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SYNOPSIS

The growing concern 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 sccondly those with an Annular Hydraulic Juwmp.

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 dmuse 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 éf Air Entrainment is solely due to the spread of the
Annular jet; whieh envelopes air along its path of travel and
engulfs the air so entrapped, at the jump, The magnitude of the
Air Entrainment under the latter eondition is very much less than
the former,

The Experimental Analyses support the theoretical approach and

also illustrate the phenomenonof different flow regimes beyond

the Annular jump. These flow regimes are classified with respect

to Froude Number and yield wuseful design information,

The ewpiricel analysis presented in Chapter VII, to predict prototype
and other model size performances, indicates that the air-water
ratio increases with decrease of model scale., The Nomogram

provided for the purpose of this prediction is applicable to

model tests/



model tests conducted on Froude's criteriepn.

Since a panacea for Air Entrainment in Vertical Shafts may not be
available in the near future; the fruits of this study while
offering a clear understanding of thé underlying mechanisms, would

alsco provide useful data for the usc of Vertisal Shafts with Air
Entrainment,



CHAPTER 1

INTRODUCTION

1.00

GENERAL INTRODUCTION

Vater has one thing in common with fire; while it is a
splendid servant, it is also a treacherous master., TIts
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 tendeneies of water, it is
worth mentioning, a few but serious efiects, sueh as
erosion, flooding and cavitation, The. detrimental
effects resulting, have been well recognised in the
recent years and haw been of much eoneern for the
research workers in those fields,
What does the future hold? It is impossible and
presumptuous to predict the fortheoming 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 irrigstion,Hydro-electrie

schemes etc., it is economisally just as important that

research/
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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 particuler adverse effect
of water i.e. Air 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 atimosphere 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 whiech have been postulated depend
a great deal on the experimental teehniques, 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 Entrairment in drop

shafts,.

At a time when Hydraulic Engineers are becoming increasingly
avare of the "Scale Effeets™, 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 desigrer. An intemnsive study of five different model
scales has been incorporat2ad in this project with a view to
elucidating the magnitude. of such scale effects and to vouch-
safe prototype predictions,

1,10 Cavitation,

Cavities occur in almost every liguid of interest to man as
well as in man himself. It is this ubigquitous occurrcnee
that demeands a thorough scientific understanding of not only
the phenomenon itself but 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 rule,occur in a
liquid when the dynamic conditions cause the pressuré to fall
below the vapour pressure of the liquid, These cavities thus
formed will collapse when the pressure rises above the vapour
pressure,

If the collapse occurs sgainst a boundary er solid object,
small particles of material may be remcved 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,

The incipient/
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The incipienteof Cavitation as occuming on ship propellers
or on 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 major detrimental
effects but would promote its occurrence

1.20 A REVIEW OF PAST LITERATURE

=n this section a brief review of some of the investigations
carried out by others is made, Referenee is also made
concisely to theories which have been incorporated in the
sucsequent chapter, wherein a detailed review is made,
Laushey and Mavis (1) conducted their investigations at the
Carnegzie Institute of Technoloyry, United States., They cerried
out measurements of the guantities of air entrained by water
flowing down vertical shafts 30 f't. in length. The shafts
were made of Lucite, 2+8 in, and 5+6 in, in diameter. They
reported thet the Volumes of Air depended on the following;

(a) The type of entry to the top of the shaft.

(b) The distance from the inlet to the hydraulic grade

line in the shaft,

(¢) The diameter of the shaft.

() 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 grade line, In their experiments, the air
measurements were made at the exit.
The variation of the Air-Water ratio with the free fall
were as follows,

Small shaft/
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Small Shaft U8 w = 0015 Y

and for Lerge Shaft Q%ﬁgw 014 Y

where Qa and Qw are Air and Water discharges and Y is the free fall.
They observed that the entraimnment of air was due to reasons other
than suction., 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_ Viparelli M.

The invesigations Viparelli conducted at the University of Naples,

are reported in his paper (2) "Les Courants d'air et d'eau dans les
puits verticaux.

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 discharges,
the 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 exceoeds 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
dovnstream, 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 relationsihip derived for conditions with a Jump is as
follows:

582 _ o £y
" oozz(d)s

.l..’.nl'.‘..l1.22
where Qa and Qw are Air and Water discharges and f & d are the free

fall and shaft diameter,/



Viparelli's Experimental Analysis
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fall and shaft diameter., The results of his experimentation in
establishing the above relationship owe as shown in figure 1°+2 A,
The air measurements 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,

Kalinske in his investigations; on "Hydraulics of Vertical drain
and Overflow pipes” carried out at the Iowe Instiute of Hydraulic
Research reportcd the following in his publications (3).

The maximum velocity of the falling water is reached witin a few
feet of the entrance. The total rats 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 thic air discharge may be in excess of the water flow,
In his endeavour to ascertain the head required for pipe full flow,
he observed 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 determined for a pipe of length L,

Hal = co¥ym s Fp)¥ g + Vo

where Ce is entrance loss coefficient,

f 1is ordinary pipe friction factor.
In the report on Hydrawlie lModel Investigation of a typical drop
shaft 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 #ater Supply Scheme in Hong Kong.

The report/
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The report (4) stated that the effect of the vortex chamber decreases
with decreasing flow, It was mentioned thet large quantities of air
were entrained at the trensition from the annular jet to pipe-full
£lvw; er.anmler 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 arca, which resulted in an increased volume
¢f air being entrained. Indication was also made that the air-water
rotio decreased with increasing scale and this was explained by the
increased Centipetal movement of the air bubbles,

125 Quick ¥.C.

Quick made known from his investigations that when an Annular film
of water flows down a vertical pipe leaving the centre of the pipe
filled with air, there are certain circumstances under which a
sudden transition to the pipe-full condition can occur. In his
theory (8) he explained the mechznism of the Jump,especially the
central tongue of fluid which stands on the Junp. The occurrence

of the jump is discussed by considering energy losses through the
system. It is shown qualitatively that the Jump position is
determined by these lcsses,

1°26_ Ackers P, and Crump E.S.

The investigations eonducted by these two authors are described ir
their paper "The Vortex Drop" (6). They explained how a drop shaft
with its inlet in the form of a vortcx chamber may be used for
transferring fluid flowing in an open channel to a lower level,

They combined the hydraulic properties of a free vortex with the
Bernoulli equation and by applying the principle of maxirum discharge,
the relationship of Head to Discharge was obtained,

They forwarded/
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They forwerded a theory which illustrates the behaviocur of the Air-
Core with varying water discharge, Details of this theory are
presented in the next chapter,

The above mentioned authors published a report (7) on Hydraulics =nd
Pneum atics of Plumbing drainage systems. The main purpcse of the
investigation was to determine how water flows down partially full
vertical pipes, the velocity it attains at different heights and
how thet velocity varies with rate of discharge and size of pipe,
They derived a relationship to determine the maximum terminating
velocity and to determine the position of its occurrence, Their
analytical approzch is described in the next chapter.

1+28  Geperel Comments on the Litcrature,

There appears to be a corrclation between the results of Laushey
and kavis with those cf Viparelli as seen on figure 1°2. The
rclationships derived by Laushey and ilavis do not consider the

shaft diameter; hence there is a neccssity for different relation-
ships, when different diameters are considered.

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

of experimental points, which deviszte 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 tc a research worker in this field,
The cxtensive study of the de-aeration charactcristices is unique,
The hydraulic theories developed by Ackers and Crump es to the effect

of air/
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of eair-core variation and also the tiaeory developed by Dawson and
Kalinske with respect tc the veloeity variation in a vertical shaft,
have been the ground -n which, the author's theoretical analysis is
based, Therefore these theories are deelt with,in greater.detail in
the next chapter,

1°30 The Scope of the Prescnt Investigation.

With reference to the literature mentioned in the preceedin: scction,
it is apparent that a great deal is yet to be known about the mechanism
of Air Entrainment, Thec cause for Air Entrainment in the absencc of
an annular jump is not evident, Though it has been mentioned (%)
that in the case where a jump is present, large amounts of air e
entreined (at the i pact), a quantitative analysis of the air
entrainment at the jump needs further investigetiun,

The ubiquitous use of model analysis would not vouchsafe confident
prototype predicticns unless the scale effects are accounted for.

Tc elucidate the disparity of predictions a clear understanding of
the underlying phenomenon of Air Entrainment, occurring in several
scale sizes, is necessary. This would facilitate a seni-empirical
relationship to be developed,

In the present study it is envisaged that a theoretical analysis
would be produced whecrever possible, Also from the experimental
results o theoretical procedure may be justificd, where available,

if not the experimental results would be utilised to develop

empirical relationships,



(12

CHAPTER II

THEORETICAL ANALYSES

2°0  INTRODUCTION

The theoretiecal analysis of Air Entreinment in Vertical Shafts will
be considered under two main eategories namely air entrainment occur-
ring under free flow conditions and, with a jump in the shaft,

In the analysis of the free flow condition an ideal flow state is
first considered, ignoring the spread of the water surfaee, as it
falls along the shaft axis, The reason for such & 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 Velccity wntil it reaches a certain
maxinum terminaeting velocity at a section which shall be herein
after referred to as the "Terminating Section". Investigations into
the velocity variation 2long a vertical shaft hawe been conducted by
Dawson and Kalinske (7). The finite velocity at which a raindrop
reaches the earth, illustrates the above phencmenon,

The increase in the vertical component of the axial velocity of the
water, from the throat section to the terminating sectidh, 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
will 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 2°+1, 22 and 2°3,

The volumetric inerease of the air core with the fall, gives rise to
a vacuun effect within the shaft which in turn draws air from the

atmosphere/



(13

atmosphere to counterbalance the negative pressure. It is this
quantity of air which could be measured at the entry into the shaft.
A portion of this air will be enveloped on the surface of the water
profile and the rest will be dragged with the water, due to the
effect 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 guantity of air which could be carried
beyond the jump is that amount which is already enveloped due to the
spread of the weter surface. Iven 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 5+4,

To establish a plausible and consistent theory as to the air entresined
without a jump, it is necessary to evaluate this excess supply of

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

two specific conditions, Primarily, the volume of the air core in the
state elready described in the earlier section and secondly under &
further ideal condition where there could be no vacuum effects,

This latter condition could be obtained only if there is no- inercase
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 2°3; considering vacuum effccts the
volume is (A4 + 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
ethod of evaluating the variation of this diameter with the discharge,
for a particular geometry 6f chamber 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 taroat downwards and this is facilitated
by the use of a.Computer Program (No, CIE/018/0018) a flow diagram, of
which is shown in figure 2+4 and described in detail under section
2°14.,

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 vertical shaft is due 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 tumnel under pressure, the pressure in the tunnel cruses a
column of water to occupy the lower end of the shaft., 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 & nozzle so that a reasonable head above
the opening would persist at all discharges., This head could be
varied, by altering the size of opening for the particular discharge,
The presence of an annular hydraulic jump causes a large proportior
of air rejection at the point of impact., Although air entrainment
would ocour for reasons similar to the conditions prevailing without
2 jump, the air rejection which takes place at the Jump reduces the
net gquantity of entrainment,

In the present study the 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 1+22 appears to be in fair
- accordance with the Author's experimental results (see figure 6+30)
except for possible discrepancies due to Seale Effect. By undere
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 magnitude of
the spread for a particular discharge and shaft diameter. The .
growth of such a jet could be established as a straight line and
therefore the air entrainment would depend on the differcnce in the
cross-sectional area due to the spread, considercd at the point of
impact.

2°10 HYDRAULIC THEORY FOR FREE FLOW CONDITIONS.

With reference to figures 21 (2 and b) a free vortex is considered
at the entry to the shaft,

Hence, by considering the propertics of a free vortex the method of
analysis for the conditions both at the inlet and at the throat of
the vortex chamber, '« conducted,

With the notation/
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Notation [4]

C = Circulation.

v = Whirling component of the velocity,

E = Total Meagly (relative to chamber floor),

v = Vertical component of Velocity at the throat,
P = Static pressure,

a =  Air core diameter at the throat,

da = Internal diameter of shaft.

: = Practicnal air core at the throat,

r, and r, = minimum and maximum redii of vortex chauber,
t = Distance between thrcat and floor of vortex chamber,
Q =  Water discharge,
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With notation [1],
At any general section
Circulation C = vwv.r csnsscsersdl*1A
By Berrnouilli's Theorem
v2

E =
L y +2’8 a y ""281.2 ‘c-..o.ul..2.11B

With the assumption of zero energy loss in the chamber, the velocity
distribution of the fluid entering the chamber is as shown in
equation 2+114 and the total energy will be constant as in 2°11B,
Acruss section ii in’ figure 2<1A
the discharge @ = fr 2yydr

ry

el &L
.;L < (& - ) ar

2gr?

r
= [E.C.loger + (?/Lgrz]rf

d.€, Q = E-CJ—OE i1/r: - 1/1':10.......2:110

3
£
4

- -
e YTy
Consider the throat section tt in figure 2¢1B., Since the shaft is
considered to be open to the atmosphere, the static pressurc in the
core at the throat will be atmospheric and from Bernoulli's equation,

its energy with the throat as datum is as follows:

M = .

E+t: %+2g+w 00000.00012 11D
Now at the air-water intecrface at the throst section p = 0, r = a/2
Substituting in equation 211D

E +t =2<:z/gaz +vz/26 .---.0.002.11E

Since by the equation of Continuity
the discherge/
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the discharge Q =%(dg - &)V
and by introducing a°/a® = f, the fractional air core, it is
possible to combine with eguation 2+¢11E to give

Q =5/4 &(1-F) {28(E + t) - 40%/a%F)......0.2°11F
The above equation was first derived by Bi.: ie and Hookings (8).
By partially diiferentiating, it is possible to apply the principle
of 'Maximum discharge' to determine the size of Air Core which for
a known gemetry will permit the greatest discharge for a particular
energy.

1
i.e. 34 = 0= - f28(E + t) - 4C%/a%1)E

ll—ca 2 2 _1
+3(1 - £)—12g(B +t) - 4C /a.£]72
a.f

2g(B + t) 4C2/&f = 2(1 - £)c/ac ¢
g(B +t) = 20%¢/3%F + *(1 - £)/&3F°
&(E +t) - (1 + 1) Suretnnesst sy
a-f
inserting in equation 2°<11F

g iy -2 /{202 (4 +96) _lpcz.f}

b v a
.1 2 o £) - ur
Q - I.;. d(":(1 - f) o { f‘ }

q =L’—:ac\/{-2-l—‘—ff-}
g IR TeRE )

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

Considering the throe equations a'ready derived for the inlet

condition, throat condition and the maximum discharge and re-

writing chem in a non-dimensional form,
/2 = %2 10g, 2} - Phed - S 11
L(, tad Oge ;:' — g ? “? o--'--oo¢2-11

ar by 1 2
Y
f .'...l...?:41J
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(B + t)/a G )]

gd’.f ._0000000002.11K

Substituting for Q/dC from equation 2+41J in equation 2+11I and
also for G®/gd® from equation 2¢11F in equation 2+11I,
264 - 2 T
s REZR O
f

E 4+ t) .f 42 -

sty &5
1

d Ta T
.2...¢....“.2.11L
Collecting terms
r 2 2 2
E v 2 4 d d
= |1lo —) - -
3 0og, () -y {-rT 28
_EJQZﬁ - f)’; > o {ﬁ _&
—4 ¢ 2 4 l’_d—(1 B f) 12 12 ...0000D0.2.11M
1 2
To sinplify the algebra
let Fa=£/40 + 1) WM
p2 /i (Ve - 1) [21 - ) A Ry
61 = log. (r ) "
e 2/1‘1 '..l......z 11P
. ' :
G‘ = 2 “ - LR A A ) -
and substituting in equation 2°<11H
2ot -me2] = P2 4 c2F teeeeeesss2 R

1 & G2 are geometric properties of the vortex chamber;

M & F2 are parameters depending solely on the fractional air core.
Ackers and Crump suggested the following procedure to evaluate the
variation of discharge with the fractional air core,

(1) Caleulate 61 & G2 for the given geometry.

(ii) For a series of values of f, caleulate M % F2.

(iii) 1Insert in equation 2*11R and evaluate E/d
2 *

(iv) Evaluate €?/gd® from 4,74 (% 3 -&) = %5’

2 -2
hence L2 = LM LE—;-;Q}

3 2
gd.-d
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5
i.e. aC = JBd %2 e E—;—Q}
Substituting value of dC from above equation in equation 2°41H

s 5
e
it MRt ol 8 ixisawse B UED

(v) Evaluate Q from equation 2+118S,

(vi) Interpolate values of f for given (regular) yalues of Q.
212 Varigtion of air-Core diamster_alomg the Shaft,

(from the. throst to Terminating Section)

#ith reference to figure 2¢2 and notation [2]. Let sh.be an
accelerating elemental annular ring of water at a distance h below
the throat.

nass of water m = (A h) A.lgv

then#8 = mg - Rwd @n) w.v? ivnasdiesiB¥I2h
Since the shaft is not flowing full, the area A can be bsst
expressed as %!
Also to use the frictional resistence as dimensionless K' is
replaced by-l;E dividing equation 2°*12A by n.

YT (ﬁ;Fd%hE.wV’

Bh)Qw/V)(w/g
_ kravs
Qw ssssveescel®1Z2B

i.e, S =g

For any particular discharge%qw—-d is a constant

let 2 = (22) and since § -
Qw
an - WY _ XY
g - Zv?
i,e, dh =-v:.d;v—

8 -ZV, 00000300-02.12C
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Notation [2)

Ah =  accelerating elemental annular ring,

h = distance of the annular ring from the throat,

hm =  depth of the terminating section,

L = length of shaft.

d = dianeter of shaft,

£ s rictional resistance expressed in force/unit area/unit
density/unit velocity.

v = average velocity of water (friction varies approximately
as square of velocity.

W = unit weight of water,

g = gravitatiohal constant,

S = acceleration of water at any point,

A = area of Tlow in shaft,

Qw = Water discharge.

Vm = maxipum terminating velocity.

Vo = throat velocity.

x = air core diameter at depth h,

Qa = air discharge.



2
Maximum Terminating Velocity. (

At the maximum termirating velocity, acceleration is zero,

e 0o  ELVD
i,e, 0=g - o
1/3
= [AN.5
therefore Vm = {K.'"'d } ..‘.......2.1 2D

Velocity V = Vo at the throat section;

also V = Vm at the terminating section.,
Using equation 2°12C dh = Lo b
g -2V
integrating for the limits of V from Vo to V
hu_ )/
5 j th = J-f Yoy :
3 .
0 Vo g-zv o 80 128
-l . Vo
b GAYVn [loge o+ (Va - \f)zl Log, b+ Vm - Vo 2}]
2V + Vo 2¥2 4+ Vm
-f3ZVm (arc tan o o arc tan —_Vm.ff )
Eile ...........2'1%

(Derivation from 2+12E' to 2+12E is presented in Appendix ).
This equation relating the velocity variation with depth of fall
was first derived by Dawson and Kalinske (7)

Fron egquation 212D
1
e o 3
e - G2
but K the frictional resistance varies with the square of the
velocity.

Using Manning's foruula to find Vm
i i"86 Rz/S.-' ’/g
4 »

¥ =

where n is the reughness coefficient

R/
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R the Hydraulic Radius

i the gradient

Rl _gw
vV #d Wd

(:sin90°=1

Therefore Vm =

A8 (quy*/s

va/s= (1488 (Ax

1.6,

.".l‘.l...2.12F

1 . :/5 wz/s
&' - wm - 22 ey B e

A e M
&) - 8. @

|

wa (6 @y L

|

From equation 2°12E, the height at which different values of V

...000...002’12G‘

(from Vo to Vm) could be evaluated, From these results an inter-
polation could be made to & tain the variation of V for given _
(reguler) values of h,

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

follows:
“L(E . 2) i !
ow = L ( - )V where x = air core diameter at a
- - d_z‘gw.& general section,

_/ - haw
. ."‘/v 7

whexre Vv =T (h, Z, Vo, Vm)

........'.2.12-1
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With reference to figure 2¢2, Consider the general section, h
units below the throat and having an air core diameter of x units,

Area of cross-section of the annular ring of water

ineo Qw =£ (d-a - xa) V 00...0000.2.13A
at the throat section

- T ,.2 2

QW =I(d. - )Vo 0‘0.6..00.2.13B
and at the terminating section and beyond it

QW =T1: (dz - x’:n)Z‘V‘_rl g ..........2'130

Consider the shaft in two sections:-
(i) From throat to the terminating section,
and (ii) From terminating scction to the end of the shaft,

Let 9, = total volume of air core. (under normal conditions)
gy = volume of air core in the 1st section of shaft.

Gg

volune of air core in the 2nd section of shaft,

iy = total volume of air core (with no vacuum effects)

(Section 2+00 describes conditions necessary to produce ¢, and ‘1'3).

In the first section of the shaft;

Volume of an elemental disc of the air core

2
T-x
el W
Sincegvﬂs T:-’(d2 -2)

and also V = £ (h, Vo, Vm)

T T L
' 4 £(h,Vo,Vm) susnesassvs2?13D
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In the second seetion of the shaft

Qw:f(da-xm) Vo

Therefore q, = (;r-'-..da. Vo - Qw) ‘I‘v_;.h_@).

'..I.Q...’.2.13E
Hence the total volume of air core 4,
QY =9, %9,
7 G - n)
md w L-ho)xga® :
= J B - vyl @+ Gd V- qu)

oc-c.n.o-.2.13F

The above equation evaluates the total volume of air core under
normal conditions,

To evaluate ap the total volume under the idealised condition,
having no vacuum effect, variation of the air core at the throat
with the water discharge is used as derived in 211,

Air core diemeter a = f (Qw,G)

where G is the geometry of vortex chamber,

However g = I 21

1‘.‘ ...I......2.13G

Substituting for a in 2°+13G

2
oy A
qB —A.L‘[f(Qw’ G)] ....l.....2.15ﬂ

The scope of this anslysis is to correlate the volumetric differennce

of qA/
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of a, and ap to QA the rate of air discharge into the shaft, In
doing so, & period of time should be consilered over which the
volumetric difference -  occurs., This period of time is the
corresponding time taken by water to fill the remaining volume
(shaft volume - total air volume) of the shaft at the particular
rate of flow Qw.

It is probably evidgnt at this stage, that with the increase of
water flow there is a volumetric increase in the difference of 9,
and G However, 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 thé throat velocity of the air., But,
from the principle of the exchange of momentum it is elear that the
air velocity cannot be greater 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 cccur when the air core diameter is
comparatively smaller and when the throest air veloeity reaches the
maximum terminating velocity of the water,

To elucidate the two latter aspects in this analyses and also to
curtail rigorous mathematical analysis, the following procedure
with the aid of a Computer Program is incorporated,

The computer program (No. CIE 018/0018) enables the air flow to be
evaluated for a dropshaft having a vortex entry, for diffcrent
values of water discharges and shaft lengths.

Referring to figure 2+3 flow diagram in figure 2+4 and the notation

[3] =a brief outline of the steps in the evaluation is shown below,

(1) For a/
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of Volumes
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FLOW DIAGRAM FOR COMPUTER PROGRAMME No.CIE 018/0018

ATR ENTRATINMENT WITH FREE FLOW CONDITIONS
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Notation [ 3]

ow
Vo

Vo

aa

liodel number (1 to 6).

Fracticonal air core,

Water discharge (Cusees).

Throat velocity of water (ft. per sec.)

Maximum terminating velocity of water (ft. per sec.).

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

Air core diameter at the throat (ft.).

Air velocity at the throat (Ft/s).

Air core diameter at terminating section (ft.).

length of shaft (ft.).

W3 ard A = Volumes (cu.ft.) as illustrated in figure
2144,

Air flowwhen Va< Vi,

Apparent air flow when Va> Vn,

Air entrained in cusecs.

dal for @ considering jump,

Fall height.
Growth constant,
Air core diameter at fall height (without considering spread),

Air core diameter at fall height (considering spread).
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(i1)
(iidi)
(iv)
(v)

(vi)

(vii)

(viii)

(ix)

(x)
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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
G+95 to 0*5 in steps of 0°+5,

Using Aitken interpolation evaluate values of f for values of

Qw from 0°01 to a maximum of 0+60 in steps of 0+01 (Cusecs).
Use values of Qw and determine terminating values Vm and H-,
For the values of Qw, determine watcr volures W2 & 73,

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

A2)

Determine time taken to fill volume (W2 4 W3) at the rate Qw
i.e. T= (W2 +W3)/Qw.
Determine air flow rate %.
Determine throat velocity of the air considering air core

diameter a,

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

into the shaft is as determined by step (vii).
If throat velocity of the air is greater than Vm, then air
entrained into the shaft is determined by the product of the

area of air core and Vm.

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

6°21-6+25 alongside the experimen’al results.

2+20

HYDRAULIC THEORY WITH AN ANNULAR 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 air or atmosphere, This fact can be demonstrated
by placing a container at different distances, from the exit of a
domestic water tap, It will be evident tha#%, 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 2*1 (A, B and C).

Hence the criteria required to be investigated is the spread of the
Ammular jet, Abramovich (9) describes the growth of & circular jet
to be linear,

As pentioned in Section 1422 Viparelli derived an empirical reletion-
ship for the air-water ratio with the ratio of Fall to Diaseter, as
follows:-

- hy %4
g& = 0-022 (3) %

cececsesesl®22
where 4 is the shaft diameter and h is the free fall of the
anmular jet, It will be seen later as in 5°+30 and figure 6°+30 that
the experimentel results from the present study with a Jjump 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 armular jet for different flows and
shaft siges,

To establish a plausible theory as to the spread of an annular jet
the procedure adopted by Abramovich (9) for a circular jet is closely

followed.,
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Short

(8)

Medium

Plate 2+1 EFFECT OF JET LENGTH ON AIR ENTRAINMENT,
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2+21 Spread of an annular jet,

Considering the turbulent annular jet, the components of velocity
at any point can be divided into a time averaged value and a ran-
domly varying peturbation,

Let the x direction be that parallel to thse 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 veloecity which occurs about

a iean.
4 = a +u’
ad ¥V = V47"

If the "mixing length" is equal to L then

= Lou
Au’: =3
ay

It then follows that

u'e Lo

oy

By considering the rate of mass flow it may be assumed that
-V ‘c: u ;

1
Hence - V « Lau
oy

Due to the experimental results shown by Abramovich in which the
velocity profiles indicate the similarity of boundary layers in
different cross-sections of a free stresam, it is possible to write

the following

L4 > L -
(d - 315 o d -a 3 Constant sossssnassl24

where L is the length of the jet considered

a/
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d is the diameter of shaft
and a is the diameter of the air core
Let (d - &) the thickness of the annular ring be equal to r,
From 2+214 it is possible to establish a law for the growth of the
Jet as a2 function of distance along the axis of the Jet, in order
to determine the way in which the mixing lengths increase. Prandtl
assumed that the rate of increase of thickness of the jet boundary
is dependent on the peturbation velocity,

Ar 1
So that e x V

Since the velocity profiles at different cross-sections are similar,

it is evident that

So a e 2 K
ot oy ssssessssel 2B

Bvt from the rate of growth

e _ &, & 4 @
d-x dt 5 d-x .'IOIQ.'..2.21C

By compering 2¢21B and 2+21C it is evident that

dr _
T = constant N4

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

With reference to figure 28

an = diameter of zir core at terainating section assuning no
spread,
ah = Qieaucter of air core at fall h assuming no spread,

aa diameter at air core at fall h meking allowance for spread,

Hence the net/



Spread of Annular Jet

thm:.tt_______1 a — -
h
term. sect. — _ _ _ _ | |
| |
| I
| |
| I
| |
] ¢A 1 5
lJl/L T
| |
ANNULAR | |
HYDRAULIC
JUMP |aal — e
l aﬁ l
Qw Qa
PR e
d

FIG.

2.5

(37



(38

Hence the net spread in the thickness of the anmalar jet is
(ah - aa)/2.

However the water discharge Qw = "E (@ - al®) x Vm

Thereforc the air enveloped due to the spread of the jet could be
eveluated as, (with reference to figure 245)
ga = %(d’ - az®) Vo - Qw

i,e. ¢a

"

4 2 &
; (ah "~ aa%) Vo “ieeis . ees2°21E

In the a-ove equation the value of ah is cbtained by considering
the spread of the jet. By assuming the preceeding theory, that the

growth of the jet is linecar (from 221D) it cen be written that

sh - 28

z.b 5 c constarlt ..........2.21F

viiere C is the linear constant of grovth,

At this stageit.is necessary to utilise the experimental results in
section 531 to evaluate the value of the constant C. The results
of o computer program (No. CIE ©18/0026) which produccd the volues
of C are plotted in figure 2+6,

The family of curves in figure 2+6 indicates the variation of the
growth constant C with various water discharges in the five shafts,
It is evident that a linear relationship exists between C and Qw for
values of water dischaige higher than sbout 20% of the maximum flow
of each model tested,

From Figure 2+'6 the variation of water discharge Qw with linear
growth of jet C is very nearly in the form Qw = 1i,C

Values of m are as shown in table 2e1,.



WATER FLOW Q, (Cusecs)

0.5

0.4

0.3

0-2

01

Variation of Water flow with Jet Growth

shaft 5
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Shaft Number

Shaft Diameter (ins,)

gradient m

m o W=

14375
1+750
2+250
2-750
5750

96
125

200
292
1630

(%0

Fro= figure 2+7 the variation of m (as defined sbove) with shaft

diameter D in indies is as follows:-

g 46Dg°93

Thersefore C = Q?/AED

1.93

Table 2+1
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Hence, it can be written, for & particular shaft

QW:m-C .ooo-o-co¢2'21G'

where n = f (D) D shaft diameter in inches

d shaft diameter in feet

From figure 2-.7 it is evident that
= 14.6(12d)“”

From 2°21G C =9§

therefore C = Ll’6-w12 1s 93 ...oo-ot¢'2.21H
Substituting for C in equation 2°21F
&h - aa . w -
2h T~ 16.(129 '*°°
: - 2hx 0w )
Lo 3.&. - ah - z._ x 12 $ee3 ..-.000002.211

From 2+*21E Qa =% (ah?® - 22 Vm

which can be evaluated by substituting for aa and determining ah
and Vi as described earlier in section 2+12,

The mcthod of couputation of the rate of air entrainment with a
Jump does not ywlck#a rigorous analysis as much as for the case
with free flow, Never-the-less repetitive computation of the
terminating velocity and the growth of the annular boundary involves
considerable mathematical manipulaticn, To facilitate such a
procedure a computer program (CIE 018/0026) has been developed,
With reference to Notation I}] and flow diagram in figure 2:8, the
steps of the computer program are outlined as follows:

(1) For a particular geometry of the vortex chamber evaluate W

and f,

(ii) Using Aitken interpolation evaluate values of £ for given

(regular) values of Qw,
(111)/



FLOW DIAGRAM FOR COMPUTER PROGRAMME No.CIE 018/0026
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(iii) Use values of Qw and determine terminating values of Vi and Hm,
(iv) For tﬁe particular Qw evaluate growth constant C.
(v) Evaluate air core areas sh (assuming no spread) and ac (assuming
spread) .,
(vi) Evaluate Qa air entrainment,

2+30 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 reduced in the case of a sheft, containing an
anmuler hydraulic jump. In such cascs the free fall has a eonsiderable

effect.

The underlying mechanism of air ertrainmept in vertical shafts as
expressed in this chapter could be concluded as (i) Suction effscts
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. Thec 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 the experimental results.Although the first theory
has besn purely analytical the second theory for the spread of the
water surface is semi-empirical,

In this analysis a vortex entry with the shaft is assumed, which
affords an orderly manner of flow in the shaft and facilitates its
analysis., However, the process of Air Entrainment due to any other
form of entry would be the same though its methed of znalysis would

differ.
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CHAPTER III

DESCRIPTION OF APPARATUS

3+00 INTRODUCTION

It is generally accepted that very great importance is now attached
to the use of scale models, as an aid, rnot only to Hydraulie
Enginecring design, but also to its research, Although for econcmic
reasons it is desirable to utilize models of small 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 nmodels of a proposed drop shaft and intake, Of these
five, the smallest model has been the basis for previous investigations“"
which on the execution of certain modifications, rendered satisfactory
results for its performance. A report of these investigations gse

as attached in Appendix B,

3+10 CHOICE OF SCALE

The two limits of the model scale were determined by the availability
of shaft sizes; smallest as mentioned in 3°00 and the largest by the
use of the main tunnel (see Figure B.1). These scales were 1 in 15°25
and 1:in 3+65. The remaining three intermediate scales were deter-
mined by an even distribution and by the availability of shaft sizes
in the market, These scales wer: 1 in 12, 1 in 9+34 and 1 in 7+65,
The models were naned as Numbers 1 to 5 with 1 being the smallest,

3+20 DETAILS OF THE MODEL

The dimensions of each model are as shown in Tsble 3°*4. The overall

length/
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Dimensions of Vortex Chambers and Shafts

Mod.Na| 1 2 3 4 5
Scale |1:15.25(1:12.00|1:9-34 [1:7.65| 1:3.65
Dia.(d)| 1-375| 1-750|.2.250| 2-750| 5-750
Rad.(r){ 1.18 | 1.50 | 1-93 | 2.36 | 4-93
Ht. (h 6 - 10 13 16 33
Sect.1| 3.93 | 5.00 | 6.42 | 7.85|16-42
2| 3.80 | 4°84 [ 620 | 7-59 | 15-90
3| 3.67| 4-66 | 6.00 | 7-31 [15.45
4| 3-45|4.50 | 5.78 | 7.05 | 1a.80
5| 3.41| 4.34 | 5.56 6-80 | 14-30
6| 3.-28| 4-16 | 5.45 6.54 | 13-70
7| 3.14 | 4-00| 5-14 626 13-15
8| 3.02| 3-83| 4.93 6.01[12-60
9| 2-88| 3-67 | 4-67 5.7512.05
10| 2.75| 3-50 | 4-50 5-50| 11-50
11| 2-62| 3-34 | 4-28 5-25( 11.00
12| 2.49] 3-17 | 4.06  4.95|10.40
13| 2-36| 3-00| 3-8 | 4.75| 9.85

3 ft

.

|

FIG. 3|



(47

Shaft Length
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Plate 3*1A GENERAL ARRANGEMENT OF MODEL.
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length of each shaft is 15 fect and their effective lengths with
respect to the appropriate seale are as estsablished in the Table.3°1.
Bach shaft coaprised of § feet lengths of shaf't, fixed together by
standard flanges,

The spiral form of sach vortex chavber is as shown in Figure 3°1,
The approach channels for all the chambers except for No. 5 were

53 feet in length, so as to avoid unreal hydrzulic conditions in the
chamnels, 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,

2230 CONSTRUCTION AND GENERAL ARRANGEMENT OF }MODEL

The umaterials used in the construction of the model were sheet
metal, wood and perspex. Perspex being a material increasingly
adopted becgause of its transparency, is often of imnmense value as

an cid to visual and photographic study. The four larger vortex
chambers were made of sheet metal, while the other was made of
wood,

The joints of the intakes were welded to ensure water tightncss,

The throats were made of glued laminated strips of wood, smoothemed
to produce a radius as illustrated in Figure 3*1. The gep between
the metal edge and the top of the wood surface was smoothened further
by 2 coating of polyfilla, as seecn in Plate 342,

The general arrangcment of the model is shown in Plate 3°14 and
figure 3+2, The positioning of four smaell vortex charbers a4s- as

in Plate 3+1B, The five shafts werc placed alongside one another,
with their exits positioned on the upstrecam side of a 'V' notech

tank,/
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Plate 3°1B ARRANGEMENT OF VORTEX CHAMBERS.
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Plate 3+2 CSMOOTH ENTRY INTO THE SHAFT,
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¥ODEL DETAILS

Yodel " Notel Inside Effective Chasber
Nucber Scale diameter length height

1 1525 1375 ins, | 2+88 ft. 6 ins.

2 12400 1+750 ins, | 366 ft. 10 ins.
3 9.3y, 2+250 ins. | 4+70 ft. 13 ins,
L 7+65 2+750 ins, 575 1'%, i 16 ins,
5 365 5+750 ins. | 12+00 ft. 33 Sns,

Table 3‘1,

tank, The tank, shafts and the chembers were mounted on a rig
having overell dimensions of about 20 ft, x 8 ft, x 8 ft., At

the downstream cnd of the 'V!' notch tenk,was the sup)ly tank in
which an immersible pump circulated the water,

The air flow meter is zs shovn in plate 3*3 and figure 3°3, It
counsists of an eir blower as the supply, which is controlled by

a Variac., Two perspex lengths of pipe of sbout 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 c¢nd of the air flow meter a funncl
enclosed the air demand into the shaft, Two funnels were necessary
due to the veriation in chember size and from the funncl = pressure
tapping was made, Plate 3+ shows the pressure tapping.

240 DESCRIPTION OF EXPERIMENTAL STAGES

The experimental stages are divided into five scries and dealt

withyin detail in Chepter 5. Since it is necessary to discuss

the special/
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VARIABLE LENGTH

Plate 3+3 AIR-FLOW METER,
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the special provisions required for the individual series of tests,
brief descriptions of the stagcs will be given in this chapter,

The first series of tests involve the study of the Air Entrainment

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

are considered which in fact, in some cases would be in excess of

their effective lengths respective to the scale.

2" Series II Tests,

Series II tests sre an extension of the forcer tests, In this

series of testa the effect of shaft length on air entrainncnt is

investigated,

The presence of an Annular Hydraulic jump is the main characteristic

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

the water flow is studied,

An investigation of the air bubbl: and air pocket motion is made

in this series of tests, A detailed study is made on the 3rd shaft

for this purpose,
2°45_ Serdes V Tests.

Series V tests entail sxperimental verifications of two theories

incorporated in the theoretical analysis, Air core variation with

waeter discharge and velocity variation with height, is carried out
on the 2nd shaft,
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350 SPECIAL PROVISIONS FOR INDIVIDUAL STAGES

CER e mmw ww can sem T e e

Since the exit from each shoft is dirceted to the 'V' notech tank
which is made use of to deternine the water discharge, it is
neecessary 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 make a provision as in figure 34, The water frem the shaft was
made tc fall into a larger dianeter container which is taller than
the maximun depth of water in the tank, Water which dropped into
the container overflowed into the tank, maintaining the distance
between the bottom of the shaft and the top of the container virtually
constant,

To facilitate the effect of shaft length to be studied, it was
necessary to carry out a scries of air and water measurement with
the rcmoval of each 3 foot length from cach shaft, This entailed
the collection of water at ecach of these new exits, A collector
with an adjustable length of 3 inch hosing was made available at
each exit position of the shaft under test, The arrangement is
iliustrated in figure 3+5 and plate 3-5,

To demonstrate the drop shaft feeding a tunnel under pressure and
thereby causing a column of water ‘n thé shaft, a pressure box is
fixed et the vnd of each shaft as shown in fige. 3°6 and plate 36,
The box hes two nmain openings; one to connect the shaft and the
other to release the water to the required height by means of the

aljusteble p.v.c. tube.,/
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Plate 35 Plate 3+6

Series II tests Series III tests

SPECTIAL PROVISIONS
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adjustable p.v.e. tubes, The tubes are availsble in 3 feet lengths
which ensbles the standing cclumn to be varied in 3 feet intervals.
Vater is returned to th 'V' noteh tank via the collector used in
the former series of tests,

224 Series IV Tests.

To determine the veloeity of air buboles rising upwards, no elskorate
measuring instruments were used, By means of a stop watch the time
taken for a bubble to rise was determined, By obtaining repetitive
neasureents, the results were found to be reascnably consistent.
This series of tests involved the measurement of the air core
dianeter at the throat of the vortex drop, and this wes ecarried
out by using a pair of Callipers,

The tests also reguired the measurenent of velocity along the
length of the shaft, Being a vertical flow, the standard N.P.L.
tyoe of pitot tube could not be used, Instead 2 bent tube as
displayed in Fig., 3°*7 was pmecessary.

3+60 _CONCLUS IONS

Elaborate instruments were not utilised in the apparatus except
for the measurements of the two important quantities 3,e, air flow
and weter flow, where the apparatus was selected to ensure accurate

results,
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CHAPTER IV

EXPERIMENTAL TECHNIOUES

4°00 INTRODUCTION

Fundametntal oconsiderations in nodel technique were based on the
informetion 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 experirental measurcments were that of air flow and
water flow., Due to the wide range of flow, reliance on a single
systen, lacked confidence., However, collsboration was maintained
between the systems eamployed.

Elcborate techniques were not adopted in the measurements of air
bubble and pockst motion but the consistency of the experimental
results yielded much scope for investigation, This was also the
casc in the experimental verifications of the two theories co=-
ordinated in the theorctical analysis,

4+10 CALIBEATIONS

The flow wmeasuring instruments were ezlibrated against standardised
instruments, Calibrations werc conducted in accordance with British
Standards 1042 and 3680 Part 4a of 1965, The results of tho
calibrations were re checked whererer possible,

4°11_ Calibration of Water flow meter.

The water discharge through esch drop shaft was determined by measuring

the head cver a 'V' notch,

The 90°/
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Experimental Set Up for 'V’ Notch Calibration
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The 90O triangular weir was capable of reasuring o maximum head of
0+6 feet, which corresponded to & maxizum discharge of 0+662 cusecs.
The ncedle gauge measuring the head in decimals of a foot, was
capable of measuring up to a thousandth of a foot and was situated

3 fect away from the notch.

The calibration of the Vee notch was carried out by placing the 'V
noteh tank horizontally over a second tank as shown in Tigs 41,

The calibration tank was 2' x 3' x L! having the facility to mecsure
the depth of water, through a gloss tube, thus enabling the discharge
inte the tank to be determined,

During the calibration,watcr was pumped from the sump into the 'v*
noteh tank, from where the water returncd through the calibration
tenk into the sump, When steady conditions were observed at the
needle gauge the outlet valve of the calibration tank was closed,
noting time tzken for the water level to rise a known height, The
rise of level of one foot in the tank was equivalent to six cubic
feet, hence the discharge,

This simple method of collecting and measuring the gquantity, though
rather elementary, affords confident results. This method was
dircetly used in the case of very small water discharges and also
for some of the flows through the first drop shaft., This enebled
the accuracy of the water discharge over the notch to be checked
specielly at very low heads, The results of the calibration are

as presented in Table 41 and pletted as in fig, 4+2, The rosults
processed in the corputer program (No. CIE 018/0011) gave the following
relationship and also values of disch:irge, for head increases of

0+001 ft. up to a maximum head of 0+600 fest,
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V' Notch Calibration

| /

100

80
70
60

50
40
30

b4 o

- @~ ® v -

2380 No—x ID9¥VHISIA ¥3ILvMm

6 7 8910

5

HEAD (Feet) x10

FIG.4.2




(67

Plate 4+1 POSITIONS OF DROP SHAFT EXITS AND 'V' NOTCH.
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Q = 2378
where Q = discharge in cusecs
H = head in feet,
Gauge Reading Head (ft,) Discharge (Cusecs).
(£t.)
0+523 0+353 0:1918
0433 0+263 00950
0+340 0+170 0+0320
O+446 0-276 041159
0+390 0-220 0+0630
0-493 0323 0+1595

Table 41,
Plate 4°+1 illustrates the positicning of the drop shaft exits and

the flow over the notch.

The measureuent of air into the shaft varied a great deal, so nuch
that a single specific method was not sufficient., The princigle
adopted in general was the same in<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>