented in the form of compact
P X P’ ' N

charts. ] ’ . o, . \

JIF the pressure distribution at. sections 1 and 2 were to be

- hydrostatic, Eq. (3 1) reduces to: o ' i
- YR i YR\W ) . . 4 2 ”' .\3‘ h
v | * v [2F2n - 2F02- 1+ 2F01-n2=0 ... ... (3.8)
Lol .. ‘ : .-

) » -

_ The two'. positive soiutions of YR/Y are then evaluated by soiving
. the cubica] Eq. (3 8) for different values of F, and. n. The negative
vaiues are ignored Tabie ] summarizes these vaiues. /
" Each of the known values of Fo’ n, and YR/Y ‘are then substitu-o
- ted in Eq. (3.7) which i; then solved to yielg the positive and\the néega- . i"

tive root of Y /2 The negative roots are neglected and the "two positive

solutions are related . “to the Froude number of the incoming flow with n as’

the third parameter in the charts presented in Fig, 4.- These'two depths

are analogous,, in a sense, to the seduent‘depthse oo ) o,

Table. 2 summarizes the values of the positive roots of Y, /% for

PP

- different”values of F, and .

It is to be emphasized, at this point that. the charts repres- .
ented bymFig 4 have oniy Timited application in view of the fact that o

they are based on the assumption that the pressure distributions at the

B ' S
7 . .
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beginn1ng and the end of the opening are hydrostatic.
However, actual measurements [15,16] of the pressure d1str1bu-
tion at the entrance and end of the openfngfnve revealed that the pressure
“distribution is* not hydrostatic. A typical pressure distribution for
subcritical flow cases is presented in Ref. [16]. o
| Fig. 5 diékloses a typical pressure variation at the entrahce
- and end of the opening of a supercritical flow case.
The pressure correction factors z; and ¢, are evaluated by
1ntegrat1ng the pressure distribution‘profile using the Simpson nJIe,/‘
(Fig. 5). ‘
‘ The experimental data [15] for supercritical flow case Are
now inserted in conjunctfon with the computed pressure correction factors
in Eq. (?.1) and the values of Yp/Y are obtained. These values are then.
§dbstituteq in Eq. (3.7) to get';he values -of Y°/2. Results of the«épmpu-
tatfons are summarized in Table 3. '
’ The computed values of YR/Yo anﬂ Yo/z éfe in reasonable agreement

with the measured values.

3.3 COEFFICIENT OF DISCHARGE OF BoTToM RAcks

Experimental data for racks with narrow slits -at right angles
‘to the flow direction and for racks with perforated\screens,"weré‘analyzed
to'get the flow profiles and the discharge coefffcientsf The analysis is
pased on the profile equations developed by Mostkow [9].

3.3.1 RACK WITH SLITS

¢ ¥

\ For racks with parallel bars, Mostkow proposed the equation fqr :

flow profile, Eq. (2.8a) which is reproduced here for easy referenceé

™ *

o
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n = 0.1s43 - F_

UPSTREAM
3.77 —

0.25

2.0~ \—‘
1.0 1 "\0‘.3

.

Area of pressure distribution
curve using Simpson's rule

= 0.771

=0 ox 1::3.7(72

L

%1 = 0.054

= 3,049 £/B = 3/30 = 0.10.

' DOWNSTREAM

) e

Area of pressure distribution
curve using Simpson's rule

* 11.785

= 5, x 1x3.35%

"%, = 1.050

Hydraustatic pressure distribution. * -

¢

! Y

Pig. 5"""

Vertical pressure dutributzan at the begzmu’zg and end of
" the opening\ for a aupermtioal flow oase.
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- | .
X T = (XEL '\]1 -%- -}_:i 41-%) ........ .. 2 (2.8a)

At.the end of the rack” x =% and y = y,; thus Eq.x(?.8a) can
be written.for the coefficient of discharge, C,, as follows:
C: is computed from the known values of yi1, y2, £, and the results
are summarized in Table 4. «
The relationship between the coefficient df discharge, C;, and .
the froude number, F , is depicted in Fig. 6. From the chart, it is
observed that\the coefficient of,disbharge depend§ upon éhe state of”
approach flow, whether subcritical or supercritical; and on the open area >
‘ratio. Nheﬁ the approach flow is supercritical, the coefficient of dis;
°”’charge varies consideraB]y wifﬁ the argé factor. It decreases as the
approach Froude number is increased.‘ The coefficient of discharge is
larger for subqrjtica] flow than for subercritical case. In sdpé}criticai
f]ow, the 'velocity is high and the‘fl w has a tendency to jump over the
rack because of the momentum. The flow diverted through the rack ‘is N
therefore less than for subcritical case. The value of the coefficient of
.dischﬁrge therefore decreases as the Froude number is increased. The coef-
ficient of discharge decreases as the open éreé,increases. This is Ue]iev;d
to be die to aAfIOQ accé1eration'resu1t1ng from the open area, thereby
increasing Fo. Consequently, the coefficient of discharge, C;, you]d

’

decrease as the open area ratio increases.

4 * )N

o i e

o
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TABLE 4

CALCULATION OF COEFFICIENT OF DISCHARGE C, FOR RACKS WITH SLITS

gizor @ s QBL 9 = gﬂi N Yz | G Fo
€
- 0.1445 817.4Y 207.60 7.01 h.és 0.348 | 1.30
>‘ T23.39 196.87 6.60 . | 4.03° [0.341 1.37
N 638.1 167.22 5.6L 3.65 0.294 1.37
450.59' 152.96 L.84 2,61 .| 0.309 1.36
334.56 126.78 3.6 | 1.96 0.281 *| 1.43
L11.46 123.50 3.88 2.';42. - jo2sT | 1073
525.83 111.59 .70 | 2.80 |o0.183 | 2.38
. | 634.12 974.83 3.68 3'.\35 0139 2.89
, 751;‘.13 86.57 3.84 | 3.36 0.110 3.22
N ‘
] 830.91 ' 82.42 3.89 3.h7 | 0.098 | 3,48
0.29m 821.35 364 .1k Tk 3.15 o.'299 ‘ 1.38
| 7293 339.:;;2 6.33 2.7k | 0.287 | 147 |
582.43 295.01 5.39 | 2% | 0.267 | 1.50
" us1.64 25&.“50 k2 '1.56 'o.zhg' 1.56
3h1.39 511.63 3.7h 1.06 | 0.236 1.52 N\
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3.3.2 Rack WITH ORIFICES

5 .
The equation proposed by Mostkow for flow profile over racks with

orifices is:

| 3 ! " ‘
=-E—E-2— [%—cos"@-% f(!%)-%&osl YEL+% E‘(l-YE‘-]

....... (2.8b)
At the end of the rack, x' =% and y = Y25 i.e.
Cp = ':?' cos” ,J— —g- nlz(]'h) - -cos -{— ¥ ‘lh' (1 ]
. (3.10).

n

. 3
Venkataraman's experimeéntal data [15] of bottom racks with perfor-

ated screens with different area factors is analyzed and C, is computed.

The results are summarized in Table 5. The variation of the coefficient

!

of discharge, C,, with @he Froude number, Fo’ of the incoming f:‘low,” for

different values of the area factor, ¢, is shown in Fig. 7'; It is clear

* that the coefficient of discharge for-a rack with a certain open area ratio,

decreases as the approach Froude number increases. This 1§ expected for

the reaéoﬁs already e;p]ained (pg. '27).. For a certain Fé, the coéfficient '

of d’iscl{aﬁge decreases aS the bpening area ratio is increasgd; this confirmis

Noseda's [11] observations (Art. 2. 3) .

‘The perf'ormance of racks with slits, F'ig 6, and racks with ori-

fices, Fig. 7, with approximately the same opemng area ratio are compared -

"It is found that the coefficient of discharge. ¢ for rack wfth paraﬂel

sTits (e— 0. 1445), varies from 0.27 for subcritica'l flows to 0.10 for super-

critical flows; The-coefficient’ of di scharga., C,, for rack with orifices
. s P N ’ N " b . -

J
7
¢
A
+
»
RAgk 3

v g

#
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-
0

LALCULATION OF COEFFICIENT.OF DISCHARGE C, WITH RACKS WITH ORIFICES -

é:gzor- 9, - %L q’”' %L noyo C2 Fo
€ . o
0.0149 k12,14 21.13 h.2s | 3.89 | 0.727 fy1.51
526.53 19.20 3.93 | 3.15 | 0.7 2.17
‘ 6k1.98 18.54 3.7T4 3.62 0.637 | .2.85
749.35 ~18.13 3.99 3.88 0.679 | "3.02
827.1.6‘ ie.lz b.01 3.91 | 0.636 ] 3.31
0.0595 81h .Gh' 130.37 8.06 5.56 0.883 | 1.1k
) . T20.k0 © 124,22 7.32 [ 5.00 | o0.892 | 1a71
. 572.60 120.39 " 6.9 | w2 | o0.865 | 1.9
. » .
"l 98.27 5.37 3.35 0.850 | 1.16
" 335.50 89.15 n48 | 2.5% | o.8& 1.14
, . 366.32 100.16 wer | 82.66 | o.ote| 1.0
» Csal1s 68.95 3.8 | 3.21 | ,0.646 2.2;7
‘639.81 .. J6'1{.86 3.81 3.39 0.563 | 2.17
756.05 55.63 3.93| 3.0 | o511 | 32
82577 2.6k 3.95 | 3.67 | o.uer | 3.38
0.1339 812.63° | . 238.87 745 | u.26 | 018 |28
?;8.1:0 223.77" - 6.82 | 3.79° 0.78 | 1.30
568.53 199.26 513 | 2.99 | o.te8 | 1.33
. 1552.1§'r 181,82 : L& | 2.31 | 0.716 ‘ 1.38
N 338.19 5h.015 ho | 1.m 0.7h3 | 1.35
! %08.55 151.92 3.96 | 2.5 | o.605 | 1.67
3 527.61 141,30 3.7 | 2,59 | o.622 | 2.35
640.06 126.18 3.66 | 2.85 | 0.5 | 2.96
156.2; 113:9\6 3.82 3.20 | 0.h69 | 3.26
828,81 “107.03 k.oo\'k 3.4k | o3y | 333
g
’ f-— t —
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TABLE 5 (coNT'D)

Area

a "%L

Factor A - 95" 2} Y2 Ca Fo
€ . N
e
0.238 816.16 328.94° 7.0k 3.ko 0.654 | 1.ho
728.20 309.52 6.47 3.00 0.646 | 1.h2
‘.
N 5(6.20 273.87 5.1 2.30 0.637 | 1.h8
usk .62 235.97 bk | 1.76 0.612 ] 1.5
, 335.92 196.h1 3.68 | g2 o.;ea 1.53
T~
7 0.238 b1k 43 _ 195.20 3.80 1.74% 0.527 1.80
527.88 181.51" 3.7k 2.29 ‘0.u62 | 2.35
gu1.32 164.95 3.65 | 2.63 | 0.406 | (3.00
755.91 148.71 3.76 | 2.96 | o0.354 | 3.33
823.32 130.12, k.os ]-3.35 - 0.296 3.25
."
A4
m Y
. , )
e
e ¥ .
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the coefficients of discharge (C; or C,) can be obtained from Figs. 6 or 7

-34_

\

\ - ' , . .
(e = 0.1339), varies from 0.72 for subcritical flow cases, to 0.15 for
supercritical flows. In other words, rackswith small orifices have greater .
discharging capacity than racks with transverse bars.lfhis is contrary to

the findings of Mostkow. : ,

3.4 Surrace PROFILE,

The gquations proposed by Mostkow f9] can now be employed to obtain

; . i
the water surface profile over the racks. Methods of evaluating the‘coeffi-

cients of discﬁarge C, or C; for racks with different configurations can be
evaluated by methods 51rgady exp1aine& in Secs. 3.3.1 and 3.3.2.

Referring to Fig. 2, let y; bé the depth of flow at the entrance
to the rack and &; the depth at the‘end of the rack.. The depths of filow

along the rack céﬁ-be predicfed, when the specific energy E of the approach

. flow is known.

From the known upstream flow conditions (Fo and ¢), the value of

1

for the rack under study;"Equatjons,(3.9)‘and (3.10) can be rewritten ast

s0 = —5%1——[15 »]1 -XEL% i1 -‘/E-} ..... e .. (3

- for a rack with parallel transverse bars, and \

g

—

o' e | beo b+ 3T (B HECE).
S | N PRI

where &2 = center-to-center sbacinz of the rack bars; Egs. (3.115 and

(3.12) cah be written for the flow dgpth; 'R as: . 4 :
. - ——

« L




C.e82 1 -1 - (TR l -1 .3 (Y /. “ ’
= —tgcos ﬁjz ‘J.E (‘ YEL) 7 ©0s ‘PEL_ 2.45(’%) ;
‘ e ‘ e 3a8)

Equations /(3.13) and (3.14) arel sol\igd .by standard methods for
A th\e depths of flow at the c‘entér' between the slits or row’ of orifices.
fhgsé values are summarized in ‘TablAes' 6 and 7, and are: rebr‘esented, in
- Figs. 8 and 9, along with the experimental profiles. .
The agreement bétylee(\ the profiles based on Mostkow's 'equafions

v

and the measured pro{‘ﬂes appear to be satisfactory.

)

~

o=
.
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_ TasLE 6

- CALCULATION OF WATER S_URFACE PROFILE OVER RACK WITH PARALLEL BARS

\

oy oy
A M ¢ h From Eq. From Exp.
1013 0.1445 0.29 7.4 6.21 6.59
15.20 n " " 5.7h 5.93 '
1 Je
. 20.27 " " " 5.32 5.61
o ‘ . N
2533 Mo v " " 4.gh 5.38
.+20.13 | 0.1445 0.284 6.60 5.5 6.13
15.20 " n " 5.1 - - 5.39
u 7
20.27 " u " k.72 5.01
, . 25.33 " " " k.37 L.68
20,13 0.1h45 0.245 5.64 4,88 k.59
15.20 " " " b,5k . b
111 4
20.27 " " b, k.23 k.05
i 25.33 . LI " 3.93 3.89
10,13 ° 0.1ub5 " 0.258 .84 3.90 4,02,
N ) \
, 15'-29 " i " ." ' . 3053 ' 3-51
v R . . .
20,27 " " " © 3.80 3,16
25.33 " " " 2.90 2.99
10.13 0.1445 0.2% 3.84 3.06 . ‘3,25
. 15.20 o LI " 2.75 2.66
Y ’ .
20.27 " " " 2,47 2.39
25,33 | " " " ~ 2.2 2.25
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TABLE 7 ;
\ T

CALCULAT 10N OF WATER SURFACE PROFILE OVER RACK WITH ORIFICES

-

AL ' e Ca Y, b § ToK Fro: Eq. FromyExp.
* h.3h © 0.1339° | 0.785 T.45 0.345 46.29 6.46 6.79
8.65 LI I " oau | w29 | 515 6.33
I {13.03 " n n . 0.278 51.80 5.17 5.60
17.37 " " " 0.244 53.90 5.69 5.21
21.71 . " " 0.220 | 55.80 b.27 s
h.3k 0.1339 { 0.78 6.82 0.342 16.65 5.88 - 6.2k
1 B.69 " " " 0.305 Lg.80 5.20 5.5
1 ez | oo |ow 0.269 | 52.35 h.66 '5.02
17.37 " 1 n '0.232 | sh.s5 k.20 k.58
2.7 o " n 0.196 6.55 3.719 k.35
.3k 0.21339 | 0.768.; 5.73 | 0.331 /ﬁh7.69 L.87 5.10
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CHAPTER 4 \

CONCLUSIONS  AND RECOMMENDATIONS 4 -

4,1 ConcLus1ons

£

From the study presented, the following main conclusions are

. g
drawn: n

. R &
1. The expression obtained for YO/l in terms of the approach Froyde
' number and the performance factor, Eq. (3.73, by resdl;/ing the momen-
tum equation normal to the direction of ﬁbw, -shows good agreement

with the éxperimental' data for ~su,pev‘c;ﬂ't,ica] flow cases.

2, The study reveals that for racks with small orifices, the coefficient
of discharge, C2 ," decreases as the approach Ff'oude number increases.
Also, for & certain Froudenumber, C, decreases as the opening Tatio

increases.

3. Water surface profiles predicted by Mostkow's équations for racks
with. narrow transverse slits and “for racks with small orifices rea-

sonably conform to the measured prof;ilés. | -

4,2 RECOMMENDATIONS

This study gives rise to a few interesting points that warrant

further investigations; these may be stated as fol‘l‘ows:

V.
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From the review of the spatially varied flow equations, it is found
that these equations need to be examinéd in view of the existing

inconsistencies.

. .The investigaﬁon‘of flow in channels with bottom intakes indicates
the need for a rationalized general theory for the design of bottom

[y

racks,

The analysis presented may be extended by considering the effects of
_the streamline curvature, the; nonuniform \)elocity distribution and

the bottom slope.

More data are needed to analyse the variation of the coefficient of.

discharge, C,, for:racks with parallel bars.
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as given in Ref. 15.

APPENDIX 1
¢ ' “
* - EXPERIMENTAL SET-UP AND MEASURING TECHNIQUES

GENERAL REMARKS ' | o )

fgz_qna1y§73 presented in the study iswbased on the data made .
available to the writer from Ref. 15. This Appendix presents the,detai]s
of experimental set-up; range of variables tested and their aocurac%és

Experiments were conducted in a gIass-waTied, rectangu1ar,
horizontal flume of 12.0 h length and 30 cm' width (B) kFig.]O). Facili-
ties existed to introduce a slit with adjustable -length (%), at a déstance :
of 5.0 ms from the entrance section.o A11 discharges were measured with

the aid of rﬂgnt angled V-notches. The head over the notch was measured

with the aid of hook gauges (L. C = 0.001 mms), while the elevations of the |

; water surface - were measured using a pointer gauge (L.C. = 0,001 mms).

.

N

4

{

" The measured discharges are ést1mated to have been w1th1n an acdﬁfacy

’of 2% at low flaws and 3% at high #ows.. The range of d1scharges varied

ffom 15 to 60 litres per second in the case of slots- and up to 25 litres

per second in the tests 1nvo1v1ng bottun racks.

Experiments were first- conducted on different sizes of rectangular

~ ,sharp-edged s1ots formed. at the bed of a channel and spanning its entire

e width Racks with bars arranged transverse to the flow direction and

racks with perforations were then tested and their ‘effects on the flow
.4 ) : . \
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behaviour studied.
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In the case of experiments on supercritica] flow, the Froude number’

»

of the approach flow was varied with the aid of an upstream gate.
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