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S Y  OP S  S 

The growing ooncern of Air Entrainment in Vertical Shafts led to 

this investigation. 

Vertical shafts, under two specific Hydraulic conditions, were 

considered in the study; firstly, shafts with free flow in them 

and soondly those with an Annular Hydraulic Jump. 

A theoretical analysis as to the actual mechanism of Air Entrainment 

is postulated in Chapter II. The theory established for the case 

of free flow in the shaft, elucidates the óause of Air Entrainment 

as being due to Suction effects resulting from an increased air 

core within the Shaft. The semi-empirical theory developed in 

the case with an Annular Hydraulic jump, demonstrates that the 

process of Air Entrainment is solely due to the spreaa of the 

Annular jet; which envelopes air along its path of travel and 

.nulfs the air so entrapped, at the jump. The magnitude of the 

_-.r Entrainment under the latter condition is very much less than 

he former. 

The i'xperimental Analyses support the theoretical approach and 

Js illustrate the phenomenonof different flow regimes beyond 

the Annular jump. These flow regimes are classified with respect 

to Frourio Numb or ani yield useful design information. 

iric: yp ysis presented in Chapter VII, to predict protote 

-tnd other model size performances, indicates. that the air-water 

ratio increases with decrease of model scale. The Nomogram 

;rovided for the purpose of this prediction is applicable to 

::odel tests/ 
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model tests conducted on Froud.e's criteria. 

Since a panacea for Air Entrainment in Vertical Shafts may not be 

available in the near future; the fruits of this study while 

offoring a cloar unthrstndin& of the underlying mechanisms, would 

also provide useful data for the use of Vertial Shafts with Air 

Entrainment. 
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CHAPTER 1 

INTR 0 DU CT IO N 

1 - 00  GENERAL INTRODUCTION 

T.Tater has one thing in common with fire; while it is a 

splendid servant, it is also a treacheotis master. Its 

service has been mainly to provide the necessities of 

life, the ancients with little or no knowledge of the 

basic physics of fluid flow, developed water supply and 

irrigation systems which still exist as Engineering 

wonders of the world. 

As some of the masterful tendensies of water, it is 

worth mentioning, a few but serious efiects, su•h as 

erosion, flooding and cavitation. The. detrimental 

effects resulting, have been well recognised in the 

recent years and haw been of much conoern for the 

research workers in those fields. 

What does the future hold? It is impossible and 

presumptuous to predict the forthcoming fruits of 

research. However, there is much that can be learnt 

from a study of the past, for it enables the present 

to be viewed in its true perspective and is the basis 

for speculation as to the future. Although the 

fundamentals may have been discovered, their application 

to complex problems still affords much scope for the 

exercise of human intellect. 

Just as importance is laid on knowledge to utilize 

water more effectively; in irrigation,Hydroelectrio 

scheies etc., it is eoonomi.ally just as important that 

rc :arch/ 
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research is done to find the cause and remedy the damage 

done, because of the very utilization. 

The present study is focused on a particular adverse effect 

of water i.e. iir Entrainment which leads to Cavitation. 

The Air Entrainment in Vertical Shafts which would normally 

intercept water to an underground feeder tunnel; that would 

be either under pressure or otherwise, is investigated. 

Assimilation is also attempted to the circumstances when 

the Vertical Shaft would either feed directly on to a 

turbine or to the atiiosphere as in the case of an outfall. 

The Frontispiece displays an artist's impression of a 

typical river intake scheme, with a vortex entry conveying 

water to an underground feeder tunnel, through a drop shaft. 

The widespread interest in Air Entrainment has led to a 

variety of research including the question of Air 

Entrainment in Vertical Shafts. The Author. however, 

feels that in most of the research concerned with Air 

Entrainment in Vertical Shafts there is a dearth of 

knowledge on two important aspects. which are as mentioned 

below. 

A clear understanding of the underlying theory involved, 

in the phenomenon of Air Entrainment appears hardly 

sufficient. This is due to the fact that most of the 

investigations in this field are on a purely empirical 

basis and the results which have been postulated depend 

a great deal on the experimental techniques, for their 

validity. However, an attempt is made in the present 

study to establish a plausible and a consistent theory, 

to illustrate/ 
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to illustrate the mechanism of Air Entrainment in drop 

shafts. 

At a time when Hydraulic Engineers are be orning increasingly 

aviare of the "Scale Effects", that constantly persist in 

model analysis and thereby hinder precise prototype predictions, 

the need for a: method of evaluating such discrepancies and to 

advocate requisite allowances is a matter of growing concern 

to the designer. An intensive study of five different model 

scales has been incorporated in this project with a view to 

elucidating the magnitude. of such scale effects and to vouch-

safe prototype predictions. 

1.10 Cavitation. 

Cavites occur in almost eversr liquid of interest to man as 

well as in man himself. It is this ubiquitous occurrcnce 

that demands a thorough scientific understanding of not only 

the phenomenon itself out also the factors aggravating it. 

An infinite liquid velocity in close conduits is impossible, 

since there is an inter-relationship between pressure and 

velocity. Cavitation will therefore, as a ruler  occur in a 

liquid when the dynamic conditions cause the pressure to fall 

below the vapour pressure of the liquid. These cavities thus 

formed will collapse when the pressure rises above the vsoour 

pressure. 

If the collapse occurs igainst a boundary or solid object, 

small particles of material may be removed from the boundary 

or solid object which, over a period of time may result in 

serious damage which is termed Cavitation Pitting or 

Cavitation Erosion. 

fhc ir:cir:int/ 
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The incipienof Cavitation as occuving on ship propellers 

or or turbine blades is due to the collapse of air bubbles 

in the microscopic range. Air Entrainment as referred to 

in this study, would not however cause iajor detrimental 

effects but would promote its occurrence 

1.20 A LVIjW OP PAST LITERATURE 

:n this section a brief review of some of the investigations 

carried out by others is made. Reference is also made 

concisely to theories whiöh have been incorporated in the 

subsocuent chapter, wherein a detailed review is made. 

1.21 Laushe L.andvjsF.T. 

Laushey and Mavis (i) conducted their investigations at the 

CarneL.:ie Institute of Technoloy, United States. They carried 

out measurements of the quantities of air entrained by water 

flowing down vertical shafts 30 ft. in length. The shafts 

were made of Lucite, 28 in. and 56 in. in diameter. The 

reported that the Volumes of Air depended on the following; 

The type of entry to the top of the shaft. 

The distance from the inlet to the hydraulic grade 

line in the shaft. 

(C) The diameter of the shaft. 

(d.) The amount of Sub-atmospheric pressure. 

For spiral flow in these two shafts, the ratio of air to 

water depended primarily on the distance of free fall to 

the hydraulic &rad.e line. In their experiments, the air 

measurements were made at the exit. 

The variation of the Air-Water ratio witii the free fall 

were as follows. 

Small shaft/ 
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Small Shaft 	 - O•15 y 

and for Large Shaft 	 = 14. 

where 0 a and Ow are A-ir and Water discharges and Y is the free fall. 

They observed that the entrainment of air was due to reasons other 

than uctici:. A comparison of Radial motion to spiral motion is made, 

indicating the preference to spiral motion. Some of the results of 

their findings are as shown in Figures 1 .1 (A-D). 

1,22 Viarelli M. 

The invesiations Vipareili conducted at the University of Naples, 

are reported in his paper (2) 'Les Courants d'air et d'eau d.ans les 

uits verticau.x". 

He concluded that when the shaft inlet and outlet pressures are equal, 

the water falls freely along the walls; at low discharges a central 

core forms, surrounded by an Annular flow of water; at high dizchrges, 

tr. air core breaks up into large bubbles or air pockets. In these 

cases, the air velocity tends more and more towards the water velocity 

as the length of the shaft increases. 

He also stated, that when the pressure at the outlet exceeds that at 

the inlet, a hydraulic jump usually forms in the lowest portion of 

the shaft. If the jump is complete the Air Entrainment rate depends 

both on the free falling distance of the water above and the flow 

downstream. If the jump is incomplete, the air flow depends on the 

water velocities before they are damped out by the very turbulent 

conditions in the jump. 

An empirical relations-Lip derived, for conditions with a jump is as 

follows: 

=0922 
w 	 CL ...i.22 

where Q.a and QT, are Air and Water discharges and f & d are the free 

fall and shaft diameter./ 
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fall and shaft diameter. The results of his experimentation in 

establishiri the ove relrtionship ame  as shown in figure 1 2 A. 

The air mea3urement were made in the experiments at the entry 

into the shaft; the arrangement of the measuring instrument and 

its effect on the water surface profile is as illustrated, in 

figure 1 2 B. 

123 Kalinske A.A. 

Kalinske in his investigations; on "Hydraulics of Vertical drain 

and Overflow pipei" carried out at the Iowa Instiute of Hydraulic 

Research reportcd the following in his publications (3). 

The ina.ximu.m velocity of the falling viater is reached witin a few 

feet of the entrance. The total rate of air flow down the pipe 

depends on the pipe size, water discharge and length of pipe. The 

maximum rate of air flow is obtained at a relatively low water 

discharge and this air discharge may be in excess of tha viat3: flow. 

In his endeavour to ascertain the head required for pipe full 

he dbserved that the head at which the pipes begin to flow full, 

depended on their length and that the longer the pipe the greater 

was the head. required. 

He stated the following relationship which would enable the head H 

to be determ5ncd for a pipe of length L. 

H + L = Ce.V21 + (fL/D)iP/2 + /2g 

whore C   is entrance loss coefficient •  

f is ordinary pipe friction factor. 

1 24_ydrailic Research Station 

In the report on Hydraulio Model Investigation of a typical drop 

shc.ft and de-aeration Chamber, the results were found to be of 

great interest. The model investigations were conducted on a drop 

shaft in the Plover Cove iiater Supply Scheme in Hong Kong. 

The report/ 
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The reort (4-) stated that the affect of the vertex chamber decreases 

with decre asine flow. It was aentioned that la.re quantities of air 

were entr -7 inud at the tra:sition fron the annular jet to pipe-full 

1tvi. -  or- annular hydraulic jump (5). The volume of air carried down 

the drop shaft has been found to be greater with a radial inlet, 

since the water tended to fall haphazardly down the drop shaft 

causing a larger exposed area, which resulted in an increased volume 

f air bein entrained. Indication was also 1rade that the ai.r-water 

ratio decreased with increasing scale and this was explained, by the 

incrc-a5ed Centipetal movement of tho air bubbles. 

!k... J uick M.C. 

Quick made known from his invosti6atjans that when an Annular film 

of water flows down a vertical pipe leavin' the centre of the pipe 

filled with air, there are certain circumstances under which a 

sudden transition to the pipe-full condition ctn occur. In his 

theory (8) he explained the olechanism of thu jump,especiaily the 

central tongue of fluid which stands on the jump. The occurrence 

Of the  jump is discusd by c onsid ,~:rint enerty losses throuh the 

system. It is shown qualitatively that the jump position is 

determined by these lcssos. 

126 	ckersP. ,?nd Crump E.S. 

The investigations conducted by these two authors are described ii-

their paper "The Vortex Drop" (6). They explained how a drop shaft 

with its inlet in the form of a vortoi: chamber may be used for 

transferring fluid flowinL in an open chanel t a lower level. 

They combined, the hydraulic properties of a free vortex with the 

Bernoulli equation and by applying the principle of maximum discharge, 

the relationship of Head to flischaree was obtained. 

They forwarded/ 
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They forwarded a theory which illustrates the behaviour of the Air-

Core '::ith varyin .  water di.schr&e. Details of this theory are 

presented in the next chapter. 

127 Dawson and Kalinske. 

The above mentioned authors published a report (7) on Hydraulics •: 

Pneumatics of Plumbing drainage systems. The main purpose of the 

investiation was to determine how water flogs down partially full 

vertical pipes, the velocity it attains at different heights and 

how that velocity varies with rate of dischar.e and size of pipe. 

They derived, a relationship to determine the maximum terminating 

velocity and to determine the position of its occurrence. Their 

analytical appr000h is dccribed in the next ciaptr. 

128 General Cooents on the Litrature. 

There appears to be a correlation between the results of Laushey 

and havis with those of Viparelli as seen on fiure 1- 2. The 

re:Ltionships derived by Laushey and i.11avis do not consider the 

shaft diameter; hence there is a necossity for different relation-

ships, when different diaoters are considered. 

The results on Fig. 1- 2A produced by Viparelli, indicate a group 

of experimental points, whch devite from his general equation. 

This suggests a possibility of scale effects which has not been 

accounted for. 

Results of the Plover Cove scheme though largely empirical, produced 

a variety of information, useful to a research worker in this field. 

The extensive study of the do-aeration charactristics is unique. 

The hydraulic theories developed by Ackers and Crump rs to the effect 

of air/ 
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of air-core variation and also the teory developed by Dawson and 

Kalinske with resect tc the velocity variation in a vertical shaft, 

have been tho £round rn which, the author's theoretical analysis is 

based. Therefore those theoros are dealt within greater..detail in 

the next chapter. 

130 The Scope of the Presnt Inveatipn. 

ith reference to the literature mentioned in the preceedin suction, 

it is apparent that a great deal is yet to be known about the mechanism 

of Air Entrainment. The cause for Air Entrainment in the ah3encc of 

an annular jurip is not evident. Though it has been mentioned. (4.) 

that in the case where a jump is pr--sent, large amounts o' 	c.>Je 

entrained (at the i pact), a quantitative analysis af the air 

entrainment at the jump needs further investiatin 

The ubiquitous ue of model analysis would not vouchsafe confident 

prototype predictions unless the scale effects are accounted for. 

To elucidate the disparity of predictions a clear understanding of 

the underlying phenomenon of Air ntrainment, occurrine in several 

scale sizes, is necessary. This would facilitate a semi-empirical 

relationship to be devolcped. 

In the present study it is envisaged that a theoretical analysis 

would be produced wherever possible. Also from the experimental 

results o. theoretical procedure may be justifi.. 1, where available, 

i.f not the experimental results would be utilised to develop 

empirical relationships. 
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CHAPTER II 

THE ORETI CAL 	ANALYSES 

20 IITRCDUCTIO? 

The theoretical analysis of Air Entrainment in Vertical Shafts will 

be considered under two main sategories namely air entrainment occur-

ring under free flow conditions and, with a jump in the shaft. 

In the analyalo of the free flow condition an ideal flow state is 

first considered, ignoring the spread of the water surfa.e, as it 

falls along the shaft axis. The reason for such a consideration is 

to evaluate the surface profile of the water discharge ignoring the 

aeration of the surface. 

When a column of water falls under gravity, it tends to increase its 

vertical component of the Axial Velocity *ntil it reaches a certain 

maxi--um terminating velocity at a section which shall be herein 

after referred to as the "Terminating Section". Investigations into 

the velocity variation along a vertical shaft ha been conducted by 

Davison and Kalinske (7). The finite velocity at which a raindrop 

reaches the earth, illustrates the above phenomenon. 

The increase in the vertical component of the axial velocity of the 

water, from the throat section to the terminating section, gives rise 

to a decrease in the area of cross-section of the flow in that region. 

At any section this decrease in water area causes an increase in the 

air core. In the ideal state considered, the shape of the air core 

vrill be similar to that of an elongated bottle, with its neck as 

the region where the vertical velocity is increasing. These effects 

in the surface profile are as shown in figures 21, 22 and 2 .3. 

The volumetric increase of the air core with the fall, gives rise to 

a vacuum effect within the shaft which in turn draws air from the 

atmosphere/ 
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atmosphere to counterbalance the negative pressure. It is tiis 

quantity of air which could be measured at the iintry into the seft. 

A portion of this air will be en,eloped on the surface of the water 

profile and the rest will be draed with the water, due to the 

affect of the principle of exchange of momentum at the air-water 

interface. 

The effect of a jump in the shaft is to prevent the flow of air in 

the central core. The only quantity of air which could be carried 

beyond the jump is that amount which is already enveloped due to the 

spread of the w6ter surface. Even this air could be rejected if the 

velocity beyond the jump is low enough. The latter aspect will be 

dealt with, in detail in Section 54., 

2.01 Air &itrainiiient without a 

To establish a plausible and consistent theory as to the air entrained 

without a jump, it is necessary to evaluate this excess supply of 

air by considering the difference in volume of the air core under 

two specific conditions. Primarily, the volume of the air core in the 

state already described in the earlier section and secondly under a 

further ideal condition where there could be no vacuum effects. 

This latter condition could be obtained only if there is no increase 

in the air-core diameter beyond the throat. Hence, by assuming no 

increase in the vertical component of the velocity and therefore no 

increase in the air-core diameter, a state which causes no vacuum 

effect could be visualised, having a core diameter of a cylindrical 

shape with a constant diameter as that at the throat. The length 

of this cylinder will be equal to the entire shaft length. These 

volumes are as seen in figure 23; considering vacuum et'feeta the 

volume is (A + A2); without vacuum effects volume of air core is A2. 

The diameter/ 
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The diameter of the air core at the throat is controlled by the 

geometry of the vortex chamber and the discharge through it. The 

method of evaluating the variation of this diameter with the discharge, 

for a particular geometry of cha.ber has been put forward by Ackers 

and Crump (6), which is utilised to determine the volumes of the air 

cores under both conditions. 

Computation of this difference in volume entails the evaluation of 

the surface profiles from the throat downwards and this is facilitated 

by the use of a.Computer Program (No. C/018/0018) a flow diagram, of 

whioh is shown in figure 21+ and described in detail under section 

2 0 14. 

2.02 Air Entrainment with an AnnularHdraulicJum,. 

The effect of the jump is to disrupt the free flow of air in the 

core, leaving the entrapped air in the water surface to be engulf d 

and carried beyond the jump. The presence of an annular jump in 

a vortical shaft is duo to the transition. of the flow from an annular 

jet to pipe-full flow, analagous to the change from super critical 

flow to sub critical flow in an open channel (5). When a drop shaft 

feeds a tunnel under pressure, the pressure in the turmel C': uses a 

column of water to occupy the lower end of the hatt, equivalent 

to the pressure in the tunnel. Even when there is no flow in the 

drop shaft a column of water would represent the pressure in the 

tunnel. Due to the advantages of having a cushion of water various 

methods are adopted to create a standing column, even when the tunnel 

is not under pressure. 

A commonly practised method is to have a constricted shaft exit in 

the form/ 
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the form of an orifice or a nozzle so that a reasonable head above 

the opening ould persist at all discharges. This head could be 

varied, by altering the size of opbrul.ng for the particular dischar,e. 

The presence of an annular hydraulic jump causes a large proportion 

of air rejection at the point of ii:act. Although air entrainment 

would occur for reasons similar to the conditions prevailing without 

jump, the air rejecticr' which takes place at the jump reduces the 

net quantity of entrainrent. 

In the present study thu analysis of air entrainment with a jump is 

not purely theoretical. The relationship for the air-water ratio 

derived by Viparelli (2) as mentioned in I 22 appears to be in fair 

accordance with the Author's experimental results (see figure 6.30) 

except for possible discrepancies due to Scale Effect. By under-

standing the underlying phenomenon responsible for the entrainment 

under this condition, which is the spread of the annular jet, a semi 

empirical relationship could be derived to predict the maLnitude of 

the spread for a particular discharge and shaft diameter. The 

growth of such a jet could be eat.blished as a straight line and 

therefore the air entrainment would depend on th: difference ii, the 

cross-sectional area due to the spread., crtsidered at the point of 

impact. 

2I011YDRA(JLIC TIORY FOR FREE FL017 CONDITIONS. 

211 Variation of Air-Core diameter at the Throat. 

7ith reference to figures 21 (a and b) a free vortex is considered 

at th entry to the shaft. 

Hence, by considering the properties of a free vortex the riluthod of 

analysis for the conditions both at the inlet and at the throat of 

the vortex chamber, 	conducted. 

With the notatior/ 
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Notation 

C 	Circulation. 

v 	WhirlinE component of the velocity. 

E 	= Total H 	(relative to chamber floor). 

V 	= Vertical component of Velocity at the throat. 

p 	= Static pressure. 

a 	= Air core diameter at the throat. 

d. 	Intornal diameter of shaft. 

f 	= Fractional air core at the throat. 

r, and. r2  = minimum and maximum radii of vortex chamber, 

t 	= Distance between throat and floor of vortex chamber, 

Q 	= Water discharge, 

(17 
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pith notation [i), 

At any general section 

Circulation C = v.r 

By Bernoulili's Theorem 

C2 
E = 	= 

With the assumption of zero energy loss in the chamber, the velocity 

distribution of the fluid entering the chamber is as shown in 

equation 211.,, and the total enerr will be constant as in 20IIB. 

Acr..ss section ii irifiure 21A 

the discharge Q fr2 vydr 
r  

J r2 
C- 2r dx' 

= [E.G. log  er + C/1r 2 ] '2  

r 

	

2 	C 	
E1/2 	

2 
= E.C.log - - 	r - /r 

2 

	

e r 1 	49 	I 

Consider the throat section tt in fi,ure 21g. S.nce the shaft is 

considered to be open to the atmosphere, the static pressure in the 

core at the throat will be atmospheric and from Bernoulli's e.uation, 

its energy with the throat as datum is as follors: 

B +t = 	+ 	+ 

Now at the air-water interface at the thror:t section p = 0, r = 

Substituting in equation 211D 

2 
B +t =2C/a 

2 
+v 

2
/2, 	 211E 

Since by the equation of Continuity 

the dischrge/ 
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the discharge Q 	(d - a2 )V 

and by introaucin a2/d2 	f, the fractional air core, it is 

possible to combine with euation 211E to give 

Q 

 

% /I+ d2 (1 -f) 29 (E + t) - 4.C2/d2 f1 ........2'IIF 

The above equation was first aerived by Bi. i.e and Hookings (8). 

By partially d.iiferentiating, it is possible to apply the principle 

of 'iaxirnum discharge' to d.eter':irie the size of Air Core which for 

a known gestry will permit the greatest discharge for a particular 

energy. 

i.e. 	 - 0 - - 2g(E + t) - 4.C2 /d.2 f af - - 

+ (i - f)-22g(E + t) - C /d.f} 
d.f 

2g( + t) ..4C2/d2.f = 2(1 	f)C2/d.f2  

g(i ~ t) 	2C2 f/d2 f2  + C2  (1 - f)/d? 
2 

+ t) = 	(i + f 	 .... 

a. f 

inserting in equation 211F 

Q 	a2 (i 	r) 	"c2  ( + f) - 
24 	 Y 

 

e. f2  

Q = 	c(i - f) /12(1  + - 	

- 

CICQ = 	
2 0 -  

4- 	 .211H 

In this equation, C the vorticity is not readily measurable. 

Considering thC thr e equations a'ready derived for the inlet 

condition, throat condition and the maximum discharge and re-

writing chezn in a non-dimensional form. 
r 	 2 	2 

Q/cic 
L/ 	 2 	3 d 	d = 	d log —} - C .gd 17 - pr 	.........2'llI e r, 

	

1 	2 

Q/d.0 	12(1  
f .........2:1J 
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(E + t)/d = 0  + r) 
..........211K 

6.2 fA  

Substituting for Q/dC froi equation 211J in equation 2111 and 

also for C/g13  from equation 2 ,117in equation 2111. 
r 

; 	= F/d log LL 
f 	

e tri 

	

_____ 	
4 2 Z 

- 	 ci. 	(1+f) 
1 	2 	•• .211L ...... 	. 

Collecting terms 

hog 
r2 	d2 	d2  

- 	(-) 

- 

 

IT 

 J2(1

- f) 3 	tf2 	d2 	d2  

	

~ f) r2  - 
1.2 
	 ..211M 

To si: plify the algebra 

let F t 	f2/4.(i + f) 	 ..........211N 

F2 =/4. ( 1/f - 1)12(1 - f) 	 ..........211& 

.c.i = log 	 (r2/) 	
..........211P 

= d2  2(r2 	2 - i) 	 ... ...... .211 
/r2  2/r1  

and substituting in equation 211M 

[GI -Pi.G.2] = F2 

GI & G2 are geometric properties of the vortex chamber; 

Fl & F2 are parameters depending solely on the fractional air core. 

Ackers and Crump suggc:ted the following procedure to evaluate the 

variation of discharge with the fr.ctional air core. 

Calculate Ci & G-2 for the 6iven geometry. 

For a series of values of f, calsulate Fl & F2. 

Insert in equation 211R and evaluate 

Evaluate c2/ga3 from 4Fl 	+ 	= 

c2 cia 	 ( +t) hence 	
3 2 

	
J4 F1 

gd.. d 
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i.e. d.0 	d/2 	14-Fl (E 
-i. 

Substituting value of 1C from above equation in equation 211H 

Q = 	 F2 J4FI (E + 	 ....211S 

Evaluate-Q, from equation 211S. 

Interpolate values of f for given (regular) 'values of Q. 

.12_ Var.tion of Air-Core dimter  along 	Shaft. 

(from the. throat to Terminating Section) 

With reference to fiure 22 and notation 12.1..  Let £ih.be an 

accelerating elemental annular ring of water at a distance h below 

the throat. 

ass of water in = h) A. 

then mS=  Tag _I.ir.dh)w.V 2 	 .........212A 

Since the shaft is n"t flowing full, the area A can be best 

expressed as QW 

Also to use the frictional resistance as d.lmcllsionle.3s K' is 

re-laced by dividing equation 212A by in. 

- 	(K/)lTdh)v2 
- 	- .(h)(Qw/V)(w/g) 

i.e. s = - rdV 3  

Q w 

For any particular dischargeL_d  is a constant 
QW 

l(jrd 	 VdV let Z = (-) and since S 
Qw 	 dh 

VCIV 
S 	g-ZV3 

1.. 	dh = V.dV 

g-ZV3 
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Hydraulic 	Conditions 
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Notation 2_1 

= accelerating elemental annular ring. 

h 	distance of the annular ring from the throat. 

hr. = depth of the terminating section. 

L 	= length of shaft. 

d 	= 	diar.ieter cf shaft. 

K '  = frictional resistanc expressed in force/unit area/unit 

density/un.t velocity. 

V 	= average velocity of water (friction varies approximately 

as square of velocity. 

V, 	= unit weight of water. 

g 	= gravitational constant. 

S 	= acceleration of water at any point. 

= area of flow in shaft. 

Qw 	Water discharge. 

Vn = maxirnuci terminating velocity. 

Vo = throat velocity. 

x 	aircore diameter at depth h. 

Qa = air discharge. 
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At the maximum temL ating velocity, acceleration is zero. 

1.0. 0 	g -,.j 

therefore Vm = 	
/ 

••.••..... 

Variation of Veloci 	rithheiht. 

Velocity V = Vo at the throat section. 

also 	V = Ym at the terrninatin&  section. 

Using equation 212C dh = 
g - ZV 

inte8rating. for the limits of V from Vo to V 
h 	 VdV 

h= /dh = 
g - ZV3  

1' - ____ 	 ­3`1V 3.VmVo 
QYm[log h + - 	- log ii +(Vm - (va - v) 

2V±Vu 	 2V+Vii (arc tan V 	arc taxi 	
T 	 ) 

J3ZVm 

(Derivation from 212E 1  to 212E is presented in Appendix). 

This equation relating the velocity variation with depth of fall 

was first derived by Dawson and Kalinske (7) 

Determination of frictional rcsistance K. 

From equation 212D 

,c-I3 Vin= 

but K the frictional resistance varies with the square of the 

velocity. 

Using iiaiming'a forula to find Vm 

V 
 =486  

---- 

R2/3,1 /2 

where n is the rrughness ooefficiènt 
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R thm Hydraulic Radius 

I the gradient 

R- -1-  
- Vf.I 	17d 

I =sin9O0  =1 

1 -484 Qw 2/ 
Therefore Vm = n 	'irVm& 	•1 

2 
5/ 	1 •t.86 	

'/ 
3 

i.e. Vu 3 

Vm 	i4S6 
3/5 	

:.;W 2/ 
-( n 

Equating 211D and 211F 

. . . . . . . .21 2F 

3/ 	2/ 

= Vrn 	
( 1 .4.86 )  5  ,f)w '5 

K1Td1 	 ' n 

6' 
- 	5 = , 

(-)

/ 

KITd. 1 	" 
1 -486 

n 

	

9/ 	 6, 
(1.4.86) 	Ow / 

(r) 	•;,=e Kird  

K = 
i_4.86/ 	' /5 

	

/ 	rrd.' 	 ......... .212G. 

Fron equation 2-12E, the height at which different values of V 

(from Vo to Vu) could be evaluated. From these results an inter-

polation could be made to cbtain the variation of V for given 

(reular) values of h. 

Hence the air core diameter at any height h could be evaluated as 

follows: 

Ow 	( - x2 )V 	where x = air core diameter at a 

	

- 2 
Qw.1i. 	 general section. 

_J 	L1 

'rV 

where '1 = ? ( h, Z, Vo, Vu) 
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213 Volumetric kmaysis £f_  Air _Core. 

With reference to figure 22. Consider the Leneral section, h 

units below the throat and having an air core diaieter of x units. 

Area of cross-section of the annular ring of water 

(a2  - 2) 

i.e. Qw = iT 
(a2 	

2)  v 

at the throat section 

Qw = .j (a -a2 )Vo 	 .s..o.....2'13B 

and at the termi nating section and beyond it 

QV; 	 -x) 2 V 

Consider the shaft in two sections:- 

(i) From throat to the terminating section, 

and (ii) From terminating section to the end of the shaft. 

Let q
A  = total volume of air core. (under normal conditions) 

= volume of air core in the 1st section of shaft. 

= volume of air core in the 2nd section of 6haft.  

= total volume of air cor. (with no vacuum effects) 

(Section 200 describes conditions necessary to produceq and(). 

In the first section of the shaft; 

Volume of an elemental disc of the air core 
2 

IT- 

Since!= 1T(d2 	
) 

and also V = f (ii, Vo, Vm) 

hm 	2 
q 	= / 	- 	

Ow 
I 	

0j 	f(h,Vo,Vm) 
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In the second section if the shaft 

Qw = (d2 -) Vm 

2 
7T X 	1T' 

in = ( 	• v 

= 

Therefore q 2  = (. d 
a  Via - Qw) (L - hza) 

Via 

Hence the- total volume of air core 

= q 1  + 

hm 

f 1iid 2 	Qw 	 (L - hin) = 	
- f(h Vo 	- 	1 + 

	Via 	
('d 2Vm - w) 

0 	 , 

. . . . . . . . 2 & 13F 

The above equation evaluates the total volume of air core under 

normal conditions. 

To evaluate q the total volume under the idealised crndition, 

having no vacuum effect, variation of the air core at the throat 

with the water discharge is used as derived in 211. 

Air core diameter a = f (Qw,G) 

where G is the 6eometry of vortex chamber. 

1oweer qZ. a2 . L B 	14-  

Substituting for a in 213G- 

• • . • • .2'13G 

= 	.L.jf(Qw, G) 12 	
• • • • . . • • . .2.1311 

The scope of this analysis is to correlate the volumetric differennce 

of 
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of q a end q to QA the rate of air discharge into the shaft. In 

doing so, a period of time should be con3i1ered over which the 

volumetric difference 	occurs. This period of time is the 

corresponding time taken by water to fill the remaining volume 

(shaft volune - total air volume) of the shaft at the particular 

rate of flowQw. 

It is probably evident at this stage, that with the increase of 

water flow there is a volumetric increase in the difference of q A  

and 	Howver, it is evident that with the increase of water 

discharge there is a decrease of the fractional air core which 

results with an increase in the throat velocity of the air. But, 

from the principle of the exchange of momentum it is clear that the 

air velocity cannot be treater than the water velocity at the air-

water interface or any where else in the core. Hence a controlling 

factor of the air flow would occur when the air core diameter is 

couparatively smaller and when the throat air velocity reaches the 

maximum terminating velocity of the water. 

214 Method of Computation. 

To elucidate the two latter aspects in this analyses and also to 

curtail rigorous mathematical analysis, the following procedure 

with th aid of a Computer Program is incorporated. 

The cceputer program (No. CIE 018/0018) enables the air flow to be 

evaluated for a cIropshaft having a vortex entry, for diffrent 

values of water discharges and shaft lengths. 

Referring to figure 23 1flow diagram in figure 2'4 and the notation 

[3) a brief outline of the steps in the evaluation is shown below. 

(i) For a/ 
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Notation fA 

j 	= Idodei nuther (1 to 6). 

f 	= Fractional air core. 

Qw = Vater discharge (Cusecs). 

Vo = Throat velocity of water (ft. per Sec.) 

Vu = Maxiiium terminating velocity of water (ft. per sec.). 

Hn = Length of terminating section from the throat (ft.). 

C, = Air core diameter at the throat (ft.). 

Va = Air velocity at the throat (Ft/s). 

= Air core diameter at terminating section (ft.). 

L 	= length of shaft (ft.). 

72, 112, W3 and A = Volumes (cu.ft.) as illustrated in figure 

2 • I 4-A. 

AR = Ar flowwhcn Va 

AkA = Apparent air flow when Va> Vu. 

Qa = Air entrained in cusecs. 

for 2roa2 consideriVIE dump. 

h 	= Fall height. 

C 	= Growth constant. 

ah = Air core diaraeter at fall height (without considering spread). 

aa = Air core diameter at fall height (consiaering spread). 
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For a particular geometry of vortex chamber evaluate the rate 

of water discharge Qw for values of fractional air core from 

095 to 05 in steps of 05. 

Using Aitken interpolation evaluate values of f for values of 

Cw from 001 to a maximum of 660 in steps of 001 (Cusecs). 

Use values of Qw and determine terminating values Via and H. 

For the values of Qw, determine watr volues 2 & 73 •  

Also for values of Qw determine air core volumes A2 and (A + 

A2) 

Determine time taken to fill volume (w2 + W3) at the rate Qw 

i.e. T = (W2 + V3)/Qw. 

Determine air flow rate 

Determine throat velocity of the air considering air core 

diameter a. 

If the throat air velocity is less than Via then the air entrained 

into the shaft is as determined by stop (vii). 

If throat velocity of the air is &reater than Via, then air 

entrained into the shaft is determined by the product of the 

area of air core and Via. 

The above procedure is repeated for several water discharges and 

shaft lengths varying from 15 feet to 3 feet in steps of 3 feet. 

The results of this theoretical analysis are presented in figures 

621-6 25 alongside the experimen al results. 

220 HYDRAULIC THEORY 'iITh AN ARULAR JUMP 

The process of air entrainment with an Annular Hydraulic Jump is 

greatly dependent on the surface area, (mainly the length) of the 

jet exposed/ 
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jet exposed to the alt' or atmosphere. This fact can be demonstrated 

by placing a container at different distances, frot the exit of a 

douetic water tap. It will be evident that, with the rate of water 

flow from the tap maintaned constant, more air bubbles will be 

engulfed into the container with the increase of fall. This 

illustrates that more air was enveloped in the jet when it had a 

longer path of travel before impact. This phenomenon is evident 

in plates 21 (A, B and c). 

Hence the criteria required to be investigated is the spread of the 

Annular jet. Abramovich (9) describes the growth of a circular jet 

to be linear. 

As iientioned in Section 1-22 Viparelli derived an empirical relation-

ship for the air-water ratio with the ratio of Fall to Dia'iotor, as 

follows: -  

= O't2Z (h) ' 	
. . ........1 - 22 

where d is the shaft diameter and h is the free fall of the 

annular jet. It will be seen later as in 530 and figure 630 that 

the experimental results from the present study with a jump in the 

shaft, shows accordance with Viparelli's relationship except for 

discrepancies due to possible scale effects. 

Hence using Viparelli's relationship, a study is made with a view 

to evaluate the spread of the annular jet for different flows and 

shaft sizes. 

To establish a plausible theory as to the spread of an annular jet 

Vie procedure adopted by Abraiaovich (9) for a circular jet is closely 

followed. 
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2'21 Spread of an annular jet1 

Consideriné the turbulent annular jet, the components of velocity 

at any point can be divided into a time averaged value i-nd a ran-

domi; varying peturbation. 

Let the x direction be that parallel to the axis of the shaft and 

hence to the axis of the jet; y and z directions are those perpen-

dicular to the x axis. 

Let U and V be the velocity components in x and y directions. 

Then due to the random variation in velocity which occurs about 

a i laan . 

= a + t  

and •.T = V +V 

If the "mixing length" is equal to L then 

-' 	Lau 
Lu = -. ay 

It then follows thi-t 

Lau 
TY 

By considering the rate of mass flow it may be assumed that 

I 
- V 

I 
 U  

- V cc Lad 
ay 

Due to the experimental results shown by Abramovich in which the 

vQlocity profiles indicate the similarity of boundary layers in 

different cross-sections of a free strean, it is possible to write 

the following 

L1 	 L 2  
(d - Ci) 	 (d - a 2  = 	Constant ..........221A 

where L is the lentl of the jet considered 
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d is the diameter of shaft 

and a is the diameter of the air core 

Let (a - a) the thi ckness of the annular ring be equal to r. 

Froti 221A it is possible to establish a law for the growth of the 

jet as a function of distance along the axis of the jet, in order 

to determine the way in wfrich the mixing lengths increase s  Prandtl 

assumed that the rate of increase of thickness of the jot boundary 

is dependent on the peturbatjon velocity. 

So that 	V 1  dt 

Since the velocity profiles at different cross-sectjo are siilar, 

it is evident that 

ei 
~77Y cc 	

- 

r 

Tr- Iü 	,, So 	 - 

........221B 

But from the rate of growth 

dr 	d.rdx 	Cir 
dx 	dt 	dx 

By oonpring 221B and 221C it is evident that 

dr 
= constant  

. .. .......2•21D 

which indicates the outer profile of the jet is a straight line. 

1th reference to fiure 25 

am = diameter of air core at ter iiinatinL section assuming no 

spread, 

ah = dieazieter of air core at fall h assuming no spread. 

aa = diameter at air core at fall h making allowance f or spread. 
Hence the net/ 
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Spread of Annular Jet 
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Hence the net spread in the thickness of the annular jet is 

(ah - aa)/2. 

ir However the water discharge Ow = 	( - ah2 ) x Vm 

Therefor the air enveloped due to the spread of the jet could be 

uvaluated as, (with reference to figure 2 .5) 

L a = 1  (d - aa2 ) Vn - t) w 

i.e. Q 	= 	(nh 
2  aa 2) Vm 	

.... 	...221E 

In the a. ove equation the value of ah is obtained by considering 

the spread of the jet. By assuming the preceeding theory, that the 

growth of the jet is linear (from 221D) it can be written that 

ah - aa - 	= C 	constant 
.2'21F 

Where C is the linear constant of growth. 

At this stageit.ls necessary to utilise the experimental results in 

section 5•31 to evaluate the value of the constant C. The results 

of computer program (No. CIE 018/0026) which producd the vcluoE. 

of C are plotted in figure 26. 

The family of curves in figure 26 indicates the variation of the 

growth constant C with various water discharges in the five shfts. 

It is evident that a linear relationship exists between C and Qw for 

values of water dischage higher than about 2 of the maximum flow 

of each model tested. 

From Figure 26 the variation of water discharge w with linear 

growth of jet C is very nearly in the form Qw = 

Values of m are as shown in table 2.1.. 
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Shaft Number Shaft Diameter (ins.) gradient r- 

1  1375 96 
2 1750 125 
3 2'250 200 

4 2750 292 

5 5.750 	 J 1630 

Pro figure 27 the variation of m (as defined above) with sh'ft 

diameter D in indies is as follows:— 

in = 46D 
1 *93 

Therefore C = Qw/46D 93  

Table 21 
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Hence, it can be written, for a particular shaft 

Qw = m.0 

where m = f (D) 
	

D = shaft diameter in inches 

d = shaft diameter in feet 

From figure 2J it is evident that 

= 46(12d) 193  

From 221C. C = QvI  

therefore C 	
Ow 

=46.(12d) 
1•93 

Substituting . for C in equation 221F 

aa 	Qw 
2.h 	= 	46.(12. 

i.e. ae. = ah - 

From 221E 	=! (oh 2  - aa 2) Vm 

...  . . . . . . .221H 

2•211 

which can be evaluated by substitutiri& for aa and deterining oh 

and Vu as described earlier in section 212. 

2q22 Jiethodof Coputation. 

The mothod of co:tputation of the rate of air entrainment with a 

jump does not yieW to rigorous analysis as much as for the ease 

with free flow. Never-the-less repetitive computation of the 

tex--ninataxi6 velocity and the Crowth of the annular boundary involves 

considerable inatheiatical manipulation. To facilitate such a 

procedure a computer program (cIE 018/0026) has been developed.. 

With reference to Notation [3] and flow diagram in figure 2:8,  the 

steps of the computer program are outlined as follows: 

For a particular geometry of the vortex chamber evaluate 

and f. 

Using Aitken interpolation evaluate values of f for given 

(regular) values of Qw. 

(iii)/ 
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FLOW DIAGRAM FOR COMPUTER PROGRAMME No. CIE 01 1"L2 
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set j = I 

read geometry 

set f = 0.95 

	

evaluateQw 	

No - 
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Use Aitken Interpolation 
to give values of f, for 
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set Qw = 0.01 

No 
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_1s 

17 
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add 0.01 
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FIG. 2.8 
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Use values of Qw and determine terminating values of Via and His. 

For the particular Qw evaluate growth content C. 

Evaluate air core areas th (assuming no spread) and an (assuming 

spread). 

Evaluate Qa air entrainment, 

20 CONCLUSIONS. 

It is clearly evident from the theoretical analyses that air entrain-

ment in vertical shafts is dependent upon the parameters constituting 

the entire air core. The length of the shaft has the greatest effect, 

which in turn is rduced in the case of a vlmft, containing an 
annular hydraulic jump. In such cass the free fall has a sonsiderable 

effect. 

The underlying mechanism of air et'tainriot in vertical shafts as 

expressed in this chapter could be concluded as (i) Suction eftccts 

due to increase in the volumetric air core in the shaft and (ii) 

the spread of the annular water jet as it falls, thus enveloping 

air, and engulfing it on impact. The first case predominates when 

the free flow condition exists and the second case when the jump is 

present. 

The theory which has been developed in this chapter is compared in 

Chapter 5 with th experimental result.Although the first thuory 

has bn purely analytical the second theory for the spread of the 

water surface is semi-empirical. 

In this analysis a vortex entry with th shaft is assumed, which 

affords an orderly aniier of flow in the shaft and facilitates its 

analysis. However, the process of 41r Entrainment due to any other 

form of entry would be the jame though its method of analysis would. 

differ. 
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CHAPTER III 

DESCRIPTION OF 	APPARjTUS 

300 I]TRODTJCTION 

It is generally accepted that very Ereat importance is now attacka.d 

to the use of scale r:od.e1s, as an aid, not only to Hydraulic 

Engineoririgdesign, but also to its research. Although for economic 

reasons it is desirable to utilize 	of 82a11 size, the scale 

effects which constantly persist, demand the need for the model 

size as close to the prototype as possible. 

In the present study, the main features of the apparatus are the 

five scale :odels of a proposed drop shaft and intake. Of these 

five, the smallest model has been the basis for previous invest igat ions '5  

which on the execution of certain modifications, rendered satisfactory 

results for its performance. t report of these invostiations 

as attached in Appendix B. 

310 CHOICE OF SCALE 

The two limits of the model scale were determined by the availability 

of shaft sizes; smallest as ::entioned in 300 and the largest by the 

use of the main tunnel (see Figure B.1). These scales were I in 1525 

and 1' in 365. The remaining three intermediate scales were deter- 

ined by an even distribution and by the availability of shaLt sies 

in the Larket. These scales wer. I in 12, 1 in 934 and I in 765. 

The models were naTied as Numbers I to 5 with I being the smallest. 

ODEThILS OF THE MODEL 

The dimensions of each model are as shown in Table 31 • The overall 

length/  
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Mod Nc 1 2 3 4 5 

Scale 1: 15.2 5 1:12.00 1:9.34 1:7.65 1:3.65 

Dia.(d) 1375  1•750 .2250 2•750 5-750 

Rad.(r) 1.18 1.50 1-93 236 4-93 

Ht.(h) 6 10 13 16 33 

Sect.1 3 .93 5.00 6.42 7 .85 16-42 

2 3.80 484 620 759 15-90 

3 3 -67 4-66 6.00 7•31 15.45 

4 3 	45 4 	50 5.78 7.05 14-80 

5 3.41 434 5.56 680 14-30 

6 3•28 4 •16 5.45 6.54 13-70 

7 3-14 4-00 514 626 13.15 

8 3-02 3-83 493 6.01 1260 

9 288 3-67 4•67 5•75 12.05 

10 2-75 3•50 4-50 5.50 1150 

11 2 •62 3 	34 4 -28 1. 	5-25 11.00 

12 2-49 3-17 1 	4 	06 	4-95 10.40 

13 1 	236 	300 1 	3.85!  4-75 9.85 

.d 	rions for each 
(t1r)fl are 'rc the Centre 

- 	 .Y. 

FIG. 31 
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Plate 3•1 A GENERAL ARRANGEiT OF MODEL. 



length of each shaft is 15 feet and their effective lengths with 

respect to the appropriate soale are as established, in the Table.1, 

Each shaft coiprised cf 3 feet lenths of shaft, fixed toether by 

standard. flanes. 

The spiral form of each vortex chaubr is as shown in Figure 31. 

The approach channels for all the chambers except for No. 5 were 

3 feet in length, so as to avoid unreal hydraulic conditions in the 

ciaann.ls. The approach length for chamber No. 5 constituted of n 

extra 2 feet length and, in addition, all the channels were 

Provided with baffles to reduce undue turbulence. 

3-750  CONSTRJCTION ilkl EtIL 	 CF MCDJ 

The .aterlo1s used in the construCtjLn of the model were sheet 

metal, wood and perpex. Perspex being a material increasingly 

adopted b cause of its transparency, is often of immense value as 

an old to visual and photographic study. The four larer vortex 

charebors were made of sheet metal, while the other was made of 

wood. 

The joints of the intakes were welded, to ensure water tightn,ss. 

The throats were ", ade of glued laminated strips of wood, smotheued 

to produce a radius as illustrated in Figure .31. The gap between 

the metal edo and the top of the nood surface was smoothened further 

by a coating f polyfilla, as seen in Plate 32. 

The general arrangocnt of the model is shown in Plate 31 and 

fiure 32. The positioning of four small vortex chambers ;'. as 

in Plate 3•113. The five shafts were plecd alongside one an'ther, 

with their exits positioned on the upstream side of a 'V' notch 

tank./ 
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General Arrangement of Model 

FIG. 3.2 
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Plate 3 .1 B RM!l%ENT OF VORTEX CHAMBERS. 
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Plate 3-2 SMOOTH ENTRY INTO THE SHAFT. 
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MODEL DETAILS 

kociel 
Number 

L del 
Scale 

Inside 
diaetor 

Effective 
lenth 

Chamber 
height 

I 1525 1'375 ins. 288 ft. 6 ins. 

2 1200 1 750  ins 3'66 ft. 10 ins, 

3 934 2250 ins, 170 ft. 13 ins, 

1 765 2750 ins,  5'75 ft. 16 	iris. 

5 365 5750 ins, 12'00 ft. 33 ins. 

Table 31. 
tank, The tank, shafts and the chambers were mounted on a ri 

having overall dimensions f about 20 ft. x 8 ft. x 8 ft. At 

the downstream and of the 'Vt notch tenk ) was the sup ly tank in 

which an immersible pump circulated the water. 

1_ . ir-f low meter. 

The air flow meter is as shGvn in plate 33 and figure 3 '3, It 

consists of an air blower as the supply, which is controlled by 

a Variac. Two perspex lengths of pipe of about 3 feet and 4 feet 

in length having an internal diameter of 1 -375  ins. are flanged 

together. At the junction of the pipes, the orifice plate or the 

Davimeter is placed. At the nd of the air flow meter a funnel 

enclosed the air deeand into the shaft. Two funnels were necessary 

due to the variation in chamber size and from the funnol a pressure 

tappinL was mado. Plate 34 shows the pressure tapping. 

3.0DECRIION OF EXPERDTAL STAGES 

The experimental stages are divided into five series and dealt 

within detail in Chapter 5. Since it is necessary to discuss 

the special/ 
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the special provisions required for the individual series of tests, 

'oricf descriptions of the stas will be given in this chapter. 

041_ SiesITests 

The first sories of tts involve the study of te Air Entrainment 

in Vertical Shafts with free flow in it. Full lengths of the shafts 

are considered which in fact, in so -,  cases would cc in excess of 

their effective lengths respective to the scale. 

/2 Series II Tests. 

Series II tests re an e-- tension if the foror tents. In this 

series of tests the effct of shaft length on air entrain -int is 

iflvtigated, 

3 Series III —Te sts. 

The presence of an Annular Hydraulic jump is the ma-in characteristic 

feature of this series of tests. The effect of the free fall of 

the water flow is studied. 

3.144 Series IV Tests. 

in investiation of the air bubbl and air pocket motion is made 

in this ieries of tests. A detailed study is bade on the 3rd' shaft 

for this purpose. 

Series V tsts entail experinental verifications of two theories 

incorporated in the theoretical analysis. Air core variation with 

water discharge and ielocity variaricn with kieiht is carried out 

on the 2nd shaft. 



Special Provisions 

Series I tests 
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Series II tests FIG. 3.4 
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FIG. 3.5 
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3•50 SPECIAL PROVISIONS FOR INDIVIDUAL STAGES 

351Series I Tests. 

Since the exit from each shaft is directed to the 'Vt notch tank 

which is made use of to d.eter.ino the water discharge, it is 

necessary to allow for the rise of the water level in the tank. 

The rise of water level in the tank with increase of water discharge 

reduced the length of air core in the shaft. Hence it was necessary 

to iake a provision as in figure 34. The water frm the shaft was 

:ado tc fall into a larger dia:oter ccntainer which is taller tran 

the maxiiaurn depth of water in the tank. hater which dropped into 

the container overflowed into the tank, aaintainin the distance 

between the bottom of the shaft and the top of the container virtually 

constant. 

352 Series II Tests. 

To facilitate the effect of shaft length to be studied, it was 

necessary to carry out a series of air and water riensureiment with 

the rc.moval of erch 3 foot lenth from :ch shaft. This entailed 

the collection of water at each of these new exits. A collector 

ith an adjustob1 length of 3 inch hsing was made available at 

each exit position of the shaft under tect The arranteont is 

il'ustrated in fiure 35 and plate 35 

Sen 	III Tests 

To dei:onstrate the drop shaft feeding a tunnel under pressure and 

thereby oausing a cclun of water n the shaft, a pressure box is 

fixed at the nd of each shaft as shown in fit. 36 and plate 3'6. 

The box has two cain Opefl±ns; one to connect the shaft and the 

other to release the water to the raquird heiht by means of the 

a1justebe p.v.c. tube.../ 
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adjustable .v.c. tubes. The tubes are available in 3 feet lengths 

which nbles the standing cclurnn to be varied in 3 feet intervals. 

7ater is returned to th 'V' ntch tank via the collector used in 

the former series of tests. 

4. Series IV Tests. 

To determine the velocity of air bubDies rising upwards, no elaborate 

iasuring instruments were used. By means of a stop watci tbe time 

taken for a bubble to rise was detenincd. By obtaining repetitive 

iieasurei..ents, the results were found to be reasonably consistent. 

1 *5 5 Series VTo sts, 

This series of tests involved the measureaent of the air core 

diaiioter at the throat of the vortex 	and this was carried 

out by using a pair of Callipers. 

The tests also required the easurorent of velocity along the 

length of the shaft. Being a vertical flow, the standard N.P.L. 

ty e of pitot tube could not be used Instead a bent tube a 

displayed in Fig. 37 was necessary. 

3 •60 CONCLUSIONS 

Elaborate instruments were not utilised in the apparatus except 

for the measurements of the wo important quantitieb i.e. air l2ow 

and water flow, where the apparatus was selected to ensure accurate 

rosults, 
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CHAPTER IV 

EXPERI 1.ENTAL TCHNI. U E S 

4 - 00 IrmODUCTION 

Fundar'etntal oonsiderations in model technique were based on the 

information provided by various authors (10), (11) on the subject. 

Geometric Similarity was maintained, except for the shaft lengths, 

which were all retained equal and their individual effective lengths 

taken into consideration. 

The two main experimental measurements were that of air flow and 

water flow. Due to the wide range of flow, reliance on a single 

system, lacked. confidence. However, collaboration was maintained 

between the systems eiployed. 

Elaborate techniques were not adopted in the measurements of air 

bubble and pocket motion but the consistency of the experimental 

results yioldi much sceoe for investigation. This was also the 

case in th experimental vrificatj - ns 0f the two theories co- 

ordinated in the theorttical analysis. 

!L-10  C.AliBl"'Ti 

The flow measuring instruments were calibrated against standardise.'  

instrurnents. Calibraticns were conducted in accordance with British 

Standards 142 and 3680 Part 4.a of 1965. The results of the 

calibrations were re checked whorerer possible. 

4111 Calibration of Water flow meter. 

The water discharge through ech drop shaft was teained by measu.rin 

the head over a 'V' notch. 

The 90°/ 
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The 900 triangular .eir was capable of aeasurin a iaximu heaa  of 

06 feet, which corresponded to a maximum discharge of 0662 cusecs. 

The needle aue i:-,eazurin6 the head in lecii•als ef a foot, was 

capable of measuring up to a thousandth of a foot and was situated 

3 feet away froc. the notch. 

Tho calibration of the Vee notch was carriel 'ut by placing the 'V' 

notch tank horizontally over a second tank as shown in fij. 4.1. 

The calibration tank was 2' x 3' x 4' having the facility to mersurE. 

the depth of water, through a g1ss tube, thus enabling the discharge 

into the tank to be determined. 

During the calibration. water was pumped from the sump into the 'Vt 

notch tank, from 'thiere the water returnd through the calibration 

t.nk into the sump, when steady c.indltions were observed at the 

needle gauge the outlet valve of the calibration tank was closed 

noting time taken fr the water level to rise a known height. The 

rise of lvel of one foot in the tank was equivalent to six cubic 

feet, hence the discharge. 

This simple method of collecting and measuring the quantity, thouh 

rather elementary, affords confident results. This method was 

directly used in the case of very small water discharges and also 

for some f the flows through the first drop shaft. This enabled 

the accuracy cf the water discharge over the notch to be checked 

specially at very low heads. The results f the calibration :.re 

as presented in Table 4.1  and plotted as in fit. )+2. The results 

proceased in the coputer program (No. CIE 018/0011) gave the following 

relationship and also values of disch rge, for head increases of 

0001 ft. up to a .iaximum head. of 0600 feet, 
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Mighu 

2.44 

Q = 2317H 

where Q = discharge in cusecs 

H = head in feet. 

Gauge Reading 
(ft.) 

Head (ft.) Discharge (Cusecs). 

0523 0•353 01918 

09433 0263 00950 

0 340  0170 0•0320 

0•446 0276 01159 

0390 0220 0•0630 

O493 0323 0 1595 

Table 41. 

Plate 41 illustrates the positionin of the drop shaft exits and 

the flow over the notch. 

412 Calibration of Air flow meter. 

The aieasureraent of air into the shaft varied a £roat deal, so cuch 

that a single specific ineti-.od was not sufficient. The princile 

adopted in general was the sane in all cases which was to supply 

air into the funnel at the intake so that the at':iospheric pressure 

was naintained at the entry. This supply of air was to be rieasured 

and the description of the components incorporated in the air flow 

cater t. as given below. 

alibration of Orifice plates. 

Orifice plates were designed in accordance with B.S.12. Each 

orifice plate was placed in position as shown in fiiire 33. The 

orifice s/ 
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orifices were talibrated a&ainst  a pitot static tube ana the 

experimental set up of the calibrtion is as presented in plates 

42 and 43. An air blower was made use of to supply the air and 

was controlled, by a vaiac. A pitot static tube at the end of 

the- shaft indicated the velocity distribution across the shaft. 

The difference in pressure across the orifice plate was recorded 

on two r:ano!Ueter5: riethanol for low pressure differences and 

mercury for high pressure differences. The orifice plates and 

the manometers are illustrated in Plate 44. 

For the rane of air flows required ie. 00025 cusecs to 0 3 250  

cusecs it was apparent that at least four orifice plates were 

necessary. Their design conforr.ed to the B.S. except the smaL 

orifice whose diaaeter was 020 ins. The lLits specified in the 

code are froc 025 inches to 0707 D inches where D is the internal 

dineter of the shaft. The flow rate with the smallest orifice 

required a further calibration against a more sensitive instrument, 

for which a hot wire anemometer was used. The calibration curve 

of the hot w,re anemometer is as shown in figure 13. 

The results of the calibrations are plotted on a logarithmic base 

as in figure 44. They gave the following relationsh.Lps for the 

clischarLe through the orifices. 

Qa = air flow in cusecs 

hw = head difference in ft. of wafer 

Qa = mhw 
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Plate )L T 	ORIFIC 	PLTJS AND bOEThi5. 
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1 0rifice Plate Diameter or1: 4  ng range Constants 	- 
Nu.ther in inches cusecs C 

0200 00C42-0•0178 00178 	0. 333 

I 0•370 00122-0•0851 00851 	450 

2 0534 00156-01145 0 1445 	0.505 

3 0922 O•0625-0•4365 O4.36 	050 

Table 4.2. 

From the above table of results it is apparent that in spite of the 

devition from the British Standards (i.e. diai.:eter less than 025 

inches) the minimu.a flow possible to be measured is not within the 

required range. Hence to be more precise an the small air flows 

and also to facilitate the rneasurement of such flows an additional 

netmod as described, below was adopted. 

Calibration of Davimeter. 

The Davimeter is as shown ii. Plate 45 and works oa the principle 

of the hot wire anemoiaetor. The scale which is divided in to a 

larithmic form reads a maxiauL. of 6000 feet per Liinute. The 

great advantage of th instrurient is its ability to read low 

velocities very accuracely, when the reliance on the orifice plates 

iecreaseS Up to an ir flow of 001 cusecs the accuracy is wit:in 

2 5%, and the accuracy is I(Z at a flow of 01 cusecs and gratcL. 

The meter is calibrated against the standardized hot wire aneo:eter 

(whose calibration curve is in fiLurc 43) and the scale realings 

ere observed to be very accurate 

The Davireter was then placed in the air flow meter instead of the 

orifice pl:te. The position of maxioum velocity was determined 

by/ 
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Plate 4'5  THE DAVIMETER 
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by traversine the Davireter across a Cdaueter of the shaft. 

120 EXp.ERIENTAi POCDtJRS 

The experir.ertal 1 rooedures adopted in the air flow ik asureent 

were the same in shaft nos. 1-3, for which the Davimeter was used. 

For shafts 4 and 5 the orifice plates ;are used to ascertain sensitive 

readings of the aavizeter. 

The aeasure:ent of water flow was conducted solely by obserin the 

head over the 'V 1  nctch in the case of shafts 2 to 5, but in the 

case of shaft no. I actual discharge over the notch was collected 

for a known time. This procedure not nly checked the notch 

calibr - tion, but also ensured accurate values of flow from the 

1st ahaft which was situated rather too close to the notch. 

430 CONCLUS ION'S 

The measure:ent of ater discharg vies ade by determining the 

head over a 'V' notch. During low discharges direct aeasureent 

of the flow wr:s obtained by collecting a quantity of viater for a 

known duration. 

Air flow i:1easureLnts were obt:ined by observing the pressure 

difference across an orifice plate. There were four orifice plates 

with openings of different sizes. Low air dischares were measured 

by the use of a Davimeter which worked on the principle of a hot 

wire anetiorieter. The accuracy of the davimeter was specialiy hl L h 

during low air velocities. 

ThouLh elementary methods were used in the less important exeri-

Liental investjtjons the consistency of tho observation was cnsurd 

wherever possible. 

Althouh on the whole/ 
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A1thouh on the whole, the tLcthiiques adoptei could have been 

nore advanc•i, the sensitivity of the irstruintatin was justified 

by the ex2eriiiental perfon::ance. 



(78 

CHAPTER V 

RI 	Y, __L A 	LY_ 

5-00  IF RODUCTION 

In a prvious chapter the theoretical an1ys.s of the air entrain-

- ent phenomenon has been poatulated. Owir to the complexities 

associated with the air flow L--.echanism a prcise mathematical 

analysis is not possible for all cass. Therefore, experimentation 

is necessary to solve flow probleus either by pure experimentation 

or by makinC certain si-iplifyint assumptions to facilitate a 

theoretical approach and above all to jutiiy the hypothetical 

analysis. 

The scope of the present chapter is to facilitate a correlation 

(in the next chapter) between theory and practice, by means of 

the three considerations mentionea above. 

The test cde is in the form XY where X = series No.; and Y = 

shrift no. 

1IL9 SRI I TESTS 

h reference to the soctim 340, the aim of these tests jS to 

obtain the relationship of air flow to water flow under free flow 

condition. A theoretical analysis of this state is presented in 

section 210. 

11 Exerinental Cservat ions. 

There were not nany visual observations apporant in this series 

of tests. id.r bubbles or aror air entrainment were not visible 

due to the annular water surface covkcrinCt the full length of shaft. 

The only/ 
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Plate 51 VARIABLE LENGTH OF AIR CORE BEYOND SHA FT . 
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The ozly apparent observation was that of air bubtdes bein 

en. lf'od and eventually drawn to the water surface at the exit. 

The effect when the container was placed, as in fiuro 34, was 

very significant. The rise in the level of the water in the "P 

notch tank,with increase of water dischargq caused a reduction in 

the volumetric estimation in the absence of the container. The 

lenth of shaft was considered to be frori the throat to the top 

of the container which was about 5 inches below the end Qf the 

shaft. 

The results of the tests are as presented in Table 510 and are 

Plotted in Figs. 621-6•25 alongside the theoretical results. 

Plate 5•1 shows the effect at the shaft exit witaout the container, 

ruulrtjz th. 1enth of rir core beyond the shaft, and lates 

5•2 (i and B) illustrate the flow in the chamber. 

12 	sis.f Results . 

Tests I 1-1 . 5 indicate an increase an air flow with increase in 

watc-r flow, but the tests on I 1 and 1- 2 signify the reduction in 

air flow beyond a particular water discharge in the shaft. This 

is due to th effect as elucidated in section 213, where the 

decrease of the throat air core area reduces the air flow il l  to 

the shaft with increase of water discharLe. This phonenoJis 

not evident experimentally in the larger shafts due to the ixiur 

water discharge into them beinE insufficient. 

Q SERIES II TESTS 

Referring to section 3 - 40, th aim of the tests is to determine 

the effect of shaft length on the air entrainnnt. The theoretical 

analysis of the effect is described in section 210. 



SERIES I TEST RESULTS 

Test 	Head in ft. water flow Maximum Air flow 
Code 	over notch Cuseca Air Velocity Cusecs 

ft. per mm. 

1.1 	0•34.5 0033 
/ 

338 00301 
0 •320 0023 310 0•0275 
0307 0•018 300 00261 
0302 0•('16 250 00235 
0 •277 0.010 200 00172 

12 0369 0•05 500 0•0149 
0 •350 0. 035 4.75 00423 
0'338 0.030 4.25 00380 
0321 0023 375 0 . 0333 
0288 0•013 335 0•0298 

13 0•300. 0•016 395 00352 
0 . 349 0 . 035 620 0•0551 
00379 0051 700 0o625 
0•4.06 0'068 800 00710 
0439 0.091+ 870 00776 

14. 0.307 0•018 190 O•0l38 
0 34.0 0•03i 675 0Q01 
0386 0055 933 00932 
0•115 0'075 1010 0 0901 
0'441 0096 1125 01005 

15 00386 0055 1555 0139 
0•4.38 0. 093 2020 0.180 
04.93 0 1 14.7 24.50 0218 
0'591 0281 3000 0268 
0•653 0592 3375 0301 
0672 04.31 

3550 
0316 

AM 

Table 5.10 
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21erientalObservations. 

The observations made in this serio of tes were coirarabie with 

tho Lr:ier tests. The collector at the n-:' of each length of shaft 

e.ablcd the water to be re-ciculoted to the supply and some of 

tho air was rejected at the collector, while the remainder was 

ca:oried to the tank. The arrangeient of the collector is as 

illustrated in Figure 35 and Plate 35. 

Tables 521-525 represent the results of series II tests which 

are plotted alongside the rosults of the former tests and the 

theoretical results as in Figures 621-625. 

5 , 22 Analysis of Results.  

The results mien plotted as in figures 621-625 show a regular 

pattern of the variation betwon air and water dischares. This 

was apparent in the four larger shafts with the peak air flow 

values increasing with shaft lenç th. This pattern was not very 

consistent in the aallest shaft (No. i) which indicates the 

unsuitability of the ociel size for a ra.lical :ocIel study. 

The results of this series of tests indicate the significance of 

the shaft length. In shaft no. 5 a reduction of shaft length of 

8 indicates a reduction of the peak air flow of 7, with a 

sirilar percentae reduction in length in shaft no. I gives 

rise to a peak air flow reduction of 33%. 

5'30 SRS III TESTS 

ith the introduction of an Annular Hydraulic Junp in the shaft, 

the tests cnducted in this s*ries, indicate a roduction in the 

air ntrainaont as cozpared to the foriTer teLt. 



SERDS II TEST RESULTS 

Test Shaft 	 Head (in ft.) Water Flow Maximum 	Air Flow 

Code length (Ft.) 	over notch 	Cusecs 	Air Velocity CUSeCS 

ftj per mm. 

2'1 	12 	 0289 	 0.0130 	226 	 0'0202 

0 .307 	 0•0180 	265 	 00237 

0318 	 0•0220 	283 	 040255 

0332 	 0•0274. 	291 	 0•0260 

0335 	 00287 	330 	 0•0295 

9 	 0338 	 00300 	293 	 0•0261 

0326 	 00250 	289 	 0•0258 

0319 	 00223 	271 	 O'024..2 

0305 	 0.0175 	251 	 00224 
0 .307 	 0•0182 	268 	 o•0239 

6 	 0284 	 0•0115 	210 	 00187 

0•305 	 0'0174. 	235 	 00210 

0326 	 0•0250 	267 	 00238 

3 	 0286 	 0121 	197 	 0•0176 

0•315 	 0•021 	222 	 0•0198 

0 ,338 	 0030 	219 	 0'0196 

Table 5.21 
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SERIES II TEST RESULTS (contd.) 

Test 	Shaft 
Code 	length 

(it.) 

Head. (in ft.) 
over notch 

water flow 
Cusecs 

Maximum 
Air Velocity 
ft. per mm. 

Air Flow 
Cusecs 

22 	12 0'297 0 0150 320 00286 
034.0 00305 415 0•0370 
0•360 0•0L00 465 0•01..16 
0364 0C.25 485 0•0433 

9 0305 00175 330 0 0295 
0326 00250 390 0•0350 
0359 00335 430 0•0336 
0374. 00480 465 0•041. 

6 0•310 00190 310 0•0275 
0329 00260 350 00313 
0345 0.0330 385 00343 
0•362 00412 405 003616 

3 0 - 313 0•20 260 0•0230 
0•340 0•031 280 00250 
0'365 0•043 285 00255 

Tabite 5,22 
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SERIES II TEST RESULTS (contd.) 

Test Shaft 	Head. (in ft.) 	7ater flow Laximua 	Air FlowJ Code lenth over notch 	Cusecs 	Air Velocity Cusecs 
(Ft.) 	 ft. per mm. 

23 	12 	0280 0•0106 30 00300 
0 •329 00260 505 0050 
0391 005I0 675 0•06oi 
0•437 00920 810 00720 

0•313 00200 365 0•0325 0.349 0. 0350 510 0052 
0•383 0•0530 610 
W435 00901 710 

6 	0 330 008 390 0•0350 
0•34.5 U'033 4.70 0 0 04.20 
C,4.06 0•066 555 u0195 

(i•089 530 0.0475 

3 	0 •312 001)9 280 0'0251 0•354. 0•0370 350 0 0315 
0•060 310 0•0275 

04.38 0 0931 24.0 010210 

Table . 23.  
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SERIES II TEST iSULTSjoontd.) 

Test 	Shaft 
Code 	lenth 

(it.) 

Head (in ft.) 
over notch 

!atr flow 
Creocs 

Maximum 
Air Veloiy 
ft. per min. 

Air Flow 
Cusecs 

2,4 	12 0341 00311 600 00532 
0387 0.0560 785 00699 
0407 0.0690 935 0'0t52 
0•414 00981 1010 0'089 

9 0326 00250 450 0•C399 
0•377 0 0 099 675 0•0600 
0421 0 - 0793 853 00762 
0•445 00999 975 0•0867 

6 0 0 315 0•0210 375 00333 
050 0•3351 525 0•04.66 
0•370 0,0460 575 00512 
0415 00750 740 o•0660 

3 0315 00210 313 00281 
0•345 00330 380 00336 
0387 00562 415 0'0369 
0425 00831 390 0•0345 

Table  i--?A 
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SE PdE, d II TEST RESULTS (oontd.) 

	

LTt 	Shaft 

	

Codo 	length 
(ft.) 

Head. (in ft.) 
over notch 

7ater flow 
Cusecs 

Laximu 
Air veloelty 
ft. per mm. 

Airflow 
Cuseos 

25 	12 0434 0-090 1605 01)f3 
0522 0•181 2480 0-221 
0 - 591 0281 2640 0235 
0•637 0360 2910 0 - 259 
0 - 678 0'443 3535 0315 

9 057 011 1600 0•142 
0•495 014.9 1920 0171 
0585 0270 2175 0194 
0 - 659 04.05 2110 0-188 

6 034. 0 - 090 1245 0.111 
0514 0-171 1480 0132 
0584. 0'269 1400 0125 
o•617 0 - 325 1200 0107 
0-691 0.4.73 1020 0-091 

3 0-4-28 0-085 63) 0•056 
0 - 509 0•165 620 0055 
0-594 0285 530 
0 - 644 0 - 375 530 0-047 
0-677 0•141 4.80 

Table 5. 
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531 ErerLental Coservt ions. 

Iuerc. were :any visual bservations in this series of tests. 

Detailed study of air buoble 
E- MI,  fLir ocut :tion is undertaken 

in the next series of tests, ;here some of those cbservationa 

will be discud. 

JathouLh this is the first series of tests where the actual air 

entrainment is visible in the for-i of bubbles and p -ickets, it is 

however, quantitatively the more osirable state. 

in additioli, th. air rejection fro: ti pressure box onvisad 

the utility of a de-aerati:n devic at the exit :f the shaft s  

The formation of tio annular hyd.r'aulic jump under different 

flow e,,nditirris enabled a closer exa.:inaticn of the tipes of jump 

and their air ertrainin properties to be procured. The flow 

patterns iithin the jump were obsorv3d and resebied these 

described by Quick (5). 

An experinta1 difficulty which sometimes persi'3t.d was in 

''Pintz,. ining o constant free fall in the snaft. Thv was due to 

th3 tendency for the air pcckets to rise •aainst the flow. These 

pockets causal an upward motion of the water which elucidates the 

cause of sudden gushes of water, shootinL into th air from some 

prototypes. 

.ir and water flow readings vtere ta.on at different free falls. 

The decrease of the f-ee fall with increase of water flow led to 

the presentation of the results in a non dimensional form. Hence, 

the Tables 51-533 lescribes the varitjon of air-water ratio 

and free fall to diameter ratio, which is then plotted, in Fiurc 

6'o. 
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SERIES Ill TEST RESULTS 

Test 	Head. Water Max 	Vel. Air Free a, 
1D Code 	(ft.) Flow (Q'w) ft. per mm, Flow (Qa) Fall 

over Cusecs Cuse.3 (Ft.) 
notch H 

3.1 	0.300 0•0160 72 00064. 125 0430 109"09 
0312 00198 84. 0'0075 124 0380 108•21 
0336 00290 121 00108. 12.3 0371 1 0734. 
0339 00303 122 0'0109 12•2 0'360 106'4.7 

01281 0•0109 ko 0 0 0035 9.5 0325 829e 
0•308 00185 66 0•0059 914. 0320 8203 
0'325 00245 88 00078 9'3 0319 81•16 
0•334 00281 99 00088 9'1 0315 79.1 

0284 0011 34 0•0031 65 0265 56'72 
0311 00195 57 00051 6•4. 0261 5585 
0330 00265 74 o•oo66 63 0250 54.98 
0'338 0.0298 83 00074. 62 0'24.8 54.•11 

32 	0317 00215 91 0'0081 125 0379 85•71 
0 4 332 00273 98 0•0087 122 0320 83•65 
0•356 0 0382 130 00116 122 0305 8365 
0362 0'0113 144 09128 120 0310 8228 

0 •323 0•0237 73 00065 95 0275 65•14. 
0 .334. 00281 86 0.0076 9 0 2 0'273 63•08 
0 1 346 0•0334. 101 00090 9.0 0•270 61•71 
0364. 0 C4.24. 120 0•0106 90 0252 61'71 

0325 00215 62 00055 6•5 0'221. 44•57 
0•331 00269 68 o•oo6o 6'5 0224 4457 
0'34.7 Q•0j39 84. 0•0075 6'2 0220 4.251 
0363 0418 100 00089 2 0215 4.251 

Tab l5 31 
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SERIES III TEST RESULTS (Contd.) 

1 Test 

Code 

Head 
(ft.) 
over 

water 
Flow (Q w) 
Cu3ecs 

lkax& Vel. 
ft. per min 

Air 
Flow (Q a) 
Cuseca 

Free 
Fall 
(pt.) 

H 

a I-! 
/13  

3•3 0 1 357 00387 145 00128 12•5 0333 66•66 
0378 0. 0502 158 0•0141 125 0280 66.66 
0'411 0•0720 214 0.0191 122 0265 65•06 
01440 0.094.9 276 0•0214.6 120 0260 6399 

0334 0•0281 72 00064 95 0•228 50•66 
0.359 0 . 0393 97 00086 95 0220 5066 
014.05 0•0677 167 0'014.9 9•2 0220 4.9•06 
04-21 00795 187 00166 92 0210 4.9•06 

0•337 0•02% 60 b•0054. 0183 34.66 
0.387 0.0557 109 00097 6•2 0•175 33 . 06 
0413 00734. 140 00124. 6•2 0170 33'06 
0443 0'0975 185 0'0165 60 0'170 31e99 

3•14. 0328 0'0257 100 0•0069 125 0350 54•54. 
0343 0•0320 108 00096 125 0301 51.0514. 

0361 0O08 123 00110 122 0271 5323 
04.01 0•0649 171 00152 120 0235 5236 

0336 00290 65 00058 915 0200 4.1•89 
0372 0Q4.68 10k. 00094 95 0201 1+1-89 
04.09 00705 154 0 0137 92 0 9 195 4.0'14. 
04.31 30874. 182 00162 9.0 0186 3927 

0•339 0•0303 54. 0004.7 6•5 01 1- 3 2836 
0373 004.73 80 0•0070 6.5 011+9 2836 
0•4.20 00787 132 0•0118 6•2 0150 2705 
04.38 00932 155 00137 6•0 0•14.8 2618 

Table 32 
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SERIES III TEST RESULTS (Ccntd4) 

Test 	Head 
Code 	(ft.) 

over 
notch 

iater 
Flow (Qw) 
Cuseos 

Max. Vel. 
ft. per mm. 

Air 
flow (Q a) 
Cusecs 

Free 
Fall 
(ft.) 

H 

Q  "Qw H 
/D 

35 	0446 01002 270 0024.0 125 0•24.0' 26•08 
0538 0•202: 385 0•030 12•0 O•71 •25•04 
0•6c 0•023 175 0023 115 0140 2399 
0•636 O596 524 0 0467 11") 0 129 2295 

0•69 01218 150 00133 95 0111 1982 
0541 0062 24.3 0•0216 90 005 18•78 
0•601 )'972 333 0•0297 85 0•100 173 
0•64.2 03710 395 0 0352 8•0 0095 16•60 

O96 0i504. 153 00136 6•5 0091 1356 
0533 0955 186 o•0i66 6•o 0•085 12j2 
0579 02615 235 00209 55 0•080 114.7 
0•629 0 . 34.5 272 0- D243 50 0071 10'4.3 

5.33 
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5'3 Analsisof Reulta. 

An atteL')t was :ade to detrnine variation of air flow with water 

flow for different free falls. This was ione, so as to be in 

unifoxidty with the )rovious analysis. However, it was not possible 

to obtain a consistent relationship due to the v'.riation of free 

fall with increase of water Jischare, 

non-dimensional plot of the ratio of free fall to shaft di&eter 

aainst the ratio of air flow t. water flew isp3ays an uniform 

variation as presented in fiure 63 . 	smooth curve drawn 

reprosentin 7iprelli's (2) :'elationship as docribed in sectin 

I 22, shows agreement with the experiaental points. Deviation of 

the exeri..ental points from Viparelli'. cuive is evident sciJ.y 

at low values and also at high values. This is prcbnbly due to the 

scale effecs which persist and is :ieait with in detail in Chapter 

7. At values of h/D  when the free fall h is equal to the len&th 

of the shaft, there is a deviation frci-. t the curve with a tendency 

for the ratio h/D  to re;ain constant, in spite of increase in the 

air-water,  ratio. This effect was evident in Viparelii's exeri:Tents 

as presented in figure 1-2. 

SERIES IV TESTS 

This series of tests were conducted on the four smallur and a 

detailed study was executed on the 3rd shaft. The behaviour of 

the air bubbles and the foration of air pockets ere carefully 

observed with a view to diJue empirical relationships as to 

their idicsync*. 
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5 1_ EerimentalObser,ations. 

Although in this series of tests, measurements were not made by 

very precise instruments, the consistency of the results we 

encouraging. 

The bubble diaeters were observed visually to be in the region 

of 1/8 to inch except when thrcoalesced to for larger cavities. 

The bubble speeds were obtained by recording the ti ,-.,e taken by a 

bubble to travel a krown distance. The downward Liotion of the 

bubbles was dependent on the velocity of th mixture in the shaft, 

while the rising velocity of the bubbles was consistent when the 

water was under static co'iditionz. 

Three distinct types of flow were evident in the shaft and are 

classified in the next chapter. The results of the test are as 

presented in Tables 541-542. The notations in the Table are as 

follows :- 

h = free fall in ft. 

Qw = water flow in cuecs. 

Qa = air flow in cusecs, 

V = velocity of mixture in ft. per sec. 

= discharge parameter where Q = 

Fr = froude number 

d. = shaft diameter in ft. 

q = total flow (Qa + w) in cusecs. 

Rising velocity measure:nts of thu air bubbles are as in Table 

5043. A statistical analysis •f the results is also establithed 

in the table. 



SEPJS IV TEST RESULTS 

rTest h Qw 	Qa 	q 	V 	Q 	Fr 
[ Code 

6 	0•01514. 00036 00190  184 06111 09378 
00241 00058  00299 274 09563 1•4260 
0•0181 0-001.2 00223 2•16 0•7182 11240 
0307 00072 00379 367 12182 19101 

3 	00052 0•0008 0•0060 058 0•2063 0'3030 
00154- 00024 00178 1-72 o'61ii 0-8980 
00201 00032 00233 226 0-7976 1•1150 
0-0285 0•00 0•0325 3 .15  11309 16400 

402 	9 	00188 00C45 0 0233 1.39 0-4086 0•6435 
0•0208 00051 00259 1 155 04522 07150  
00285 0-0075 00360 215 06195 0.9920 
o-o16 0-0076 00392 234 0-6869 i•0800 
00382 00100 00182 288 0•83014. 13300  
O•062 0•0120 0-0582 348 1•00L0 1•07O 

6 	00198 00030  00228 136 O•430 0-6290 
00532 o•oi16 0•o62 384. 11564 17721 
0 0330 O•0060 00390 2-33 0 - 7174 1 - 0750 
0•0403 0-0077 0•01+80 287 0-8761 13251 
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Table 5If1 



SERIES IV TEST RESULTS (Contd.) 

Test h Qw 	Qa 	q 	V 	Q 	Fr 
Code 

) O•04.35 0 0090 0•0525 190 0 5034 0 7733 
0•o62 •O141 00783 283 0 714.31 11520 
0•0850 00192 01012 76 0 9837 15301 

6 ()0532 0'0010 00542 96 3 6157 07970 
0•066 0•0120 00783 2•83 0 7673 11521 
00310 0 • 0150 0•0962 3.48 09375 14142 
000850 O'('15 0•1005 3•E4 i•4O39 1'1Ho; 

3 (102'+ 0•0028 00262 095 02708 03851 
0 0479 00056 00535 1•94 05543 0•7870 
00712 0•0085 0•0797 288 0•8241 11720 
0 •14..04 o•166 0•1572 569 1•6250 2150 

4•4 	9 0•0249 0•0050 010299 072 0•1746 0•2660 
O451 0•0105 09556 1• 0•3162 04890 
00691 00125 0•0816 197 0•435 0•7250 
O•0874 0 0175 0•1049 251,. o•6129 0 9350 

5 	0 0253 0004.2 00295 071 01774 O•2610 
0•0663 0•0100 00763 1•85 0•649 0•6810 
00826 0•0126 0 0952 229 0 5792 0 8430 
0•0866 0 • 010 0•0996 2•41 06072 088i 

10 

Table 54.2 
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isj,N  ~Velocity of Air Bubbles. 

Distance 
in ft. 

Tiue taken 
in secs. 

Velocity 
ft. per sec. 

500 8•1 0617 

5.75 100 0575 

575 90 0•639 

5.00 76 o•65. 

200 25 0800 

2'25 30 0834 

225 30 0•750 

225 3'3 0681 

Fr cr. Stat istical  Analysis.  

Lean Velocity = 0693 ft. per sec. 

Standard deviation = 00858 ft. per see. 

Coefficient of variation = 1239 per cent. 

Table 

52 Analysis of Results. 

The results were analysed on the basis of Froude law. Due to the 

absence of a theoretical ajproach, an empirical relationship between 

Froude Number and the non-dimensional discharge arameter Ow 	-C 

 

is sought in the analysis. The results are plotted as in Fig. 51 

A definite linear relationship beteen the two non-dimensional 

paraueterswas significant. In evaluating the velocity of the air-

water uixture, it was necessary to refer to the air discharges 

fro; the preceding tests, to consider the total volume of the 

mixture ./ 
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mixture. 

In order to discuss each of the regires in th.tiil it may be necessary 

to define them e.s Initial, Intermediate and Final reLies. The 

transition of each reine is distinguished with respect to Froude 

niriber. Thethr6b types of flow are illustrated in Plates 53 

(A, B and C). 

5 -.1 3 -  Classification of Flow Regimes. 

Initirl_Re&ime: This rebiue of flow ir the shaft is characterized 

by t very l.w velocities and by the absence of the downward 

motion of air bLbbles. From the results in Tables 54.1  and 42 

it is evident that in the initid rejime the velocity of te pipe 

full flow is less than that of the upward velocity of the bubbles 

as deterind in Table 54.3. 

The ctztical flow at the end of the initial regime indicats tiaat 

the velocity of the mixture is very nearly the sane as the risir 

velccity of tA.e bubbles and at this flcw the burbles were on the 

verge of moving downwards. Prior to this flow the bubbles were 

observed to be stationary for a considerable chare of flow. This 

state may be defined as the tr:.nsition zone of the initial regime. 

The value of Froe nunb€r demarcating tLe extent of the initial 

regime was from zerc. to 026, with the transition zone acting from 

02 to 026. Though the initial r'ime appears to be the safest, 

with no air entrairent nor air pocket foviation, the transition 

zone renders unstable conditions which require caution. Hence 

the oxperfrental observation not only indicates that the upward 

rising velocity of the bubbles is attained at th end of the 

initial regime but alSo a-verthat the value of Froude nuer should 

be less tharV 



(ioi 

000 

Plate 5 4 TYPICAL AIR POCKET IN THE DMKRM3DIM. REGIME. 



(1 02 

be less than 020 in this regime to vouchsafe satisfactory performance, 
Un 

Intermediate Regime: This regime is undoubtedly the most desirable 

as its detri:ental effects are cle-rly evident from the experiments. 

A typical air pocket formation in this regime is as iLustrated in 

Plate 54. The haphazard oveL1ent of air pockets both in the direction 

of the water flow and also aainst it rendered very unsatisfactory 

conditions. 

The slow velocity of the mixture, induced the bubbles to rise against 

the flow under 6rcvity, which eventually caused the bubbles to 

coalesce and farm pockets of vary-Lnt sizes. The diai.,eteiv 	the 

pockets were almost up to the full diameter of the shaft but 

their lerths were estimated to vary from 1 inch to about 2 feet. 

The increase of water flow in the shaft increases the velocity of 

the mixture ;'hich improves the situation. The increase of tunnl 

head. (or decrease of free fall) also i..-.proves the conditions due 

to the resistance offered by a longer column of water, to the air 

pocket moveent. Therefore the increase of water flow and incroe 

of tunnel head improves the irpe - iouz tendencies of the bubble and 

pocket motion in this region. 

The boundaries of the intermediate regime were defined as having 

values of Froud.e number OtS to I 0. These limits were identified 

as the instance when the bubbles commenced to move downwards and 

as the instance when the air pccka foraation was absent. 

During this regime of flow, wide pressure fluctuations are imosed 

at the shaft exit and also gushes of water and air are emitted at 

tne shaft entry. 
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Final ReLire: This reiro of flow is coapletely free froa air 

pockets and contains only air bubbles, travellinL downwards with 

the flow. The latter aspect is the main visual difference from 

the iritial reime. The velocities are high in this regime which 

accounts for the drag of thQ air bubbles downstream. 

Both from economic aspects and with a view to obtaining satisfactory 

prfor.ance this regime of flow is Eost desirable, subject to 

any long term adverse effects resulting friro the buboles, 

5 24 Couparisonof Flov;Regiries. 

In postulatin a copariJon of the regimes, the initial regime 

having a Froide nuriber less than 02 is considered the best )  

'with respct to the air entraining aspects. It iay riot be economic 

to alvays attain such a rgLoe, as lare Fhaft diameters are needed 

to prcduce the low velocities. 

The intermediate regime is ore which should be -tvoided at all 

2ossible intances. The experimantal oboervations of its unsatis-

factory perforriance, indIctes t datrental effects. 

The final regime appears to be the iost practicatie. Since it is 

necessary t -  incorporate small diameters to produce high velocities, 

the ability for such diameters to accomodate the estimated maximum 

discharge through the shaft should be en8ured. 

By considerrg the estL.mtad minimurc flow (for the cases when this 

flow is not equal - o zero) or the mean flow, it will be of value 

to ensure that the value of Froude numuer rerains above 1. This 

precaution is also necessary if the flow is designed to be in the 

initial regime, where a change irate the transition zone could 

render adverse .fct.. 
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The d.iaram in Figure 5 6 2 illustrates the three types of regiue 

vith rezpecttoFroude uuziber. The Platts 5 (A, B and C) represent 

the three different turbulent states of t-ie tnnu1ar ju:p for the 

three IeLrcs. 

5.50 SERDS V TESTS 

This series of tests deals with the experriental verifications 

of two vital theories incorporated in the theoretical analysis. 

The invostiations were carried out on shaft no, 2. 

551 Variation of Air Core. 

The theory illustro.ted in section 211 of :ckers and Crump (6) 

expressed the variation of the air core diameter vith the discharge 

in a vortex chamber of known :eozIetry. 

The experimental observations areas in Table 5 , 51 and plotted. 

in FiGure 642 alor side the theoretical results. 

52 Ve1ociy Variation a1onrsho.ft. 

In section 212 the theory d.evelpd. by £aien and Kalizske (7) 

)fl the velocity variotion alonL a shaft lenth is expressed. In 

the analysis the presence of a ter.--.1inatinL  velocity is indicated. 

The experimental observations were hindered at hiGh velocities 

d.ue to the entrapping of air in the pitot tube. Therefore the 

iieasureients were restricted to low dischares. The experi.ient:l 

results are as presented in Table 552 and plotted as in 'iure 

6.41. The neazurents were taken on a comparative basis to verify 

the constancy of the velocity beyond the 'Ter!inoting Section'. 
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SERIES V TEST RESULTS 

Air Core diaaater variation at Throat. 

(ft.)Jter 
over 
notch 

flow 
(Cu-secs) 

Air—core 
diaoiater 
(ins.) 

Fractional 
air core 
j z i 	75' 

0 253 00053 1•576 o•811 

0286 0-01 20 1-533 0' 65 

0•316 00210 1262 0520 

0•357 00385 0348 0395 

Table 5•51., 

Ve1ocitVrjatjona1onshaft. 

(1 07 

Head. (et.) 
ovur 
notch 

77ater Free fall in ft. 
Red.in's 

(cusecs) 10 8 3 15 

135 130 135 133 Pitot tube 
readin 	in 
inchos. 

00234 

851 834 851 845 Velocity 
ft./-88C.-  

10 95 9•8 98 Pitot tube 
readi 	in 
inches. 

10.0139 F- 
74.6 715 72- 6'85 Velocity 

ft,/se. 

Trthlo 



5-60  CONCLUSIONS 

The scope of the experimental investigations included: 

Verification of prvious work which has been incorporated in 

the present study. 

Deduction of empirical and semi-empirical relationships, and 

(.) Verification of theoretical analysis in the present study. 

The latter two aspects are dealt with in a thorough manner,vvith 

precise experimental measuring techniques beir€ ensured durin 

most tests. 

The correlation of the results with the theoretical analysis is 

presented in the next chapter and their close agreement endorses 

the satisfactorj nature of the experimetaticn. 

The third series of tests being one dealt with an a purely 

epirical basis indicates the choice of flow regime which would 

produce satisfactory working conditions ia the shaft. V-lu(;;.E of 

Froude number dearcates the regimes. 

Yhile the experimertal investigations -avethat the actual air 

entrainment is dependent on the tunnel hertd or free fall,eyalso 

cu'reborate that the type of flow reLime governs the carriage of 

the entrained air; hence the water flow and shaft di--mete' ore 

among the controlling factors. 
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VI 

CCi.LATION0FT0RLTIC 

A'D_EXPRIM1TAL_NJLYS I S 

6•00 INTRODUCTION 

In two of the earlier chapters, investiation8 into the fr 

entrainment in vertical shafts have &ivn rise to the need of 

correlatior of the results oltined thecretically and experi-

:entlly. Justification of a theory postuisted depends a great 

deal on the experimental evidence and an atternpt is made in bhis 

chapter to interpret the experimental results with a view to 

correlate trieu to the theoretical analysis. 

6•10 ffruLic PRCFTflS 

The hydraullD properties of the drop shafts derived from procedures 

recoended by various authcrs (6), (7) are incorporated in this 

section. These properties have Ieen the basis for further develop-

cents in the analysis and. are j,resented in FiL:.1re 	, -610-615; IA 

which Qvr denotes water discharge in •usecs. 

Rn - distance to the Texinatin: Section in feet. 

V - velocity in ft. per see. 

Vo - Throat velocity. ft. per see. 

Vu - Terminating velocity. ft. per see. 

f - fractional air core. 

611 Fractional Air Core. 

The metbod described by Ackers and. Crup (6) which is illustrated 

in Section 211 has been utilisod and incororated in a Coiputer 

program. 
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612 Ter"inatiny S.ction ana TopinatiqL Ve1ociy. 

The ositicri of the ternihatinE section for a particular dischar Le 

in a drop shaft and also th. :anitu10 of the terL1inatini velocity 

have been determined accorGint to the analysis presented in Section 

212. 

6 13 	Velocit. 

The throat velocity which depends on tho discharge an.i tho nran f 

the cross section of the annular ring of water t the throat, is 

also derived and illustrated in the Fiurus 610-615. 

620 DISCUSSIOI' OF T 	NYSIS T.'ITTIl ?RE FLO7 CONDIOIcS 

This section concerns the test results of series I and II. The 

for. or deals with the full shaft length ind the latter with 

pro;rcssive reductions of shaft lengths. By consid.erint five 

different r.odei sizes, it does not only facilitate a wide ranije 

A discharge to be considered but also accounts for the effect 

of d.ai.eter which is quits  a siLnificant parameter. 

The infouation on Figures 620.-6•25, are the theoretical curves 

plottl fron the ce..puter aided results of the aralysis in Chapter 

2 and, also the corresponding experi'..ontal points plotted froc the 

results in Chapter 5. It is evident that a regular prttern exists 

in th results of the four lrer models. With increase of water 

.Iischare there exists an increase of air discharge up to a pe 

value, after which,with the incroaco of water discharge there is 

a decrease in the air flow. 

A poak air flow is siEnificant in the expericental analysis only 

in IiodCl 5, and also soewhat in model 3. It is not readily 

ovidont/ 
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evident in the other nAels due to nability of providing sufficient 

water flow in to the iodels beyond the peak values. 

The axiruu water flows possible due to the exjerimental set up, 

4r-as indicaLd by a vertical lotted line on each fiure, for the 

respective jodels. 

Another characteristic feature in the theoretical and experi;ental 

analyses obsered in the four largor shafts, is the r..duction in 

the peak aix discharge with decresse of shaft ientth. This is, 

hcwever, due to the reduction in the total volur:o of air COfe as 

describod in section 213 and is experimentally siLnificant, s ocially 

on the smaller shaft lengths. 

The rular patterns as mentioned above in the four l:rger shafts 

see.--.s to be disrupted in model 1. The irregularity of the 

distribution of the peak air discharge with respect to shaft 

length is evident speciall,, on the theoretial curves. It is 

not readily evident in +h experimental results, due to insufficiency 

of the water discharge in to the chabor. However, it is aoa:nt 

that overlapping of some of the expericental points and also the 

irregular nature of the theoretical curves, render the model scale 

to be unsatisfactrj for reliable perfcr - axce. 

Since the the:retical cnaiysis considers each shaft individually, 

the question of scale effects does nGt arise in tie procedure. 

Therefore the method of analysis as incorporated in the Computer 

progrci (CIE 01W0018  described in 222) would render ro.sults with 

resoctive to individual models. If the results of a particular 

nodal investigation is to be utilised for arototype predictions 

the scale effects/ 
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the scale effects which will be discussed in the ne7t chapter will 

have to be accounted for. 

Two hypotheses assu:ed in the tneorotical analysis are that (i) 

th--1 LlaxLium air velocity at the thrct does not exceed that of the 

throat water velocity and (ii) rate of air flow into the shaft is 

equivalent to the increase in volu.ue of the air core within the 

shaft due to the increase in the vertical 7elocity. 

The close aroerent of the experiiental points with the theor€.tical 

curves justifies the validity of the assw.tions. 

6•30 DISCUSSION ON ThE A\TAL_"L'SI9 1.ITH AN iwTULAR JU 

The presence of an annulr jump in the shaft chances the entir, 

process of entrainment from the free flow state. The continous 

flov; of air through the central core is disrupted by the jump and 

the air which is engulfed is the amount which has already been 

enveloped. This was the basis of the theoretical approach where 

it was established that th sread of the onnular jet surface 

where the envelopint is occurring, is of a linear form. 

The experiucrital results of the present study as shown in Fiuro 

630 confored very closely to the general equation put forward 

by Virelli (2). It is however, suspected that the validity of 

this ecuation is in doubt for prototype performances. Hence, the 

equation is Utilised in evaluating the sta'ead ..f the annular jet, 

for . -odel sizes whose experimental results conform with the equation. 

The non-dimensional plot of the air-water ratio against the ratio 

of free fall to diameter was the best for. of presentation of the 

results. An attempt was made to present the resuls displayin the 

variation/ 
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variation of air flow to water flow for each model by considering  

a series of average free falls. However, this was not possible 

due to the variation of the free fall which had a considerable 

effect and could be accounted for only in the non-di_iaensijnal 

plot. 

The correlation of the relationships derived by Laushey and iiavis 

(i) to that if Viparelli's, is illustrated, in the 	12. The 

validity of the author's relatianship considrinL the spread of 

the let is not readily evident by these tests, as these very tests 

have been utilized in a way to derive the semi-empirical theory. 

It however, appears that consideration of the actual cause of air 

entraincent in the reltionshj) would render cnfident results in 

the protctype. 

Fro:.-i the series III tests, the advantae of the presence of an 

annular jump is evident with rsp€ct to the reduction in the 

air-water rato. However, possible disadvantas arising from 

the type of flow beyond the jump is illustrated in the next section. 

A visual coaparison of the air entrainrent conditions with and 

without a juop could lead to misconception, as the air which is 

entrained is not visible i.n the case of free flow condition, 

although it is of hither ma€nitue than with a juap,where the air 

bubbles and pokets are visible. In the fomer state the air is 

in the f cm of a cor ?covered all roun,1 by the annular rin of 

water. 

6 -40  DISCUSSION ON THE FLOW REGE, 2 S 

The analysis of the flow regimes has been de.lt with in a purely 

eapirical/ 
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eapirical manner. A theortical approach was not attcoptd since 

this aspect is nt dirictly related to the air entrainment but 

rather a consequence of it. 

Although, the presence of an annular jurip reduces the magnitude 

uf the air-water ratio, conditions beyond the jump could be undsir-

able. Effects such as gulps of air bein& '.)lown back and wide ranges 

of pressure flict'iations at tho exit, could be the result of air 

pocket formation due to the unsuitable :low regLie. The net quantity 

of cr flow could be considerably less evun durini these cond.itons, 

but the detri::enbl effeccs aij bo increased. These unstable condi-

tions were evident in the ori E al tests deecribed in Apenix B, 

where it was decided to have a free flow condition and thereby a 

larger quantity uf air flow than these adverse effcts with '. 

lesser quantity of air flow. 

Frou(e's nuriber which has beei established as the criterion in 

classifying, che flow reirs is as described in section 54, is 

analoLous to its use in defininL the type of juiip in an open channel. 

Further investintions into the motion ci' air bubbles and pockets 

on a thecreticrlbasis, ould lead to acre fir: conclusions of 

their perforuances. 

6.50 VEiICATION OF FOR1IER THEORIES 

A plot of expe'inental results with the theoretical curves of 

Dawson and Kalinske are presented. In Figure 641. The experimental 

analysis was conducted on a coaparotive basis, to justify the 

increase in the vertical velocity alone the shaft to a particular 

u.epth, after which the velocity to reain constant. This was 

evidunt from the tests. 
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Variation of Air Core with Water Discharge 
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Air core diaeter variation with the water dischar was 

enta1ly verified to &)C in accordance with Ackers and Crump theory 

(6) as described in section 211. The experimental results are 

pltted on Fi t . 642 alon€ side the theoretical curves obtained 

fro. the computer ana1L1ss. Although there is close agreeLtent of 

the experioientei points with the theory at lower water discharges 

i.e. large values of frzctional air core,there ap:ears to be a 

)OSSJJlity of a deviation. Though tis was not possible to be 

veiified due to the lack of water dicharge it seeis unlikely that 

a vnrtex chauber would be used f.- , r fractional air cores lees than 

O•14.. 

660 CONCLUSIONS 

An att::pt is made in this chapter to justify ecperiiaentaily the 

theoretical analyses incorporated in this study. Correlation has 

been achieved in riost of the c:ses and any viclonce cf lisp::. ity 

eciafly in the early series of tests is duo to the unsuitilit 

f the :rticular model size. 

.e - i-empirica1 theory on air entraireLt with a jump, is an 

extrsin of 7ip:rell's (2) empirical equation and is developed 

y corsierinL-  the actual cause of entrinmert during such condi- 

However, it is not possible to correlate the author's 

t} ry with experireatntjon, unless further large scale or prcto-

H,e investjatjons are conducted. 

rification of Ackers and Crui the:ry indicated possible devia-

tn from their analysis for levi values of fractional air cor. 

for the range of flows the vortex chambers would normally 

0 
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be used, the theory corre1tod satisfact:rily with the exprL - ental 

results. 

The increase inv.rtical velocity alon the shaft up tr a certrin 

section and thereafter being constant was cbserved in the experi-

:entaticn which is in accordance with tho theory of Dawson and 

Kalinske. 



(130 

CHAPTER VII 

SCALE EFFECTS AND PROTOTYPE 

PREDICTIONS 

7'00 INTRODUCTION 

It may not be too presumptuous to state that the 'Scale effects' 

render the greatest hindrance and that estimation of prototype 

performance is the 'main aim', of any hydraulic model investigation. 

The question of scale effect is one of the most important matters 

of concern facing the research worker in this field. Scale effect 

is merely the conventional expression for posibie discrepancies 

involved in extrapolating the results obtained on ioiels to the 

full scale. Unless the scale effects are very small or are pre-

determined experimentally, the results of model tests cannot be 

applied with confilence to the large scale. 

Though Laws of Hydraulic Similarity govern the relationship between 

model and prototype, a clear understanding of the phenomenon to be 

investigated is essential, if the results are to be correctly 

interpreted. Due to the impossibility of achieving simultaneous 

coapliance, in respect of all the laws, the discrepancies in 

extrapolating to the full scale are inevitable. 

As a first step, in reducing scale effect larger models are favoured, 

but the increase of constructional and operational costs with size, 

controls the extent of such attmpts. 

In the present study five scale models are investigated with a view 

to determining any scaler discrepancies and their :aagnituies. The 

choice/ 
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choice of the five scales 	as mentioned. in Chapter III, and 

care was taken that prototype hydraulic conditions were maintained 

even in the smallest scale size. Couplete geometric SUnilarity 

between the models was aimed at, except for roughness consideration 

which was assumed to have very little or no effect on air entrainment 

properties. For Dynamic Similarity, Fro.ule' a Law was considered to 

be the Criteria. 

710 FACTORS 	PUIFOR SCAJ2 iFFLTS 

This problem of scale effects which exists ubiquitously in Hydraulic 

Model Studier is aravated when uore than one fluid is un2or 

iiwestiatior. Hence, in an investigation of Air Entrainuient in 

wati, factors which are responsible for scale effects are in 

addition to the factors which normally persist. The compressibility 

of air gives rise to the volumetric flow rate being dependent on 

the intake pressure. 

The inability to obtain perfect hydraulic simiarity i.e. to comply 

with laws of Froude, Reynolds and Weber, would render discrepancies 

in the extrapolation. At the air-water interface, effects of Surface 

Tension and viscosity predominate at by' discharges. Compliance of 

the laws of 4eber and Reynolds would render major practical difficulties 

in a large scale experiment of this nature and owing to the significance 

of gravity predominating above all other factors, Froud& s criteria 

was Vie basis of the hydraulic ailitude. Hence the application of 

the method of predicion incrporated in this chapter would depend 

largely for models investigated on Proude's criteria. 

The air bubble formation due to impact at the annular jump contributes 

a possible! 
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a possible major discrepancy. The size of bubble famed at the juLp 

is independent of the model scale. The increase of model scale may 

not increase the size of bublo but only increase *he. magnitude. 

The ability of a bubble to travel a vertical shaft largely depends 

on the freedom of movement due to the magnitude of bubbles. Hence 

an increase of scale virtually restricts this 1reedo. The investi-

gations conducted in the Hydrulic Research Station (i f) indicated 

a decrease in the total air-water ratio with inrease of model 

scale.. They expained this being due to the increcsed centripetal 

novent of ar bubbles across the higher pressire gr-1ient resulting 

from greater centrifugal forces in the larger diameter shafts. 

Tnu question of scale effects p'imarily ises -M-ien predicting 

prototype performances frou model tests. Its aisadvantae is also 

realised when empirical metk'ods are utilised in the design. The 

latter, could be overcome if the underlying phonoL*non is recognised 

and utilised in the design criteria, 

720 PROTOTYPE PREDICTION 

Considering the two Uffer-.t states where air entrainment would 

occur in a vertical shaft an attempt is made to postulate a ;othod 

of prototype prediction for cas where the actuel evaluation 

from the underlying phenomenon is rather labo-iou. 

A theoreticn.1 analysis has been developed in this study to evaluate 

the tuantity of air which would be entrained in a drop shaft of 

known geometry, with a particu...ar weter discharge falling freely 

for the full length. Its ezaivation involves a lengthy Liathematical 

manipulction which could be solved easily only by a computer. 

Since this facility r.ay not be readily available in all cases, a 

Noraogx/ 
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Nonoram has been developed in this chapter. The empirical 

procedure which has been utilised in producing this graphical 

analysis, is based on the theoretical results which have been 

justified by experimental correlation. 

In the case of a jump being present in the shaft, the semi.' 

empirical theory developed in this study could be utilised to 

determine the air-water ratios without much manipulation. Hence, 

a graphical analysis is not necessary and has not been atteupted.. 

7 .30 LTHOD CF ANALYSIS 

As described in Chapter III the apparatus consists of five shafts 

of equal lengths. Due to the equality of lengths of the shafts 

Geometric Similarity is not present with respect to length. To 

obtain Senilrity with respect to length it was necessary to 

consider one of the shafts to be the true. representative length 

of the prototype, for the purpose of analysis of the scale effects. 

The largest shaft was assumed to be the scaled length of the 

prototype and since the model shaft length is 15 ft., the prototype 

length resulted to be 5475 feet as the scale of the respective 

1 model is /3.65. The effective lengths of the remaining four 

models were evaluated to be as follows:- 

Model No. j - 3.59 feet 

ITo. 2 - 456 feet 

Io. 3 - 5.86 feet 

No 4 - 716 feet 

Hence in this chapter when scale effects are considered on each 

model, its effective lengths will be taken into account as above, 

for the purpose! 
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for the purpose of dcteriining the air-water ratios. 

Fro-: the theoretical results of the analysis for air entrainAt 

without a jump (as presented in Chapter II and on Figures 621-

6 25), Table 7'1 is obtained, where six tests flors have been 

utilised The water discharges are converted to prototype values 

so as to maintain a uniformity. 

It is evident from the table that the air-water ratio not only 

varies for each model, but also varies during each test run. 

Results of each tast run when plotted on a logarithmic base 

indicated that the relationship between the air-water ratio 

and the uodel scale was in the form 

-a( . 
Qw - ' S " 

where Qa and Q w are water discharges 

is the model scale 

a and n rre constants 

Referring to figure 71 where the results of the six test flows 

L 	plotted, it is seen that the value of the constants a and n 

vary with each prototype water discharge. The values of a and n 

are obtained from figure 71 and tabulated in Table 7'2 and plotted 

in I'igure 72. Two smooth curves were fitted to the plotted points 

and the equations fitting the two curves were derived to be as 

a - 002187 	 - 2275'7075 
- 	 Q 	 Q 3  

2908'0333 138300626 
+ 	

Q4 	
+ 	

Q' 	...............7.1 

and n = -05 + O'OOZQ - 0'00065Q 
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SCALE EFFECTS TEST RESULTS 

Unit Model Lod.el Jod.el Model Model Prototype 
i ii III rv V 

Scale 1 /15.25* 

I 

1 /12 

1 

1/9y 

1 

1/7.65 

1 

1/3.65 

1 

1/ 1  

1 Dischae 
Scale 	/s 49'83 266•60 161 -87 25•A5 I 

Effective length (ft') 359 	- 4'56 5.86 716 1500' 5'75 

Test Run (1) 

Qw Cuscs 0005 001O 0018 0031 0196 )+98 
Qa Cusucs 0021 0031 001.9 024 

w) 21 1'66 156 125 

Test Run () I 
Qw Cusacs 0-01 (Y 1  0018 0 6 034 0056  0356 9•08 
Qa Cusucs 0'018 0025 0C42  0062 0.300 

2/Q V,  180(' 141 1'2)- 109 034 

Test Run (3) 

Qw Cusecs 0.015* 0'027 0'051 0084. 0'53 1362 
Qa Cusecs 0.019 0028 oO46 0067 0316 

Qa/QW) 129T 103( 0905 0804 0•591 

Test Run QO 
Qw Cusecs 0020 0036 0068 011? 	1 0713 1816 
Qa Cusecs 0020 0029 048 0'071 
(Qa/Q W) 1•00' 0 831 0705 0635 

Test Run 	) 

Qw Cusecs 0.033 oo6 0112 018k. 1170 2992 
Qa Cusocs 0020 0028 0'044 0059 
(Qa/Q) o•621 0 , 468 0395 0 322 

Test—Run ( 6 ) 

Qw Cusecs 0050 0091 0170 0281 1784 541 
Qa Cusecs 0017 0024 0032 0026 
(Qa/) C342 0 259 0 1850'091  

Thble 7'l. 

- denotes initially assumed value. 
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Variation of Air Water Ratio with Model Scale 

for Prototype Water discharges. 	U - 45•41 Cusecs 

	

o - 2992 	it 

	

A - 1816 	91 

	

o - 1362 	n 

Model No. 	1,2,394 & 5 	
- 908 

- 498 
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or 

20 

0 

0 

FIG. 7.1 
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Variation of Scale Constants with Discharge 

0.65 

0.5 

a = 0.02187 - 5.9577 + 273.9677  
A 	 Q 

- 2275.7075 + 2908.0333 + 1383006265 
I 

 

Q - 

03 ;31 

 

C 
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0 
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C 
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0 
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FIG. 7.2 
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VALUES OF THE SCALE COEFFICIENTS 

Test run 
number 

Qw (Proto) 
Cusecs 

n a 

I 4'98 -0•506 0'650 
2 9'08 -0 54I 0380 

3 1362 -054.5 0270 

4 181C -0•608 0•180 

5 29 1 92 O•04..7 

6 -i •651 . 0•004. 

Table 72. 

74-0 APPLICATION OF TEE NOL0(-RM 

For any particular prototype water discharge the values of the 

coefficients a aid n could be d.eteririd from the equation 71 

and 72. The values of the constants could be substituted in the 

equotion 7•0 with the appropriate scale ( 1/s) to determine the 

air-water ra1-io. Since the evaluation of the constants and there-

after the evaluation of the air-water rtio, requires viatheatical 

manipulation the Noogron as presented in Figure 73 is derived 

which facilitates the analysis. 

Though the variation of the air-water ratio with the model scale 

is as in equation 7C, it is necessary to insert an experinental 

constant k ir he equation which would account for any significant 

effects in the desii or in tho experimentation. Hence, the general 

equation will be 

= IC. 	 7e 
Qw 	 S 
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NOMOGRAM 	- 
RELATING AIR-WATER RATIO TO PROTOTYPE WATER FLOWS 
FOR DIFFERENT MODEL SIZES 
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In the application of the noloogrorn it is first necessary to 

deterrine the value of k which would norcaUy be equal to 1, by 

measuring the air-water ratio on a particular model and also 

obtaining the value from the nomogram. 

Hence k = (1Qw_measured 

( /w) nomogram 

Knowing the value of k as a ccrrection factor, the air-water ratio 

of any other model scale or the prototype could be determined. The 

procedure involved is illustrated below with an example. 

Data 

Prototype Qw = 1816 Cuseca 

Scale of model being tested = 1/12 

iJeasured Qa/Q 	= 0•83 

Reguird to know 

Qa 	 I 
/Qw in a model scale 13 

/Qw in the prototype 

both under the same prototype dischare,e. 

od 

A horizontal line is drawn across Qw = 18'16 cusecs till it 

intorscts the graphs Qw vs (n) and Qw ?$ log (a), where the lee, 

(a) graph is met.a vertical line is dropped and the value of A 

noted. Where the original horizontal line intersects with th 

graph Qv va(n), a vertical line is drawn till it reaches a 

diagonal line re-,,resenting the scale under consideration. At 

the intersection with the diagonal line a further borizontal 

line is drawn to reach the N axis and the value of N then 

obtained.! 
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obtained. The sun of (A + N) is read on the next graph which 

would then denote the value of /QW. This value of 

corrected by k gives the required value of the air-water ratio. 

Results 

From graph 73a 

I  
Reading Qw = 18116 cusecs; 	

I 
= /12; 

A = -0 . 75; N = 0•67; 

A + N 	-0•08 

From graph 73b 

when (A + N) = - 008; 	= 0831 
Q  

since k 
= Oa/Q) 

measured 
(Qa/) 

actual 

k - 083 	- 0 , 998 - O•831 - 

Now for a model scale of 1/3 

A = -C75 and N = 03 

	

(A + N) = -05 and 	= 038 k 
w 

i.e. 	= 0•38 x 0'998 	= 0•379 QW 

Also in the prototype, N = 0 and A = -075 

therefore for (A + N) = -075; 'ta/qw = 02 k 

i.e. 	= 0 - 1996 

750 CONCLUSIONS 

Although the scale effects occur in the prediction of prototype 

performance from model teats due to reasons mentioned in this 

chapter, the ability to estimate their magnitude both theoretically 

and experimentally, enabled an empirical solution to be derived 

in the fort,/ 
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in the form of a Nomotram to account for the discrepancies. The 

neQd of this rethod is specially great for vertical shafts with 

free flow, as its individual thoretical analysis is rather 

lab oricus. 

It uay be concluded that the air-water ratio is increased with 

the decrease of model size. Although this could be considered 

as an additional factor of safety, it may be uneconomical and 

also result in unsatisfactory prototype perfonance with respect 

to the flow regimes, 
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CHAPTR VIII 

CO N CL US 10 N S 

3•00 INTRODUCTION 

The author of a thesis is norally faced with the dilemma of 

being uither c).plete or co:-.pact. The first forrat could lead 

to the work being uneven and disjointed because the contributions 

to scie aspects being greater than to others and often being 

unrelated; the latter would endanger the oui2 zion of irportant 

peripheral nforation, which may be indispensable for the 

oxtcnzion of the study under consideration. 

The growing concern on Air Entrainment in Vertical Shafts led to 

this investigetion. 

The results which were postLalted and observed, and reconendations 

deduced from the airilyses, are presented in this chapter, so as to 

suit the individual interests of the reader. (e.g. Theoretician, 

Experioenter and Model Investigator, Designer and the Rese.rch 

worker). 

T11730RETICAL COISIDERTI0NS 

The consideraton of an actual mechanism is necessary in a confident 

theory and relationships which would overcome scale effects are 

essential for an empirical analysis. 

The theoretical analyses in this study elucidate the process of 

Air Lntrainient in the case of free flow, to be that due to suction 

effects; and i.i the case of a ju1p in the shaft, the cause being 

solely the spread of the annular jet. 

In th cas/ 
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In the case of free flow, the increase in the volunetric air core 

in the vertical shaft due to th increase in the Vertical Velocity 

gives rise to negative pressure effects within the shaft, which in 

turn draws air from the atmosphere. However, the reduction in the 

throat air core diameter with the increase of eater discharge has 

• controlling effct, which eventually reduces the air flow beyond 

• particular water discharge. 

Aithouh the 'ame process takes place in a shaft with an annular 

ju., the latter disrupts the free flow of air in the central core. 

The entrainmt occurring under such conditions is solely due to 

the spread of the annular jet, thus ene1opin air along its path 

of travel aid engulfing the air so entrapped at the jump. The 

spread of tie jec was found to be of a linear forei and a se: 1-

eL;pirical relationship enabes the spread tc be evaluated; the 

spread being depenent on the shaft 6eooetry and the water discharge. 

8020 E)Rfl NTAL CONSIDERATIONS  

The experimental analyses of this study were conducted with a view 

of correlating them to the theoretical results obtaining further 

experimental evidence to formulate empirical relationships; and 

to verify theo'ies of forer research work on which the present 

stu&,r is based. 

The apparatus which consisted of five geometrically siilar models, 

enabled the effect of scale to be carefully examined. The main 

experimental techniques constituted of measuring the water discharge 

over a 'V 1  notch and the air flow (i) by pressure difference 

across orifice plates (ii) by a Davimeter (hot wire anemometer 

Principle).  
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In the Similarity considerations, it is evident that this type of 

hydraulic problem entails Criteriaof Frde, Reynolds and Weber 

to be accounted for. Howver, in spite of practical disadvantages, 

the absence cf a fluid to conform to perfect hydraulic similarity 

led to thu choice of the predominating criterion to be procured. 

This was decided to be as Frid.ets Law, due to the large gravita-

tional effects acting on this ty'oe of vertical flow. 

The presence of Su:'fce Tension and Viscois effects at low discharges 

coull give rise to discrepancies due to the non-co:;pliance of Weber 

and Reynolds laws, These discrepancies togeihe with those mentioned 

in Chapter VII hinder accurate prototype predictions. The empirical 

analysis postulated in the form of a I'omogram, (to predict prototype 

and other mode'. size performances) would le applicable to models 

investigated on similitude cznsiderations s mentioned. 

The results of the experimental analyses suppoi- t the theoretical 

approach to the study. The experimentation also revealedn further 

pheneenon of flow regL - es occurring in the shaft beyond the Annular 

Hydraulic Jump, There flow regimes were classified with respect to 

Froude's Nunter, which groups the regimes to be the safest, the most 

detrimental and the most economical, respectively. 

The experimental verifications of forir theories though not dealt 

with very co'preherisive1y, produced convit&irg results within the 

limits of the experimnta1 study cunsidered, 



(1 46 

8'30 DESIGT CONSIDERATICNS 

The iesults of an investigation of this type are best utilised, 

i -C put into practice. A systeuatic approach to the design of a 

drop shaft considering air entraining properties se:. -.s to be 

lacking. Hence, it is atte:ipted to prc.vid.e the designer with 

the relevant Liforrnation, which has been procured fA.om the 

present stue.y. 

831 Outline of kethud. 

The rain cons 4 derations in the (!,sign would be the cost and the 

permissible air content. 

The latter aspect for sp..-cific purposes is not fully defined.. I 

the case of a drop shaft feeding diroctly on to a turbine, the 

air content sr.oui'i be either nil, cr leart aa possible, but in 

the instarict when a shaft ii feeding or cc a reservoir or ar. 

open channel, the air quantitj will not be critical. These two 

cases would establish the 1L--its of the scale. 

The cost is greatly governod by the shaft geometry, type of entry 

and also by any de•aeratien devices adopted. 

The effects on the dropshaft an its exit would be common to all 

types of utilization and is necessary to tEke into consideration 

in the design. 

In the procedure described, alth..ugh the effect of length will be 

aenioned this would be a parameter, wLich would normally be pre-

determined by site conditions. 

Thuugh, reference to de-acration aspects will be dealt with later, 

mention will be made in this section as to th(i instances, where 

they are esBeictiaL. 
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832 Drcp shaft feeding to an open Conduit,  

7hen an open conduit is fed by a drop shaft . ease with wiich 

air rejection takes place, lossens 4h 	rnpnc 

Dia;e ter 

Dependent on the layout there could be a standing colurin of water 

in the shaft, in which case the diameter needs to be so designed 

to ensure that the Froe iuuber of the flow is above 1, or less 

than 02. 

Lntx 

The entry into the shaft could be that of a Eiople diversion 

arranGoent and not necessarily producing spi'al or radial motion. 

Tength 

The length of shaft is deter.i.ined by the site layout, or else 

naintained as short as possible, 

;o-aoration 

A de-aeratin device would not be necessary, beoause of the efficient 

air rejection properties in an open conduit. 

flat_feUngaesstre Tunnel. 

A drop shaft feing a pressure unriel would consist of a static 

colunn of water in the lower portion of h shaft equivalent to 

the ps sure head in the tunnel • At the annular hydraulic jump 

which would be formed under these circums banoes, a large quantity 

of air rejection would occur, nevertheless the drop shaft has to 

be so designed that conditions beyond the jump are not undesirable. 

Once again this factor 'ay be determined by site conditions. Whether 

the choice/ 
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the choice of length is available or not, it should be ensured that 

sufficient length is provided for the maximum pressure head in the 

tunnel. 

Diameter 

The shaft dia:oter should be designed considering constructional 

costs on the one hand, and the flow regimes desired on the other. 

The flow regime should be decided on. frcm the frediate exit of 

the pressure tunnel. If the exit feeds directly on to a turbine, 

the Initial regime should be preferred, as this would eliminate 

all or most of the air content; and for other cases the Fins], 

regime should be sufficient. 

When designing for the Initial z'egirne the value of water discharge 

should be th maximum. This enables that when the maximum value 

of the FraiIe Number (i.e. 02) is co'nsideredthe flow regime does 

not reach the Transition zone nor the Intermediate regime, (See 

figure 52, for the classifi,ation). 

If the Final flow regime is selected care should be taken that 

the minimum water discharge would not be so low as to cause the 

Froude Number to be less than I and thereby cause a gradation, to 

the Intermediate reEime, For cases where the estimation of the 

mini,mum flow is not feasible, the Initial regime should be 

adopted. 

Entry 

The type of entry into the shaft, under this condition, would 

depend on the flow regime. If the Initial regime is adopted the 

most efficient type of entry would be a Radial entry; and if the 

Final regime/ 
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Final regime is the choice, the entry should provide a spiral 

motion; since the effect of spiral motion decreases at low 

discharge (i). 

De-aeration 

The adoption of a dc-aeration device would largely depend on 

the immediate exit from the pressure tunnel. 

8 	 tunnel .  

Though complete free fall would take place under normal circum-

stances, the introduction of a constricted exit from the drop 

shaft would once again lead to a static water column. 

During free fall condition, large cavitational effects could 

occur at the exit, as the air content under this condition would 

be very high. The design of the various factors would be 

discussed s'perately for the above two inttances. 

Free Flow 

The length of shaft has a great effect on the air content and 

should be made as scall as poss1.l.e, wherever a choice of length 

is available. 

It is vital that the entry produces spiral motiox, to ensure the 

annular layer of water adheres to the shaft sides. 

Diameter 

Consideration of the frctional air core and the fluctuation of 

the water discharge should determine the shaft diameter. If the 

flow of water is steady, a smaller diameter which would produce 

a small fract:ILnal air core should b preferred./ 
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This would ensure the air discharge to be beyond its peak value. 

Care has to be taken in this procedure, that the water discharge 

does not decrease as this would cause an increase in the Air 

Entrainment This pheonomena is as illustrated in Figures 6-21 -   

6 - 25.  

If the intercepted flow into the shaft fluctuates, a larger diameter 

would be preferable, so that the peak air d.ischaige is avoided. This 

would require the construction costs to be checked. 

The presence of a constriction at the exit in the form of an 

orifice or nozzle is often preferred because of the advantage of 

air rejection at the jump. The procedure to be followed in this 

instance, with respect tc flow regime, would be the same as that 

for a pressure tunnel being fed. However, the orifice or nozzle 

sizes would have to be determined by estimating the length of 

stz.nding column required for the wide range of water discharges. 

Then a constriction of this sort is incorporated, the Intermediate 

regime of flow would produce large adverse effects at the exit, and 

therefore should be avoided. 

De-aeration 

If the drop shaft is feeding under free flow conditions, there is 

a necessity for a de-aeration device to be adopted as the air 

content would be high. This may be avoided if provision is ele 

for de-aeration along the tunnel in the form of surge shafts or 

other ueas. 
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8.35 rpsflat feeding dire ctl onto a Turbine. 

When a thop sriaft feeds a turbine directly, or provides water to 

an installation where cavitation damage is of great concern, 

1 rorcr design of the shaft is necessary. This would be an  

ap:ropriate combination of methods already mentioned.. 

It would be wi e to ensure an Initial regime of flow wherever 

this is posibl€ or to have an efficient de--aeration device in 

the case of a free flowing shaft. 

O RESiRCH CONSIDERATIONS 

The investiga..ions carried out in this present itudy, yield an 

analytical approach to the problem of Air Ent2ainme.at in Vertical 

Shafts, Though some of the th-ories de7eloped have been verifed 

in the present study, there are some yet to be confirmed by 

further iniestigations. 

For the purpose of deveJ oping a semi-empirical rel&tionshio for 

Air Entraineent in the case of a jump being presr.nt, the very 

experimental results have been utilised for thi' purpose. 

Verification of the theory needs further experimentaion on 

larger scales and/or Prototype. 

As mentioned er.rlier in 3 -00, the models reresent scaled sizes of 

a proposed drop shaft intake scheme. Hence etim'ion of prototype 

performance and correlation with the results of the present study 

woul 3. be useful to the future research worker,  

Although the actual mechanism of Air Entrainment has been 

visualised, it is expected that a more theoretical approach would 

be valuable in the case of a shaft with a jump,. The phenomenon of 

air bubble/ 
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air bubble and pock-_t motion had resulted in useful data for the 

designer and firmer conclusions could be arrived at by a thorough 

theoretical analysis on this topic. 

Dc-aeration aspects have not been dealt with in this study except 

in the form of certain recommendations in the preceding section. 

This is due tc the wide scope of investigation it would require. 

An empirical analysis of the stecly of a de-aeration chamber 

consisting of baffits haz been conducted (4). Also the application 

of a Vortex chamber as a de-aeration device has been studied (12). 

Further investiationa into this aspect is wrtnwile as a panacea 

for air entrainment sees to be far off in the future. 

Although an empirical analysis is present I to predict prototype 

performances a detailed study on this aspect with an an&.ytical 

approach would be useful to confirm the results. 

8 . 50 THE AUThOR'S TITAL COTNTS 

The author feels that the present study has opend up the Theoretical 

approach to thc question of Air Entrainment in Vertical Shafts. 

Although the actual aechanism of the processes ha been elucidated, 

the ierificaiou of some of the analyses will require further 

investigation, specially on prototype performances. 

The Nomogram incorporated in the study offers a useful guide in the 

prediction of model and prototype performances. 

The phenomenon observed in the Air Bubble and Pocket Iotion leads 

to valuable information for the designer of drop shafts. 

Finally, the Author feels that the practical application of his 

findings would produce not only efficient, but economic results in 

the use of Vertical Shafts with Air Entrainment. 
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APPN DIX B 

OVERtMi2T OF NEV ZEALAND 

MINISTRY OF YORKS 

TONGARIRO POWER DEVELOPMENT 

HYDRAULIC MODEL INVESTIGATIONS ON 

OKJJPATA 	AND TAUREWA ThTAKES 	AND DROPSHAFTS 

SUMiARY 

These investigations were carried out jointly and hence reported 

seperately in the appendix. 

Hydraulic tests were carried out on models incorporating each of 

the intakes and dropsh&fts, together with a section of the main 

free-flowing diversion tunnel into which they discharged, with the 

object of finding methods of avoiding excessive air entrainment in 

the main tunnel and/or blow-back up the shafts. 

Three types of intake were tested for each site, namely (i) a 

simple drop at the end of the channel leadin, water from the 

degraveller, (2) a circular weir at the end of this channel 

creating radial flow down the dropshaft and (3) a vortex arrangement 

at the end of the channel giving a large circumferential velocity 

to the water descending the shaft. This was repeated with orifices 

of various diameter at the foot ot each of the shafts and in each 

case the amount of air entrainment was observed. 

It was found that the best conditions were obtained at the Okupata 

Intake with a vortex entry to the top of the shaft and a nozzle at 

the foot/ 
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the foot creating a column of water in the shaft which provided a 

cushioning effect upon the failing water and which expelled most 

of the air entrained down the shaft • On the Taurewa shaft, however, 

no fixed diameter nozzle was capable of producing similar condi-

tions throughout any appreciable range of river flows and the best 

overall condicions were achieved by leaving the entry to the main 

tunnel fre(, and creating radia) flow conditions at the top of the 

shaft. 

INTRODUCTION 

The purpose cf these intakes and drop shafts is to divert water 

from the Okupata and Taurewa Rivers into Lake Roto Aira. The rivers 

carry a very high sediment load which is to be removed by deg'-avel- 

bra lef ore the diverted flows reach the drop shafts. After spilling 

from the drave1ler each diverted flcw 'asses under a stilling 

baffle and along an open channel leading to the head of the vertical 

drop shaft. 

Preliminary designs considered three alternative flow-entry condi-

tions at the top of the shafts and the presence or absence of 

throttling orifices at their junctions with the main diversion 

tunnel, and at the request of Sir Alexander Gibb and Partners, 

Consulting Engineers to the New Zealand Ministry of Works, hydraulic 

model investigations of the proposed intakes and drop shafts were 

undertaken in the Department of Civil Engineering of the University 

of Edinburgh between December 1966 and December 1967. 
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C1& C2-MEASURING CHAMBERS 

V1 & V2 - SUPPLY VALVES TO DROPSHAFTS 

Ti - SUMP 

- STILLING TANK 

V3 - SUPPLY VALVES TO TANK 12 

V4 - CONTROL VALVE FOP DROPSHAFTS 

N - NEEDLE GUAGE 

C 	TAIL GATE 

P - PUMP 

V - VEE NOTCH 

FIG. B.1 
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TERMS OF REFERENCE 

To investigate the performance of the three specified entry 

conditions to the drop shafts with and without orifices of 

various diameters at the foot of the shafts and to find means 

of avoiding excessive air entrainment in the main tunnel and/or 

blow-back up the shafts, 

DESIGN AND CONSTRUCTION OF THE MODEL 

The model was designed in accordance with Sir Alexander G4bb 

and Partners Drawings and was arranged as shown in Figure B1. 

To suit laboratory space and the availability of Perspex tubing 

used to represent tae drop shafts and the main tunnel the Okcupata 

Intake and drop shaft were constructed to a scale of I 	1 525; 

the Taurewa Intake and drop shaft to a scai e of I 	15 and the 

main tunnel to a scale of I :2245 resulting from internal tube 

" diameter3 	3 of I 	, 1" and 5" respectiraly. 

The water discharge scale in each intake was calrulated assuming 

Froude's Law to be the criterion of similarity as follows:- 

Structure 

Okupata intake and drop shaft 

Taurewa 

Main Western Diversion Tunnel 

Water Discharge Scale 

I : 1525 ; i.e. I : 909 
 

I 	: 

 

15'5/-,  ; 	i.e. I : 872 
5/ 

1 : 225 /2; i.e. I : 2388 

Throughout the report all dimensions will refer to the full size 

structures unless otherwise stated. 

The concrete work of the intake, was constructed of hardwood and 

the drop shafts and main tunnel of Perspex. At the intake end of 

the main tunnel a 4' x 4' x  4' deep metal tank with a converging 

extension provided smooth entry conditions free from disturbance 

and/ 
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and air entrainment and ac adjustable gate at the downstream end 

controlled the level in the main tunnel. A valve in a length of 

pipe between the 4.' k  4' x  )+'' entry tank and the laboratory sump 

created a bypass and provided fine adjustment of the flow entering 

the main tunnel. The water from the main tunnel fell into a tank, 

containing baffles for energy dissipation, after which it discharged 

ever a calibrated Vee- notch into the laboratory sump. 

A suction pump from the sump supplied water to the tank feeding 

the iain tunnel and also to each intake via a ylindxical Perspex 

measuring tube Incorporating several layers of fine wire mesh for 

tranquil entry conditions, an aa.justable constant head overflow 

device and a calibrated orifice in its base. After falling less 

than 1" from the orifice the - ater flowed into the spillway section 

of th degia-eller. 

Flows were adjusted by means of valves fitted in the supply and 

by-pass piping ard were measired by noting the heads over the 

calibrated orifices and the Vee-notch. The reiative quantities 

of air flowing down each shaft were found by means of an uricali-

bratod vane type aremometer set into a Perspex cylinder of 1 2  

inches diarnete. held immediately above the entrance to the shaft. 

TEST PROCEDURE - (Figure B•1 refers) 

During each test the following procedure was adc'pted:- 

The valve: V was closed and the tail gate C was fully opened: 
4 

the valve V was fully opened and he needle gauge over the Vee-

notch was set tn the head co'responding to the total flow required 

from the main tunnel after which the valve 115  was half closed. 

The pump was switche end and the required flow along the main 

tunne]/ 
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tunnel was obtained by adjizting valve V5 . The water in the tank 

T was brought to the required level by balancing the inflow and 

outflow using valves V, and V. while the required flow was held 

constant by continuous checking of the needle gauge measuring the 

head over the Vee-notch. Further adjustments, if necessary, were 

carried out by adjusting the tail gate G. 

When the required flow in the main tunnel was obtained and the 

water surfce at the mid-point between the drop :hafts maintained 

at the required level, valve V 4  was fully opened. The valv€.s 

V 1  and V were then adjusted to give the required flows as 

measured in chambers G and G 2 . The uncalibrated vane type 

anemometer with its extension of 1-375"  Perspex pipe was placed 

just touching the vortex prof 	and registered a relative 

easu:.ent of the air e'itrainnent. 

Tests were made at maximum diverted flows of 34 cusecs froui 

Okupata and 20 cusec.3 from Taurewa with flows into the main 

tunnel of 555, 900 and 1070 cusecs at naif, I 4  and 99% full 

depths. 

Additional tests were conducted under the above flow conditions 

with model orices of diameters 85" and 7" at Okupata, and 

3." - ll" at 	intervals at Taurewa, 

TEST RESULTS 

During the initial tests with no restrictions to the flow at the 

bottom of the drop shafts a conserable amount of air entrainment 

was observed in each shaft. Anemometer measurements between 

shafts and with different entry conditions were:- 



Depth of Flow in 
Main Tunnel 

Full 

Half full 

Entry Ccdit ions 
to Drop Shafts 

Free overfall 
Radial 
Vortex 

Free overfall 
Radial 
Vortex 

Relative Air Flow down 
Drop Shafts. 
(Volume units/second) 

Okupata 	Taurewa 

12)4 
15'O 
5.0 

300 
24 0  

- L00 

( G 

28-5 
21e2 
290 

300 
20'5 
36-0 

The insertion of nozzles at the junctions of the drop shafts and 

the main tunnel educed the air entrainment to less than could be 

accurately measure1 by the anemometer, i.e., to less than - unit/ 

second, but al±ough the flow down the Okupata shaft was greatly 

improved, conditions in the Taurewa shaft became very ujistable and 

altogether unsatisfactory with successive volumes of water and air 

filling the pipe and creating excessive vibration. 

At Okupata a nozzle of 	diameter created a column of water about 

75 feet hih which dissipated the energy of the water flowing from 

above and expelled almost all of the air. The depth of vortex 

chamber required at the top of tl shaft was i4 feet. No diameter 

of nozzle however coud achieve these conditions at Taurewa; the 

larger the diaueter tested the greater becsrxie the lengths of the 

air pockets entrained with a resulting increase of vibration. To 

eliLlinata ther. entirely required an increase in the depth of the 

vortex chamber at the top of the shaft to 30 feet. 

C0NCLUSIOIT AND K'ICOIVM-NDATIOITS  

If access for maintenance can be provided to the foot of the Okupata 

5.  thop shaft then a nozzle 7 8
' diameter should be provided here and 

the vortex entry d.esign should be adopted at the top. 
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In the Taurewa shaft with its very large length: diameter ratio, 

the radial-entry design with a free exit should be adopted and a 

steady amount of air entrainment accepted, since any restriction 

would lead to the danger of instability or choking which would 

have much mrre serious consequences. 



(i6. 

APPENDIX C 

D:?I7TnN__OF EXPRESION FOR VELOCITY — JEIG:1T VARIATION 

h = 

vo)  6-zv3 	 • .C1 

From equation 2 , 12D 

- 	

= 

V 
I 	i• 	V h 

= 
;:0 	Vm3 	

d.V 

3 

V 

h = ! - 	
(• 	 1/dir ____________ 

,•,0j Z)- 

Putting equation C4 into partial fractions 

S .5•S•Se. ....C3 

S•.. 	.•. - 	 .C1.1- 

V 

h i ( vv- ~ 

A 	 B-C 
=— 

zv. 	 Vm 2  +Vm. 1T+V 2  
•t.... ..... ..C5 

= i[ f–-dV+ 	 BV 	dV  

V Vm — V 	V 	2 + Vm 0 V + V 2  

V 

+ 1- 	—dv] 
V' 11am 2  + Vm.V + V 2 	 c6 

=j[1 
AdVd 

Vd VLI - V 	V Vrn 2 4Vm,V+V 2  

dV 	 V 
1 	/2

+ 	
C 

--  Vg  Vm + Vrn V + V 2 	V  yam 2  + yam • V +  V 

C7 
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h 	I r [_.' dV 
1 wVm_V + 
Vo 

, 	2(2V  + Vm) dV 

Vu Vm 2  + Vm.V + 
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V 

+ V 	
- B4/2) dV 

- 	 21 
(v/2  + v) 	

+ '"2 V) 
	..............C8 

Integrating 

= 	[-A loge  (Viii - v) + 	log 	
m2 

+ VXr.V 	v2) 
z 

V 
2 	-i + (c - .Vn/ 2 ) -. tan 
3a 	J3 Vm 	Vo 

- ..... c9 
Since from partial fractions 

A = --- = B 	and C = 
ja 	 3 

Si:' $tituting 

h 	 [-.2 b0 	m - v) + log (-TM' + Vri.V + v2 )] 

IM 	 Vo 
-. 	

[tar 1  LY±fl 
3.Z.Vm 	 .Vnn Vo 

- _____ 	

V 

- 

- 6I.Z.Vm 	0 (viiia , 	I 
 Va 

1 
Vm 

[tan 	~ .V. 
.3.Vm 

Vo 

Inserting the limits 

h = 
6 -  [LL& 	

+ 3Vin.V 	 I + 3Vm.Vo 
T. vM e 	 - lo 

(Vu 770 J 

I 	
c 	+ tan Vm2V aretan Vm±2Vo 

- • 	i -- 	 -- [ar 	
-  

.............do 


