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SUMMARY

The occurrence of free spiral vortices at pump
intakes and reservoir bellmouth spillways can cause
considerable loss of efficiency by reducing the quantity
of flow and by entraining air. To understand the mechanism
and formation of these vortices an investigation has been
made under steady and controlled conditions, measurements
of surface profile, velocity distribution and discharge
being made and compared with the results calculated from
non-viscous theory. Vortices in two sizes of geometrically
similar apparatus have also been studied to determine the

velocity scale relationship for similarity.

The formation of steady vortices has been investigated
for outlets drawing water both upwards and downwards from a
vessel and the conditions for air entrainment to occur has
been shown to be different for these two directions of outlet.
The transient formation of vortices at these outlets is also
discussed and it is seen that direction of outlet is, then, not
important but the outlet velocity compared with submergence
is a principal factor. From this work three independent

conditions for the prevention of such vortices are found.

The behaviour of a vortex core arfter it has entered

an outlet was also studied. With a downwards outlet the



air-core could persist, but conditions were found when a

sudden transition to pipe-~full flow could occur and this

transition has been called the annular hydraulic Jjumpe.

An analysis of this transition was made by msking certain
simplifying assumptions which were shown to be Jjustified

by the agreement found between experiment and analysis.
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CHAPTER I

THE FREE SPIRAL VORTEX

1. Introduction

The typical surface profile produced by a swirling
flow at an outlet from a vessel has long been a well
known feature of free surface flow. Yet, only in recent
years has a detailed study and analysis of this phenomenon
been attempted. Non-viscous, hydrodynamic analysis gives
the velocity distribution for the potential or free
cylindrical vortex and shows that, ideally, the free
spiral vortex should have a similar velocity distribution.
For many years this was all that was known of the free
spiral vortex and it is only in the last twenty years
that detailed experimental study, together with further
theoretical analysis, has been made. These recent studies
have become necessary because of the unexpected occurrence
of the free spiral vortex in some hydresulic problems and
the associéted harmful effects sometimes producedvby such
vortices.

One problem that hes produced considerable interest
in the free spiral vortex is the formation of such vortices
at pump intakes and bellmbuth spillways. When water passes

into an intake free spiral vortices will sometimes form,

entraining air and reducing the quantity of water flowing.



At a pump intake the entrainment of air can cause vibration
of the pump impeller and partial loss of suction, while the
variation in quantity can produce changes in pump speed.

At a bellmouth spillway the decrease in quantity which
occurs when such a vortex forms might.in an extreme
examplg)lead to the overtopping of the dam, but here the

air entrainment should not be serious. Several recent

papers have been concerned with investigations made on

the prevention of such vortices and a study of these papers
has shown that some aspects of the problem are not understood.
A survey has therefore been made of all recent investigations
of the free spiral vortex so that the present state of
knowledge can be determined and a profitable line of study
found.

The first investigations studied were concerned with
the formation of vortices at bellmouthed spillways and the
consequent reduction of their coefficients of discharge.
The next series of investigations were concérned with the
prevention of vortices in pump sumps. Following this
work some investigators have studied the free spiral vortex
when produced under steady and controlled conditions. More
recently there has been work on the use of the free spiral
vortex to control flow in drop chambers particularly for
application in sewage systems. Before proceeding with a

gescription of the the present work and the conclusions



derived from it a summary will be given of some of this
previous work drawing attention to features which were not
understood and which seemed to require further investigation.

2. Bellmouth Overflow Spillways

The first recorded work of any conseqguency in this field
is that of G. M. Binniel of Binnie, Deacon and Gourley who
carried out some tests on model bellmouths and siphon-
bellmouth spillways for the Jubilee reservoir Hong Kong.

The models used were quite large, being built to a scale

of Ei giving a bellmouth of over 3 feet in diameter. The
report mentions the formation of a vortex and its considerable
effect on the coefficient of discharge, but then proceeds

to make an erroneous distinction between the t ypes of vortex
which £ orm, classifying them as "forced single spiral vortex"
prbduced by swirling in the approachingflow and a "“free
single spiral vortex" caused by "a suction due to a vacuum
created inside the bellmouth immediately below the surface’
It will be shown in the present investigation that a vortex
can only form if there is swirl in the approaching flow when
the vortex formed will be of the free spiral type. G. M.
Binnie considered a number of ways of preventing a vortex
from forming and found that a single baffle placed across

the bellmouth was the most satisfactory cure, although not
necessarily complete, because a vortex could still form on
one s8ide of the barffle.

l. G. M. Binnie: Jour. Inst. Civil Engs.V. 10
Ps65, 1938.



Following the work by G. M. Binnie some further
laboratory experiments oxn bellmouth spillways were made by
A. M. Binnie and R. K. Wrightz. Their apparatus, essentially
a 4 foot diameter tank, had a radial supply similar to that
used in the present experiments and a central outlet in the
form of a bellmouth standing vertically upwards from the floor
of the tanmk. The flow approaching the bellmouth was entirely
radial. It was shown that, for low ¥alues of the head above
the s8ill of the bellmouth, the bellmouth acted as a circular
weir and the flow was axially symmetrical leaving a central
core of alr in the outlet tube. When the flow was increased
this air-core became unstable and opened and closed alternately,
trapping quantities of airwvwhich were carried through in the form
of bubbles. Under these conditions the flow quantity varied
considerably and the opening and closing of the air-core
produced much noise. With further increase of the quantity
and with no swirl in the approaching flow, a critical depth
of water was reached above which the weir drowned and no
further air entrainment occurred. In the later experiments
éwirl was deliberately induced in the approaching flow by
using‘baffles to deflect some of the flow into a tangential
direction and it was found that a free spiral vortex with an
air-core was formed. Air-entrainment now occurred even at
depths much greater than the depth at which air-entrainment

2. A. M. Binnie and R. K. Wright: Jour.Inst.Civil
Engs. V.15 p.197 1941.



had previously ceased when no swirl was present. Binnie and
Wright concluded that considerable care should be taken to
‘prevent swirl in the approaching flow because the free spiral
vortex not only entrained air but also caused a considerable
decrease in the coefficient of discharge. Swirl diminished
the coefficient of discharge both when the bellmouth acted
as a weir and when it was drowned.

3. Air entrainment in pump sumps

A number of papers published have been concerned with
the formation of air-entraining vortices in pump sumps and
methods for their prevention. The most comprehensive of
these papers describes work done at the British Hydromechanics
Research Laboratories by D. F. Denny and G. A. J. Young3 and
is representative of most of the work done on this subject up
to 1957. A study was made of various shapes of model sumps
and it was concluded that the vortices formed because of
rotation in the approaching flow.

The influence of a number of variables was studied,
including submergence of the intake, suction velocity and,
for upward flow into a vertical pipe, ciearance between
the bottom of the pipe and the bottom of the sump and, finally,
distance of the intake from s side wall. Using these

British Hydromechanics Research
3+ Denny and Young. ,....iation. Publ.SP583, 1957



observations they were able to draw diagrams of submergence
against intake velocity and divide the diagrams into vortex
forming and %ortex free regions. No measurements of vortex
strength or éwirl in the approaching flow was attempted. The
effect of various baffles and rafts were tried and these were
sometimes effective in preventing air-entrainment, but it was
doubtful if they reduced the swirl in the intake.

The main purpose of their investigation was to attempt
to determine a velocity scale relationship between a prototype
and its geometrically similar model. Their results indicated
that the Froude Number relationship did not give similar
results and the model velocities had to be increased before
similar behaviour to that of the prototype was obtained. They
concluded that models should be fun at exit tube velocities
equal to those of the prototype, but realised that this could
not be universally true becaﬁse it implied that vortices might
form in depths of water of 100 feet or more, which is contrary
to experience. It should be noted that this suggested velocity
scale exaggeration was only checked oance for a fE size model
and its prototype.

It is interesting to gquote from their remarks on air-
entrainment that "the air carried into the intake in this
manner may easily reach 5% of the water flow, and can thus
have disastrous effects on the efficiency of the hydraulic

machinery, apart from the danger of vibration or corrosion



damage toplpes and tunnels. For instance 1% of air is known
to be capable of reducing the efficiency of a centrifugal
pump by as much as 15%". They point out that swirl alone,
with no air—entrainment, may be troublesome, particularly
with axial flow machines. They also state that whether

the intake is directed upwards, downwards or sideways is
unimportant, but this will later be shown to be not true.

L. Studies of Free Spiral Vortex

The first experimenters to study the free spiral vortex
in any detail were A. M. Binnie and G. A. Hooking# at Cambridgee.
In their introduction describing previous work on this
subject, they say "what scanty information is available deals
mainly with the coefficient of discharge of trumpets for bell-
mouth spillways. G. M. Binnie's experiments using very large
models do not correlate the swirl in the approaching fluid
with the discharge®. In Binnie and Hooking's experiments,
they used a five foot diameter tank which had both tangential
and radial supplies. The centrally placed water outlet could
be either of trumpet shape or a uniform pipe and was similar
to the apparatus used in the present investigation except -
that outlet pipe protruded above the floor of the tank.
Measurements were made of the quantity of water passing for
varying proportions of radial and tangential supply and also

of the amount of air carried through.

4. Binnie and Hookings: Proc.Roy.Soc.A 194 p.398
: 19,48



Attempts were made to measure velocities in the tank
but, to quote from their paper, "The vélocities were too low
for a Pitot tube except near the core where its presence upset
the flow ... drops of coloured liquid were also unsatisfactory
for they were quickly drawn out into long spiral filaments".
An approximate value of the swirl was obtained by using a
matchstick loaded with lead so that it just floated on end.
Its radius of rotation could be controlled by adjusting its
weight and a value of the swirl could then be obtained by
timing the matchstick for several revolutions. According to
these measurements the ratio of the observed swirl at 18%"
radius to that calculated for a particular discharge and water
depth was 0.18 over a range of discharge for the 2" supply and
0.065 for the " supply; this is poor agreement which will be
discussed later. | '

Binnie and Hookings derived an expression for calculating
the zore size and discharge for a given swirl and depth. This
work is quoted in full later in this thesis and is compared
with experimental results obtained. ' The analysis assumes
that t here is negligible radial velocity at the critical
outlet section, which implies that the core surface is
vertical at this point. ‘They therefore consider that their
analysis is only épplicable to a trumpet shaped outlet in
whieh the redial velocity is suppressed. They could not
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measure the'swirl with any certainty sé they made a wall
tapping in the throat of the trumpet and measured the pressure
(h) at this point in excess of atmospheric pressure. They
then assumed the swirl velocity at outlet to be distributed

as for a free vortex, so that,

2
2g \b® a

Knowing h, the core radiugi and the outlet tube radius, a, at
this section, they could calculate ¢, the swirl. Air-
entrainment was negligible when a continuous, steady air-core
existed but, when this air-core became unsteady, bubbles of
air were trapped by the closure«.of the core and were then
carried through. The maximum ratio of air-flow to water
flow observed was 0.28 for a bellmouth.

A.M. Binnie and J. F. Davidson® continued the study of
the free spiral vortex by applying a relaxation analysis to
the problem of a circular tank with a central sharp edged
orifice as outlet. They determined the shape of theconical
hollow Jet which is formed and compared their results with
certain practical values. There was no direct measurement
of velocities with which to compare the results and the
value of the swirl was c¢hosen to fit the surface profile.
During thelr experiments they found that for a small swirl

thcfaexsxtzeuildt”dees«nnt~diverge decaupe of surface tension

5. Binnie and Davidson: Proc.Roy.Soc. A 199,
p.4h3  1949.
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forces, oscillations being set up in which the jet alternately
expands and contracts,and this is analysed.

5. The Purposes of the Present Investigation

After studying the papers summarised in the preceding
sections and after jersonal discussion with Mr. A. M. Binnie
at Cambridge and Dr. D. F. Denny at the British Hydromechanics
Research Association it became clear that the following points
were among those requiring solution befdre definite conclu-
sions can be drawn concerning the formation of air entraining
vortices.

Firstly, no measurements of velocity have been made
within a so-called free spiral vortex. The non-viscous flow
theory assumes that tangential velocity varies inversely with
the distance from the centre line of the vortex core, but
such a distribution of velocity implies that there will be
shearing stresses set up when a viscous fluid is used and at
small radii these stresses may become considerable. It has
.yet to be determined whether these shear stresses distort
the ideal velocity distribution only slightly or perhaps
very considerably. The theoretical solution obtained by
Binnie and Hookings for the free spiral vortex uses the
ideal velocity distribution and would be made invalid by any
considerable difference between this and the true distribution.

Secondly, there is the problem of dynamic similarity

between geometrically similar systems. Suppose that a vortex
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is produced in one size of apparatus in which the depth of
flow, the quantity and the swirl are messured and suppose
that a geometrically similar vortex in a geometrically similar
but larger apparatus is produced. What would be the scale
factor relating the velocities in the two systems? Denny

has suggested equal exit velocities for similarity of vortex
formation but this condition has not been substantiated except
in one instance.

A third problem which needs to be solved is the way in
which the swirl arises in a structure such as a sump.
Numerous theories have been put forward, including ones
involving spin produced by the pump impeller, or a type of
secondary flow when the flow turns a sharp corner into the
outlet, also, general swirl in the sump or vortices shed
from the sump boundaries. Denny states that the swirl must
originate 1n‘£he flqw approaching the outlet but does not
specify how this happens.

A fourth problem which éppears to have received very
little attention is the behaviour of the flow after passing
into the outlet pipe. Suppose that a vortex core is formed
and the tail of this core enters the outlet pipe. Does this
air-core persist in the outlet pipe or is it broken up into
air bubhles? When an air-core is formed the flow into the

outlet has a high proportion of swirl and it is presumed that
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this swirl will be diminished by the action of viscous
retardation; it would be useful to know how guickly the

swirl would be destroyed. There is also the question of
'whether the direction of the outlet has any influence on the
conditions within itself. It may well be that whether, for
instance, the outlet leads vertically downwards or vertically
upwards may have & fundamental influence on the behaviour of
a vortex core within it.

It is known that much of the vortex formation at pump
intakes and reservoir, outlets is intermittent, each vortex
only lasting for a short period of time and pfoducing surging
of the flow. Such an unsteady state is difficult to study,
especially when velocity measurements as well as quantity
and depth measurements &re required. Therefore, to study
some of these problems it was decided to design apparatus
invhich a swirl could be generated and controlled. The
steady free spiral vortices produced at the outlet to this
apparatus could then be observed and detailed measurements
made. It was also decided to build a similar but larger
apparatus to study the scalé relationships. Adaptations of
these sets of apparatus could be mede to study different
outlet conditions and the behaviour of the flow in the outlet

tube.
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CHAPTER 1II

ANALYSIS OF THE FREE SPIRAL VORTEX

1. Dimensional Analysis.

When water discharges freely from a tank through an
orifice the predominant force acting is that due to gravity.
The dimensional parameter which then describes this flow
condition is the Froude number, VA/gL. It might be afgued
that in the special case when a free spiral vortex is formed
the Froude number is no longer a sufficient parameter, for
near the centre of a free spiral vortex the velocity gradient
is large and the viscous éhearing is considerable, so that
viscous forces may no longer be negligible. If this is so,
then Reynolds number must also be included to describe the
flow,

Consider the scale relationships between a model, Suffix

1, and its prototype, Suffix 2, if both Froude number and

Reynolds number are involved,

Froude number gives

va \&2 '

Et; - gla .o (1)
Reynolds number gives

Vilg | Vals (2)
vt - vs ee

If Lz = nLi, from Eagn.(1),
O wevam R e
Similarly from Eqn.(2),



15

Va = Va .o(}-\l)

=
Sl

Therefore dividing (3) and (4),
V2

Y, ~ " .. (5)

This implies that to satisfy both Reynolds number and
Froude number simultaneously, then the fluid in the model
must have a viscosity of nvh times less than that of the
prototype. If the prototype fluid is water, which has a
relatively low viscosity, then even with a half size model
it is extremely difficult,_if not impossible, to find a
fluid of a suitable viscosity. With any greater scale factor
it is impossible to use a fluid which will satisfy this

condition.

It is therefore not possible to have complete similarity
between model and prototype unless el ther viscous effects or
gravitational effects are negligible. Under these circum-
stances, when both effects are significant, two methods have
been used for some problems, firstly, a geometrical distortion
and, secondly, & velocity scale distortion while using the
same fluld in both model and prototype. For the present
problem no geometrical distortion has been used but Denny
and Young have suggested a velocity distortion.

Consider first geometrically similar systems in wpich
the variables involved are flow quantity Q, vorticity c,
depth H, outlet diaﬁeter d, kinematic viscosity v and the

gravitational acceleration g. On forming the dimengional
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matrix for M, L and T it is found to be of order two, so
that the W theorem gives the result that, for N variables,

there are N-2 numerics,

We have therefore, “T-g—_ ’ E ’ -erL—-, £ .
2d /2 g2d3/2 v

The last two of these will be seen to be a form of the
Froude number and Reynolds number respectively. >The equation

for flow quantity is therefore of the form:

Q , -°->. .. (6)

proci e o
In the experimental investigation, if two of the
numerics on the right hend side are held constant, the effect
of the third numeric can be studied. If, for instance, the
flow were independent of Froude number, then for the same
values of g and % in model and prototype the value of

—I"%7; would also be the same, Similarly, if the flow 1is
g=d

independent of Reynolds number similar values of % and

Q
g2a®/3 2245 s/ 2

well be that both Froude number and Reynolds number are

c

-w-—j7- should give identical values of . It may
d

significant in which case similar values of —55%7; and

% will yleld different values of Reynolds nuiber and Froude
number, from which the velocity scale for similarity may
be determined. An expérimental study of these numerics

will be’made to determine the correct scale relationship.
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2, Ideal Fluid Analysis of the Free Spiral Vortex.

The analysis that follows was first derived by
AM.Binnie and G.A.Hookings}'L for the discharge of a
swirling fluid through a trumpet shaped outlet., It
assumes that at the outlet section the only significant
velocities are the vertical velocity and the swirl
velocities, the radial velocity being insignificant. 1In
the present work it has been assumed that even for a sharp
edged orifice the radial velocities are still negligible
and the same analysis is applicable. The analysis depends
on the condition that for stability of flow the quantity
of outflow is a maximum, a condition identical with that
of minimum energy.

Referring to the diagram of a free spiral vortex, Fig.2,

Rermulli's equation is applied at a radius »r where

b <pr< a and it is also applied at a large radius where
the depth is H and the swirl veloclity can be considered
‘as being negligibly small, For non-viscous flow these two

values of Bemoulli's equation Will be equal and this gives,

2 2
h+-Y-+ c = H 007
2g 2gr=2 (7)

L, A.M.Binnie and G.A.Hookings. Proc.Roy.
Soc.A 194 p.398, 1948,
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where h is the water depth at radius r, v is the vertical

velocity through the outlet, and ¢ is the value of the swirl,

Wels

Bermoulli's equation can also be applied at the outlet

at radius r and on the core surface, radius b. The vertical

velocity v through the outlet is assumed to be constant and

therefore,
< 2 2 2 2
v C v c
h + 28 + ETTE 0+ 28 * Tgb?
2 / A
' 1
Therefore h = %g- s -5

Substituting in Eqn.(7) for h,

v3 c?
Zg * gbs - O

1
K3

n

2
Therefore v <2.g.H - %3)

The value of the discharge, Q, will be given by
multiplying this vertical velocity by the flow area.

2 1
Therefore Q = W(a® - b®)(2gH - %3)2

For stability the discharge must be a maximum, i.e.,

9q

a 2 .
oD = 0, and 55% should be nagative.

Equating to zero and re-arranging terms,
YogoHe D* = c2.0% - c%,8% =0

Solving for bZ,

.o (8)

.- (9)

«.(10)

o cz 1 .c2 2c2
‘5% = -201Tobo(2ogoH - F)E + 1_2]— (aa - bz)(Z.g.H - -b_g)-%(_?b-g- )‘
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b2 o €% 1 vb; + 16,c%,a%,g.H, os(11)
ogoHo

The negative solution is not possible and the positive
az

solution makes 53% negative so that the condition of

maximum discharge is fulfilled.

Combining Egns,(10) and (11),

5,

N\

Q= ﬂfaz _ Vet 16.c%,a%.g.H) /2o8-H _ 8.g.H.c?
\ 8.g.H \ 2 SE—T
sEe c®+ve*i16.c%.a%,. g H

«e(12)

Binnie and Hookings considered that this snalysis was
only applicable when the radial component of flow at the outlet
was negligible., They therefore thought that it would only
apply to outlets of a trumpet shape in which radial velocities
are suppressed., However, the experiments to be described were
carried out using sharp edged orifices or tubes with sharp
entrances and even with these unfavourable outlet conditions

the radial velocities have not proved to be significant.
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FIG 5

The Large Vortex Apparatus,
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CHAPTER TIII
EXPERIMENTAL STUDY OF THE FREE SPIRAL VORTEX

l. Small Vortex Tank

To study the free spiral vortex in detail it is
necessary to obtain steady conditions, and the apparatus
must therefore be symmetrical about a central vertical
axis and the flow conditions should be axisymmetric. It
is also important to make conditions uniform throughout
the depth of the tank so that the tangential velocity
distribution only varies radially and not with depth.
Conditions will then be as nearly as possible those assumed
in the analysis of the free spiral vortex. To obtain
these conditions the design of tank adopted was as shown
in Pigs. 3 and 4. This issimilar to that used by A. M.
Binnie except for the tangential inlets. It was thought
that if all the tangential supply entered at the bottom
of the tank a secondary circulation might be generated
as the water passed upwards to the remainder of the tank.
Various possible arrangements were considered that finally
adopted consisted of eight tangential supply pipes, four
one side of the tank and four diametrically opposite,
spaced evenly throughout the depth of the tank and vertically
above each other. The supply to these eight tangential

supply pipes was branched symmetrically so that each pipe



received an equal supply. This supply was both axially
symmetrical and also proved to be uniform with respect to
depth. If the tank was to be operated at a depth lower-
less than maximum, the tangential supply pipes which were
then above the water surface were disconnected to prevent
the 1issuing jet of water impinging on the free surface
and causing disturbance.

Measurements were made of flow quantity, surface
profile and the velocity distribution throughout the tank.
It was proposed to use photographic methods to measure
both velocities mmd core profiles and therefore it was
esgsential to be able to view the vortex through the sides
of the tank. The view through the top free surface would
be distorted both by the curvature of the surface and by
surface ripples. The small vortex tank was therefore
constructed entirely of perspex and this enabled the vortex
to be studied not only in the tank but also in the outlet.
The tank itself was a 21 inch internal diameter cylinder
two feet high moulded from % inch perspex sheet. A % inch
thick rim 1% inches wide was cemented around the top to
prevent distortion. This tank was mounted on a triangular
levelling frame. The radial supply arrangement is shown
in Fig. 4. This system is not ideal because all the radial

supply is at the bottom of the tank, but a system giving

radial supply equally at all depths would have entailed



building another supply tank outside the vortex tank, and'
requiring considerable screening and vaning to make the flow
uniform and radial. This would have made it impossible to
Observe events in the tank as thoroughly as with the system
used. The effect of non-uniformity of radial supply is
Small compared with that of the tangential supply because
the maximum radial velocities are only about & inch per
second compared with about 26 inches.per second for the
tangential supply. Axial symmetry of the radial supply was
' obtained by passing it through throttling rings of equally
spaced holes and by using radial guide vanes underneath the
baffle plate.

The 21 inch perspex cylinder, when filled with water,
acted as a large lens, distorting the appearance of anything
within the tank. To counter this distortion a chamber with two
flat plate glass sides at right angles to each other was sealed
on to the outside of the perspex tank and the intervening space
was filled with water. This reduced distortion to a.negligible
amount.

On top of the vortex tank rails were fitted to carry s
depth gauge, propeller meter and other such measuring deévices.
These rails were accurately levelled and graduated in inches from
the centre of the tank. At:the outlet from the tank provision
was made either to fit sharp edged orifices or outlet tubes of

suitable diameter. Below the outlet was a calibrated measuring

tank.
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2. Velocity Measurements

The non-viscous analysis of a free spiral vortex
shows that the quantity of water flowing out from the tank
is a function of both the water depth at a large radius
where velocity energy is negligible, and the value of the
vorticity c. It is assumed that vorticity is constant
which implies that the tangential velocity w varies inversely
with the radius. As far as is known, no velocity measurements
have been made in a free spiral vortex structure and so it
has not been established whether the assumption of constant
vorticity for a real, viscous fluid is true or false, or
whether it is & reasonable approximation. BRefore the ideal
analysis can be aused it must be shown not only that the
assumption of constant vorticity is reasonable, but also
that the distribution of tangential velocity is uniform
with depth. Superimposed on the tangential velocities will
be radial and vertical velocities and these should become
more significant as the flow approaches the outlet.
Consideration will now be given to the problems of measuring
velocities in various parts of the flow and the methods
of velocity measurement most likely to be successful.

In the small vortex tank, at radii greater than about

two inches from the core centre line, the velocities



to be measured varied from about 1l2 inches per second

to 2 inches/sec. This order of velocity gives a small
dynamic head when using a Pitot Tube and entails very
accurate measurement of head. A small propeller meter will
work satisfactorily over this range, though the response
may become sluggish at velocities below 3 or 4 inches/sec.
unless great care is taken to minimise bearing friction.
The speed of rotation can be measured with a stroboscope

or at very low speeds, less than 120 r.p.m., the propeller
speed can be found by visual counting.

The disadvantages of a propeller meter are that it
averages velocities across its swept area and it may
disturb delicate flow patterns. Therefore near the
core of the vortex, where there is a steepening velocity
gradient and where the flow pattern was found to be very
suasceptible to disturbances, the propeller meter is no
longer suitable for measuring Velocities. Despite the
higher velocities to be measured in this region, a Pitot
Tube is also unsultable because it too, will destroy the
pattern it is required to measure.

A method of velocity measurement is required which
will take energy from the flow and which will give the
velocity at a particuler point in the flow. The-bnly
method which does this exactly is that used by Fage in

which he used an ultramicroscope to follow minute particles

in the water. This method would not have been practicable



in this instance because of intervening fluid layers, but
a similar type of method can be used. Some small pellets
of wax, loaded with lead stearate to bring their specific
gravity to unity, can be added to the flow. Being of the
same density as the water which they disgdace, they will
experience the same forces as the water and will therefore
follow the flow pattern in detail. Their movement over

a short interval of time can be recorded és a streak on

a photograph and if the camera shutter speed is known

the mean velocity along the path traced out can be found.
In this investigation the flow pattern is three dimensional,
whilst the method of recording velocities photographically
is two dimensional. Therefore, to determine the flow two
simmltaneous photographs are required in directions at
right angles.

As previously mentioned, a water filled chamber with
two perpendicular plate glass sides fastened to the outside
of the vortex tank allowed distortion free viewing of the
vortex. A mimor system, shown diagrammatically in Fig.6,
‘reflected these two views into one camera thus giving the
information for each reading on one photograph. This
method avoided the comp;ication of having ® synchronise
two camerss. First attempts to obtain readings by this

method showed that the water between the core region and
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the camera scattered so much light into the camera that
the pellet images were obscured. Photographs were,
therefore, taken at night with no lighting except for
intense illumination of the core region. Details of the
illumination method and film development are given in
Appendix I and typical photographs obtained are shown
in Pigs. 9 and 10. At first an electronic flash gun
was used to give a bright spot at the beginning of each
streak but later it was found possible to deduce the
direction of travel from the photographs and so the
flash was omitted.

3. Interpretation of Photographs

The camera, through its mifror system, views the
vortex as if it were viewing from A and B (Fig. 7a).
These directions gré the x and y axes respectively. The
z axis is the centre line of the core.

The photographs do not give x, y and z directly
because the scale for y and z in the left hand photograph
is dependent on the value of x. Similarly, X from the
right hand photograph, depends on the value of y. This
is clear by considering the lengths ¢m, no, pqg in Fig.7a,
for on the photograph each of these differing lengths
will appear to be the same length if the camera distortion

is linesar,
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FIG.7
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Let x', y', z', be the co-ordinates measured from
the photographs.

Let x, ¥y, 2, be co-ordinates from photographs if
there were no distortion.

Now suppose X is not zero and introduce a distortion
scale factor, s, so that,
y=y' (1 - x.8) 1
If OA = OB we have two similar expressions for x
and z (to be measured f rom left hand photograph), because &
will apply to both photographs.

Therefore x = x' (1 - y.s) 2
and z =z' (1 - x.8) 3
These equations satisfy the condition that when

x'=0,x=0,y'"=0, y=0and z' =0, z =0.
Combining equations 1 and 2 and solving for x,
x=x"[1-y"(1-x8)s ]
x=x' L=y'8) N
1 - x'y's®
Let X, Y, 2 be the full-scale co~-ordinates and

let r be the scale factor such that,

X=rx 5
Then X = rx' &= y's)
1 - xtylsa
: '
Similarly ¥ = ry' {1 = x's) .
1 - x'y's?



[

P 35

!

72 = px' AL - x's) 8

1l - x'y's®

This equation 8 assumes that z' is taken from
the left hand photograph.

As will be shown later, the value of s for the
small vortex tank and for the standardised position of
~ the camera is 0.0805.

s® = 0.0065

Also the values of x' and y' never exceed 0.5, so that
x'y's? is always less than 0.0016. Therefore, the term
1 - x'y's® is considered negligible.

Equations 6, 7 and 8 become

X=rx'" (1 -y3's) 9
Y=ry' (1 -x's) 10
2 =rz' (1 - x's) 11

The co-ordinates (X,, Y,, Z,) and (Xa, Ya, Z5) Of
the beginning and end of each streak were determined
from equations 9, 10 and 11l. These co-ordinates were
then used to determine the vertical velocity Z and the
circumferential velocity r® 3 the radial component from
observation was negligible, or at least not measursble.

Let the shutter speed be t

z=§x_%z.1. | 12

Considering projection of motion in XY plane to find

re , see Figo 8b.



2
ry (X2 + Yia)

13
Equation 13 was averaged to give a mean radius r.
The chord length € is given by \
z
e = (Xg - X)% + (Y - Y,)* } a7
The value of 6 was computed from
sin -g = f%
so that
6 =2 gint X 15
2r
re = g—I: sj_n-i _é. 16
t 2r

If the bead had completed more than half a turn or
several turns the value of 6 obtained from egan. 15

was always the minimum value. For instance, if the bead

had completed an arc of X radians the value obtained
2
for 6 would be &, Therefore, the approximate value of ©

2
had to be obtained by inspection and given in the

form 2xN + ©.

The scale factors r and s were determined by
‘photographing a rectangular plate 20 inches high and
12 inches wide which had been painted black and then
scribed horizontally and vertically with lines 2 inches

apart. This square meshwork of scratchmarks showed

36
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bright against the black paint. Three photographs were
taken from each viewing direction, one with the plate at
the centre of the tank and then two more 6 inches nearer
and further from the camera. When these photographs had
been printed,using & known and constant setting of the
enlarger, the scale factors could be determined as
{llustrated in Fig. 8a. The lengths £m, no, pg all represent
a length of 1 inch on the three photographs. The factor

r is determined directly from the length no and s is

found from tan 6. It is also possible to check that the
scale factor is reasonably linear over the range required
and it was found that for distances not greater than

6 inches from the core centre line the scale factor was
linear within 2%. This degree of accuracy was better

than the accuracy with which measurements from the
photographs could be made and is not therefore significant.

4. Large Vortex Tank

To investigate the scale relationship between different
sizes of geometrically similar vortex apparztus, a second
and much larger tank was required. The maximum size of
apparatus that could be accommodated in the laboratory was
one with dimensions four times those of the small tank
previously described. This large tank would therefore be

seven feet in diameter andwuld hold about eight tons
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of water. Before building this large size apparatus the

small tank was constructed and tested to check that the design
was satisfactory and then the dimensions of the small tank
were scaled up four times to obtain the dimensions for the
large tank.

Again it was considered essenﬁial to be able to
observe events within the tank but with this large apparatus
this could best be done through glass panels let into the
tank wall. A photograph of this tank is given in Fig. 5.
The large tank was constructed of 16 gauge sheet steel
welded and rolled into a seven foot diameter cylinder. This
thin sheet was then kept in shape by rolled steel angle hoops
at the top and bottom and an g inch thick steel base
plate bolted to the lower angle. The base plate was
braced with welded 2 inch channels and angles and was
then supported on a square subframe carried on four legs.

Two plate-glass panels ; inch thiek were let into the
sides of the tank. The plate-glass windows are one
foot across and run the full depth of the tank. The
cylinder hoop stresses arising from the internal water
pressure are carried across the windows with 1 inch angle
tie bars.

The only part of the apparatus not scaled exactly
from the smaller apparatus was the radial supply inlet

chamber. Thié chamber was mede from two concentric pipes



of 9 inches and 18 inches diameter instead of 16 inches

and 24 inches if the true scale factor had been used.
Because this chamber is only used to give an even distr-
ibution of water and is not the final inlet into the tank

it was not considered that this would affect the functioning
of the apparatus.

The size of the apparatus made it inconvenient to
insert propeller’meters from the top. Four water-tight
glands were therefore fitted in the tank wall and through
these glands the propeller meter could be moved into any
required position. Because of the higher velocities to be
measured & pitot-static tube was made which could be
inserted through the same glands. Rails were again
positioned across the top of the tank and a depth gauge
made for measuring surface profiles. A micrometer type
of depth gauge was found too slow for this work and a
depth gauge reading to an accuracy of 0.0l inches and
with & rapid friction drive for raising and lowering was
constructed.

Quantity measurement was by orifice plate meters placed
in the radial and tangential supply lines. Various
combinations of orifice plate sizes and air-water or water-
mercury differential gauges gave a complete coverage of both

high and low supply rates. The measured meter constants

were in agreement with B.S.1088.
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5. Velocity Measurements in the Large Vortex Tank

In the large vortex tank the velocities to be measured
were generally higher than those in the small tank and the
methods of velocity measurement found satisfactory in the
small tank were used, sometimes in a modified form, in the
large tank. In the outer regions of the tank velocity
measureiments were again made with a propeller and it was
confirmed, by observing the path followed by beads of unit
specific gravity that the flow mainly followed horizontal
circular paths at these greater radii. Nearer the core,
for stronger vortices, the velocities were sometimes high
enough for a pitot tube to be used. Close to the core of
the vortex the flow became three dimensional in character
and this variable direction of flow near the core made it
impossible to use a pitot tube in this region; the
photographing of beads was again used.

With this much larger tank it was not possible to use
mirrors as had been possible with the small tank because
the image of the beads would have been too small, the
camera being some 16 feet from the core. Two cameras were
therefore used, one at each window and only 3 feet from the
vortex core. Larger beads were obtained, made of a plastic
somewhat less dense than water, and were brought to the
correct density by drilling holes in them and ballasting

with plasticene.
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The problem now to be overcome was that of synchronising
the two cameras. It was realised that precise synchronisation
of the shutters was almost impossible and so a method was
devised which depended on approximate synchronisation of
the shutters.

The method depended on using a stroboscope set at a known
flashing rate in conjunction with a small amount of general
illumination. The camera shutters were opened for about
half a second and were known to be synchronised to within
about a ;ﬁth of a second. The photographs obtained showed
a streak for the path of the bead and on this streak were
bright spots, instantaneous photographs of the bead whenever
it was illuminated by the high intensity light of the
gstoboscope. Typical examples of these photographs are
given in Figs; 19 and 20. The two photographs were
therefore accurately synchronised by the stroboscope.

Each stroboscope flash gave a bright picture of the bead

on each photograph and from the stroboscope flashing rate
the time interval between any two bead images was determined.
" The co-ordinates of corresponding images together with the
time interval between them could be used to determine
velocities in a manner exactly similar to that used for the
small tank.

It was found necessary to use two synchronised strob-

oscopes, one triggered by the other, in order to obtain
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sufficient intehsity of illumination. One stroboscope was
placed alongside each camera. The camera shutters were
synchronised by using cable releases which led to & common
trigger. The synchronisation was adjusted firstly by
listening to the click of the shutters and was checked

by setting the shutter speed of one camera to a fzth of

a second asnd triggering an electronic flash from the other
camera; a second photograph was taken with the shutters
set at :/25 of a second. If the shutters were synchronised
to within f; or :;th of a second a flash photograph was
obtained on both cameras. It was found possible to
synchronise consistently within -th of a second and

10
sometimes to a “-th.

The strdbo::ope flashing rate was set at 420 flashes
per minute for an exposure time of } second. This
ensured that at least three, and at most four, stroboscope
flashes appeared on every photograph: more flashes would
have been confusing while less would not have sufficied
because some images are hidden behind the vortex core.

It was found that the photographic conditions were very
critical; too much general lighting blotted out the
stroboscopic images while too little general lighting
gave no streak to connect up the stroboscopic images so

that the path of the bead could not be traced. To record

bead images either when the beads were illuminated by the
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stroboscopes or the general lighting only, a very fast
film was required and special development had to be given.
Details of the various films and &velopers used are given
in Appendix 1l.

The interpretation of these photographs was exactly
the same a8 for the small tank except that measurements
were now made of corresponding ssroboscope flash images.

The scale factors were also determined in a similar

fashion.
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1st Viewing Direction 2nd Viewing Direction

SMALL TANK: TYPICAL VELOCITY TRACES
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FIG 10

1st Viewing Direction

SMALL TANK: TYPICAL VELOCITY TRACES
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FIG 19

2nd Viewing Direction

LARGE TANK: TYPICAL VELOCITY TRACES

Stroboscopic images of beads are seen joined by feint
streaks.,
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1lst Viewing Direction 2nd Viewing Direction

LARGE TANK: TYPICAL VELOCITY TRACES.
Stroboscopic images of beads are seen joined by feint streaks.
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CHAPTER 1V 62
THE RESULTS OF THE FREE SPIRAL VORTEX EXPERIMENTS

l. Velocity Measurements

In discussing the purposes of the investigation of the

free spiral vortex it was shown that a first requirement was
a study of the velocity distribution within the vortex structure.
The design and construction of apparatus suitable for this
purpose and the velocity measuring techniques to be used have
been described in the previous chapter. The measured
velocities were then used to study the velocity distributions
of several different strengths of vortex for both the small and
the large sizes of apparatus. Where possible an overlap of
readings by the various methods was obtained to give an
additional check on the accuracy of the methods used.

The measurements of velocity obtained are plotted in
Figs 11 to 18 and 21 to 26. In Figs.11,13,16,21,23 and 25
representative readings are plotted in the positions in which
they were taken, except that it is assumed that there is ax§§1
symmetry; without this assumption it is not possible to plot
the results on a two dimensional diagram. The readings given
in these figures indicate the general coverage of the
observations throughout the depth of the tank. They show the
two components of velocity measured, the swirl velocity and
the vertical velocity ; the direction upwards or

dowmnwards of the vertical velocity being indicated by an arrow.
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It should be pointed out that efforts were made to measure
the third component, the radial velocity, but this component
was found to be so small in comparison with the other velocities

that it could not be measured.

. The swirl velocities from these same readings are then
),‘
i

which they were made. From these figures it is apparent that the{

plotted against radius, no account being taken of the depth at

swirl velocity profile is independent of the depth at which it is
taken. In these figures the full line drﬁwn in has been obtained
by taking a measured value of the vorticity, swirl velocity
multiplied by radius, at a certain radius and then calculating
velocities at all other radii by assuming that velocity varies
inversely with redius. This line is therefore the velocity profile
to be expected from the non-viscous theory. For the small tank
this curve has been based on the velocity measured at a radius of
four inches because this was considered to be the position
nearest to the centre line of the vortex at which reliable
measureaents could be made with the propeller meter. 1In the
larger tank measurements of tangential velocity were made at a
radius of sixteen inches, the geometrically similar position in

this tank, and velocity curves assuming constant vorticity were
drawn based on the values of veloclty obtained at this station.

The figures in which swirl velocity is plotted against radius
show that the swirl velocity profile is, firstly, independent of the
depth at which it is taken and, secondly, it approximates very

closely to the lines of constant vorticity.
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There is a slight divergence of the ideal curve of velocities
and the measured values near the centre of the tank where the
velocity gradient is steep and where the viscous losses must be
significant. Even in these central regions the deviation from
the ideal free vortex velocity distribution is not great. It |
would therefore appear that the assumption of velocity fvarying;
inversély with redius is accurate to within a small distance
from the core surface and even in this region it is still .

approximately true.

It will be seen that three strengths of vortex have been
studied for each size of tank. These three vortices are
considered to be representative of a weak, a moderate and a strong
vortex and were chosen becauée it was thought that different
strengths of vortex might:‘vary in their approximation to the
ideal velocity distribﬁtion. This was considered poseible
because the shear gradients, and therefore the energy losses,
are higher in a strong vortex than in a weaker vortex: this energy
loss in a strong vortex might also be accentuated by the
comparatively lower flow and therefore lower rate of supply of
energy.

However, the results show that the approximation to the ideal
velocity distribution is as good for the stronger vortices as it
is for the wesker ones and it is therefore concluded that the

aésnnption of constant vorticity is approximately correct for all

strengths of vortex.
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FIG. 27

SKETCH OF OBSERVED RADIAL AND VERTICAL

VELOCITY PATTERN NEAR CORE OF VORTEX.
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2+ The Vertical and Radial Velocity Componentsg.

Using beads with specific gravity equal to that of water
it was possible to study not only the tangential velocity
component but also the radial and vertical components. 1In
Chapter iii it has been shown how the various velocity components
can be derived from photographic traces of the bead movements,
although the radial component has been omitted because it was
observed that throughout the whole region of flow the radial
velocities were too low to be measured. Radial flow must exist
to satisfy the continuity condition, but when the flow is
distributed throughout the tank the radial velocities need only
be a fraction of an inch per second and this is too low to be
measured, especially when comparatively high tangential velocities

are present.

A study of vertical velocities again showed that in the
outer regions of the tanks the vertical velocities were
immeasurably small, Nearer the core, perhapé within 1% inches
radius in the small tank and 6 inches radius in the large tank,
the vertical velocities became significant and an interesting

pattern of velocity became apparent. In the surfacemqf‘thquore

itself the velocity wes always downwards and increased

approximately with the square root of the depth.



At a slightly larger radius the beads were sometimes observed to
move upwards in a helical path; with incressing radius alternate
layers of upward and downward moving fluid were found. Some
representative values obtained at various rsdiil are shown plotted
in Figs. 11,13,16,21,23 and 25 and direction is also indicated.
Unfortunately the beads dd not follow the flow perfectly because

- of slight variations in their specific gravity from that of the
water and also,because of the velocity gradient,they must be
subjeCt to slight "1ift" forces. It was not therefore possible to
watch a particular bead follow a flow path for any length of time,
but, observing 1solated parts of the flow and by considerations

of continuity, the flow pattern sketched in Fig.27 has been

built upe The main observable radial flow occurred at the surfacé*
end the bottom of the tank: elsewhere little or no flow was
observed radially. The significance of this observation will be f

discussed later.

It is appgrént that the regions in which vertical velocities

are aigniricant'are also regions in which the swirl velocity hés

a high gradient. There being, apparently, no appreciable radiél
component of velocity except near the surface and the bottom

it is reasonable to assume that the vertical flow is supplying
fresh energy to replace the energy losses caused by the swirl
velocity gradient and its resultant shear stresses. A plot of
vertical velocity components against swirl velocity gradieht was

therefore made to investigate a possible correlation.



The vertical velocities have been shown to occur in
alternate layers of upward and downward flow. Therefore there
will be, over a small radial distance, a variation from a certain
maximum upwards flow to a certain maximum downwards flow and all
possible intermediate values will also be present. When velocity
readings are made using the bead method only a few of the values
will happen to give maximum upward or downward velocity components;
there will be many of the intermediate values. To draw the graph
of vertical velocities against shear gradient, only the maximum
vertical velocities at any given radius have been used and they

have been plotted against the ideal value of the swirl velocity

shear gradient, E! given by i P Because the final outflow is
dr r

downwards the downwards velocities were always found to be higher
than the upwards velocities and therefore two graphs have been
drawn, one for the upward and one for the downward vertical
velocities; they are shown in Fig.28. The number of readings
available for these graphs was not sufficient to be conclusive,
but it is significant that readings teken from three different
strengths of vortex show agreement when plotted on this basis.
More evidence would be needed to prove or disprove this apparent
correlation between vertical velocities and swirl velocity

gradient.
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3« Experiments to measure Quentity, Depth and Swirl.

Having established that the swirl velocity pattern is
independent of depth and also that swirl velocity follows the
ideal constant vorticity curve almost perfectly it was possible
to proceed with experiments relating quantity, depth, and

swirl.

The first series of tests were carried out in the small
tank with an outlet orifice of 0.876 inches diameter. It was
considered important to cover the whole range from zero vorticity

to maximum vorticity and from low depth to maximum depth to

discover whether the behaviour of the vortices followed a definite

pattern or whether there was anomelous behaviour under some

conditions. With three variables, quantity, head and vorticity,
a considerable numdber of readings are required to cover the whole
range adequately. The vorticity can be altered by changing

the ratio of tangentiél to radial supply: if all the supply is
radial then the vorticity 1s zero and if all the supply is
tangential then the vorticity is a maximum. When a given
proportion of radial and tangentigl supply has been set and the
flow quantity therefore determined, conditions will gradually

stabilise until steady values of guantity, depth and swirl are
obtained. It was found necessary to make about one hundred sets

of meassurements before Fige.30 could be fully constructed and for
each of these sets a time of about two hours was required to

obtain steady flow conditions.
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In Fig.30 quantity has been plotted against head and the
value of the vorticity has been written against each experimental
point. When enough points were obtained lines of equal vorticity
could be sketched in. It will be seen that the upper limit of the
vortex region is formed by the line ¢ = o and corresponds to an
orifice freely discharging under a head of hs It will also be
seen that there is a lower limit to the region. This lower limit
is set by the maximum vorticity it was found possible to generate
at any given depth; for these readings the whole quantity was
supplied tangentially. It is interesting to note that the locus

of these points of maximum vorticity is & straight line.

This same procedure was now repeated for the large vortex
tank with an orifice four times the diameter of that used in the
small tank, namely 3.504 inches. Fewer readings were taken but
these were carefully distriduted so that the whole range of
qQuantity, head and vorticity was adequately covered.

The readings obtained are shown plotted in Fig. 32.

Pig. 33 was then constructed by plotting together some of
the results from both the small and large vortex tanks on a non-
dimensional basis. Instead of Q, H and C, the parameters used
were Q/ﬁg/z.d5/2 R H/d and °/g1/2. /2
where 4 was the respective outlet diameter. It is seen that there
is approximate agreement between the results obtained from the

two sizes of apparatus. It is especially interesting to note that

even the maximum vortiecity that can be generated in the two sizes
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of apparatus corresponds. One apparently anomalous result is the
8light divergence of the lines of zero swirle It was found that
the large vortex tank gave a coefficient of discharge of 0.59
while the small tank gave 0.63, values which are in good
agreement with measurements made by Hamilton Smith, Strickland
and several other investigators. Values interpolated from their
results would give a value of 0.592 for the coefficient of
discharge for the large tank and 0.628 for the small tank.

In the discussion of the dimensional analysis it has been
pointed out that a plot ofH[/d againstQ %3/2 will reveal the
degree to which Froude or Reynoclds Numbers effect the flow.

It has been stated that if readings from two sizes of apparatus
are plotted on this basis and it is found that the corresponding
values of céég/ Zagree, then it can be concluded that Reynolds
Number does not influence the flow. The flow is then controlled
by gravitational forces alone, represented by the Froude Number.
Consideration of the results plotted in Fige.33 show that the
values plotted from the two sets of apparatus are in approximate

agreement; the maximum divergence of values of eé%g/2 is of the

order of 12%. It should be pointed out that the Reynolds Numbers
corresponding to similar readings from the two tanks differ by 800%,
s0o that it ies reasonable to conclude that Reynolds Number plays
only a minor part and similarity is obtained by operating at

similar Froude Numbers in model and prototype.
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L.Experiments for non-geometrically gimilar systems.

Having estsblished the scale relationship between geometrically
similar systems it was then proposed to study whether a similar
scale relationship could be found when a particular
geometrical distortion of one system is made. In the non-
viscous analysis of the free spiral vortex the only dimension
of the apparatus which is introduced is the diameter of the
outlet. This suggests that the outlet diameter is the only
important dimension and that other dimensions of the apparatus
may be varied without altering tpe relationship between
quantity, depth and swirl. An élternative way of approaching
this is to say that forla given set of apparatus the outlet
diameter may be altered but the results obtained will still
be in agreement when plotted on the non-dimensional basis of
E%ﬁ against % for known values of ?‘%7" .
If this were proved to be correct it would allow geometrical

distortion of the outlet diameter of a model without
destroying similarity. Thus a model could be designed so
that the velocities in the flow approaching the outlet
represented similarity of Reynolds Number, while by choosing

a suitable sige of outlet similar Froude Number could bde

obtained at outlet.
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The reason for wishing ﬁo operate a model so that there is
similarity of Reynold's Number in the approaching flow will
be discussed later, but it might be said at this point that
while Froude Number represents similarity once the swirl has
been generated, it will later be shown that certain types

of vorticity will only arise if the Reynolds Number is
sufficiently large and is not too far removed from its

value in the prototype.

-

This theory has been tested bj altering the outlet
diameter in the small tank and making a series of readings
of quantity, swirl and depth. These readings were made with
the total quantity supplied tangentially, which is the
condition for generating maximum swirl. The outlet diameters
used varied from O.375 inches to 1.0 inches and the values
obtained are plotted non-dimensionally in Fig.34. It is
quite clear from this plot that the results are not in
agreement and the outlet diameter is not the only significant
dimension. Dynamic similarity cannot therefore be maintained
once the geometry of the apparatus has been distorted in
this way.

It was noticed, however, that if the non-dimensional
Eaﬁgas retained and then the quantity W
3

~ ,divided by the outlet diameter, d, was plotted against h, L

/
then the results from the several different sizes of outlet

form for the swirl,(

e

diameter showed gquite good agreement:
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they are plotted in Fig.35. At present no theoretical basis
has been produced for this empirical result. If it can be
substantiated for a wide range of outlet diameters it should
be possible to alter the outlet diameter in the model and yet
interpret from the result obtained the corresponding

conditions in the prototype.

5, Com heoretic rimental resuilts.

Having shown that there is similarity between the
experimental results for the two sizes of apparatus, comparison
was then made between the experimental results and the
predictions of the non-viscous theory. The diagrams of
quantity, depth and swirl found experimentally show some
resemblance to the corresponding diagrams found from the
theory: the experimental values for the two tanks are plotted
in Figs. 30 and 32 while the theoretical values are plotted
in Figs. 29 and 31.

Comparison of the experimental and theoretical resultes
was made by selecting a certain value of the depth of flow H
and reading off the experimental and theoretical values of the

quantity for each value of the swirl o The ratio of

— e

experimental and theoretical guantities gave values of Cd ’
the coefficient of discharge for each value of the swirl. Some
of the results obtained are plotted in Figs. 36 and 37, in
which the coefficient of discharge is plotted against the swirl
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for both sises of apparatus and for constant velues of H.
The graphs obtained indicate that the coefficient of discharge
Cd incresses at first only slightly and linearly with increase
of swirl but at high swirl the increase in Cd becomes non-linear
and is considerable. It will be seen that this non-linear

portioh occurs when the swirl approaches its maximum value.

The reason for this increase in Cd can be seen by
considering the conditions near the exit to the vortex tank.
When thé swirl, C, increases the core diameter, B , also
increases but the velocity of outflow, v , is decreased. The
non-viscous theory gives

b’= H'l VHGI ]55’?@
8¢l

end v = {2;5 - ¢
| b

Therefore at the exit to the vortex tank an increase in the

value of the swirl -uét produce a greater tangential velocity

greadient and a correspondingly greater lose of energy. The true
value of the swirl, ¢, at the exit must therefore be somewhat

less than that measured at a distance from the outlet, which is
the value of the swirl used to calculate the theoretical
quantity. The theoreticeal quantity is therefore underestimated,
- 80 that the coefficient of discharge appears to increase.

When the meximum value of the swirl is reached the energy losses
Qro‘prcaunibly eonliaerible so that the rise in Cd is

Qprroqpenaihciy greeter.



Figs. 36 and 37 show that when Cd is plotted
against gfa%. there is approximate agreement between the
results from the two sizes of apparatus, but the coefficient
of discharge for the small tank increases slightly more
rapidly than that for the large tank. Therefore agreement
between the non-viscous analysis and the experimental
results can only be obtained by introducing a coefficient

of discharge which is a function of the swirl.
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FIG 38

LIMITING SWIRL

The swirl is less than the minimum for the
cores to reach the tank outlet.



6. The minihun swirl to produce a vortex core.

While studying the variation of quantity, depth and
swirl to obtain the required values for Figs.30 and 32 it
was noticed that a vortex core existed at very low values of
the swirl even when there were considerable depths of water.
It was also quite conclusively shown that, with all the water
supplied radially so that there was zero swirl, no vortex core
formed et any depth; at very low depth the outlet behaved
as a circular weir, but no vortex was present. When a small
proportion of the flow was supplied tangentially, a

proportion as small as 7% of the total supply was sufficient
to produce an extremely thin vortex core. In both siges

of -apparatus this limiting core size appeared to be of the
same order, and measurements made of core diameter ranged
from .04 to «02 of an inch. Because of the smallness of
this core exact measurement was difficult but the above
measurements indicate the order of size. If the tangential
supply was now decreased even slightly the vortex core stopped
short of the tank exit. Some experiments were made to
determine the value of this limiting swirl fof several
depths and for both sizes of apparatus For the small tank
with a depth of 18 inches, if the swirl was only 6 ins’ /sec
the core did not extend as far as the outlet, but at a depth

of 16 inches a swirl of 8.5 ins’ /sec gave a complete vortex

core. At a low depth of 7 inches a swirl of 4.2 ins /sec was



sufficient to give a core. In the large tank for a depth

2
of 56 inches a swirl of 24 ins /sec gave a complete core,
but when this swirl was reduced to 13 insf/sec for the same

depth the core was incomplete. For depths in the two tanks

that are comparable, namely H2 being four times H; it was
found that the limiting values of the swirl only differei

by a factor of between two and three instead of a factor of

eight for Froude Number similarity.

Various factors were now considered which might control
this limiting core sigze. One possibility that was considered
is that waves are sometimes formed on the vortex cores,

especially on the large ones, and it was thought that the
breaking of the core might be due to these wave crests
touching. Observation was made of some of the very

smallest cores and it was found that no waves were observable
and this theory was therefore discarded. For a small core

it was thought that surface tension forces might be

significant and were probably responsible for the collapse
of the core. To investigate this possibility, a small
amosung of detergent was dropped into the vortex core when

the swirl was 8o weak that the core only extended through
part of the depth of the tank. If the core had stopped
short of the tank outlet because of surface tension force,
then the lowering of surface tension by the detergent

should cause the core to reform: the core did reform for



a brief time and it was therefore concluded that surface

tension was responsible for the core closing.

Since surface tension did appear to be responsible
for the collapse of the core an analysis of this limiting
condition was attempted. Considering an elementary ring
of fluid bounded on its inner side by the free surface of
the air core, the following conditions can be stated.

Arising from the motion of the water in a circular path,

g._n = p.f oo(l)
dr r ,

and assuming that there is a free vortex distribution such

that wer = K this equation becomes,
dp =, K° .o (2)
ar Pepe

Due to surface tension, there is a pressure change
[ ]

across the free surface where

pT 2r = 2T
. ° pT = }1_. 00(3)

At large radii the value of p is clearly negligible and
it is only as r becomes small that p is likely to be large

enough to have any effect. If the vortex core is
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in equilibrium at a core radius r it is possible to study
the stabllity of the core by considering the effect of a
small change in radius. Suppose that the core radius is
slightly diminished by &r, then due to the free vortex flow

the pressure in the surface will decrease by &p where

! — 2
6p = K eor oo ()

Since this pressure is now lower than that of the air
core, the air pressure will tend to restore the core to its
original radius.

In addition, there is the effect of the surface tension,
and by differentiating equation 3 it will be seen that the

change in pressure arising from surface tension is

8pp = -% (#or) = 1% ee(5)

From equations 4 and 5 when r®is very small the decrease
‘9
in pressure mLx'gg is much greater than the increase ’J?‘ébr
and so the core cannot become unstable from the action
of surface tension forces. However, it is known from
observation that, because of the very high shear stress near
the vortex core, the free vortex pattern bréaks down and w

does not change inversely with the radius.



Suppose that the velocity distribution near the
core is such that w.r® = C, a constant.

Then equation 1 becomes:

& = ¢ .. (6)
dr ‘;bZn

Comparing this equation with equation 5 it is apparent

that if 41 + 2nis less than two, then at very small radii

dp will change more rapidly than dp so that the core

dr dr '

can become unstable and will collaepse. The limiting core

radius will be given by,
n = QB 0‘(7)
ar dr

ie.€e = 2
L pe< 1420

Therefore the limiting value of the core radius is,

@)

EqQuation 8 will only give solution for r which lies in the
correct region if 1-2&13 positive, which implies that n is
less than a half. Usiﬁg experimental values to calculate the
value of n, if r is 0.015 inches, the swirl 8 insz/eec and the

surface tension 0.176 pdls./ft., the value of n is found to

be o, L|»9o
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From this theory it is therefore possible to calculate

the velocity distribution very close to the core of the

limiting vortex and it is found that,

is equal to a constant.

49
approximately, w.r.
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FIG 39

RESTRICTED OUTLET.

A strong vortex, but the core stops
abruptly at exit to tank,



FIG. 40

LINE OF
MAXIMUM SWIRL.

H

DIAGRAM TO ILLUSTRATE BEHAVIOUR WHEN

' 'OUTLET IS RESTRICTED.




CHAFTER V
FURTHER ANALYSIS AND EXPERIMENTS

l, Restriction of the Outlet.

In the experiments so far described the water was allowed
to discharge frecly under gravity from the tank outlet,
Pig.L40 is a diagrammatic version of the graphs relating
quantity, head and swirl, The outlet to the tank is assumed
to be an orifice, so that the total head available is the
depth of water in the tank, If no swirl is present, the
outflow will be represented by the ¢ = O line for any
particular depth, a typical example is point A, Similarly
for any given swirl the outflow can be determined from the
known value of the swirl and the depth of water in the tank;
for constant depth and increasing swirl the quantity will
diminish, following the line AB, It will be now assumed that
an outlet tube with the same diameter as the orifice is
fitted, When a vortex core 1s present the outflow with the
tube fitted will be the same as for the orifice, because,
as the vortex theory has shown, the outlet is a control
section through which the velocity is critical and the
quantity a maximum, But when no vortex is present the tube
will run full of water, and the effective head will increase,

producing an increase in outlet velocity and gquantity.
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Suppose, now, that the outflow for a given depth and
zero swirl is restricted to the value represented by point
D, Fig.40., If a small amount of swirl, less than the value
c', is now induced, it will be impossible for a vortex core
to form unless either the depth decreases or the guantity
increases, these variations being represented by the dotted
line through D. This variation in depth or guantity could
well be a combined variation of both factors., Therefore,
when the outflow is restricted a considerable swirl may have
to be induced before a vortex core can form, If the flow
is restricted so that point E represents the outflow it will
be impossible to induce sufficient swirl to produce a vortex,
point E being below the line of maximum swirl,

This was checked experimentally in the small apparatus,
The restriction to the outlet was made by fitting a valve
to the end of the outlet tube so that any required amount of
restriction could be obtained. A certain swirl was produced
in the tank by supplying some 6f the water tangentially and
then the outlet was restricted by closing the valve until the
vortex core was Jjust prevented from entering the outlet tube.
The values of swirl, depth and quantity were then compared
with the values which would be expected from Fig.30, and
were found to be in agreement. This procedure was repeated
for a number of different depths and swirls. When the

experimental values corresponded to a point such as E in



Fig.4o it proved impossible to generate sufficient swirl
to produce a vortex core in the outlet. The photograph in
Fig.39 shows a strong vortex extending to the outlet, yet
with the restriction of guantity, the vortex core did not
extend into the outlet tube and only a few very small
bubbles of air passed into it.

These results can best be explained by considering the
energy of the outflow, Considering point D again, Fig.4o0,
if a core is to form for a swirl less than c¢' the quantity
must increasse if the depth in the tank is to remain constant;
alternatively 1if the quantity ie to remain constant the depth
must decrease which implies that the resistance to flow
must decrease., The first of these conditions demands an
increase in the energy of flow while the second condition
requires that less energy be dissipated in the outlet.

For a downwards outlet from a vessel, a critical
velocity of outflow for the formation of vortices can now
be determined. If the velocity in the outlet is greater
than V2,g.H, where H is the depth of water in the vessel,
then any sustained swirl in the region of the outlet will
produce a vortex core, If the outlet velocity is less than
Vfﬁ:i?ﬁ a certain minimum value of swirl must be present
before a vortex core can form, and if the velocity is much
less than VZ.g.R the conditions may correspond to a point
such as E and no vortex core can form because swirl of

sufficient strength cannot be generated,



With a downwards outlet, therefore, two conditions can
be stated for which no vortex cores can form, firstly, when
there is no swirl in the flow approaching the outlet and
secondly, when the outlet velocity is restricted to a value
less than V2gH and any swirl present is less than c', the
minimum value necessary to produce a vortex., If the
maximum possible swirl is being generated, to prevent a
vortex forming, it may be necessary to restrict the outlet
velocity to about #/2gH, but probably, for most conditions
a restriction to 2VOogH would be sufficient. If an outlet
is fitted which tapers slowly from a large diameter to the
final outlet pipe diameter the velocity at outlet will
probably be made less than V2gH at the critical section;
anlincrease in velocity after this section 1s probably not

detrimental.

2. Vortex Theory.
There are several theorems concerning the potential

vortex in a non-viscous fluid and some of these theorems
have been extended for viscous fluid flow, Lagrange's
theorem states that if a velocity potential exists at one
time in a motion of an inviscid, incompressible fluid,
subject to conservative extraneous force, it exists at all
past and future times. An alternative and simpler statement
is that once a motion is irrotational it is always so. This

fundamental theorem of hydrodynamics has been extended by
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St.Venant to potential vortex flow in a viscous, incompressible
fluid. According to his theorem vorticity cannot be generated
in the interior of a viscous incompressible fluid but is
necessarily diffused inwards from the boundaries, This was
taken one step further by Boussinesq and Duhem who showed

that although vorticity can:iot be generated within a viscous
incompressible fluid, if already present, it will decay.

These theorems are in agreement with the results of the
many experiments made to study the formation of vortices, all
of which indicate that vorticity is induced in the approaching
fluid either by the form of the inlet to the sump or by
vortices shed from sharply curved contours on the boundaries.
Sketches of three types of flow in which swirl is generated
are given in Fig,46, Fig.4b6a showing a general swirl caused
by an asymmetrical inlet while Figs. 46b and ¢ show vortices
being shed from boundaries,

Some investigators have thought that swirl could arise
from the inside of an outlet, elther from secondary flow in
corners and bends or from spin coming back from a pump., This
implies that vorticity is transmitted back upstream through
the oncoming flow, but this transmission of vorticity within
a fluid is contrary to the theorems already stated, which
show that vorticity cannot be generated within a viscous fluig,
but can only decay., Therefore if vortices are to form at the
exit from a vessel the necessary vorticity must be generated

at the boundaries of the flow before it reaches the outlet,
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For non-viscous flow there are two theorems concerning
vortex tubes which have been shown by experiment to be only
modified slightly by viscous effects. The first theorem
states that no flow crosses a vortex tube, the second that
the circulation has the same value for all closed curves
embracing the vortex tube, and this has the implied corollary
that vortex tubes must elther form closed rings or else
begin and end on a boundary of the flow. Applying these
theorems to the experimental results, the free spiral vortex
must begin at the free surface and end at the base of the
tank or at the outlet, thus satisfying the requirements of
the second theorem. The requirement that no flow should
cross a8 vortex tube implies that there should be no radial
flow, but only vertical flow within a vortex tube, With
viscous flow there must be fresh vorticity to mske good
the energy losses and therefore there must be a radial flow,
It is interesting to note from the experimental velocity
measurements that radial velocities were generally not
observable except at the surface and at the base of the tank;
elsewhere there were vertical velocities, both upwards and
downwards. It might therefore appear that flow only enters
or leaves a vortex tube at the free surface or, at the base
of the tank or at the outlet. This qualitative agreement
between theory and experiment can only be checked by solving

the Navier-Stokes equations, which was not found possible
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for three dimensional flow. A particular solution was
obtained for two dimensional flow, which lends support

to this 1ldes.

3. A Particular Solution‘of the Navier-Stokes Equations.
Starting from the complete Navier-Stokes equations in
cylindrical polar coordinstes, r, 6, z and corresponding
veloclity components u, w and v, certain simplifying
assumptions were made until it was possible to obtain a
particular solution, The Navier-Stokes equations in

cylindrical polar form are:

du . %u_ wou _du_w) _ 8
p<5E YU+ Tt Ve, ~ v/ = - 3r (Pt e0)

ow dy . w ow . ow gﬂ):_ 2
(5 et )e b oo

‘ 3
P( + a; + < g% + v%%) = - 75 (p + Pf1) + uV3y

g
=

32 1 8 . 1 8% . a°
2 —
V =32 *T3F T 77 363 ' 527

1 1is the force potential.

The continuity equation is

a(u.r,) o v _
0z ~

r.or trae t

It was assumed that the flow was steady and therefore

independent of time. Also it was assumed that the flow was
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axially symmetrical and therefore independent of ©. Lastly,
it was found necessary to assume the flow to be confined to
the r,9 plane so that the vertical velocities, v, are every-
where zero. The flow therefore consists of an axially
symmetrical flow with velocity components u, radially and w,

tangentially. With these simplifications the ecustions

become
P (PR L (pen) 4 u(7R - ) (1)
p(u%+%‘-’> = ukvzw-%> ..(2)
Ve = g?; + % é% .

The continuity equation becomes

3ur) _ 0. .. (3)

ror
Eqn.(3) gives ur = constant = K and Eqn,(2) then becomes
an equation in w and r which can be solved. Substituting for

u in Egn.(2):-

K Oow Kw 0%y ow W
PLgm+ Po¥ = ugE + b BE - V()

It is worth noting here if M is made zero the resulting

equation is independent of K and gives

'g—vrz,+'¥ = 0 --(5)
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Eqn. (5) gives the solution that w.r. is constant and shows
that the vortex flow is independent of the radiasl flow, and
similarly the vertical flow, for a non-viscous fluid.

To return to the viscous solution, re-arranging terms,

3%y vV = X ow vV + X
m*(*rr) 3?‘( vrs ) w=0 +(6)

Frobenius' method of solution will now be used and it

will be assumed that.

w=1° (8, + air + agrd ees) oo (7)
Differentiating:
Qg = aocrc-1+ as(c + 1)r + az(c + 2)r s ... ..(8)
lw = a c(c - l)rc-a+a1(c + l)cr°-1+ (9)
ara 0 * o0 ® 0

Substituting in Egn.(6) and equating successive powers of r

c-2
to zero, for r :

vV - K v+ K _
ac(c - 1)+(——) a,c - (=) a, =0

1.e.[c - (1 + é{-)][c +1] =0 ..{10)
fhis indicial ejustion gives, if aj # 0, that ¢ = -1 or
K

l+""'o

Similar comparison of coefficients shows that ai, a3 etc.

are all zero. The particular solution obtained is, therefore:

+ or .o (11)
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Two boundary conditions would be needed to obtain values
for the non~zero constants a and b, This result can, however,
be discussed in genersl terms. It has been shown in Egqn.(5)
that when p is zero the solution obtained is w = br”l when
b is & constant, Therefore in the solution obtained when K
is not equal to zero the expression aI'-]='F‘+;--}é represents the o
distortion of the velocity profile by the viscous shear
forces, Experiment has shown that w.r is approximately
constant and certain implications can therefore be drawn
from the equetion for w, Egqn.(11).

Considering Eqn.(1l), if K is positive, the radial
velocity is outwards and 1 + % is positive and greater than
one. Egn.(1l) shows that the resulting equation for w will
be far removed from the non-viscous solution. Alternatively,
if K is negative and large compared with Vv, implying a
moderate inwards radial velocity, then 1 + % becomes negative
and large. At small radii the distortion of the swirl
velocity profile will again be considerable. Lastly, if K
is negative and has a value aspproximately equal to that of
vV , 14+ % tends to zero and the equation for w becomes:

w=8a+ % ’
which could well be a close approximation to the ideal vortex
velocity distribution., This particular solution does not
prove that radial velocities have a certain value, dbut it

does show that near agreement with the ideal velocity
distribution is possible when the radial velocity is extremely
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small and directed inwards., This result may give support

to the observed lack of radial flow except near the surface

and outlet.

4. The Solution of Axiaslly Symmetric Flow by Relaxation Analysis

Experiment has shown that the velocity distribution and
the free surface differ only slightly from those to be
expected by the non-viscous theory. Despite this approximate
agreement, the quantity measured at a higher value of swirl
differs considerably from the non-viscous value, as can be
seen from the non-linear portion of Figs. 36 and 37, It has
already been suggested that this lack of agreement is caused
by the high shear stresses near the outlet and the conseguent
losses, If this is so there should be a measurable difference
between the ideal free surface and the measured free surface
at the outlet to the tank, The only analysis at present
available for calculating the ideal free surface profile is
a relaxation method; this method was used.and was compared
with measurements made photographically at the outlet to
the tank,

Consider a set of cylindrical coordinates r, 6 and z,
such that 0z is directed downwards and u, w and v are the
velocity components in these three directions: u is then
the radial velocity, w the tangential velocity and v the

vertical velocity, Por an ideal, non-viscous flow which
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has complete axial symmetry sbout 0z, then a stream

function y snd a potential function @ must exist such

that:
- 1l oy
” feand - az ..(l)
1l oy
v =; aJI ..(2)

The tangential velocity distribution w must zlso be
symmetrical about the 0z axis o thet at a given radius the
velocity w must be constant. Such a flow pattern, if it
is also to be irrotational, must be a votential vortex so
that w.r. is constsnt., The total flow pattern is then
irrotational and can be described by a rotential function
@ and streem function Ve

Lord Rayleigh showed that the irrotationsl motion in
the r,z plene is unaltered by & potential vortex motion,
v.r equals a constant. This result was first used by
Pinnie snd Davidson for a relaxation analysis of the free
spiral vortex. Although the flow is not directly affected,
the Bernoulli eguation for the free surface is modiflfied and
this rmst be allowed for when determining the free surface,

Taking the free water surface at a large radius 2s the

datum level for z,Ba'noulli"s equation for the free surface

becomes:
2 2 2
u *Eg + W -2=0 ..(3)

In addition there are two more boundary conditions,

firstly, ¥ is constant on a boundary and, secondly, the
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velocity on 2 bounderry which is a free surface can be

found because the pressure is constant and is imowi.

Therefore the free boundary velocity 1s VZ2gz and
1l 2
1 -o_% - VTEE oo (1)

where v denotes a direction normesl to the free boundery.

Tor a flow with arial symmetry the continuity ecuntion

is,
2%y 1 By, 8% _
575 -1 or T o922 - O .. (5)

Equations(4)and(5)can be replaced by finite difference
ecuztions derived from a square mesh net of side "a", In

finite difference form, see Fig.hl,

28, g% = Yy - Vs

3 2
az&a y a‘y/ = Ya-Va+Va+t¥a=L¥o

ar=e Jz2

So that Eqn.(5) becomes
WL+W2+¢3+Ve Lo (Wx‘W3) ee(6)

and the relaxation pattern i1s as shown in Fig.4l.
On a free surface there are usually unegual stars, but
only either one or two of the 1imbs of a star are shortened,

The equation for one of these boundary points, such as that

shown in Fig.42a is,
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R Fxgeen

Before starting the relaxation ans2lysis a position ror

o (7)

the free surface had to be asswicd., The assumed boundary was

that of the free cylindrical vortex,
z=-c:-z | oo (8)
2er
After the first relaxation has been carried out the
position of the free surface can be checked from Zan. ( 3),
the value of (u®+v?®) being calculated from the finite

difference rclationship, Fig.42b,

.
2, ,3)Z S N s A -
(u® + v*)2, sine = ar, = VB - T Yo oe(9)

If the boundasry condition, Ean. (3), is not satisfied,
the free surface has to be adjusted. Binnie and Davidson
have suggested a method for determining the amount of shift
required, although the direction of the required shift can be
gseen by inspection,

The argument is as follows:i-

The surface has been chosen so that w® = 2gz .. (10)

It 1s found that when g becomes significant

q? + w? £ 2gz.
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The velue of w must therefore be changed by ®w, so that

a?+ (w + ow)? = 2gz = w?

2
Therefore ow £ a4

2w
Also w o= %
Therefore g% = - ﬁ%
Hence %? = ég% ..(11)

It was found that the value of Or given by this
expression was invariasbly too large so that successive
corrections oscillated about the true value, By taking
half its value eech time the tkue value was approached more
quickly. Once the boundary has been corrected the relaxation
process is repeated, the effect of the corrections being
restricted to only a portion of the network,

The region of the flow near the outlet was now
divided into a finer mesh of *inch squares, values being
interpolated from those found with the one inch squares.

The relaxation process was then continued for this finer
mesh until the residusls had been reduced to acceptable
values. To check that the boundary values used for this
finer meshwork were reasonably correct the mesh was then
extended out to the next set of 1 inch squares and again
relaxed and if the first boundary values remained unaltered,
or almost so, then it was known that the fine mesh values
for ¥ were correct, Successively finer meshes can be

obtained in this manner and the detailed behaviour in
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the high velocity region of the outlet can be studied,

This method was used to calculate the surface profile for
a given value of the swirl and depth of flow, Finer meshes
were used in the vicinity of the outlet to obtain the value
of the core size at outlet, These non-viscous results were
compared with values measured for a similar strength of
vortex and the results obtained are shown in Figs.44 and
45, Photographs of the experimental core profile are given
in Pig.43. Fig.ul4 shows good agreement between the
calculated surface profile and the measured surface profile,
but Fig.45 reveals that, near the outlet, the measured
and calculated profiles do not agree, Although the
disagreement is not large, it is very important at the
outlet section, for it can be seen that the measured outlet
flow area is some 30% greater than calculated. This
discrepancy is sufficient to account for the incfeased
difference between the measured and the calculated outflows
when the swirl is a maximum., It is presumed that the
alteration in surface profile is caused by high viscous
shearing in the region of the outlet, but this could not

be calculated,
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CORE PROFILE: C = L44INS.2/SEC.

For comparison with relaxation analysis.
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CHAPTER V1

AlR RAINMENT WHEN WATER PASSES UPWARDS INTO A VERTIC
INTAKE PIPE.

l, Generation of Swirl.

A preliminar& study was made using a model pump sump
approximately square in plan with an asymmetrical inlet in one
side, as shown in Fig.l4ba. A vertical suction tube was placed
centrally in the sump with ?éihon action substituted for a
punp. These excessively bad conditions produced swirl in the
sump and a study was made of the velocity and submergence
rgquirements at the intaeke necessary for vortices to form.

Ii was found that there are two different types of behaviour:

at low water depths the water in the sump formed a swirl which
was concentric with the suction tube producing a steady draw
down of the surface symmetrically around the outlet; at greater
water depths this general circulation ceased and was replaced

by intermittent air entraining vortices which formed near the
suction tube. These conditions are shown diagrammatically in
Fig.46 where sketch (a) represents the general swirl pattern

and sketches (b) and (¢) represent two patterns of

intermittent vortices.

There are therefore two fundamentally different processes
by which air entraining vortices are formed. The first of these
conditions occurs when the inlet to the sump is asymmetrical,

80 that & general swirl is induced in the flow in the sumpe.
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This condition is steady with time and can therefore give rise

to a steady air entraining vortex. The second condition in which
vortices are shed from discontinuities at the boundaries of the
flow approaching the outlet can never be steady and the vortices
formed will only be transient. A study of these two types of
vortex formation was therefore made for the condition when the

outlet leads vertically upwards from the flow.

2. C c Suction T .

The necessary conditions for a steady free spiral vortex
to occur.are illustrated by_the work already carried out in the
small and large vortex tanks. A steady free spiral vortex depends
on a constant and symmetrical supply of fluid with vorticity »Cy,
from its surroundings and also a constant removal of fluid from
its centre. These findings are supported by the theorems of
Boussinesq and St. Venant quoted in the previous chapter;
St. Venant's statement implies that vorticity must arise from the
boundaries while Boussinesq's extension indicates that this vorticity
will decay and must therefore be removed at the centre. When a
free spiral vortex forms in a fluid with a horizontal free surface
there must be not only axial symmetry, but also the central axis
.nust be vertical, perpendicular to the free surface. This is so
because a rise in kinetic energy is accompanied by a corresponding
fall in free surface level. Because the velocity distribution is

synmetrical about the centre line, the fall in free surface level
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must also be symmetrical about this centre line and it

therefore follows that the axis of the vortex must be vertical.

Fluid is removed from the centre of a steady vortex so that
the vertical axis of the vortex must coincide with the centre line
of the outlet. When the outlet tube leads vertically upwards the
position of the vortex core is occupied by the exit tube itself
and the conditions for the formation of a steady vortex entraining
alr are now fundamentally different from the requirements when the
exit tube is vertically downwards.

Figel49 illustrates this condition and shows that if a steady vortex
is going to be air entraining, the vorticity must be sufficiently
— e

strong to draw down thé free surface until the width of the core at

the intake level of the exit tube is equal to the outside diameter

of the tube.

If the swirl reaches the very high value required by this
condition there will be a sudden change from water flow to air
entrainment, perhaps resulting in a loss of pump suction or at
least considerable fluctuation in the water flow into the exit
pipe. The approximate value of the swirl necessary to draw the
surface down to this critical level can be calculated from the

cylindrical vortex theory, which gives that

c = r¢42.g.H
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This theory makes no allowance for other velocities apart
from the swirl velocity w, the velocity components u and v may be
small at points remote from the pipe exit but near the exit these
velocities will generally become considerasble. Therefore in the
vicinity of the intake, when conditions are approaching the

critical, the free surface profile will be modified by the intake

velocities.

The only analysis that can be applied to this problem is a
relaxation analysis and such a relaxation analysis using one set
of experimental readings was undertaken. Fig.49 shows the free
surface that can be calculated from cylindrical vortex theory and
Fig.L48 shows the modifications to this surface calculated by the
relaxation snalysis; the streamlines given by this analysis are
also sketched in. The free surface is only modified very close to
the outlete The relaxation analyeis was carried out for several
strengths of vortex each of which gave free surface profiles
ending at various distances down the suction tube. The analysis
indicated the influence of the vertical and radial components of
velocity near the outlet and showed how they modified the
cylindrical free vortex profile.

The surface profile was nodified:only slightly unless the
free cylindrical profile was within about half an inch of the
bottom of the suction tube. For the critical value of the swirl

found by this method the corresponding free cylindrical vortex
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profile was within % inch of the bottom of the tube; in
this region the additional velocities near the outlet were

sufficient to draw the surface profile down to the bottom

of the tube.

For the critical condition when the free surface is
drawn down to the bottom of the tube the pressure in the

entrance to the outlet tube must be equal to atmospheric
pressure. Therefore, for this critical condition Bernoulli's
equation will give the value of the vertical velocity in the
outlet tube if it 1s assumed that the vertical velocity is
uniform across the outlet. Applying Bernoulli's equation
at the outer tube radius at the outlet section and alsoc at
a large radius where the total energy is H,
H= %2 + &Q:a
The quantity flowing is v. A where A is the internal

area of the outlet tube.

. 3
o o Q=A£gl-%a

Experiments were made to determine this critical value

80 that it could be compared with the relaxation analysis

and the above theory.
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3. Upward flow in a central outlet tube.

The small vortex tank was modified for this series of tests
by blocking the bottom outlet and installing a vertical, perspex
suction pipe connected to a rubber hose to act as a syphon.

The perspex tube was 18 inches long, 0.75 inches internal bore

and 1.0 inch external diameter. The perspex tube was mounted

so that its submergence could be adjusted by sliding it in a
vertical sleeve and its position relative to the vertical centre
line of the tank could also be changed. The necessary intake
velocity was obtained by changing the operating head of the syphon.

In the first series of tests the outlet-axis was made
coincident with the tank centre line and the total inflow was
supplied through the tangential inlets so that maximum swirl was

 generated. The syphon was set_to give a velocity greater than
V2gh  and submergence and flow rate were adjusted until the
required surface profile was obtained. After several tests
near-critical conditions were obtained. Typical results of these
tests are shown plotted in Fig.49 and comparison is made with the
simple theory. Fig. 48 shows the results of the relaxation
computation for a condition similar to Fig.49. Details of this
analysis are given in Chapter V. For this test the measured
quantity of outflow was 23.1 cu.ins/eec. while the calculated

walue for the theory given is 28.2 cu.ins/sec using the non-
viscous value of the swirl and 2640 cu.ins/sec. using the

measured value of the swirle.
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Both the measured surface profile and the measured swirl
indicate that energy losses are not negligible, yet there is
still approximate agreement between the practical results,

the simple theory and the relaxation analysis.

Two interesting phenomena were observed during these
experiments, firstly a small core was seen to form between the
bottom of the tank and into the exit pipe. This core was
concentric with the axis of the vortex and was néwhere connected
to the free surface; it is visible in the photograph in Fig.U47.
Presumably the pressure of this core must be equal to the vapour
pressure of the water or slightly higher if there is much
dissolved air present in the water. This core therefore has no
connection with air entrainment and results from the very high
free vortex velécities near the pipe axis. The second phenomenon
appeared after an experiment had been running for perhaps 10 or 15
minutes when the undisturbed water surface began to oscillate;
it was not a wave motion oscillation, the surface remained flat
and became tilted about an axis through the centre of the tank.
The axis of tilt moved éteadily around the tank giving the
appearance of a surface oscillation. At the same time the vortea
core became a'ylletrical and a subsidiary core formed down one
side of the exit tube. This subsidiary core rotated around the
exit tube in phase with the surface oscillation, photographs of
which are shown in Figsg 50 and 51. When this inetability had
built up, the subsidiary core entrained air into the outlet,
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In the beginning of the exit pipe there were now two cores
which rotated around each other as predicted by vortex
theorj for two vortices of similar sign. This intertwining
of the two cores can be seen in the photograph in Fig.51.
The core of this subsidiary vortex is not vertical but this
does not contradict the theory, for the required pressure-
"velocity distribution is maintained by the tilting of the

water surface.

Whether this instability can dbuild up and a subsidiary
core form in the less steady and less symmetrical conditions
| of a pump sump is doubtful, for even in the controlled
conditions of the small vortex tank it was some 10 or 15
minutes before the subsidiary core was established.

L 8 h Outlet Tube Off-Centre.

The syphon setting and inlet quantity were now kept
-constant but the outlet tube was moved 1 inch off-centre.
With this slight eccentricity, (the ratio of tank radius
to eccentricity being 11 to 1), the main vortex remained
approximately central and a strong intermittent vortex formed.

After 2 minutes this vortex entrained sufficient air to break

the syphon. The intermittent vortex formed is shown in Fig.52.
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The eccentricity of the syphon was now increased to
2 inches and now only a slight main vortex formed. The
operating head for the syphon was therefore greater and the

water level was soon sucked down until syphon action ceased.

Eccentricities of 3 inches and greater were now used
but for these higher eccentricities there was no trace of a
vortex despite the very strong swirl present in the tank.
The water level was drawn down to zero in each test without
a vortex core forming. This evidence shows the need for
alnost complete symmetry if a steady vortex is to form.
When the intake was in the outer part of the tank it was
effectively in a strong uniform flow. The fact that no core,
even of a transient nature, forms under this condition can
be very useful. Several papers on prevention of air-
entrainment have stated that velocities of approach to an
outlet must be kept as low as possible, but the present

result indicates that the opposite may well be true. The
results show that it is advantageous to operate an intake

in a strong, almost uniform flow; under this condition

no core will form.
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5.Iransient Ajr-entrejning Vortices.

The formation of a transient air entraining vortex was studied

and some of the necessary conditions were determined.' It has
previously been shown that for a steady vortex to form the centre
line of the vortex must dbe vertical and concentric with that of
the outlet and in the previous section it has been shown that for
such a vortex to be air-entraining the swirl must be very high.
Suppose that a vortex is shed from part of the boundary enclosing
the flow approaching the outlet. This vortex will be carried
towards the outlet and will at the same time be decaying. The
axis of this vortex must be vertical and it must begin and end

on boundaries, the free surface and the tank bottom. If this
vortex reacheé the neighbourhood of the outlet before it decays,
ite lower end can now terminate in the outlet so that the

decayed vorticity from its centre is removed. The removal of fluid
from its centre creates a necessary condition for formation of &
vortex-core in a viscous fluid, but the supply of vorticity is
limited to the amount of the original vorticity that still remains.
The core which forms will therefore only last while it still has
residual vorticity.

The outlet tube itself attempts to draw water symmetrically
from all sides; when water is supplied from one side of the sump
there is necessarily a flow past the outlet to provide the
necessary supply to the far side of the sump. One important

observation was made, namely that the flow past the outlet
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causes vortices to be shed from the outlet itself and these
vortices being in the immediate vicinity of the outlet cause
air-entrainment. This particular cause of sir-entrainment
can be prevented by placing the outlet near the back wall

of the sump so that it draws water ohly from the direction
of supply. 1t was aléo observed that when the outlet is
situated in a strong uniform flow the vortices shed from it
are removed before they can develop into air-entraining
vortices. Therefore there are two methods by which transient
air-ent rainment may be prevented. The first method is by
using very low approach velocities and smooth boundaries

80 that no strong vortices are formed, special care being
taken to prevent shedding of vortices from the outside of
the outlet pipe by siting it near a boundary. The second
method is to site the intake in a strong uniform flow so
that no vortex is near the outlet for sufficient time for

an air-core to forme.
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. FIG. 46

—_— / OUTLET TUBE

a) ASYMMETRICAL INLET (INDUCING A GENERAL
SWIRL CONCENTRIC WITH OUTLET.

- @\ -~ _—-OUTLET TUBE.
D ———
—_—'D— —@_‘ e - = @5 -

b) VORTICES BEING SHED FROM BOUNDARY

AND CARRIED TOWARDS OUTLET.

c) VORTICES SHED FROM OUTLET TUBE.
" THIS ONLY HAPPENS FOR UPWARDS OUTLET TUBE,

YHREE METHODS BY WHICH
AIR - EN?RA!N!NG VORTICES CAN ARISE.
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FIG 47

UPWARDS OUTLET

Critical steady vortex for comparison
with the relaxation analysis.
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FIG 50

UPWARDS OUTLET.

Formation of subsidiary core.
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FIG 51

UPWARDS OUTLET.

Subsidiary core is rotating around outlet
and the two cores form a spiral,
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The outlet tube has been moved 1"
away from (?L of tank,
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CHAPTER V11

CONDITIONS IN THE OUTLET TUBE

The investigation has so far been concerned with
conditions in the vortex tank, prior to the water entering
the outlet. Attention was now turned to the flow conditions
in the outlet pipe. Two outiet pipe arrangements have
been studied, an outlet vertically downwards from the base
of the tank and an outlet vertically upwards, drawing water
from the tanke It has been shown that the formation of
air entraining vortices under these two conditions can be
fundamenteally different, and so the conditions in these two

outlets will be considered separately.

Several questions arise concerning the history of
the air-core and the swirling flow in the outlet tube. ’
Does the air-core persist or does the alr become dispersed
in the form of air bubbles? How quickly does the swirl die
away and what influence do bends in the pipeline have? To
answer these questions the experiments described in this

chapter were made.
l. O ‘ t ica (o) .
The apparatus used for these tests is shown

diagrammatically in Fig.54. A cylindrical tank with

tangential inlets for inducing the required swirl
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was supported about 6 feet above the laboratory floor.

From the centre of this tank was a 4 foot long pefspex tube
of 1% inches bore which led vertically downwards and was in
turn connected to a right angled bend and horizontal straight
also of 1% inches bore. At the end of this horizontal tube

was a control valve and a measuring tanke.

In the first experiments the control valve at outlet
wag left fully open and a free spiral vortex was produced in
the top tanke The flow at the outlet to the tank therefore
had an air core of radius "b" and was travelling at the
critical velocity for the amount of swirl present. 1In
travelling down the vertical outlet tube the flow accelerated
and stayed in contact with the tube wall so that the air
core increased in size. The flow therefore consisted of an
annular film of water with both swirl and vertical velocities.
This flow persisted down the vertical tube but was completély
altered on turning the bend and entering the horizontal tube,

when the swirl was destroyed and the horizontal tube ran

part full with the major portion filled by air. Readings of
vertical and swirl velocities and film thicknesses were

made in the vertical portion of the outlet to determine

the effect of viscous retardation on the flow:
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details of these readings are given later.
Partly closing the valve at outlet produced a hydraulic
jump first in the horizontal tube and later in the vertical

tube. In the horizontal tube the Jjump occurred according to
18

the standard analysis for such a Jjump: air was still carried
through in the form of large bubbles at the top of the tube.
No previous reference has been found to the type of hydraulic
jump which occurred in the vertical tube; this Jjump has
therefore been examined in detail and an analysis has been
developed. Because the jump is a trensition from a thin annular
film of water around the periphery of the tube to the condition
with the pipe running full, it will be referred to as the
annular hydraulic Jump. |

It should be noted that the annular hydraulic jump can bde
produced without the presence of swirling flow. The essential

upstream condition is that there should be an annulus of water

moving vertically down a pipe and this condition can be
produced when the entrance to the vertical pipe acts as a
circular weir: a bellmouth entrance could produce this flow
condition most efficiently.

A photograph of a typical annular hydraulic jump is given
in Fige 59 It will be seen that there is an almost
instantaneous shange from annular flow to pipe-full flow; it
will also be seen that there is a tongue of very turbulent water

standing on the transition and within the oncoming annular flow.
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This highly turbulent tongue entrains a quantity of air which

is then carried downstream in the form of bubbles. When the
Jump occurs there is a decrease in momentum which results in an
increase in static pressure downstream of the Jump; it is this
increased downstream pressure which projects the tongue of fluid

upwards from the Jjump.

2. Theoretical Analveis.

An analysis will now be developed based on momentum
change. The symbols used have the following significance:-
a radius of tube.
radius of air core.
gravitional acceleration.
tongue height.
downstream air blockage factor.
pressure (above atmospheric).
volume flow per second.
non-gpecific radius.
vortex strength, w.r.
thickness of fluid film, a-b.
average vertical velocity.

swirl velocity

O 4 4 ¢+ 8 P OB K P m O

flow angle measured clockwise from vertical,

angular velocity downstream of Jumpe.

o)

Suffix 1 above Jjump.
Surfix 2 below Jump.
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Fige55 is a diagrammatic representation of the annular
hydraulic Jjump, while Figs. 56 and 59 are photographs of the
Jump. Consider the vertical momentum and angular momentum

separately.

Vertically, there is a pressure p, immediately below the
Jump. The pressure above the Jump will be atmospheric at
radius 'b' and p at radius 'a' arising from the centripetal
component. As & first approximation p, will be neglected in
comparison with the downstream pressure p,.
By continuity,

Q= 1m.(a%® - bz).v1 ee (1)
where a and b are tube and air-core radii respectively and v, is
the average upstream vertical velocity.

The air bubbles downstream cause a certain decrease in flow

area, so that, if (1 - k) is the fraction of the tube blocked

by air, we have,

Q@ = KeroaB®,v ——
3 7 ee(2)
Hence v = k.a” v (3)
1~ (a-=-Db)(a+b) s e

Considering change of vertical momentum and the downstreanm
pressure produced

Pgowoaa = P.Q.(Vi - va) oo(u)

Substituting from equation 3 for v,,

P . 9 k,a® _
g =g L ooiar ey "t )
Eliminating v, from equation (2),
23 Q2,(p®- a?+ k.a%) ee(6)

Pe8 k.ﬁf.a*.g.(a - b)(a + b)
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If there is no air blockage k equals unity and equation (6)

reduces to, D, G2 b2

pog = mia%.g.(a - b)(a + D) «e (77

Boundary layers and other viscous effects make it
impossible to write down exact expressions for swirling
velocities upstream and downstream of the Jump. For ideal,
non-viscous flow both the upstream and downstream distribution
would be that of a potential vortex in which velocity is inversely
proportional to radius. Measurements of velocities upstream
and downstream of the jump are given in Figs. 57 and 58 and it
will be seen that the assumption of potential vortex distribution
upstresm of the jump is not unreasonable.

Downstream a potential vortkx would produce very high
shears near the central region of the tube and it can be seen
that the measured distribution approximates more nearly to that
of a forced vortex in which velocity is proportional to radius.

Assuming a free vortex distribution upstream and a forchkd
vortex distribution downstream, the conservation of angular
momentum gives the following relationship between upstream and

downstrean swirl veloéities.

r=a

Angular momentum upstream = E: 6I1.46 ee(8)
B dat

Now OI = 2ﬂ.r.§r.v1.p.ra

Also %% = ¥ = %9 because w.r. = S, a const#nt,

for rree vortex flow.
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a
Com,v .P.S.Y/ r,dr
1

Therefore angular momentum upstream = b ee(9)
Therefore upstream momentum - W-p-vi.s-(az— b?) ee (10)
Downstream 4% _ % _ g, aconstant for a forced vortex
o distribution.
Therefore angular momentum downstream = [ 2w.r.6r.vz.0.r2.ﬂ e (11)
= b 1r.p.v2-_7aé_t-ﬂ ' .9(12)
Putting equations 10 and 12 equal,
vi.S.(af= b7) = v,y f.a% ee(13)

2
Eliminating v, and Vi from equation (3),

2
S=_25?T'{_%’ . oo (14)
For a given upstreem velocity distribution equation 14 allows
the corrcsfonding downstéean velocity distribution to be
calculated. The values obtained from equation 14 are plotted in
Pig.58 with the measured downstream velocitj distributions.

3. Erespure at the Base of the Tongue.

The first experiments soon made it clear that the
pressure required to produce the necessary momentum change was
greater then éould be developed by a static column of water of
the height of the tongue. The water circulation within the
tongue iqs therefore studied. |

Because of the considersble unsteadiness, turbulence and
aeration within the tongue it wes not found possible to meke
sny velocity measurements, but the general circulation was
studied by injeeting dye into various parts of the tongue with

& hypodermic syringe.
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By injecting intermittently the path of the dye could be
followed and the picture of the circulation built up dby this
method is shown in Fig.55. At the base of the tongue it was
difficult to see how the water circulated because there appears
to be a crossing of streamlines. It was then realised that the
tongue could be considered as a separate circulation balanced
on the jump, the water at the centre of the tongue being forced
upwards by the pressﬁre p, with a maximum velocity sufficient

for it to reach the top of the tongue, namely ,/2g.h where h is
the height of the tongue. After reaching the top of the tongue
the water then falls back freely down the outside of the tongue

and again sttains a velocity of JZng when it reaches the

bottom. It is then turned through 180° and travels up the centre

of the tongue again. The state can be analysed as followe :
Let the area of base of tongue = A
Quantity travelling upwards must equal quantity

returning downwards. Therefore at base, flow area = A/2 end

velocity, u =[2gh. S0 that Q =é,}28-[1 .

The tongue is considered to be a Jet with a free sufrace

80 that its internal pressure is everywhere gero. Therefore at
the base the pressure p, produces the necessary momentum change
from Qp./iiﬁi dowawards to the seme value upwards, and this
pressure aets over the area A.

Therefore p, A = Qp(u, =~ u,)

Substituting for Q u, and u,,

P, = 2pegh.
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The base pressure p,, is therefore twice the pressure

that would be developed by a static column of water of height h.

There are two factors which have not been allowed for in
the above analysis., Firstly not all the water rises to height h
and so not all the water has a velocity of /2gh at the base of
the tongue. Secondly as water moves up or down in the tongue
viscous shearing and turbulence will destroy kinetic energy.

Whichever of these effects is greater will determine whether p, is

less than or grester than’Zpgh.

uo B r (-] S .
Por the'present series of testes the strength of the

vortex and the depth of water in the upper tank were kept constent.
The flow at outlet from such a tank is in the critical flow
condition and the entry to the perspex tube acts as a control
section. Therefore, provided the annular hydrsulic Jjump occurs
below the pipe entry, the outrlbv from the vortex tank will be
constant. In these tests the depth of water in the vortex tank
at a radius of 4 inches was 18.5 inchee, the swirl velocity at
this radius was 11.9 inches per second and these conditions gave
a flow quantity of 41.6 cubic inches per second.

In each test the throttling valve at outlet was adjusted
until a Jump occurred in the required positions. Four positions

of the jump were chosen and photogredhs were taken using a square,
water-rfilled pefipex box to remove distortion. Tongue height and
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bubble formation were determined from these photographs. The
thickness of the water film upstream of the Jjump could not be
measured with sufficient accuracy from these photographs because
a change in thickness of 0.01" might represent a velocity
change of 1 ft. per second or more, go that the tongue heights
calculated from these film thicknesses were not reliable. It
was therefore decided to measure the upstiream velocity
distribution and then to use this velocity distribution and the
measured flow quantity to calculate the average upstream film
thickness. BEither the upstream velocities or the film
thicknesses can be used to calculate the tcngue heights.

Because the flow has both axial and tangential velocity
components it is not possible to use a pitot tube unless flow
direction is rirst determined. Velocity measurements were
therefore made using a cylinder 0.125 inches in diameter with
a small hole 0.040 inches diameter for measuring pressure in a

~ glven direction. By plotting pressures in different directions
this cylinder could be used as a yaw meter, giving both direction
and magnitude of the velocity. Calibration of this cylinder

in a flow of known direction indicated it was accurate to about
t #°, Upstream of ihe Jump static pressure was found to be
equal to atmospheric pressure and therefore the dynamic pressure
could be determined directly. Downstream of the jump the vortex
structure caused static pressures in the flow to be lower than

the wall-static pressure.
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To overcome the difficulty of measuring the true static pressures

within the flow the cylinder was used as a double pitot; pressure
readings were taken both upstream and downstream in the direction

of flow. The total difference in pressure determined in this way

will give the velocity if the Reynolds Number of the'flow is

;

known approximately.

From the magnitudes and directions of the velocities
measured, the distributions of upstream and downstream axial and
tangential velocities were determined. Values of the upstream
axial velocities were then used to calculate tongue heights for
various air blockage factors and these values were compared with
those obtained experimentally; they are shown plotted in Fig.60.
Also the upstream tangentlial velocities were used to calculate
the downstream velocity distribution and, again, comparison was

nade with the measured values, these being plotted in Fig.58.

The air blockage could not be determined from the velocity
measurements because the distribution of ‘air was nbt uniform, and
therefore the air-water mixture had a varying apparent density
which could not be determined. The quantity of air at outlet
could be measured but this is not necessarily a true measure of

the air blockage at the Jjump because some of the air bubbles
have a rising velocity greater than the downward water velocities

and so are not carried through.
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The measurements of velocity and pressure immediately

upstream and downstream of the jump give the values of total
energy at these positions. From these values the energy lost in

the Jump can be found. The energy lost in the Jump can also be

calculated from the upstream conditions and the momentum equation

for the jump. The values obtained are shown in Fig.61 where the

energy lost is expressed as a percentage of the upstream energy and
is plotted against upstream vélocit}. It will be seen that the

energy loss rises considerably as the upstream velocity increawes.

5. Positlop of the Annular Hydraulic Jump.
The momentum equation for the annular hydraulic Jjump can
be satisfied for any value of the upstream velocity, so that,
from consideration of momentum alone, the Jump can occur at any
position in the tube. Experiments show that, if the valve setting
at outlet is sltered so that the energy level immediately upstrean
of it is changed, the Jump will move upstream or downstream until
the'nev energy balance is satisfied. The position of the annular
hydraulic jump is therefore determined by thé energy losses

throughout the system.

Measurements of total emnergy were made at a number of
positions in the flow system for the different positions of the
annular hydraulic jump. The values obtained are plotted in Fig.62.
The energy line with no jump present, shown in bold inter-

connected dashes, indicates the high rate of energy loss for the

high speed anmular flow.
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If a Jump occurs, there is an energy loss in the Jump itself-
but the rate of loss of energy in the pipe-full flow below the

Jump is much less, so that the energy line soon rises above the

line with no Jumpe.

The value of the total energy immediately upstream of the
control valve can, within limits, be controlled by the valve

setting. It is apparent both from the above discussion and from
consideration of Fig.62 that once the value of the energy

upstream of the valve is determined the jump position is also
determined. In these experiments a control ialve has been used,
but this valve might equally well be replaced by the throttling
action of a more extensive pipework system or a rise in level

of the outlet.

A calculation was made of the energy that would be lost
for the same rate of flow through a smooth pipe with no swirl
velocities and with the pipe rumning full. It was found that the
losses with swirl present were some three times higher. This
higher rate of energy loss can be explained qualitatively by the

higher shears induced near the pfpe wall by the swirling
velocities. Quantitative measurements are made difficult

because the swirling velocities are being comstantly reduced
by friction as the flow moves further down the pipe.

In th@ annular flow the pressure is zero, so that the
energy is entirely kinetie. Pig.63 shows a plot of vertical and

swirling veloeities in the annular flow measured at four positions

down the tube.
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Also shown in Fig.63 are the idealised, non-viscous vertical
and swirl velocities. It is apparent from this figure that the
effect of viscosity is considerable on this high speed flow and
particularly so for the swirling velocities which are rapidly
approaching zero. At present there is no way of calculating

these losses.

Therefore, although the position of the annular hydrasulic
Jump is known to be determined by a balance of energy losses, it
is not at present poseible to calculate these losées either
upstream or downstream of such a jump and thus predict its

position.

It has been shown that successive throttling of the flow
forces the jump further up the tube. Atpoint will be reached
where the jump forme at the exit to the vortex tank: this is the
condition discussed in Chapter V when considering the minimum
swirl necessary to produce a vortex core if the vertical outlet
velocity is less thanm At this critical condition the
velocity above the jump is, theoretically, Jéiﬁiféi' which is
the eriticel velocity for this outlet condition. A Jjump to the

pipe full condition implies an increase in specific energy and
therefore for the jump to 6ceur at this critical section, the
upstream conditions in the vortex tenk must change to provide
the necessary incresse in energy. The critical section at the
outlet to the tank is therefore the limiting position of the

annular hydrsulic jump because above this position the flow is

below critical,
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6. B D. of J .

Downstream of the annular hydraulic jump it has been
shown that the swirl velocity distribution is approximately
that of a forced vortex. The central regions of the tube are
therefore at a lower pressure then the outer regions at any
given cross-section so that air bubbles will tend to move into
thé central regions of the tube. This formation of a core of
bubbles can be seen in Fig.56 which shows photographs of the
hydraulic jump occurring in the vertical tube. It will be seen
that the bubbles do not form a central core, but the core is in
the form of a helix. A study was made to determine the cause
of this helix. At first it was thought that there was some lack
of symmetry in the upstream flow but observation did not
confirm this. The next line of enquiry was an attempt to study
the stability of the flow. It was thought that there might be
an analogy with a mass rotating about its centroid and free to
slide on a rod which also rotated, this being an unstable
system. If springs were introduced to represent some partial
constraint of the mass it can be shown that there is a position
of equilibrium at some point off-centre; Fig.64a illustrates
this analogy and also shows a aketéh of the streamlines when
the centre of the swirl is off-centre. It was not found

possible to establish thise analogy.
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Once the core has moved off-centre the streamline pattern

" must be as shown in Fig.64b even though the distribution of
velocify is not that of a free vortex. This flow pattern is
similar to that obtained as part of a vortex pair, and it can

be shown that a vortex pair rotates about a common centre.

Lamb19 has extended this theory to show that the centre of a

single vortex within a cylinder will describe a circle concentric
with the cylinder. When vertical flow is added to the vortex

flow it is seen that & helix is produced, but etill no

explanation is obtained of why the centre of the vortex should move

off-centre in the first place.

7. Qutlet pipe vertically upwards.

It has been previously = . shown that the férmation of a
vortex core into an outlet pipe leading upwards from a tank
requires a strong local swirl and the core will probably only be
transitory. Consideration will now be given to the history of
an air core when entering such an outlet and the result will be
compared with the observations of transitory cores.

Fig. 52 shows a vortex core leading into the outlet. At
entry to the outlet Bernoulli's equation gives, as previously,

2 2
. _ ¥, _c
B=53+ 2.g.0%

because the pressure at the surface of the core must be zero.
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Water can only flow upwards either by changing

kinetic or pressure energy into potential energy. With

a free air surface present it is not possible for the pressure
energy level to change and therefore the water can only

move upwards by exchanging its kinetic energy for the
potential energy geined. From the continuity equation,

a8 v decreases 80 the flow area must increase and therefore
the air core will steadily close. Once the air core has
closed the pressure can drop in exchange for the increased
potentiale Despite the closing of the air-core air

entrainment can still continue because of the formation of
small sir bubbles from the thin tail of the core,

Observations made during the formation of air=-
entraiﬁing vortices confirmed the previous argument even
though the vortices.were only transitory.v Therefore with
an upwards outlet there is no possibility of an air-core
persisting as waé possible with the downwards outlet, but
it is still possible for there to be a continuous stream
of air bubbles passing up the outlet whenever a transitory

vortex core formse.
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FIG 56

VIEWS OF VERTICAL OUTLET TUBE

The Annular Hydraulic Jump is occuring
in each; note the spiraling of air
bubbles below the jump.
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TYPICAL ANNULAR HYDRAULIC JUMPS:

COMPARE WITH FIG 55.

IG 59
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CHAPTER V111

CONCLUSIONS

1. Yelocity distributions and Surface Profiles

The measurements of velocities within the structure
of the free spiral vortices showed the measured tangential
velocity distribution to be in close agreement with that
of the ideal, free cylindrical vortex. It was therefore
possible to assign a value of the vorticity, ¢, to any
particular vortex and make a comparison of measured quantity
of discharge, with that calculated from a non-viscous
theory, for the same values of vorticity and water depth.
Qualitative agreement with the non-viscous analysis was
obtained, but guantitative agreement could only be reached
by introducing a coefficient of discharge which was itself
a function of the vorticity. The modification of the
non-viscous theory caused by the viscous shear stresses cannot

therefore be allowed for by using a constant coefficient

of discharge, although experiment has shown that the
coefficient of discharge only varies slightly until high
values of vorticity are reached, when the alteration becomes
large.

The radial velocity component was generally too small
to be messured because of the presence of higher vertical

and tangential components, but it was established that radial
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flow is confined to a small region near the free surface
and another region at the bottom of the tank, near the
outlet. This radial flow at ﬁhe surface then became a
strong vertical outflow on the surface of the vortex core.
The apparent lack of radial flow throughout the remainder
of the vortex structure is in agreement with the vorticity
theorem that there is no flow across a vortex tube and is
supported by a particular integral of the Navier-Stokes
equations, which shows that the tangential velocity
distribution would be considerably changed by anything dut

a very small radial component.

The study of the vertical velocity components has
revealed an interesting flow pattern in which the flow is
alternately upwards and downwards. These vertical velocities
appear to be related to the tangenﬁial velocity gradient,
because they only occur where this gradient is large. It
is thought that these vertical velocities are supplied from
the radial flow at the top and bottom of the tank and that
they supply fresh fluid to a region of the flow where radial
velaities cannot or do not occur. The vertical flow
pattern is therefore a form of secondary flow set up by the
vortex shear gradient.

Despite the measured tangential velpcity distribution
being very nearly in agreement with the non~-viscous

distribution, the measured quantity and that calculated from
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the non-viscous theory are only approximately in agreement,
particularly when the swirl is large. leasurement of the
free surface profile showed that this, too, was in good
agreement with that calculated from the free cylindrical
theory, though this theory cannot give the free surface near
the exit from the tank where vertical and radial velocities
are sighificant. A relaxation analysis was used to obtain
the non-viscous surface profile near the outlet for a |
particular high value of swirl and comparison with the
measured profile showed that the measured flow area at
outlet was sbout 30% greater than that calculated. This
increase in flow area produces the rise in coefficient of
discharge at high values of swirl and is probably caused by
the high viscous shear stresses near the outlet, which

reduce the vortex velocities in this region.

Using two sizes of apparatus it has been shown that
two geometrically similar vortices are obtained when the
velocities are scaled ﬁy the Froude Number. Slight
discrepancies were found, amounting to a maximum difference
in velocity of about 12%, from the scaled values, dbut even
this meximum error is slight when it is considered that
Reynolds Numbers differ by eight times in the two sizes of
apparatus. Therefore, once a vortex has been generated,

similar behaviour will be obtained in a model only if the
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Froude Number is identical with that of its prototype.

There are two mechanisms by which swirl is generated
in the flow approaching an outlet. Fifstly the water
entering a vessel may have a tangentiai velocity component
relative to the outlet so that a rotation of the water
around the outlet is induced. Swirl generated in this way
will be steady and will vary linearly with inlet velocity;
this type of swirl generation is used in the vortex tanks in this
investigation. For this first type of swirl generation
complete similarity between a model and its prototype will
be obtained by operating at equal Froude Number. Secondly,
swirl is generated when vortices are shed from the boundaries
of the flow and these vortices are carried towards the
outlet where they may produce transient air-entrainment.
Because the shedding of vortices is not independent of the
Reynolds Number of the flow, complete similarity may no
longer exist when using the Froude Number as a similarity

criterion. The vortices formed in the lee of a bluff body
at low Reynolds Number are standing eddies which remain in

the same position and do not move away downstream. When the
Reynolds Nuiber is increased, there is a critical value
above which the vortices are shed and move away downstream
to form the well known Karman vortex street. If vortices
formed by some separation of the flow from a boundary are to

produce air-entrainment, either they must be formed very near
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the outlet, or else they must be shed at a discontinuity

and carried towards the outlet. The strength of vortices
formed in this way 1s 1linearly related to the flow velocity,
80 that Reynolds Number will oﬁly influence the problem if
the air-entrainment depends on vortices being shed. If this
is true, similarity can only be obtained if the model is
sufficiently large so that, when operating at similar Froude
Number, the Reynold's Number is not decreased below the
threshold value for vortex shedding. It must also be
remembered that the shed vortices are decaying a8 they are
carried towards the outlet and this is also influenced by

Reynolds Number.

In & small model operated with Froude Number equal to
that of the prototype, the Reynolds Number of the flow is
probably redﬁced below the criticel vortex shedding value.
Some work was carried out to investigate the possibility of
distorting the model geometrically by exaggerating the outlet
diameter. In this way the approach velocitiés could be
increaseé while maintaining equal Froude Number at exit, so

that the Reynolds Number of the approaching flow was more
nearly equal to that of the prototype. At first the only
factors affecting the formation of vortices were thought to
be the velocity of outflow, the submergence, the swirl and
the outlet diameter. If this were so, it would be possible

. to make the required exaggeration of outlet size without
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destroying similarity, but experiment has shown that outlet
size 1s not the only significent dimension; the results
obtained with different sizes of outlet not being in
agreement when plotted non-dimensionally. However, these
results did agree when quantity divided by outlet diameter
was plotted against depth,and swirl was plotted non-
dimensionally, Fige.35. This sgreement indicates that a
distortion may be feasible, but to establish this result

experiments are required with both a model sump and its

prototype and various exaggerations tried.

Previously, the velocity scale distortion suggested
by Denny has been mentioned. In a 1/16 size model Denny
showed that similarity was obtained when velocities in a
geometrically similar model were egual to that of the
prototype. The model velocities were therefore four times
greater than demanded by Froude Number similarity, but still
sixteen times less than given by Reynolds Number. On the

present hypothesis, it is suggested that this velocity increase

was necessary for vortex shedding to occur.

3. Reatricted Outlet.

When the water was permitted to discharge freely through
the outlet, even a low value of swirl produced a vortex core.
Limiting the velocity wof outflow also determines a certain

critical value of the swirl below which no vortex core can form.
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Limiting the outflow velocity to three quarters of

the free discharge value will demand a higher swirl than
would normally be present, while restricting the velocity

to half of the free discharge value will make it impossible
for a vortex core to form,because such a strong swirl cannot
be generated. The velocity to be restricted is the velocity
at the critical outlet section and an increase in velocity
after this section would not be detrimental. A Dbellmouth
outlet could therefore be beneficial in limiting the outlet
velocity at this critical section. 1In this way air-entrainment
can be prevented, but swirl can still be present in the outlet
and may cause a loss of efficiency of a pump, particularly

of the axial flow type. Flow straighteners could be used

to remove the swirl.

uo Upwa Ou 0

Steady vortices are unlikely to be air-entraining when
the outlet is vertically upwards because the outlet tube

occupies the position of the air core, but swirl in the
outlet tube can reduce the flow and can lower the efficiency
of a pump connected to it. Care must therefore be taken

to prevent any general swirl. Transient vortices shed from
the flow boundary are the principal cause of air entrainment

and they can be prevented by careful design of the inlet to

the sump and by reducing the velocities in the flow

approaching the outlet so that vortices are not shed.
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Attention has been drawn to the shedding of vortices from
the outside of the outlet pipe and the resulting air-
entrainment. These vortices are prevented if the outlet is

sited near a boundary so that there is no flow past it.

In contrast to lowering the velocities approaching the
outlet, placing the outlet in a strong almost uniform stream
prevents air-entrainment completely, even when the outlet
velocity is high and the submergence low. This result,
opposiﬁe to the usual idea that velocities near the outlet
must be kept low, is possible because no vortex remains

near the outlet for long enough for a core to forme

When studying the formation of steady vortices at the
upwards outlet an interesting instability was seen to
develop. When a steady vortex had been established for a few
minutes, an oscillation of the free water surface slowly
developed and at the same time a subsidiary vortex core was
formed which rotated around.the outlet in phase with the
surface oscillation. This subsidiary core_took, perhaps,
ten minutes to form and it sometimes became strong enough
to entrain air. No explanation for the formation of this
subsidiary core can be offered; the flow Ipantity,increaaed

after its formation so that, presumably, it satisfies a

minimum energy requirement.
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5. Condgitiong in the Outlet Tube and the Annular Hydraulic Jump.

The direction of the outlet tube, whether vertically
upwards or downwards, influences the behaviour of an air-core.

For the upwards outlet the pressure must fall as the flow

rises further up the tube so that the air-core cannot persist,
while for the downwards outlet the flow accelerates under
gravity and the air-core can become larger. Therefore a very
strong vortex may cause the breakdown of upward flow, while
for less strong vortices the air core enters the outlet
and then breaks up into air bubbles which are carried through
with the flow. For all directions of outlet tube the formation
of a vortex has two detrimental effects, firstly, it restricts
the qQquantity of flow to the value corresponding to the
particular outlet submergence, diameter and swirl and,
secondly, it may also entrain air into the outlkt. The
transient formation of vortices at an intake will therefore
cause sudden restriction of the flow with consequent
vaurging of the flow as these vortices form and break .

For vortex flow in a downwards outlet tube, the
transition referred to as the annular hydraulic Jjump has
been described and analysed. An interesting feature of the

analysis is the separate treatment of the vertical and swirl

velocities, which is shown to be Jjustified by the

experimental results. The position of the jump has been



173

discussed qualitatively by considering energy losses through
the system, but it was not possible to calculate these energy
losses, even for the pipe-full flow, because of the changing
swirl velocities which gradually decay as the flow passes
down the tube. When the upstream velocity is high, a large
proportion, perhaps 60%, of the upstream energy is dissipated
in the jump. For some applicatiohs, this means of destroying
energy may prove as useful as the well known hydraulic Jjump

of open channel flow.
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APPENDIX 1

DETAILS OF THE PHOTOGRAPHIC METHODS

Two main problems were encountered when photographing
the pellets, firstly, the light was scattered by the water
between the pellets and the camera and secondly it was
difficult to obtain sufficient intensity of light to give
the required streaks on the photographs. The solution of
these problems was slightly differept for each size of

apparatuse.

In the small tank any general lighting was scattered
by the water and had an intensity as great as that of the
illuminated beads. The photographs were therefore taken at
night with nO<genefa1 lighting and the beads were
illuminated by a narrow, parallel beam of light directed
downwards through the free water surface. Some results were
obtained with the beam of light centrally placed, but the
free surface near the core acted as a lens and scattered the
light away from the core. Photographs of beads near the core
were obtained by shining the beam of light through the flat
outer portion of the free surface and angling it so that it
shone on the vortex core. This beam of light had to be made
as bright as possible and it had to be made parallels High

intensity spot lemps with as much as 1000 watt bulbs were
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tried but the absorption of the lens system was considerable.
The best lighting was obtained from a 12 volt car headlamp
buld in an 8 inch spotlight reflector, but the bulb was
overrun at 1l volts and this gave a light with a very high
colour temperature. The bulbs lasted for sbout 2 or 3 hours.

The beam of light obtained was masked to give a parallel

beam of from 1 to 2% inches in diameter according to the

region being photographed.

Various films and developers were tried to obtain the
maximum sensitivity so that the feint streaks of the faster
moving pellets could be recorded. Very fast films such as
Ilford HPS gave too much grain and were unsatisfactory even
when very fine grain developers were used. After much trial

the best results were obtained with Ilford HP3 developed in
Microphen for 15 minutes at 68°F. HP3 is rated at 34° Scheiner.

In the large apparatus, the velocity measurements
depended on the instantaneous stroboscope images which had to
be Joined by a streak given by a small amount of constant
illumination. It was found impossible to photograph the very
small wax pellets used in the small tank and some larger

plastic pellets of 7 m,m.diameter were used. When readings

were to be taken in the large tank the water in the general

laboratory supply was renewed and it remained photographically
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clear for about 10 days. The stroboscopes were placed
alongside each camera while the constant illumination

was provided by one 500 watt masked spotlamp shining through
the outer flat portion of thefree water surface. A careful
balance had to be maintained between the constant illumination
and that of the stroboscopes.s The type of film and

developer used for the small tank was again used for the

large tank.
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