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SYi.CPSIS

Entrainrent of air inr high veloclity open charnel flow
causes rulking of flow and alters normal frictional resistance
and other flow oronsrties. Thus design prohrlems of proper'free
roard allowance and calculation of modified channel dimensions

arise.

An attempt has been made to compile the studies done
in the field and hydraulic laloratories by various investiga-
tors. Pased on these studies a suitakle design procedure for
air entrained flow has bkeen evolved and conclusions have bkeen
drawn regarding the various asvects of air entrainment pheno-
menon in open channel flow. The pregentation will be useful
t0 the design engineers whose interest in the suhrject is

13

growing fast with more and more high head structures coming

up . .
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CHAPTER - 1
INTRODUCTION

1.0 THE PHENOMENON OF AIR ENTRAIMMENT

Air entrainment is @ surface phenomenon in which atm&Spheric
air is.insufflated into and mixed with the flow to create the appear-
ance of ®"white water® with its violently agitated and ili-defined
free surface. This condition is frequently obkserved in flows down
s teeo chutes and spillways. Air eniraimment is actually a conti-
nuous process of @rOplets of water projecting from the licuid into
the air above a&nd air kubbles penetrating into the liquid mass. It
occurs when the transverse velocities of turbulence are sufficient-
ly sirong near the air-water interface to cause clumps of water to
kreak tthugh the surface into the air and then!fall rack ry gravity
into the flowing stream. %hile projeciing up and then falling bkack
these clumps of water break into a heterogenecus spray of globules

-

and droplets which engulf @ certain amount of air leading to jnsu-

. !
fflation of air into the stream. The air carried rack is then
distributed throughout the flow by turbulent transfer. As the
relative densities for air and water are akout 1:800, there is a
strong tendency for the air to get separated from the flowing water.

Against this tendency acts the turhulence of flow which carries the

air downward.
1.1 IMPORTANCE OF AIR ENTRAINMENT IN FIEID

In classical hydraulics the presence of arother amtient
fluid such as air is not taken.into'consideration while studying
the flow of water. However a great numbker of hydrodynamic phenomed,
né are affected ry air entrainment; the water depths may increase
greatly, there may be an appreciakle effect on friction loss, mean

f low velocity)etc. The phenomenon as such may no longer be



neglected. In the aksence of the knowledge of air entrainment
laws it has been a practice to provide a liberal arbitrary
allowance for air trulking in the design of free koards for train-
ing walls and hyéraulic junp aprons at the toes of spillways. The
phenomenon of air entrainment {herefore assumes great importance,
hydraulic and economicyfor the designing hydraulichgngineers. The
important practical cases of air entrainment include flow down
spillway faces of high dams, steep chutes, iraining walls, hydra-

ulic jump aprons and energy dissipation at the toes of dams.
1.7 TYPES OF AIR ENTRAINMENT

The phenomenon of air entrainment in water flowing in a
channel or discharging freely into the atmosphere may be sporadic
or general as regards surface area occupied?supepficial or complete
in respect to depth affected and intermittient or continuous with
regard to progression or freouency of occué@%ce. The orserved air
entrained flows ha¥ been hrcadly classified as bkelow Ly Kichels

and Lovely??,

l. Ripnled Flow - This presents generally a smooth surface undula-

tion and no air enirainment as in a gently sloping uniform channel
or in upper reaches of a steep chute. The velocity is low or
: \

medium and turbulence is small,

2. Choppy Flow - The surface is generally agitated with only a

small proportion occupied at any instant by individually kreaking
or mutually interferiny waves which, sporadically and intermitt-
ently envelope air and release it soon after subsiding. Practi-
cally no sensikle increase in flow depths occufz Examples are
the flow in @ gently sloping natural stream having an irregular

red or in @ uniform channel of medium slope or near okstructions
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in an otherwise gently sloping invert. The flow is characterized
by larger surface variations, greater local turbulences and upward

velocity components and local increases in energy gradients.

3. Scarified Flow - An air water mixture is formed generally as a

relatively thin layer at the surface of @ stream. The air is
trapped by water particles upon their leaving the gsurface and
small or moderate increase in flow depths occuq{ Examples are

the flow down rapids having an approximately uniform and gentle
grade but with moderately uneven bed, or long uniform chutes of
narrow widths and/or with uneven wall surfaces. It is characteri-

zed by large variations in water surface and considerakrle upward

velocity comocnents, generally greater velocities and energy

gradients throughout the length of flow.

4, Emulsified Flow - This represents the most important air

entrained open channel flow with a general, deep and continuous
emulsification of air and water presenting a frothy uneven surface.
The flow depths may greatly exceed those computed without allowing
for air entrainment. Examples are flow down a steep wide chute
or spillway surface, flow over rapids vith steep and uneven bed.

In such flows turtulence level is considerakly high,

r
L .
5. Ekbullient Flow - There is a violent air-water mixture occugﬂng

as a'koil' on the surface, extending irregularly through 2 portion
of the water. The air is drawn in at the free surface of the
turkulent impact zone existing tetween a rapidly moving siream and
a slack or slowly moving rody of water. The air thus entrained
may be recirculated in a vertical roller tut generally it escapes
gradually in the direction of reduction of turtulence. The depth

of flow is locally increased tut diminishes as turtulence is
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damped out and air escapes. Examples are flow of a high velocity
jet, laterally at the ted or surface level, or vertically upwards
or downwards into &n energy dissipator or a natural pool. It is
characterized by large vertical components of velocity and high
local energy gradients and generally small lateral veloci<ties

beyond zone of impact.

6. Spraying Flow - The flow is in the form of a spray such as of

a8 jet from a needle outlet discharging into air. With sufficient
velocity and distance of travel the jet hreaks up into a spraying
flow which finally consists of fine droplets or mist containing

enmeshed air.

7+ Separation Flow - High velocity flow in an open waterway and

separation from a solid boundary causes reduction and instability
of pressure. If the local pressure becomes sukatmospheric consi-,
derable air and vapour volumes are\produced. Tremendous local
koundary turkulence occurs‘accompanied ry entrainment from the
atmosphere at any adjacent free surface with consideratle local
increase in depth of water. The flow past a gate slot in the pler
and high velocity flow around baffle klocks on the floor of the

energy dissipator may te guoted as examples.
1.3 ,BRIEF REVIEW OF (CRK DONE

Interest in a thorough investigation of the laws of air
entrainment has been aroused only in the past few decades tecause
of more and more high head structures coming up. In the case of
snillway facés one of the first studies &2;;r£%3:% by G.H.Hickoxl6
(19%45). The data indicate @ functional relationship between the
distance from the crest to the start of air entrainment and the

unit discharge. Some work on spillway models was also reported



-5

by pavel?3 (1951). Further investigations were reported Ly
Michels and Lovely?2 (1953) on Glenmaggie dam and Werribee diver-
sion weir.

- The pioneering work on air entrained flows in oven channels
is due +to Ehrenbergerl'2 (1926) who looselY divided the flow into
several zones: water near the flume floor; individual air kukrles
in water, mixture of air and water, individual drons of water in
air and an overlying movement of air. He also devised a simple
yet effective Biltot tube to measure the air concentrations, which
was first such apparatus useds

Jhe first extensive series of okservations on air entra-

15 (1943) in gome hill

ined flow were taken by L.Sfandish Hall
chutes. Studies were made of air-tulking, effects on mean veloci-
ties and effects of curvatures of channels and an effort was made
10 correlate the air concentration with the local Froude numter.

Lane2® (1936) has carried out similar studies on steep chutes.

Cne of his important conclusions which is korne out by later

.
.

measurements, is that the turbulence caused ky the toundary layer

development extends throughout the region of flow in the case of

a fully air-entrained flow. Pavel's23 (1951) obse;vaﬁions have

indicated +that the channel slope should exceed a certain minimum

value for air entrainment tc occur. Field studies on two ’

Yugos lavian flumes have Yeen reported ky Jevdjevich and Levinl8(1953}
Air enitrainment studies on specially Eonstructed laroratory

flumes have been carried out at various places. Okservations on

a 131 slope and other two flatter slopes with smooth concrete walls

are reported ty Vipare11133’34(l953,57).

Detailed and exhaustive observations in a specially

cons tructed lakoratory flume have treen reported by St.fAnthony
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~

150,51 the United $tates for a consideratle

"Falls Lakoratory
rénge of discharges and at all flume slopes from vertical_to hori-
zontal. The exneriments have reveadled that customéry open c%annel
flow relationshios do not apnly to air-entirained flows. The aciual
velocities are shoyn to be higher than computed velocities Ly
hitherto proposed methods. Special electroric apvaratus, using a
vair of electrodes, as prokes was developed for measurement of air
concentrations.

Air concentration and velocity distritution for aerated
flows have also been‘reported ry the heyrpic.Laboratoryl4, France,
where the okservations were taken in a specially designed tilting
flumes

In India considerarle work on different flume slopes and
discharges is reported by Gen'i:ral Wa"cer and Power Research S’ta't_ion,
Poona (19572-59). Tects were made in a 0.9 m wide flure and have
included okservations on velocity traverses, water surface profiles,
disiriktution of air concentration and their relationship with local
Froude numters.

The Indian Institute of Science, Fangalore have carried out
extensive latoratory studies on the irnception of air entrainment in
steep chutes and the characteristics of self-aerated flows. The
24,25,26

work has been reported by Rao, Gangadhariah and Seetharamiah

(1970,71).
1.4 SCOPE OF DISSERTATION

The protlem of air entrainment in flowson chutes and snill-
ways is very important as design of flcor and side walls is depen-
dent on correct evaluation of deoth of flow and its density.

The work done in various latoratories and field alongwith

their theoretical tackground has heen compiled and design nrocedure
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has reen formulated. The analysis presented will tre belnful to

design engineers engaged in designing spillways and chute channels.



CHAPTER - 2
REVIE'Y OCF FIEILD STUDIES

2.0 INTRODUCTION

Interest in the study of the phenomenon Qf air entrairment
made various investigators and questers to find some correlation
between the flow and air entrained. Unfortunately the phenomencn
in models is not governed by the Froudian relaticnship to the pro-

.
totype observaticns. With a view to design high head hydraulic
s tructures, it was therefore necessary to make detailed studies in
the field to quantify the air insUfflation and its effects. The

work done in the field is describhed in this chapter.

2.1 PROTOTYPE OBSERVATIONS'ON SPILLWAY FACES

IG.H. Hickéxl6 made okservations on spillway flow on Norris
dam and on Douglas dam of T.V.A. in connecition with 8 study of
aerated flows. He concluded that in the case of water‘f10wing down
a spillway face, the distance from the crest at which air entrain-
ment kegins,increases as the unit discharge over the crest increases.

Further obgervations and measurements were made on soillway
of Glenmaggie dam and Werrikee diversion welr by lichels and
Lovely22. The profiles of these are shown in fig.l. The Glenmaggie
dam is a concrete gravity structure with a 113 m long spillway
section which is 15 m high frém apron to ogee crest. TIraining
walls are l.5 m high and piers l.1 m thick are spaced at 8.5 m
along the crest. Okservations were made of the noint of commence-
ment of air entreinment. Discharge was calculated by conventional
methods, also the velocity values and therefrom the depths of flow¥
were computed for various diccharges at the.point of commencement

of air entrairment. On the Werrikee diversion weir which is a



3;7 m high concrete overfall weir/similar okservations were taken
aéd corputations done. The results are plotted in the fo?m of
curves of L/d v,s,a (Fig.3) and q v.s. L (Fig.4), where L = dista-
nce frorm the leading edge af upstream curve to point of commence-
ment of air entraimment, d = depth of flow at the same point and
q = discharge per metre width of crest. These results toée%her
with visual obkservations indicatej that complete and continuous
air entirained flow commences onlf at a distance below the crest
which increases with the discharge. The increase in this lenath,
with increased discharge and correspondingly with increased denth
of flow together witb the visual observations of beginning of
characteristic roughening of water surface just’before the water
turns whité, suggests the possibility that surface entraimment of
air begins at the point where the turtulence generated at the
concrete-water interface reaches the gurface or in other words
when the thickness of the turbulent boundary layer coincides with
the depth of flow.

This is also rrought out ry a tentative application of the
Foundary layer theory. The thickness of turkulent boundary layer
along a flat plate under the ideal conditions of zero pressure

gradient and constant undisturbed velocity is given by

, 0.2 0.8
5= 0377 (5) "L ceees (1)

b = Thickness of turktulent koundary layer (metre)
L = Distance from the leading edge (metre)

D = Kinematic viscosity (m2®/sec)

V = Undisturked veloeity at the section (m/sec)
Assuming a similar expression for the thickness of turkulent

boundary layer along the flat portion of spillwax}
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Putting V = g s and téking kinematic viscosity of water

U= 1.12 x léF m®/sec, it is found Lhac the arove equation
Chooe CaJvLu..tva.w‘L(-Y) m = —-L et K=l

agrees closely with the curve of Lo a 1€Lglv1ng at the 7ee

d
point of commencement of air entrainment,
1/12
= Lq ¢ s 00 (3)
130

Michels : and Lovely suggest the use of this formula +to
compute the point of commencement of air entrainment for such

spillways.,
5.2 STUDIES ON NATURAL CHUTES IN U.S.A.

L. Standish Hall15 has done extensive work on three
natural chutes in the U.S.A., Hat Creek No.?, Rapid flume, and
the South canal chute. The distances were measured along the
actual slope of the chutes, stations keing marked every 7.5 m
or 15 me The discharge measuremenis were made in the power canasls
above the chutes, using Price and Hoff current meters. Velocity
measurements hetween varidﬁs stations along the chutes were made
by using a colouring matier, Fluorescein or Potassiuﬁpedmangapate.

A brief general description of the three chutes is given below:

hame of chute |Hat creek chute Rapid flume |South canal chute
Surface concrete wooden concrete
Length 124 .6 m 204 m 1075 m
Vertical drop 57.6 m 44 .2 m 42.6 m

width 1.75 m 1.4 m " 0.4

There are @ nunber of changes in bed slope and vertical and

horizontal curves in the alignment of all the three chutes. The
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orofiles of the Hat creek and Rapid flume are shown in figs.5 and 6.

ittitas Chute - Orservations on Kittitas chute were not taken

by Hall, kut he used Kittitas chute data also in his analysis.
Tests were actually conducted by C... Thomas of U.S.P.R. This
chute is a wasteway from Kittitas main canal located on Yakima
project and is 397 m loné with a vertical drop of 14 m. Its
width in most of the reach is 2.44 m. It has only a few vertical

and horizontal curves. Velocity observations at Kittitas chute

viere taken electirically using salt as & conductor.

Theoretical Consideraticns

Hall has made following assumptions in developing theory
of flow in chutes, |
1. The value of Manring's roughness coefficient 'n' is
constant for the narticular type of the material of which the
chute is congtructed.
2, The 2ir in and akove the water causes no additicnal loss

in energy, the reduction of specific gravity compensating for

the added area.

3 For computations, a computed hydraulic radius can ke used,,
. ,
Rcz j LR RO (4)
VP,

with a smaller value of n than the usual.

’

Here Q = discharge
V = observed velocity
P, = comnuted wetted perimeter of the section of water
only f. = Q/V
4. The velocity head (h,) computed from the mean velocity

can te used without subkstantial error.

The value of roughness ccefficient n can ke comouted
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from the energy gradient § wusing the !anning's formula,

s - n3 V3~ (s)
(80)4/3 ’

Ro keing the okserved hydraulic radius and Vg the okserved
velocitye.
If R. is used instead of Ry, a different value of n, n¢
: )

must ke used given tvy,

ceee (¢)

Since RC is always less than Rg, n. ohkviously will ke less

than n.

Now appnlying Bernoulli's theorem with reference to Fig.2.

, oo VB ,
%, keing velocity head coefficient given Yy
JVa dA "(av8 ( )
Oca = VsT and hv = 2g s 000 8

in which v = velocity throuch an elemental area dA and V is

the average otserved velocity. Now differentiating w.r.t, 'L',

dh
d

. dY , «aV av
T - + _— P em e
sin © cos 9 dL g dlL

71

[

=

In a rectangular channel we can substitute the computed depth
Yo = bw Y for the value of Y, bw keing the ratio of water in a
mixture of air and water. The discharge per unit width q = VY.

Now g'ince S remains constant from section to section,
YC av + V dYC = U, . dY. = = UC -—\7- = o= S

and hence we otrtain,
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dhg . cos B dv | «aV gy
R T T - o222 M o e F . MV
<5 sin 8 V2 T 4L Tg 4L
Solving for %% ve oktain,
EY.—_g_cose
dL _ 9" P
av sin 3 - S
gV
2. cos
or dl. _ _9 \7%- ° (9)
dv ) 3 a ® o s 0
sin 9§ - ng V
RC4/3

This is the kasic equation for flow in stieep rectangular

’

chutes. In this equation however the value of ng 1is dependent

on p,, the ratio of water in an alr water mixture because
ng = n (o2& )2/3
Ro

Py plotting experimental data Hall innovated a linear

‘ (g L3 [N : D o ., Va

relationship bketween kinetic flow factor = and air +to water
c

/ V
= K == - Ky (10)

]
(@)

assuming Kl

p o= L (11)

W

again if Yy = width of chanrel then,

-
b

R, = £V - _9 , and putting P = 2% for
ret 29 2q, ke
7 v 2

kg .

simplicity of exnression

R = ¢
CV+

ve]
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Similarly we may ohtain Ry = -3 ,» hence,
pWV + P
m— T e ¢ oy 2
Ro V+ P (1-)

-~

=]
i

-
-

< (13)

Equations (11) and (13) constitute kasic formulae for the
]
solution of prorlems of air entrainment in spillway chutes. The
use of value of n. from eqn. (13) in egn. (9) affords a rational

theoretical solution for flow in rectangular chutes.

. 1 - . 2
The ratio —— ¥ hag peen plotted against §y~ in fig.7.

w Re
Straight line fit has been ohtained in all cases kut there is a
considerable scatter of experimental data.
Accordirg to “arren DeLapplO the scatter in fig.7 is due
to the fact that Hall tried to find a general solution for a wide
variety of cases. An examination of data shows that the percentage
of air is greater for retdrdad than for accelerated flow for a

. : 3 - , o . . , s
agiven Y2, Also flow at variation in horizontal and vertical
9R
“Re

curves introduces new variakles. So best thing would te to take

the data corresponding to points where the flow is in equilikrium.
Apart from the Froude numker the air entrained should also deoend
orn the channel roughness which would affect the agitation of flow.

The form of function suggested bty Lapp is,

0

aw
6"-"—= KLF e« o0 (14)
Vi
’ f
in which Qg is the quantity of air and water, Q, of water alone,
Vv
JGTiy

ard F 1is the Froude numkerx and Kp the coefficient whose
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value depends on the roughness of the slope (experimentally

determined ecual o 0.178 for Rapid flume and 0.227 for Kittitas

chute).
Qaw N bquV

Rut =
Qu be q,,

it

there Yy = depth of air water flow and

e

G

Therefore, Yyv _ K, v
a, Y,

3
. _.0/3 ¢ Gy (1/3

so that Y, = KL/ ()
Douma 11 sugges ted the use of

ve N g2/3 (172

=} ol

1 :2/3 (172

n
and will be 1 for non.aerated flow.

instead of using V = S

&\L_qcose

dL _ g va
v sin § - ...____,_,_DQV:/:S
NaRo

water flow per unit width

* 020

as done hky Hall.N will vary

1iith this eqn. (9) teccries,

(15)

(16)

(17)

In thik Ry and N are functions of velocity and air content.

The equation can ke solved by determining expressions for R, and

N in terms of V and krown quantities. Douma plotted percentage

V3

of air C against -<— . The average of all points is apnroxi-

9Ro

mated ry C2? = 0.002 Y2 _ 0,01
9Ro

« ¢ 0 0

/

(18)

This gives C= O at V = J5gR,. ivext the data for Hat creek

and Kittitas chutes were used o evaluate N. This showed that

n increases with C giving

0,006
0.6 - C?

n=

(19)

1
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This equation roughly gives n = 0,210 for smooth concrete chutes
for non-aerated flow. Taking this value of 'n' the relationship

appears to ke

N=1- 1.67 C? (20)

Thus the maximum value of N is 1 for no air entrainment and decre-
ases as air proportion increases.

Hall also okserved that the ipitial entrainment of air
depends to @ great extent on entrance conditions. With a well
designed entrance the water accelerates unifdrmly,gradually drawing
air into the water prism. This insufflation first begins on the

side walls and then spreads gradually into the section.
) | :
2.3 STUDIES ON NATURAL CHUTES IN YUGOSLAVLCV8

VeJevdjevich and L.Levin have reported field studies on
Mestarsko Blato and Imotske Polje flumes in Yugoslavia. Air water
mixture velocity distribution and the distrikution of velocity of
the air akove it at Mestarsko Blato are shown in tfig. 8 for a dis-~
charge of 24 .4 cumec. It can ke seen that while the mean velocity
of air Water mixture is 29.5 m/sec, bulk of air movement is at a ‘
speed of 3 t0 5 m per sec and the gradient of velocity at the inter-

face is very high.

Effect of Aeration on Manping's Coefficient

lanning's coefficient is generally computed from the formula,
n= %,32/3 81/2. If n is the resistance coefficient corresponding
to aerated flow and n, corresponding to non-aerated flow, it is
obrserved that n < neg. In fact if density of air water mixture
or water factor is denoted ty p, then 'n' decreases with decrease
of wéter factor at koundary Pl This is apparent from fig,11

which gives variation of 'n' with 'pwb' for chutes at Mestarsko Rlato
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and Gizeldon. .

A plaster print was taken of the k;ttom of Mostarsko Rlato
made of stone lining., Its profile indicated a coefficient of rough-
ness for non-aerated flow np = 0,019 2 0,020, However on the tasis
of measurements at the 3 m wide lMostarsko Elato for discharges

ranging from 3.9 to 18.3 cumec ,it was ottained that n = 0.0135 -->

J
0.0145 i.e. it was decreased hy about 30 which is atiribtuted to

aeration.

Froude Numbter and Manning's Coefficient

Jevdjevich and Levin have quoted that for small discharges
and low Froude numkers the effect of super-rapid flow on friction
is to increase the value of n. Friction losses increase suddenly

at Froude number Fr = 2 and n > n However when aeration
T

o
starts,which as already mentioned,acts ,s0 as to make n <« ng , the
two influences partly compensate each other. At low Fn., the first
influence predominates and n ihcreases; at high values of Fq,
the effect of aeration predominates and the value of n goes below
ng (Fig. 9).

At the rapid flume of Imotsko Polje measurements were taken
for super rapid flow. The chute is made of smooth concrete, with a
Fottom slope S = 0.555 and consists of three parallel straight
lined channels each 2.34 m wide. For a discharge of 1.15 cumec, the
mean velocity measured by colorimetric method amounted to 8.0 m/sec
and the regime was super-rapid and very aerated. Under these
conditions the roughness coefficient 'A' was computed to be 0.0142

‘

which is a normal value for non-aerated smooth concrete surface,
It is inferred that this ooint'is to ke found at the Froude numker
for which the two onposite influences bompensate each other. At

Imotsko Polje,Froude numker Fp = at this noint was computed

i
YgR
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Felationship Fetween Mean ""ater Factor and Flow Parameters

Jevdjevich and Levin argue thest the water factor denends
on the degree of agitation of flow or in other words on the mean
velocity V and the hydraulic radius R. These can te combined

into a dimensionless numher

(21)

The water factor should also depend on roughness of the

L)

channel which is defined ty the coefficient 'n'. Since this is

not dimensionless, @ function is defined as

No

V= r1/

g (22)

(o)}

Also velocity distribution and water factor distritution
along the depth must also influence the mean water factor of the

/0
mixture. Forming & dimensionless numter of the form of g%rlolls

coefficient for aerated flows,we get ;

Y ,
. p, vidy
°(a=o Wj b (23)
Vo Y
Pwm Ym

Vhere suffix 'm' stands for mean values.

Figure 10 shows the distritution of velocity and water
factor at Mostarsko Rlato for discharges of 3.9 and 10.4 cumec .
V, R, and p, were determined experimentally and Fr and ¥, deter-
mined on the rasis of these.

Jevdjevich and Levin have proposed the following relation-
ship embodying various dimensionless parameters developed in

equations (21),(2?) and (24),
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1- py

=AF%'¢°(3 s ece (24)
Py

The proportionality constant A 1is shown in fig.lé6. It
is seen that it ig relatively a constant having a value of 0.175

with a deviation of 10 percent. )



CHAPTER ~ 3
REVIEYW OF LARCRATCRY STUDIES

3.0 INTRODUCTION

Many a timeg§ the okservations in the field oresent proklems,
which if not properly taken care of can vitiate the results. All
the more, to decipher the effect of various parameters on the air
entrainment phenomenon it is necessary to conduct laboratory stu-
dies. These researches also help to Fuild up the rack-ground
- theory for proper understanding of the phenomenon. In the past
few decades studies on specially constructed lakoratofy flumes have
reen conducted in various Tresearch laboratbries throughbout the world.
These include the work done in the Neyrpic Lahoratory in France, the
Naples University in Italy, the St. Ahthony Falls Lakoratory in
UeSeAs and in Indi@ at the Central "ater and Power Research Station’
a3t Poona and also in the'Hydraulics Latoratory of Indian Instizute
of Science at Pangalore. These studies are described in this
chap ter.

3.1 STUDIES IN THE NEYRPIC LAFORATCRY, FRANCEM

G.Halkronn, R.Durand and G.Cohen De Lara have renorted the
work done in connection with air entrairment at Neyrpic Lakoratory,
France. The flume of width 0.5 m was placed on an adjustakle slope
platform. The digcharge entering the flume was measured by a
venturimeter installed in the supply pipe and arrahgements were made
20 regulate the gate opening at the inlet end of flure such that
the flow attains, from the outset, an average velocity which is

in the vicinity of the mean uniform regime velocity.

Measurements of Air Concentration

A gage consisting of two C.15 mm enamelled constanton wires
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wound in a doukle helic around @ third rectilinear supporting
wire is used. The outside of the coils of the two wires is kept
tare over a length of 5 mm. If there is 2 difference of potential
between these wires, the circuit is completed through the electro-
lyte. The air concentration C is linearly related to Rg/R where
Ry is the resistance in clear water and R in the air water

mixture.

Measurements of Velocities

Velocities were measured by employing a dynamic pressure
iaoping cornnected to a water manometer. Arrangements were made to
prevent entry of air into the connecting pipes. To correct for
influence of tanping on flow a coefficient tp is used which 1is
the ratio of the air concentration at the tapping intake to the

concentration when the ohstdcle is removed (O < tp <1l). The

overpressure h in terms of head of water is related to the
o

velocity v of the water at the tapping ly

o

= - t..C) -
; h (l ip.C) ?-g s 00 (9.5)

Also it has been seen that tp is nearly unity when the ratio of

the btukrle diameter tc the measuring tube diameter is small.

A}

Determinetion of Uniform Regime

Py uniform regime is meant that condition of air water
mixture flow for which the curves of velocity distrikution and
air-coricentration distrirution are the same a8t any two sections
of the flume, This was tested by comnaring the air concentration
and velocitiy disiritutions in the recdian vertical nlane at two

sections 2.1 m apart with a discharge of 190 litres per second.



Qualitative Orservations .

Stroroscopic flow otservations show that generally the
fukrles are spherical, their diameter is atout 1.5 mm except near
the rottom where the extiremely minute particles are present. Theé
alr concerntration appears to be hicher near the walls than in the
central regicon. Moreover the hukhles are larger ir the cenﬁfal

region. Their diameteﬁ?range from 4 mm to 5 mm.

Discussion of Results

Figures 17 and 13 show ﬁypical distrirution of 3ir concen-
tratior. and velocities respectively for a crosazsection of a flume
for a discharge of 100 litres/sec. Figures 14 and 15 show the
curves of air concentration and velocity distrikution in the ver-
tical median plane for six discharges ranging from 60 lit/sec to
182 lit/sec investigated on a flume slope of 14°. Due to a slight
distortion of canal the zone of the maximum velocities is & kit
deviated towards the right hand wall dependirg on the discharge.
This is perhaps responsible for a lack of continuity in the air
concentration profile.

All the alr concentration curves show a treak for concen-
trations of akout 6C/. It may bhe at the iransition from the emul-
sion zone (air rubhles in water) to ejection zone (drops of water
in air)., In fact the air hubrles carried up intc the upper part
of emulsion zone are spherical with practically the same diameter
and the maximum degree of compactiness of such a sphere system is
also atout 60¢. If the air concentration tends to rise akove 60
the tubtrles which are scuashed up against each other, unite and
the water which surrounds then changes into drops. This is the

transition from the emulsion to the ejection stages
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The depths corresponding to these zones were also ohtained
directly. The data given hy a static pressure tapping placed in
the flow were nieasured ky a micromancmeter, and in the droplet
zone only the gtmospheric pressure was measureds lhe curve obtained
by investigaticns along a vertical line also presents a treak at
the passage from one zone to another. 1t is therefore confirmed
that for a 14° slope the transition from emulsion to droplet zone

corresponds to an air concentration of 60%¢ irrespective of the

discharges

3.2 STUDIES Ix THE LARCRATCRY OF UNIVERSITY OF NAPLES,ITALY"S?9%

M.Viparelli has reported the work done at Naples. Initial
experimenis were done on a.flume of 1:1 slope which was later on
given iwo other glopes of 23°30' and 11920'. The flume was rectan-
gular in section, 0.2 m wide and having very smooth concrete walls.
The length of flume was sufficient to reach at its lower end

conditions of uniform flow in all cases.

Experiments at 1:1 8100633

The following quantities were considered in the analysis,

The velocity 'v' at a noint

1)

2) The percentage 'pw' of water oresent in a unit volume

3)  The discharge 'ug' through the unit area of cross<section
4) The ratio p& of the water discharge rate Ug to the rate

of mixture ué through a unit area.
The following measurements were taken,
1) Head 'h' on the tip of Pitot tube connected to a manometer.
2) water discharoe qs(%), flowing through a unit width of
section and akove a height y from the red of flume. This was

measured by using an open sampler as shown in fig. 17. From this

Ug is computed as
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Ug = B7) -435()-}!”) (26)

3) Ratio B Tretreen air and water discharge ratés syphoned
fy the current in a closed vessel in which a depression A was

maintained (Fig. 20). p& was then obtained by the formula,

- 1
p‘;\/ﬁ l“'ﬁ EE (27)

4)  The percentege p, Of water present in a unit volume of
mixture by using an electric sampler with small plates and on the
Pasis of the principle of change in resigstivity of mixture as
compared to that of clean water.

Curves of the percentage Py, ©Of water present in a unit
volume were plotited as in fig. 19. These curves alongwith the
visual okservations of flow subscrike to the division of flow into
three layers viz.,

(1) Bottom layers of predominantly water flow with little

quantities of air bubkles.

(2) Intermediate layers of air and water flow.

(3)  Upper layers of air with water drops in movement.

Considering the bottom layers of flow,

uqu;"v . . e e e (28)
v3
also Py Yw® 55 = Yy D
which gives, v = -d_. ¥2gh Ceees (29)
Py,

Comkining equations (28) and (29) we get

1
= =2 . 55 ] oo (30)
u .
q Jo,, 2gh

Near bhecttom pb and P, are little different from unity hence we

may write



u. = J2gh ceeen (31)

This was confirmed ky experimental values also, as in fig.18

wherefrom it is seen that in the hottom layers the curves of u
q

and ~N2gh v.s. log y are more or less coincident. Again as

far as p& differs little from unity
v = ug = J2gh coee (32)

From fig. 18 it is also seen that the plot of J2gh and log ¥ is
disposed 8long a straight line upto @ certain height 'Y' atove
Fottom which increases with water discharge. From this it can be
concluded that in the kottom layers the distritution follows the
logarithmic law of turkulence theory.

In the upper layers of flow the experimental points place
themselves according to two straight lines almost parallel to each
other (Fig. 18), one for (ug» log Y) and the other for (JN72gh,
log y). Dynamic pressure due to air velocity bkeing negl%gible,
head h méy ke ccnsidered to be due to the impingement of water
drops on the Bilot tube. As the numker and average values of such
impulses (mass x velocity of impinging drops) are proportional to
the water mass that cross unit area, that is Wq, the direction
almost parallel of the two curves in the upper layers indicate
that the average velocity of water drops is almost constant.

Further when in upper layers of flow values of log Uqg
were plotted against ¥, the points disposed on parateclas with uqg
cecreasing as Y increased. This indicates that in upner layers
the number of drops decrease according to the low of normal
prokatility. This may te expected as the drops are throWn akout
because of the random turbulent fluctuations.

From the shape of the curves it was also seen that the

greatest velocity in the current is attained in the layers where
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air and water are in almost equal quantitiese.

Near the kottom it was also seen that ph:> P whicﬁ
indicates +that water is moving faster than air. This has freen
interpreted by Viparelli to mean that air moves remarkakly at
random following the fluctuations of the turtulence, instead of
having an actual slip with respect to the suriounding water
particles. 1However in most of the stucies and in design procedure
the water and air are taken to move together at the same velocity.

Further Experiments on Flatter Slopes34

Further expefiments were conducted hy giving the flume
flatter slopes of 23930' and 11°20' successively. Values of h,
as{y), and B as already defined were measured for each slope for
discharges of 10, 20, 30, and 40 litres/sec. Comnlete series of
okservations were taken along 2 normel to the rottom on the axis
of the channel near lover end.

when values of h were plotted against corresponding
values of y for any particular slove and Aischarge, a curve

exhititing @ maxima hpay resulted (Fig. 23). Corresponding value

of y is designated as dp.

Values of q¢ (y) = qs(O) - SZ J2gh dy ®ere comouted and
compared with values of qs(y) obtained vy direct measurementse.
It was found that qf (y) and g (y) agree very closely for y<dp
and further in this range B is very small, reing one to two
percent. Thus for y < dp air conients are small and ~2gh can
ke taken as the velocity of the current.

In the ucoer layers Viparelli assumed the velocity of

water drops v = N2gh.5,. The impulses on Pifot ture in & unit

v
K. W . s ). ' N
time are 3 YgrVe The simplest relation that may re expected
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katveen dyanmic pressure fyyh @and imoulses on Pitot tuke ver unit

. Yw .
time 5 Uyev may ke taken as one of dlrect proportionality

\(w
Ywh o -g'— Uq-V

or gh « UgeV

This proportionality may also re written in the form

J2gh ’ .
g « > . e ese (33)
u u
q
N2gh

= and N dL calculated from experimental data for
q ]
different slopes and discharges were plotted and found to exhibit

Values of

a linear relationship

J'Eg-&a:“w(av_){ | (34)
q q

Where A and B are constants varying with experiments. One such
nlot has heen shown for a discharge of 40 litres/sec for all the

three slopes investigated in fig.21(a).

Discugsion of Results

As 3lready indicated the flow is to *e treated separately

for layers near the hottom and upper layers.

Layers Near the Fottom

* I{ has already bteen indicated that in kottom layers
velocity distritution follows logarithmic law. Logarithmic dis-

tribtution for smooth roundaries as at Naples is given by

wWIo/P

N

“here Jo is wall shear and § is mass density of fluid. U is

(35)

= 2.3

kinematic viscosity. Average value of constant a = 5.5 and that

of Von Karman@ universal constant K= 0.40 in case of non-aerated
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nst vy

je

flows. For y £ dj. exnerimental valués J2gh nlotted aga
in a semilogarithmic diagram shéw a8 linear tendency; tut it is
d%fficult to determire numerical c§effici?nts of ean. 35 in aerated
flows recause T5/p is unceriain. The value of wall shear T
is deduced Yy using ‘the comaonent of tﬂe weight of unit length of
current along axis of channel. Here the weight that may be taken

-
can be (1) thet of current of height dj or (2) to this can ke
added par{ly or wholly that ¢f water drops in uvver layers., Fof
eéch discharge and slope coefficient 'a' and Von Karman's constant
K were computed giving T, the two values ottained assuming
resoectiQely only the weight of current of height dp, (hypoihesis-l)
or including also the gravity of all water drops (hypothesis-2).
It was seen particularly with hypothesis-1 fhat average value of K
is less than O.40., Similar results were obktained try some invegti-
gators ié case of currents of sedimeni ladden water. It was hypo-
thecated that K< 0.40 befduse sediment suspended in water damps
out turtulence. The effect of suspended air hrubkrles thus, is also
"seen t0 be gimilsr.

Further /anning's coefficient was computed using for
velocity the value equal to the discharge passing kelow the height
dp divided ky the area of channel Yelow height dp. The Manniﬂg's
coefficient is found to oscillate tretween 0.C062 and 0.0072 which
agree well with the nature of boundary. Viparelli therefore
concluces that water flow in layers near bottom follows the normal

laws of currente.

Flow in Upper Layers

ater drops jump in a@ir due to the action of random
fluctuations of turrulerce and are distrikuted in the air according

t0 the normal law of proratility. The drops conserve the velocity
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v =1J§5E;;; of layers from which they depart. Hence not only the
nunker of drops tut also water discharge per unit area for the
Uoper layers (y > dp,) is digtrituted according to the law of
normal proratility. This is evident ky the plots of the ratios
;Og'qs(Y) against corresponding z-dm
s'om ma x

The points were found to dispose more or less @long straight lines.

P =

-on @ prokakility naper.

One such plot has reen shown for a discharge of 40 litres/sec for
all the three sloves investigated ir fig.21(k).

Viparelli has also given an expression for the digcharce
per unit area in upner layers as

-1 (X:§m~¢3

ug = v e2 Mmax (36)
- Vhere o, the standard deviation varies ketieen 0,0018 to 0,025
according to exnerimental results at Maples for the gmooth concrete

f lume. , \

Gizeldon Chute Experiments

Viparelli also analysed the results of experiments done on
the scgllway of Gizeldon Plant in U.S.S.7. and reported by Nitchi-
porovich. The chute is a rectangular wooden channel 6 m wide and
23.7 m long with an inclination of 32°20' with horizontal. The
experiments were conducted with discharges of 2.58, 4.48, 5.23
and 7.62 cumec « The walls of this chute are not smooth and so

the normal distrikution of velocity was assumed to follow the

relationshinp for rough boundaries,

- + :..3 Y 37
b mmvatorns — ®eeos o

where average values of Lk and K are §.48 and 0.40 respectively
and € 1is a measure of roughness of walls. If values of Jj

are calculated according to weight of current of height dj then
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from the slooe of -straight lines on which the point (v2gh,y)
dispose on semilogarithmic diag;ams, values 0of K less than 0.40

( @ good average K= 0.35) are oktained like those found for

smooth walls at Naples.
Manning's coefficient was also determined considering the
. dm :
flow in layers below height dp and discharge q = § N2gh.dy.
. : o)
They oscillate between 0.009 and 0.010 in good agreement with

nature of wall surfacee.

“hen upper layers are considered, relations of the type

J2gh v
—=— = A+ B (=
Ug <UQ)

should be expected. However since Nitchiporovich did not measure

uy Veparelli computed uq employing egn. (36), using trial values
of o wuntil corresponding values of ( _%EE,’ J(éi)) plotted along
q q

straight lines. Figure 25 shows one such plot. The ¢ wvalues

were found to 05cilla£e between 0,070 t? 0,040, They are a little
hiéher than those for laboratory flume with smooth walls. At

Naples also when experiments were conducted with artificially
roughened bottom floor ¢ was found to have & value equdl to

0.004 approximately. Hence Viparelli recommends to compute ug

in upper layers with the help of equation:(36) using o = 0.0025

for smooth and o = 0.004 for rough wallse

0,1
3.3 STUDIES AT THE ST.ANTHONY FALLS LABORATCRY, U.soa L3S

The experiments were conducted in a special lakoratory
channel 15 m long and 0.49 m wide. This width was seen to ke
enough for the flow depths used in the sense that the character
of the flcw was two dimensional for a few centimeters near the
centre of the flume. The inlet velocity was adjusted to ke

approximately the terminal velocity for the given slope and
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discharge so that the flow could re studied independently of large

accelerative or deccelerative effectse.

Velocity Obkservations

Velocity okservations were taken by emnloying an electro-
chemical device wﬁich timed the travel of minute salt water cloud-
lets injected into the air water migture. The passage of ionized
cloudlet is detected by electrodes fixed 75 mm apart in the flow
path., Traverses were first oktained for non-aerated flows to
obtain Manning's 'n' values for the flume surface which was of
nainted steel. Yanning's equation for a unit breadth of channel

may be written down as

2/3 1
v, = dn/ S/z

o ¥ 5

This when combined with equation of continuity,

: g = Vpudp yields, -
006 O.
Vn = ;l;) qo’4 s ceee  (38)
Where V), = mear velocity in non-aerated flow (m/sec)
dy = mean depth in non-aerated flow (m)
a = water discharge rate (cumec )
S = slope of channel i.ee. sin «

Having ortained value of n from non-aerated flow data Vh was
computed for q = 0.18 cumec for different slopes and the values
were compared with mean velocities in aerated flows ottained bty
averaging the ohserved velocity distritutions along the centre lime
vertical (Fig. 27). It was found that the predicted mean veloci-
ties of non-aerated flow vere too low as compared to the measured

mrean velocities for aerated flows
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Air Concentration Orservations

Alr concentration 'C' at any point of flow was measured
ty elecirical air concentration reter which krasically measures the
difference between the conductivity of a mixture of air and water
and the conductivity of water alone. Concentration contours for
a sectigon 13.5 m from inlet are shown in fig. 25. These contours
are seen to te considerably higher near the side walls than in
the central regione This gside wall effect is especially noticea-
kle kefore aeration begins in the centiral region; aeration at the
sides 1s initiated by the turkulence from the side wall roundary
at the water surface which thus appears as: white water sooner. The
flat contours in the céntral region are indicative of the two
dimensional character of flow'there.

'The concentration curves along centire line vertical for
variops flume angles at 13.5 m from inlet at cons tant aischarge
are shown in fig. 26. The mean air concentrations when computed
from these curves were found to increase with increasing flume
ahgles.

Artificially Roughened Channels>®

Further and more detailed studies'were conducted after
artificially roughening the channel ted by laying a commercial
non-slip fabric coateqd with granular narticles of mean size 0.7 mm
at @ mean spacing of 1 mm. The bed was thus considerakly rougher
than the painted steel side walls of the channel.

Experiments were made for slopes from 7.5°% 1o 75° at 7.5°
intervals and discharge varied from C.062 to 0,272 cumec and in
some cases upto 0.425 cumec. Leasurements of air concentration
were made at 13.5 m from inlet @long a centre line normal at

3 mm interval starting from @ point at 6 mm from ked and upto a
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noint which was completely ou% of flov i.e. where meter regis-

tered zero air concentration.

Nefinitions of Depth and Concentration Parameters

For further discuesions and analysis of data it is essen-
tial to define certain depth and air concentration narameters as

given relow,

il

air concentration i.e, volume of air per unit volume
of air water mixture

c

y = digstance from and normal to the channel red

%
tl

mean depth of flow that would exist if all of the
entrained air was removed upto the highest point
where water is found, thus,

Soo
d =) (1 - c¢) dy

In other words this is the denth of 3 non-aerated
flow of a given discharge with a velocity equal
to that of air entrained flow

dy = value of y where c¢ has some preassigned value
say Ca99. This depth encompasses akout 98 to 99%
of all the water and consequently may ke taken to

represent an upper limit for water

dT = value of y where the transition occurs from lower
region of flow in which air brutrles are suspended
in water %o uoper region of flow in which water
droplets move in air

o
I

mean alr concentration in the vertical in the entire
flow (kased on dy) '

du
[ cdy
o

!
Q
c -

cT = mean air concentration in the vertical in the lower
region (kased on df) :

dT
{ ¢ dy
o

!
S

Other terms vill re defined 3s and when they occur.

Distrihution of Air Concentration

Jkservations by means of instruments indicate that two
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regions develoo in self-aerated flcow;

(1) an upper region of heterogeneous clumps, glokbules and
drovlets of water ejected from the flowing stream a8t more or less
arbitrafy velecities and

(2) a lower region consisting of ‘air kuktrles distirihuted
through the flow by turbulent transfer.

Retween the two regions is 2 transition zone defined by 3
transition depth that is a fluctuating surface ;Zcessarily at a
statistical mean elevation akove the channel rottoms The two

regions are tireated separatelye.

Distritution of Air in Upper Region

Assuming turhulent velocity fluctuations in a direction
normal to bed to have a random distritution, the frecuency f(y') of
particles projected upwards to the distance y' atove the iransi-
tion may ke teken as half the Gaussian,

S (Z.'_ )a
o .
£(y') = —2— ¢? ceer (39)
oNoR .

here o 1is the standard deviation of the Gaussian distribution.

The factor 2 is used to indicate that only particles keing projected
’ od

in the outward direction are beina corsidered so that § f(y')dy'=1 -
» 0

Thus proncriion of all particles leaving a unit area of the irans-

itional surface and reaching or passing through a corresvonding

area at y' is

o7 ‘%’(Y'/o')2
e dy! ceee (40)

P(y') = -2
oo y

This may be taken proportional to the water concentration (1l-¢).

Thus the air concentration '¢' at y' is given in terms of concen-
’ /
tration «c¢7 as



into (44),

T, dT -V

which on integraticr yields,

- Cop ( et 2
C—C‘E’(dr-y) cees (46)
in which,
V
z = £ = Vb veue (47)

B KTy F KV

. dT
and Cz 1s a constant whose value is the concentraticn at y = —

.
s

Application to Experimental Data

Equations (41) and (46) describe the air concentration
distrihution in}an open charnel. The constants involved can ke
determined empirically for a given channel, from the okserved
curves for air céncentration. .

Firstly the transition depth dt and the air concentration
Ct at that depth were determined for a particular discharge and

slope from avlot of C in terms of y. The point where g%. is
maximum is grephically located as in fig. 28(a). The corresponding
value of dt and CT are noteds Using this value of CT, the
ratio §T%~E~%T7'Was ploited as a functicn of y on prokakility
paper on which a cumulative Gausgian distrikution plots 3s a
straight line. Figuré 28(%) shows one such plot in the upper
region of flow. It is apparent from this that the concentrations
possess & cumulative Gaussian distritutions.

In the region of flow relow dT equation (46) indicated
that C 1is a funciior of Y__ and should on a logarithmic

T=-Y
plot result in a straight line where slope is equal to the exponent

z and Cg 1is the value of C at E}x-7 = 1. The logarithmic
plot of experimental data @s in fig 28{c) shows excellent égreement
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C 2

O-O.‘l(|,3
5 (y'/o)
92 °

1-c7 oo y dy! ceee

and the gradien*t of concentration is given by

From which we obcerve that 8ir concentration gradient gﬁ is

’

maximum when y' = O and the value (3%) -

and this ccc

2(1 - cT) -'%" (Y‘/d)a
AT ©

2(1 - CTX
max o Non

L

urs where c¢= ctand y = dr /

Distrikution of Air in Lower Region

The

air entrained in the lower region below the

depth, is in a state of statistical equilitrium between

. W
of kpoyancy

Such an equi

of air rubrles and the mixing effect due to

librium is descriked Yty the equation,

-CV +e Qg: s s e
k bdy 0 )
where Vi = rising velocity of air rubtles and is breing
negative
€y = mixing coefficient for air tubbkle transfer.

(41)

(42)

4

(43)

transition
the force

turbulence.

(44)

considered

This may

ke assumed proportional to momentum mixing coefficient
(as is done in gsedimentation theory). Thus €y = B €pe
\

And agsuming a Karman type logarlthmic velocity profile with shear

linearly dis

arrived at

it

€y

“here K

T

0

F =

triruted 2long the vertical, Straub and Anderscon have

dI'-Y
B KA Tw@‘("?ﬁf")y ceee
Karman'e universal constant
koundary shear at bed

mass density of fluid.

(45)

N'To/p which has dimensions of velocity is generally expressed

0

as shear velocity Vg . Substituting the value cf €y from (45)
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into (44),

CVyp = B K'J{ig)( —a7 ).y Iy

which on integraticn yields,

C:C;ﬁ(a;z_—'?— )Z cee. (46)
in which,
2= vao/f:@Vlb(v* e (47)
and Cz 1is a constant whose value is the concentration at y = %; .

Application to Exoerimental Data

Equations (41) and (46) descrike the air concentration
distritution in an open‘channel. The constants involved can ke
determined empirically for a given channel, from the olserved
curves for air concentration. .

Firstly the transition depth dt and the air concentration
Ct at that depth were determined for a particular discharge and

1

slope from alot of C 1in terms of y. The point where %g. is
maximum is graphically located as in fig. 28{(a). The correSpond§ng
value of d7 and CT are noted. Using this value of CT, the
ratio ir%_s.%?vaas plotted as a function of y on prokrability
paper on which a cumulative Gaussian distrikution plots as a
straight line. Figuré 28(%r) shows one such plot in the upper
region of flow. It is apparent from this that the concentrations
possess a cunmulative Gaussian distritruticn.

In the region of flow relow dT equation (46) indicated
Shm . wx y oy
that C is a functior of 3T~:_7 and should on a logarithmic
plot result in a straight line where slope is equal to the exnonent
z and Cg is the value of C at —f——= 1. The logarithmic

dr - ¥
plot of experimental data as in fig 28(c) shows excellent agreement
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with the form of egn. (~6). In as much as C approaches infinity

as y aoproaches d1, the exverimertal data must depart from the

curve for larger values of a..X__ rut in this case the data agree
T-Y

with the curve upto y/dT = 0.9,

Relation of Parameters tc Flow Condi<tions

/

The values of mean air concentration at VariOUSISlOpes
for different discharges are shown in fig. 24. It is seen that
mean conceniration decreases thfough insignificéntly with increas-
ing discharge, and increases considerally with slope. In fact the
channel slope, discharge and roughness govern the intensity and
scale of turhulence generated. The flow turhulence is created
initially at the bed by the wakes and eddies formed ky the flow

.

over the roudhness elements and the turbulent eddies are then
diffused upward into the flow stream. The intengity of turkulence
at the transiticnal surface which is paramount in aeration process,
depends upon koth the initial generation and the depth of mixture
in which it is dissipated. The so called shear velocity may be
used as a medsure 0f turhulence generated at hed. Hence the
turtulence at the transiticn surface should vary directly with
the shear velocity and inversely with the transition depth dT.

Good correlation as shown in fig. 30(a) was olrtained
2/3

between C and Vy/d7 '~ where Vyx 1is obtained by’
V%_ = ’\J goaT.S s 0 0 (48)

2/3 (

Still better correlation was obtaired of CT with V,/dT Fig.30(t).

Figures 31(a) and 31(Y) show C and CT respectively as

1/5

functions of S/q where S is the slove (sin «) and q is unit

discharge. The correlation is seen to ke good.

Influence of Channel Roughnessl

Orservations were taken and similar analysis of data as
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above was carried out in case of smooth channel heving painted
steel surface, It was found in case of smooth channel that

4

mean air concentration correlates with parameter Vi/dT /5 and

also with parameter S/q2/3. Since in the parameter gg;., dT is

'!' ’
in denominator and its exponent is smaller in case of rough
channels,it is clear that turbulence generated at the bked of rough
channel is dissipated to a lesser degree than in case of smooth
channele The exponent m can be assumed to depend on rcughness
of channel being smaller for rcugher channels.

Comparison of rouch and smooth channel air concentration
distrirution curves in a vertical for a slope of 45° and discharge
0.233 cumec is shown in fig.-29. It is clear that for rough
channel the quantity of air entrained is c¢onsiderably greater, the
air is more uniformly mixed and the elevation to which water
droplets may ke found is considerakly greater than that for smooth

channel.

Effect of Entrained Air on the Flow

Entrained air changes the flow from that of water alone
to @ mixture of air and water. Experiments were conducﬁed in rough
as well as smooth channel to measure the resistance of the bound-
ary to non-aerated flow. The slobe was flattened so that for
comparable discharges the flow would be non-aerated. The range of
discharges was same as in case of aerated flows. The relationships
ketween deoth and the discharge and slove for non-aerated flow vas

ohtained by plotting measured denth dp as a function of §f}§

and found to te as hrelow,

3/? s1/2

q = 50 dp , for rough channel cene (49)

for smooth channel cone (59)

1
o
D
(o}

3 .

n
—
~
'

and q
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Thus for the range of variakles encountered, Chezy's
formula descrikes the data auite well. Assuming a similar equa-
tion to ke applicable the mean velocity of air-water mixiure

flowing at a depth dT bhecomes
1/2 (1/2

V= constte x dT

Ther since d 1is the depth that reporesents cross-secticnal area
of water, the arove eguation can re written in terrs of q 3&s
ke low,

1/2 1/2
S

g = constie X aldr coue (51)

This relationship verified well when tested by nlotting the
experimental data for aerated flow for toth rough and tﬁe smoo th
channel in the form of E'drl/Q as a function of q/Sl/Q. How-
ever 1t was found that the ccnstiant maintained the same value as
in non-aerated flow i.e. 50 in case of rough channel, and its
value increased;to 84.5 against 62 of non-aerated flow'in case of
smooth channel. The reason for this is not apparent kut is
prokably related to afReynolds; number influence for the smooth
channel.,

d d T T .
The ratios EE . TI 9 and l% were also comnuted usging -
n

’
n 9n  9n
the experimental data for the aerated flow and the comnuted values

of dn and VY for non-aerated flow. These are shown plotted as a

’
.
-

function of the mean ccncentration C in fig. 32. 1t is seen that
air has little effect on dT and d until its percentage exceeds
50¢e The velocity of aerated flow remains atout the same as that
of a corresponding non-aerated flow until the mean concentration
is in the neightourhood of 53/, It then incredses rapidly.

It is also seen thet d and dt change less in compari-
son with dp in case of smooth channel then they do so in case of

rough channel, Similarly increase in mean velocity due to
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[
acration is less for smooth thgn for rough channel.

A

3.4 STUDIES AT THE CEATRAL WATER ALD POVER. RESEARCH STATION,
POONAT 2748

At the Central /ater and Power Pesearch Station, Poona,
tests have Yreen carried out for studying the development of air
entrainment in ooen flow in sloping flumes. The slopes tested
were 15,30 and 45, degrees with discharge varied from 0.085 to
0.51 cumec. Nost of the experiments were done in @ 0,9 m wide
cement concrete flume with smooth cement finish and with one side
made of persmex to facilitate visual okrservations. Initial
experiments were dore in a similar flume 0.3 m wide. Some
exoeriments were repeated with roughened ted also. The obser-
vations were made for velébities, water surface and air concen-
trations.,

Velocity Okservations

Readings were taken with a standard N.P.L. tyne Pitot
static tube. The differential head 'h' which is measured in the

Pitot static is connected with the mean veloc%}y head bry the

relation
3 2
3 Pos |- Y...."l-@c!— LI K'r‘)_
G2 h= (1 c)29 75 (52)

“here G = coefficient of Pitot tule which is slightly less than
unity within akout half a percent and

D = ratio of air to water density
The formula for velocity car. therefore ke taken as

v=G'"J%2¢h (53)
"here G' is again a coefficient which for oractical oufposes

may re taken to Ye unity and *the velocities accepted correct to

within 2 t0 3 percent.
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water Surface

The water surface was estimated vy a point gauge movable
with @ vernier attachment, and using a sihple electrical citcuit.
There could clearly te seen thre following zones,

Al) a top most zone where there was intermittent snraying,
so that this vas more in the nature of transport of water sprays
inside a current of air,

A2) an intermediate zone near the water surface where the
spraying was regular and continuous and,

A3) the continuous water surface helOw,which'COntained the
rnormal air enitrained masses.

o

In @ slow traverse of the point gage from the top down-
wards the meter first registered intermittent readings,which were
changed to continuously fluctuating +ve readings as zone A2 was
reached and steadier values on entering the continuous water

surface. The zones Al and A2 were very small each teino akout 5¢

of the water depth.

Air Concentration Ctservations

Okservations of air concentratiob 8t various points of
flow were made hy using Fifiliar prokes. It is an electrical orolbe
consisting of a pair of helically interwound constantan wires, each
of 0.3 mm dia and 10 mm length.

The mean air concentration of the flow vas determined as

bf y
— l l u
C = = —

so{ J

kg Yu Cdy‘ dkg cene  (54)

“here  b¢ = Preadth of channel and vy, the depth which encom-

passes 995 of total water discharge.

Analysis of Data on Smooth and kough Flumes

The yater surface profiles were vlotted non-dimensionally

-
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in terms of critical denth 'dep' as shovn in fig. 33 and 35 for
smooth and rough flumes respectively. These figures also show
the mean air concentration C along the flume. It is seen that
the dimrensionless olo*: of vrofiles leads fairly well to a single
CUrve,

The mean air concentration C was algo plotted against

F!3 cefired as

R

Féa = F2 cos® « voes (55) .
“here Fg_ = VB/qR ,

V = mean velocity and

« = angle of slope of flume.

The plots for smooth and rough flume data are shown ir fig. 34 and

3

(@)

respectively. . A straight line fit has reen drawn in roth the
cases. However there is a considerakle gcatter.

3.5 STUDIES AT IADIAN INSTITUTE OF SCIENCE BANGALOREZ??22120

Experiments were conducted in a tilting flume 13.5 m
long, 0«45 m wide and 0.375 m deep. The slove of the flume
could ke'adjusted from 0° +to nearly 40° w.r.t. horizontal. The
experiments were first conducted on smooth aluminium sheet ked
and thereafter the bottom was artificially roughened ty using
sand grains having & mean diameter of 1 mms The measurement of
air conceniration was done by an electrical air conceniration
meter developed in the lakoratory. The method consists bagically
of a meésurement of the difference hetween the conductivity of a
mixture of air and water and that of water alone. MNeasurement
of velocity was carried out bty a dynamic pressure tapping
connected to @ manometer. Experimental results were analyzed

for two cases viz. (i) developing aerated flow and (ii) fully



developed. aerated flow.-

Zones of Flow

According to Rao, Gangédhariah and Seetharamiah24 flow
tecomes fully developed turhulent flow when the turbulent
toundary layer and the free stream turbulence mixing layer from
the free surface meete The fully developed turbulent flow has
been divided into two zones. A,lower zcne named as wall tur-
bulent zone and an upper zone named Free turbulent zone. The
line of demarcation ketween the two zones has been defined as
the locus of pbints of maximum velocity all along +the flow.
These divisions will be clear from a perusal of figures 37 and
38. In fact in a more detailed subsequent studygé, the wall
turrulent zone has keen further sukdivided in accordance with
distribution of eddy viscosity into two major regions i.e.
inner and outer. Eddy viscosity increases approximately linearly
with distance from hed and rema&ins practically constant in the

outer region.

Distrikution of Velocity and Air Concentration in Free
: Y

Turbulent Zone

The theoretical equations which were developed for free
turtulent zone rased on the analysis of two conflowing streams

with a large difference in their densities are,

_Vnt V) Vipm = V1
v = _._.._5.._._.—. - -T_ erf-n* oo ey (56)
for velocity distritution and
1-C _1 (1.

for air concentration dis tribution.
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In these equations,

3<
t

= velocity at line of demarcation

velocity of air media

<
=
)

non-dimensional depth akove transition

y - dt
bE

)]
o
Q.
3
¥
i

depth =

1

mixing width measured as twice the distance from .
transition depth (defined separately for air
concentration distritution and velocity distritution)
to lire of demarcation (Fig. 38),

also bk

U

and E = a proportionality factor, physically identified as
the ratio of eddy diffusiviiy of momentum to mass.

The theoretical equations (56) and (57) were checked on experi-
menital resulis and the agreement is found to be very good at all
the stations of okservations in case of exnerimental data of
rough as well as smooth bed. A few of the plots for illustraéion

are shown in fig. 39.

Distribution of Velocity and Air-Concentraxion in Wall
Turkulent Zone

The wall turkulent zone is similar to the fully developed
turrulent pipe flow. The eddy viscosity in such cases remains

almost constant across its width (0.4 & 1) therefore the

dm
concentration distribtution, which in turn depends on eddy visco-
sity also remains constant with in 0.4 < éﬁ-g 1. Extrapolation of
theoretical curve given hy ecuation (57) from the free turbulent
zone into the'wall turrulent zone gives good correlation for
smooth koundaries and rough roundaries uoto an inclination of 300.
However for rough toundaries for slopes greater than 300, the
correlation is good except near the wall (i.e. O0< a§-<£ 0.4).
The velocity distribtution in wall turkulent zone for
smooth rourdaries is expressed ky a simple power law relation of

the form,



1/3
=(a§’n—) ) ceee (%8)

v
Vin
“here j 1s an exponent.
This ex»nression was verified well on exnerimental data for differ-
ent digcharges and slopes in case of smooth boundaries. Two plots

for illusiration are shown in fig. 40,

Detailed Study in 'all Turkulent Zone

dore detailed investigations of flow characteristics in
vall turkulent zone were made in the hydraulics lakoratory of
I.T.Sc. Bangalore Yty h.S.Laxman Rao and T.GangadhariahQé. As
already indicated this zone was further subdivided into an inner
region &nd an outer region hased on the distrikution of eddy
viscosity which increases approximaiely}linearly as we rise from
ked in the inner region and rem@ins practically constant in the

outer regione.

Velocity Distribution in Wall Turhrulent Zone

The expression developed on theoretical considerations

is askelow,

Ymm vV _ 2 ;_{ 1 ,_ln[o.794-o.63 5 +12J
Vy 3&\ 8o "o 7o o4 (0.794 +%)?
+§ + 1 PICD | -1, -
¥t )2 } * .794 tan J%T )+ tan” «T%')

1 ..=-1,2% - 0,7% | 9§+ 1
- 5o @n ( oTon 13 ) ~tan” " ( )]) (59)

This equation aives gnod agreement with experimental data as
is shown in fig. 44,
In this equation,

?; = 1 -M vhere 1 is non-dimensional depth given ty
'Yl = Y/dmo and



A = a constant
-

Constant A has leen empirically correlated with flow characier-

istics ty the following eguation,

dn Vi (1.125
A=4.48(a-r% V:‘,) 2 eees  (60)

The variation of depth oarameter dp/dt wich Ve/ VY also found

erpirically is given ty

dm )1065

Vi
— = O. 18 ¢ s 00
T ( 3% (60A)

by knowing Vg and Vg, d /dT can ke found ky eqn. (60A) and
then A bty eon. (690). .
The utility of egn. (60A) is however not understood by
the writer as the very process of determining Vi and V, will
e Fased on a prior determination of velocity and concentration
distritution. V, and d; will re known only from a velocity
distrirution curve. Further Vx is computed as NG OT Sin e
So this will also require prior knowledge of dT which cén be
determined only after drawing concentration distritution curve.
It therefore appears that the conétant 'A' does not yield to
evaluation by the equations (62) and (60A) in an actual design

proklem,

Distribution of Air Concentration in all Turkulent 7one

Theoretical equations developed ry Rao and Gangadhariah?6

are H

For the inner region,

e =8 n 1§, n 2
C - Co = == (1-;‘_0)-»5{(?0) -1}] eees (61)

and for the outer region
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C-Cy =%l1 [-z (q -, ) + 1 - (- n: )]
z®?

() [j EIGE n,)—] e (62)

In these ecuations,

’qo = non«dlmcn51onal depth tc outer edge of inner
region = dg/dpy
Co = alr concentration at outer edge of inngr region i.e.
at y = dg
‘ - ? ™~ dC EY
and Cj, M, and ) are the values of C, 1 and & 3ty = dn/2.

The degree of.agreement of theoretical equations (61) and
(62) with experimental values is apparent from fig. 43,
The values of z and H are correlated with mean air

concentration Ct and given bkelow,

_ 1 :
Tr= 7553 | veve  (63)
and ETZ l 9) seee (M‘)
1+ 15.5 (-H)Y+83 . '

Position of Inner Zone

Air concentrations in the inner regicn by eqn.(6l1) shows
an increasing trend and by eqn. (62) in the outer region a ‘
decreasing trend towards wall for all values of constanis z
and H. The location of the position of the inner region is
found by differentiating egn. (62) w.r.t.fq and outting
dC/dvm = O at =7,

The variaticn of the position of inner zone is shovn in
fig. 41 which showvs a nlot of do/0T Vess CTt from exverimental
data, do keirg normal depth from ked to outer edge of inner
region. ‘It is seen that as CT increases, dg/dp decreases

and aporoximately at arout CT = 0.20, the existence of inner

region ceases. Peyond this value of 5} = 0,70, the whole
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wall turtrulent zone acquires the characteristics of outer regicn.

i s . - R ‘O
Incepntion of Air tntralnmcnt~5’4

Existence of a turbtulent free surface is a pre-recuisite
for the irceotion of air entrainment. At the inception zonz the
flow apoears to ke toiling, with highly agitated ill-defined free
surface eddies in the form of projecting masses of flows. These
eddies project out of flow and then fall back into the parent
medium causing inception to occur. For a water droplet, in the -~
form of an eddy, to project out of the free surface, the kinetic
energy it possescses must ke greater than the surface tension
energy. Fased on thig concept an air inception parameter I has

keen formulated defined by

)1/2

I=(Pd V3 eu)/ (Vg d/y ceee  (69)

which muét exceed a certain critical value for inception. This
critical value was found to te 56 by experiments. In this
eqn. o’y 1is surface tension.

An a"c"cempf4 was also made to correlate the Froude numlker
F = JV/gd with the inception of air entrainment and it was found
that E = 7.5 for Yeritee weir, 10.6 for Gleumaggie dam and 9.7
for Hickox collected data on Norris and Douglas dams. It apoears
that this critical value of F varies to a8 certain extent with
the nature of the troundary which controls turtulence level which

in turn affect air incepticn.

.

Locating Point of Incention of Air Entrainment

The concept of air-inception parameter I is however
only of academic interest. It has keen found that in all

prototype ca@ses the condition of emergence of turbulent koundary
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layer on the surface descriles necessary as well as sufficient
condition for the commencement of air entrainment. In all
protoiype cases the value of inception parameter at the point of
emergence of turkulent koundary layer was calculated at Z.l.Sc.
to ke far greater than the critical value of 56.

To locate therefore the point of inception of air entra-
inment it would suffice to oktain the point of emergence of
turbulent koundary layer on the surface. For this,methods are

given by 1) Rauer, ii) Camphkell and others iii) I«I.Sc.

i) Pauer's Method

For the develOpment'of a turkbulent koundary layer in
wide channels an approximate tut practical method has been
proposed by Bauer2. This method is applicakle for spillways and
channels provided the flow is accelerating or uniform and if |
accelerating, then not so rapidly and highly as to cause Ykound-
ary layer separaticn. On the results of Fauer's investigations

Ven Te Chow6 has given following formula,

cees  (66)

Where ® 1is the thickness of turtulent roundary layer at
dictance x from O in the direction of flow, (Fig. 46) and
€ 1is the roughness height. The point of inception of air
entrainment which is the same as the noint of emerdgence of
turbtulent boundary layer on the surface can ke easily computed

ty trial finding x such that ® equals denth of flow.

ii) Camphell, Cox and Toyd's Lethod>

For a gnillway crest designed for a given head and the

flov corresponding to the design head following formula was
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proposed ry Camobell, Cox and Foyd as a result of their theo-
retical and experimental investigations,

' -0.233

=000 (L

2 &) cees (67)
in this equation L 1is the distance from the upstiream edge of
the spilliay (Fig. 46).

Here again the depth of non-aerated flow will have to

be computed by usual methods and L oktained by trial such

that & equals depth of flow. -

iii) I.I.SC. Lethod

The empirical formula which was developed at I.I1.Sc.
Pancalore by using the results of Sharmazg; Campbell etc?;

Hickoxlé; and Michele and Lovely22 may ke written as,
§3~=7O .g__ L. —0079 ~
) (.qd) (&) vove  (€8)

“here dg is the design digcharge and q 1is any discharge per
unit width of snillway. This formula can ke used in the same
manner as Camphkell's formula., The advantage however is this
that it can ke Qsed for digcharges other than design discharge

alsoe

Scme Characteristics of Uniform Aerated Flows

i) Mean Air Concentration
The local non-aerated Froude numter may he defined as

Pw:: V/Jga- LI} (69)
in which V is the mean velocity of aerated flow in a vertical
and d 1is the solid water depth of a given digcharge with a

mean velocity same as in aerated flow i.e. Vs
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Using the experimental data of I.T.Sc. , and those of Hall,
S.AF. Laboratoryl’su’dl, and C.".P.R.S. Poona’, an empirical

relationship has keen develoned as follows (Fig. 45),

3/2
£ - a S ceer (70)

in which .. is a constant depending on the shape ard roughness of
the channel.

The constant O ig found to vary linearly with Manning's
'n' for a particular shape of the channel (Fig. 42), and the
relation between them.may ke written as |

-—c)—=.1035 n . oo s, (71A)

for rectancular channels and

L o= 2.16 n so e (71F)
for trapezoidal channels with side slopes of 1.5:1

ii) Mannings Roughness Coefficient

The presence of air at the solid koundaries reduces frict-
ional effects. Considerable amount of energy will te épent to
keep the air kutkles in suspension and to disirirute it throughout
the flow. The combination of these two factors influences the
roughness coefficient.

Assuming the Manning's relation to hold for aerated flow
taking transition denth dT as the effective deoth for computa-

tion of velocity

V=

Naw T .

in case of two-dimensional flow.
Considering that by some means all the air in aerated flow can be

reroved and that only water can re allowed to flow with air-water



- 524

velocity, then according to Rao and Gangadhariah26 dr may ke

replaced by d and it may te written that,

-\7 = % a Q/J 81/2 LY (73)

In the opinion of the writer however this equation involves a
serious error in so much as this equation can not be satisfied with-
out reducing the value of 'n'. This is because the mean velocity of
aerated flow increases due to air entrainment akove the hypothetical
velue Vp of non-aerated flow, tomputed for the same discharge on
ithe trasis of normal value of ‘n'. If dn 1is the hypothetical-

depth of non-aerated flow, then

2/3 - -
dp = O/Vn, and Vp = % dn/ 51/2, further since d = g/V

anrd V > V,, therefore d « dn hence equation (73) can not ke

sdtisfied unless n in this egn. is taken less than the normal

value. Nevertiheless by comparing this (erroreous) equation (73)

with (72) Reo and Gangadhariah deduced,

/s
20 - (ay/d ) /3

. n . i . .
and cemputing values of —%ﬂ from this ecuation using the experi-

15 1,30

9]
mental results of Mall™, S.A.F. latroratory and I.I.Sc.'6 and

olotting it as a function of mean air concentration telow transi-
tion deoth, CT, ottained that
L}

E?.W. = .____l__..._ (7d)
n .1"' C‘Tloég

This shows that rouchness coefficient increases with air concentra-

tion.

iii) Relationship retween lean air Concentrations C ard Cg

The mean air concentration C7 telow transition depth d
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and mean air corcentration of the entire flow have also hreen

correlated ry erpirical relation,

- - D
CT = loll c - 18 ' ) (75)



CHAPTER - 4
DES.GN PROCEDURE

4,0 INTRCDUCTION

It is quite apparent from the review cf Field and Latoratory

s tudies that the nresence of air in water hag many effecits. As air
entrainse into the flow, it causes an increase in wafer velume
termed %Lulkingr. This has undesiratle effect on the orovision of
free troard allowances in the design of hydraulic structures. ''ith
entrainment of air resistance losses in flow are also affected.
Raged on the studies carried out in field and latoratories a

sultatrle design procedure is descrihede.
4,1 COMMENCELENT OF AIR EAMTRAINIENT

Air entrainment in a flow commences at & point where
turrulent broundary layer emerges on the surface.or in other words
where the thickness of turtulent toundary layer _eqUals denth of
flow. Non-aerated deoths of flow at different sections of the
steen chute or spillway can re comouted ry the usual methods of
classical hydraulics. For computation of the turlkulent roundary
layer along steep chutes or curved surfaces like those of svillways,

the following formulae may re used:
1. Ven Te Chow's Formula -

5 o .24 (4.1)
X

(x/e )V 13

7. Camptell, Cox and "oyd's Formula -

5 _ L ,-0.233
r = 0.0 ( &)

(4,2)
3. I.I.5c. Fangalore's Formula - \

b —d i B_ L —0.79 ooc'o -t
2 70(%)(5) (443)



-5%-

Ir these eouations o 1is any discharge, aogq 1s the design
discharge for gpillizay surface ner unit width, € 1is roughness
height, ©& 1is the thickness of turkulent roundary layer, L ig
the distanc~ fron the upétream edge of snillway and x 1s the
distance measured parallel to chute channel or spillway slope

al energy line (Fig.46).

o

from the water surface to the to
4,2 LEAN AIR CONCELTRATION

For estimating mean air concentration in the flow, formulae

given ry *all, U.S. Jrmy or i.I.Sc. Fangalcre may re used.

~

l. Hall's Formula -

According to Hall ratio of volume of air to that of water

is given ry -

C '-'—'K-ﬁ.. s (404)

“here V 1is the mean velocity of air wvater flow and R, 1is the
hydraulic.radius of solid water flow alone of a given discharge
with a velocity equal to that of air water flow i.e. V arg C

is the mean air conceniration. Also K 1is a constant whose value
under average corditions may e taken as C£.705,

2. U.S. Army's Forrulas? -

The U.S. Army taterways Experiment Station Vicksrurg,
have analysed or. @ digital computer smooth channel data of S.A.F.
Latoratory ard rough charnel data of S.A.E. Latoratory in combri-
natior. with selected Kittiﬁas chute results selected on the hasis
of okrservatiors with deoth of flo. less than 1/5th widtk,which
tentatively defires a wide channel where flow car te assumed to
Fe two-dimensional in character ard have oiver the following

e

formulae for rean air concentration C for a discharge o in
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curec n~r retre on slove S for cases of fully develoned aerated

flovs,
- S
C = 3.38 109 ( ) + 005]. e s 0 (4.5)
10 q273
- for smooth channel
T = 0.743 logqg (—3z) + 0.721 T OIS

ql/5"

- for rough channel
3. I.1.Sc. "angalore's Fornmula -
Another empirical formula which was developed at I.I,Sc.

FPangalore may tre written as,

= . 3/?2
C = 0N F 4,7
= " (4.7)

“here constant 42 is related to lannings 'n' for a particular
shape of the channel,

L = 1.25 n for a rectangular channel
and A = 17.16 n for irapezoidal channels of 1.5:1 side slope

~and F 1s the non-aerated Froude number given by

F = V/Jq3 (4.8)

w

in which V is mean velocity of flow and d is mean solid water

depth.

~

4.3 EULKAGE DEPTH AND HEIGHT OF GUIDE "WALLS

The tulkage denth factor may te defined as the ratio of the
excess depth due to air entrainment over +he calculated mean solid
water depth of flow,

poduz eee (429)

d
<n terms of air concenitration kulkage depth factor may te written

as

i)

._.5/(1_5) (1.10)
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Cnce C s krown ky any of “he formulae given in para 4.2, P
ar? thercty d,; 1i.e. the uooer 'irit of flow can re comnuted by
t~ece eauations. The height of guide walls of a chute snillvay

is ther ecual to the depth dy olus a free roard.

2. S.AF. Procedure

Another simple and direct method of determining the unner
limit of flow depth dy in “wo-dimensional uniform aerated flows
is the use of curvee in fig. 32 given ky Anderson of S.A.F.
laroratory. Depth 'dy' of non-aerated flow can tre computed by
the usual Manning's formula and then the ratio dy/d, read

\
directly from the curves corresponding to rough or smooth channel
as the case may ke for the already determined value of mean air
concentration C.

3. Hallé Method

For the general case of developing aerated flow however,
it aopears that the krest would ke to use the method develoned or
the tagis of Fall's theory which is outlined kelow:

Let the chanrel have an inclination 6 degree w.r.t.
horizontal and let Ag, Rq, Y. denote resnectively the area,
hydraulic radius, and deoth of solid water flow of a given dis-

& .
chargefwith the same mean velocity V as in the actual air-water
mixture flow. Let subkscripts 1 and 2 refer respectively to
sections 1-1 and 2-2 distance L apart.

Applying Pernoulli's theorem

n? Q® Yel ~ Ye2 <3 .
< = i e 2 - 2 s e e *
ONTRLYE T ) cos 0 ¢ sin g+ 557 (VE - V) ..o (411

In this equation o4 is the energy cortection coefficient and

ne is given ty,



ne = n (RyR)? ceee (4012)

.here R 1is the hydraulic radius of air-water mixture flow and
'n' is the normal value of ianning's coefficient.

4

In using the atove eouation (4.11), a value of Y.p is
first assumed and corresponding valué of Vp 1s calculated bty
dividing Q ‘ty the area of cross-section Agp atdepth Y .

R, is mean of Ry and Rene Then C can be comouted hy. using
Hall's formula or hetter by using I.l.Sce Fangalore's formula,
Once C 1is known, actual area A = Ag/(1 - C) and thereby actual
hydraulic radius 'R' of air water mixture flow can be computed.

This would enakle determination of n, by equation (4.12). Now

D

all the quantities involved in equation (4.11) are known and if
correct value of Yeo 1s assumed the two sides must ralance
otherwise another value of Y.p must re tried. The step Ly step
computations in this manner have to ke carried out starting from

the section of commencement of air entrainment,



CHAPTER - 5
COI.CLUSIONS

5.C INTRODUCTION

High velocity open channel flow differs from the normal

flow of water in open channels dealt in clagsical hydraulics in
vizL,

as tuch as another fluid ¥& air from the surrounding atmosphere
gets insufflated into and mixed with the flow. The water becomes
white and the surface of flow becomes rough and ill defined. The
insufflation of air causes not only bulking of flow but it also
affects the velocity of flow and the resistance losses in the
channel. The quantity of air entrained depends on the degree of
turtulence which is generated at the channel boundary. Various
lakoratory and field studies have been conducted in the past on
the initiation and development of air entrairment in high velocity
flows, the quantity of air entrained and its distritution, the
factors which affect air entrainment and the effects of air entr-
airment on flow properties. These studies have been descrited in
the precefding chapters and the conclusions drawn therefrom are

described kriefly in this chapter.
5.1 MECHANISM' OF THE PHENOMENON

Air entrainment is a continuous process of dronlets of
water projecting from the licuid into the air atove and air btubhles
penetrating into the licuid mass. Transverse component of turtulent
velocity fluctuations, when kecome sufficiertly sirong near the air
water interface cause clumps of water to kreak through the gurface
into the air and then fall rack ky gravity into the flowing stream.
These clumps of water tresk into @ heterogeneous spray of glotules

and droplets which engulf a certain amount of air leading to
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insufflation of air into the stream. Air reing very light as

compared to ater remains in a statistical equilikrium hretween
the forces of buoyancy on one hand which tend to separate air
Furkles frorm water and forces of turbulent transfer on the other

hand which tend o distritute air huktles in flowing water.
5,2 IMCEPTION OF AIR ERTRAINMENT /

Existence of a turkulent free surface is a pre-requisite
for the inceotion of air entrainment. Since turtulence is gene-
rated at the toundary ié-f0110ws that turtulent toundary layer
must emerge or. surface refore air entraimment can commence. Thisg

s also corrotorated by the fact that distance L from the inlet

'—lo

end upto the commencing point of air entrainment increases as the
unit discharge on @ spillway increases and that immediately prior
to the point of commencement of air entrainment the surface of
flov shows characteristic roughening., Tased on the concept that
the eddies_in the form of droplets of water will nroject out of
free surface 1o cause incepticn of air an 'Inception Parameter!
was formulated at l.I.Sc. Fangalore whose value mugt exceed a
certain critical value.. This was however found to ke ohly of
academic interest as in all prototype cases, some preliminary
calculations done by investigators at l.I1.Sc. fangalore have
shown that at the section a8t which turtulent koun-ary layer
emerges, the value of /Inception Parameter' is considerakly
greater than the critical value. Hence it can te concluded that
the emergence of turkulent roundary layer on the surface of flow
descrikes necessary as well as sufficlent condition for inception

of air entrainment.
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5.3 DISTRIFUTION GF VELJXCITY In AERATED FLOU

_This vas studied ry Viparelli at naples and Rao and others
at 1.I.Sc. fangalore., For this purpcgse the flow has keen divided
into two zones viz,a lower region and an upper region. The
velocity first increases a8s we rise from ked and then decreases,

the maximum value oced??ng at the point which defines the demar-
cation tetween the two regions (Fig. 38). According to Viparelli
the flow in layers near the kottom is governed by the usual loga-
rithmic law of velocity distritution. This can ke expected other-
wise also as in these layers air concentration is comparatively
small and the flow is predominantly that of water. At I.l.Sc.
Fangalore a simple power law reldtion for smocth chanrels was
given first (eqh. 58) and later on a complicated expression
(ean. 59) was evolved as a result of more detailed suhsequent
investigations,.

For flow in upper regions velocity distritution is well

descriked by the expression develoved at I.I.Sc. Pangalore (eqn.56).

5.4 DISTR}EUTION OF AIR COMCENTRATION

A typical air concentration distribution profile is shown
in fig. 29. The concentration of air increases gradually from -
the Yed, more rapidly in the central portion and then more slowly
in tre- upper region, apparertly asymptotically anoroaching the
limit of 10J. Stréuk and Anderson divided the flow into two
Tegions vizyan upper and a lower region. The upper region consists
orimarily of indeperdert droplets and larger agglomerations of.
water that move independently of the stream proper and in the

lower region discrete air kubrles are susoended in the stiream

and are ~igtrituted ky the mechanism of turtulence.
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The distrirution of water air agglomerate and droplets
is adecuately descrited bty the Gaussian cumulative prokakility
equation (ean. 41), touation 46 was developed on the Yasis of.
turtulent mixing for descriking the distritution of 3ir concen-
trations in the lower region.

At I.I1.5c. Pangalore algo the flow has teen divided into
t0 zones viz4a wall turkulent zone and a8 free turrulent zcone
with the point of maximum velociiy in a vertical treing the demar-
cation. The wall turtulent zone is further sukdivided inte an
inner region near the kottom and an upper region rased on the
distritution of eddy viscosity. The expressions for distribution
of air concentration in different zones are given by equations

. 57, 61 and 62.
5.5 FACTORS AFFECTING AIR ENTRAINVENT

Various factors which affect air entrainment are
i) Discharge
ii) Slope of channel

iii) Velocity of flow

)
iv) Roughnegs of roundary.
)

1. Effect of Discharge

As can re seen from fig. 24 the mearn air concentration
for a given channeLSIOpe decreases vith increasing discharge.
Hoyever the effect is 1ot very orominent in -case of flow in rough
channels. It jiec more significant ir case of flow in smooth
chanrnels., From the studies conducted at S.A.F. laroratory we

EX ) s o L2 3 S . R ‘- l / 5
know that air concentration increases with the narameter §/q

ir. case of rough and s/q2/3 in case of smooth channels. The
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exconents of unit discharge g ‘Preing 1/5 in rouch and 7/3 in

smooth channel ocuantify the relative effects of discharge.

2. Effect of Slove

Air entrairment increasses with the slope and the effect
is much more significant than that of discharde as can e easily
inferred from fig. 24. In fact mean air conceriration varies
directly a@s the loosrithm of slope of the channel (Egn. 4.5 and
446). It follews from this that variation would ke less nrromi-

nent a3t steeper slopes.

3. Effect of Velocity of Flow

In case of uniform flow the discharge and slope auﬁoma-.
tically fix the velocity. However for develoning aerated flow or
in other words ir. case of varied flow effect of velocity must be
known independently. From Hall's formula (Egn. 4.4) and that
develoved at I.I.S3c. Mangalore (Ean. 4.7), we find that air con-
centration increases with Froude numker which increases with
velocity of flow. Thus for a given discharge mean air concentra-

.

tion increases with velocity.

4., Effect of Roughness of Charnel Toundary

An increase in roughness Tesults in greater air concen-

ration and more uniform mixing of air, okviously due to creat-

i

ion of a rore irtense turtulence and greater velocity fluctuations.
Figure 29 shows clearly the effect of roughness or. air concen-
tration.

5. Effect of Side "7alls

Figures 17 and 25 shoyw the air concentration distritution

across sectiors of fully develooed aerated flow. The air



-~

concentration contours are consideratly higher near the'side walls
than ir the central region of the flow. The aerstion is initiated
earlier at the water surface near side walls than in the central

region. ’

5.6 EFFECTS OF ENTRAINED AIR O) T™HE FLOW

The entraired sir hag the effect of changing the flow
from one of water alone to that of a mixture of air and water
which tesides incressing the hulk depth affects the velocity of

flow and resistance losses also.

l. Effect on Mean Velocity

Hall very emphatically said that the velocitly of flow
incrgases due to air entrainment. This was later on conclusively
shown to ke so bty Straub and Anderson when they compared in a
plot covering a wide range of discﬁarges and slopes, the ratios
V]Vn (gf actual observed mean velociiy of air entrained flow and
the hypothetical mean velocity of non-aerated flow) v.s. the
mean air concentration C (Fig. 32). It is obvious from this
plot that the mean velocity of an air entraired flow is greater
than that of a corresponding non-aerated flow bty an amount that

increases with the air concentration.

2. Effect on Aanning's Roughress Coefficient

The presence of air at the solid boundaries reduces
frictional effects, however energy is svent in keeping the air
kurrles in sugpension in the flow. The combination of these
two facltors influences the roughness coefficient. The view
of different investigators are summarized relow:

(i) Hall considers that air in and atove water causes no

additional loss in energy. The reduction in smecific gravity due
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to air entrainment compensates for the added area and roughness
coef “icient 'n' remains constart vhen total depth of flow is
considered effective for computation of velocity.

(i1) Jevdjevich and Levin contend that there are two opposite
influences viz the effect of super-rapid flow which acts so asg
to increase 'n' and the effect of entrained air which acts so as
to reduce the value of ;E'. At low Froude numbers the first
influence dominates and higher values of Froude numter the second
influence dominates.

(iii) Viparelli in his investigations at “aples calculated
Mannings 'n' considering only the flow in layers near kottom and
fecund that 'n' remains more or less same. He obtained similar
results on analysing Gizeldon chute data. |

(iv) Straub and Anderson at S.A.F. lakoratory have shown the
aerated flow velocities to te higher than corresponding velocities

for the same discharges computed on the ‘trasis of the usual non-

i

1 2

aerated flow formuia. Chezy's formula was found to describte the
relationship of mcan velocity and denth of flow in case of none
aerated as vell aerated flows for the range of discharges and
slopes investigated. The value of Chezy's constant was found to Le
same in roth types of flow in cbse of rough channel and higher

in aerated flow in case of smooth channel. Chezy's constant C,

is related to NMannings n Tty the relationship,

C

- 1 grl/6 '
zZ " n R

Now R increases in aerated flow kut the effect it causes on the
value of C, is insignificant as its influence is reflected in
1/6th power. Hence in rough chanrel 'n' should only increase
insignificantly to maintain same velue of C,. In smooth channels

however since C; increases significantly for aerated flows
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hence n should decrease to a certain extent,

{v) At I.I.Sc. langalore it has keen shown that value of 'n'
increases in aerated flows as is aponarent from egqn. 74, However
as already discussed by the writer this equation seems to have
keen developed somewhat erroneouslye. .

Feariné the atove discussion in mind the writer is
inclined +to suggest that till further researches estahblish defi-
nite relationship for the effect of aeration on the value of 'n!
it may tre assgmed tc madintain the same value 1n aerated flows as

v'in cage of normal non-3ecrated flaw.
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APPE.DIX - 11
NOTATION

Symtols have generall; teen defirned where used. A list

of symrols used more commonly is, howevexr, given relow:

A = Area of flow cross-secticn

‘A‘C = Area of non-acrated flow of a given digcharge with the
sane velocity as in aserated flow

B = Tulkage depth factor |

k = Mixirg width for air concentiation distrikution and
velocity distrikution

bg = Width of flume

C = Air concentration i.e. volume of air per unit volume
of air-water mixture

C = liean air c0ncentratibn in a vertical section

Co = 'C' aty=dg

Cy = 'C' aty=dy?2

Cr = 'C' aty=4d7

Cz = 'C' aty-=d1/2

Cr = Mean air concentration in reoion tetween y = O and y = dg

Cm = 'C' aty = d

d,Y = .Depth of flow at @ point measurcd normal to lred

d,Y. = Depth of norn-aerated flow of a given discharge with the
same velocity as in aerated flow

der = Critical denth

d, = Value of 'y' at the demdrcation tetween wall turkulent
zone and free turtulent zone ‘

dn = Denth in non-air entrained flew of a given discharge

do = Value of 'y' at the outef edge of inner wall regipn

dr = Transition denth

dy = Upner limit of flow or value cf ‘v'! where C = 0,99

E = A prooortionality factor, ohysically iderntified as the

ratio of eddy diffusivity of momentum %o mass
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Tase of haperian logarithms
V/Jgd = Froude numker

V/Jo® = Froue numrer «~ith “ydraulic radius used as a
characteristic length

7/dod = ion acrated Froude number

Acceleration due to gravity

Head on the tip of Pitot tuke

Inception parameter

Constant

Distance alona nrofile from upsiream edoe of a spillway
“anning's roughness coefficient

Perimeter of comcuted non-aerated flow section Ag

~ater factor i.e. volume of water per unit volume of
air-water mixture =1 - C

Discharce
Unit discharge ie diecharge per unit width
Unit design discharge for spillway nrofile

Unit discharge in region arove y

Hydraulic radius

Hydraulic radius of computed non-aerated flow section A.°

Slone of charrel (sin «) in uniform flow, friction slone

Jater discharge rate per unit area of air-water mixture
section

Velocity of flow at any point (Local value)

i'ean velocity in a vertical section

Undisturted velocity of air media

Pising velocity of air ruttles

Velocity at y = dy

Velocity in non-air entrained flow of a given discharge
JTo/¢ = NG dT S = shear velocity

Distance measured in flow direction alony the centre
line of flume from inlet
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~77=

Jistance of Aany voint in flow from charnel red
y - d7 = heilght arove transition denth
irclinatior of chanrel Fed v.r.t., horizontal
Znergy correction factor

.eigh+ of water per unit volume

Thickness of rcundary layer

..ean roughness height

y/dpn = non-dimengional depth

(y - d7)/b = non-dimensional depth

ﬂ‘/E = non-dimensional depth

Inclination of channel ted w.r.ts horizontal
Von Karman's universal constant for velocity distritution
Kirematic viscosity of water

l1-m= non-dimensional denth

Mass density of water

Standard deviation for air distrihution
Surface tisnsion

Shear stress at the koundary of flow

Constant deperding on shane and roughness of channel

T _yr
2 [ e LEDR
NE s 0

UnNnITS

All dimensiors are in ! etric Units. All the figures arnd

formulae quoted in this dissertation have heen converted accord-

~inaly.



APPENDIX - III
FIGURES

Figures given in this dissertation are after the References
indicated against each in the table given kalow. ALl the figures
have been converted into metric units and symrols have keen changed
at some places to correspond to the symtols used in the text of

dissertation.

| serial No. of Reference

Figure ho. in Appendix - I
1,3,4 22
2,5, 6,7 15
8,9,10, 11, 16 18
17,13,14,15 14
17,18, 19,20 | 33
21,22,23 . #
23,26,97 31
24,28,30,31 30
29,32 1
33,34,33, 36 8
37,38,39,40 24
. 25
41,43,44 26

45 5
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