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S11LOPSIS  

Entrainment of air in hiol,  velocity open channel, flow 

causes hulking of flow and alters normal frictional resistance 

and other flow oroprties. Thus design problems of proper free 

board allowance and calculation of modified channel dimensions 

arise. 

An attempt has been made to compile the studies done 

in the field and hydraulic la!-oratories by various investiga-

tors. eased on these studies a  suitable design procedure for 

air entrained flow has been evolved and conclusions have been 

drawn regarding the various aspects of air entrainment pheno-

menon in open channel flow. The presentation will be useful 

to the design engineers whose interest in the subject is 

growing fast with more and more high head structures coming 

up. 
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CHAPTER - 1 

INTRODUCTION 

1.0 THE PHENUviENON OF AIR ENTRAINMENT 

Air entrainment is a surfac'e phenomenon in which atmospheric 

air is,insufflated into and mixed with the flow to create the appear-

ance of *1 white watery' with its violently agita,ted and ill,defined 

free surfae. This condition is frequently observed in flows down 

steeu chutes and spillways. Air entrainment is actually a conti-

nuous process of droplets of water projecting from the liquid into 

the air above and air bubbles penetrating into the liquid mass. It 

occurs when the transverse velocities of turbulence are sufficient-

ly strong near the air-water interface to cause clumps of water to 

break through the surface into the air and then fall back by gravity 

into the flowing stream. While projecting up and then falling back 

these clumps of water break into a heterogeneous spray of globules 
4 

and droplets which engulf a certain amount of air leading to insti- 
1 

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 about 1:800, there is a 

strong tendency for the air to get separated from the flowing water. 

Against this tendency acts the turbulence of flow which carries the 

air downward. 

1.1 IMPORTANCE OF AIR ENTRAINMENT IN FIELD 

In classical hydraulics the presence of another ambient 

fluid such as air is not taken into consideration while studying 

the flow of water. However a great number of hydrodynamic phenomek 

rift are affected by air entrainment; the water depths may increase 

greatly, there may be an appreciable effect on friction loss, mean 

flow velocity)etc. The phenomenon as such may no longer be 
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neglected. In the absence of the knowledge of air entrainment 

laws it has been a practice to provide a liberal arbitrary 

allowance for air bulking in the design of free boards for train-

ing walls and hydraulic jump aprons at the toes of spillways. The 

phenomenon of air entrainment therefore assumes great importance, 

aci)adw 
hydraulic and economic for the des4logn.6-ag hydraulic engineers. The 

important practical cases of air entrainment include flow down 

spillway faces of high dams, steep chutes, training walls, hydra-

ulic jump aprons and energy dissipation at the toes of dams. 

1.2 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 occupiedosuperficial or complete 

in respect to depth affected and intermittent or continuous with 

regard to progression or freouency of occurrence. The observed air 

entrained flows hav,:been broadly classified as below by Ifichels 

and Lovely22, 

1. Rippled Flow - This presents generally a smooth surface undula-

tion and no air entrainment 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 breaking 

or mutually interfering waves which, sporadically and intermitt-

ently envelope air and release it soon after subsiding. Practi-

cally no sensible increase in flow depths occurc  Examples are 

the flow in a gently sloping natural stream having an irregular 

bed or in a uniform channel of medium slope or near obstructions 
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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. Scarifi-ed Flow - An air water mixture is formed generally as a 

relatively thin layer at the surface of a stream. The air is 

trapped by water particles upon their leaving the surface and 

small or moderate increase in flow depths occurk 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 considerable upward 

velocity comoonents, 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 vdth steep and uneven bed. 

In such flows turbulence level is considerably high. 

5. Ebullient Flow - There is a violent air-water mixture occur) ng 

as a' boil' on the surface, extending irregularly through a portion 

of the water. The air is drawn in at the free surface of the 

turbulent impact zone existing between a rapidly moving stream and 

a slack or slowly moving body of water. The air thus entrained 

may be recirculated in a vertical roller but generally it escapes 

gradually in the direction of reduction of turbulence. The depth 

of flow is locally increased but diminishes as turbulence is 
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damped out and air escapes. Examples are flow of a high velocity 

jet, laterally at the bed or surface level, or vertically upwards 

or downwards into an energy dissipator or a natural pool. It is 

characterized by large vertical components of velocity and high 

local energy gradients and generally small lateral velocities 

beyond zone of impact. 

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

a jet from a needle outlet discharging into air. With sufficient 

velocity and distance of travel the jet breaks 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 subatmospheric consi-, 

derable air and vapour volumes are produced. Tremendous local 

boundary turbulence occurs accompanied by entrainment from the 

atmosphere at any adjacent free surface with considerable local 

increase in depth of water. The flow past a gate slot in the pier 

and high velocity flow around baffle blocks on the floor of the 

energy dissipator may be quoted as examples. 

1.3 ',BRIEF REVIP,T OF WORK DONE 

Interest in a thorough investigation of the laws of air 

entrainment has been aroused only in the past few decades because 

of more and more high head structures coming up. In the case of 

rcoLA-- 
soil lwa y faces one of the first studies w-cre  thos-e by G.H.Hickox16  

(1945). The data indicate a 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 
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1-y pavel23 (1951). Further investigations were reported by 

I:_ichels and Lovely?-2  (1953) on Glenmaggie dam and Werribee diver-

sion weir. 

The pioneering work on air entrained flows in open channels 

is due to Ehrenberger12  (1926) who loosely divided the flow into 

several zones: water near the flume floor, individual air bubbles 

in water, mixture of air and water, individual drops of water in 

air and an overlying movement of air. He also devised a simple 

yet effective Pitot tube to measure the air concentrations, which 

was first such apparatus used. 

The first extensive series of observations on air entra-

ined flow were taken by L.Standish Hall
15 

(1943) in some hill 

chutes. Studies were made of air-bulking, effects on mean veloci-

ties and effects of curvatures of channels and an effort was made 

to correlate the air concentration with the local Froude number. 

Lane2O (1936) has carried out similar studies on steep chutes. 

One of his important conclusions,  which is borne out by la ter 

measurements, is that the turbulence caused by the boundary layer 

development extends throughout the region of flow in the case of 

a fully air-entrained flow. Pavel's
23 

(1951) observations have 

indicated 'that the channel slope should exceed a certain minimum 

value for air entrainment to occur. Field studies on two 

Yugoslavian flumes have been reported by Jevdjevich and Levin -8(1953) 

Air entrainment studies on specially constructed laboratory 

flumes have been carried out at various places. Observations on 

a 1,1 slope and other two flatter slopes with smooth concrete walls 
34 

are reported by Viparelli33,  (1953,57). 

Detailed and exhaustive observations in a specially 

constructed laboratory flume have been reported by St.Anthony 



Falls Laboratory1 '.30,31  in the United States for a considerable 

range of discharges and at all flume slopes from vertical_to hori-

zontal. The experiments have revealed that customary open channel 

flow relationships do not apply to air-entrained flows. The actual 

velocities are shown to be higher than computed velocities by 

hitherto proposed methods. Special electronic apparatus, using a 

oair of electrodes, as probes was developed for measurement of air 

concentrations. 

Air concentration and velocity distribution for aerated 

flows have also been reported by the Neyroic Lab'oratory14 , France, 

where the observations were taken in a specially designed tilting 

flume. 

In India considerable work on different flume slopes and 

discharges is reported by central Water and Power Research Station, 

Poona (195?-59). Tests were made in a 0.9 m wide flume and have 

included observations on velocity traverses, water surface profiles, 

dist.ribution of air concentration and their relationship with local 

Froude numbers. 

The Indian Institute of. Science, Eangalore,have carried out 

extensive laboratory studies on the inception of air entrainment in 

steep chutes and the characteristics of self-aerated flows. The 

work has been reported by Rao, Gangadhariah and Seetharamiah94 ,25,26 

(1970,71). 

1.4 SCOPE OF DISSERTATION 

The problem of air entrainment in flows on chutes and spill-

ways is very important as design of floor and side walls is depen-

dent on correct evaluation of depth of flow and its density. 

The work done in various laboratories and field alongvith 

their theoretical background has been compiled and design procedure 
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has keen formulated. The analysis presented will Ye belpful to 

design engineers engaged in designing spillways and chute channels. 



CHAPTER - 2 

REVIE; OF FIELD STUDIES 

2.0 INTRODUCTION 

Interest in the study of the phenomenon of air entrainment 

made various investigators and questers to find some correlation 

between the flow and air entrained. Unfortunately the phenomenon 

in models is not governed by the Froudian relationship to the pro-

totype observaticns. With a view to design high head hydraulic 

structures, 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 described in this chapter. 

2.1 PROTOTYPE OBSERVATIONS.  ON SPILLWA/ FACES 

G.H. Hickox16  made observations on spillway flow on Norris 

dam and on Douglas dam of T.V.. in connection with a study of 

aerated flows. He concluded that in the case of water flowing down 

a spillway face, the distance from the crest at which air entrain-

ment begins,increases as the unit discharge over the crest increases. 

Further observations and measurements were made on spillway 

of Glenmaggie dam and Werrihee diversion weir by lachels 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 from apron to ogee crest. Training 

walls are 1.5 m high and piers 1.1 m thick are spaced at 8.5 m 

along the crest. Observations were made of the ooint of commence-

ment of air entrainment. Discharge was calculated by conventional 

methods, also the velocity values and therefrom the depths of flow' 

were computed for various discharges at the.point of commencement 

of air entrainment. On the Werribee diversion weir which is a 
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3:7 m high concrete overfall weir,  similar observations were taken 

arid computations done. The results are plotted in the form of 

curves of L/d v,sc o (Fig.3) and q v.s. L (Fig.4), where L = dista-

nce from the leading edge of upstream curve to point of commence-

ment Of air entrainment, d = depth of flow at the same point and 

q = discharge per metre width of crest. These results together 

with visual observations indicate/ that complete and continuous 

air entrained flow commences only at a distance below the crest 

which increases With the discharge. The increase in this length, 

with increased discharge and correspondingly with increased depth 

of flow together with the visual observation5of beginning of 

characteristic roughening of water surface just before the water 

turns white, suggests the possibility that surface entrainment of 

air begins at the point where the turbulence generated at the 

concrete-water interface reaches the surface or in other words 

when the thickness of the turbulent boundary layer coincides with 

the depth of flow. 

This is also brought out by a tentative application of the 

boundary layer theory. The thickness of turbulent boundary layer 

along a flat plate under the ideal conditions of zero pressure 

gradient and constant undisturbed velocity is given by 

b  = 0.377  ( it; ) 0.2 L0.8  

(1) 

Where  b = Thickness of turbulent boundary layer (metre) 

L = Distance from the leading edge (metre) 

= Kinematic viscosity (m2/sec) 

V = Undisturbed velocity at the section (m/sec) 

Assuming a similar expression for the thickness of turbulent 

boundary layer along the flat portion of spillway)  
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Putting V = i-1  , and taking kinematic viscosity of water 

_.7t1'. 
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L   
agrees closely with the curve of Ef  v.s. a if ]giving!  at the 

point of commencement of air entrainment, 

L 

q30  

1/12 
b —   ...  (3) 

1 

Michels7 and Lovely suggest the use of this formula to 

compute the point of commencement of air entrainment for such 

spillways. 

2.2 STUDIES ON NATURAL CHUTES IN U.S.A. 

L. Standish Hall
15 

has done extensive work on three 

natural chutes in the U.S.A., Hat Creek No.2, Rapid flume, and 

the South canal chute. The distances were measured along the 

actual slope of the chutes, stations being marked every 7.5 m 

or 15 m. The discharge measurements were made in the Power canals 

above the chutes, us i ng Price and Hoff current meters. Velocity 

measurements between various stations along the chutes were made 

by using a colouring matter, Fluorescein or Potassiuterimangapate. 

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

Name of chute Hat creek chute Rapid flume South canal chute 

Surface concrete wooden concrete 

Length 124.6 m 2C4 m 1075 m 

Vertical drop 57.6 m 44.2 m 42.6 m 

width 1.75 m 1.4 m 0.14 m 

There are a number of changes in bed slope and vertical and 

horizontal curves in the alignment of all the three chutes. The 

. • • • 
	

(2 ) 



profiles of the Hat creek and Rapid flume are shown in figs.5 and 6. 

Kittitas Chute - Observations on Kittitas chute were not taken 

by Hall, but 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 long with a vertical drop of 101. 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 

were taken electrically using salt as a conductor. 

Theoretical Considerations 

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 particular type of the material of which the 

chute is constructed. 

2. The air in and abovc,  the water causes no additional loss 

in energy, the reduction of specific gravity compensating for 

the added area. 

3. For computations, a computed hydraulic radius can be used,, 

c  —2 R  
- 	Pc 

with a smaller value of n than the usual. 

(4) 

	

Pere 	Q = discharge 

V = observed velocity 

Pc = cpm-)uted wetted perimeter of the section of ‘,%ater 
only Ac  = Q/V 

4. The velocity head (hv ) computed from the mean velocity 

can be used without substantial error. 

The value of roughness coefficient n can be computed 



from the energy gradient S using the ;!anning's formula, 

n2  n 
S = 	 

(Ro )4/3  
(5) 

R0  being the observed hydraulic radius and V0 The observed 

velocity. 

If Rc  is used instead of Ro, a different value of n, nc  

must be used given by, 

R 2/3 
nc  = n ( 

0 
• .• • • (6) 

Since Rc  is alk-ays less than R0, nc  obviously will be less 

than n. 

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

'Ca°  
hE = hz 	L Sin e + Y cos e 	 (7) 

as being velocity head coefficient given by 

f v3  dA a V 
'ca 	

V3 
and by - 2g A 

• • • • (8 ) 

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

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

dhE 	s i n  0 4. cos v 
dy 

'
4. ocav dv 

dL 	 al g  dL 

In a rectangular channel 	can substitute the computed depth 

Y c  = 	Y for the value of Y, b, being the ratio of water in a 

mixture of air and water. The discharge per unit width q = VYc. 

Now since 	remains constant from section to section, 

Yc dV + V dY = 9 	
1,3  5 di = 	

V_ 
 

C 	.t 	C 	C V  

and hence we obtain, 
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s  = dhE 	sin e _ cos 9 a.  dV c4aV dV 
dL 	 va dL g dL 

Solvino, for dL c-iv  vie ol-tain, 

°(aV 	q 
dL _  9  - 	cos 9 
dV 	sin a - S 

c( a V 
dL _ g 
dV 

sir, 9 - nc V2  
Rc4/3 

cos 9 
or • • • • 

	

(9) 

This is the basic equation for flow in steep rectangular 

chutes. In this equation however the value of nc  is dependent 

on pw, the ratio of water in an air water mixture because 

nc  = n ( 	) Ro  
R 2/3 

By plotting experimental data Hall innovated a linear 

'relationship between kinetic flow factor --V-1 and air to water 
gRc 

ratio 1 - pw  as below, 
pw 

■ 
1 - pw_ v = v 	Kl 	 • • • • 

	 ( 10) 
pw 	gRc 

assuming K1  = 0 

1  
K 1 +V2  
gRc 

again if bf  = width of channel then, 
q 

bf 
V  

Rc = 
t 	

.  q  E  

	

, and putting 	= 	forrf 
IT+ 	V+ al 

	

bf 	 ■ 

simplicity of exoression 

R - a c  V + B 



nc 	
KV2 

q 	g 	
2/3 

1 +  KV52  V + B • • • • 
	 ( 13 ) 
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Similarly we may obtain Ro  -p V + P ,hence, 

pw V 
Ro 	V + P 

Substituting (11) and (12) in eqn. (6), 

(12) 

Equations (11) and (13) constitute basic formulae for the 

solution of problems of air entrainment in spillway chutes. The 

use of value of nc  from eqn. (13) in eqn. (9) affords a rational 

theoretical solution for flow in rectangular chutes. 

The ratio 1 - pw 	 V2  has been plotted against -- in fig.7. 
Pw 	 gRc 

Straight line fit has been obtained in all cases but there is a 

considerable scatter of experimental data. 

According to 't'arren DeLappl°  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 retarded than for accelerated flow for a 

given 21. Also flow at variation in horizontal and vertical 
gRc 

curves introduces new variables. So rest thing would be to take 

the data corresponding to points where the flow is in equilibrium. 

Apart from the Froude number the air entrained should also depend 

on the channel roughness which would affect the agitation of flow. 

The form of function suggested by Lapp is, 

Qaw 
Q 	KLF w   • • • • (14) 

r 

in which Qaw  is the quantity of air and water, Ow  of water alone, 

and F is the Froude number 	V and KL the coefficient whose 
srg Ifu 
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value depends on the roughness of the slope (experimentally 

determined equal ::o 0.178 for Rapid flume and 0.227 for Kittitas 

chute). 

- 	 Put Qaw bfYu V 
Qw 	bf q w  

%h ere 	Yu  = depth of air water flow and 

= water flow per unit width 

Therefore, YuV  - K  v 
qw 

2  )1/3 so that Yu  = K2/3  ( 	) 
g 

Doumall suggested the use of 

R 	S V = - N 2/3 1/2 - n 

instead of using V = 1 R.2/3 s1/2 as done 1y Hall.N will vary 

and will be 1 for non-aerated flow. With this eqn. (9) beconies, 

qz.  q cos  
g 	V2  

dV sing n1 V2  
4 /3 

(17) 

In thib Ro  and N are functions of velocity and air content. 

The equation can be solved 1-y determining expressions for Ro  and 

N in terms of V and known quantities. Douma plotted percentage 
v of air C against — . The average of all points is aporoxi-

gR
2  
o 

mated by C2  = 0.002 V2 	0.01' 

This gives C = 0 at V = 	Next the data for Hat creek 

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

n increases with C giving 

n -  0.006  
0.6- C2  

• • • (15)  

(16)  

. 0 0 • 	 ( 18) 
97; 

• • • • 
	 (19) 
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This eduation roughly gives n = 0.010 for smooth concrete chutes 

for non-aerated flow. Taking this value of 'n' the relationship 

appears to be 

N = 1 - 1.67 C2 	 ••• • 	(20) 

Thus the maximum value of N is 1 for no air entrainment and decre-

ases as air proportion increases. 

Hall also observed that the initial entrainment of air 

depends to a great extent on entrance conditions. With .a well 

designed entrance the water accelerates uniformly, gradually drawing 

air into the water prism. This insufflation first begins on the 

side walls and then spreads gradually into the section. 

9,3 STUDIES ON NATURAL CHUTES IN YUGOSLAVIA
18 
 

• 

V.Jevdievich and L.Levin have reported field studies on 

Mas tars ko Bla to and Imo is ket Polj e flumes in Yugoslavia. Air wa ter 

mixture velocity distribution and the dis tribution of velocity of 

the air above it at Mestarsko Blato are shown in fig. 8 for a dis-

charge of 24.4 cumec. It can be 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 to 5 in per sec and the gradient of velocity at the inter-

face is very high. 

Effect of Aeration on Iviannin 	Coefficient 

Manning's coefficient is generally computed from the formula, 

n = 1  R2/3  S1/2. If n is the resistance coefficient corresponding 

to aerated flow and no  corresponding to non-aerated flow, it is 

observed that n K no. In fact if density of air water mixture 

or water factor is denoted by pw  then 'n' decreases with decrease 

of wF ter factor at boundary pwb. This is apparent from fig.11 

which gives variation of 'n' with t owb' for chutes at Mestarsko Plato 
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and Gizeldon. 

A plaster print was taken of the bottom of iVostarsko Elato 

made of stone lining. Its profile indicated a coefficient of rough- 

ness for non-aerated flow no = 0.019 	0.020. However on the basis 

of measurements at the 3 in wide Mostarsko Elato for discharges 

ranging from 3.9 to 18.3 cumec ) it was obtained that n = 0.0135 

0.0145 i.e. it was decreased by about 30`,/  which is attributed to 

a era tion. 

Froude Number  and Manning's Coefficient 

Jevdjevich and Levin have quoted that for small discharges 

and low Froude numbers the effect of super-rapid flow on friction 

is to increase the value of n. Friction los'ses increase suddenly 

at Froude number Fr  2 and n > no. However when aeration 

starts,which as already mentioned,acts ,so as to make n 	no  , the 

two influences partly compensate each other. At low Fr , the first 

influence predominates and n increases; at high values of Fr , 

the effect of aeration predominates and the value of n goes below 

no  (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 

bottom 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 'ti' was computed to be 0.0142 

which is a normal value for non-aerated smooth concrete surface. 

It is inferred that this point is to be found at the Froude number 

for which the two opposite influences compensate each other. At 

Imotsko Polje Froude number Fr  = V at this point was computed 
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to be 10.6. 

Relationship Feteen ean Mater Factor'an Flow Parameters  

Jevdjevich and Levin argue that the water factor depends 

on the degree of agitation of flow or in other words on the mean 

velocity V and the hydraulic radius R. These can be combined 

into a dimensionless number 

r = --Y 	 • • • • 

The water factor should also depend On roughness of the 

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

not dimensionless, a function is defined as 

no = 	Nrci 
R1/6 ' 

Also velocity distribution and water factor distribution 

along the depth must also influence the mean water factor of the 

mixture. Forming a dimensionless number of the form of ((Orions 

coefficient for aerated flows, we get ; 
Y  
o pw  v3dy 

°Ca = 	3 	 (23) pwm  Vm  Y 

Where suffix 'm' stands for mean values. 

Figure 10 shows the distribution of velocity and water 

factor at Mostarsko Elato for discharges of 3.9 and 10.4 cumec . 

V, R, and pw  were determined experimentally and Fr and II), deter-

mined on the basis of these. 

Jevdjevich and Levin have proposed the folloiAng relation-

ship embodying various dimensionless parameters developed in 

equations (21),(29) and (2.5), 



1 - pw 
	 - A Fr2 1)  oca 

pw 
• • •• 

	 (24) 
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The proportionality constant A is shown in fig.16. It 

is seen that it is. relatively a constant having a value of 0.175 

with a deviation of 10 percent. 



CHAPTER - 3 

REVIE:/ OF LANY.ATCRY STUDIES 

3.0 INTRODUCTION 

Many a time the observations in the field present problems, 

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 build up the back-ground 

theory for proper understanding of the phenomenon. In the oast 

few decades studies on specially constructed laboratory flumes have 

been conducted in various research laboratories throughout the world. 

These include the work done in the Neyrpic Laboratory in France, the 

Naples University in Italy, the St. Anthony Falls Laboratory in 

U.S. . and in India at the Central Thter and Power Research Station' 

at Poona and also in the Hydraulics Laboratory of Indian Institute.  

of SCience at Pangalore. These studies are described in this 

chapter. 

3.1 STUDIES IN THE NEYRPIC LAF ORATORY, FRANCE14  

G.Halbronn, R.Durand and G.Cohen De Lara have reported the 

work done in connection with air entrainment at Neyrpic Laboratory, 

France. The flume of width 0.5 m was placed on an adjustable slope 

platform. The discharge entering the flume was measured by a 

venturimeter installed in the supply pipe and arrangements were made 

td regulate the gate opening at the inlet end of flure such that 

th e 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 0.15 mm enamelled cons Canton wires 
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wound in a double helic around a third rectilinear supporting 

wire is used. The outside of the coils of the two wires is kept 

bare over a length of 5 mm. If there is a difference of potential 

between these wires, the circuit is completed through the electro-

lyte. The air concentration C is linearly related to Ro/R where 

Ro  is the resistance in clear water and R in the air water 

mixture. 

h:easurements of Velocities 

Velocities were measured by employing a dynamic pressure 

taoping connected to a water manometer. Arrangements were made to 

prevent entry of air into the connecting pipes. To correct for 

influence of taoping on flow a coefficient tp  is used which is 

the ratio of the air concentration at the tapping intake to the 

concentration when the obstacle is removed (0 	tp < 1). The 

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

velocity v of th e wa ter at the tapping by 

v2  h = (1 - tp.C) 2g  ..•• 	(25) 

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

the butl-le diameter to the measuring tube diameter is small. 

Determination of Uniform Regime 

Py uniform regime is meant that condition of air water 

mixture flow for which the curves of velocity distribution and 

air-concentration distribution are the same at any two sections 

of thm flume. This was tested by comoaring the air concentration 

and velocity di stril-utions in the rredian vertical olanc,  at two 

sections 2.1 m aoart with a discharge of 100 litres per second. 
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Qualitative Obs erva tions 

Stroboscopic flow observations show that generally the 

bubbles are spherical, their diameter is about 1.5 mil except near 

the bottom where the extremely minute particles  are  present. The 

air concentration appears to be higher near the walls than in the 

central region. 10.oreover the hubbies are larger in the central 

region. Their diameter). range from 4 mm to 5 mm. 

Discussion  of  Results 

Figures 1? and 13 show typical distribution of air concen-

tration and velocities respectively for a cross/section of a flume 

for a discharge of 100 litres/sec. Figures 14 and 15 show the 

curves of air concentration and velocity distribution 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 ma ximum velocities is a bit 

deviated towards the right hand wall depending on the discharge. 

This is perhaps responsible for a lack of continuity in the air 

concentration profile. 

All the air concentration curves show a break for concen-

trations of about 6C. It may he at the transition from the emul-

sion zone (air bubbles in water) to ejection zone (drops of water 

in air). In fact the air bubbles carried up into the upper part 

of emulsion zone are spherical with practically the same diameter 

and the maximum degree of compactness of such a sphere sys tem is 

also about 60. If the air concentration tends to rise above 60 

the bubbles which are sauashed up against each other, unite and 

the water which surrounds then changes into drops. This is the 

transition from the emulsion to the ejection stage. 
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The depths corresponding to these zones were also obtained 

directly. The data given by a static pressure tapping placed in 

the flow were 1,1easured by a micromanometer, and in the droplet 

zone only the atmospheric pressure was measured. The curve obtained 

by investigations along a vertical line also presents a break at 

the passage from one zone to another. It is therefore confirmed 

that for a 14°  slope the transition from emulsion to droplet zone 

corresponds to an air concentration of 6C% irrespective of the 

discharge. 

3.2 STUDIES IN NE LABCRATCRY OF UNIVERSITY OF NAPLES,ITALY33'34  

1.Viparelli has reported the work done at Naples. Initial 

experiments were done on a flume of 1:1 slope which was later on 

given two other slopes of 23°301  and 11°20'. 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 Slope33  

The following quantities were considered in the analysis, 

1) The velocity 'v' at a point 

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

3) The discharge tug' through the unit area of cross section 

4) The ratio pl'iv  of the water discharge rate uc  to the rate 

of mixture u' through a unit area. 

The following measurements were taken, 

Head 'h' on the tip of Pitot tube connected to a manometer. 

'.rater discharge qs(.‘t), flowing through a unit width of 

section and above a height 'j from the bed of flume. This was 

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

uq  is computed as 



as (y) 	qs( _ 0 _  
" 

y (26) 
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3)  Ratio p 1-et-een air and water d3scharge rates syphoned 

ky the current in a closed vessel in which a depression A was 

maintained (Fig. ',C). p:17  was then obtained by the formula, 

p  - 
AN 1 p 

• • • • 

 

4)  The percentage pw  of water present in a unit volume of 

mixture by using an electric sampler with small plates and on the 

basis of the principle of change in resistivity of mixture as 

compared to that of clean water. 

Curves of the percentage pw  of water present in a unit 

volume were plotted as in fig. 19. These curves alongwith the 

visual observations of flow subscribe to the division of flow into 

three layers viz., 

(1) Bottom layers of predominantly water flow with little 

quantities of air bubbles. 

(2) Intermediate layers of air and water flow. 

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

Considering the bottom layers of flow, 

Ucl = pl'4,  v  ....  (28) 

v2 

PW.YW Q  2g = 
also  

Yw h' 

 

which  gives,  v  - _.1..... 47§-11  ....  (29) 
41; 

Combining equations (28) and (29) we get 

pw 
U - 415--- • „0-(g.1  q  ; • -- 

• • • • ( 3 ) 

i\ear bottom Inv  and pw  are little different from unity,hence we 

may write 



-25- 

uq  = 4771 

 

(31) 

 

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

wherefrom it is seen that in the bottom layers the curves of uq  

and 4h v.s. log y are more or less coincident. Again as 

far as pt',1  differs little from unity 

v= u = 2,1771-1 	 . • .. 
	 (32) 

From fig. 18 it is also seen that the plot ofh and log y 

disposed along a straight line upto a certain height iy,  above 

bottom which increases with water discharge. From this it can he 

concluded that in the bottom layers the distrihution follows the 

logarithmic law of turbulence 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 (uq, log y) and the other for ('h, 

log y). Dynamic pressure due to air velocity being negligible, 

head h may be considered to be due to the impingement of water 

drops on the Pitot tube. As the number and average values of such 

impulses (mass x velocity of impinging drops) are proportional to 

the water Mass that cross unit area, that is UT!, 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 uq  

were plotted against Y, the points disposed on parabolas with uq  

cecreasing as y increased. This indicates that in Ladner layers 

the number of drops decrease according to the low of normal 

probability. This may be expected as the drops are thrown about 

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 quantities. 

Near the bottom it was also seen that pk:v > pw  which 

inro cates that water is moving faster than air. this has been 

interpreted by Viparelli to mean that a 4_r moves remarkably at 

random folio-dm; the fluctuations of the turbulence, instead of 

having an actual slip with respect to the surrounding water 

particles. i However in most of the studies and in design procedure 

the water and air are taken to move together at the same velocity. 

Further Experiments on Flatter Slopes34  

Further experiments were conducted by giving the flume 

flatter slopes of 23°30' and 11090' successively. Values of h, 

cis (Y), and is as already defined were measured for each slope for 

discharges • of 10, 20, 30, and 40 litres/sec. Complete series of 

observations 1..ere taken along a normal to the bottom on the axis 

of the channel near lower end. 

bah en values of h were plotted against corresponding 

values of y for any particular slope and discharge, a curve 

exhibiting a maxima hmax  resulted (Fig. 23). Corresponding value 

of y is designated as dm . 

ry 
Values of q (y) = qs (0) 	)17;rh dy *ere computed and 

compared with values of qs (y) obtained by direct measurements. 

It was found that q (y) and qs(y) agree very closely for y< dm  

and further in this range p is very small, being one to two 

percent. Thus for, y < dm  air contents are small and NrigT-  I can 

be taken as the velocity of the current. 

In the upper layers Viparelli assumed the velocity of 

water drops v =hmax. The impulses on Pitot tube in a unit 

time are 	q • v. The simplest relation that may be expeCted 
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b:tv een dyanmic pressure Ywh and impulses on Pitot tube per unit 

time Yw  u
q 
 .v may be taken as one of direct proportionality 

g  
Yw  

IN 
h a 	uq 

 .v 

or 	gh a u .v 

This proportionality may also be written in the form 

h 	`1 NPT.4-  
uq  - u -  

Values of 221:."1. and," 	calculated from experimental data for 

different slopes and discharges were 'plotted and found to exhibit 

a linear relationship 

9 = A+ B l— cf  uq  

Where A and E are constants varying with experiments. One such 

plot has been shown for a discharge of 40 litres/sec for all the 

three slopes investigated in fig.91(a). 

Discussion of Results  

As already indicated the flow is to be treated separately 

for layers near the bottom and upper layers. 

Layers Near the Eottom  

' It has already been indicated that in bottom layers 

velocity distribution follows logarithmic law. Logarithmic dis-

tribution for smooth boundaries as at Naples is given by 

	

v  _ a  + 	logio  piT.o 	 (35) 
L.) 

There ; is wall shear and ? is mass density of fluid. /1 is 

kinematic viscosity. Average value of cons tan t a = 5.5 and that 

of Von Kaman's universal constant K = 0.40 in case of non-aerated 

• • • • 
	 (34) 
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flows. For y i, dm  exoPrimenta 1 va lues Jh plotted against y 

in a se:-nilogarithmic diagram show a linear tendency; but it is 

difficult to determine numerical coefficients of eon. 35 in aerated 

flows because 470/j,  is uncertain. The value of wall shear To  

is deduced 1-y using 'the com-onent of the weight of unit length of 

current along axis of channel. Here the weight that may be taken 

can he (1) that of current of height dm  or (2) to this can be 

adred partly or wholly that of water drops in upper layers. For 

each discharge and slope coefficient 'a' and Von Karman's constant 

K were computed giving To  the two values obtained assuming 

respectively only the weight of current of height dm  (hypothesis-1) 

or including. also the gravity of all water .drops (hypothesis-2). 

It was seen particularly with hypothesis-1 that average value of K 

is less than 0.40. Similar results were obtained by some investi-

gators in case of currents of sediment ladden water. It was hypo-

thecated that K < 0.40 betause sediment suspended in water damps 

out turbulence. The effect of suspended air bubbles thus, is also 

seen to be similar. 

Further Lanning's coefficient was computed using for 

velocity the value equal to the discharge passing below the height 

dm  divided by the area of channel below height dm. The 1:,anning's 

coefficient is found to oscillate between 0.0062 and 0.0072 which 

agree well with the nature of boundary. Viparelli therefore 

concludes that water flow in layers near bottom follows the normal 

laws of current. 

F10w in Upper Lamers 

i,ater drops jump in air due to the action of random 

fluctuations of turbulence and are distributed in the air according 

to the normal law of probability. The drops conserve the velocity 
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v = f2ghmax  of layers from which they depart. Hence not only the 

number of drops but also water discharge per unit area for the 

upper layers (y > dm) is distributed according to the law of 

normal probability. This is evident by the plots of the ratios 

 

1G- -- d  y-dm 
p -  s  

against corresponding ---- on a probability paper. 
hmax  

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

One such plot has been shown for a discharge of 40 litres/sec for 

all the three slopes investigated in fig.21(b). 

Viparelli has also given an expression for the discharge 

per unit area in upper layers as 

1 (  ) ( y-dm  2 —_--- 
U = v e2 ehmax  • • • •  (36) 

Where c, the standard deviation varies beteen 0.0018 to 0.0095 

according to experimental results at Naples for the smooth concrete 

flume. 

Gizeldon Chute Experiments 

Viparelli also analysed the results of experiments done on 

the spillway of Gizeldon Plant in U.S.S.". 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 distribution of velocity was assumed to follow the 

relationship for rough boundaries, 

v  b  log10  

47o/P 

',,here average values of b. and K are 8.48 and 0.40 respectively 

and E  is a measure of roughness of walls. If values of To  

are calculated according to weight of current of height dm  then 
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from the slope of,straight lines on  the point (J2gh,y) 

dispose on semilogarithmic diagrams, values of K less than 0.40 

( a good average K= 0.35) are obtained like those found for 

smooth walls at Naples. 

IV,anning's coefficient was also determined considering the 
dm  

flow in layers below height dm  and discharge q = S  47gE.dy. 
0 

They oscillate between 0.009 and 0.010 in good agreement with 

nature of wall surface. 

Then upper layers are considered, relations of the type 

571 - A + B 4-(?'
.1) u 

should be expected. However since Nitchiporovich did not measure 

uq  Veparelli computed uq  employing eqn. (36), using trial values 

47741) 
of d until corresponding values of (  , q21-1) plotted along 

uq, 

straight lines. Figure 22 shows one such plot. The d values 

were found to oscillate between 0.0020 to 0.0040. They are a little 

higher than those for laboratory flume with smooth walls. At 

Naples also when experiments were conducted with artificially 

roughened bottom floor e was found to have a value equal to 

0.004 approximately. Hence Viparelli recommends to compute uq  

in upper layers with the help of eguation.(36) using e = 0.0025 

for smooth and e = 0.004 for rough walls. 

3.3 STUDIES AT THE ST.ANNONY FALLS LABORArOU, U.S.A.
31,30,1 

The experiments were conducted in a special laboratory 

channel 15 m long and 0.45/  m wide. This width was seen to be 

enough for the flow depths used in the sense that the character 

of the flew was two dimensional for a few centimeters near the 

centre of the flume. The inlet velocity was adjusted to be 

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

accelerative or deccelerative effects. 

Velocity Observations  

Velocity observations were taken by employing an electro-

chemical device which timed the travel of minute salt water cloud-

lets injected into the air water mixture. The passage of ionized 

cloudlet is detected by electrodes fixed 75 mm apart in the flow 

path. Traverses were first obtained for non-aerated flows to 

obtain ;,4anning's 'n' values for the flume surface which vias of 

painted steel. 11:arming's equation for a unit breadth of channel 

may be written down as 

Vn  14/3  S1/2  

This when combined with equation of continuity, 

q = Vn.dn 	yields, 

,0.6 0 4 0.3  Vn = 	n ) 	q  S  (38) 

Where 	Vn  = mean velocity in non-aerated flow (m/sec) 

do  = mean depth in non-aerated flow (m) 

q = water discharge rate (cumec ) 

S = slope of channel i.e. sin oc 

Having obtained value of n from non-aerated flow data Vn  was 

computed for q = 0.18 cumec for different slopes and the values 

were compared with mean velocities in aerated flows obtained by 

averaging the observed velocity distributions along the centre line 

vertical (Fig. 27). It 'yas found that the predicted mean veloci-

ties of non-aerated flow ere too low as compared to the measured 

mean velocities for aerated flow. 
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Air Concentration Observations  

Air concentration 'C' at any point of flow was measured 

1-y electrical air concentration meter which basically measures the 

difference between the conductivity of a mixture of air and water 

and the conductivity of water alone. Concentration contours for 

a section 13.5 m from inlet are shown in fig. 25. These contours 

are seen to be considerably higher near the side walls than in 

the central region. This side wall effect is especially noticea-

ble before aeration begins in the central region; aeration at the 

sides is initiated by the turbulence from the side wall boundary 

at the water surface which thus appears Am white water sooner. The 

flat contours in the central region are indicative of the two 

dimensional character of flow there. 

The concentration curves along centre line vertical for 

various flume angles at 13.5 m from inlet at constant discharge 

are shown in fig. 26. The mean air concentrations when computed 

from these curves were found to increase with increasing flume 

angles. 

Artificially Roughened Channels 
 

Further and more detailed studies'were conducted after 

artificially roughening the channel bed by laying a commercial 

non-slip fabric coated with granular p articles of mean size 0.7 mm 

at a mean spacing of 1 mm. The bed was thus considerably rougher 

than the painted steel side walls of the channel. 

Experiments were made for slopes from 7.50  to 75°  at 7.50  

intervals and discharge varied from 0.062 to 0.27'> cumec and in 

some cases upto 0.426 cumec. Measurements of air concentration 

were made at 13.5 m from inlet along a centre line normal at 

3 mm interval starting from a point at 6 mm from bed and upto a 



-33- 

point which vies completely out of flo‘,  i.e. where meter regis-

tered zero air concentration. 

Definitions of Depth and Concentration Parameters  

For further discussions and analysis of data it is essen-

tial to define certain depth and air concentra tion parameters as 

given below, 

c = air concentration i.e. volume of air per unit volume 
of air water mixture 

y = distance from and normal to the channel bed 

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

a = 	- c) dy 

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

du  = value of y where c has some preassigned value 
say 0.99. This depth encompasses about 98 to 99% 
of all the water and consequently may be taken to 
represent an upper limit for water 

dT = value of y where the transition occurs from lower 
region of flow in which air 1-111les are suspended 
in water to upper region of flow in which water 

' droplets move in air 

c = mean air concentration in the vertical in the entire 
f low ( bas ed on du ) 

d _  
- du  c dy 

cT = mean air concentration in the vertical in the lower 
region (based on dT) 

1 dT 
137 	dy 

0 

Other terms will be defined as and when they occur. 

Distribution of Air Concentration 

Observations by means of instruments indicate that two 
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regions develop in self-aerated flow; 

(1) an upper region of heterogeneous clumps, globules and 

droplets of water ejected from the flowing stream at more or less 

arbitrary velocities and 

(2) a lower region consisting of 	bubbles distributed 

through the flow by turbulent transfer. 

Between the two regions is a transition zone defined by a 

transition depth that is a fluctuating surface Necessarily at a 

statistical mean elevation above the channel bottom. The two 

regions are treated separately. 

Distribution of Air in Upper Region 

Assuming turbulent velocity fluctuations in. a direction 

normal to bed to have a random distribution, the freouency f(y') of 

particles projected upwards to the distance y' above the transi-

tion may be taken as half the Gaussian, 

2  
f( yi  ) =  2 e2 

c542i 

I./here o-  is the standard deviation of the Gaussian distribution. 

The factor 2 is used to indi cafe that only particles being projected 

in the outward direction are being considered so that 5 f(y1 )dy 1 =1 - 
0 

Thus proportion of all particles leaving a unit area of the trans-

itional surface and reaching or passing through a corresponding 

area at y' is 
cmo _  , 2  (Y /0)2  p(yi) -  2  e  dyi 

(34,ric 	y1  

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

Thus the air concentration 'c' at y' is given in terms of concen- 

• • • • 
	 (39) 

(40) 

tration cT as 
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into (44), 
ao 	- 	dC CVb  = p K ,TAT
) d 

T y ).Y 

which on integraticn yields, 

c  = 
	(dT- 

y )z 

in which, 

.... 	(46) 

	

z - 	vb 	 = Vb 	 . (47 ) p K 4-1-0/i) 	p K 

dr 
and CT, is a constant whose value is the concentration at y = 

2 
Application to Exoerimental Data 

Equations (41) and (46) describe the air concentration 

distribution in an open channel. The constants involved can be 

determined empirically for a given channel, from the observed 

curves for air concentration. 

Firs.tly the transition depth d T  and the air concentration 

C T  at that depth were determined for a particular discharge and 

slope from a—blot of C in terms of y. The point where (12 is dy 
maximum is graphically located as in fig. 28(a). The corresponding 

value of dr and CT are noted. Using this value of CT, the 

	

- 	C  ratio  	was plotted as a function of y on probability 
211 Cr) 

paper on which a cumulative Gaussian distribution plots as a 

straight line. Figure 28(h) shows one such plot in the upper 

region of flow. It is apparent from this that the concentrations 

possess a cumulative Gaussian distribution. 

In the region of flow below dT equation (46) indicated 

that C is a function of 	and should on a logarithmic 
TT: y 

blot result in a straight line where slope, is equal to the exponent 

z and C 	is the value of C at 	- 1. The logarithmic 
dT - Y 

plot of experimental data as in fig 28(c) shov,s excellent agreement 



-1  (Y1 /e)2oo  
1 - c _ 2 	3 e2 	dy' 1 - cT 	cvq627 y' 

and the gradient of concentration is given by 

	

_1 	il )2 
dc . 2(1 - CT)  e 

(' e 
 

dY 0'4-5 

From which we observe that air concentration gradient dy dc is  

maximum when y' = 0 and the value ( (IC  = )  20- - tr.) 
dy max 	d 4-517 

• • • • 
	(43) 

and this occurs where c = cT and y = dT / 

Distribution of Air in Lower Reaion 

The air entrained in the 	region below the transition 

depth, is in a state Hof statistical equilibrium between the force 

of bfoyancy of air bubbles and the mixing effect due to turbulence. 

Such an equilibrium is described by the equation, 

- CVb 	b dy +0 ag- 0 	 (44) 

Vb = rising velocity of air bubbles and is being considered 
negative 

CID  = mixing coefficient for air bubble transfer. This may 
be assumed proportional to momentum mixing coefficient 
(as is done in sedimentation theory). Thus 6 30  = f Cm. 

And assuming a Kerman type logarithmic velocity profile with shear 

linearly distributed along the'vertical, Straub and Anderson have 

arrived at - 
E h  = 	K 411-0/p (

di 	y 
d 	T  ) Y (45) 

There 	K = Karman's universal constant 

To  = boundary shear at bed 

f = mass density of fluid. 

4-T77T which has dimensions of velocity is generally expressed 

as shear velocity V* . Substituting the value cf eh from (45) 

• • • • 

• • • • 

(41)  

(42)  
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into (44), 

dC CVb = p K Nr ( ° 	dT 
 dT  

).y  

which on integration yields, 

C = CT,  (  y ) Z  

in which, 

• • • • 	(46) 

Vb V b z -   ....  (47) pK  
-

or7i pKy4_ 

and Cfy is a constant whose value is the concentration at y 
2 

46!!Rplication to Experimental Data 

Equations (41) and (46) describe the air concentration 

distribution in an open channel. The constants involved can be 

determined empirically for a given channel, from the observed 

curves for air concentration. 

Firs.tly the transition depth dT and the air concentration 

CT at that depth were determined for a particular discharge and 

slope from alclot of C in terms of y. The point where dC is  
dy 

maximum is graphically located as in fig. 28(a). The corresponding 

value of dT and CT are noted. Using this value of CT, the 

ratio  1  - C-, was plotted as a function of y on probability 
 Cr) 

paper on which a cumulative Gaussian distribution plots as a 

straight line. Figure 28(b) shows one such plot in the upper 

region of flow. It is apparent from this that the concentrations 

possess a cumulative Gaussian distribution. 

In the region of flow below dT equation (46) indicated 

that C is a functior of  and should on a logarithmic 
Ta--777-7 

plot result in a straight line where slope, is ecual to the exponent 

z and CT, is the value of C at  Y  - 1. The logarithmic 
dT - y 

clot 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 approaches dT, the experimental data must depart from the 

curve for larger values of  '>'  but in this case the data agree 
dT - Y 

,ith the curve upto y/dT -i. 0.9. 

Relation of Parameters to Flow  Conditions 

The values of mean ar concentration at various slopes 

for different discharges are shown in fig. %I. It is seen that 

mean concentration decreases thfough insignificantly with increas-

ing discharge, and increases considerably with slope. In fact the 

channel slope, discharge and roughness govern the intensity and 

scale of turbulence generated. The flow turbulence is created 

initially at the bed by the wakes and eddies formed by the flow 

over the roughness elements and the turbulent eddies are then 

diffused upward into the flow stream. The intensity of turbulence 

at the transitional surface which is paramount in aeration process, 

depends upon both the initial generation and the depth of mixture 

in which it is dissipated. The so called shear velocity may be 

used as a measure of turbulence generated at bed. Hence the 

turbulence at the transition surface should vary directly with 

the shear velocity and inversely with the transition depth dT. 

Good correlation as shown in fig. 30(a) was obtained 

between C and V/dT
2/3 

where V. is obtained by 

= g•dT.S V 	 •••• (48) 

Still better correlation was obtained of CT with V4r/dT2/3  (Fig.30(h). 

Figures 31(a) and 31(h) show e-  and CT respectively as 

functions of S/q1/5 where S is the slope (sin 0) and q is unit 

discharge. The correlation is seen to be good. 

Influence of Channel Roughness
1 

Observations were taken and similar analysis of data as 



above was carried out in case of smooth channel hFving painted 

steel surface. It was found in case of smooth channel that 

mean air concentration correlates with parameter Vad.i
4/5 

and 

also with parameter S/q
2/3

. Since in the parameter 
d
X:— dT is 

in denominator and its exponent is smaller in case of rough 

channels,it is clear that turbulence generated at the bed of rough 

channel is dissipated to a lesser degree than in case of smooth 

channel. The exponent m can be assumed to depend on roughness 

of channel being smaller for rougher channels. 

Comparison of rough and smooth channel air concentration 

distribution curves in a vertical for a slope of 450  and discharge 

0.233 cumec is shown in fig. 29. It is clear that for rough 

channel tho quantity of air entrained is considerably greater, the 

air is more uniformly mixed and the elevation to which water 

droplets may be found is considerably greater than that for smooth 

channel. 

Effect of Entrained Air on the Flow 

Entrained air changes the flow from that of water alone 

to a mixture of air and water. Experiments were conducted in rough 

as well as smooth channel to measure the resistance of the bound-

ary to non-aerated flow. The slope 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 

between depth and the discharge and slope for non-aerated flow was 

obtained by plotting measured depth do  as a function of   
S1/2 

and found to be as below, 

3/7 1/9 
q = 50 do  S -, for rough channel 

and q = 62 dn
3/2 

 S l/9 for smooth channel • • • • 

(49)  

(50)  
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Thus for the range of variables encountered, Chezy's 

, 	formula describes the data ouite well. Assuming a similar equa- 

tion to be applicable the mean velocity of air-water mixture 

flowing at a depth dr becomes 

V = cons c;. x dr1/2  S1/2  

Then since Cr is the depth that represents cross-sectional area 

of ,:ater, the above eouation can be written in terms of q as 

below, 
1/2 1/2 

q = constt. x d.dT 	S 	 (51) 

This relationship verified well whan tested by olotting the 

experimental data for aerated flow for both rough and the smooth 

channel in the form of d dr1/2  as a function of q/S1/2. How-

ever it was found that the constant 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 flowlin case of 

smooth channel. The reason for this is not apparent but is 

probably related to a ,ReynoldS'it number influence for the smooth 

channel. 

The ratios du 	u and k1-  were also computed using * dT 
an dn 	Vn 

the experimental data for the aerated flow and the computed values 

of do  and Vn  for non-aerated flow. These are shown plotted as a 

function of the mean concentration C in fig. 32. It is seen that 

air has little effect on dT and 7 until its percentage exceeds 

50; 	The velocity of aerated flow remains about the same as that 

of a corresponding non-aerated flow until the mean concentration 

is in the neighbourhood of 5X. It then increases rapidly. 

It is also seen that icT and dr change less in compari-

son with do  in case of smooth channel then they do so in case of 

rough channel. Similarly increase in mean velocity due to 



-40- 

aeration is less for smooth th/n for rough channel. 

3.4 STUDIES AT THE CEI\TRAL '.CATER NZ PO",'EP. RESEARCH STATION, 
POONe'7 '8  

P.t the Central ',later and Power Pesearch S tation, Poona, 

tests have teen carried out for studying the development of air 

entrainment in open flow in sloping flumes. The slopes tested 

were 15,30 and 45, degrees with discharge varied from 0.085 to 

0.51 cumec. :,,lost of the experiments were done in a 0.9 m wide 

cement concrete flume with smooth cement finish and with one side 

made of persoex to facilitate visual otservations. Initial  

experiments were done in a similar flume 0.3 m wide. Some 

experiments were repeated with roughened bed also. The obser- 

vations were made for velocities, water surface and air concen- . 
trations. 

Velocity Obs ervations 

Readings were tal'en with a standard 	tyne Pitot 

static tube. The differential head 'h' which is measured in the 

Pitot static is connected with the mean velocity head by the 

relation 

Ga h = (1._ o) 
2g 	- 	2g 
	 (52) 

There 	G = coefficient of Pitot tube which is slightly less than 
unity within about half a percent and 

r) = ratio of air to water density 

The formula for velocity car, therefore be taken as 

v = 	4.9gh 	 (53) 

''.here G' is again a coefficient which for practical purposes 

:nay be taken to be unity and the velocities accepted correct to 

„ j_thin 2 to ,3 percent. 
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Water Surface  

The water surface was estimated 1-y a point gauge movable 

w th a vernier attachment, and using a simple electrical circuit. 

Th,re could clearly be seen the following zones, 

Al)  a top most zone where there was intermittent spraying, 

so that this was 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 below, which contained the 

normal air entrained masses. 

In a 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 A? were very small each being about 

of the water depth. 

Air Concentration Observations  

Observations of air concentration at various points of 

flow were made 1-y using Eifiliar probes. It is an electrical orobe 

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 was determined as 

,  b f 
ff 

 

 1 Yu = 
yu Jo 	C dy 1 d hf  (54) jo  • • •• 

There  hf = Freadth of channel and yu  the depth which encom- 

passes 99;4 of total water discharge. 

Analysis of Data on Smooth and hough Flumes 

The water surface profiles were plotted non-dimensionally 
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in terms of critical depth 'dcr' as shoyn in fig. 33 and 35 for 

smooth and rough flumes respectively. These figures also show 

the mean air concentration O along the flume. It is seen that 

the dimensionless plot of profiles leads fairly well to a single 

curve. 

The mean air concentration C was alpo plotted against 

F'a defined as 

F'2  = F2  cost 
 

. • • • 
	 ( 55) 

Mere Fa = V2/gR , 

7 = mean velocity and 

= angle of slope of flume. 

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

36 respectively. .A straight line fit has been drawn in both the 

cases. However there is a considerable scatter. 

3.5 STUDIES AT INDIAN INSTITUTE OF SCIENCE BAd\GALORE24 95 96 

Experiments were conducted in a tilting flume 13.5 m 

long, 0.45 m wide and 0.375 m deep. The slope of the flume 

could 1-e adjusted from 0°  to nearly 40°  w.r.t. horizontal. The 

experiments were first conducted on smooth aluminium sheet bed 

and thereafter the bottom was artificially roughened by using 

sand grains having a mean diameter of 1 mm. The measurement of 

air concentration was done by an electrical air concentration 

meter developed in the laboratory. The method consists basically 

of a measurement of the difference between the conductivity of a 

mixture of air and water and that of water alone. Leasurement 

of velocity was carried out by a dynamic pressure tapping 

connected to a manometer. Experimental results were analyzed 

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

Zones of Flow  

According to Pao, Gangadhariah and Seetharamiah24  flow 

becomes fully developed turbulent flow when the turbulent 

boundary layer and the free stream turbulence mixing layer from 

the free surface meet. The fully developed turbulent flow has 

been divided into two zones. "knower zone named as wall tur-

bulent zone and an upper zone named Free turbulent zone. The 

line of demarcation between the two zones has been defined as 

the locus of points 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 study26  , the wall 

turbulent zone has been further subdivided in accordance with 

distribution of eddy viscosity into two major regions i.e.-  

inner and outer. Eddy viscosity increases approximately linearly 

with distance from bed and remains practically constant in the 

outer region. 

Distribution  of Velocit and Air Concentration in Free 
Turbulent Zone 

The theoretical equations which were developed for free 

turbulent zone based on the analysis of two conflowing streams 

with a large difference in their densities are, 

Vm  V' Vm  Vi 
v -     erf.  . 11*  

2 	2 

for velocity distribution and 

1 - C  _ 1 (1 - erf -% ) 1 - Cm 	2 

for air concentration distribution. 

(so) 

(57) 
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In these equations, 

Vm  = velocity at line of demarcation 

V1 = velocity of air media 

and 	= non-dimensional depth above transition 

depth 	
y - dT  

also 	1- = mixing width measured as twice the distance from 
transition depth (defined separately for air 
concentration distribution and velocity distribution) 
to lire of demarcation (Fig. 38), 

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

The theoretical equations (56) and (57) were checked on experi-

mental results and the agreement is found to be very good at all 

the stations of observations in case of experimental data of 

rough as well as smooth bed. A few of the plots for illustration 

are shown in fig. 39. 

Distribution of Velocity and Air-Concentration in Wall  
Turbulent Zone  

The wall turbulent zone is similar to the fully developed 

turbulent pipe flow. The eddy viscosity in such cases remains 

almost constant across its width (0.4 < d-Y-m  .<„, 1) therefore the 

concentration distribution, which in turn depends on eddy visco-

sity also remains constant with in 0.4 c-Y- < 1. Extrapolation of 
m ‘` 

theoretical curve given 1-y eauation (57) from the free turbulent 

zone into the wall turbulent zone gives good correlation for 

smooth boundaries and rough boundaries upto an inclination of 300 . 

However for rough boundaries for slopes greater than 300 , the 

correlation is good except near the wall (i.e. 0 < 	0.1). 
m 

The velocity distribution in wall turbulent zone for 

smooth boundaries is expressed by a simple power law relation of 

the form, 

= 	bE 
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= 
(d )

l/j 

VM 	m  (58) 

there j is an exponent. 

This expression was verified well on experimental data for differ-

ent rischarges and slopes in case of smooth boundaries. Two plots 

for illustration are shown in fig. 40. 

Detailed Study i 
	

Turbulent Zone 

wore detailed investigations of flow characteristics in 

vall turbulent zone were made in the hydraulics laboratory of 

I.I.Sc. Bangalore by 1%.S.Laxman Rao and T.Gangadhariah26. As 

already indicated this zone was further subdivided into an inner 

region and an outer region based on the distribution of eddy 

viscosity which increases approximately linearly as we rise from 

bed in the inner region and remains practically constant in the 

outer region. 

Velocity Distribution in Wall Turl-ulent Zone 

The expression developed on theoretical considerations 

is as below, 

V 	v _ = 	( 1 I 1 	1,„ 	1 	r  0.794-0.63 	+1;2  

	

7; 	
] 

3A 	-0-.7T-4 7  0.794 071,4 L (0.794 +.)2 	J 

- In 	+  1  1 	1 r 	
+ , 

tan  1(  1 	-1, -1 
(1 	)2 	j 	4-3 L0-.794 	) 	can t 73. ) 

1 	tan- 1  ( 9 	- 0.7 94  ) tan-1  ( 2 	/-4.3 	)] 	( 59 ) 

	

0.794 	0.7 94 4-3 

This equation gives good agreement with experimental data as 

is shown in fig. 44. 

In this equation, 

= 1 - 1  where 11 is non-dimensional depth given by 
= y/dm. and 



A = a constant 
• 

Constant A has been empirically correlated with flow character-

istics 1-y the following eouation, 

dm 4  A = 4.48 ( 	)1.125 
uT Vm 1  0 0 00 	(60) 

The variation of • depth oarameter dm/dT wi ch V//Vm  also found 

empirically is given by 

= 0.18 k 
, dm )1,65 

Vm  
• • •• 	(60A) 

by knowing Vo. and Vm, dm/dT can be found by eqn. (60A) and 

then A by eon. (60). 

The utility of eqn. (60A) is however not understood by 

the writer as the very process of determining V* and Vm  will 

be based on a prior determination of velocity and concentration 

distribution. Vm  and dm  will be known only from a velocity 

distribution curve. Further V* is comouteci as 	g dT ."--sin cc. 

So this will also require prior knowledge of dT which can be 

determined only after drawing concentration distribution curve. 

It therefore appears that the constant 'A' does not yield to 

evaluation by the equations (60) and (60A) in an actual design 

problem. 

Distribution of Air Concentration in 	Turbulent zone 

Theoretical equations developed by Rao and Gangadhariah26  

are • 

For the inner region, 

C-
H

[ (1- 	) + 	 ( 	) z  -1}j • • 	(61) 1 -z 	110 	z 	110  

and for the outer region 
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C - 	 (11-11  ) + 1- ez(11 '111 

1°11 - ez(1-11 
	

.... (62) 

In these equations, 

= non-dimensional depth tc outer edge of inner 
region = do/dm  

Co  = air concentration at outer edge of inner region i.e. 
at y = do  

C and C1, el and 	are the values of C, 	and d  d—y  at y = dm/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 below, 

CT = 
1 •••• 	(63) + 9 z 

and 	-CT = 

  

(64) 
1 + 15.5 -H)0•85  

• • • • 

Position of Inner Zone 

Air concentrations in the inner region by eqn.(61) shows 

an increasing trend and by eqn. (62) in the outer region a 

decreasing trend towards wall for all values of constants z 

and H. The location of the position of the inner region is 

found by differentiating eqn. ( 62) w.r. t. 	and putting 

dC/del = 0 at 4-= tir o  

The variation of the position of inner zone is shov'n in 

fig. 41 which sho,,s a plot of do/dT v.s. 	from from experimental 

data, do being normal depth from bed to outer edge of inner 

region. It is seen that as CT increases, do/dT decreases 

and approximately at about CT = 0.20, the existence of inner 

region ceases. Peyond this value of CT  = 0.00, the whole 
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wall turbulent zone acquires the characteristics of outer region. 

Inception of Air Entrainment24  
....■O•••• 

Existence of a turbulent free surface is a pre-recuisite 

for the inception of air entrainment. At the inception zone the 

flow appears to be boiling, with 'highly agitated ill-defined free 

surface eddies in the form of projecting masses of flow. 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 possesses must be greater than the surface tension 

energy. Eased on this concept an air inception parameter I has 

been formulated defined by 

I = ( 1)  d Cia/et )/ (v* d/v )l/2 
	

0000 	(65) 

which must exceed a certain critical value for inception. This 

critical value was found to he 56 by experiments. In this 

eqn. et  is surface tension. 

In attempt4  was also made to correlate the Froude number 

F = ,a/gd with the inception of air entrainment and it was found 

that F = 7.5 for ':.erilsee weir, 10.6 for Gleumaggie dam and 9.7 

for Hickox collected data on Eorris and Douglas dams. It appears 

that this critical value of F varies to a certain extent with 

the nature of the boundary which controls turbulence level which 

in turn affect air inception. 

Locating Point of Inception of Air Entrainment  

The concept of air-inception parameter I is however 

only of academic interest. It has been found that in all 

prototype cases the condition of emergence of turbulent boundary 
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layer on the surface describes necessary as well as sufficient 

condition for the commencement of air entrainment. In all 

prototype cases the value of inception parameter at the point of 

emergence of turbulent boundary layer was calculated at I.1.Sc. 

to be far greater than the critical value of 56. 

To locate therefore the point of inception of air entra-

inment it would suffice to obtain the point of emergence of 

turbulent boundary layer on the surface. For this,methods are 

given by i) Eauer, ii) Campbell and others iii) 

i) Pauer's  Method  

For the development of a turbulent boundary layer in 

wide channels an approximate but practical method has been 

proposed by Bauer2. This method is applicable for spillways and 

channels provided the flow is accelerating or uniform and if 

accelerating, then not so rapidly and highly as to cause bound-

ary layer separation. On the results of Pauer's investigations 

Ven Te Chow6  has given following formula, 

S . 0.024 
x (x/60.13 .... 	(66) 

Where b is the thickness of turbulent boundary layer at 

distance x from 0 in the direction of flow, (Fig. 46) and 

C is the roughness height. The point of inception of air 

entrainment which is the same as the point of emergence of 

turbulent boundary layer on the surface can be easily computed 

by trial finding x such that b eouals depth of flow. 

ii) Campbell, Cox and royd's :-ethod3  

For a spillway crest designed for a given head and the 

flov,  corresponding to the design head following formula was 
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proposed by Campbell, Cox and Foyd as a result of their theo-

retical and experim,:mtal investigations, 

b = 0.080 ( L )-0.233 
"d" 	 ( 67 ) 

in this equation L is the distance from the upstream edge of 

the spills ay (Fig. 46). 

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

be computed by usual methods and L obtained by trial such 

that b equals depth of flow. 

iii) I.I.Sc.  P.:ethod  

The empirical formula which was developed at I.I.Sc. 

Pangalore by using the results of Sharma28; Campbell etc; 

Hickox16; and Michele and Lovely22  may be written as, 

= 70 ( qd 	
L ) ( 	)-.79  0  

'  . . • . 	( 68 ) 

Where qd  is the design discharge and q is any discharge per 

unit width of soillway. This formula can be used in the same 

manner as Campbell's formula. Phe advantage however is this 

that it can be used for discharges other than design discharge 

also. 

Scme Characteristics'of Uniform  Aerated Flows 

i) Mean Air Concentration 

The local non-aerated Froude number may he defined as 

• • • . ( 69) 

in which V.  is the mean velocity of aerated flow in a vertical 

and F is the solid water depth of a given discharge with a 

mean velocity same as in aerated flow i.e. V. 
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Using the experimental data of I.1.Sc.25
, and those of Ea11, 15 

S.A.F. Laboratory1,3U, .11 , and 	Poona7 , an empirical 

relationship has been developed as follows (Fig. 45), 

= 	F312  
1 - 	w  ••• • (70) 

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

the channel. 

The cons tant SZ is found to vary linearly with Manning' s 

'n' for a particular shape of the channel (Fig. 42), and the 

relation between them may be written as 

	

= '1.35 n 	 (71A) 

for rectangular channels and 

	

-n- = 2.16 n 	 •.•• 	(71F) 

for trapezoidal channels with side slopes of 1.5:1 

ii) Mannings Roughness Coefficient 

The presence of air at the solid boundaries reduces frict-

ional effects. Considerable amount of energy will be spent to 

keep the air bubbles in suspension and to distribute it throughout 

the flow. The combination of these two factors influences the 

roughness coefficient. 

Assuming the Ittanning's relation to hold for aerated flow 

taking transition depth dT as the effective depth for computa-

tion of velocity 

1 d2/3  S1/9  - na w  

in case of two-dimensional flow. 

Considering that ty somP means all the air in aerated flow can be 

removed and. that only water can he allowed to flow with air-water 



• • • (74) 
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velocity, then according to Rao and Gangadhariah26  dT may be 

replaced by d and it may 1-e written that, 

7= 1 a 2/3  s1/2 	
0 • • • 
	(73) 

In the opinion of the writer however this equation involves a 

s erious 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 above the hypothetical 

value Vn  of non-aerated flow, Computed for the same discharge on 

:the 'iasis of normal value of 'n'. If do is the hypothetical - 

depth of non-aerated flow, th en 

1 2/3 1/9 
n 

d o  = c/Vn , and Vn  = 	do 	s -, further since d = q/-\7 

and V > vn, therefore Cr < do  hence equation (73) can not be 

satisfied unless n in this eqn. is taken less than the normal 

value. Nevertheless by comparing this (erroneous) equation (73) 

with (72) Rao and Gangadhariah deduced, 

naw 2/3  
= (dT/F ) 

and computing values of naw— from this equation using the experi-n 
mental results of trail 15, S.A.F. laboratory1,30 and 1.I.Sc.26 and 

plotting it as a function of mean air concentration below transi-

tion depth, CT, obtained that 

naw   	1  
1  y.69 

This sho-s that roughness coefficient increases with air concentra-

tion. 

iii) Relationship between 1 can air Concentrations C and UT 

The mean air concentration CT belovv transition depth dT 
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and mean air corcentration of the entire flo,v have also Y'een 

correlated 1-1 empirical relation, 

e-T = 1011  2.18 4400  (75) 



CHAPTER - 4 

DESIGN PRCCEDUPE 

4.0 INTRODUCTION 

It is quite apparent from the review cf Field and Laboratory 

studies that the presence of air in water has many effects. As air 

entrains into The flow, it causes an increase in water volume 

termed inEulkinoo. This has undesirable effect on the provision of 

free board allo, vances in the design of hydraulic structures. '.:ith 

entrainment of air resistance losses in flow are also affected. 

eased on the studies carried out in field and laboratories a 

suitable design procedure is described. 

4.1 Ca.1.1ENCE:4ENT OF AIR. E\TRAIN1.IENT 

Air entrainment in a flow commences at a point where 

tur,bulent boundary layer emerges on the surface, or in other words 

where the thickness of turbulent boundary layer equals depth of 

flo-. Non-aerated depths of flow at different sections of the 

steep chute or spillway can be computed by the usual methods of 

classical hydraulics. For computation of the turbulent boundary 

layer along steep chutes or curved surfaces like those of spillways, 

the following formulae may be used: 

1. Ven Te Chow's Formula - 

b _ 	').024  
x ( x/e )0.13 

• • • • (4. 1) 

'). Campbell, Cox and T'oyd's Formula - 

-0.933 = 0.080 ( L  - ) E • • 	• (4 .2) 

3. I.I.Sc. Fangalore's Formula - 

b = 70 ( 	) ( L )-0.79 
ad (4.3) 



-55- 

In these eouations a is any discharge, ad is the design 

discharge for spin:ay surface oer unit lAidth, C is roughness 

heigh t, b is the thickness of turbulent boundary layer, L is 

the distenc fmr, the upstream edgo of soilLvay and x is the 

distance measured parallel to chute channel or spillway slope 

from the water surface to the total energy line (Fig.4 6). 

4  LEAN AIR CONCEETRATION 

For estimating mean air concentration in the flow formulae 

given hy ha11 , U.S. Army or I.I.Sc. Eangalore may he used. 

1. Hall' s Formula - 

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

is given 1-y 

K V2  
1 - C 	gR 

4.4) 

Where V is the mean velocity of air ,ater flow and Rc is the 

hydraulic radius of solid water flow alone of a given discharge 

with a velocity eoual to that of air water flow i.e. V and U 

is the mean air concentration. Also K is a constant whose value 

under average conditions may he taken as 0.(Y)5. 

9. U.S. Army's Formula32  

Thc,  U.S. Army Waterways Experiment Station Vicksburg, 

have analysed on a digital computer smooth channel data of S.A.F. 

Laboratory and rough channel data ta of S .A.E. Laboratory in comhi-

nation with selected riittitas chute resultsiselec ted or. 1:1,e basis 

of ohs er va tions wi ch death of flo less than 1/5th wid th),,hich 

tentatively defines a wide channel where flow can he assured to 

he two-dimensional in character ard have oiver the follo,Aing 
•■■• 

formulae for mean air concentration C For a discharge o in 
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cumec 2-r r':e  on slope  S  for cases  of fully developed aerated 

flovs, 

C = 3.38  log10  (777) + 0.51  • • • • 	 (4 .5) 

- for smooth channel 

S .  0.743  10910 (  1/5)  0.721  • • • 11 	 (4.6) 

- for rough channel 

3. I.I.Sc.  flangalore's Formula - 

Another empirical formula which was developed at I.I.Sc. 

Pangalore may he written as, 

3/9 
= TL  F • • • • (4.7) 

1 - 

::here constant -IL is related to 1.!annings 'n' for a particular 

shape of the channel, 

sL = 1.35 n for a rectangular channel 

and  = 2.16 n for trapezoidal channels of 1.5:1 side slope 

and F
w is the non-aerated Froude number given by 

Fw  7/JC—jer 
 

• • • • 
	 (4 .8) 

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

depth. 

4.3 EULKAGE DEPTH AND HEIGHT OF GUIDE .:ALLS 

The bulkage depth factor may he defined as the ratio of the 

excess depth due to air entrainment over the calculated mean solid 

water depth of flow, 

du  - eT 
=   

d 

In terms of air concentration bulkage depth factor may he written 

as 

• • • • 
	 (4.9) 

P  =  / -  ( 4.10) 



Cnce C is knO."n by any of the formulae given in para 4.2, P 

an 	tl-ercl- y du  i.e. the unoer limit of -clov, can be computed by 

t'-ese eauations. The height of guide walls of a chute spillyay 

then ecua1 to the depth du  plus a free board. 

2. S.A.F. Procedure 

Another simple and direct method of determining the unoer 

limit of flow depth du  in two-dimensional uniform aerated flows 

is the use of curves in fig. .32 given by Anderson of S.A.F. 

laboratory. Depth 'dn ' of non-aerated flow can he computed by 

the usual Manning's formula and then the ratio du/d n  read 

directly from the curves corresponding to rough or smooth channel 

as the case may he for the already de termined value of mean air, 

concentration C. 

3. Hall's Method  

For the general case of developing aerated flow however, 

it appears that the hest , ou1:1  he to use the method developed or 

the basis of Pall's theory which is outlined below: 

Let the channel haw,  an inclination e degree w.r.t. 

horizontal and let Ac, Rc, Yc  denote respectively the area, 

hydraulic radius, and depth of solid water flow of a given dis-

chergekwith the same mean velocity V as in the actual air-water 

mixture flow. Let subscripts 1 and 2 refer respectively to 

sections 1-1 and 2-2 distance L apart. 

Applying Fernoulli's theorem 

0(a n2 n2 	_ Ycl 	Yc  
2  - 

c  
/ cos  + sin  +   v  2gL ( 1  01c)4i3 

( 	L .... (4.11) 

In this equation c(a  is the energy correction coefficient and 

nc  is given hy, 
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nc = n (11c/
2)2/3 	 (4.12) 

_here R is the hydraulic radius of air-water mixture flow and 

'n' is the normal value of 1:anning's coefficient. 

In using the above eouation (4.11), a value of Yc2 is 

first assumed and corresponding value of V 	is calculated by 

dividing Q by the area of cross-section Ac2 at depth Yc2. 

Rc  is mean of Rc i and Rc2. Then C can be computed by. using 

Hall's formula or better by using 	Fangalore's formula. 

Once C is known, actual area A= Ac/(1 	.7-;) and thereby actual 

hydraulic radius 'R' of air water mixture flow can be computed. 

This would enable determination of nc  by equation (4.12). Now 

all the quantities involved in equation (4.11) are known and if 

correct value of Yo is assumed the two sides must balance 

otherwise another value of Yc9 must he tried. The step by step 

computations in this manner have to be carried out starting from 

the section of commencement of air entrainment. 



CHAPTER - 5 

CO:LLUSIONS 

5.0 INTRODUCTION 

High velocity open channel flow differs from the normal 

flow of water in open channels dealt in classical hydraulics in 
vLz. 

as Tuch as another fluid i.*1.4w 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 ouantity of air entrained depends on the degree of 

turbulence which is generated at the channel boundary. Various 

laboratory and field studies have been conducted in the oast on 

the initiation and development of air entrainment in high velocity 

flows, the quantity of air entrained and its distribution, the 

factors which affect air entrainment and the effects of air entr-

ainment on flow properties. These studies have been described in 

t.hc precefding chapters and the conclusions drawn therefrom are 

described briefly in this chaoter. 

5.1 WIECHANISM'OF THE PHENOMENON 

Air entrainment is a continuous process of droplets of 

water projecting from the liouid into the a;_r al-ove and air bubbles 

penetrating into the liouid mass. Transverse component of turbulent 

velocity fluctuations, when become sufficiently strong near the air 

water interface cause clumps of water to break through the surface 

into the air and then fall back by gravity into the flowing stream. 

These clumps of water break into a heterogeneous spray of globules 

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

corpared to vrater remains in a statistical equilibrium between 

the forces of buoyancy on one hand which tend to separate air 

bubbles from water and forces of turbulent transfer on the other 

hand which tend to distribute air bubbles in flowing water. 

5.2 ILCEPTION OF AIR ENTRAINENT 

Existence of a turbulent free surface is a pre-requisite 

for the inception of air entrainment. Since turbulence is gene-

t 
rated at the boundary I.'S follows that turbulent boundary layer • 

must emerge on surface before air entrainment can commence. This 

is also corroborated by tbe fact that distance L from the inlet 

end upto the commencing point of air entrainment increases as the 

unit discharge on a spillway increases and that immediately prior 

to the point of commencement of air entrainment the surface of 

flott: shows characteristic roughening. rased on the concept that 

the eddies_in the form of droplets of water will project out of 

free surface to cause inception of air an 'Inception Parameter' 

was formulated at I.I.Sc. Fangalore whose value,  must exceed a 

certain critical value. This was however found to be only of 

academic interest as in all prototype cases, some preliminary 

calculations done by investigators at I.I.Sc. Fangalore have 

shown that at the section at which turbulent boun-lary layer 

emerges, the value of ,'Inception Parameter' is considerably 

greater than the critical value. Hence it can be concluded that 

the emergence of turbulent boundary layer on the surface of flow 

describes necessary as well as sufficient condition for inception 

of air entrainment. 
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5.3 DISTRIEUTIUi■. OF VELJCITY Ii' AEli.ATED FLia: 

This was studied by Viparelli at Maples and Rao and others 

at i.I.Sc. fangalore. For this purpose the flow has been divided 

into two zones viz7a lower region and an upper region. The 

velocity first increases as we rise from bed and then decreases, 
ht- 

the maximum value occuting at the point which defines the demar- 

cation between the two regions (Fig. 38). According to Viparelli 

the flow in layers near the bottom is governed by the usual loga-

rithmic law of velocity distribution. This can be expected other-

wise also as in these layers air concentration is comparatively 

small and the flow is predominantly that of water. At I.I.Sc. 

Fangalore a simple power law relation for. smooth channels was 

given first (eon. 58) and later on a complicated expression 

(eqn. 59) was evolved as a result' of more detailed subsequent 

inves tiga tions. 

For floc - in upper regions velocity distribution is well 

described by the expression developed at I.I.Sc. Tanga lore (eqn.56). 

5.4 DISTRIEUTION OF AIR ah,Ca:TRATIU 

A typical air concentration distribution profile is shown 

in fig. 29. The concentration of air increases gradually from 

the bed, more rapidly in the central portion and then more slowly 

in the-  upper region, apparently asymptotically approaching the 

limit of 10a:. Straub and Anderson divided the flow into two 

regions viz)an upper and a lower region. The upper region consists 

primarily of independent droplets and larger agglomerations of 

water that move independently of the stream proper and in the 

lower region discrete air bubbles are suspended in the stream 

and are r'istributed ty the mechanism of turbulence. 



The distritution of ,,.,a  ter air agglomerate and droplets 

is adeouately described by the Gaussian cumulative probability 

equation (eon. 41). 'ouation 46 was developed on the basis of 

turbulent mixing for describing the distribution of air concen-

trations in the lower region. 

At I.I.Sc. Pangalore also the flow has been divided into 

zones viz.)a wall turbulent zone and a free turbulent zone 

with the point of MaxiMUM velocity in a vertical being the demar-

cation. The wall turbulent zone is further subdivided into an 

inner region near the bottom and an upper region based on the 

distribution 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 aTIAINr.ENT 

Various factors which affect air entrainment are 

i) Discharge 

ii) Slope of channel 

iii) Velocity of flow 

iv) Roughness of boundary. 

v) Side walls 

1. Effect  of Discharge 

As can be seen from fig. 24 the mean air concentration 

for a given channeislope decreases ':ith increasing discharge. 

Hoyever the effect is not very prominent in .case of flow in rough 

channels. It is more significant in case of flow in smooth 

channels. From the studies conducted at S.A.E. laboratory —e 

knov ,  that air concentration increases with the parameter S/g1/5 

in case of rough and S/(12/3 in case of smooth channels. The 
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exponents of unit discharge q heing 1/5 in rough and 9/3 in 

smooch channel ouantify the relative effects of discharge. 

9. Effect.of Slope 

Air entrainment increases with the slope and the effect 

is much more significant than that of discharge as can he easily 

inferred from fig. 94. In fact mean air concentration varies 

directly as the logarithm of slope of the channel (Eon. 4.5 and 

4.6). It follows from this that variation would he less nromi-

nent at steeper slopes. 

3. Effect of Velocity of Flow 

In case of uniform flow the discharge and slope automa- 

tically fix the velocity. However for developing aerated flow or 

in other words in case of varied flow effect of velocity must he 

known independently. From Hall's formula (Eon. 4.4) and that 

developed at I.I.Sc. Pangalore (Eqn..4.7), we find that air con- 

centration increases 
 

Froude number which increases with 

velocity of flow. Thus for a given discharge mean air concentra-

tion increases with velocity. 

4. Effect of Roughness of Charnel 7oundary 

An increase in roughness results in greater air concen-

tration and more uniform mixing of air, obviously due to creat-

ion of a r.ore intense turbulence and greater velocity fluctuations. 

Figure 29 shows clearly the effect of roughness on air concen-

tration. 

5. Effect of Side 

Figures 12 and 25 shoo; the air concentration distribution 

across sections of fully developed aerated flow. The air 



concentration contours are considerably higher near the side walls 

than in the central region of the flow. The aeration is initiated 

earlier at the water surface near side walls than in the central 

rPgion. 

5.6 EFFECTS OF ENTRAINED AIR ON 114E FLU:: 

The entrained air has the effect of changing the flow 

from one of water alone to that of a mixture of air and water 

which besides increasing the bulk depth affects the velocity of 

flow and resistance losses also. 

1. Effect en Mean Velocity 

Hall very emphatically said that the velocity of flow 

increases due to air entrainment. This was later on conclusively 

shown to be so by Straub and Anderson when they compared in a 

plot covering a wide range of discharges and slopes, the ratios 

V/Vn (of actual observed mean velocity 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 by an amount that 

increases with the air concentration. 

2. Effect of :,anning's Roughness Coefficient 

The presence of air at the solid boundaries reduces 

frictional effects, however energy is snent in keeping the air 

bubbles in suspension in the flow. The combination of these 

two factors influences the roughness coefficient. The views 

of different investigators are summarized below: 

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

additional loss in energy. The reduction in snecific gravity due 



-65- 

to air entrainment compensates for the added area and roughness 

coefricient 'n' remains constant vhen total depth of flow is 

considered effective for computation of velocity. 

(ii) Jevdjevich and Levin contend that there are two opposite 

influences viz the effect of super-rapid flow which acts so as 

to increase 'n' and the effect of entrained air which acts so as 

to reduce the value of 'n'. At low Froude numbers the first 
40-t 

influence dominates and highervalues of Froude number the second 

influence dominates. 

(iii) Viparelli in his investigations at 1.'aples calculated 

Mannings 'n' considering only the flow in layers near bottom and 

found that 'n' remains more or less same. He obtained similar 

results on analysing Gizeldon chute data. 

(iv) Straub and Anderson at S.A.F. laboratory have shown the 

aerated flow velocities to be higher than corresponding velocities 

for the same discharges computed on the basis of the usual non-

aerated flow formula. Chezy's formula was found to describe the 

relationship of mean velocity and depth of flow in case of non-

aerated as well aerated flows for the range of discharges and 

slopes investigated. The value of Chezy's constant was found to be 

, same in both types of flow in case of rough channel and higher 

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

is related to P:annings n by the relationship, 

'z = 
R1/6 

Now R increases in aerated flow but the effect it causes on the 

value of Cz  is insignificant as its influence is reflected in 

1/6th power. Hence in rough channel 'n' should only increase 

insignificantly to maintain same value of Cz. In smooth channels 

however since Cz 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 been shown that value of 'n' 

increases in aerated flows as is apparent from eqn. 74. However 

as already discussed by the writer this equation ,seems to have 

been developed somewhat erroneously. 

Fearing the above discussion in mind the writer is 

inclined to suggest that till further researches establish defi-

nite relationship for the effect of aeration on the value of 'n' 

it may t,e assumed to maintain the same value in aerated flows as 

in case of normal non-aerated flow. 
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APPELDIX - II 

1\:OTATIOD: 

Syr:11°1s have generally been defined where used. A lis t 

of symbols used more commonly is, however, given below: 

A 	= Pirea of flow cross-section 

Ac 	= Psea of non-aerated flow of a given diccbarge 	the 
same velocity as in aerated flow 

B 	= 7ulkaoe depth factor 

= Mixing width for air concentration distribution and 
velocity dis tribution 

bf 	th of 	flume 

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

C 	= Lean air concentration in a vertical section 

Co 
	'C' at y = do  

1 
	 at y = dm/2 

C 	 at y = dT 

'C' at y = dT/2 

CT 
	Mean air concentration ir. reclion between y = 0 and y = dT 

Cm 	= 'C' at y = dr, 

d,Y = Depth of 	at a point measured norr-.al to bed 

a,Yc  = Depth of non-aerated flow of a given discharge with the 
same velocity as in aerated flow 

dcr = Critical death 

dm 	= Value of 'y' at the demarcation between wall turbulent 
zone and free turbulent zone 

do 	= Death in non-air entrained flew of a given discharge 

d o 	= Value of 'y' at Elen outer edge of inner tiall region 

dT = Transition depth 

d u = Upper limit of flow or value cf y where C = 0.99 

E 	= A, pr000rtionality factor, physically identified as the 
ratio of eddy diffusivity of momentum to mass 
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e 	= rase of :\aperian locorithms 

= V/47rd = Froude number 

Fr 	= V/NrC19. = Frou_,e number i.ith "ydraulic radius used as a 
characteristic length 

F 	= 7/JgcT = i\on aerated Froude number 

g 	= ii\cceleration due to gravity 

h 	= Head on the tip of Pitot tube 

I 	= Inception parameter 

= Cons tant 

L 	= Distance along profile from upstream edge of a soilli,vay 

n 	= 	 roughness coefficient 

Pc 	= Perimeter of computed non-aerated flow section Ac  

p 	= 	factor i.e. volume of water per unit volume of 
tin 	air-water mixture = 1 - C 

= Discharge 

q 	= Unit discharge i.e. di scharge per unit width 

qd 	= Unit design discharge for spillway orofile 

qs(y) = Unit discharge in region arove y 

R 	= Hydraulic radius 

Rc 	= Hydraulic radius of computed non-aerated flow section Ac  

S 	= Slope of char.r.el (sin c() in uniform flow, friction slope 

uci 	= './ater discharge rate per unit area of air-wa ter mixture 
section 

= Velocity of flow at any point (Local value) 

V,7 = ;:.ean velocity in a vertical section 

Vl 	= Undisturbed velocity of air media 

Vb 	= Rising veloci ty of air bufl- les 

Vm 	= Velocity at y = dm  

Vn 	= Velocity in non-air entrained 	of a given discharge 

V 	= Nrrot;) 	= Nrg d S = shear velocity 

x 	= Distance measured 	flow direction alony the centre 
line of flume from inlet 
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= Distancd of any point in flo.N from channel bed 

Y I 	= y - dT = height al-ove transition depth 

= Inclination of chal,11 bed 	r. t. horizontal 

0( e 	= Energy correction factor 

'rte./ 	= .eigh of water oer unit volume 

= Thickness of boundary layer 

6 	= ,.ean roughness height 

= y/dr, = non-dimensiona 1 depth 

= 	dT)/b = non-dimensional depth 

= 1 /E = non-dimensional depth 

0 	= Inclination of channel bed w.r.t. horizontal 

K 	= Von Karman's universal constant for velocity distribution 

= Kinema tic viscosityy of wa ter 

= 1 -1 = non-dimensional depth 

= Mass density of water 

= Standard deviation for air distribution 

di 	= Surface tension 

To 	= Shear stress at the boundary of flow 

SZ 	= Constant depending on shone and roughness of channel 
L 

erf 	= 	j e 	d .12 ,tc tiro  

U I T S  

All dimensions are in : etric Units. All :he figures a nd 

formulae quoted in this dissertation have been converted accord-

ingly. 



APPENDIX - III 

FIGURES 

Figures given in this dissertation are after the References 

indicated against each in the table given below. All the figures 

have been converted into metric units and symbols have been changed 

at some places to correspond to the symbols used in the text of 

dissertation. 

Figure NO. Serial :\o. 	of Reference 
in Appendix - 

1,3,4 22 

2,5,6,7 15 

8,9,10,11,16 18 

12,13,14,15 14 

17,18,19,20 33 

21,22,23 34 

25,26,27 31 

24,28,30,31 30 

29,32 1 

33,34,35,36 8 

37,38,39,40 24 

42 25 

41,43,44 26 

45 5 



N i  

FIG 2 	FINI In"' 	SKETCH F R 

ENERGY EQUATION 
FIG 1 PROFILES OF GEE. NMA ,GL E 	DAM 

AND WERRIBEE DIVERS ON HEIR 

ti 

114 r 

o 
~SOR fi  

177?•77 	 C NA NN EL 	Tom 

17' 	_ f 1)7,  

0 2 4 6 

R,.

• 	

METRE 
59.5 	AA WERRIBEE 

WEIR 

L 

70 

50 

FIG 3 Lid VERSUS DISCHARGE 

5 	10 	15 	20 

DISCHARGE IN CUMEC 

PER METRE OF CREST 

HICKOX CURVE 

LEGEND 

GLENMAGGIE DAM 

o WERRIBEE DIVERSION WIER 
+ - - 

z 

FIG.  4 DISTANCE 	TO BEGINNING OF AIR 

ENTRAINMENT VERSUS DISCHARGE 

D
IS

C
H

A
R

G
E 

30 45 15 0 
DISTANCE TO BE GINNING 

OF AIR ENTRAINMENT 

IN METRE., L 

60 75 

LEGEND 

o HI.CKOX MODEL DATA 

A GLENMAGGIE DAM PROTOTYPE 

• WERRIBEE DIVERSION JNIER 

NMAGGIF OAM 

74.5 ."( L 

RL cS•51 

-711 - 



3Adt1 

CINflOdINOD 

dO Sniovei 

ti 

C  
1-1 .
1
 2
 2
'0

  '
M

 

11:1  

P 
O 

0) 

E
N

T
R

A
N

C
E
 

tD 
CC 

0 
cc 

3 LiJ , 	! 
I
CC, 	0. er„....- 
tri 	r 

N
O
R
 Z

 N
T
A
,  

w 

0 -J  
(LI 	Z 
I- 1 	0 Z 
4 	< 

	 03°  

T 
0 6 
as  m 
— 

C
H

A
 N

N
E
.  

O
B
S
E

R
V
E
 r:  

S 

cc 
w 
)-- 
< 
3 

1 	[ 	•ID 	I 

	

hn o Lel 	ui o 6 
o cn cn co co N N (.0 
a) 	CD cO 	CO co CO CO CO 
c 3 1:1 1 3 VI NI NOILVA 313 

U- 

0 

 
T 	I 	 - 

trt 	 0

▪ In 0 ‘n 0 is) 	in 	cr • t

• 	

g) to co 

• 

r-- CI) N 
S3b1.3iN NI NOILVA313 

0 



76 

V
O

LU
M

E 

\ 1•0‘ 

•-I 4° • 	 r ' 	F' 	-+k 
co 	- I-- .., 

	

(a) ..,OUTH FORK CHUTE AND 	 6c)\-..4) 	, 

C)0 	 -. _L E. CENO 0 	 _.. 
- 120- 	 .-- 1.- 	 KITT[TA5 CHUTE TESTS 
a 	

___ 
'S'44  .'/C) 	,---. 	5_ 99TH FORK CHUTE 

cc 	 c'fl  

	

1.001 	
'?.. 
,1/ c, 	 r„. 	'\ 

" CI k 	'''°"f'  ig:4285 
CUMEC 

 i....i 	1 	 4 	ct- 	 % 
1-- 	--, 	 ‹- 	// 	 A i, 	.•"t\ 4 	 (< N0 	 KITTITAS CHUTE 
3 '80- 	 •.<\ 	0 	 2 	a" .. 	 C. 

 

	

J. 	
d 	 ,1--\ 	6,. 

i- 

cc 

o 

	

'GO- 	

c, ,Q,41, 

	

0 	I/ 

••,' ,e, / 

	

''R / 	yi,14  i 	 ....,„, 

0.00 '.  /:■‘‘ ' 
.0,(7''  et  \ 

	

'''- 

	 'fa 
A,, 	 ' 1  ) ad :7  - - 1 io: . . . 795 12 5  CUMEC 

a -:-- 9 • 46 

 tip 	 Q =11 • 35 	

4. 
a 
• 

it o 	
--i 	5 	' vk  4%) „ . Kr• 	 • - IG • 63 	

il 

.Q.., x '401 .40-4 -,..- / 
t 4' t / ✓ 

% 
), II 	 a• : 2202:3050 	

• 

....1 
Ia. 	 ••./ 4 	c.s.  

x -.26'10 .."*. 	 '''>' 	.k, °1 4  

	

'20 -i 	C7(  1,0,...-'\\- 	° it 	 4 :-SUBSCRIPTS  

	

k V • , , :„. 	'1/4  ° 

	

..4 	,1>.--- 	0  

	

1 	./.... 	
• , r4  

is 	 il IL.' il 2.:, 	l' ) I° e  

	

0 IA:14. 	, 	_ __.a_k ::.2 	 : 	 ilf  ' 0.  04 

	

I T - 1 - I - 1—  1 	1 	I 	1- 1 	1 	1 	7-7" -7-7 T-  7 	1 	I 	■ 	I 	1 	II 	,̀ 	T 1  

	

0 	20 	40 	60 	80 	100 	I ?o 	110 	l':0 	130  
21 

	

VALUES 	OF 	v 65  Rc / 

I 	1 . 1 	f 	1 __L __L 	I 	1 	I 	JI 	1 	I_L I 	I 	1 
1'6 0- 

1 

	

rt) , HAT CREEK CHUTE AND 	 • 

2/..C, 220 	240 2 60 	280 

0€(4-4 
cc 	-, 	 4 	C't, -- -------  .„.. --- ...-- 
- Fo------‘ -- a 	 • 	tA ., 	.t...-  

. 	...----''' 	J '''.- 

0 

. • 	-- 

■ -'.,---- --- 

• SYS 

Q 

a O'80-.  

0 

0 

0.40-+ 

0'201 

-4 
CUMECS 

0 	T_ 	
I I-1 T 	T F 	 1-1 —T T f I -1—T -T 

0 20 40 60 <BO 100 120 140 160 180 200 220 240 260 280 

VALUES OF V/gRe 

1'00-  

1.20-  

RAPID FLUME T E 5T5 

0 • rk  • 

• o c 3'26 CUMEC 
4'32 	r1 

• 4  =i0'93 

1) • 20 

...--- 	6 	 • 
' ' 	■ k tAC" 	 • 

p \0 rs•-‘...  .° 	. 

"---•-• a 	• LEGEND • 

HAT CR EEK Ea K CHUTE 

RAPID 

• \12 

(50C  

• • - 	 ce 00 - 

O 

FLUME 

2 
Fl G. 7. RELATION OF AIR—WATER 	RATIO 	T 0 	V/'Rc 



y ct. 5 m v,mis 
0 

NUMBER COFFICIENT 71 TO THE 
_ V 

r It,  -of/  R  

• 

t. 	
- + 	-+-  

CHUTE MOSTAR5K0 BLATO 

747  
a= ?4•40 %I/ SEC 

1--  7 -  

- 	- 
MR 

-+ ----- 

v./ AT E R 

MIATURELAIR 05 

0 	5 	10 	15 	20 	25 	30 

FIG. 8 V E LO CI TY DISTRIBUTION IN THE STEEP 

CHUTE CHANNEL -MOSTARSKO BLATO" 

FOR AIR WATER MIXTURE AND FOR 

AIR ABOVE fT 

%ITT) 

25 
‘./=.1C) 

20 

O 

m 

10 

4 
) 2 4 6 8 10 

3 

,C 
 c7 	.ti  V ej :4739  naVELOCITY AND WATER FACTOR  DISTRIBUTION_ 
a - 	T-  

P1vm Vm Y "1/6•4'" 31 	AT MOSTARSKO BLATO CHUTE  CHANNEL 

0%30 	 0'40 	 0150 	 0'60 	 0/0 	 080 

G 11 RELATION of THE RESISTANCE COEFFICIENT r1 TO THE WATER FACTOR AT THE B0111 

Cm r o 

1 L 	41 KI 1se.. 
1 2 1416 18 20 FIG 10 

■  
0 2 4 6 8 10 12 14 16 19 0 

EpA/ ,/3 
Ay  55380 

-1-1- 

e4 
AIM Y301 Y 	175498 30  

	 .L 	Pus 
4 '6 '8 	1'0 	 rnisec 

VET) 

Q: 59 rr)3/ 
ivm: 0 27 

Vm /7  G5 I  

10 

-f 

/Sec. 

Sec 

Lai 
Ir 

2 

>. 

2 

FIG, 9 VARIATION OF THE RESISTANCE 

Q, 104 17131SeC 

P wm 0 .33. 

Vm =181! al /Set 

n 

o GIZEL DON 

A MOSTARSKO BLATO 

0'008 

0 

0'016 

0 014 

0'0 1 0 

0 

77 



4 4-- 

1.1 
U1 

I 

P+ 

+ 	+ 

+ 

+ 

- 	+ 4- 

- + • 4 	4- 

	

t 	i. 

IX 

o 	a 

O 
E 

O 	0 	0 	0 	o 
in 	l' 	fl 	N 	7 	0 

,N,,,t, \`■\\\\■i \s']...\\ \-\1,‘%\ \ -\ k  \\ ." \ \ ‘''‘'sAs  \ \'‘ 

4.. 

ti 

5' 

IS 

IN.., • 

(Na 
0 	0 Ln 

0  0 0 O E 
in 	E 

0 	0 	0 In 	IV 	 0 
>>.sl. :.-,..,-`._•.1..`.-._;1-..‘:.! 

_.,---5,__---- 

0 

0)' 

z 

"vvvio*.g.,^ 
I 	,1?)11 II 

z 
0 

vi 

0 
cc 
V 

tr,  
LSI 
0 
V 

In 
U 

LL 

0 
-J 
Lri 

C
O

N
C
E
N

TR
A
T
I
O

N
 

0 

IX 

P
E
R
C
E
N

T
A
G

E
S
  

IX 

LL 
0 

0 

S
E
 C
T

IO
N

 

z 
0 
o- 

sct 
0 
N 

U 

LL 

0 
IX 
L.) 

7 



c17 

0 20 

0•15 

0-to I 
0 

T 

FIG 17 OPEN SAMPLER SCHEME 

3J 

20— 613 40 "sec.  

/sec. 
o 

 
T 

0 0.1 	3.3 	0'5 	0'7 	0'9 

®® 	
0 

: _
A

_
= 

_
f(Q) 	0 

—0--  

— 

	

IS 	rn SEC 20 u- 
T 

FIG .G PLOT OF A v,S, Q FROM EXPERIMENTAL DATA OF MoSTARSKO BL AT 0 CHUTE 

 

uY  ri77, 

 

d 

 

 

   

7. 

4Y  a 	  

Section A-A. 

4- 

3' 

4 	S a 7 d p i. 26  2S 	y 

FI t,.18 CURVES 	y) AND ( .1T-cryagy) IN THE 

SECTION 7.70 M 	DISTA N'T FROM 

THE -INLET WITH Q =30 LITERS SEC 

r— REC El vE 

FIG 20 CLOSED SAMPLER SCHEME 

F I G.1 9 CURVES pw IN AXIS OF THE 

SECTION 7'70 M DISTANT 

FROM INLET. 



Q = 523 CUMEC 

• 
•-■ 	... 3 E 11 20 

E 5 L 0 F- 2 :, )4  

4 t' r 	- 	\I 

.3 5 	- 	t 	 P  
, 

2 5 	- 	- - 	 — 
+ F LU M E SLOPE 	 •!' 	 , • 

20 

te-4-- -4- 
	,•4 

F UME SLOPE 2) JO 
.s• 

45 A, 	rF UM F. SLOPE-1'120 zo 
! 	, 	 et,  

5 	 - + 

0, L._ 

o.S o 15 20 25 .5 FT/  

gh 	v- ) PLOT 0 _F N -2 	V " /-r - FOR Q 17 4 0 L I  SEC 
,Y 

A bOVE  

I G..2.1 

3'5— - 
24 - 

20 - 

	  h MOX 	 

16 - 

12 -- 

dm 
8 - 

15 	20 	25 	30 	V 

OF ji,451 V,5. Tv GIZEL DON CHUTE 

	

.40 	 4. 	 I G,24. AIR CONCENTRATIONS AS FUNCTION 

OF SLOPE AND DISCHARGE 

	

*20 	 - t 

	

IV 
o 	 4 i  
'05 '10 	'15 '20 25 - '30 '35 	40 45 	 " '^v " TinsITY orOO 4'' 

S 

• DISCHARGE G IN CUMEC 

1
1
f  I 	T-1-0 r 	! 	ri R-40 I- 'SEC 

.ir 

-+FI,UME 
30-  

10 

o/1 

II 
I 

4 

) cir  

i 1_1 
0 	0'001 	0'002 	0 043 a oo4 01005 0 004 0 ,141 	wog 	h rnlx 

b) PERCENT OF WATER DISCHARGE 

3•0+— 

2'5- 

2'0- 

1'5 -1- 

1 0 
1"0 

FiG 22 P1.01 

M
E

A
N

 C
O

N
C
E

N
T

R
A
T
IO

N
 

roc) 	I 	 

11-4a 	
_ 

•60 	+ 
-v--+-0-- 

.gh 
9 --L/ 
r4 

4 -  

0-- 	I. 	 T 	 -r- 

	

0 5 	1'0 	1'5 	20  A% (o7) 

FIG.23 EXPERIMENTAL CURVE. h 1 

	

SYM BOL 	SLO PE DEGREE 

• _ 	_ 	7.5 
D - 	. 	t5 0 

- 22.5 
A 	_ _ 	 3ceo 

57.5 
4.5.0 
C.0- 0 

44 	 T6 0 

A 
Y 

(ram) 

20 - 



.o6 

6 • 
• 

CI 

z , — 03 

0.90 
— 0'80 

0.70 
--0•50 
	0'40 
	P-3  

- - --r 

-+—SURFACE OF EQUAL! 

AIR CONCENTRATION 

'091 

Si 

•0/ 

• 

• . 
• • 

• • 

—0 20—'• 
• 

! 

	

T---- -r-----r-----"-  - 1 - -r - 	T— T —r--- T - --r 	-'- 	-1-----r-- 	---1-4- 
'07 	'09 	dli 	0-13 	0 5 	017 	019 	des 

DISTANCE FROM SIDEWALL (METRE) 

>- 

0.15 

FIG 25 AIR CONCENTRATION DISTRIBUTION ACROSS SECT ION 

■ 
'03 	'OS 

oz- 

'01-  

330;55.LOPE 

45:37E1  
15.  SLOPE 
22'5 SLOPE 

• 

OF 	FULLY AERATED FLOW. 

0'8 

OA 

0•2 

6 

7.5•  SLOP E \ 

15.SLOPE 	.....„...j,0.! 
22'S.SLOPE 

olV'....1-  
ifr 	 f - -- 0' 

I 

111(w/  STATION 13'r M 	I 

SURFACE : PAINTED STEEL 
CHANNEL   OREA DTH '45 M 

0.2 

./' r 	30 SLOPE . 
37.5SLOPE ' h 	--o 
45' SLOPE i 

_ 	 __ __, ___L____ 	1 .-0-4 

W. DISCHARGE.18 CL.ME C. 
WATER TEMPERATUk F 	'3 C. 

I 

AIR 	CONCENTRATION - C 

FIG 26 MEASURED AIR CONCENTRATION VALUES 

N 	FULLY AERATED FLOW AT VARIOUS 

ANG LES WITH 	CONSTANT 	DTSCE4ARE 

_ o --- 
02 	0'4 	0'6 	08 	1'0 	25 

CHANcEL BREADTH .4 
STATION I3'5m 

SURFACE PAINTED STEE4 

IrkiAT LE( JtSCHARGE 
,\\\■„ 

30 	35 	fir 	a$ 
	

50 
VELOCITY (m1SEC) 

FIG 27. V'E_Q CITY Of'_,TRIB uTI ON 

CURVES Al VARIOUS 

SLOPES FGR CONSTANT 

DIS CH AR GE 

CUMEC. 



-13 
I 

!-I---.,ttti-it-tr- _0 - n; 
+_ 

412_, .1_, „„1. 1 	+LA W 	
...1 
I 	i' IN In 

 

	

# -t 	+ 	. 	- 	.. LD 

1  .- 	 0 
• 1.0 

	

A-C:ii eZ' 	 -,4--- -1- —!----,- 	i-iti 
j- 1. 4- - -4--4 

i 
r....)0,r 4.4N th..:  NC:4 '4... 8.1.,:-)4 c.s! 

V • i 1 -. . 	+c 0 
  N ,  

i---4 + 	c:C 	•  a - a 

	

 .■  n ti ■. 	 H4 	y  i 	+-- 	+ pi 
4 t -4(‘)  i• 

- 1- -  MI 	I 	• 1 	.. 	1 	!t. 	 " la 	 7..4 o`-. 	 I 	1  

r .  -1-I1 -.--- .1 i 	14:- i - - I. 1 	 o  

0  -0 a", a) Cn CO r-- 0 q 	N .-- 	
1-1-- t- 	--4-. - 	--) :__ r-) 

P- 
-  

	

.o) in in 00 In 0 0 0 0 0 	c..) 

	

D--i 	 E-4,---74, 1  I -L7-11--1. 	7' I  14; '" cn 	 (1-.7,-)2  
.LN3 yad NI 	-- 

1---1 ,or----,- , 

j — P 

	

- 	---1-- 4- 
, 	1 	■ 	, 0 

,..,- 

,.._ 

r 	+ 	 ' 	i 	I • -4- 	4 

	

, 	+- - --1---- cG  	li 	! ; 4" , I 	I 	' 	I 	1 O 4.-  ' t 	- ---t T.., 	Z 

	

...._ 	4. 	..1'.._ —4-- ---. 	
1 	o 

4--  f 	Irri— -4 	4- ----4----0. 0 

	

 	4" 	--1" Z 	1,..., 

O til 	 1 
1 	 I + I

Q  ...  

	

4.. 	' 	-4.— :4 	z 	 CC 
I 	 D •4* 	1 1 	 0 	0 	1 

0 	 - 	--i- -1-i-  

4 li Ut 	
+ + i 	1 	 4 - --) :cr 

o 
o z 

1- 

	

_ 	ill I 	• - --Lo 

	

(.... 	03 
, 	r 	 1 	I 	 e e> 	r.,g 	2. 	..... o 	c,. 

w 	 Cr 1:1-- 	 0 ., I 	V ' 	c, w 	3  
7  +- 

1 	
4- 	+ 	t 	* 	4- 

	

cl 4- 	- i- 	(N.) 4 ct 	0 	3 	 L.. 
1 	

b ... 	J 

at ‘zt 
L 1 	1 

rn 	
1 

10 1 	
i I I 

	W 

1- -I 	i  	0 Lj C3  
--I 
••-• 

CO 

Z 1-- 
0 	 0 M N -- 01 	N. l.t) IA g m iv _ 

0 

cu 	NI 73NNVHD JO 1401109 3/109V NOI LVA 373 ° A 

D
IS

 T
R

IB
u

T
io

  N
  

 

0 
0 

 

 

0 
N 

 

   

P
R

C
P

I
L

F
':s  

C
O

N
C

E
N

T
R

A
T

 O
N

 
T

Y
P

IC
A

L
 

311.13est NI 13NNVH3 dO H01108 3A08Y NOI1VA 313 	A 

(42 



0 
u-) 	at) 

cv 0 r, vl 0 ul 

-J 
0 
CO 
I 0 0 1 t. O -0" k fY 

0 
z 

-J 

NO:I.Vh1 IN,33NO) 	Nt V 3i1 W. 138 "N DNO) 	NV 3W 

fn N 

+ 

1,11

▪ 	

*  
-4-1* 	+ 
Py 

„it 	 ifi • 	1.  
t--- -4- 

- _ t  

• t 
• 1 

F
U

N
C
T

IO
N

 

+ 
b. r 

I-- 	 4 	
• 	 4- 	- 

. 61 

lbaJ 

k

f 

z 

T
W 

14- 

eNr 

T _ter 

-21- • --•-••• tD 

Ili 

1 

• - 4- 	4- 

i r'' I- 	 ri.o 

i 

	  -11 

. 

1 1 
0 , 	, m N  7 

10  

r N01.1.V8.1.N3DNO) NV31,4 
	

p mo138 NOU.V2:11N3)NOD NV3IN 

F
U

N
C
T
I

O
N

 

- 4- 

- -t---  

Io 

L 

	- 	t 	 – 

r■J 

C
O

N
C

E
N

T
R

A
T

IO
N

S
 

z 

z 

0 
U. 



0'S 	06 	0.7 	08 10 

0 0' 

1'0 - 

c
▪ 08-- 

•213 
0.6 

0'4 	 
0 

SMO T H — 
CHANNEL 

HOUGH 
CHANNEL 

t 	_T._ 

0'2 	0.3 	 0'6 	07 	0-8 	0'9 	10 

MEAN CONCENTRATION C 

r• 4- • 

- 

l'C 

15 

1'3 

1.2 

1.1 

-r - 

—ROUGH CHANNEL 

SMOOTH 
CHA NNE L 

I 

- f- 

1 

--4 ---- --- 

-- 

I 
+ 

4 

- 	4- 	- 	--i- 

1 
ROUGH 

CHANNEL 

1 

I 

— 	---t• 

---+- 

SMOOTH 
 

CHANN 
	i 	_ 

E L 

,• 

F 	3e 'NF. UENCr 	OF 	ENTRA,NED Alf? ON DEPTHS AND VELOCITY 

FOR 	SM LOT ,1 	AND ROUGH CHANNELS. 

2'6 

2'4 

2.2 

-0 
z 20 

• re 

1'6 

1'4 

1.2 

1'0 
0 

2'0 

1'8 

1'0 

0'9 	 
0 	01 

3'4 	1 

3 2 

3'0 

2'8 

-t• -1 
0'1 0-2 0.3 0'4 

• 1'4 

1'2 

l'O 

0'8 
0 

1'2 	 

• 

cjGH CHANNEL.  

-SMOOTH CHANNEL 

02 0'S 013, 0'9 	1'0 03 



A. 

- tl 

'1,'401',.. 
t. 

0'30. 45 j. ''''-o 
1 a ide4 d6  d • 0'20i i 0/.  ,,  

den. 	I 

	

')10.: 15 '11 e 0 - 	 c 
4r-c; r 

-1. 	2 	C--;- C. Att. 	 -4- 	- • - -4- 	.- 

C3 	-r, 	2C 	3.0 	4'0 	50 	60 	70 	80 	90 	100 	110 

	

FI Il 3 3 ,....0 f UF NAT ER 	PR0F,LE5 AND MEAN AIR ENTRAINMENT 	x/dC& 

(SMOOTH CHANNEL) 

	

1GT 	C.-:, 0 '0615 - 0.S1 CUM EC 
T 	t 	T. 	I 	 I. 

T ' 

	

1"-- 	- -I. -... - 1.--- -1 • - ----- -4--' 	1-- 
I 

	 —t 

85 - 	'5 1  CUMEC 

	

.ta — 	 Els — ] v 
------f"  A 0  
O ...4 "'a 

01
! 0  4  _„! --41r 	v 

_ ..:,--- 4 . 	_ 	_ J_____ 
0 	20 	40 	60 	80 	100 

- t 	-I- 	- -t- 	t 	j 

1_ 

	

I 	il7 
1—r -0--- 

k
-1- 

app ` 
1 

	

-1-. 	- 	-,- - - ---I-- 	---I-----c --+CI---  
I 

D 
'0 

120 

0 

F 10 34 AIR CONCENTRATION MEANS ( SMOOTH CHANNEL) 
140 	IGO 	180 .2 	2 	2 14 F R  = FR  COS trt-- 

E
 N

TR
  A

tN
E

D
  304 

lU 

2G--- 

r 

0'40 

0'304'- 
■ 

ditid 01_  0.21:>, 41%  

IU 

2 0 — t - 4-  I 	 iz 1 -1  
, 	4 	.., 	, 

,_ 	_ „. 	
45 

1. 4_4 	FIG3GAIR CONCENTRATION MEANS ,  

	

; 	 i   

10 +— 
I 	

+ 	 , 	11 	I_ - ir__..._4 	 (ROUGH CHAN NEL)
•  

I + —4— ' 	
a .. 0 • 0 85 — 0.511 CUMEC. 

0 	20 e  40 	GO 	80 
F Ri  ....- F R2•COS2 0C 

Li _I_ I--4, 1 i I 
20 	4o 	Go 	ao 	100 
OF WATER PROF! LES AND MEA N 

(ROUGH CHANNEL) NEL) 

	

/ 	/- 	1- - 1  ' TH---1  

I 

010+ 2 7  

F I G.35 P LOTt NG 
-d 	I 0 	GO 

AIR ENT R AIN E D 
180 x /dr& 



_.... ...i.,___  
- t 1 
l 	

1 

3 a 
V -.- 	( ir, /s-6 c , 

me asv,eED v f Lo I"' /7 

AE RATED FLOW 

0

▪ 

-011 

o'Otqa 

0 	0.1 	0.4 

A IR 

der  
o a1.4 

Olp 

t; 
.0 

C —► 
CONCENT RA 
043744 04#770.4.4 

1".-RE4 Tv , At CET . r 1044.  
- 	 + 

LINE Of OrI4 0 TR ..h/ 

,..,A1.4.1 -ruaisch-ENTI  iON 

----t - 

/77 ) 

FiG 31, DEV ELOPEMENT OF .)IFFERENT 	FIG,38.ZONES IN FULL ( 

1-4),-Arron. ns 	 tk 
aurfR e,..aQE 0%,  7N4

- 

-1 
LO 

r 

/// / / 
I/ 

/r• • 

„// 
An, ruR6uce ,v7 tfrV 

APPRox./nort 

( ,.,1./Ferit4f• 

0'0 31.4  4;•/  

/./L be 0.fm„,..,/, 

wALL 	 LONG 

1- 4 Yt 4  szAtt 4,e,1 
3 I.  59 

BED-V-JGH 
• r 	 T 

3.075 	6075 	9'07 C 

• dm 

0'01 

•G75 2'07 5 

4' 1.0 

-45 
EQ 57 	EQ.57 	EG.57 	EQ 57 

c-Cm 

EQ. Sb 	EQ 56 

-1, 

I E Q 56 ) , 
1141-Vi 

1'2)- 	 

1•O 	- 

.6 1 	FQ 
'4 

1  •2 
211 0 In  

•2 

'4 

I r .6 

* 8 

12 

t 
i t 

= 10'75  tvl 

,74 	32*  3'  
= '031-'057 CUME 

[  1 ,7.cy 	
IBJ:   6 24 

stOPe, 20 51 	f SLOPE 9.  ($' 
9.0.007 CumeC 4 = '044 emAle e. r '  ' T 

II 	
t 

0 01 „4 0.6 as a .L 0,4 04 (51;) I 1, 
y 	- 

1'0 

_J 

SO 
YM 801. SLOPES IN p#6 CELVI 

• REF So 
125 

O 30 1 

O 

ao 	
7.5 
'5 	REF I 

• 12-S , 

'40 1- O 7,5 I_ 	4 

.2o t- 	 -^- 4A 

()
o
ld )  

'1 -- 

ay o 

0 
- 

01 	0.2 	^ 3 
CT 

F I G,.41 POSITION OF INNER 

0 4 	05 

WALL REGION 

4 

ZONES .N AE RATED FL OW . 

DEvE,..0P,, N; I 	DA veLOPED 
E fol E 	F L.Cw AERA TED PLOW 

-em 	 ✓ - 
A NI's 	Tn-7 

o -4 	J 1 

- 

4 
; , t 11111 ;t 1'  

x 

2.2 M 	=3.7 M , =8.9 M "11-3 m 

4 
r 

 8 

Q.-.0-0 44 CUMEL 	31 

(a) ROUGH BED 

39'  
0 '2 'el '6 '8 	0 2 '4 .6 '8 

V - V1 

b1 SMOOTH BED 	Vm -VI  

FIG3i. DISTRIBUTION OF A/R CONCEN. & VELOCITY 

'.,401,, b..LOC ITV 015 T RI BUT ION 

WALL  TURBULENT ZGNE ) 



.. 4  

1'0 

	

I 	111-,C REF. 26 
.SLOPE 310  59 

08 4  

	

d 	G=0'044 CUM EC 
I EQ 62 

-tE  

0.4 -4  

02 EQ 61 

 

5.A.F REF..3 

d
P SLOPE.37 
Q 018 CUMEC 

11 

EQ612. 

02 O'4C 0'6 08 00 02 OS 4C 0  ' 

CURVE 
	 I. 5 c < REA 2G ) 

	

Y MN 	SLOPE prSCH. 2/5 A 
3/•59' 	0.058 	.40110 

0.044 	3.70 
• 

• 	

0 02 	3.811 

/VEY 	C (REF 141 

	

A 	14' 	o•1180 
• 0.(5o 	S 256 

o /20 	3.0115 

• 0.100 	4.266 

o 000 	3 SIT 

5 A F 	REF 31; 

o.212 
.480 
0.36o 

0.18o 
0140  
0.1180 

0 150  

II 

.4-16 0  
5.410 

2 2.40 
ro sfS 
7.540 
7 780 

42.1 

'1 	 '2 
— 

G '44  iLL i./C TY DI5TRIBulION 	IN 	wA,L 	TUR BUL ENT ZONE 

C JR VF 
NG n 

a) 	oo, 

ra). 	v o 
o 0+75 
0 0075 

0.0085 

0'0/00 

cyono 
o '026 

a 0,25 
a 0 o 12 

< r.X44 . 
.1 

__ 	-4-- 

7f--1  r 	4 

`' 	tr 
+ 7 / 

47Z 

"t— 

r 
4.4-1 

RECTANGO,AR 

DE SC R. P T ON 8 PEP 

0 012 

0000 .000011,010 	
44/0 07•1141S REP ( ' 5 ,  ) 

.00011315s 	
m r  covAuaNys DAT), REP 2, 

o.o/Ls 	 Ho, r kitk 	r .et t ,s 

{1 r S C FLUME    

refry rrts 	c Hr, it  .. 33' rot Per 15 

ST AA/ eriONY erAL,S 4e4 .1-- 

.Q 4,710 FLUME 	4,e,. /5; 

REF, 14 IS 

o0/6S 	 C ly pgs 	,Poorvo ol'Er. 71 
.o 017 	 ■ , SC 	GLUM( '24,25 I 

TRAPEZOIDAL 

I-- 3  f r 

Ai 55 

+ 

+ C 	0o7. ch Otto 8 -• 	4- + 4- 4-  
0•0044n< 0007 

001 	 ° 0/24 

FI 	
rl 

G 4 2  RELATION SHIP 	OF 11 AND -(1-  

0 all 
o 0'4 
0 ,

- 

0 16] Rufrz WASTE]-A Y 
Mc rOmOUSH{, ..0 

DA 7.4 (REF. 21 ) 

FIG 43  DISTRIBJT.ION OF AIR CONCENTRATION - WALL TURBULENT ZONE 



LU z 

CC 	'I)  

Z 

• , 

I 

B
O

u
  N

 D
A
 R
I  

U 

-J 

z 

0 
0 

W V 

I i 

z 
0 

ft 
LU >- 

B
O

U
N

D
A
R
Y
  

S
U

R
F

A
C
E
  

1-T -  - 1 	I 
-I-  
...,.. ' 1 t ' 	- _,.. 	-4- .-_ _.-,- ---, 1-- 

• ••-+-- - •• r 	 _ _ - -;--1--+ 1 ---i• 4 4-  ' 
-I-- 

	

CI 	 -t ''.+ 
■ 0 ° -1---11. - "--r. - 	 I' + 9' 	• 	■ 	T 

...., 	.... ...h___  

I 	

1 	t 	

+ 	, 	I--• • .- 	--- - + 	 :I,' 

OP 
• + 	 - -1. - - 	-- 	 - 	+-- ..... 	r4.3 /1 k 

-  FEEIE 
D Z 
0 0  

0 

u. Z 
z 

cc 

z 

V i  C) N 	---4- l• 

LL. al 	I CC b L1J  

in • 1 • ,..0  1111 LD 

- 	I 	'11 4-/ 0 V 	 + • 
• ) 

0<  

	

V f 11 

• 	

- t. 4  4 	t 	. 	,,.. 0  
l•-• 	0 • 	L.J 	 A 	c`i 
a, 

• 

_ I 
,r, 	0 a 	 -r 	0 a 	 -t- 	i 1 	u F-  - 

	

..... 	_.. „ 	lo 	 ito ,..1 , 

	

rn 	 ai , LI, 	a) 	 K  
.../ 	er W • ,....) 	1 	 s.....- 	 CE t/1' • 	I %.) 0  iii 	 ., 	. 
I-L a3 
	

3 O 4 < u.,el ,1 t) 3  o.. • 
a -  
..-. 	0 t•-• Ln L. 

i
o 	

4.1.1 I I i I 	1 (0 ' 	C. t.) 

2 - y,  ° 4 - 

w ' 
■-• 

CE 

CE 

-1 

UJ 

V 2  
0 u  

ul 	I 
N. cv 

0 
0 

I 	 1 
++ + --+ 	+ - 	+ 	 1 	 + 

- - 	-"  

D
:5

  C
H

A
R
G

E
  

111 

F - 
0 

Og.,0 	C.  
cocf3  

--I 0 

1 

—4 

B
E
T
w

E
E
N

  


	WRDM107455.pdf
	Title
	Synopsis
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Conclusions
	Appendix


