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ABSTRACT

The sorting of aggregate materials into acceptable
and una2cceptable groups is a common reguirement in the
food processing and mining industries. These industries
commonly process large volumes of these aggregates and
the application of high speed switched fluid jets has
proved attractive. Rapidly escalating costs and complexity
have been experienced with the deflection of large, heavy
bodies. This work has been concerned with this areca of
application.

The fundamental requirements of a sorting machine
have been considered and, having postulated that liquid
Jets may alleviate many of the prcblems connected with
the sorting of large and heavy bodies, the methods of
liquid jet control have been reviewed.

The dynamic movement of a2 body whilst under the
influence of a liquid jet has been examined both mathematically
and experimentally and the investigation concluded that
under certain conditions liquid jets were suitable for the
deflection of large and heavy bodies.

After reviewing a number of pertinent literature
sources on swirling flow a new axial vortex fluid element
was designed and built for the purpose of sorting aggregates.
The device was examined under steady state conditions both
experimentally and theoretically and a nurter of interesting
features were highlighted: regions of fluid stagnation,

flor separstion, air core formaticn and contrcl flow
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instability. A number of transient response experiments
were performed and whilst not meeting the original
requirement in every respect the vortex element was shown
to be fast and capable of improvement.

The final conclusion was that a liquid jet
sorting machine using the proposed axial vortex device
could, with some minor modifications, meet the original

requirement for sorting large, heavy aggregates.
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PRINCIPAL NCMENCLATURE

area, (unless specified otherwise)

- acceleration, (unless specified otherwise)
- capacitance

- constant

= control flow discharge coefficient
friction coefficient

- velocity coefficient

- differential operator

- diameter; differential increment

- voltage

- force

- friction factor (Ch.3); freguency (Ch.l)

= linear momentum flux

‘DO**“NQUPQPOOQP
1

- gravitaticnal acceleration (Ch.l);
bilatersl admittance (Ch.l)
H - change in fluid 'head'
H =~ angular morentum flux
h - body drcp height (Ch.2); vertex chamber depth (Ch.3)
hisha,hs = metric coefficients in the coordinate directians
X1y X2,Xs
I - moment of inertia about mass centre
- constant
- curvature

K
k
L - inductance (Ch.L); unbroken jet length (App.l)
L - cantrol nozzle depth

M

- molecular weight (Ch.l); moment (Ch.3)

(W)



We

Wn

moment about mass centre

mess (Ch.l); stream surface curves (Ch.3)
mass flow rate

a function

number of moles (Ch.l); curves orthogonal to
stream surface (Ch.3)

outer and inner values of an 'n' curve respectively
power

control pressure ratio

pressure (a suffix 1 to 7 specifies an expt.
measurement statiqn)

volumetric flow rate

radius (Ch.3); radius of curvature (App.6)
Reynolds number

outer and inner values of the radius at a
specific station respectively

radius

Laplace operator (unless specified otherwise)
Strouhal number

time (unless specified otherwise)

stream velocity (Ch.3); unilateral admittance (Ch.L)
velocity outside the boundary layer

volume

velocity (if unspecified, the mass centre for
a rigid body, the stream velocity for a fluid)
Weber number

resonant 'radiancy’
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horizontal displacement (unless specified
otherwise)

general orthogonal coordinates (App.7)
vertical displacement (unless specified
otherwise)

axiel coordinate of cylindrical coordinate

system

Greek symbols

o

n B> 1

§ B

~

tangent of velocity ratio at nozzle orifice
(Ch.3); gain constant (Ch.4) (unless specified
otherwise)

liquid sheet semi-angle; gain constant (Ch..)
fluid circulation

2 change

boundary layer thickness; a small change (unless
specified otherwise)

deflection angle (Ch.2); coordinate axis of
symretry (unless specified otherwise)

inlet velocity ratio; meridional stream surface
angle, from axis of symmetry

fluid dynamic viscosity

fluid Kinematic viscosity

fluid density

surface tension (water/air); stress (with appropriate
suffices)

shear stress (Ch.3); time constant (Ch.k); liquid

sheet thiclmess (App.6)
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Supers cripts

A

Su'bscrigts:

XQY‘}Z

r,8,z
1,2,3

R P < SR

0,

=) e

flow distribution function (unless specified

otherwise)

stream function

maximum value

coordinate directions

cylindrical coordinate directions

gereral orthogenal coordinate directions, the

distances between ccordinate increments being

represented by 8,M,N  respectively

refers
curves
refers
refers
refers
refers
refers
refers
refers

refers

to the ‘m' or ‘N’ characteristic

which are also the X, or X; coordinates

to the liquid jet

to the particle (or bady)

to the stream flow supply

to the control flow

to the exit point (unless specified otherwise)
to the annulus

to an inlet condition

to the wall

'total' conditions

(viiid)
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1. INTRODUCT ION

1.1 An Introduction to Sorting Machines

Loose aggregate materials are sorted in a large number of
industries, particularly the mining, chemical and food processing
industries; either defective items are removed or mixed components
separated. Until comparatively recently the standard method of
removing defective material was by visual examination and hend
sorting, (Moder and Oswalt, 1959). With the development of
electrical and optical instruments capable of measuring and
comparing internal or external characteristics of the aggregate,
automatic machine sorting has become feasible.

The sorting operation requires that the material be fed
into a position for examination, that some identifialle characteristic
difference between acceptable and defective material be observed,
that a signal be initiated and a mechanism operated for the
physical removal of the item examined.

A number of fimms manufacture réenges of sorting machines
which can sort materials ranging in size from small plant seeds
to rocks the size of a cricket ball; only & small particle size
range is catered for on any one machine. The examining technigue
usually used is that of electronic colour sorting, as described
by Schaub (1965), based on either mono-chromatic selection, (tone
discrimination), or bi-chramatic selection,(colour discrimination).

Figure 1-1 shows the schematic layout of a typical sorting
machine. The aggregate mixture to be sorted is held in a hopper
which is usually vibrated to feed material at a uniform rate either

directly into, or on to an endless belt and then dropped into the
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photocell viewing chamber. A characteristic missmatch between the
body being examined and a reference background results in an
electrical signal being passed from the viewing photocells into
an amplifier. The amplified electrical signal then activates
either electrostatic deflection plates, in the case of sorting
small plant seeds, or (as in Figure 1-1) an electro-pneumatic
valve or valves to produce an air jet, or jets, for the larger
bodies. The impact of the air jet, or jets, on the body
eventually results in the required horizontal deflection of the
body and its entry into the appropriate container. Sometimes

up to six air jets are required to produce the necessary deflection
forces. Obviously either acceptable or reject material could

be deflected, although usually, for reasons of power consumption
econamy, the smallest proportion of the caomponent being sorted

is chosen for deflectione.

1-2 Preliminary Design Considerations for Sorting Machines

Examination of Figure 1l-1 indicates that since the
machine elements operate in series, the rate of sorting of the
entire system will be determined by the slowest element. A
consequence of a feed rate greater than the response rate of the
deflecting device is the lack of selectivity with which items
can be ejected and the resulting loss of acceptable material.
The electrical amplifiers and viewing apparatus usually have a
far quicker transient response than the two mechanical elements
of the sorting machine, (the feed system and the deflecting device),
and the electrical elements will not be considered further in this

work.



Consider a nurber of items falling fram 2 hopper under
the influence of gravity; their horizontal and verticel velocities,
respectively Vx and Vy, are approximately zero on leaving the
hopper. If now a photo-cell viewing chamber is placed a distance
'y' below the hopper exit then, ignoring retarding forces such as
aserodynamic drag, the velocity of any body entering the viewing
chamber is (Za,y)si . Therefore the time available for
examination of the body increases with increasing particle size
and decreases with an increase in the distance 'y'; it will also
be obviocus that the decreasing viewing time will not affect the
feed rate of the material. If the deflection time is defined as
the time required to obtain a specified horizontal displacement
whether immersed in the liquid jet or in free fall below the jet
then the maximum deflection time that can be tolerated by the
system for it to remain selective is the reciprocal of the
material feed rete. A deflection time greater than this may result
in the loss of acceptable material, whereas a quicker response
than this focusses attention on the now inadequate feed rate
. mechanism.

A further point to be considered is the time during
which the jet impacts on the bedy, since this determines the
time during which mamentum transfer between the jet and the
body occurse. Neglecting, for the moment, details of the jet
forces on the body, it would appear that the best position for
the deflecting device is close to the hopper exit, bearing in
mind that the viewing chamber must precede the deflecting device.
It will be shown in Chapter 2 that the apparent sclution of

placing the deflecting device close to the hopper exit will not



invariably give the optimum value for material sorting rate or
the most efficient use of the jet power.

The present state of sorting machine development is that
the machines for the smaller bodies, such as rice grains, have
switching devices that can operate at frequencies greater than
the present feeding mechanisms. This is not true for machines
deflecting the larger bodies, which can have up to six air jets
to obtain the required deflection forces, and the deflection
device consumes 2 considerable quantity of power. The current
viewing times as given by Chadda (1972), vary from one milli-
second for the smaller bodies such as rice grains, to twenty or
thirty milli-seconds for the larger ones, approximately the
pize of a cricket ball. These figures would indicate that a
deflection device for the larger bodies should be capable of
switching at a rate of approximately thirty-five Hertz. The
author has seen no theoretical or experimental work carried out
on the mechanics of a body's movement whilst under the action
of a jet. Chadda (1972) investigated the forces exerted on
spherical bodies whilst held stationary and partially immersed
in a supersonic air jet. Chadda's work, in connection with
body deflection, was primarily corcerned with the variation of
the body's horizontal deflecting force with respect to its
positicn within the jet. The objective of the work was towards
increasing the horizontal deflection forces and no reference
was made to the dynamics of the situation, in other words the
time dependence of the changing deflecting force. As a result
cf Chadda's work & number of shortcamings with high power air

Jjets became evident.



(i) Their momentum flux was rapidly diffused as a
result of surrounding air entrainment thus giving a large jet
cross section. This made them rather inefficient and indiscriminate
for body deflection purposes.

(ii) High power air jets, especially when superscnic,
were unpleasantly noisy; at times on the threshold of pain.

(iii) High power air jets consume considerable quantities
of power. The efficiency of the power used in deflecting the
smaller bodies is usually not very important, since the power
used is fairly small; however for the larger bodies power
consumption efficiency can become a major consideration. In this
case a high switching rate would not be sought at the expense of
a disproportionate increase in power consumptiane.

It was thought that the relatively large deflection
forces required by the larger bodies could be obtained effectively
by using a fluidically controlled water jet. It was also thought
that the use of liquid jets would confer the advantages of:

(i) A high jet momentum flux for a given orifice and
jet velocity; thus leading to a quieter and more efficient jet.

(ii) A low degree of jet spreading, thus giving a very
selective deflection device.

It was recognised almost immediately that there were
two major areas of concern. One was the considerable difference
iﬁ behaviour between air and liquid jets; whether the jets were
surrounded by gas or submerged. It was decided that there should
be 2 preliminary survey into the behaviour of liquid jets to
ensure that any proposed fluid device would operate in a satisfactory

manners



The second area of concern was that of the liquid jet/
body dynamic interaction. At one time, because of the very
different jet mamentum flux profile of a liquid jet compared to
an air jet, it was considered that some bodies may not enter the
liquid jet sufficiently to utilise the high jet mamentum flux
available. This point had not, to my knowledge, been considered
before when the jet/body interaction process had been analysed.

A third point, but not sufficient to cause concern, was

that the body must tolerate the presence of the water jet.

1-3 An Introduction to Liquid Jet Behaviour

There are a number of differences between air and liquid
Jets, whether they flow into surroundings of the same fluid or
not. The parameters thought to be of the greatest significance
in this investigation were, to some extent, interrelated. The
powver consumed in preducing the jet was of importance and the
density of the liquid used and hence inertial effects, would
influence this. Also certain accelerations impcsed on the
liquid could result in cavitation (where gas solubility and
surface tension effects would become apparent). Surface tension
effects would also manifest themselves during the passage of the
liquid jet through gas surroundings and the combined effects of
surface tension, gas solubility and entrainment contribute to

the influence of any boundary geametrye.

1-3=1 Power Consumption

Considering simple incompressible fluid flow from an

orifice, the power consumption of the device is given by:

l6



3
P=ApQ , aa P=pAV/20G;,
where
v=0CJ J248p/p
If a certain jet momentum flux is required for body

deflection and the jet momentum flux is given by:=-

- _2
G = PAV
then for two different fluids under identical nozzle flow
conditions: 2 U
PV = LV
i S R |
R Vi /%

The density ratio for water compared with air (at NTP)

is approximately 800 therefore:

_Rmrez-_’.’: g

Fae 28

This large power advantage would not be entirely realised because
the Reynolds numbers of the jets would be different and therefore
so would the discharge coefficients; also compressibility effects
with the larger air jet devices are significant. However, it was
expected that a considerable power advantage could be obtained by
operating with water jets.

Kelley and Boothe (1968) used a term called the Reynolds
Coefficient to show that only moderately higher pressures would
be required to produce water jets of a given Reynolds number than
would be required for air. They also showed that the power
consumption for any given supply pressure was considerably less
for liquids than for air, but mention that fluid amplifiers

usually operate at given Reynolds numbers.



1w3-2 Surface Tension Effects

When a coherent liquid jet issues fram a circular
orifice into air, a rather complex series of events occurs,
which results in the break-up of the jet. There appears to be
a general consensus of opinion (Levich, 1962; Grant and Middleman,
1966; Vitman, 1969) that at least two types of jet break-up
occurse

At low jet velocities, where the dynamic action of
the air can be neglected, the surface energy of the cylindrical
jet, (resulting from a circular orifice), is not a minimum;
therefore an energy gradient exists to break the jet into
droplets. Small capillary wave disturbances occur on the jet
surface, the severity of which depend upon the liquid turbulence,
nozzle roughness and vibration, air movement and jet velocity
profile, and result in & varicose oscillation of the jet. Some
of those waves will be damped by the liquid viscosity but certain
waves will be unstable and grow in emplitude until the cylindrical
jet breaks into drops.

At high jet velocities, relative to the surrounding air,
the dynamic effect of the air is considerable. The result is that
the jet breaks up into a large number of droplets with a total
surface area considerably in excess of the original jet surface.
This is due to the aero-dynamic effect of the surrounding air
leading to a large number of unstable surface waves. The short
waves grov in amplitude and separate small drorlets fram the
liquid jet surface. The longer waves, also unstable, result in
a sinusoidal oscillaticn of the entire jet and eventually break

the jet into large dropse



Some research workers have reported periodic oscillations of
the jet when the nozzle is other than a circular cross section.
Levich (1962) has pointed out that with an elliptical cross
section the jet semi-axes interchange in a periodic manner;
however, Taylor (1960) mentions that only one interchange of
the axes is usual. Pai (195;) mentions the experimental work
of other researchers where orifices of elliptical, triangular,
rectangular and other polygenal cross sections all resulted in
a periodic structure to the unbroken jet. A decision, which
will be examined more closely in the next section, was made to
use an orifice of circular cross section.

It was important in this investigation to know whether
the liquid jet would break up within the fluidic device or
before impacting upon the body being deflected. If the jet
broke up within the fluidic device it was anticipated that
considerable difficulty would be experienced in controlling the
switching of the device. If the jet broke up before impacting
upon the body then an analysis similar to that of Abramovitch
(1963) would be required, since the velocity and density profiles
of the jet, and hence the momentum flux profile, would be requirede.
An approximate theory was used to chocse an orifice size and
existing formulae were then used to check that the jet remained
unbroken throughout the field of interest, (Penny, 1973).
Specimen calculations for the jet break-up length are given in
Appendix 1; the formulae used are those of Levich (1962), Grant
(1965) end Vitman (1969). These theories indicate that for the
jet velocity range expected to be used in this investigationm, the

unbroken jet length should vary between 0.25 me to 2.07 m.
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The large variations in the predicted jet break-up length given
in Appendix 1 are typical of the published research work on this
phenomenon and may be due to the lack of research work on the
larger liquid jets and the number of parameters thought to
influence the jet's behaviour.

The survey papers Putnam 'et al' (1957) and Miesse (1955)
are worth consultation should further information on this subject
be required, also Garmendia (1975) who included the effects of an

electrostatic field and a co-flowing air stream,

l=3=? Gas Solubility Effects

Liquid jets, even when operating submerged, cannot sustain
& pressure lower than the local vapour pressure and retain a single
phase flow regime. If pressures lower than the local vapour
pressure, (a function of a number of parameters the most
significant of which is temperature), are reached then voids would
occur within the liquid and, providing the bubbles do not collapse,
a. two rhase flow regime would exist downstream of the cavitation
point. Taft (1967), in an early paper on hydraulic fluidiecs,
mentions the problem of air caring "-- out of solution --" at points
of low pressure and the resulting difficulties in removing trapped
air. The introduction of two phase flow into a device which has
been designed for a single phase fluid flow is usually acccrpanied
by a significant fall in the operating efficiency. For this reason
cavitation is usually aveoided if at all possible and several criteria
have been used in the past to predict the onset of cavitation, The
best knosn of these is probably the Thoma cavitation factor, which

was originally applied to turbines, and the next most common being
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the cavitation number, although Pearce and Lichtarowicz (1971)
used a slightly different factor termed a 'K' factor.

For liquids an additionnitpéoﬁ'l:tﬁg phencmenon of
cavitation,where the liquid cannot sustain the tensile stress
imposed upon it, is that of gas diffusion to and from the liquid.
A number of papers have been published on the diffusion of various
gases into cylindrical jets, however only laminar flow jets are
considered. Scriven and Pigford (1959) obtained a two dimensional
solution to the diffusion equaticns which also took inte account,
by means of a boundary layer analogy, the effect of shear stress
relaxation on the laminar jet velocity profile as it left the
orifice. Figure 1-2 reproduces one of Scriven and Pigford's
graphs showing the absorption rate of carbon dioxide into water.
It can be seen that, apart from very close to the orifice, the
absorption rate eppears to be directly proportiocnal to the sguare
root of the exposed jet length; also increasing the jet velocity
increases the absorption rate. From Figure 1-3, assuming no
evaporation occurs, it can be seen that the volumetric flow rate
of carbon dioxide passing station (2) can be given by:

[Q""z] 4 Meo, = M DNeo, s since’ N =M
2 /OCOz_ z pcﬁz 2 M

Therefore the rate of change of volumetric flov rate with axial

distance is:

d_(Qcoz) - M .L'..d_(ﬁcoa) 5 _DT_Cpg '_d_(fjcoz)
dx (%o, dx [0, dX

In order to approximate the diffusion rate of carbon dioxide
gas into the liquid jet, density changes will be neglected. From

the graph in Figure 1-2 then:

2l



¥ (yibua) jar
gy  HUWD) ¢ 2. )

l
=
b, o\\
e

8
@\\\m

*AJD3HL §,QA0-491d

INY N3AIJOS

into a

9)04 uoijdJosqy
1-2

™

('s/s@owwb )
Figure

water jet (Scriven & Pigford (1959)).

Absorption of carbon dioxide



Z'uis . L

Py '33[ pinbi
_

jet

Liquid

1-3

Figure



. %
nco,_ = CX ) and therefore

Qco = _ﬁ G dx
e
X=0

Mcxjé
/‘Loz

Let x = 5 m.m., (likely to be the maximum permissible bubble
length of a wall attachment amplifier), then from Scriven and
Pigford's data:

-8
Q = [}401 x 25x10 x0.224 = 61.8 m.nf/s.
i 1.78 x 0.224

It is, perhaps, worth noting that tre volume of diffused carbon
dioxide gas is approximately 1l.2% of the liquid jet's volumetric
flow rete. If 2 constant diffusivity and jet velocity are
assumed then the vclumetric diffusion rate is approximately
0.038% for every nczzle diameter downstream. This can be compared
with a quoted mass entrainment rate of almost 337 for air jets
(Briffa and Dombrowski, 1966). This extrerely smell volume of
diffused gas would indicate that with practicable switching
chamber volumes and reascnable switching times, gas diffusion
would be insufficient to develop the required pressure difference
across the jet for a wall attachment type of device to operate

with a liquid jet and gas surroundings.

.



It should also be noted that the diffusion rates obtained were
maximised by carefully removing all the dissolved gas from the
water. A paper by Duda and Vrentas (1968) showed that other
gases commonly found in air had similar diffusivities.

A number of authors have mentioned the inhibiting
effects of the jet velocity profile and various surface active
agents on diffusion rates and also the increased diffusivities
due to fluid turbulence and surface waves (Scriven and Pigford,
1958, 1959; Raimondi and Toor, 1959; Duda and Vrentas, 1968).
However, even an increase by orders of magnitude would leave
doubt as to whether this was sufficient to obtain wall attachment

and no reference waa found which would be specific on this point.

1-4 Liquid Powered Fluerics

Fluerics, the control of a fluid stream without the
intervention of moving mechanical parts, is generally accepted
as having been introduced explicitly by the Harry Diamond
Laboratories in the United States of America during 1959. There
have been a number of ingenious derivatives, but most of these
have been developed from four basic flueric devices. These are:

(a) Jet deflection proportional (momentum effect) devices

(b) Wall attachment or pressure controlled devices

(e) Vortex devices

(d) Turbulence devices

The typical characteristics of these basic devices have
been given by Neve (1965) and from Neve's report it was apparent
that the turbulence devices, being designed for low pressure

operation, would be unsuitable.

23



A considerable number of research papers, taking
fluerics as their subject, have been published over the last
sixteen years but since this investigation is concerned only
with thé rather restricted subject of liquid jet fluerics,
an exhaustive review of all flueric research will not be attempted.
For those interested in a broader background to the general
subject of fluidics, a book by Foster and Parker (1970) is
recommended, together with the British Hydromechenics Research
Association's series of Cranfield Fluidics Conference proceedings.

Much of the research work in fluerics has been devoted
to air povered devices, thus all the phenomena reported result
from single phase fluid flow. Liquid powered fluerics generally
borrows heavily on the large volume of published work on air
devices, and the liquid devices have then been modified to
overcome any difficulties that have arisen due to the differences
in fluid behaviour.

Cansidering liquid fluerics generally, Kelley and Boothe
(1968) and Skoog (1972) defined a Reynolds coefficient to show
that both air and water jets would reach a given Reynolds nurber
at similar pressures, (water requiring & slightly higher pressure),
whereas other common liquids require much higher pressures., Also
they both noted that the response of the amplifier was directly
dependent upon the jet transport time and that for a given
Reynolds number, the liquid amplifier would have a slower response.
Again both papers shoved that for a given Reynolds number, more
pover was consumed by the liquid amplifiers; however it has been
shown earlier in this investigation, (Section 1-2) that if a

given momentum flux is required then a liquid powercd device
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should consume less power (this, of course, essumes that the

device will operate at the resulting Reynolds number).

1-4=1 Jet Deflecticn Proportiona) (momentum) Devices

Skoog (1972) in his work on a proporticnal liquid
flueric amplifier used the jet velocity profile of Simson (1966).
After studying a number of papers where this velocity profile
wes used, (Simson, 1966; Foster, 1970; Brown, 1964), it would
appear that Skoog's application must entail submerged flow.

In this case the interaction of a surrounding gas would be
avoided; however cavitation, as mentioned in the previous
section and by Taft (1967), would not. Skoog does indeed mention
cavitation problems. A point mentioned by Kelley and Boothe
(1968) and expanded upon by Ozgu and Stenning (1971) is that

the response of the element may be degraded due to the inertia

of the liquid in the amplifier output legs and vents.

Skoog also showed, for submerged jet flows, the
variation of the inviscid core length with nozzle aspect ratioe
This may explain the proporticnal amplifier results of Kelley
and Boothe and their use of a 'stretched' Reynolds number to
obtain a consistent comparison.

Both Waters (1969) and Cousins (1970) investigated the
proportional control of a water jet by air jets. Waters used a
liquid jet Reynolds number of less than 2,000. He found rather
inhomogeneous mixing occurred and that the velocity profile was
not Gaussian. Cousins used a turbulent main jet with a Reynolds
number of approximately 20,000. He noted high velocity gradients

at the jet/air interface, leading to considersble mixing at the
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fluid interface and also high density gradients at this point.
However he also mentioned excessive turbulence, unstable two
Fhase flov and vortex formation.

A paper by Taylor (1960) on the impact of cylindrical
liquid jets in air indicated that the subject was relatively
unexplored. Taylor used jets of equal diameter and velocity
and, by varying the engle of impact, obtained liquid sheets
of various shapes. It was thought that the poor power gain obtained
with a fluidic device using the impact of equal jets would be
uracceptable and, although it was not thought to be impossible
to manufacture a jet impact device using unequal jets, it was
decided not to pursue this subject.

1-4~2 wall Attachment or Pressure Controlled Devices

Rechten (1967) investigated flow stability within a
bistable element using a water table. He noted good flow
stability and pressure recovery with latching vortices and 2
cusped splitter. Both Rechten and Ozgu end Stenning (1971)
mentioned the earlier work of Sarpkaya (1965) on the influence
of a latching vortex on the steady and transient behaviour of
a bisteble fluid amplifier.

A further water operated bistable wall attachment device
was studied by Peichev (1972). Again the central splitter had
a cusp formed within it and mention is made of the important
flow stabilising effect of a vortex.

Fisher and Thomson (1968) developed a low pressure high
flow rate wall attachment device for use as a diverter valve.
They found that gravitational body forces were significant when

the device was operated in either thé vertical or horizontel
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plane and this resulted in spillover into the passive output

~ leg. Lowering the main jet aspect ratio to 1.0 reduced this
effect. Also a pointed splitter gave an unstable vortex on
the 'outside' edge of the jet, this vortex being of an air-
water mixture, since the passive leg of the device was air
filled. The device was stabilised by using a cusped splitter,
(with the resulting vortex), and the device then gave good wall
attachment and low spillover.

Ryoichi (1968) also used a liquid powered wall attachment
device. He listed the difficulties of operating a liquid jet
into air as: a long switching time or no response to an input
signal; a low degree of jet wall attachment and spillover into
the passive output port. Fis solution was to fill the interaction
region of the device with liquid by means of an auxiliary jet
mounted in the splitter nose and directed into the main jet.

The flow rate of the auxiliary jet had to be large enough to fill
the interactiocn region without spilling down the passive output
leg or causing oscillation by restricting the output of the main
jet. Ryoichi required a switching time of less than 100 ms.,
which he achieved. He also noted the presence of a 'latching'
vortex on the 'outside' edge of the jet.

Skoog (1972) mentions the work of Foster (1970) on an
oil powered bistable fluid amplifier. Turbulent flow was
maintained at low Reynolds numbers by introducing sharp edges
at the m2in nozzle orifice. Foster obtained the transition from
leminar to turbulent flow at a Reynolds number below 300, (btased
on hydraulic mean depth)e TFoster mentions the deleterious influence
of the amplifier walls and splitter on Bahrton's (1970) original

amplifier design and these features were removed.
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The amplifier as tested by Foster with submerged oil flows is
shown in Figure 1-4 (b).

Bahrton (1970), using the same type of device as
Foster, specifically mentioned its operation with a liquid
powver jet and gas surroundings. Under these conditions he
stated that:- "the dowmnstream edges of the chambers prevent
aeir passing into the low pressure region when the control port
is closed."

Woods (1972) introduced a rather more unusual device
although not, unfortunately, operating a liquid jet into air
surroundings. A liquid jet entrained liquid from an upper pair
of vents and 'dumped' any excess liquid in a lower pair. The
Jet was deflected by a pneuratic pressure difference across
the jet above the upper liquid vents. The liquid gas surface
tension prevented any measurable flow of air into the liquid,
within certain pressure limitations. |

An unusual diverter valve was described by Ohta (1973).
Two small liquid sub-flows were provided, through suitable
restrictors, from the same source as the main liquid jet.

With no air control signal the flow was submerged and attached
to the output walls. When an air control flow signal was made
into cne of the sub-flow channels this was carried into the low
pressure region adjacent to the main jet. The small shear
forces existing between the air and liquid resulted in the
liquid jet separating from that wall. The pressures used were
comparatively low and downstream of the control signal the flow
was naturally two phase; however, the device appeared to operate

well up to a switching frequency of 25 Hz.
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1-4~-3 Vortex Devices

Most vortex devices differ from other devices not
only in type but in that the impedance of the outlet orifice
is very much higher than either the control or the main jet
orifice impedances. This usually ensures that the ccntrol
and main jet flows mix in a contained vclume since the outlet
impedance dominates the device.

There are two types of vortex device, the conventional
radial type as investigated by a large number of authors,
(Duff, Foster and Mitchell, 1965; Neve, 1965, 1971; Syred,
Royle and Tippetts, 1968; Bichara and Orner, 1969; among others)
end the axial vortex type (Al-Shamma 'et al', 1972; McCloy and
Stevenson, 1972; Rimmer, 1975). Unfortunately the relative
switching speed of a radial vortex device is slow and appears
to be directly related to the time taken to fill the vortex
chambers (Neve, 1965, 1971). Taplin and Seleno (1970) set their
vortex device switching time constant equal to the chamber
filling time and Otsap (1968) stated that it increased with the
chamber volume.

The axial device investigated by Al-Shamma (1972) had
a large central bedy inserted in the vortex chamber. It was
thought that this reduction in the chamber fluid volume could
significantly improve the transient response of the amplifier.

This device was chosen for development into a sorting
machine deflection device. The reascns for its selection are
given more fully in the conclusions to this chapter (Section 1-5)
and a review of vortex flow literature prior to the design and

testing of the device is given in Chapter 3, Section 3-1l.
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1-5 Summary - Introduction

A number of points have been decided as a result of
the preceding sections.

First it was decided to investigate the dynamics of
a body dropping into a liquid jet. To the best of the author's
knowledge this has never been attempted before. The investigation
was to be conducted by means of a theoretical model and supported
by experimental results. With regard to body deflection, the
parameters thought to be of the greatest significance were:=

(a) The sorting rate (the reciprocal of the ejection
time).

(b) The aisplaced distance of the body

(c) The size and mass range of the bodies sorted.

As a result of the investigation into the dynamic
jnteraction between a body and a liquid jet it would be decided
whether liquid jet deflection was suitable for sorting aggregate
materials of the required sizes.

From the brief review given of liquid flueric literature
it was noted that cavitation, trapped air and two phase flow
resulted in unstable fluid flow and inefficient operation. Also
liquid powered devices had a lower transient response due to
longer transport or chamber filling times. Further, that
successful liquid powered devices often maintained thre contrecl
jet/main jet mixing region filled with liquid, kept main jet
aspect ratios close to unity and used vortices to generate the
large pressures necessary to stabilise and control the liquid

flowe.
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It was decided that the most suitable deflection
device would be & new axisl vortex device. This device would
be i‘rée from cavitation and two phase flow in the mixing regionm,
generate the required control forces and (due to the presence
of a central body within the vortex chamber) have a reascnable
transient response.

Following the investigation into a body's movement
under the action of a liquid jet, a review of the pertinent
literature on swirling liquid flow and the subsequent development

of a vortex deflection device is given in Chapter 3.
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2e THE DEFLECTION OF A BODY BY A LIZUID JET.

2-1 The Forces Exerted Upcn a Body by a Liquid Jet

When an unbrcken cylindrical liquid jet strikes a
flat plate it is transformed into a sheet which flows radially
outwards cver the plate from & region of impact whose dimensions
are of the order of the cross section of the jet. In the impact
region pressure is built up which deflects the streamlines
from the direction of the jet to lines in the impact plane
which spread out radially. The stream velocity varies in
passing through the impact region but, if the fluid is inviscid,
it will regain its original value on leaving the region. Taylor
(1966) menticns that for this physical situation frictional
effects at the solid surface are in most cases relatively
unimportant.

For a two-dimensicnal inviscid jet striking a flat
inclined plate it can be shown that by conserving the Jet
momentum parallel to the plate the jet divides such that a
fraction of the volume Qu is directed back up the plate
while the remainder Q2 flows forward aleng the plate. Q,
and Qz are given by:

Q, Q, sin (8/2) =l 2:4)
Q2 Qs Cosz(e/ 2) — 2-2)

The forces on the plate, in the x and y ccordinate

directions, due to the change in the jet direction are given by

F = pQ,v,sin"e - Gsin B —(2-3)
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F = -pQysinBcos® = - G,sinB cosB —(2-4)

Taylor (1966) calculated the pressure distribution in
the impact region for the two-dimensional jet and for the three-
dimensional case defined a function F( 6, §) that
determined the thickness of the radially outflowing sheet, (see
Figure 2-1). Taylor did not determine the function F(6,9)
anelytically but, in another paper on the oblique impact of two
cylindrical jets (Taylor, 1960), this function was measured for
three values of O o GCraphs of the functiom F(B,p) =are
shovm in Figure 2-2 and it can be seen that the radial distribution
of fluid is strongly dependent cn S P particulai'ly at low
values of the jet collision angle. The distribution of the jet
over a flat plate will not affect the resultant forces Fx
and Fy but, over any other shaped body the distribution
of the jet is importent in determiring the resultant forces
exerted on the bodye

Taylor (1966) also raised the point that if a jet is
jssuing domrwards at an angle ] on to a flat horizontal
plate and the plate is moving upwards with a velocity u ’
then the velocity of the jet approaching the impact region is

( Vv, + U.coseC 8) . Therefore pressures greater than
the stagnation pressure of the jet are pcssitle when the surface
of impact is moving relative to the jet, as is the case with a

body falling through 2 Jjet.
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The impact region of an inclined cylindrical
liquid jet on a flat plate.

Figure 2-1
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-2 The Two-Dimensiocnal Movement of an Arbitrary SEhaped Body

A quasi-static method of analysis will be used throughout
this section on body movement. The forces exerted upon the body
by the jet in the horizontel (x) and vertical (y) directions were
calculated and then used to solve the Newtcnian equations of motion
for the bodye.

For a body of arbitrary geametric shape the equations

of motion to be solved at any instant are:

a,= K+g —{245)
M

ax = K _(2"6)
s

B = M —{27)

Integrating the vertical cartesian coordinate equaticn

of motion gives:

v’t?_ Yy
2 2
WdVy "e Y. = ¥ iz a.dy —(2-8)
2
Vy, b/

Substituting from equation (2-5) into equaticn (2-8) gives:
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e |2 f(Ero)ey s —(29)

M

Providing the initial velccity Vy is known and

]

the function Fv ageinst y is known then the integration in

equation (2-9) can te performed analytically or numerically and

the velccity and acceleration of tke body at any point 'y' determined.
To proceed further with the analysis, the variable time

must be introduced. This is pessible analytically only if the

forces on the particle are known against time; failing this a

function must be assumed. The time interval could then be obtained

by using an iteraticn procedure to solve equation (2—10), since

the functicn F, and the value of the integral would now both

be known.
Vez ta t,
dvy = |adt = vy,- %, = j(%*’ g )CH: —(2-10)
V“ t, tl

Therefore once the time intervals corresponding to the increments
in 'y' are known the velocities and displacements in the 'x'

direction could be calculated from eguations (2-11), (2-12).

t,

adt —(2-11)

a
=
1
=<
')
I
o
1"

X1 t
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Both these eguations could be integrated analytically or
numerically since Fx would be known against 'y' and
hence against time.

The moment equation could be solved in a similar
manner to the 'x' component equation of motion. Hence the
equations of motiocns for the bedy could be solved-at any
instant of time as the body passed through the jet and the
motion traced.

Tt should be noted that when solving equation (2-10)
to obtain the time interval corresponding to the change in

Vy , if there were no change in Vy ( Gy therefore
equals zero), then no time interval could be calculated.
Also, if the vertical forces retarding the body's progress
through the jet were cof a sufficient magnitude then the vertical
velccity would reach zero. In this case the force Fy may
‘exceed the magnitude of the gravitaticnal force, but in a
negative sense, and the body would start to rise back out of the
jete Since the forces ezerted upon the body are a function cof
the relative velocity between the jet and the body then, as the

body accelerated in the horizontal direction (x) the relative
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velocity would fall. In theory, therefore, the body would pass
through the jet if immersed for a sufficiently long time.

A cylindrical body was chosen for further analysis
since it was thought to be a reasonable approximation to a

practical situation whilst allowing a two-dimensional analysis.

=3 A Two-Dimensicnal Analysis of the Movement of a

Cylindrical Bedy

P G General Juasi-Static Theory

circular

Consider a)cylindrical body passing through a horizontal

liquid jet of circular cross section, as is shown in Figure 2-3 (a).
Depending upen the body's position relative to the jet part or
all of the jet's momentum flux will be incident on the body and
the jet will be disrupted and deflected through scme unspecified
angle. For the purpose of a mathematical model the following
assumptions were made;

(1) The diesmeter of the body was grecater then the
diameter of the liquid jet.

(11) Jet momentum forces only were calculated and therefore

and circular

since the body was cylindrical,there was no mcoment and hence no
rotation of the body about its mass centre.

(111) ¥hen the body intercepted only part of the jet's
cross section then the momentum flux incident on the body was
that corresponding to the intercepted porticn of the jet's cross
sectione The interaclion between the deflected intercepted portion

of the jet and the remainder of the jet was neglected.
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An incremental vertical movement of the body was chosen,
¢ L)
&Y (21so referred to as the step size) and the perpendicular
cross section of the jet corresponding to the step was calculated;

see Figure 2-3 (b) where:

Y:a
Y
8A,, = | |fOuy)dR = 2| (- ) oy, —{2-13)
R 50
Substituting Yy = NSING it can be shown that:
02
BA., = 2r~: cos © do

Which after integrating and a little manipulation becomes:

0,

. M
EAL = 20 [5'n9(12-sm‘e) 5 _82_]

8y

¢ [2(r- ) o) T —(241)

Yr,

Having calculated the jet's incremental cross sectional area
then the incremental mcomentum flux incident on the corresponding
arca of body could be calculated.

Considering now the cylindrical bedy; the body angles
corresponding to the step '8y' were calculated and an average
angle obtained thrcugh which that portion of the jet was considered
to be deflected, (see Figure 2-3 (c) ). As the body passed
through the jet, the jet's cross section was progressively
intercepted by the body. From the average angles calculated
for each incremental step a weighted jet angle was fir-ially

obtained, through which it was assumed the fraction of the jet
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incident on the body was deflected. The jet angle was defined

as:

0-0,= 2(8A8.Y/S oy —(25)

where G, = § + (8,-8)/2

This definition of the jet deflection angle weights the angle
to the jet's centre line, where the maximum jet area is exposed
for an incremental step '8y'; the area being proporticnal to the
jet momentum flux. Having obtained the angle through which the
Jjet was assumed to be deflected then the forces exerted on the

body were given by:

F = 6,sin® —(2-3)
F, = -G,sinBcosO —(2-4)

The force profiles are shown in Figure 2=l.

For a cylindrical body considering momentum forces
only then no moment exists about the body axis.

Since the forces exerted on the body by the jet could
now be obtained at any given position in the jet then, referring
to the theory given in section 2=3, equation (2-9) could be
solved analytically for a cylindrical bedy. The functions

F, 2nd hence 0, against time were not known and
it was assumed that they could be represented by truncated
Taylor series. This was thcought to be reascnatle providing
the second and higher order derivatives were small and that

the resulting time interval was small. The integration of
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equation (2-10) became an application of the prismoidel

rule and hence:
(tz s tl) - Z(V"a- VV')/(G\’L_ 0':’1)

Having obtained the time intervals corresponding to the step
increments '8y' through the jet then equations (2-11) ard
(2-12) could be sclved numerically to cbtain the bedy's
horizontal velocity and displacement.

A computer program was written to solve the equations
of motion for a number of cylindrical body sizes and masses and
for various jet velocities. For the numerical irtegration of
equations (2-11) and (2-12) any of the proprietary computer
subroutines could have been used that can integrate tabulated
data spaced at unequal intervals, It was, however, reccpgnised
that errors would have been introduced from the assumed function
introduced fcr ay against time and that a sophisticated
integration procedure could only minimise further errors and not
eliminate errors inherent within the analysis. For this
investigation the prismoidal rule was thought to be adequate
for the integration of equaticns (2-11) and (2-12) except where
the time interval for an incremental step 'Sy' became relatively
large; this was checked by examining the cemputer program print-
oute Account was also taken within the program of the reduction
of jet momentum flux incident on the body due to the body's

increasing horizontal velocity.
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The flowchart for the computer program used is shown
in Figure 2-5 and graphs showing the thecretical curves and -
comparing them with experimental results are given in secticn

(2-5).

a4 The Minimum Jet Entry Velocity reaquired for a

Cylindrical Body to Pass Directly Through a Liguid Jet

It can be showm that there is a minimum downward
velocity which the body must attain before entering the jet if
it is to pass directly through it. The analysis assumes that

the incident jet momentum flux is a constant. Substituting

for Fe from eguation (2-4) into equation (2-5) then:
a, = -G sinBcos® + g —{(2-6)
m
g

Consideration of equation (2=16) indicates that if the incident
momentum flux was of sufficient magnitude then Qy would
beccme negative; also if the deceleration was of sufficient
magnitude and over a sufficient period of time then the body
velocity would reach zero. If this occurred before the body
was approximately half way through the jet then the body would
not pass through the jet. From equation (2-9) Vy = O when:

Vi 22 (_;_. - g] dy —(2-17)

P
B

The integral "is shown in a scheratic form in figure 2-6 as the

cross~hatched area. The figure is only schematic since 'Sy’

-



does not equal &8 but follows the relationship dy=q,sin9de
2

If the cross-hatched area exceeds (Vv: /2) then the body

will not pass directly through the jet. A minimum jet entry

velocity was defined such that:

2

2 N
Voomy = =2 (—% sinBcosB + g ) dy —(2-18)

Y 4

Transforming the variables, then:

dy = rsinB8d@ ; cosB = 1 - Y/,\r
0
2 : .2 . :
Veu Cu = 2 %‘?smecose - grysin® | de —(2-19)
6=0
O
: L
" (.%_%‘P)s:n 0 -2grn, (1 - cosB) —(2-20)
6=0
To obtain the upper integration limit 9; the case will

be token where the body just reaches zero velocity. At this

point:

Therefore Sine‘cose* = %P and since
J
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sin,cos6, = %sin 26,  then

sin' (z%mr) <(2-29)

There are two soluticns to equation (2-21) for 0% eé-“'/2
and the upper integration limit is the larger of these, see
Figure 2-6. The signifance of G< 2gmp is that the
acceleration curve no longer crosses the axis Gy = 0 and
therefore the body accelerates continuocusly through the jet.
Substituting from equation (2-21) into (2-20) and

using the trigonometrical identities:

%
o & 2 1

gk +.£050 = 35 b2 cos8%s [§(1 +cos28)]

sinB = [—;-(1 - cos28)]h

Then, if care is taken when obtaining the square roots that the

higher value of Oy is inserted:

. ¥
2

S R T

where K, = %Tonﬂ\r y Ki=2g9n% ; ngzgﬂ]?

4%
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Correct to four places of decimals the expression for the

minimum jet entry velocity becoxes:

%

Yooy = [{0-2357 (%}) [ N [1 - (ZEmfjﬂ - 291,

T

1 - 0.7071 [1 : [1 - (Zﬂrjf

- ] —(222)

As has been mentioned previously, it is not physically possible
to have the square root of a negative guantity since under these
conditions the body accelerates continuously through the jet.
Tt should also be noted that the enalysis is for a limiting case
where the body advances as far as is possible without going
through the jet. At jet velocities higher than the limiting
value or for a body entry velocity less than the minimum then
the body should stop advancing through the jet before the peint
Gﬂ and it should be driven back out of the jet since
the acceleration will be negative.

Providing that in practice the jet entry velocity of
the body exceeds the theoretical minimum jet entry velocity
then the boly should pass directly through the jet. This is
ensured because the body's increasing horizontal velocity has
been ignored in the analysis as has the fact that in practice
the entire jet momentum flux is not incident on the body as it
enters the jet and therefore the real incident momentum flux

on the body is less than that assumed in the analysis.
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Figure 2-7 shows the variation of the minimum jet entry
velocity with changes in the three parameters. A discussion
of the analysis and a comparison with experimental results is

given in section (2-5).

2=, Cylindrical Body Deflection Experiments

g T & Experimental Precautions, Preliminary Tests and Error

Estimates

The theoretical configuration was a horizontal liguid
Jjet of constant circular cross~section impacting on cylindrical
bodies of known size and mass. The liquid properties are given
in Appendix 2. The water temperature was monitored using a
thermometer and maintained at approximately a constant temperature.
To ensure that the experimental liquid jet closely apprcached
the theoretical ideal aluminium honeycamb was inserted into the
supply pipe to eliminate residual swirling flow in the pipe
and a convergent nozzle, as shown in FTigure 2-8 was used to
minimise the effects of boundary layer grovth on the jet velocity
profile. The jet velocity was measured with a hypodermic total
head tute, the pressure being sensed by a pressure transducer
and the resulting electrical signal displayed on an oscilloscope.
An experiment was performed to calibrate the pressure transducer's
electrical signal in terms of the liquid jet's velocity; the results
of this experiment are given in Appendix 3.

The hypodermic probe was used to traverse the jet in both
the vertical and horizontal planes; a flat topped constant velocity

profiile was obtained.
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The effect of neglecting the gravitational body forces
acting on the jet resulted in the introduction of three errors.
Exanmination of Figure 2-2 (b) shows that the angle of impact of
the jet would be (O +0()  not O ; the body would drop
an increased distance before touching the jet, the increase being
labelled 'e' in Figure 2-9 (2); the length of the body's path
through the jet would ve d,cosec X not dy .

These errors would be a maximum with the combination of the
lowest jet velocity, furthest distance : from the jet orifice
and smallest cylindrical body. The maximum errors were calculated

to be:

(0% =90

MAX.

< 25%

Y (En+. ERROR)

and flor this investigation were neglected.

o=l=2 Cylindrical Eody Deflectiocn Experiments

The jet nozzle was adjusted so that the liguid jet
issued horizontally between two vertical 'Perspex' plates,
one contairning a 4 ¢ me reference gride The hypodermic total
head tube was inserted into the jet and a flow control valve
adjusted to give the desired jet velocity; the probe was then
removed frcm the jet. Three cylindrical bodies of a known
size and mass were held a known distance downstream from the
Jjet orifice and a known distance above the jet. As the bodies
were dropped one by one into the jet their movement was photo-

graphed with 2 high speed camera. Timing marks were placed

YA



lL a

ysi ATy ey A
JET o T te

ez vy

alem) blem)

1.9 4.0 (a)
15.9 22.0
219

(b)

Jet/body configuration

Figure 2-9



directly on to the film every 10 m s. The film was developed
and projected on to a wall where measurements were made of the
vertical and horizontel displacements of the body's mass centre.
Angular roteticn of tke body, as indicated by a white radial
line, was also noted.

A series of tests was performed to campare the benefits
of projection magnification against film definition. The
optimum magnification was found to be approximately 1l.5:1 and
this was used for all the experiments.

Details of the proprietary equipment used are given
in Appendix 4 and an illustration of the experimental

coenfiguration is shown in Figure 2-10.

2=li~3 The Results of the Cylindrical Bedy Deflection Exreriments

The horizontal and vertical deflections of the mass
centre together with the angular displacement of the body were
tabulated epgsinst time, the data being taken from the projected
frames of film. The displacements were adjusted to give a zero
displacement at the time the cylindrical body touched the jet;
at this instant the time was also defined as zero. The source
data and measurement tolerances are given in Appendix 5.

Three terms previcusly menticned as being of importance
in the deflection of 2 body were: (a) deflection time, (b)
deflected distance, (c) the time of impact of the jet on the
body. The deflecticn time, as has been mentioned in Chapter 1,
is probably the most important term since it determines tke

sorting cepacity of the deflecticn machine element, (ignoring
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for the moment the transient response of the element).
The deflection time, however, is a function nct only of jet
velocity, jet cross-sectional area, body size and mass but also
upon the required horizontal deflection. Therefore before a
deflection time can be determined, a deflection distance must
be defined. The deflection distance chosen was necessarily
arbitrary and in this work it was defined as ( dp/2)
since this wculd be the minimum distance a body would have to
move to tip from an accept bin into a reject bin.

Graphs of the vertical and horizontal deflections
of the body for both theory and experiment are given in the
next section and the consequences of some of the definitions
are discussed; also, the effects of the body rotation befcre

and during the jet impact are discussed.

P Discuscsion of the Cylindrical Body Results

P o § A Cemparison between Theoretical and Experimental

Body Displacements

The theory given in sectiocn 2=3-1 will predict a
body's position, velocity, acceleration, time elapsed and the
forces exerted upcen ite Figures 2-11 to 2-18 show the detailed
movements of a number of cylindrical bedies as they pass through
a cylindrical liquid jet.

The effect of jet velocity

The solid lines in Figure 2-11 and 2-12 show the
predicted movement for a cylindrical bedy in liquid jets of
various velocities. If no jet lay in the body's path the

vertical (y) graph would show an upward parabelic curve,
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indicating that the body was accelerating downwards. It can be
seen from Figure 2-11 that according to the theory the vertical
deceleration increases with the jet velocity until the body is
expelled from the top surface of the jet without passing through
ite The experimental results show that the vertical deceleration
experienced by the body is consistently below that predicted;
however the agreement between theory and experiment is generally
quite geced until near the point where the body should not pass
directly through the jet. It can also be seen that increasing
the jet's velocity increases the time the body spends in the jet.
A further point to note is that the initial penetration of the
Jet is lower than that predicteds This could be accounted for
by a lower jet entry velocity than predicted,

The corresponding horizontal deflections are showvn in
Figure 2-12. The theory shows that when the body cannot penetrate
the jet (when Vs = 18 m/s), the horizontal deflection forces
remain small and the expected deflection is ultimately less than
that expected frcm a lower velocity jet. The experimental results
show that the body proceeded further through the jet than expected,
the deflection then obtained being higher than predicted. The
agrecment between theory and experiment is quite gocd however,
apart from the case where the jet momentum flux considerably
exceeds G* (that value of jet momentum flux which just
prevents the body passing directly through tke jet).

The effect of body mass

Figure 2-13 shows the effect of cylindrical bodies of
different masses on the penetration of the liquid jet. As before

(Figure 2-11) the initial experimental penetration is lower than
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that predicted by the theory. The agreerent between theory
and experiment on jet penetration is quite good, becoming worse
as the point is reached where the body should not pass directly
through the jet; the jet contact time increases with decreasing
body mass. For the horizontal deflections (Figure 2-14), the
comparison between theory and experiment is again quite goad.
The agreement remains good for the case where the theory would
indicate an expulsicn from the top surface of the jet and where
the body actually passed through the jet. This could be due to
the horizental deflecting force profile being symmetrical about
the jet centre-line, as shown in Figure 24, and therefore the
forees exerted on the body are similar whether passing upwards
or downwards from the jet centre-line.

The effect of body jet entry velocity

Figures 2-15 and 2=16 shov the effects of varying a
body's entry velocity intc the jet (the body's jet entry velccity
being a function of the drop height).

Again it can be seen that the initial jet penetratimn
fram the experiments is marginally lower than that predicted,
also the agreement between theory and experiment becomes worse
as the point where the body should not pass directly through the
jet is reached. It shculd be noted that both theory and
experiment indicate an increase in jet contact time with
increasing jet velocity, as noted previously, and decreasing
jet entry velocity (reducing the drop height). The horizontal
displacements (Figure 2-16) show fairly good agreement between

theory and experiment with confirmation of the expected results;
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an increase in the horizontal deflection with an increase in
jet velocity (as previously seen in Figure 2-12), for & given
time an increase in deflection with an increase in jet entry
velocity and, ultimately, a larger deflection through the jet
with a lover jet entry velocity.

The effect of bedy size

Figures 2-17 and 2~18 show the results of two bodies
of almost equal mass dropped almost the same distance but
differing in diameter. From Figure 2-17 it can be seen that,
as in the graphs Figures 2-11, 2-13, 2-15, the experimental
penetration of the jet is higher than that predicted by the
theory. Theory and experiment do agree, hovever, in that
larger bodies penetrate the jet at a slower rate. - The horizontal
deflections shovn on Figure 2-18 indicate that the smaller body
is deflected a greater distance for a given time whilst it
remains in the jet, however, since the larger body remains in
the jet for longer its displacement eventually exceeds the
smaller body's. The agreement between theory and experiment
for the smaller body is not particularly good and this is a
noticeable feature of the smaller bodies used in these experimentse.
The Figures (2-11) to (2-18) have shown the detailed
displacements of a body as it passes through a liquid jet. As
previously stated, the theory will also calculate the velocities,
accelerations and forces experienced by the body as it passes
through the jet; however it was thought that the displacements
and times to reach given displacements together with the time
spent in the jet were the most important parameters for sorting

machine designe
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2-5=2 A Comparison between Theoretical and Experimental

'design' Parameters

The three parameters thought to be the most important
for sorting machine design were:

(2) Deflection distance

(b) Deflection time

(c) The time the body spent in the jet.

" Figure 2-19 (a) shows a camparison between the

theoretical and experimental times taken to reach a
horizontal displacement of half the body's diameter, this being
the minimum deflection distance and set quite arbitrarily.
Figure 2-19 (b) shows a compariscn between thecry and experiment
for the time the body spent in the jet. Several points were
thought to te worthy of note. The agreement between theory
and experiment is better in Figure 2-19 (a) than Figure 2-19 (b);
this is because the horizontal distances are not large ( 50 m.m.
maximum) and the agreement remains good over small distances
(see Figures 2-12, 14, 16, 18). Figure 2-19 (b) shows a more
severe test of the theory since, providing the bcdy passed
through the jet, the trace is nct truncated at a specified
deflection but the body is followed until leaving the jet.
This time is determined from the vertical deflection traces
which, (as can be seen fram Figures 2-11, 13, 15, 17), do not
agree as well as the horizontal deflection grarhs. It was
ncted that almost all the points lie below the line of perfect
agreement, indicating that the bodies passed through the jet

quicker than predicted.
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A still more severe test of the theory is shown in
Figure 2-20 where the total horizontal deflection on passing
through the jet is campared. It will 2lso, no doubt, be noted
that again most of the experimental points lie below the line:
of perfect agreement. The severity of this test can be
indicated by explaining that the errors in the calculation
steps are cumulative. A very small error at the beginning of
the body's entry into the jet will be carried over into the
next step, thus giving an incorrect starting point for that
step. Apart from the cumulative errors within the analysis
small differences in the jet contact time between theory
and cxperiment will give large differences in the deflected
distance since, near the jet exit, the body may be moving at
a considerctle velocity. Figure 2-21 further illustrates this
point; the correlation between errors in deflected distance
and errors in jet contact time are clearly shosm. Further,
points worthy of note are that the gradient of the line is
approximately two, indicating that a 107 error in time will
give approximately a 20% error in deflection and that the
line almost passes through the point Xm/x.;.,_,,=*€**’/ tiie=10

The mean and standard deviation cn the basis of

time ratio are respectively 0,929 and 0.089 and on the basis
of deflection ratio are 0.848 and 0.189.

A further important point predicted by the theory
is the deflection time against jet momentum fluxe TFigure
2=22 shows that the theory predicts a reducticn in deflection

time with an increase in jet momentum flux, hovever, the
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reduction in time rapidly becomes very small compared with
the increase in jet momentum flux and hence the power consumed
by the deflecting device. Operating a device with a jet
momentum flux considerably in excess of the mamentum flux
which will theoretically just prevent the body passing
directly through the jet will consume additional power for
very little predicted reduction in deflection time. It is
interesting to note from Figure 2-7 that the maximum jet
momentum flux for a body to pass directly through the jet
increases rapidly with body mass. It would appear from the
theory that ultimately e light body could take almost as long
to move through the deflection distance as one weighing
considerably more. The agreement between theory and experiment
is thought to be good ccnsidering that this is the initial
test of the theory; no experimental coefficients have been

incorporated and errors are known to exist within the analysis.

Vondondb] Observations on the Theoretical and Experimental

Results

Errors inherent within the analysis

Three errors have been mentioned previously, namely
the parabolic form of the liquid jet's trajectory and the
consequent errcrs in the body's drop height and distance
to pass through the jet (see Figure 2-9); these errors could
be corrected if it was thought that they had a significant
effect on the results.

The three dimensional nature of the licuid flow

away from the jet/body impact area will introduce a further
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error. The analysis is two dimensional and from Taylor's

grarhs, (Taylor, 1960; see Figure 2-2), it can be seen

that at small angles of impact the flow away from the impact

point is approximately two dimensional with very little flow

on to the side guide walls; this condition is shown on Plate

6+ It can also be seen from Figure 2=2 that as the angle

of impact increases the quantity of fluid impinging on the

side walls increases, Flates 7, 8 and 9 confirm this increase.
Also, with reference to both the general and the

minimum jet entry velocity theories, there are inevitable

energy losses within the impact region of the jet on the

body and further losses as the liquid flows away from the

impact region. The losses were expected to be due to viscous

effects within the fluid and, energy losses due to evaporation

at the interface between the liquid and the air. These effects

could bte partially accounted for by inserting into the theory

a momentum flux ccefficient. From this pcint of view it was

enccuraging to note that Figure 2-19 (b) and Figure 2-20 show

experimental readings generally lying below the predicted level.
As far as the equation for the bedy's minimum jet entry

velocity is concerned a mamentum flux coefficient could again

be used to overcorme the energy losses; this would raise the

value of jet momentum flux required to prevent the body passing

directly through the jet. A further error with the minimum jet

entry velocity theory is that the incident jet mamentum flux and

Jet velocity is assumed to be constant, therefore the velocity

is only correct at the instant the jet hits the body since the

bedy then accelerates. However it was thought to be a useful concept
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and, providing the body's velocity was low compared with
the jet's, and the diameter considerably exceeded the jet
diameter, the equation was thought to be a useful guide.
It was noted that the errors introduced by the constant
momentum flux assumption would be increasingly significant
as the body/jet diameter ratio tended to unity. In practice
the body would accelerate until the incident jet momentum
flux fell below the critical value and then the body would
pass through the jet. Table 2-1 gives a comparison between
theory and experiment.
A possible error of unknown magnitude was

associated with the definition of the mean angle through
which the jet was assumed to be deflected. In this initial
investigation the deflected angle of the jet was weighted
with the jet momentum profile; (since the velocity was constant
across the jet the weighting became that of the elemental
area exposed)s It was noticed that on a graph of jet deflection
angle against jet penetration, (see Figure 2-23), there was
an inflection just before the entire jet impacted on the body.
This occurred because the elemental area weighting would bias
the deflection angle toward the jet centre-line if By
were directly proportional to 'y'; however Bav was not
directly proporticnal to 'y' and hence the increments of Ehy
are larger when 'y' is small. The increase in gradient after
the inflection occurs when the first few large increments of

B again result by the pessing of the lower edge of
the jet. If the calculated value of Bu was higher

than the true value then, ignoring other interactions, the
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G ap mp AxTet (2gh)”  V(min)  cOOENTS
v 4
(kg m /s)  (m) (xg) (m m.) (ny/s) (w/s)
806l 0.10  0.1320 125 1.37 1.13 Passed through the jet
13.5 0.10 0.1320 1.37 1.56 Passed out of field of
view
13e5 0.10  0.1320 105 1.85 1.56  Passed through the jet
13.5 0.10  0.2316 118 1.37 1.02  Passed through the jet
1942 0.10  0.1320 1.37 1.98  Did not pass through jet
1964l 0.10  0.2316 202 1.37 1,37  Passed through the jet
1914 0.10  0.2316 101 1.85 1.37  Passed through thre jet
19.44 0.05  0.0521 112 1.53 2.25  Passed through the jet
Comparison  between theory and experiment
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horizontal and vertical force magnitudes would be overestimated.
In spite of these possible errors thers was thought to be scope,
within the same analysis framework, for an improved mathematical
model; also the existing analysis was thought to be useful and

indicate areas for further examination.

Experimental observations

Most previous work in this subject (Chadda, 1972)
has been concerned with the forces exerted by 2 jet on a body
held stationary in the jet; under these circumstances it is
common to use & momentum flux coefficient (often termed C,
from aercnautical engineering). For the conditions prevailing
in these experiments however, the value of this coefficient
may vary with the relative position of the jet and body.
Since, as far as the author is aware, this is the first
investigation into the dynamic movement of a cylindrical bedy
under the impact of a liquid jet, no attempt has beecn made to
introduce any ccefficient, although obviously there are energy
losses within the jet impact region, and the theory has been
compared against exp:ar:imental results after its formulation.

The arguments given below are postulated to explain
various phenomena observed during examination of the
experimental high speed films. Since no other research papers
were found on this subject a considerable volume of experimental
work would have to be undertaken to verify, or disprove,
these arguments.

The theory essumed that the bodies did not rotate

as they entered the jet. In same of the experiments the body
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did not fall 'cleanly' and it was rotating as it entered
the liquid jet. When this occurred the agreement between
theory and experiment for the time spent in passing through
the jet generally became much poorer. It was noted that if
the body rotated after it had entered the jet the agrcement
between theory and experiment was not greatly changed. A
further point of interest, which would require more specific
and controlled testing to prove, was that the direction of
rotation appeared to have little effect on the errors in jet
contact time; Figure 2-24 illustrates the deterioration of
the theory with body rotatione.

The theory also assumed that the cylindrical body
diameter excecded the liquid jet diameter. It was noticeable
that the agreement between theory and experiment was poorer
with the smaller diameter bodies, (see Figures 2-19 (b) and
2~20)s With the smaller diameter bedies any disparity
between theory and experiment occurring clcoe to the jet
entry would exist for a greater percentace of the body's
Jet contect time. Also since the discrimination of tine
weus approximately two milliseconds, with cmall jet contact
times end high body velocities, 2 discrimination error of
two milliseconds would be approximaicly scven per cent of
the total immersed time.

It can be seen from the plates 1 tc 4 that the
fluid impinging cn the side walls flowed between the side
guide walls and the bodye. This flow of liquid between the
body and the side walls would intrcduce & viscous shear stress

on the body which was not accounted for in the theory.
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This fluid may also act as a liquid seal between the sice
walls and the body thus resulting in a mecdified pressure
distribtution on the bedy.

A further point observed and not accounted for
within the theory was that as the body approached close to
the jet, the jet appeared to rise slightly to meet the body.
It was thought that the liquid jet accelerated the air
adjacent to it to form a moving 'sheath'; surface waves
visible on the jet's surface were thought to increase this
effects The presence of the body close to the jet restricted
the flow of air adjacent to the jet thus creating a low
pressure region and causing the jet to rise and the body
to accelerate downwards; this is illustrated in Plates 1,

2 and 5.

With the liquid jet still pessing below the bedy
and accelerating the air adjacent to it, the low pressure
region could be formed as described above. As the body
entered the jet Flate 7 shows the jet to be fairly strongly
attachked to the body, considering its high linear momentum
fluxe This could be due to the maintenance of the low pressure
region by the liquid film seal visible on the side of the
body. The low pressure regiocn would encourage the attachment
of the jet to the body and modify the trajectory of the body
through the jet. This phenomenon would not occur when the
body left the underside of the jet since the jet would have
been disrupted and therefore the partial evacuation of the
air would not occur; the body could also be moving at a

considerable velocity by this time, thus further reducing
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the evacuation effect. Plates 3 and 4 illustrate the different

flow patterns.

=6 Summary = Body Movement

It was consicdered that several important points
have been mede in this limited investigation. WVith regard to
a body's movement under the action of a liquid jet it would
appear that:

(a) For the body/jet sizes tested the general theory
would appear to be capable of predicting the time taken to
obtain a specific deflection, the total time spent within
the jet, the resulting deflection and velocity of the body
at the jet exit, within reassonable tolerance bounds.

(b) Any significant rotation of the body prior to
entering the jet would generally appear to increase the tine
spent in the jet. This was not invariably the case and further
work would be required on this point.

(c) The results of this investigation indicate that
a continued increase in the jet momentum flux would give
increasingly smaller reductions in the body deflection time.

(@) There was thought to be reasonable scope within
the analysis framework to improve the theory; in particular
to estimate the energy losses, improve the calculation of'
the mean jet deflection angle and eliminate the influence of
the side guide walls.

Further experimental work should be undertaken to
verify these results since no other work has been found with

which to compare them.
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As a result of the entire investigation it would
appear that liquid jets are eminently suitable for bedy
deflection purposes, being quiet, powerful and selective.
Tt was decided to continue with the design of a liquid

powered axial vortex device.
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3 THE DESIGN AND ANALYSIS OF A SWIRLING LIQUID JET

FLUERIC ELEMENT

3=1 Introduction

As a result of the review of liquid powered flueric
literature given in Chapter 1 it was decided that, provided a
liquid jet appeared to be suitable for body deflection, a vortex
element would be the most suitable deflection device. It was
also noted that the transient response of vortex devices may be
improved by inserting a centre body within the vortex chamber
and thus reducing the fluid volume.

Chapter 2 gave a detailed account of the investigation
into cylindrical body movement under the action of a liquid jet
and it was determined that a liquid jet was indeed suitable for
deflecting bodies of the size and mass range expected. As a
result of the successful investigation into body movement the
project was advanced to the next stage, that of designing an
axial vortex flueric element suitable for body deflection
purpcses. The jet size and velocity range were determined from
the preceding chapter.

All vortex devices operate upon the same principles
and the approximate configuration of the proposed device was
determined by considering qualitively a number of simple physical
precepts. The proposed vortex device was considered to be designed
such that zero control flow resulted in a cylindrical liquid jet
issuing fram the orifice whereas with control flow a conical
liquid sheet would resuit. In order to minimise the transient
response time, that is the time interval between the initiation

of a control flow and the 'opening' of the swirling jet into a
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conical sheet downstream of the orifice, the length of the
nozzle should be small and the streaming velocity high. ¥When
a control flow is introduced into the streaming flow it is
transported into the body of the fluid by momentum interaction,
viscosity and fluid turbulence. In order to minimise the time
taken to effect this process the radial extent of the fluid
should be small. Two further considerations were that a thin
annular device would result in high velocity gradients and
therefore large shear stresses and that if the stream velocity
was accelerated throughout the nozzle then the boundary layer
effects should be minimised. Finally, conservation of angular
momentum indicated that:a high swirl velocity at the orifice
could be obtained by injecting the control flow at some radial
distance from the orifice axis.

The usual configuration of an axial vortex amplifier
is shown in Figure 3-1 (2) and that of a radial device in
Figure 3-1 (b). Swirling flow spray nozzles differ in that
they usually have only tangential fluid entry.

The output signals most commonly used from a vortex
amplifier are pressure drop and flow attenuation, both of which
are dependent upon the control flow. The usual measure of flow
attenuation is the ratio of the output flow compared with the
flow through the device with zero control flcw,' termed the
Turn Down Ratio. The TDR is usually measured with reference
to a constant pressure drop across the device, (main inlet to.
exit). The second variable usually recocded is the control

pressure ratio; the ratio of the pressure at the control flow
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port to the pressure at the main inlet port. Pressure
measurements taken as output signals require their location
to be carefully defined since large pressure gradiemts occur
within the device in both the radial and axial directions.

A literature review of swirling flow research was
conducted to obtain quantitative information to assist in the
detailed design of the proposed axial vortex device. The
literature review considered the published works fram two
different aspects. The first aspect considered the literature
sources on the basis of experimental evidence which would
directly assist in the vortex element design. The second
aspect was to assess the mathematical models used for the
anslysis of swirling fluid flow, since this would enable a
performance prediction to be given for the proposed vortex
device. Literature sources containing axial or radial vortex
devices were examined as were swirling jet and spray nozzle
sources.

=2 Swirling Flow Literature Review

o 8 The Effects of Vortex Element Geometry

Duff, Foster and Mitchell (1965) mentioned the
considerable influence the exit orifice size had on the voﬁ:ex
device characteristic; however, they did not give sufficient
information within the paper to enable an estimate to be made
of the relative impedances of the main inlet and exit orifices.
Their device was a radial vortex unit, as was Neve's (1971) and
both authors mentioned, and Neve illustrated, the existence of

a 'ccmplementary' vortex, (see Figure 3-2). Neve mentioned that
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this camplementary vortex became smaller with increasing control
flow but did not disappear until the control flow was completely
dominant. The flow pattern observed was at variance with the
normally accepted mathematical model used for analysis although
Duff, Foster and Mitchell modified their analysis to take this
into account.

Both Wormley and Richardson (1968) and Bichara and
Orner (1969) constructed computer models of radial vortex units.
Skoog (1972) gave the governing parameters of Wormley and
Richardson's model asi

(1) Vortex chamber exit to periphery radius ratio.

(ii) Control port to exit port area ratio.

The limitations of applicability were given as:

AyA >3 ; OMbb<t <064 ; D>2

3 R. 3
3000 < R, =(T?2-/—;("’—’~R‘)”.E _,< 13200

Therefore, apparently, Wormley and Richardson found that
within a broad range, chamber height, supply port area and
Reynolds number had little effect upon the non-dimensional
device characteristic.

In his work with oil powered vortex devices Skoog
(1972) found that it was difficult to remein within the
Reynolds number criterion specified by Wormley and Richardson.
Even so, Skoog noted characteristic changes due to variations
in the vcrtex chamber height.

Neve (1971) investigated both the static and transient
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characteristics of vortex amplifiers, in particular characteristic
changes due to 'aspect ratio', the ratio of the vortex chamber
diameter to height. Depending upon the output required Neve
generally recommended aspect ratios of between one and three

with a small exit orifice; Skoog's device had an aspect ratio

of just below three.

In a continuation of his work on radial vortex
amplifiers, Wormley (1969) also tock into account the effect
of the end wall boundary layers. He introduced a term 7ol
(modified boundgry layer coefficient) and stated that as BLC*
increased the end wall boundary layers played an increasingly
daninant role on the circulation and pressure distributions
across the vortex chamber. In terms of vortex amplifier
parameters Blc*depended strongly upon the non-dimensional
total and control flows, the chamber radius, the control port
area, inlet jet recovery factor, and the end wall friction
coefficient. Therefore the parameter BLC included the chamber
aspect ratio, the ratio of the peripheral tangential to radial
velocity, an end wall friction coefficient and, weakly, a
Reynolds number.

Taylor (1970) pointed out that turn down ratio was
not always a good indication of vortex amplifier performance
since turn down ratio could be increased by decreasing the
ratio (Ac/As), however by so doing increased power consumption
could result. McCloy and Stevenson (1972) performed a number
of experiments on both axial and radial vortex devices using

oil as the fluid mediume For comparison between devices they
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defined a term 'index of performance'which related the power
consumed and flow attenuation achieved. Their work on optimising
the performance of the button vortex amplifier showed that:

(i) The control flow inlet was positicned at an
axial distance of ( h/z ) although the 'performance index'
was fairly insensitive to this parameter.

(ii) The 'index of performance' was also fairly
insensitive to aspect ratio, when greater than approximately

0.1 (for the device tested).

.(4ii) The parameters Rc,R,,R. ana T,
were found to be interdependent. With (As/p,) fixed at 0.25
the optimum ratio of (R““VR") was approximately 0.95 for
0.25 > (ryR,) > 010. As (':’/R,,) was increased
gbove 0.25 the optimum value of (RW/R,) appeared to decrease.

(iv) The optimum ratio of (R‘/R,) for their device
wes given as approximately 0.08 and this occurred with the
relatively large value of ( PVR.) of 0e332.

The maximum 'index of performance' cobtained with a
single cutlet device was sbout four, although this was improved
slightly when a radius was put on the outlet orifice.

It was noticed that McClcy and Stevenson found that
their results were most suitably presented using the same
Reynclds number as Wormley and Richardson (1970) and also that
the Reynclds number cbtained was generally fairly low. However
- the Reynolds number quoted by Skoog (1972) is four times greater
than that quoted by McCloy and Stevenson.

McCloy and Stevenson's experiments with 2 single outlet
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vjet vortex valve" (i.e. a radial device) indicated that the
'index of performance' was considerably inferior in comparison
to the button vortex device.

Al-Shamma (1971) also investigated the characteristics
of an axial vortex device. He used a term called 'power turn
down ratio' (PIDR) which was identical to McCloy and Stevenson's
'index of performance'. Al-Shamma presented a graph (see Figure
3-3) showing that the power turn down ratio reached a maximum
of between 4.5 and 6 with a ratio of (Ryr,) of between 3 and
L4e5, depending upon the area of the control ports.

It was interesting to note the fairly close agreement
between Mc Cloy and Stevenson and Al-Shamsa on the ratio (Fo/r)
Also that the axial device of McCloy and Stevenson gave a
higher power turn down ratio than the radial unit and that
this was further improved when a radius was put on the outlet
orifice; the element investigated by Al-Shamma had a radius
on the outlet orifice. The significantly higher power turn
down ratio obtained by Al-Shamma may be accounted for by the fact that
most vortex devices have to turn the streaming flow through 90
at the exit orifice where the stream and swirl velocities are
high, (a point mentioned by Royle and Hassan (1967) and Neve
(1971)), whereas Al-Shamma's device dces not.

There appears to be some general agreement on
'aspect ratios' of between one and four with a tendency to be
on the high side. Also it was noticeable with McCloy and
Stevenson's results, although mentioned by other authors, that

with a small exit orifice the impedance became so high as to
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dominate the characteristics of the device. The formation of
a 'camplementary' vortex was considered to be less likely in
an axial vortex element especially if the control and supply

flows had mixed before any radial in-flow occurred.

3=2-2 The Effects of Fluid Viscosity

In many swirling flow devices high fluid velocities
have led to high shear gradients. With these high shear
gradients viscosity dependent phenomena have a considerable
influence on the performance of a vortex device.

Syred, Royle and Tippetts (1968) stated that vortex
element design was heavily dependent upon experimental evidence
because of the dominant effect of boundary layers. Certainly
& number of authors have mentioned the considerable influence
the boundary layer has on flow near the exit orifice, (Taylor,
1948, 1949; Binnie and Harris, 1949; Wormley, 1969; Boucher,
Asquith and Royle, 1973). Royle and Hassan (1967) and Wormley
(1969) state that with radial vortex units much of the radial
inflow throughout the device may occur through the boundary
layers. Taylor (1949) predicted that the entire output from
& swirl nozzle could be through the boundary layer, although
Cooke (1952) questioned one of Taylor's assumptions and
calculated a much smeller boundary layer. Rosenzweig, Lewellen
and Ross (1964) studied the effect of end wall boundary layers
~ on the circulation and mass flow distributions. They pointed
out that boundary layer mass ejection has been shown to cccur
at geometric discontinuities such as circular steps or the sharp

edge of an outlet orifice. If this is suppressed such that much
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of the boundary layer flow returns to the stream flow then
the circulation distribution may be almost constant over a
considersble proportion of the chamber radius. Changes have
been made to the geometry of radial vortex units in an attempt
to suppress the effects of boundary layer flows. Syred, Royle
and Tippetts (1968) tried a double exit orifice, concave chamber
walls and the addition of diffusers to the cutlets, all with
some Success. |

Skoog (1972) noted that with fluids of relatively
high viscosity the turn down ratio was markedly reduced and
it became impossible to obtain a supply cut-off. He attributed
these effects to viscosity but did not specify whether it was
due to boundary layer effects or shear stress effects distributed
throughout the body of the fluid.

Some authors have attempted to predict the effects
of viscosity by applying a mathematical shear stress model
to the entire fluid volume. The shear stress models are examined
in detail in section 3-2-5; however, it was noticeable that
almost invariably the tangential shear stress was assumed to be
dominant and this resulted in the decay of angular momentum
flux w;i.th downstream distance. In diffuser flows the plar;e
cross section is increasing with downstream distance and the
shear gradients decreasing. Conservation of angular momentum
flux may not be unreascnable (Wirasinghe, 1975); however So
(1967) states that he obtained poor agreement between predicted
and experimental vortex decay. A further problem with the

decelerating fluid velocities found in pipe and diffuser flows
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is the phencmenon of vortex breakdown; this is much less
likely to occur within a swirl nczzle with increasing
stream and swirl velocities. Nevertheless the nozzle

exit orifice is a region associated with flow instability
under certain conditions and this is considered in the next

sectione.

=2-3 Flow Instability

In a concise paper on vortex flow controllers
Boucher, Asquith and Royle (1973) stated that: "A limitation
of high performance vortex amplifiers arises in low swirl
conditions, when instebility in the form of oscillation is
encountered. This instability is associated with the outlet
region and is a consequence of the vortex breakdown phenomencn."
They also mentioned that flow instability was likely at intermediate
swirl levels where an air core irregularly reached the narrowest
nozzle section; stability was restored when the swirl level
was raised sufficiently to establish an air core permanently.
These observations agree closely with those described by Binnie,
Hookings and Kamel (1957). Boucher, Asquith and Royle also
mention that the stable operation of a vortex amplifier is
dependent upon its outlet geametry. Large outlet devices and
those with a central body tend to be stable because a reverse
flow core can be established without unstable throttling.

Syred, Royle and Tippetts (1968) mention the troublesame
effects of large amplitude low frequency ncise cn vortex element

designe They confirmed that flow instability or 'noise' was

i



associated with the vortex core issuing into a free
atmosphere, with consequent reversed flow and entrainment.
Either the addition of a diffuser to the chamber outlet

or the axial insertion of a small diameter rod into the
outlet stabilised the flow considersbly. Neve's (1971)
experiments appear to confirm these ccnclusions. Neve
stated: "- - - the audible ncise, caused undoubtedly by

the problems inveolved in turning a solid body vortex care
through 90° to exhaust normal to the vartex emplifier plane,
is beyond normal human tclerance - - =", Royle and Hassan
(1967) also mentioned that radial inflow may be highly stable
and that any noise from the radial vortex element may be
associated with the axial outlet.

McCloy and Stevenson (1972) noted that the button
'c-nrm'tex valve's characteristics were more linear and stable
than those of the radial vortex element. They also mention
that this could be due to the relatively large values of

( r"/R‘,) used in their experiments,

Most references have dealt with flow instability
near the outlet orifice and this is certainly the most
sensitive area of a vortex element; however, under certain-
geometric conditions, other unstable flow conditions can
occur. At geometric discontinuities or regions of high stream
curvature flow separation, aeration or cavitation can occur
within the vortex element. Using the definitions of Pearce
and Lichtarowicz (1971) aeration could occur at pressures

corresponding to the saturation pressure of the gas dissolved

e



in the liquid and dissolved air would then come out of
solution. Cavitation inception would occur when the local
static pressure fell below the vapour pressure. There could:
be a considerable difference between the two pressures and
therefore what would apparently be an early onset of cavitation
could be,in fact,aeration. A deterioration in performance
would usually be noticed and some authors have attributed
poor performance to cavitation (Al-Shamma, 1971; Skoog, 1972).
Shinn and Boothe (1964), in a paper explaining some
of the problems of connecting fluidic elements into circuits,
warn of the problems of instability. They showed that where
regions of the source impedance exhibit a negative gradient
and are crossed by the load characteristics then flow instability
could occur. Al-Shamma (1971) in his work on an axial vortex
amplifier showed that the control flow equation could exhibit
bistable values and that these characteristics could exist in
a practical amplifier.
It appeared from the foregoing references that an
axial vortex unit should be more stable and have R hi gher
power turn down ratio than a radial unit. The outlet should
be relatively large and care taken to ensure that neither the stream
curvature nor the fluid velocities should be excessive. Care
should also be taken to ensure that the control flow instability
mentioned by Al-Shamma (1971) will not have a detrimental effect

on the operation of the proposed device.
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3=2=L Swirling Liguid Jets in Air

A number of authors have attempted to predict the
included angle of the liquid sheet or spray after leaving
the orifice in terms of the fluid conditions within the
orifice. Invariably the references quoted in this section
cane from investigations into the swirl nozzles commonly
used faor the injection or atamisation of combustible fuels.
The swirl velocities are high and a stable well established
air core is assumed to exist under all operating conditions.
There is no mention in any of the references to flow
instability with low swirl velocities, although in a swirling
flow nozzle these would not normally be sought.

Novikov (1948), using inviscid theory, gave the
included angle of the liquid sheet in terms of the tangential
and axial component velocities at the orifice and in terms
of the re‘lative sizes of the outlet orifice and the air core.
If the included angle was 2/3  then:

tﬂnﬁ g (v}’vt Llﬂct ? 257;)%

where a = 1— Qir core

.-,l‘! -’p

Taylor (1948) also used inviscid theory and obtained

the followving expression for the liquid cone semi-angle:
cos /3 = VS/V , where

-\7’, was the axial velocity of the liquid after leaving
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the orifice and V was the total velocity due to the
total pressure head. In using the axial velocity after
leaving the orifice Taylor attempted to account for the
conversion of pressure energy stored between the air core
and the orifice boundary into additional kinetic energy
of the fluid sheet. This region considered by Taylor

is one of the most difficult because of the boundary and
hence pressure discontinuities associated with the nozzle
orifice plane.

Harvey and Hermandorfer (1943) and Wolfsochn (1970)
performed similar analyses. Their theory allowed for the
fact that the liquid sheet surface was perpendicular to
the orifice plane in the immediate vicinity of the nozzle
orifice and that therefore the included angle of the sheet
varied from zero to a constant cone angle some distance
dovmnstream of the orifice. From the equations given by
these authors a constant cone angle could be cobtained only
with constant velocity ratios.

An analysis was made of the effect of surface tension
on swirling liquid sheets. The work was relegated to an
appendix (Appendix 6) since it was found that for the
velocities used in this investigation there was no appreciable
curvature of the liquid sheet due to surface forces. Also,
the initial conditions requiring specification were those
most difficult to obtain (initial velocities, divergent angle
and sheet thickness). Nevertheless the theory does show that
for given conditions there are velocities where the liquid sheet

curvature is not negligible and that the fluid sheet can form
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& closed water bell. The theory also predicts the maximum
extent of the conical liquid sheet before break-up. These
low jet velocities will not be encountered during this
investigation.

From the research papers examined it can be seen
that the low and moderate swirl conditions, (before the jet
centre has opened to form an air core and during the
establishment of a stable air core), are not specifically
catered for. The correlation between theory and experiment

will be examined.

3=2=5 Analyses of Swirling Fluid Flow

Swirling flow devices have generally been analysed
from two different viewpoints. The first approach considers
t.he mechanics of the fluid flow, whilst the second considers
the device in terms of its transfer function. Obviously the
results should be identical but it is probably worth stating
that the view generally taken in this report is in terms of
the mechanics of the fluid flow.

Almost all the analyses of the mechanics of swirling
flows in pipes, swirl nozzles and other vortex chambers ha\-re
been performed using either cylindrical or spherical coordinate
systems. The major difference between authors,in the continuing
research on swirling flow analyses,lies in the form and number
of the shear stresses modelled. Three general types of shear
stress model have been used and invariably tangential shear
stresses have been included. The shear stress models have been

based on;
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(i) The Newtonian shear stress law based on fluid
velocity gradients
(ii) Shear stress laws adapted from boundary layer
theory for turbulent flow over flat plates.
(1ii) Shear stress laws adapted from the Moody friction
factor equation.
A number of authors have sought to solve the Navier-
Stokes equations (see Appendix 7) with the Newtonian shear
stress terms. Royle and Hassan (1967), in their mathematical
investigation into the behaviour of a vortex sink, modelled a

tangential shear stress according to the formula:

a =/{(3V/8r i V/r)

They noted that the tangential velocity tended to a forced
vortex at low radial Reynolds numbers and a free vortex at
higher radial Reynolds numbers. Of particular interest was
their comment that the radial inflow appeared to be highly
stgble and that instability may be due to the axial outlet.
Rosenzweig, Lewellen and Ross (196L4) rewrote the Navier-Stokes
equations in terms of the circulation and stream functions,
but then referred to other work (Lewellen, 1962, 1964) to
Justify a two dimensional solution. Both Binnie and Harris
(1948) and Taylor (1949) used spherical coordinates and
obtained boundary layer mamentum integral expressions from
the Navier-Stokes equations. Each author assumed a different
velocity component was negligible and integrated the resulting
equations to obtain the boundary layer parameters. Wormley (1969),

in his work on the boundary layers in vortex chambers,
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specifically excluded the mixing and outlet regions. Wormley
also used a mamentum integral analysis and made the same
assumption as Binnie and Harris (1948) and Taylor (1949), in
that he assumed all velocity components to have the same
boundary layer thickness. Cooke (1952) pointed out that this
assumption is unlikely to be true.

The shear stress equations used by Wormley were
derived from those used for turbulent flow over flat plates.

Wormley gave them in non-dimensional terms as:

Tow = SN f R R
(1-x)(5 y )* (Sve )

where the non-dimensional core velocity and friction factor

-

were:

om0 I i el

()

Two other authors who have used shear stress models derived

from flat plate theory are Duff, Foster and Mitchell (1965)
and Bichara and Orner (1969). The analysis by Duff, Foster
and Mitchell was interesting in that it calculated the shear
stresses on a discrete fluid element before continuing to. the
next element. The radial shear stress terms were calculated
from:

Te A du/dy s where the eddy viscosity was
taken as: A1=/(/(1+15Vm] and Vm  the mean velccity
over the element. The end wall shear stresses were calculated

according to:
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Y = 00225008 (_:zL)‘
G 5

The shear stresses and velocity changes over the glement
were calculated using an iterative procedure. The inclusion
of the shear stresses resulted in 2 considerable improvement
over their inviscid model; however, an infinite static pressure
drop still occurred at the nozzle exit orifice.

Bichara and Orner (1969) divided the vortex chamber
into three sections; an inlet mixing region, the main body
of fluid and an exit region. In the inlet region the cylindrical

wall shear stress was represented by:

YBE = /OV:Lf' g. %
Ver 2¢
[

where, & = y[ Vi T A }I/‘

Bichara and Orner's shear stress model compares favourably with
those of Duff, Foster and Mitchell and Wormley. The angular
momentum loss attributed to the mixing of the stream and tangential
flows and in overcoming the tangential wall shear stress was
depicted using a 'jet recovery factor', see Figure 3-4. In the
main body of fluid Bichara and Ormer used a simple friction

fector equation to represent the end wall shear stresses, thuss

2
'r 3:4'% 2 ftﬂ ve

This simple mathematical model was also used by Nissan and

Bresan (1961) and Youssef (1966) in their investigations into
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swirling flow in pipes, and by Al-Shemma (1971) in his work
on an axial vortex device.

The Moody friction factor equation was originally
applied to streaming flow in cylindrical pipes and the friction
factor used in the equation was a function of the Reynolds
number, amongst other perameters. With swirling flow a number
of Reynolds numbers have been defined but there appears to
be no generally accepted form for Reynolds number evaluation;
high shear gradients can occur with either high swirl velocities
end low stream velocities, or low swirl velocities and high
stream velocities. Whereas the shear stress model of Bichara
end Orner used the tangential velocity, that of Youssef used

the true fluid velocity at the pipe radius, thus:

T-= /%?C;V: s where Ve = J [V:]R.+ [V:']R.

Nissan and Bresan initially based their friction
factor upon a Reynolds number calculated from a mean axial
velocity. Experimental agreement was poor and it was found
that a Reynolds number based on the average tangential velocity
and a pipe diameter ratio gave better agreement.

King, Rothfus and Kermode (1969) performed work
similar to that of Nissan and Bresan but presented their
vortex decay graph in terms of a weighted tangential velocity.
If the tangential velocity profiles are assumed to be similar
then the decay of the average tangential velocity would be
directly proporticnal to the decay of angular mcamentum flux.

Figure 3-5 illustrates the decay of angular momentum flux,
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or some specified tangential velocity, with dowvnstream
distance for the three studies on swirling pipe flow
(Nissan and Bresan (1961); Youssef (1966); King, Rothfus
and Kermode (1969)). The similarity of the vortex decay
curves was thought to be encouraging; however, it was noted
that neither in the papers mentioned nor in others examined
was an example found of vortex decay within a swirl nozzle
with an increasing tangential velccity.

A further point, which caused some concern, was
that the proposed axial vortex device would, like Al-Shamma's,
have relatively large regions where the curvature of the
boundary would mean that neither cylindrical nor spherical

coordinate systems would fit the device geametry.

=3 The Design and Testing of an Axial Vortex Flueric

Element

3=3=1 Axial Vortex Element Design

Using the references quoted in the previous section
as a guide, an axial vertex flueric element was designed and
is shown in Plate 10 and Figure 3-6. The dimensions compare
favourably with the exial vortex elements of Al-Shamma (1971)

and, in a number of respects, McCloy and Stevenson (1972).

McClcy and Al-Shamma Test
Stevenson (1971) Device
(1972)
Ac 0.250 0.888 0.955
( 71 A°) 0.222
RANI . O. .
( /R.) 0.950 737 0. 643
(f‘./Ro) 0.250 0.329 0.286

al



|DIXY

g - € aunbiyg

" AJPWoa9 JudW)|3 X3}JOA

-—

STREAH — L] R, =

FLow _f‘d’
: Ra2> outieT
R,

—- o=y
| R.
A CONTROL
i—l 5 FLOW

( geometry No'1 shown)

Section A-A

Geometry R, R. Ry R4

No1 10 .22 W. 6

(dimensions in mm.)
No'2 6 10 22'1
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The stream and control flow inlet areas were larger than
those used by most authors. It was anticipeted that, unlike
most vortex devices, the minimum control flow would be used
to 'open' the jet into the required conical liquid sheet.
Control flows of the magnitude of the supply cut off value
were not expected to be useds The stream velocity was
expected to remain fairly close to its zero control flow
value., Since a considerable volume of fluid was to be
passed through the device the shear gradients were reduced
by increasing the annular inlet area and the required control
pressure reduced by having a large control part area.

Because of the decisive influence of the nozzle
geometry, particularly near the nozzle exit, a special
centre body was designed. It was unlike any device known
at that time and it was intended that this centre bady would
suppress any tendency for flow separation in the stream and
swirling flow ccnditions, also that it would improve the flow
stability,in the swirling flow condition,near the orifice
plane.

In order to compare the effect of the nozzle
gearetry two configurations were used in the ensuing experiments;
Figure 3-6 shows the two configurations. A number of static
pressure tappings were added to the nozzle to provide information
on the changes in fluid flow conditions with changes in
streaming and swirling flows. Figure 37 shows the location
of the pressure tapping pcoints. It should be noted that the
element exhausted into air at the orifice plane and that for

all the ensuing experimental investigations the jet catcher,

&2



Jkaz

—— —
-0

Geometry
No1

Geometry
No 2

"A\.I

(all dmensions in mm,)

REF. _

Location of Pressure

Figure 3-7

Tapping Points .

ORIFICE.



used to collect the swirling conical sheet when the device

was in the switched condition, was removed.

=32 Experimental Procedure .

A schematic diagram of the experimental apparatus
is shown in Figure 3-8. All flow measurement was made using
two Rotameters, the calibration of which is given in Appendix
8. The water temperature was monitored using a thermameter
and maintained at approximately constant temperature. All
static pressure measurements were made using mercury manometers.

With the first nozzle configuration and zero control
flow the stream flow was varied and the static pressure readings
and flow rates noted.

With zero stream flow and varying control flow the
static pressure readings and flow rates were again noted.
Apart from the sﬁatic pressure readings within the nozzle this
enabled the control flow characteristic to be examined.

At certain selected stream flow rates and with no
control flow, (so that a continuous cylindrical liquid jet
issued from the orifice), the velocity profile close to the
nozzle orifice plane was cbtained. The velocity head of the
Jet was measured using the hypodermic total head tube used
in the body deflection experiments. The electrical output
from the pressure transducer mounted on the total head tube
was measured with a digital voltmeter since the voltage
changes were thought to be small. (See Appendix 3 for the

voltmeter calibration).

83



ANVL
NOILJ3T109

\ — diWnd

5"

MQ7dJ —=—— T03.LNCD

43I Qimen

ANIWITE AILYOA

MO —-—— WVIALS

~

I‘Hllll’@-——

SBAIDA

(&-——-

AR

J3}2WD)oY
MO}

1

upq

Jajawoubuw

Scheme of vortex element experimental equipment .
Figure 3-8



A number of tests were performed to obtain the
characteristic of the vortex element. This entailed
holding the inlet pressure constant and gradually increasing
the swirling flow content from zero until the streaming
flow was entirely cut off. At each value of the stream and
cantrol flow the manometer readings and flow rates were noted
and a photograph taken of the jet to obtain the angle of
divergencé.

The entire series of experiments were repeated
for the second nozzle geometry. The device characteristics
are shown in Figures 3-9 and 3-10 and the cone angle results
in Figures 3-11 and 3-12. The raw data is given in Appendix 9.

In addition an attempt was made to obtain the ratio
between the stream and swirl velocities at the orifice. A
very fine black thread was introduced into the fluid stream
from the static pressure tapping close to the nozzle orifice.
The thread was photographed with varicus stream and swirl
velocities.

A number of experiments were also performed to
investigate the transient response of the vortex element. ;

The transient response of the device is the subject of Chapter L.

3-3-3  Experimental Error Estimates

The errors in the various measurements and
measurement systems were assessed.

The errors in the Rotameter flow rates were very small
and the repeatability was very good. The reading error in the

mananeter scales was estimated to be within 0.5 m.m.Hg.
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The errors in measuring the s;;ray cone angle and the
velocity ratio thread angle from the photographs was estimated
to be less than 0.5 degrees for each measurement. Thus the
tolerance on the velocity ratio angle was 0.5 degrees and
for the included jet cone angle was 1.0 degree. Further
errors were introduced due to the fact that the photographic
print was a two-dimensicnal representation of a three-
dimensional figure. The errors are illustrated in Figure
3-.13. The errors in the liquid sheet ccne angles were
calculated to be very small; however the velocity ratios
obtained from the thread angle photographs were more doubtful.
In angular terms the photographic errors were estimated to
be less than 10%.

The tolerance on the measured axial position of
the static pressure tappings was approximately O.3 m.m.

Also the pressure tapping down the centre body axis meant
that the ideal design geometry was not realised and that the
centre body terminated within the nozzle rather than at the
orifice plane. It was unfortunate that the geometry of this
important region of the nozzle was affected but information
on the pressure changes in this region was thought to be _of
econsiderable benefit. It was realised that due to the
orientation of the pressure tapping within the centre body
the true static pressure could not be measured. To measure
the tirue static pressure the tapping should enter normal to
the fluid stream surfaces. The centre body tapping was
inclined at almost 180 to the fluid stream flow and therefore

the pressure measured was expected to be less than the true

as
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static pressure. The reduction of the measured pressure
below the true static pressure would depend upon the stream
velocity and therefore provided the flow rate remained close
to the original value then it was thought that the changes
in the measured pressure should correspond to the changes
in the real static pressure. It can be seen from the
experimental readings for swirling flow within the nozzle
that the flow rate was indeed very nearly constant for a
considerable proportion of the vortex device characteristic.
An air core was well established before the point was .
reached where the flow through the device was rapidly

attenuated.

Il Axial Vortex Element Analysis

3=l4~-1 Introduction

Examination of the proposed vortex element geometry
(see Figures 3-6 and 3-7) showed that at some point within
the nozzle every velocity component had a significant value,
an, due to the curvature of the flow path, regions of high
and low pressure could occur within the nozzle. These regions
could result in aeration or flow separation. To predict the
occurrence of these regions required at least a two dimensional
solution of the fluid flow equations. As has been mentioned
in the previous sections in this chapter, the region close to
the nozzle outlet was considered critical to the performance
of the device and it was thought desirable to extend any
analysis into the outlet region. In an effort to satisfy the

analysis requirements it was decided to use a stream surface
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system of cocrdinates and to attempt to model a tangential
shear stress (which was thought to be the predominant shear
term) .

A few authors have used stream surface or streamline
coordinate systems, Jchnston (1960) performed an interesting
analysis and a very thorough review was given by Neve (1971);
however, the necessary metric coefficients were missing and
therefore his equations could not be used directly. Vavra
(1960) performed an inviscid analysis with compressible flow
end the inviscid analysis presented in this investigation
is based on his work.

The element analysis was divided into a number of
sections:

(a) The control flow characteristic was examined
for signs of instability, as mentioned by Shinn and Boothe
(1964) eand Al-Shamma (13971).

(b) The mixing region was analysed using a simple
model and a loss coefficient inserted based on the work of
Bichara and Orner (1969).

(c) At the end of the mixing region a reference
station was defined and & two dimensional sclution of the
fluid equations made until the orifice plane was reached.
Irrotational and rotational fluid streams were analysed
and later a tangential wall shear stress was incorporated
into the theory. This analysis enabled the static pressure
and orthogonal velocity components to be predicted at any
point wifhin the nozzle.

(@) The cone angle of the swirling liquid sheet
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was also calculated.

k=2 Control Flow Stability

Consider the control flow from the control flow
annulus into the main nozzle annulus. The control flow

would be given by the orifice equation:

Q. = Qm/%— (Pe = P )

Using Bernoulli's equation in the same manner as Al-Shamma

—(3-1)

(1971), then at the annulus entrance:

Qe Aivs = Que AsaNVaw

Pe= P love = puut 1 oviw
2 S

Therefore:

s

0::= (QJ:AC)Z %(pc‘ps)"aas(%im' %ﬁ) ‘(3"2)

Equation (3-2) shows that there are two compcnents
comprising the control flow, a linear pressure term and a
non-linear term dependent upon the supply flow and the ratio

(Au}’As) « In order to minimise any non-linear effect due
to the supply flow it was decided to use a fairly large
annular area and not to try and maximise the venturi effect
of the centre body. In spite of this the device did not

meet the recommended parameter values given by Al-Shamma,
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Al-Shamma (1971) Test device

( A*%o) > 10 5¢5
P > 2 1,23,

Of the parameters included in equation (3-2) all
the areas and the fluid density were known. The vortex
element was assembled and with zero supply flow the control
flow against pressure difference across the control orifices
characteristic obtained. From this experimental data the
coefficient of discharge Cdc was obtained (Cdc = 0.7596).
Figure 3-1) shows a graph of the data contained in Appendix

9. The flow equation was then written as:

2 4
Qs = K](pc‘p.s‘) + KaQs

ahere K= 2.658x10 ; Ke=0.0127

Vhen stream flow was permitted the vortex element
characteristic appeared to show very little bistability and
any that did exist was close to the supply flow cut-off pointe
It was thought that if the characteristic inflexion
mentioned by Al-Shamma was very tight then it would be
difficult to discern. In order to display any instability
more clearly it was decided to display the control flow
camponents separately. A high flow rate was chosen to
maximise the contribution made by the supply flow and thus
any instability; the results are shown in Figure 3-15.

The control flow characteristics for both device configurations

(ceometry No.l and Geametry No.2) are shown in Figures 3-16

&9
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and 3-17 respectively. Very little,if any,control flow
instability is noticeahle and thus both configurations of

the device appear to be predictable and easily controlled
until very close to the cut-off point. Device No.2, the
second configuration, appeared to be the better of the two
devices. The original statement made by Al-Shamma is

shown to be valid since a slight inflexion occurs close to the
cut-off point. For the devices tested the effect was

small and did not occur over that portion of the characteristic
expected to be used.

Bl Analysis of the Mixing Region Flow

See Figure 3-18 and consider station (1). The
angular momentum flux about the nozzle axis '0' can be

given by:

dl:lx = dr.nRVc ]
where dm = AvedA  ang dA = L.ds

S2
. 2
H = Ll f Rveds ={3-3)
S\
Assuming Ve is independent of the variable 's'
and replacing the variable 's' by 'R' then:
e T 2
. 2
H; = ol | RAR = plve (R, -R:i)
7 ~
Re

Consider station (2), the angular momentum flux crossing the

station is:
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Ne

H = 210 | wive R'dn {34

ni
where  dH=dmRy, ; dh=0wdA ; dA = 21TRdn

Assuming that the stream surfaces are parallel to
the wall and that V, and V, are independent of the
varieble 'n', then the 'n' coordinate can be replaced by the

cylindrical coordinate 'R'. Therefore:

Rs

3 3
H = zﬂﬁvsvz deR - _%_TfpV,Va(Ro = R;)
Ri

Since the axial flow V. crossing station (1) has no

engular momentum about the nozzle axis then:

HI s and

I
"

whe S TIIERR <R ] 7 oy5:5)
Vi T N R -y )

For the geonetry of both devices tested the

values of l, R. and Ri are nown and therefore:

v = ( 0.04293)%1

If at station (2) the distribution of swirling

flow produces a free vortex then Ry, =C and:

Si



R.
2

H = Zﬂ/mf% RdR = TT/)V;C(R«—RT)

R¢

2
Therefore: v, = _Llve 4
erefore e —(3-6)

Again, for the geometric configuration under test:

v, = (0.47746 10")ﬁ\£_

Va

Thus, providing the stream and control flow
velocities are known the tangential velocity of the mixed
stream could be calculated. The tangential velocities
given by equations (3-5) and (3-6) are the maximum possible
for the conditions specified. In practice there is a loss
in angular momentum flux due to fluid turbulence and inter-
fluid shear gradients. Both Bichara and Orner (1969) and
Wormley (1969) used a term 'jet recovery factor' to account
for the angular momentum flux lost within the mixing region.
The ideal tangential to radial velocity ratios used by
Bichara and Ormer were in the hundreds. In this investigat.:im
the tangential velocities at the mixing region were relatively
low and if Bichara and Orner's graph were to be used (see
Figure 3-L) the recovery factor was estimated to be between
0.98 and 0.95. For the initial theoretical work it was
decided to assume no losses in the mixing region. The recovery

factor was therefore set to unity.
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Dbyl Inviscid Analysis of Nozzle Fluid Flow

Appendix 7 explains the stream surface coordinate
system used for the nozzle fluid flow analysis; the laminar
flow Navier-Stokes equations are also derived. From Appendix

7 the inviscid, steady flow, vectar equation of motion is:
;X — -
V[V-I-gz] = Vx(va)-V(%)

Following Vavra (1960) and defining the total pressure as:
2
= p +/->!? + pgz ’ then the equation of moticn

V(%) = Vx (Vx'\?)

Conforming to the conditions specified for the coordinate

became:

system in section (ii) of Appendix 7 then:

L,z/%,%+ Lsﬁ_.%%, [ _R;B(Rv.)] . [%%(%.]

*[ﬁ%a_) - wzk,,,)]

end hence the scalar component equations became:

ARv) _ -
_‘lg. am" = 0 —(3-7)
1.3P _ v, dRv) :
T % va g.fo

.J_.AEI - XL.Q(RVI) + V BV: + VaKem
2 3n R V(?:)F Vk) A
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Providing that neither R nor V. becomes zero then from
equation (3-7):

('B(RVJ/am) =0 and therefore RVi was constant
along a stream surface. Similarly from equation (3-8),
providing R was greater than zero, the total pressure ( Pr )
was constant along a stream surface. Therefore since Rv,
and Pr were functions of 'n' only then the partial
derivative notation could be replaced by the total derivative
notation and equation (3-9) could be rewritten as:

30v) | o o [MdRW) _ l.gat) 9
A 2ke%e (R dn  ~ Adn

The third term of the above equation was a function of 'n'
only and was denoted by N(n). Therefore:

%%’L) + 2kmV + 2N(n) = O —(3-10)

It was noted that equation (3-10) was a first order linear
partial differential equation in V: and could be solved
by integrating along an 'n' curve. The solution of equation
(3-10) was found to be (2 detailed explanation being given

in Appendix 10):

" n u=n
2
Va(r) = EXP. [—I2 Km dn:,.[v:m -f; N.exp.Ukadu]dn]
o o
—(3-11)
Before a value could be cbtained for the stream
velocity for the nozzle geametry under consideration the

stream surface geometry had to be knowm, or assumed, and

the velocities and pressure at a reference station had to be

9S4



specified. TFigure 3-19 (a) illustrates a meridian section
showing adjacent stream surfaces intersected by their
arthogonal trajectories. Providing the geometric and fluid

dynamic perameters were known at one station, along which

the coordinate X, was a constant, then:
a | dRyv,
| 5] . s,
Xo=aL — ¥ =a
a | dpr
[ & ] o
Xg-‘-a = Xa=a
Defining station Xz = 4 as the reference station thens
dRv) .

£

gyl [dcgsv')]m% [%m{}
dpr

dn.t ¢ [dn ]mf [%.Emf.]

The function N(n) could then be represented by:

-l e -l ] e

The terms in eguation (3-12) have the dimensions of

acceleration which is also dimensionally equal to a 'specific:
energy gradient' ( 4 kgm). The terms can be thought of as
con&tituting the specific energy change between stream surfaces
due to fluid rotationality and total pressure gradients.

Because of the inviscid nature of the initial equatioms,

energy cannot diffuse through the fluid nor can it be dissipated.

Hence whilst the energy gradients in equation (3-12) can change,

S5
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the integral between any two stream surfaces must remain
a constant. There is some difficulty in defining the
function N(n) at the inner boundary where n = O, since the
term (sn"/f@n) becomes indeterminate. For practical
purposes this problem was resolved by obtaining the values
of N(n) at other stream surfaces and then using the
constancy of the integration between the stream surfaces
to obtain the inner boundary value.

A computer programme was written to solve equation
(3-11) for the two nozzle gecmetrieé mentioned in section
(3-3-1) and illustrated in Figure 3-6. The swirling flow
reference station values used were obtained fram the mixing
region analysis given in section (3-4-3). Two swirling
flow conditions were specified for the reference station,
irrotational flow ( RV, = constant) and constant swirl
velocity ( V; = constant).

For irrctaticnal flow the reference station value
of (dpydn) is:

2

Qaz] 4 Q_[wﬁ vﬁwf] & = 708
[dn ret dn z(a )r.f. /OR3

and for rotational flow where Vi = constant:

2], - o
dn Jref,

[d(Rv.):{ . d(KRkef _ gk .
dn  Jref dn :

since at the reference station dn = dR .
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Stations 1 m m. apart were specified along the
nozzle inner boundary and a series of stream surfaces
within the nozzle were assumed. The constancy of mass
flow between any two stream surfaces was used to adjust
the stream surface geometry until the velocity profile
obtained from equation (3-11) and the stream surface
geometry solutions converged. Figure 3-20 shows the
programme flowchart. The numerical methods used within
the camputer programme were:

(a) The method of false position (regula falsi)
to converge on the inner boundary stream velocity.

(b) Gausse-Laguerre interpolation and numerical
integration to obtain the double integral and hence the
stream velocity profile and also the flowrate between the
stream surfaces. This method was used since the stream
surfaces could be unequally spaced, thus giving function
values at irregular intervals. This method of integration
is very accurate but can only be used with confidence when
the function values have a high degree of accuracy. Since
all the reference station parameters, and all the dovmstream
stations, were obtained from mathematical functions the
.neceséary degree of accuracy cculd be maintained.

I=li=5 Nozzle Fluid Flow with Angular Momentum Flux Decay

Since the operation of the proposed vortex device
depended upon the angular momentum flux of the fluid the
only shear stresses considered were those opposing the
swirling flow. This decision followed a number of other

authors (Royle and Hasson (1967); Bichara and Orner (1969);
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Al-shamma (1971) ). Examination of the laminar flow
stream surface equations given in Appendix 7 indicated that
tangential shear stress terms occurred in only one equation.

Rewriting the 'total pressure' equations:

l‘r..g RV!) - [g direction shear stress tems]

R 3m |

1.9p: - w.3RwW

A om R dm

1.8pr - v 9Rv), /0w ,

v e s

The solution of the inviscid total pressure
equations given in section (3-4-L) gave a series of
stream surfaces with a specified geometry together with
the stream and swirl velocities and pressure. If now a
one-dimensiocnal angular momentum flux decay were imposed
upon the two-dimensional inviscid sclution then, providing
equation (3-10) remained unaltered, the stream surfaces
would remain unaltered and could be used directly to
provide an improved solution.

Consider, initially, swirling flow within a
straight cylindrical pipe. The angular momentum flux
about the pipe axis for fluid crossing any normal section

of the pipe is:

P
H = ZW/ofvsv,radr
+]

Newton's law applied between stations (1) and (2) gives:

Z M. = A F{l-a
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Between two arbitrary stations a distande of dz apart:

dM wall shear stress surface moment
= T [ ‘in the © airection | * | ®Fce X | arm
: 2
T 'ﬁa(w, (2“' Fw ) dz
Therefore:

g'zM - 'g'sl = “(Zﬁr:,)'rra(w}

If now the wall shear stress rrﬂ(w) is modelled by

the equation: 2
Lretw) = f /)!LL’I s  then:
i

dl-:] 2 - [
d_z =-(21( r‘w)f/)!éﬂ ’ where the suffix ‘m

denotes a mean value for the station.
Applying a similar analysis to the nozzle as that
{ given for the swirling straight pipe flow, then examination
of Figure 3-19 (a) shows that two elemental surfaces are
involved. It can also be seen that the radius and the
length of the coordinate increment 'S m‘ vary with 'n'.
Since, however, a one-dimensicnal decay pattern
has been specified, then variations with 'n' will be ignored
and & mean value for R and’S'n'l‘ will be used. For this reason
the analysis is approximate only, however the approximation
was expected to be close. For clarity it should also be

stated that since:
n

Rmy = Ry * [COSAdn ,  then A will be

n
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assumed constant across the section (i.e. no curvature

of the 'n' characteristics). Graphs of the streem surfaces
show that the 'n' ordinate curvature is indeed small; a
contributary factor being that the flow passage has an equal
meridional depth.

Let the wall shear stress be dencted by:

Yaw = f Ve .Ygf_d —(3-13)
Then: d—-— = =217 fRz vi —(3-14)
e /0 m Vim
Ne
Where: . Zﬁ/_\f V.Vszdn .
ng
RM = % (Rha + Rm.) L]

T 1 8 ﬁ; dn
Vim (Ne - N1 -

For any two stations 9 m apart, then:

F{ = H ﬁ . Sm ]
y l+(dm}l

where:

|00



(%E\r)l 73 /o(—]%:)l (a(r%ﬁ))l / a

(3) 2" 8 (av)
Dm /i Sm

For the inviscid stream surfaces to be valid
every term in equation (3-11) must remain the same,
therefore (ap/an) must remain a constant, as must
(V,/R, Q(RV' n) . However, since the circulation about
the nozzle axis is now a function of 'm' then the application
will be restricted to free vortex flows (i.e. Q(Rv%n £0 )
Figure 3-19 (b) illustrates the angular momentum flux decay
ﬁattern. Note also that the partial derivative notation
has been given for the gradients of total pressure and
citrculation since strictly they are now functions of the
variables 'm' and 'n' even though the decay pattern imposed
is one-dimensional.

A further point worth noting was that whilst the
decay pattern imposed resulted in energy dissipation it did
not include energy diffusion.

A section was added to the previous computer
programme to impose a one-dimensional angular momentum flux
decay upon the two-dimensional inviscid solution, (see
Figure 3-20).

The calculation procedure was as follows:

(i) Obtain the two-dimensional inviscid sclution
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for the stream surface geametry, fluid pressure and
orthogonal velocities.

(ii) Calculate the angular momentum flux and
its gradient, the mean radius and the mean swirl velocity
at the reference staticn.

(iii) Calculate the required angular momentum flux
crossing the next station.

(iv) Adjust V, at the next station until the
angular momentum flux is correct.

(v) Calculate the total pressure gradient and
then the new total pressure at the next station.

(vi) Repeat the precess until all staticns have
been calculated.

A compariscn between the various theoretical
models and between the predicted and experimental results

is given in section 3=5.

3=5 Discussicn of the Swirling Flecw Results

3-5-1 Comparison tetween Theory and Experiment

Streaming Flovy = Pressure Distributicon

The predicted static pressure distribution along
the outer nozzle boundary under varicus streaming flow
conditions, for both device configuraticns, are shown in
Figures 3-21 and 3-22. The rapid acceleraticn imposed upon
the fluid by the high values of stream surface curvature
near the orifice of geametry No.l, (see Figure 3-21) are
made manifest by the large pressure drop over the last six

stations.
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Also noted was the predicted separation from the outer
boundary illustrated by the negative pressures within

the last three stations; no separation was noticed during
testing. The experimental points obtained lie, encouragingly,
within the predicted line and, after allowing for measurement
inaccuracies, presumably indicate a loss of total pressure.
The configuration of geometry No.2 led to 2 much more
gradual pressure drop than occurred with device geometry
No.l and smaller negative pressures were predicted close

to the orifice (again within the last three stations).

The measurement point close to the orifice plane on geometry
No.2 recorded small negative pressures and it was thought
that a small degree of separation was occurring, although

| possibly not to the extent indicated by the theory. The
theoretical and experimental points agree fairly well where
experimental results are available for comparison.

Streaming Flow - Orifice Velocity Profile

The nozzle orifice plane stream flow velocity
profiles for both geametries are shown in Figure 3-23.
Unfortunately the experimental measurements taken with a
hypodermic total head tube could not be made closer than
3 m m, downstream from the orifice. The shear stress
relaxaticn effect on the liquid leaving the nozzle results
in the jet velocity profile tending toward a constant value.
A second error introduced into the experimental results was
that the device centre body terminated 3% m m. within the

nozzle rather than at the orifice plane; this resulted in
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a further shear stress relaxation effect. The measurements
taken confirm the form but not the magnitude of the predicted
results. In spite of this the results were thought to be
encouraging. As expected gecmetry No.l showed a more
pronounced cusp than geametry No.2, due to the nozzle
curvature, and, since both cusps were displaced from the

Jet centre line, the results indicated that either the centre
body was not central or that the tail of the central body
was not cut off square.

Swirling Flow - Device Characteristics

The vortex device characteristics were shown in
Figures 3-9 and 3-10. It can be seen that there is very
little Reynolds number effect over the velocity range
covered by the tests (71.8 x 10 = Re = 119.6 x 10 ’
where Re = (v:d,/d ), Qc = 0 ). At these high Reynolds
nunbers it is perhaps not surprising to find little Reynolds
number influence; however, as has been mentioned previously,
there is no generally accepted manner of specifying Reynolds
number for swirling flows. Whilst for similar geometric
configurations any specified Reynolds number would suffice
for compariscn, the actual number cbtained may have little
significance. The power turn down ratios of device geometries
No.l and No.2 were 2.26 and 2.50 respectively. These values
are considerably lower than those obtained by Al-Shamma (1971)
and McCloy and Stevenson (1972). The major geometric
difference between the device tested and the devices of Al-

Shamma and McCloy and Stevenson was the relatively large

04



annular area. A further slight difference was that the
control flow inlet area was larger than the other devices
menticned and that little attention was devoted to the
control flow inlet geometry. A direct result of the
large annular area was that relatively little advantage
was taken of the venturi effect and therefore higher
control pressure ratios were required than would otherwise
have been the case. An advantage conferred by the chosen
geometry was the increased stability of the device since
the non-linear term of the control flow characteristic
was kept to a low value. Both devices were relatively
stable but of the two configurations tested the second
geometry gave the least bistability and had a lower
pressure drop across the device for any given flow.

Also the non-dimensional response of geometry No.2 was
expected to be quite good since the flow through the
device was almost unchanged until close to the stream
flow cutoff point.

Swirling Flow - Pressure Distribution

Figures 3-24 and 3=25 show the predicted pressure
distributions along the nozzle outer boundary for various
degrees of swirling flow. The figures show that for both
geametric configurations the major pressure changes are
predicted to occur at the high swirl conditions, (high
control pressure ratios). The experimental points show
that the large pressure changes predicted did not occur

in practice,although the largest pressure changes did
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occur with high swirling flow velues. The graphs also
show that with a tangential shear stress model incorporated
into the theory the effect on the pressure distribution
was confined to a region close to the nozzle orifice; even
then the effects were cnly noticeable at the higher
swirling flow values. Geometry No.2 can be seen to be
slightly more sensitive to the shear stress model. The
experimental pcints lay even further inside the predicted
lines than in the streaming flow graphs. For streaming
flow it was thought that a loss of total pressure could
contribute toward the error between theory and experiment.
With swirling flow the cause cculd be due to either a loss
of total pressure, greater than that calculated to be due
to the tangential shear stress, or a swirl velocity
distribution different to that assumed for the mixing flow
analysis.

Figures 3-26 to 3-29 illustrate the changes in
pressure at specific paints within the nozzle with changes
in the control pressure ratio (changes in the degree of
swirling flow). These figures apply to gecmetry No.Z only
and two sets of experimental pcints have been plotted for
different static pressures at the stream flow entry to the
device. It was thought that this would help to distinguish
a genersl trend fram an erronecus experimental reading. The
two sets of experimental results compare well and indicate
that a consistent flow pattern was experienced within the

nozzle. The theoretical grarh for measuring point three
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(Figure 3-26) shows that as the stream flow through the
supply annulus decreased the static pressure rose. This
rise was more pronounced as the stream flow cutoff point
was reached. This latter effect was due to the control
flow characteristic mentioned previously, (see also section
3=k~2, Figure 3-15 and in particular the non-linear temrm
in equation (3-2)). The addition of a control flow should
result in the addition of a radial pressure gradient to
the static pressure increase within the annulus due to the
attenuated stream flow. The predicted pressures given by
the theory for measuring point three were cbtained fram
the reference station values where a zero radial static
pressure gradient was essumed. The stream flow pressure
values were obtained solely from Bernoulli's equation and
it was interesting to note the discrepancy between theory
and experiment even for the zero swirl case (P.p £0.975 ).
Since, at this measurement point and under stream flow
conditions, there was no stream surface curvature or swirling
flow mixing effects, it was thought that the difference:
between the predicted and experimental values at this point
(Pee £20.975 ) could be due to a loss in total pressure.
Also, since this loss represented approximately 1% of the
original pressure, it was not thought to be an unreascnable
figure. A major discrepancy between the prédicted pressure
and the experimental points was that the predicted pressure
increased with an increase in the control pressure ratio.
The experimental points showed, fairly consistently, that at

low control pressure ratios (small control flow rates) the
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pressure at masuﬁng pecints three, four and five, initially
dropped below the stream flow value and then remained
approximately constant until after an air cone was formed.
For measuring point three further increases in the control
pressure ratio resulted in a further slight fall in the
pressure recorded until, close to the stream flow cutoff
point, the pressure rose rapidly,finally exceeding the
predicted value. The comparison of theory and experiment
was poor from two points of view; the drop in pressure with
the introduction of swirling flow and the relatively small
pressure rise predicted at the stream flow cutoff point.
The fact that the experimental pressure exceeded the
predicted value at one point indicated that the swirl
velocity distribution within the nozzle was not realised
in practice at high control pressure ratios, (simple loss
terms could only account for being within the predicted
value)., |

The results from measuring point four were similar
to measuring paint three both in respect of predicted and
experimental pressures (see Figure 3-26). Two differences
were that the theory predicted a higher pressure at the
cutoff point than was actually attained during the experiments
and also that the experimental pressure points indicated a
rise in the static pressure from the point of the air core
formation. A further minor point was that close to the
cutof'f paint a slight dip in the pressure trace was noticeable

(PCR = 1.19 )n
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The comparison between theory and experiment
for measuring point five was fairly good (see Figure
3-27). The accelerated swirling flow resulted in larger
pressure changes being observed for both the theory and
experiment. The air core formation was seen to affect
the experimental pressure distribution quite markedly.
Also it was noticeable that the theory predicted a
marked change in the pressure trace at this point. The
form of the predicted pressure trace from the air core
formation onwards (increasing control pressure ratio)
was very similar to the experiment. It was the low
swirl (low control pressure ratio) region where the
theory and experiments showed a marked disparity.

The comparison between theory and experiment
for measuring point six showed a further disparity
(see Figure 3-28). Because the theory assumed the nozzle
boundary to be a stream surface, negative pressures could
be obtained rather than flow separation from the boundary.
If an error term had been taken from the calculated negative
pressures then a new stream surface could have been
calculated which would be separated from the nozzle boundary
and along which the pressure would be zero. The
experimental pressure points indicated that separation may
have occurred up to the point of the air core formation.
After the air core formation very little pressure rise was
noticeable until close to the cutoff point when a rapid

rise in pressure was noted. The theoretical rise in pressure
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was much greater than that experienced in practice. A
possible explanation for this lies not only with the
tangential velocity distribution but also with the stream
surface assumptions,mentioned previously,and the shear
stress models,discussed later.

The predicted pressure distribution for
measuring point seven was the only point where the various
modifications to the theory showed any significant
variations, (see Figure 3-29). The experimental pressures
must be viewed with some caution since the pressure
tapping was not normal to the flow stream. Any error due to this
factor should have resulted in a lower than true reading.
Also the error should have been fairly constant since the
flow remained above 95% of its streaming flow value until
after the formation of the air core. The zero swirl flow
resulted in a positive pressure at the contre of the jet
due to the stream curvature. The introduction of swirling
flow resulted in & rapidly decreasing pressure in the centre
of the jet. Apparently a slight negative pressure was
experienced and it was into this region that,during the air
core formationythe 2ir was then drawn. The introduction of
the _air core resulted in a venting of the low pressure
region and the pressure rose to approximately atmospheric
pressure. The experimental pressures recorded appeared
reasonable (negative guage pressures of less than 0.1 bar)

and the results were thought to be reascnable. Vith streaming
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flow the theory predicted higher pressures than were
attained. Since only the tangential shear stress was
modelled no loss terms were introduced for streaming
flows, moreover, the different tangential velocity
distributions did not affect the stream surface results
to any significant extent. The theory did,however,
predict the air core formation point fairly accurately,
as it did with the previous two measuring pcints. Also
it can be seen that close to the nozzle orifice, and
in particular the centre of the jet where the tangential
velocities were high, was the only region to show a
noticeable difference between the various versions of
the theory. Unfortunately the theory predicts very
large pressure changes which are not realised but this
again is due to the fixed boundary stream surface
assumptione.

Figures 3-30 to 3-32 illustrate the experimental
readings for element gecmetry No.l. The results were very
similar to geometry No.2, bearing in mind the different
measurement points (see Figure 3-7), with one notable
exception, measurement point seven (see Figure 3-32).
When the air core was cobserved to form at the nozzle orifice
of geametry No.l, it was noticeable that the pressure at the
'tail' of the centre body (measuring pcint seven), was
significantly above étmos;ﬂ'xeric pressure. The large
pressure gradient over the last six stations could result

in the air core being unable to advance up the nozzle
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and attach to the centre body. This would make the air
core and hence the enti.fe device, more unstable about

this operating point than geometry No.2 . With further
increases in the control pressure ratio the pressure
fell,until close to the cutoff point when atmospheric
pressure was recorded. No negative pressures were recorded.
It was postulated that negative pressures could only exist
close to the nozzle orifice befeore a stable air core had
formed. Once a stable air core had formed then the low
pressure region could be vented immediately.

Swirling Flow - Orifice Plane Velocity Ratio

In section 3=-3-2 it was mentioned that a thread
was introduced into the liquid stream in an attempt to
measure the velocity ratio at the orifice. The thread
angle O was assumed to be related to the velocity

canponents by the formula:

\’l‘/

Va ]amms

Since both the stream and swirl velocities were functions

o = tan’ [

of the radial position within the liquid stream an overall
ratio for ( Vi, Vo ) had to be calculated for the orifice
plane, This was accomplished indirectly by taking an
increment of flow and cbtaining the average value for o<
for the two enclosing stream surfaces. This value was then
multiplied by the proportion the incremental flow made to
the total flow and then added to values obtained from the
other flow increments. The resulting figure was divided

by the number of flow increments and hence a single value
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of O obtained for the orifice plane. This was expressed

mathematically as:

o = %j[(%l)x] ,  where

X = 1/é [tCln" (VI/Vz)IaPﬁuJ". tan_l( \/l/vz).rmfaccl] i

The results of a single experiment are shown in Figure
3—3.3. The comparison between theory end experiment is
fairly good; however,it is noticeable that the predicted
values of O appear to be too large at control pressure
retios of between 1.0 and 1.05 and too low between 1.15
and le2. The final value predicted for OCL, at the cutoff
paint, was too high with the inviscid theory, approximetely
correct with the tangential shear stress friction coefficient
set at 0,0l and too low with the friction coefficient set
at 0.10,
The correlation between the measured values of the
included angle of the jet ( 2/ ) and the velocity ratio
at the orifice (OC ) is shown in Figure 3-34. It can be
seen that whereas there is a reasonable correlation between
2/3 and ¢, almost invariably the tangential relaticnship
of the orifice velocities underestimates the included Jjet
angle. The rate of increase of the included jet angle was
highest before a stable air core was formed, after the air
care formation the rate of increase was approximately
proportional to the measured orifice velocity ratio angle o< ,
The appearance of the liguid jet changed markedly

with the introduction of swirling flow. With zero control
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flow the liquid jet locked like a solid transparent rod,
being smooth with no surface instabilities. The
introduction of a very smell control flow resulted in a
disturbed liquid jet surface; Plate 11 illustrates this
effects Photographic Plate 12 illustrates the liquid

Jet with a control flow insufficient to form an air
core,whilst Plate 13 shows the jet after the air core
formation. Photographic Plate 14 illustrates the jet
with a high control flow, (severe swirling flow close

to the supply flow cutoff point). A further interesting
aspect of the liquid jet's appearance was that with
control flows sufficient to form a stable air core but

not sufficient to cutoff the stream flow, the resulting
conical sheet had four visible striations. It was thought
that this indicated inhomogeneous mixing of the stream
and control flows; it was only visible with device geometry
No.2. The high nozzle curvature values close to the exit
orifice and the resulting high fluid accelerations, may
have obscured the effect on the liquid sheet from geometry
No.1.

3-5-2  Observations on the Theory

Two inviscid versions of the stream surface
theory were run, one allowing rotaticnal flow and the other
irrotational. A modification was incorporated into the
irrotational flow model to allow for the decay of angular
momentum flux along the nozzle.

All versions of the theory would predict points
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of flow stagnation and stream separation; however, as the
computer programmes were written, the stream surfaces were
not adjusted accordingly. With the theory in its present
state a stagnation point would result in a zero square
root. Usually stagnation occurs between two calculation
stations and thus a negative square root would be required.
In the present state of the theory the computer programme
would be terminated. Flow separation was indicated by
negative predicted pressures. In practice small negative
pressures could exist but, as mentioned in chapters 1 and
3, aeration would usually occur well before the vapour
pressure was reached.

The differences between the predicted values
for the rotational and irrotational inviscid theories was
80 small as to be indistinguishable on the graphs plotted.
Figure 3-35 illustrates the orifice plane parameters predicted
by the different versions of the theory. The streaming flow
veleocity distribution has not been plotted since it was,
for graphical purposes, identical for all versions of the
theory.

The form of the tangential shear stress eguation
resulted in very little angular momentum flux loss with low
and moderate swirl velocities and then very high losses
close to the nczzle orifice, where the tangential velocity
was high (see Figure 3-36). It was thought that with a
reasonable angular momentum flux loss the diminution in

total pressure was not of a sufficient magnitude . It would
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have been preferable to introduce a longitudinal shear
stress term to reduce the static pressure predicted with
streaming flow and then to add the losses due to the
tangential shear stress necessary to produce the angular
momentum flux losses. After examining the predicted
results it was thought that the swirl velocity squared
relationship for the tangential shealr stress may have
underestimated the losses at low swirl conditions and
overestimated them at high swirl conditions. A tangential
shear stress model directly proportional to the swirl

velocity may result in improved prediction results.

3=-6 Summary - Swirling Liguid Flow

A number of references have been examined and,
where applicable, the results have been incorporated
into the design of a new axial vortex element. The
major new factor in the vortex element design was the
configuration of the centre bady and the stability of
operation of the device was thought to be attributatle
to the centre body geometry.

A two dimensional inviscid analysis has been made
of the fluid flow within the nozzle and a one dimensional
decay pattern imposed upon the inviscid solution. The
comparison between the predicted and experimental results
was thought to be encouraging.

« The vortex device was shown to operate in a

satisfactory manner and it was thought that, providing the

e



transient response was adequate, the device would ccntrol
the quite powerful liquid jets necessary for deflecting

fairly large and heavy bodies.,
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4 TFEE TRANSIENT PEEFCRMANCE OF AN AXTAL VORTEX

FLUID ELENENT.

L=1 Preliminary Considerations

In chapter one, section (1-4-3), it was stated
that one of the reasaons for choosing an axial vortex element
was that it was expected to have an adequate transient
response., A switching rate of approximately thirty-five
hertz was required. In this chapter an examination will
be made into the switching processes of the axial vortex
device and an estimate made of the switching time.

The transient characteristics of typical
engineering systems are obtained and presented in a number
of ways. The term 'transient response' is normally used
when referring to the output characteristic resulting from
a step input. Determining the transient respcnse is difficult
for 21l but the simplest systems and even then it may not
yield all the desired information; namely how to modify
individual system parameters to cbtain a specified response.
The term 'frequency response' is usually used when examining
the steady state output characteristics in relation to a
sinuscidal input functione

The output characteristics cbtained fraom the
frequency response tests are usually presented graphically
in the form of a Bode plot or, less often and usually for
stability examinaticn, a2 Nyquist plot. The explanation and
usage of these methods is given in many standard books on

control theory. It should also be stressed that these methods
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are usually used to present the steady state output response.

When a system comprises a number of elements, each
with its own transfer function, then the overall transfer
function will be, (see Figure 4-1 (a)):

gf = Fljo)Rljw)Rljw) = KG(jw) .

Assuming that each element has a simple first order transfer

function then the overall frequency response will be:

KG(jw) = (A.A;A,,]ejw'“p“%]

where: A amplitude ratio

¢

It is,perhaps,stating the obvious,thst if the amplitude

n

phase shift

ratio is plotted on a logarithmic scale (a common scale
being decibels) then providing the system elements are of a
linear first order form, the amplitude and phase shifts
are additive.

It follows from the preceding paragraph that if
a system has one or more elements with unknown transfer
functions it becomes extremely difficult to obtain the
transfer function of a particular element within the
system. Providing the form of the various element
'cha.mcteristics are known then curve fitting methods
can be used to fit predicted curves onto experimental
data.

The systems previously considered have been

jdealised and modelled by linear differential equations.
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Same non-linear differential equations have been solved
using graphical or computer techniques. However in
practical systems there are time lags introduced in
measuring and transmitting information. These time lags
introduce serious difficulties into the analysis since

the output is no longer a continuously varying function

of the input. Morrison and Crossland (1970) mention that
such legs have the effect of raising the order of the
differential equation and that the conditions for stability
are much more difficult to investigate and ensure. .

Jacobs (1974) gave a much more elegant and
rigorous explanation on this point. He stated that the
minimum phase equations of Bode have a unigque relaticnship
between the phase angle and the amplitude of the frequency
response function. A non-minimum phase equation has a
phase shift, at any frequency, greater than a minimum
phase equation having the same frequency response amplitude
function. Also, Jacobs explained, a common non-minimum
phase equation is that describing a time delay. Its transfer
function e~ %7 (where T is the time delay) however,
cannot be expressed as a ratio of finite polynomials.

When fluid flows are initiated and terminated,
effects additicnal to the steady flow parameters can
manifest themselves. These transient effects are largely
due to the inertia and compressibility of the fluid. Air,
used for many transient and dynamic tests, has large

compressibility effects but low inertia effects. The fluid
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used for the transient testing of this device was water,
which has large inertia effects but low compressibility
effects, (except in tension when aeration and cavitation
can occur).

A number of authors have sought to obtain &
comprehensive analytical model for the transient behaviour
of vortex flueric devices. As mentioned previously, one
major difficulty, which becomes apparent when obtaining
experimental results, is that it is difficult to isoclate
and test the vortex device alone. Almost invariably the
equipment used tec obtain and modulate the contrcl and
supply pressures and flows have unknown transient
characteristics. What may then be obtained from the
experimental tests is the combined transfer function of
the entire system. Both Otsap (1968) and Al-Shamma (1971)
recognised this difficulty. Al-Shamma stated that with
the equipment he used he could not obtain the response time
of the vortex device alane, whilst Otsap attributed much
of the discrepancy between his predicted and experimental
results to the fact that he could not cbtain a step input
function.

A number of references dealing with the transient
analysis and testing of vortex devices will be examined in
the next section; however, a qualitative description of the
switching process will first be given.

Consider streaming flow conditions to be established
within the nozzle. At the nczzle orifice plane a cylindrical

liquid jet will issue into the surrounding air,finally to
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breek up into droplets, as described in Appendix l. To
initiate a control flow it is necessary to raise the
pressure in the control flow supply annulus. Having
raised the control pressure a flow fram the control
nozzles will gradually become established,rising with
time to a steady state value. The stream and control
flows mix and by a process of mamentum transport and
viscous diffusion,swirling flow becames established close
to the control and stream nczzles. Depending upon the
vortex element geometry and the relative magnitude of
the stream and control flows, the mixing process may occur
over.a considerable proporticn cf the vortex chamber,

If a constant pressure drop were to be maintained across
the vortex device, the introduction .of a control flow
would result in an attenuated streem flow. Continuity
considerations result in swirling flow being propagated
downstream until it becomes established throughout the
nozzle. The swirling liquid upon issuing from the orifice
into the surrounding e&ir will, providing the radial
pressure gradient is high enough, form into a conical
liquid sheet.

. If it is necessary to revert to stream flow then
the pressure within the control flow supply annulus must
be reduced. Because of the fluid inertia the control flow
will not cease immediately; even if the supply to the control
annulus is stopped immediately the flow will continue for a
short period and a pressure dip below the steady state

pressure will be noted. As the control flow ceeses the
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stream flow will revert to its original value and the
swirling flow formerly established within the nozzle

will be swept out by the stream flow.

L~2 The Transient Analysis of Vortex Fluid Elements

Some authors have, like Otsap (1968), performed
& number of experiments and then fitted a transfer
characteristic to the fesulting experimental pointse
Otsap (1968) approximated the dynamic characteristics
of his vortex device to a first order linear system
having the transfer function [ K/H 2 Ys) ] .

He estimated that the time constant 7  increased as
the square root of the chamber volume.

Al-Shamma (1971), in his transient testing of an
exial vortex device, found that a simple resistor/capacitor
electrical circuit modelled the system comparatively well
and gave good agreement with the measured values. Al-Shamma
also mentioned two other points; he could not isolate the
vortex device; the delay time for steady state conditions
to prevail was substantially longer when the control flow
was switched on than when it was switched off. This latter
point will be returned to later.

Neve (1971) performed a considerable amount of
transient work. He fitted a linear second order equation
to his experimental results and, finding the agreement was
poor, added a number of first order lead or lag terms to

obtain better agreement. The final transfer function was
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of the form:
1 C(1+7%s)(1+ 2% s)

[ SE8s 1] (1+ Zss)

Neve also obtained the transfer function for an isclated
vartex chamber analytically. The problem was linearised,
therefore restricting the solution to small pressure
changes, and Neve further simplified the problem by
eliminating the stream flow inlet, stating that changes
in input pressure occur mainly in the control nozzle. A
simple first order lag function was obtained (see Figure
L-1 (b)) and it is interesting to note that the time
constant was directly prororticnal to the vortex chamber
volume. One of Neve's particular concerns was the effect
of the vortex chamber aspect ratio (length to diameter).
He found that the optimum aspect ratio for dynamic
performance was just under unity. He also noted that for
the particular devices under test there was "- - - no
marked difference between the times needed to set up or
destroy a vortex." This contrasts with the remark made by
Al-Shamma, although the vortex devices were of different |
types. Neve also demonsirated the similarity between the
equations for fluid flow and these for electrical networks,
drawing 2 parallel between inertia/inductance, pressure/
voltage, compressibility/capacitance, flow/current and
resistance.

Taplin and Seleno (1970) presented a very

canprehensive dynamic egquivalent electrical circuit for a
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vortex amplifier; their equivalent circuit is shown in
Figure 4-2. It can be seen that there are two paths
connecting the nodes He and H¢ ; one with an
inductive term and one with capacitive terms. Each
branch will have a specific time constant. If both
time constants are equal a first order transfer function
will result; however, if the branch time constants are
unequal a second order term will be introduced. Taplin
and Seleno used experimentally determined values for the
required constants, but unfortunately almost all their
quantitative data was presented in a non-dimensional
form.
Taplin and Seleno's model was modified to meet

the specific conditions of the vortex device under test.
It was assumed that the stream flow inlet was perfectly
regulated, then zero pressure change could occur at node

Hs and this could be earthed. For the vortex device
under test the exit pressure was also a constant (atmospheric
pressure) and therefore the node point He was also
eartheds The resulting simplified dynamic equivalent
circuit is shown in Figure 4~3. A further simplification
was considered. The stream flow inlet area was approximately
five times greater than the exit orifice and the equivalent
fluid flow path impedance was designed to be low. Therefore
the admittance Qs should have been very much larger
than Qe and it should introduce very little error to

assume that the node Ho  was pressure reculated.
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The resulting equivalent circuit model is also shown in
Figure 4~3.

From Figure 4~3 it can be seen that,in spite of
the simplifications made,there are still two reactive
elements in the circuit. It is likely, therefore, that
second order terms will be present in the transfer
function; however, when operating with liquids it was
thought that the inertia (inductive) term would dominate

the system.

4=3 Trensient Testing - Experimental Procedure

The experimental configuration is shown in
Figure 4-4. Both the control and stream flow inlet
lines were pressure regulated to prevent the supply
pump's flow characteristic having too much influence on
the experimental results. After some testing it was
decided to fit an electrical sclencid valve to switch
the control flow on and off. The electrical signal
to the solencid valve was controlled by & signal generator
via a reed switch unit (used to provide the valve current).
A pressure transducer was installed in the control flow
supply annulus to monitor the control pressure rise and
a 'jet sensor' was positioned in line with the jet orifice
but some distance downstream. The 'jet senaor' comprised
a waterproofed pressure transducer,used to register the
presence of the cylindrical jet by the pressure rise due

to the liquid impact. VWhen a control flow was initiated
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the resulting conical liquid sheet avoided impacting on
the 'sensor'. The downstream position of the jet sensor
was chosen to approximate the position of a cylindrical
body.

Signal lines fram the control flow solencid
winding, the control annulus pressure transducer and the
'Jjet sensor' pressure transducer were taken to an ultra-
viclet paper recorder and an analogue record made of all
the transient tests.

It was found that the manufacturers of both the
pressure regulators and the solencid valve were unable to
provide the transfer functions of their respective devices.
Even the limited information given by one manufacturer was
found to be inaccurate and therefore.the author was in the
position, mentioned earlier in the chapter, of obtaining
the overall characteristic of the system and being unable
to isolate the vortex device. In spite of the limitations
mentioned some very interesting and useful results were
obtained. Details of the proprietary equipment used for the
transient tests is given in Appendix 1l.

The experimental procedure was to set the stream
flow pressure regulator to the regquired static pressure
with zero control flow. With the control flow sclenoid
valve open the control flow pressure regulator was altered
until a stable air core was attached to the centre body
of the vortex device. This procedure set the prevailing

conditions of pressure and flow for the device. The signal
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generator was set to give a square waveform at various
frequencies and the transient response of the three
monitored channels recorded on ultra=-violet paper. A
series of transient tests were run with various stream
flow values and a number of control pressure ratios.
The transient results quoted in Table L4-1 were
obtained by averaging fram a number of cycles the time
lags from a signal initiation to the initiation of a
response and also the time taken from the initiation
of a response to the time teken to reach 63.2% of the
final steady state value (for a first order linear
system this would have equalled the time constant).

Figure 4~5 defines the times quoted in Table L4-l.

L=l Discussion of the Transient Test Results

L=ly=1 Observations on the Signal Traces

Figure 4~-6 reproduces the output from an actual
transient test. A number of points are clearly visible.
The application and removal of the sclencid voltage
(lower trace) is very rapid and closely approximates a
true step input. Also visible, but not ccmplete, is the
high reverse voltage and current on removal of the solenoid
signal voltage. This is typical of an inductive ccil and,
of course,means that the valve will not start to shut until
the magnetic flux has collapsed; it can be seen that this
takes at least 5 ms. The control flow supply annulus

pressure (middle trace) starts to rise same time after the
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TABLE 4, - 1

VORTEX EL=(ENT GECQZETRY No.2

£ (Hz) t, (ms) At,(ms) t,(ms) At,(ms) St.no.
Vy = 10nm/s
P, = 0.528 bar P, = 0,665 bar
Ap, = 0.06, bar Be = 2123
1 ON - 133 L7 31.3 3e3 1.30
OFF 26.7 8.0 31.3 2.0 1.30
5 ON 13.0 12,0 31.0 303 1.29
OFF 28.0 8.0 30.7 2.7 1.28
10 ON 20.7 73 22,0 2.7 0.92
OFF 30.0 6.7 26.0 2.7 1.08
Vs = 15m/s
*P, = 1.123 ber P, = 1.388 bar
Ap, = 0,120 bar IEE T P by
1 ON 10.0 13.3 22.7 543 1.58
OFF 29.3 11.3 233 6.0 1.62
5 ON 11.3 12.0 22.7 4.0 1.58
QOFF 8.7 93 2543 3e3 1.62
10 ON 18.0 10.7 12.0 6.0 0.83
OFF 3343 8.0 19.0 L7 1.32
p, = 1.123 bar P, = 1.467 bar
AP, = O.li bar P w1158
1 ON 93 15.3 22.0 Le7 1.53

QFF 30.7 14.0 28.0 4.0 1.95



£ (Hz) t,(ms)  At.(ms)  ta(ms) Ata(ms) Stuno.

P, = 1.123 bar P, = 1.547 bar

Ap, = 0.171 bar Re = 1.19

1 ON 8.0 18.0 20.7 G Tl 151 2
OFF  30.0 15.3 I TR 2.41

Vo = 9n/s

P, = 0.416 bar p, = 0.526 bar

Ap, = 0.051 bar By »10126

1 ON  13.3 16.7 31.3 5¢3: . 23D
OFF  28.7 8.7 3247 5a7 v 136

V> = 12 m/s

p, = O0.73L bar P, = 0.917 bar

Ap, = 0.088 bar Re = 1.116

1 ON 10.0 2e® 27 40 1.58
OFF  25.3 10.7 2.3 . Il < el

Transient test results
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valve signal voltage is applied, (see Tzble 4-1 for
average figures), and this delay time is ettributed to

the scolencid valve. It was thought that the slight
*peaking' followed by a long shallow trough mey be the
respaonse of the pressure regulator,rather than the solencid
valve or the vortex device. The time increment At

gives an indication of the rise time of the control
annulus pressure.

The output of the 'jet sensor' pressure transducer
is shown in the upper trace. Firstly it is rather obvious
that some 50 Hz. noise is picked up by the 'jet sensor'
signal line. The low signal to naise ratio of this
transducer made the amplitude of the naise difficult to
reduce {the maximum signal being approximately 20 mV).
The s:.gnal was not filtered since the noise freguency was
thought to be too close to the desired operating frequency
of the device and the effect of filtering could affect the
recorded response figures. The transducer could not be
changed since a waterproofed device was required and few
could be found to meet the experimental reguirements.
The upper trace does show,however,that the signal rise time
is .very rapid and that negligible overshoot occurs. The
time delay between the start of the control annulus pressure
rise and the start of the 'jet sensor' pressure rise was
taken as the response time of the vortex device (termed t:
in Table 4-1).

It was estimated that the measurements of the

various time delays and signal rise times could be in error
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by up to 2 ms. By averaging a number of cycles it was
hoped that a representative figure would be obtz;.ined

(see Table 4~1). Referring again to the control flow
supply annulus pressure signal; it can be seen that when
the control flow was switched on, there was a relatively
smooth pressure rise with very little oscillation, whereas
when the control flow was switched off there was a
noticeable high frequency pressure oscillation. This
aspect of the signal trace was attributed to the different
behaviour of liquids to compressive and tensile stresses.
With reference to section 4~1 it was stated that liquids
have much lower compressibility effects than do gases.
Whilst this is true, for the pressures used in these

tests, the behaviour of the liquid under tensile stresses
is different to that under compression. When the control
flow is rapidly shut off the volume downstream of the
solenoid valve experiences a rapid pressure drop due to
the inertia of the moving fluid. These low pressures
result in transient pressure wave transmission and reflection
and in severe cases aeration or cavitation can occur behind
the valve., Negative pressures apparently did not occur
within the control flow anmulus. In Figure 4-3 the
compressibility effects are modelled by capacitor Co. To
faithfully represent these differences in behaviour between
switching on and switching off the control flow would require

different values to be used for Co.
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Ll 2 Observations on the Experimental Results

The average results given in Table 4-1 illustrate
2 number of points. It can be seen that the solencid valve
response times, defined as the times between the application
or removal of the valve signal and a change in the control
flow supply annulus pressure, sum to approximately forty
milliseconds. These figures would imply that, to & first
approximation, a switching rate of twentyfive hertz would
result in no pressure signal reaching the vortex element.
It can also be seen that as the control pressure ratio is
increased the solenoid valve opens with increasing rapidity
and takes increasingly longer to close, the sum being
approximately constant. As the average jet velocity was
;ncmased the vortex element response time was reduced;
however, the non-dimensional response time, measured in
terms of Strcuhal number, was increased, (where the
Strouhal number was defined as the ratio of the actual
response time to the transport time with zero control
flow). Figure 4-7 not only illustrates the previous
observations but also shows that with a control pressure
ratio of approximately 1l.12 there is very little difference
in the element response time whether switching the vortex
on or offe It can be seen from Figure 4-8 that as the
control pressure ratio was increased from approximately
1.12 to 1.20 the time taken to switch the vortex on was
reduced slightly whereas the time taken to switch the
voartex off was increased considerably. Since the minimum

overall response time was required the control pressure
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ratio should preferably be about 1l.12.

The results given in Table L-1 also show that as
the frequency was increased fram one to five hertz, the
Strouhal number remained approximately constant; however,
at ten hertz the Strouhal number dropped below unitye.
Examinaticn of the tabulated experimental times shows that
as the frequency was increased the time At, » indicating
the rate of the control pressure rise at the supply annulus,
was reduced. This was true whether the device was being
switched on or off. It was thought that a form of resonance
was occurring within the contrecl flow supply system and the
component that suspicion deveolved upon was the pressure
regulator,together with the supply pipe fluid volume., It can
be seen that the previously mentioned signal overpressure
c;n switch on and underpressure on switch off,are at ten
hertz, fairly smoothly jained (see Figure 4-9). It was
thought that the pressure wave transmission due to this
resonance was the cause of the low value of Strouhal number
obtained. If this were the case then the pressure waves
would,in fact,mocdulate the control flow before the solencid
valve signale. TFigure L4-9 illustrates a sample of the ,
signal traces taken at ten hertz. If the control pressure
trace (centre) is compared with that of Figure L4=6 it can
be seen that,summing the times between the initiation of the
solenoid control velve signal to the time taken for the
overpressure peak,equals approximately fifty milliseconds;

half the ten hertz cycle time. The same is true in the case
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of switching off the vortex signal.

The transient tests results compare fairly well
with a qualitative assessment of the vortex element,
apart from the last observation on signal rescnance.
From the steady state characteristics,illustrated in
Figures 3-9 and 3-10,it can be seen that control pressure
_ratios of above 1,10 are required for a stable air core
to be formed. Also with a control pressure ratio of 1.10
the flow through the device is almost the same as with
no control flow. For this reason it was thought that the
time taken to establish swirling flow within the nozzle
should be very close to that required to establish
streaming flow. If the control pressure ratio was raised
above 1,10 then there would be a more marked disparity
between streaming and swirling flow values and hence one
could expect an increased divergence between the vortex
element response time to an 'on' signal,to that for an
'off' signal. Since the vortex element was designed to
have & low flow resistance to either streamihg or $wirling
flow, all the flow passages being of a relatively large
area, @nd since the device was operated on liquid, low
Strouhal numbers were expected. The values achievedj
however,were lower than expected and,as mentioned in
Chapter 3,this had probably been achieved at the ‘expense
of the element's power turn down ratio.

It should also be noted that with zero control

flow 66% of the transport time was accounted for by the
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distance between the nozzle orifice plane and the 'jet
sensor' transducer. After careful examination of the
swirling sheet geametry,it was decided that the 'jet
catcher' for the vortex element (see Figure L-10) need

be no longer than 4Om m. Allowing for a clearance between
the end of the device and any body of approximately 20 m m.
then,assuming the Strouhal remained canstant, the vortex

Ialement response time could be reduced by over 30%.

4=5 Summary - Transient Performance

A number of points were established as a result
of the transient tests made on the axial vortex device.

Due to the influence of associated control
equipment and the resulting unknown transfer functions,
it became impossible to isclate the‘ vortex device's
transient characteristic from the overall system.

From the examinaticn of Taplin and Seleno's
(1970) work it was considered that a reasonable simulation
of the vortex device could be possible. It was thought
that the transfer function would be dominated by the inertia
term and that compressibility and non-linear effects would
add higher order terms of a much smaller magnitude.

The non-dimensional performance of the device was
considered good. With a guite reascnable reduction in the
Jet transport time the device could meet the 35 Hz frequency
specified in Chapter 1. If the jet velocity was further
increased to 18 m/s and some attention was paid to the

response of the control flow, it was thought that the
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proposed vortex device could operate well as a

powerful and selective deflection device.
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5 CONCLUSIONS CN PROJECT TNVESTIGATION

Before itemising the conclusions dravn from the
entire investigation it was thought that a reiteration of
the objectives and problems mentioned in the introductory
chapter would be advantageouse.

To deflect and, as a result, sort heavy baodies
requires a large deflecting force and hence a2 large jet
momentum flux. Current sorting machines use multiple air
jets. which are noisy, inefficient, require high air
pressures and concomitant expensive control valves. It
was thought that a water jet could give the required
high jet momentum flux at low jet velocities and, if
controlled fluidically, might also be cheaper to install
and run. Unfortunately no experimental or theoretical
guidance vas available on the parameters thought to
influence the design of the sorting machine or of the
effect of various degrees of swirling flow on the physical
behaviour and appearance of the swirling liquid jet in air.

The results of the investigation and the conclusions
drawn from it were as follows:

(i) Automatic sorting machine design parameters
have been defined and a theoretical model of the dynamic
interaction between a cylindrical body and a cylindrical
liquid jet was formulated. The theoretical model was
supported by an experimentel programme anéd the results of
the initial investigation compare favourably. With further

experimental work it was thought likely that imprcvements
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to the theory would result. No other results could be
found on the dynamic movement of a body within a liquid
Jet to enable a compariscn to be made with the results
cbtained.

(1i) With the assistance of previously published
research papers on vertex fluid elements an axial vortex
device was designed and built. A novel feature of the
device was the centre body geometry. An experimental
investigation to determine the operating characteristics
of the vortex element showed it to be stable over a
large operating range and to operate in a satisfactory
manner. The power turn down ratio, however, was disappcinting.
In spite of the difficult nozzle georetry a two-dimensional
theoretical model with a one-dimensional decay pattern was
formulated. Previously only a one-dimensional analysis had
been performed for an axial vortex element. The initial
results from the two-dimensional analysis were thought to
be encouraging and a nunber of useful parameters could be
prédicted. With the prospective improvements discussed in
chapter six it was thought that the theory would enable a
more accurate prediction to be made of the various fluid
flow parameters, even un@er difficult flow conditionse.

(i3i) The experimental transient test results of
the axial vortex device showed that the desired operating
frequency was not met. The non-dimensional performance
however was very fast and it was considered that with some

quite realistic improvements the desired frequency could be
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achieved.
The investigation achieved almost all of the gcals
set at its inception; moreover, the theoretical studies made

should prove of considerable assistance to future investigations.,
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6 RECOMENDAT IONS FOR FURTHER WORK

6=1 Recommendations for Further Work on the Movement

of a Body Under the Impact of a Cylindrical

Liquid Jet

The reccmnendations for further work on this
subject fall broadly into two areas: simple investigations
which cculd give scme additional knowledge relatively
quickly and longer term research into the process of
momentum transfer between the liquid jet and the body.

Short Term Investigations

(a) From the parabolic trajectory of the ligquid
Jjet a corrected impact angle of the jet on the body could
be calculated together with a corrected drop height, (see
Figure 2~%). The cross section of the jet as seen by the
body would be elliptical with the ellipse, and angle of
impact, changing with downstream distance. These factors
could be calculated within the existing theoretical frame-
worke

('b) Examination of the experimental film indicated
that even when a small portion of the liquid jet was inter-
cepted by the body the entire jet was deflected through
some angle (see Plates 6 and 7). Also it was noted that
the bodies did not penetrate the jet as rapidly as predicted
(see Figures 2-13 and 2-15). The region of the thecry thought
to be most in error concerned the body's entry into the jet.
One formulation that was thought to bias the jet deflection
angle in the desired dircction was to obtain the mean jet

deflection angle as specified previously but then to apply
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this angle to the entire jet.

(e) A jet momentum flux coefficient could be
used to account for the fluid losses within the jet impact
region. A factor of 0.95 was tried during the initial
investigation but the losses were obviously less than F%.
A factor of 0.98 may prove to give better correlation
between theory and experiment.

(@) Removing the transparent guide walls used
in the experimental investigation may give a more
representative fluid flow. Cuide wires may constrain the
body sufficiently without containing the fluid flow to any
great extent.

Long Term Investigations

Almost all the long term investigations envisaged
centre on the impact region of the liquid jet on the body.

(a) Eventually it was thought that the three
dimensional liquid flow away from the jet impact region
would have to be investigated. The distribution of the
function ® ( B, ¢ ) shom by Taylor (1966) was similar
in certain respects to a normal distribution, the angle O
controlling the spread perameter (see Figure 2-2). These
are interesting aspects,since for a jet impacting normal
to a flat surface the function F ( B , ¢ ) is a constant.
In fact for any axisymmetric surface with the axis of
symmetry coincident with the jet axis, the same constant
function value would result. It was hoped that for certain

common geometries, for example flat plates, cones, spheres
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and cylinders, the flow distribution function could be
obtained.

(b) If the flow @istribution function could be
obtained, then the theoretical forces imposed on the body
could be calculated and compared with experimental values,
The discrepancies should be due to momentum transfer losses.
For the particular geometry investigated, a cylindrical jet
impinging on & cylindrical body, momentum considerations
result in & zero moment about the centre of mass. Any
moment measured during an experiment would indicate the
magnitude of the resultant shear forces on the body.

(c) To investigate the effects of body rotation
would again result in a shear force investigation. It was
thought that if the rotation was sufficient, it cculd
significéntly alter the pressure distribution witrin the
Jet impact region and thus alter the distribution of the
fluid ard the forces on the body.

It can be seen that the pressure distributien
within the jet impact region controls the resulting flow
distribution and hence the direct force and shear force

distributions on the body.

62 Recommendations for Purther Work on Provesed

Axial Vortex Pluid Device

The recommendations for further work on this
subject fall into the same two areas as in section (6-1),

short term and long term research investigations.,
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Short Term Investigations

(2) In its present form the theory assumed
the cuter stream surfaces to be fixed and coincident
with the nozzle boundary. It was considered. that this
was an unnecessary and restrictive limitation and that
stream flov separation from the nozzle boundary could
be permitted. It is proposed that the stream boundary
should be defined as the nozzle boundary or the zero
static pressure line. The computer programme could be
rewriiten such that the static pressure distribution
would be calculated for each station before entering
the section devoted to adjusting the stream surface
geometry. Before adjusting the stream surface the
pressure values for the station would be scanned. If
eny negative pressures were encountered the zero pressure
position would be interpolated and this value would be
used as the new fluid flow boundary. The remaining stream
surfaces would be positioned and the soluticn continued
as before. This improvement is being implemented on the
existing computer programme.

(b) A phenomenon which terminates the existing
methed of solution is that of fluid stagnation and
recirculation (when 2 negative square root may be demanded).
One method of circumventing this problem would be to
interrogate the function before obtaining the square root.
If the function was found to be negative the results for

that station could be diverted into a section where
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the negative velocity could be obtained and hence the
recirculation boundary point interpolated. The stream
surface boundary could be redefined as the recirculation
boundary. With a redefined boundary stream ‘surface,
control could be returned to the computer programme for
a solution.

(¢) It was thought that the accuracy of the
predicted parameters would be improved if a stream flow
shear stress could be incorporated into the theory.

This could be accomplished in a similar manner to the
angular momentun flux decay shear model. Thus:

Ut = fp. "':M/2
The calculated one-dimensicnal total pressure loss due to the
stream flow shear stress would then be added to the total
pressure loss due to the tangential shear stress model.

(@) In the discussion section of chapter three
it was mentioned that the tangentiel shear stress model
may not be of a suitable form. It was decided to investigate
a model based on the mean tangential velccity rather than
the mean tangential velocity squared. To retein the non-
dimensional character of the friction factor would require
the addition of a second velocity term; it was decided to
use the average stream velocity of the jet at the orifice,

Long Term Investigations

(a) There are two regions where the analysis of
swirling liquid flow is extremely difficult. The first is

the mixing region where the stream and control flows meet
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and the second is the nozzle orifice region where the
boundary conditions are abruptly changed. Attention was
cancentrated on the confined fluid flow within the mixing
region since it was thought that this region would be more
amenable to investigation and analysis. An experimental
investigation into the mixing region could be most valuable.
It was noted that on some of the device geometries tested
by Al-Shamma (1971), the control nozzle inlets were not
tangential to the stream flow. No advantage was claimed
but it was considered that improved mixing could have
resulted. In a paper by Al-Shamma 'et al' (1972) a number
of precessing vortices were shown in the exit orifice.
These vortices could have originated in the mixing region
and be due to a particular geomeiric configuration.

A further reason for investigating this region
is that the theoretical model requires details cof the
angular momentum flux lost during mixing. In particular,
the tangential velocity distribution at the exit of the
mixing region is of considerable importance because of the
influence it has on the resulting flow within the nozzle.

(b) The existing computer programme was written
to solve a linear partial differential eguation for the
stream flow profile. The profile obtained from the
solution is valid along an 'n' characteristic (i.e. the
coordinate x, = constant). The equation could be
transformed intc 2 non-linear total differential equation

by introducing the stream function defined in Appendix 7.
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Equation (3~ 10 ) becomes:

dyr. d (d_?!f)z K. - COSA IN - =
dn dn* * \dn ( g R ) H .

The equation can be linearised in terms of (d%n )

but then has to be integrated twice.

Letting (d%n) =y then equation (3- 10 )

becomes:

2
dy J . N
3+ (2kw - Lcosh)y + 2R'N = 0

The advantage of a total differential eguation is that the
solution of the equation is not restricted to an 'n'
characteristic curve. The equation can be solved at any
point along the stream surface providing the incremental
values of "n' are knomn. Since the 'm' and 'n' characteristic
curves are orthogonal and the 'm' surfaces must be knowm or

assumed,then the increments of 'n' cen be calculated.
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LIGUID JET BREAX-UP LENGTH
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Liquid Jet Break-up Length

The break-up of a coherent liquid jet into droplets
is a complicated phenamenon. The general consensus of opinion
(Putnam 'et al', 1957; Levich, 1962; Garmendia, 1975) is that
surface instabilities, which can be due to various causes, such
as surface tension, nozzle vibration, fluid turbulence and jet
velocity profile, grow on the jet surface until the jet disintegrates.
The two types.of jet surface instability menticned in many research
pepers are axisymmetric or varicose deformations and long wave
length, (in compariscn with the jet radius), arbitrary or wave-
like deformatiocns, (see Figure Al - 1),

Levich (1962) considered various types of instability
on the jet surface and cbtained different jet break-up lengths.
His equations are complicated but under certain conditions
simplify. It is the simplified equations that are used in this
appendix.

For low flow velocities, neglecting viscosity and assuming

axisymmetric deformations (Levich, 1962: p.63L):

%

L o2yt = 846y (on/s) ~(A1-1)

Equation (Al-1) is valid providing:
I
(o'ro//ozf )z =¢84 —(A1-2)
For low flow velocities, arbitrary deformations and including
viscosity:
Yo
L = v, [2+30(2/0m,) ~(A1-3)

(G/Z/Of‘: )52
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Equation (Al-3) is valid providing the inequality (Al-2)
is satisfied.

At high jet velocities:
L & .( /0//03“)3? 5 —(A1-4)

Vitman (1969) took an equation of Weber's (1931) for
the time at which the jet began to disintegrate and then
correlated various experimental results to obtain a value of K

in equation Al-5, (see Vitman, 1969: p..419):

tde . K[(2.gonf+ 2.gon :
274 [(g ‘/%) g A4* S

The equation (Al-5) only applies when (/('//49::.) > B
Vitman defined two critical times (to, anda top )
and two critical velocities (Vm, and v:roa) to determine
whether jet break-up was due to axisymmetric or wave-like
oscillations. For the time to jet break-up due to axisymmetric
deformations, ( t,, ) > Vitman recommended:
K=10 , in equation (Al-5)
5x10 = (9',%'3) = 2%10
7

For the time to break-up due to wave-like deformations:

K = 1.22 , in equation (Al-5)
a ‘
150, som ;_,&;‘-) = 2x10

The critical jet velocities (V,. anrd Vg, ) were obtained from:

ol
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v,; s ( //;3“))5 = 0'/" "e (/‘@“) —(A1-6)

Vitman states that equation (Al-6) is valid for the parameter

ranges:

4
0.33 = (A/ ) = 50x10
3
1.0 = (P/Pus) = 1.0x10
10x10 = (opr/d) = 2.0 x10

The exponent m was taken as 0.5.
From equation (Al-6) in conjunction with Figure Al-2:

The expconent n

-0.58 , except between the points 2
and 3 on rigure Al-2.

The constant A = 15, for the line 1-2-5, (see Figure
Al-2).

A =4 for the line 3= (see Figure Al-2).

Vitman then proposed the equation:

L = tv —(A1-7)

For liquid jets in air he gives the following expressions

for the time to jet bresk-up. For axisymmetric deformations:

t = t,, —(A1‘8) ] for V.:r = V:cn

t ‘= 0.23%, ( v -1 )“"“ —(A1-9)
Voo,
for v, >1.1v, 20" b >t

6l
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Symbols

for Fig.A1-2.

e X 0 b d > W

castor oil )

glycerine

gas oil
water

water in

water in

water in

water in

\ in air. — A.Genlein (1936).

-

air
- tskii
paraffin} Ya. Trotskii (1938).

air. — L.F.Vereshchagin , A.A.Semerchan ,
S.S.Sekoyan (1959) |

air, — V.G.Dementev (1954 ) .



For wave-like deformations:
ti= toa —‘(A1“10) 3 for VI = v:ro?.

'-I.O

t = 047t,, (_V;_ -—1) —(A111)

Vooe

oy o T Vs

To obtain the jet break-up length the appropriate equation
for time is substituted into equation (Al-'?).
From Grant's (1965) thesis the simplified form of his rather

camplicated equation was used (Grant, 1965: p.181):

L. g () —(n-12)

where We =/°C|oV_—.z/O'

Two sets of sample calculations were made for the jet nozzle

size to be used and at the upper and lower jet velocity range

expected.
-3
B = 40x10m 3 o =0.073N/m.
3 3
/2 = 999 kg/n:. 3 /Os = 1.205kg/m.

- -5
A = 1,002 x10 Ns/m. ; _4,,= 1.81x10 Ns/m:
Teking V, = 10M/S.  Levich's equations give:

Axisymmetric oscillaticns (eguation (A1-1) ):
372

-3
L 2 8.46x10 | 999 (4x10 = 0.25m.
0.073

Arbitrary oscillatims:

le2



- L
mozxma)( 2x 999 )z
Lgigilg & 3 \aee 0073x4x10°

( 0073 e
2x999x(4x107°)*

0.843 m,

Equations (A1-1) and (Al-3) are valid since in equality

(A1-2) is satisfied, as shcwn:

0073 % 4x 10° 1%
=3 = 540
[ggg(wozxm ) ]

999
At high jet velocities, (equation (Al-4) ):

L (999)x4x10 = 0.155 m.

1.205
For Vy= 20M/S equations (A1-1) and (Al-3) change to:
L 2 0.148 m. (A1)
L & 1.686 m. (A1-3)

Before Vitman's equations (Al-5) and (Al-6) were applied the

parameters were checked:

</"//"s¢=) = 95.4
o/ pss) = 829

()

The parameter (0/'0&//"{2) exceeds the reccmmended

2.92 x 107

maximum value but examination of Figure Al-2 indicates that all

the data points shosn for water jets injected into air the
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parameter equals or exceeds the maximum value recommended.
Therefore the calculations were continued but close agreement
was not expecteds The critical times for axisymmetric and

arbitrary oscillations were respectively, (equation (Al-5) ):
3.3 3
t, = 10x27(1.002 x 15°) e
(0.073) x 999 (9 ) )
( 2 x 2.92 x ) ]

= 0.841 s.
t.= 122 x 27(1.002x 10) | / 2 s %
0 . X £.x202x10 ) +
* T(0073) x 999 (9 < )
(—g-x 292x10° :l
= 0.1026 s.
And from equation (Al-6) the critical velocities are:
L n
o = Ax0073 292 x 10 x(55.4)
Fol 1.002’(105(1/829);& 92 x x( )

-0.5.
4 x 2095 (21.75 x 10° )
1.773 m/s.

~0.58

15 x 2095 (21.75 x 10 )

Y02

6.65 m/s.
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Since for the jet velocities of 10 and 20 m/s. both exceed
Vyop » then the appropriate time equation is (A1-11).
This was substituted into equation (Al-7) and the jet break-up

lengths chtained:

v; =10 m/s,

-l.0

10 x 0.17 x 0.1026 (Ej%"s - 1 )

—
1"

0.3475 m.

v, = 20m/s.

=1.0
L = 20 x 0.7 x 0.1026 (62—35- e )

0.1738 m.

Equation (A1-12) from Grant's thesis gives:

vy = 10 m/s.
3 2 yz 0.4
A, 999 x 8 x 10 x 10.0 )
L= 8x10 8.51[ 0073 :!
= 1.329 m.
v; = 20m/s,
L = 2.07% m.
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APPENDIX 2

THE PHYSICAL PROPERTIES OF TEE JET FLUID
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The Physical Properties of the Jet Fluid

Fluid: London tap water.

Properties: (An average of five samples, September 1974).

o
Temp.( ° C) 18 20 22 Tolerance Me%gtt:ﬁeogent
DENSITY
(gm/cn’) 0.999 0.999 0.998 +0.001 Density

balance
SURFACE :
TENSION 4.6 73.6 ° T3e2 + % Stalagometer
(aynes/cm)
DYNAMIC
VISCOSITY 1.09 x 1.03 x 1.031 x + 19 'U' tube
-3 -3 -

(NS/ m) 10 10 10 viscometer

DISTILLED WATER

SURFACE

TENSION 72.75 + 27 Stelagometer
(aynes/cm)

DYNAMIC

VISCO.Z'STI'Y 1.002 x 17 'J' tube
(Ns/m" ) 10'3 viscometer

&1



CHEMTICAL ANALYSIS: (Courtesy of the Metropolitan Water Board.

An average of 357 samples, September 197L).

Ammoniacal Nitrogen 0.039 mg/l.
- Albuminoid Nitrogen 0.080 mg/l.
Nitrate Nitrogen Tl mg/1.
Caco, 276.0  mg/l.
Magnesium | 5.7 mg/1.
Chloride as Cl. 1.0 mg/1.
Fhosphate as PO, 3.0 mg/1.
Silicate as Si0, 9.0 mg/1.
Sulphate as SO, 62.0 mg/1.

Fluoride as F 0.15 mg/1.
Surface active material as

Manoxol 0,T. 0.02 mg/1.
pH 7.8

&8



APPENDIX 3

TOTAL HEAD TUBE CALIBRATION EXPERIMENT
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Total Head Tube Calibration Experiment

The hypodermic total head tube was to be used to
measure the velocity of a liquid jet.
For the total head tube it was assumed that:
Ap = Pvsy,
and therefore if the electrical output of the transducer

was directly proportional to the pressure difference then:

¥ ..o (2E /o)’a

The electrical ocutput from the transducer was
measured by two different methods. For the body deflection
experiments an oscilloscope was used and for the jet velocity
profile measurements of the vortex element a digital voltmeter
was used. In both cases the calibration experiment used a
liquid jet with a flat topped velocity profile.

For a specific electrical output fram the transducer,
measured by an oscilloscope, & volume of liquid was collected,
weighed and the collection time noted. Thus since the area
of the orifice was known, the mean jet velocity could be
calculated and calibrated against.the measured transducer
signal.

Transducer: Bell and Howell
Type: 4 = 366 - 0105 = O3MO; Serial No. L L41468.

Oscilloscope: Tektronix

Type: 564; Serial No. 10072 (Time base:Type 3B3, Serial No.
100130, Dual trace differential amplifier: Type 3A3, Serial
No.001596) .

Stabilized power supply: Farnell

Type: L30A ; Serial No.000729
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OSCILLOSCOFE EXPERTMENT

READING
s ('Zi Lao* Q s

o (kg ne (s/2)
1 beli7 2,45, 4,081
2 6e3 3333 5¢543
L 8.9k 1+873 8.10%
6 10.95 - 5,739 9545
8 12.65 64580 10,942
10 ' U1 740,00, 12,312
1, 16.73 8.863 14,738
18 18.97 10,174 16,920

22 20.98 10.908 18.140

For more accurate velocity profile measurements
a digital voltmeter was used., In this case the flow was
measured by noting a Rotameter scale reading together with
the transducer voltage displayed on a digital voltmeter. The

Rotameter had previously been calibrated (see Appendix 8).
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Dipgital Voltmeter:

Type: I, 14,20.2

Flow measurerment:

Type: Metric 65 P, (Korannite float).

DIGITAL VOLTMETER

READINGS
. . @)
(mV)
0.6 346
1.03 LeSh
1.56 559
2.18 6460
2,89 7.60
SeTk 8465
470 9.70
5.82  10.79
el 11.95
8.55 13.08
10.10 14.21
11.82  15.38
13.71 16.56
1577 17.76
18.02  18.98

Solatron

Serial No. 151210

Rotameter

ROT AMETER

SCALE READING

12

W oo ~N o N e

& F & 8 B &

Q

(L1s)
0.1833

0.2381
0.2933
0.3454
0.3988
0.4513
0. 50,0
0. 5642
0.6221
0.6875
0.7517
0.8029
0.8802
0.9330
0.9936

Vs
(m/s)
3.06

3.97
4.89
5476
6465
752
8.40
9.40
10. 37
11.46
12.53
13.38
1. 67
15455
16456



(m/s) T '
x - oscilloscope :
20 O - voltmeter -
VJ’

10 -

1 1

-2
(gé )’5 10 kg/m?
i

Total head tube calibration

Figure A3-1



Hypodermic total head tube

PLATE 15



APPENDIX L

PROPRIETARY EQUIRMENT LIST - CYLINDRICAL BODY DEFLECTION

EXPERIMENTS
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Proprietary Equipment List - Cylindrical Body Deflection

%rim&n’cs

High Speed Camera: Hy-Cam

Camera speed: 400 or 500 frames/second, timing marks on
the film edge from a Hy-Cam Timing Light Generator.

Lens aperture: f5.6

Lightmeter: Hy=Cam

Film: Ilford Mk.V , Type 782 (16 m.m.)

Developing chemicals: 'Exprol' and 'Amfix'

(from May and Baker, Dagenham).

For a list of the equipment used to measure the

liquid jet's velocity, see Appemdix 3.
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APPENDIX 5

CYLINDRICAL BODY DEFLECTION EXPERIMENTS

= SOURCE DATA
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Cylindrical Body Deflection

Experinents ~ Source Data

Jet

Body

Diameter Drop

velocity

V3
(n/s)
9

dp
(m)
0.1

Displacements

height
h mp

(m) (kg)

0.175 0.1320

0. 2316

X

(m m)
0
0.3
37
10,2

19.0

"29.1,

40.3
51.3

62.3
0

0.2

2.5

55
10.7
17.2
26.1
o7
L3l
532
61lel

e

Mass Horizontal Vertical Rotary

1.2
1.8
2.9
L9
549
8.1
ey
10.9

= 3.0
= 75
«12.7
-17.8
-24.8
=324
=41.2
-51.0
=61.7

=72.5

Time

745
17.5
2745
37«5
47+5
575
67«5
7745
87+5
J7+5



V3 dp h mp
(/s) (=) (m) (kg)
0.095 0.1320

9 0.1 0.095 0.2216

0.05 0.2C 0.0%581

x
(m m)
0
- 0.1
1.9
5¢5
11.5
20.2
32.1
L5.2
57¢5
70.0

0.3
1.5
Le7
9.1
4.9
20.7
8.1
kel
1.3

0.5

2.8
6.7

717

204
L2.6
55+9
71.1
85.2
102.8
118.1
135.7
10.7

7.1
3C.1

0.2
1.6
3.5
6.2
10.0
12.6
1603
2942
21.8

0.1
=0s2
0.1
0.7
366
6.3
37
12.1
15.5
18.1

=0.8
1.3

0.3

(ms)



Vi dp
(m/s) (m)
12 0.1

h op
(m) (ke
0,120

0.175 0.1320

(m m)
1064
15.0

3.0

0.1
1.5
k3
6.6

10.4

L6

20,44

28.L

3743

50.8

62.6

0.8

L.6
13.5
2643
L2.3
6l.1
79.1
979

I ES

(m m)
L42.0
5241
737
95.7

6.7
13.9
20.5
2504
30.9
35.5

42,3
491
570
69.3
82.7

16.7
32
LBk
6547
84.0
102.8
122.7
1,3.1

1.3
1.6
1.6

0.1

1.5
6e3
11.3
20.3
31.2
40.7
4L8.7
5846
705
8le 5
99.2

-0.5
1.8
0.2

=0l

-2.2

=lyols

=Tk
-10.8



Vi dp h mp
(n/s) (m) (m) (kg)
12,0 0.1 0.175 0.2316

0.095 0.1320

x

(m m)

0
=0,2
=0.2

1.0
kel
8.3
16.0
26.8
39.2
5Le2
72.0
87.6
105. 3

121.5
0

0.1
2.7
8.7
19.0
33.8
5346
7549
101.3
12647
153.1
179.6

18

y

(m m)

0
5¢2
15.2
2545
33ek
L2.3
51el
60.6
71.6
82.7
972
111.0
12642
142.0

6.8
18.8
30.7
40.5
51.9
65.1
777
92.7

109.6
127.5
14649

0.8
3.0
Le9
77
11.9
15.7
20.5
26
2846
31.6
3542
39.1
41.7

0.1
2.8
6e1
9.6
13.9
17.1
18.6
19.6
20.7
20.7
21.6

1C6



V3 dp h mp x y e’ t

(n/s) (m) (m) (kg) (mm) (mm) (ms)
0.2316 0 0 0 0
0 Le3 0.6 4

-0.1 15.1 3e3 1,

2.5 26.1 5.6 2

6.7 369 8.7 3

13.6 477 12.9 Ly

23.6 60s 1643 5%

35.8 The6 19.8 6

48.8 88.9 2.1 Tk

63.9 105.3 27+2 8L

L

T7.8 3287 299
92.7 138.8 32.6 104

12 0.05 0.20 0.0581 O 0 0 0
0.5 ek 0.3 5
II-- 2 200 5 "007 10

96 304 1.3 15
16.8 41.8 2.3 20
23 52.2 36 25
39.1 72.1 3¢5 35
5.0 96.0 4.5 L5

0.120 0 0 0 0
0.8 8e6 -0e5 6

6e9 2.3 0.4 1,

17.7 33.5 =0.1 22

32.5 L7e3 Oult 30

180



Vi
(n/s)

15

dp

(m)

0.1

(m)

0.175

(kg) (m m)

49.0

65.0

85.3
0.1320 0

3.1
12.1
28.3
51.3
80.1

109.5

13809

168.5
0. 2316 0
0.5
3.1
9.1
20.0
35.6
She3
154
98.7
124.1
149.9
17645
203.0

18l

(m m)
60.0
75.1
93.0

Le2
22.4
3649
534
71.2
90.6

112.1
134.8
1597

749
21,2
32,2
41.5
50.8
60, 2
70.8
82.8
9642

110, 3
125.2
1,0,0

-1.1
-1.6

2.7

0.1
1.1
362
6.6
10.4
4.0
17.3
19.9
22.4

~-1.6

=643

-11.5
-16.4
=21.6
=2645
-295.6
-32.6
-3645
=395
=431
=L47.7

105
115



Vi dp h mp x
(n/s) (m) (m)  (kg) (mm)
15 0l 0.175  0.2316 0
1.5
Te2
15.1
2847
L9
6l.2
7845
953
0.5282 0

0.8

3.2
Tk
14.0
2.9
28.8

3642
0.095 0.1320 0

0.8
5.1
.3
27.9
L9.2
753
108.2

182

(w m)

18.4
3648
537
732
9346
114.8
1374
160.0

Led
233
L3e2
62¢3
8Ll

107.1
128.8
153.1

10.9
19.6
27.9
35¢9
4440
L9+5
5643

Ouly
0.1
0.1l
0.1l
0.1
=1l.5
=3.1
“SeD

0.6
1.1
1.3
2.2
1.6
1.6

1.2

1.7

Te2
15.4
2€.0
36.0
L5.8
52.6

(ms)

10

30
40

60

70
80

2¢5
12.5
22.5
3245
42.5
5245
6245
7245

10

30
Lo
50
€0
70



vJ

(n/s)

15

dp h mp

(m) (m) (kg)
0.2316

0.05 0.20 0. 0581
0.1381

183

(m m)
Li6.4
190.2
0
0.5
33
8.7
17.9
3.2
4847
69.9
93.1

117.0

14,2.2
167.0

0.6
Le2
10.7
20.2
27k
48.1
63.7
949
127k

0.2

(m m)
Blia7
75.1

11.1
22.7
32.7
L2.9
535
69
77.1
913

107.5

1234

140.5

75
.2
22.7
30l
38.2
472
55.2
69.7
85.0

Lo

604
67.0

0.8
2.7
L.2
6.3
8.0
9¢5
10.7
12.1
12.1
12.1

134

-8.0

=134
=19.7
=26.1
-33.6
=41.7
-4Ee7
-63.4
~77.2

0.1

(ms)

110

10

15
25
35
L5

55

2.5



vj dp h mp x
(w/s) (m) (m) (kg) (mm)

0.8

342

7.6

12.0

17.7

23.5

33.9

L5.1

0,120 0.0581 O

0.1

3¢5

1347

31.2

552

82.3

115.0

148.8

18 0.1 0,175 0.2316 O

0.1

Sk

31,7

2648

14942

The5

102.1

1&4

y
(m m)
15.0
247
3549
4647
5740
6843
90.7
113.9

0
2.8
1.1
240
3349
4563
57.1
7242

90,2

8e5
240
392

70.9
89.8

109.8

eﬂ

=0.3
-0.6
=0.1
-0.1
0.2
0.2
1.2

2.0

0.1

Te5
15.3
2349
3243
3843
47.6
5743

0.6
-0.2
0.2
0.6
~1.8

=23

(ms)

75
12.5
17.5
2245
27.5
5245
42.5
52.5



Vi

(m/s)

18

dp
(m)

0.1

0.175 0.5282

0.095 0.1320 -

1.9
5.8
13.6
23.8
352
L6k

57.8
0

=0.1
2.5
10.5
242
459
7540
109.9
150.3
196.1

0.2

1.1
6.9

185

12.5

21.5



VA dp h mp x y %) t
(v/s) (=) (m) (kg) (zm) (mm) (ms)
19,3  29.7 206 32
40.5 35,0 3l.5 42
69.3 38.9 43.0 52
107.4  L43.1  56ek 62
151.9  47.3 6946 72
0.2316 0 0 0 0
0 2.3 =0.1 2
LY 3359 -0i9 12
4e9 2 =0.6 22
13.3 337 0.5 32
25 = 425 0.5 42
K7s7 . 508 0.5 52
729 596 1.3 62
1001 © T 70:8 < 0.F 72
1391 840 2.7 82
176 98.2 0.6 92
18 Oel  0.095 . 002316 214.9 1134 0. 102
252.9  130.3 =0.5 112

290.7 6.7 1.6 "122

0.5282 0 0 0 0
0 2.5 0.1 2

C.8 15,6 =0.8 12

2.3 29.5 =C.8 22

Te5 L2.8 Cel 32

15.4 5643 1.2 L2

206 71.8 0.9 52

186



v

(v/s)

dp

(m)

0.05

(m)

0.20

(kg)

0.1381

0.3823

(&1

x y
(zm) (mm)
37.6 87.8
51.5 106.1
66.0 125.3
796 1.5.3

0 0
(o) 8.8
243 18.6
6.7 26.3
12.3 3545
19.7 L4.0
28.6  53.2
37.9 625
55.6  B8l.2
73«7 100.5

0 0
0.8 1.3
308 249
ek 3he7
16.5  44e9
24e5 S48
3.9  65.0
7.1 8743
62.1 110.6

0 0
0.2  10.4
1.4 19.7

99

Ce5
0.1
=1.3

-203

2.0
2¢5
7.6
12.0
Lyl
17.2
19.7
237
20.7

0.9
1.7
1.7
1.7
1.7
2.5
1.9

0.8

Ce6

-0.6

(ms)
62
72
82
92

10
15

25
30
35
L5

55

7+5
12.5
17.5
22.5
27«5
3245
425
52¢5

10



Vi dp h mp

(m/s)  (m) (m) (xg)
18 0.05 0.20 0.3823
0.120 0.0581

0.1381

Tolerance cn measurements:

188

x y S
(@mm) (mm)
3¢5 30,6 -1.2
7e3 40,6 -1.1
10.0 51.8 -1.0
13.3  63.8 -2.0
20.6 85.5 =2.7
28,0 108.8 =3.6
0 0 0
6.1 5.8 0
N 17.2 1.5
23.0 29,0 7.0
Slely 396 9alt
86..2 51.8 10.7
122,2 6l.6 12,5
167.6 758 4.5
2e2 90,9 6.4
0 0 0
-0, 2 6.2 =0.1
2.6 U185 0.7
10,0  29.9 -2.3
22,0  40.0 =0.9
37.0 517 =0.9
Sheb6 6346 =345
76.0 79.0 =3.5
96.9  95.0 =5.0
Translation
Rotation + 1.0

(ms)
15

25

L0
50

£ O

a B8 8

s o P ¥ F

+0.5 mm.
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Jet
velocity

(n/s)

12

15

BDY

Diameter
dp
(m)

0.1

0.05

0.l

0.05
C.l

Drop
height

h
(m)
0.175
0.095
0.20
0.120
0.175
0.095

0.20
0.120

0.175

0. 095

Mass

mp

(kg)
0.1320
0. 2316
0.1320
0. 2316
0.0581

C.1320
0.2316
0.1320
0.2316
0.0531

0.1320
0.2216

0.5282
0.1320
0.2316

EXPERTVENT
Defln. Jet
time ccntact

time

td te
(ms) (ms)
69.2 59
84e5 TTeds
70.0 Tl
105.9 758
36.0 27.9
Lok 579
Sl 6303
82.3 110.0
Shel €5.5
748 B86e2
25.5 283
26.0 373
4L2.0 61.2
520 975
53e2 572
89.7 52
50.5 -
60¢5 90.4

laxe

defln.
within

Jjet

(m m)

3he9
L3ek
51.8
305
17.6
59k
6547
9645
125.0
6648
2942
L7e3
105.1
15646
60.5

22¢3

118.0

CALCULATED
Defln. Jet
time contact

time
td te
(ms) (ms)
71.9 56e4
103.7 Siel
713 75.0
959 69.7
a3 30.6
3.8 L40.8
533 61.7
70.1 56elt
57.1 90.9
69+9 752
2642 el
28.1 52«7
453 T3e3
Ge 2 0.2
552 60.2
884 57
L9.8 -
58.9 85.9

Max.
defln.
within
Jjet

(m m.)

3243
175
553
2843
203
35e2
6748
3346
1,1.9
581
Lol
102+9
147.0
5945
59«5
22.2

118.4
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EXPERDENT CALCULATED

vj a h _mp La te 2 ta te 2
(/e - Ay (m) ) L5 ) EA L W e v S e S B

15 0.05 0.20 0.0581 23,2 37 71.0 22,4 L3.3  109.2

0.1381 33,8 2643 18.6 31.0 31,2 2566

0.120 0.0581 23,2 43el; 85.7 25,0 = -

18 0.1 0.175 0.2316 4545 6he§ 101.0 47.7 66,6  104.8

0.5282 68.2 55.0 352 69.6 5644 3349

0.095 001320 1{-7.3 - g 1{-506 - o gt

L5.3 C o= - L5.6 - -

0.2316 53,0 99.0 202.0 5243 119.3  328.5

0.5282 71.0 r L 5343 69.L 75.0 59,0

0.05 0.20 0.1381 279 33.1 3.1 2645 33,6 L2.8

279 29.5 2745 2645 33.6 42,8

0.3823 45.0 28.0 11.9 45,0 29.3 12.1

01120 0.0581 20-7 1’.1.7 11200 22.8 = -

0.1281 2847 29.8 4562 28.0 5047 98.4



APPENDIX 6

SURFACE TENSION EFFECTS OF SWIRLING LIQUID SHEETS IN AIR
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Surface Tension Effects of Swirling Ligquid

Sheets in Air.

An analysis of a swirling liquid jet in air was
performed by Hodgkinson (1950) and the analysis that follows
is broadly similar; however Hodgkinson neglected the surface
tension terms resulting from the sheet curvature in the
meridian plane. Both Lance and Perry (1953) and Taylor (1959)
gave the correct equations of motion for stream flow over a
conical cbstruction and Taylor demonstrated that the influence
of gravity was small.

Basson (1956) disagreed with Hodgkinson (1950) and
Novikov (1948), among others, and disputed the experimental
results of Weinberg (1952). Hasson maintained that the liquid
sheet velocity was constant and that the energy eguation used
by Hodgkinson was not valide. Taylor also used & constant sheet
velocity, although he mentioned the effect of air drag, but a
contribution by Howarth in the same paper calculated the effect
of the air boundary layers on the liguid sheet velocity.

In spite of these possible limitations the energy
equation was retained within the analysis. It was thought that
other phenomena not considered, for example heat and mass transfer
between the liquid sheet and surrounding air, may have a considerable
effect (Weinberg, 1952). The analysis was thought to be useful
as it stood and further experimental work will, no doubt, verify
or disprove the predictions.

The liquid sheet configuration is shown in Figure A6 - 1
and an elemental volume of fluid is shown in Figure A6 - 2, It

was assumed that the fluid was incompressible, the liquid sheet
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thickness was vyery much less than the sheet radius and that
there was a negligible static pressure difference across the
sheet. Viscous, gravitational heat and mass transfer effects
were neglected. The governing equations were :

(1) The radial equation of motion

b Zcmosﬁ(r‘sec/sgoc 5B + R Sx Sﬁ) »
(PYRrsECSSu S/S) Qv

_ac[cgs +c_osj_6} 3 /a"a’[;lc_i(usw/}.) . __\,_/_3]

P r
,..ZU[QE_S'@ + %f@] {q't[vaﬁﬁ +S‘n\!ﬁ, c!v vaJ (A6-1)

(i1) Conservation of energy (only kinetic and surface

energy terms are considered)

l:v +_g}ﬂRS/5 rsecB Sk Y +£D‘E§/_“,secﬁ S& = ConSTANT
g 2

” Mz + _\4? + 20 = CoNSTANT  —(A6-2)
e it N

(iii) Conservation of mass :

reTeVo = TV = CONSTANT - (A6-3)

(iv) Conservation of angular momentum :

foVao = Ve = CONSTANT - (A6-4)
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Differentiating equations A6 - 2 and A6 - 3 with
respect to time and substituting for (AT/dt) in equation

A6 = 2 then:

vdv + Vedve + 20 [’f‘d\! +vzsmﬁ] =0 - (A6-5)
dt dt  pwtw [ dt

Differentiating equaticn A6 = 4 with respect to time

and substituting into A6 - 5 gives, after some rearrangement:

dv = —VSNB| KWV - K /2 - (A6-0)
dt v + Kir
where Kf - ad/p n, Tﬂ Vo ’ and K?. ) ( Va Vﬂa)z

Since V=R then,

P R a7 A% GLECT DR o ST
R chté : ﬁ

Substituting for R, ana Ve from equations

A6 - 7, A6 - 3 and A6 - 4 into equation A6 - 1 and rearranging,

gives:

n KirV

(_‘oSﬁIZE:; < 'i‘,‘]

[@_s.,é e (s:uﬁ i’ = -‘%g-)] "

23
1l

Substituting for Ve from equation A6 - L into

equation A6 = 2 and rearranging, then:



P I(i + K?.(_Lz._. _L)+ ZK;(PV_ K;KQ =0 _ (Ae-9)
MK

where Ki'a 15 ' ana Ks= Vo

The three equations A6 - 6, A6 - 8 and A6 - 9 contain four
unknowns, V,ﬁ,l" and - L , and were solved numerically
using increments of time as & base. Since /3 was not
required explicitly the substitution U = SIN /37 was
made and the three eguations solved in the order given below
using an I.B.M. computer subroutine for initial value
differential equations. The numerical integration procedure
follored by the I.B.M. routine used a modified Runge-Kutta

processe.

2 2
v +Kz(j__L1_) s2Ki(rv - KaKa) _Ks = O
P Ka :

dv = uv [Kz/f"— KN] _ (A6-10)
C[t (V + KIY‘)

2

di Kt o Vat + Ko _ (6-11)
dt (v + Kir)
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The three equations ebove predict the liquid sheet
velocity, radius and sine of the sheet semi-angle against
time. They do not prdeict where the sheet is likely to break
up and assume a constantly expending, rapidly thinning, but
continuous liguid sheet. In a continuation of his work on
the dynamics of thin liquid sheets Taylor (1959) studied the
effects of waves on liquid sheets end their final disintegration.
The conclusions drawn by Taylor pertinent to this work were
that the break up of a liquid sheet edge fixed in space was
determined by the sheet velocity and the velccity of an
‘antisymmetrical wave'. For a liquid sheet of uniform thickness
a stationary edge would occur when the sheet velocity equalled
the velocity of an ‘antisymmetrical wave'e. The velocily of

'antisymmetrical waves' was given asi

For a radially expanding turbulent liquid sheet the Weber
nunber could not exceed unity, where the Weber number was
defined as:
ve = 29T and ¥ = mean sheet thiclmess.
Fluid viscosity and turbulence would reduce the Veber
nurber below unity and the criteria for the sheet edge was
given as: 0.25 £ We £ 0.4
The liquid sheets used in this work were expected
to expand radially and therefore an edge was defined as

occurring when the Weber number equalled one third.

§=17



Figures A6 - 3 and A6 -~ 4 show the variation in sheet
curvature with various swirl and stream velocities. The
parameter (sin /3 ) has been plotted since it was thought that

this parameter most clearly showed curvature changes.

Under zero swirl flow conditions, equation (A6~ 10)
indicates that (‘iy’dt) must always be negative, for normal
orifice outlet conditions. The denominator of equation (A6 = 11)
will be positive since the Weber number must always be less than
unitys

The effect of increasing the swirl velocity is to
make (dv/dt) less negative and if ( K%?') is greater
than (K\)  then ( Aﬁ’dt) can become positive. A
similar .effect cccurs with the numerator in eguatiow (A6 - 11).
Both the second and third terms in equation (A6 - 11) beccme
increasingly positive and eventually (dt-}/(_{t) may become
positive and the liquid sheet semiangle is predicted tc increase.
Solutions to the equations become increasingly difficult to
obtain as the swirl velocity increases. The soluticn to equation
(A6 - 9) can oscillate and the I.B.M. subroutine be unable to
hold the answers within the permitted error band. If the swirl
velocities are further increased the instability can be overcome
and the predicted values for the conical sheet semiangle can
exceed unity.

The work was thought to be useful and showed that
curvature effects should be negligible at the anticipated liquid
sheet velocities. Also it appeared likely that a stable conical

liquid sheet should be obtained with swirl velocities considerably
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Initial conditions:

(3°= 30";r,= 4mm.; T, =15 mm.; Yy, =00m/s.

0.6 I T 1

Sine of liquid sheet semi-angle against time

Figure A6-3



0.9

0.6

0.3

-0.3

-0.6

Sine

Initial conditions:

[5,,= 30°;r= 4 mm.; T =1.5mm.; v, =1.0m/ss.

I
V= 1.0m/s

V= 0.8 m/s

v,= 0.6 m/s

t (ms) 50

of liquid sheet semi-angle against time

Figure A6-4



lower than the liquid sheet stream velocity. The work was not
continued since the most difficult region for analysis, the
nozzle orifice region, still had to have the initisl conditions
arbitrarily specified; also a number of assumptions made were
thought to be doubtful. In view of the small contribution
likely to be made by any improvement in the theory the mubject

was terminated.
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APPENDIX 7

THE EQUATIONS OF FLUID FLOW
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A7 - (i) The Equations of Fluid Flow.

The vector equation of motion for fluid flow, in an

inertial coordinate system, is :

(o)

%+V[%+gz] = ?x(va)-v[.B.]+ T

S
where f = frictional force rer unit mass exerted on the fluid.

For constant viscosity, incompressible, laminar flows :
f = VW

The continuity equation for incampressible flows is :
VN =0

A7 ~ (ii) The Coordinate System used for Analysis.

The coordinate system used for the analysis of fluid
flow within the nozzle is an axisymmetric, orthogonal, curvilinear
system. The coordinate system is shown in Figure A7-1 and an
elemental volume of fluid, with the stresses exerted upon it,
is shown in Figure A7-2.

The unit vectors —Cr 3 —‘?z ’ t.; are tangent to the
coordinate curves X;,X;yX, respectively. The coordinate
surfaces of one particular family ( X, or X, or Xz )
are not necessarily parallel to each other. For example the
distance between the surfaces X; = constant and Xz+dXx,
= constant are not necessarily equal although the increment
of the coordinate X; is the same everywhere. Care must be
taken to distinguish between the actual distance between the two
coordinate surfaces and the change in the coordinate X, .
This is done by using variable parameters, known as metric

coefficients hu hz,h 3"
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Axisymmetric stream surface

coordinate system

Figure A7-1



Elemental volume of fluid showing

stress notation

Figure A7-2



For any particular coordinate system there exist

definite functional relationships between the variable parameters
3 O 0 Y and the coordinates X,,X» X, -

The system used in this anzlysis is an a2xisymmetriec,
orthogonal coordinate systiem with the distances along the
coordinates X,,X%; X3 increased by e, m,n respectively.
The orthogenality condition gives a right handed unit vector
system such that:

e S I o

The surface X, = © = constant, is a meridian plane
passing through the axis of rotation. The coordinate surface X,
= constant is obtained by rotating an ‘N’ curve about the exis
of symmetry. The surface Xz = constant is cbtained by
rotating an m' curve, & stream surface, around the axis.

The assumptions mede in deriving the eguations were:

(i) Steedy flow.

(ii) Incompressible constant viscosity flow

( /P = constant, /(/ = constant),

(iii) Axisymmetric flow. (Therefore any derivestive

with respect to O is zero).

(iv) The velocities V,,V, sVs are positive

in the directions of increasing vaiues of B,m
and N respectively and since the 'm' curves are strea-m
surfaces (there is no flow across a stream surface) then Va
and ell its derivatives are zero.

In this thesis the coordinate system described above

will be termed an 'axisymmetric stream surface' coordinate system.
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For this particular coordinate system Vavra (1960) gives the

metric coefficients and their derivatives as:

X
I
@5}
o

=
n
o
o)

D)[Q)
x>
i
D

Q
= v
™~
o
Q)
o
L2
It
o

'

VI
=
]

= 178
™~
/0
S|

QL

=
=
= 22
W
-

\®5)

hl._h R ahz=
i 9— O Xz

These results have been checked eagainst the work of Cosman 'et al'

hakem

-

%

(1969: sedtion 2.21)
Two other axisymmetric coordinate systems commonly used are the

cylindrical and spherical systems.

A7 - (iii) Laminar, viscous equations of fluid flow in

axisymmetric stream surface coordinates.

With the conditions stated in the previous section and
neglecting body forces, the 6uwilinear eguations of fluid motion

given by Hughes and Gaylord (1964) reduce to:

}é. & + _M - g_lh — .....'— h h?_
ﬂ h. 8X| hhe 8x hi hz hz QX?.( O‘zi)

on  oh , Ou . oh
8X3(hhz 631) # hlh?. aXz h‘lh.l ax;
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Y.a.@_"z e _\_;L. .a_h.i | == '
P[ha 3 h,ha’axz] Aok, | 5%,
_B.OM hagsa) +_gaa.aha — 0'33.a|’13 -
DX, h,h, 3%,  h,h,Oxe
ﬂi%_im]~!
I’h 3 OX hzha OXa h:haha
.@_(hlhzo'aa)] + D'z.'s,aha - CI'u,B"h
OX3 hahz BX2 ha l\l OXa
where:
Ou = _P + 2.//__\&__8_]_’_1_1
I"Iahz Xa
Oae = + 2 _LBV
SR
Dy = - + E/(f\_/g_ah;
P hzl‘lza)(z
On = O s _;h _a_ Vi
/‘f ha SX?_( hi)
O3 = Ou :/q Iﬂ;_&(jﬁ)
ha. axz. hi
Oes = Oa :/? ha o (Va
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After performing the differentiation and substituting for
the metric coefficients and their derivatives, the equations

of motion become:

/O[Vz(a_\h + Vi.OR ] & ?gl-{ (Ro’m) + Rknou +

om R Bm
_a(Ra'si) + kaﬁax] _fi__ ok g_Ej_B
oh R Bm R Bn
/O[Va.._a_y_g. L.t _V_?_B_E_- = __L[_I_a_ (R O'a_z) + O'o.szn -+
dm R om R LBm

_a__(RD’.;z) + 32 ka“ + Suskm - caskn - co.OR .
on ] R 2

/J l:.._ _\_/fa_.R e V;:km] = _[{_a_ (RGZS) + 02: Rkn +

R an R L2m
_a(ﬂdaz) +('533ka] + Gaskn ~ 0w 3R ~ O km .
Oh R B3n
where for leminar flow:
O = = P + a/f{ﬁ SR

' ==p +E/(/8Vz
Oz3 :-:.—P +2/{Vzkh

Qi &=, Gl /{/ R 8(%)

O3

Il
2
{
~
ltp
——
<
———t

O

It

Q

e

S

N

Q)

:.<

|

s

5

3
——
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Substituting the welocity gradient terms for the
shear stresses, the equations of motion become (after some

rearrangement) :

Vz(_a_\_!_: +g,,8_R) = 4)[82_\& + 8_%(_1_,8!2 + kn) + DV
R

dm R Bm 3t Om m on
+_8M(IBR+km) = W _af_R-l'a__(l__@-i-’kn){-
R 8nh R m  odm\R dm

Vi Qve o NPR. = . 1aP v+ )] Ve w220
Bm R dm P Bm

+ km(%'aa_ﬁ % akm) + %(%?R“) + ak"")]

-—V:km - _\L%_B_E TR WS g
R Dn ° dn
4k

n)+ Vz(ag_l:_n_g_?im +

2P + 1)[5%1(%%) 4

Akm. V2 + aw_(i_g
dm  On \R?d

(- g - 2EE))].
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With the conditicns given in the second section

the continuity equation becomes:

V 4 -\-7 S l ,__3_("\:"!3\/7.) = & [
h.hzh; OXa

Upon substituting the functions for the metric

coefficients and their derivatives:

g__x+\/z(i,§_l?+kn) = s

R Om
Two further substitutions can be made, if desired.

These are:

BB w SMA 3R = cosA C
om dn

where the angle A is shomn in FigureA - 1.
The continuity condition can be satisfied by the
introduction of a stream function. Goldstein (1938) gave the

equations for axisymmetric general orthogonal coordinates as:

Ve _L&ZE hov - = __l_a_w .
hs 8Xa hz 8Xa

(where the symbols have been manipulated into those used previously).

-

Substituting for the metric coefficients gives:

Vo =_I,M Vz =__L_a7,p' = 0
R dn R ®m

However, since the 'm' curves are stream surfaces,

V3 = 10 ’ a‘qb‘/am = (@) and '45

is a constant along any 'm' curve; therefore ff is a function

of 'n' only and the partial derivative notation can be removed
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from the stream function equation for V. .

A7 - (iv) Cylindrical Coordinates

The metric coefficients for orthogonal axisymmetric
cylindrical coordinates are:
,l‘h:l’la:t‘ H h?.:"\!:\ H hs:hr: |
Neglecting body forces, the steady flow laminar, viscous

incompressible flow equations become:

I TR T RO Mol S T -
Dr o= r r° grE,
v[_f_.a(n.a_%) LDV - Lfn]
rAr\ dr az" e
Vr,_a_\;/_g + Vz.a_!_g + Ur Ve = /\) l_@_(f‘@m\fa)
ar az r r3r\ dr
+ Ve - Ve "
oz p

L R P T ia(ra%) +a*_w}
ar dz R 0z por\ 8z/ Bz

The continuity equation becomes:

A Ve, w0 =D
or r F:
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A7 - (v) Spherical Coordinates

The metric coefficients are:
h.:hé:ﬁsmg hz:he—.—:ﬁ h::hk:‘
The axis of symmetry is with respect to the l;f)
coordinate (i.e. 9%¢ = 0). The flow conditions are

identical to those in section A7 - (iv).

Ve, AVe + Vo OVe — Vo — Vj - 12p +1.)[’8RV:¢)+
AR RA R R PR RAR

] Ve +cot.B.8% — 2.8Vs - 2Ve — 2corB. Vs] .

a0 R* 30 K236 R* R

Ve. Ve + Veo.OVeo +\M_v§cm’.8 aon b +1)[
AR R 99 R R AR 8

i,,af(RVe) _]_3 Ve + cor.0.9Ve + 2.0Ve — _ Vo ‘

R Ak R a6 RE 80 R 3 Fab

Ve Ve + Vo OUs + Vee + VeVscor.® = V| L3 (Rus)
orR R 26 R R RAR*

The continuity equation is:
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APPENDIX 8

' ROTAMETER' CALIBRATICON EXPERIMENTS
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'Rotameter' Calibration Experiments.

Rotameter Limited quoted the flow rates of the two models

used as follows:

Fluid : Water

Metric 35 XG, (series 1000) - stainless steel float
3,0 to 30,0 1/min.
Koraennite (ceramic) float

1.4 to U 1/min.

Metric 65P - stainless steel float
20 to 200 1/min.
Korannite (ceramic) float

10 to 100 1/min.

Both instruments were calibrated by plumbing them into
a water supply, opening a gate valve until the desired Rotameter
scale reading was reached and timing the collecticn of a volume
of water. The water was weighed and the flow rate calculated.
If the collection time fell below thirty seconds the time guoted

is the average of three collections.
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Rotameter model: Metric 35 x G, stainless steel float.

?@% ?.x;g S?llect ion Weight Flow rate
ime (sec) of water (1/s)
(1vr)
1 285.0 41.50 0.0661
2 214.0 38450 0.0816
3 200.0 3235 0.0961
4 180.0 L4.75 0.1128
6 5.2 L6.25 0. 45
8 118.1 45.75 0.1757
10 93.0 L2.75 0. 2085
12 91.0 48.25 0. 2405
RIA 78.6 48,00 0.2770
16 704 1,8.00 0.3093
18 61.8 L6.50 0.3413
20 572 48.00 0.3806
22 53.2 48.75 0.4157
2 48.0 47425 0.4465
26 L5¢7 49.25 0.4888

Rotameter model:Metric 65P, Korannite ceramic float.

1 120.0 48.50 0.1833
2 90.0 4725 0.2381
3 75+0 48.50 0.2935
IR 65.0 L9+50 0. 3.5,
5 60.0 52.75 0.3988
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Scale Collection . Weight Flow rate

reading time (sec) of water (1/s)
(1pf)

6 50.0 L9.75 - 0.4513

7 45.0 50.00 0. 50,0

8 40.0 49.75 0. 5642

9 35.0 148.00 0.6221
10 32.0 48.50 0.6875
11 28.0 L6640 0.7517
12 25.0 - 4lie 25 0.8029
13 23.0 4e 63 0.8802
1 22.0 45.25 0.9330
15 21.0 46,00 0.9936
16 19.0 L5438 1,083
17 18.0 45.00 1.1340
18 16.0 42,50 1.2049
19 16.0 L)..88 1.2725
20 15.0 L4138 1.34.20
21 14.0 4375 1.2175
22 12.5 L41.50 1.5059
235 12.0 40.78 1.5415
2l 12.0 4.3.00 1,625
25 12.0 4515 1.6688
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APPENDIX S

AXTAY, VORTEX DEVICE - ZXPERTENTAL RESULTS
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A9 - (i) Location of Pressure Tapping Points.

Measurement tolerance : -

Tapping size:

All measurements taken from the orifice plane

and measured in m m.

+

0.3m Me

l m m. diameter holes

See also Figure 3 = 7

GEQMETRY No.l

pl

P2

P

pé
p7

GEQUMETRY No.2

P2

P>

}

pbé
p7

Axial distance
82.0

Control flow
supply annulus

21.8
18.2
12.7
Ll
Sek

82.0

Control flow
supply annulus

2643
16.8
8.0
1.3
35

24

Station no.

24496
21.65
17.44
7.85
Lol

29.40
21.53
11.43
2.83
Le55



A9 - (ii) Ligquid Jet Velocity Profile

Flow conditions: streeming flow
Measurement station: 3 m m. downstream of the
orifice plane.

See Appendix 3 for total head probe calibration.

GEOMETRY No.l
Probe position Pf'obe Jet.
(reei.m*::;:’ jet edge) s(;:l%ml ?q}:;:zty
Qs = 0.50401s (Vy = 10 m/s)
0 6.61 10.1%
1 6480 10.28
2 6483 10.31
3 6e72 - 10.22
L 6.28 = 9.89
5 6470 10.21
6 6.82 10.30
7 678 10.27
8 6462 10.15
362 5463 9436 Mindimum
reading

Qs = 0.7517 1/s (Vs = 15 ny/s)

0 14.18 14.85
1 14,81 15.18
2 1;.83 15.19
3 Ly 69 15.12
4 13.83 14467
5 Lo 6 15.09
6 14487 15.21
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GECMETRY No.l

Probe position Probe Jet
Sl o
1 U.79 15.17
8 14.30 14.91
3420 12.23 13.79 Minimum
reading
GEOMETRY No.2
s =0.50401/s (Vy = 10 ny/s)
0 5.50 9¢25
1 6.18 9.81
2 620 9.83
3 6.18 9.81
A 6.18 9.81
5 6432 ' 9.91
6 6e41 9.98
9 6.38 9.97
8 629 9.90
345 6.01 9.67 Minimum
reading

Qs =0.7517 /s (V& = 15 ny/s)

0 12.63 14.01
e 13.59 Lo 54
2 13.64 Lo 57
3 13.60 .5
4 13.49 14449
5 13.63 1o 56
6 13.80 . 14.65

ele



GEQETRY No.2

Probe posi:tihon P:.'o'be Jet j
i R R e
7 13.79 1. 65
8 13.45 146
35 13.30 14e39 minimum
reading
A9 - (iii) Swirling Flow Experimental Results
GECMETRY No.l
p2 > Pk p5 pb Pl 2R

(bar) -

G @
s) (Vs)
pl = 0.462 bar

0el51 0.0  OuLL8 OQuiLB Oull8  Oulh3 0.309 0264 O
0.382 0,066 0.467 Oulli6 OukL6 _ 0.438 0,302 0261 42

0.363 0.082 0.472 0.446 0.449 0Okl 0.302 0.259 7.0
0,355 0.096 0.483 0.443 0.448 0.438 0,302 0,240 12,2
# 0,340 0.113 0.494 0.443 0.448 0.438 0.254 0.216 17.8
0.317 0.127 0.509 0.4k3 O.448 0.438 0.286 0.168 25.6
0.300 0135 0.520 Oullhb Oulih6  0u435 0.297 0,147 35.3
0.278 O.lih 0.528 0.4L6 Ookk3  Ou433 0.297 0.117 37.4
0.253 0.151 0.538 O.4k6 O.i43  0.433 0.305 0.067 L,:L.i
00238 0.153 0.547 0.448 0u4k3  0.443 0.315 0.040 40.9
0.205 04158 0.549 0ull8 0.445 0e437 0.317 0.0  49.1
0.187 0.160 0.558 Ou448 0451 Ou4k3 0.325 0.0 522
0.183 0.161 0.560 0.451 O.454 O.4k3 0.323 0.0 53.6
0.0  0.166 0.568 0.472 0.467 0u451 0.296 0,003 4.7
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GEQMETRY No.l

G/
51 =
0. 504
0443
0.4.26
0.426
0.406
0.390
#* 0. 374
0.347
0.310
0.293
0.258
0.238
0.205
0.183
0.0

pl o=
0.595
0.523
0.510
0.49L
0480
0.462
# 0.451

(0 s

0.582 bar

0.0 0.566
0.066 0.587
0.082 0,592
0.082 0.592
0.096 0.602
0.114
0.127

0.147
0.160

0.613
0.627
0.646
0. 66
0.167 0.678
0.176 0.691
0.177
0.179

0.182

0.699
0. 70k
0.709
0.187 0.717
0.814 bar

0.0 0.792
0.066 0.811
0.082 0.818
0.096 0.829
0.113 0.840
0.127 0.851

Onm 0.867

R e —

p3

0.566
0.558
0.560
0. 560
0.563
0.558
0.563
0.558
0, 566
0.563
0.568
0.568
0.568
0. 574
0.595

0.720
0.787
0.78%
0.78L
0.779
0.782

0.782

(vec] -

P>

pb

. 28

0.574
0.563
0. 568
0.565
0.571
0.566
0.571
0. 566
0.569
0.563
0.565
0.571
0.576
0.577
0.592

0.790
0.790
0.787
0.789
0.790
0.793
0.793

218

0.561
0. 550
0,552
0.555
0.555
0.550
0.552
04550
0.550
0. 547
6.563
0.560
0.560,
0. 561
0. 574

0.777
077
0.771
0.771
0.766
0.769
0.771

0.387
0.382
0.381
0.384
0.387
0.371
0. 374
0.369
0.379
0.387
0.403
0.405
0.411
0.422
0.379

0. 542
0.536
0.531
0.531
0.526
0.529
0.523

0.336 ©
0.328 3.2
0.328 8.7
0.323 =

0.318 9.7
0.304 1.1
0.264 18.9
0.216 324
0.155 37.2
0.109 37.3
0.027 45.1
o.003{1.3)
0.003 51.0

0,003 (30:2)

0.0 90.0

0.592 0
Ou 5k
0.451
0.kL3
0.446
042
0. 384

L0
Le6
7.7
8.6
10.2
16.2



G/e)

0.435
0.399
0.350
0.293
0.293
0. 261
0.238
0. 20k
0.183
0.0

0.752
0.678
0. 660
0. 647
0.627
0. 608
0.595
0.580
0. 564
0.540
0. 504
0.470
0.436

e &
0.81L bar
0.160 0.886
0.176 0.906
0.192 0,931
0. 209 0.966
0.209 0.971
0.211 0.976
0.21 0.98L
0.215 0.587
0.211 0,984
0.218 0,998

1.230 bar
6.0 1.200
0.066 1.222
0.082 1.230
0.096 1.235
0.113 1.248
0.127 1.261
0.14) 1.274
0.160 1.288
0.176 1.310
0.192 1.326
0.209 1.355
0.225 1.385
0.241 1l.421

p3

o7

o
(ver)

0.772 0.790
0.779 0.790
0.787 0.787
0.787 C.78L
0.787 0.787
0.787 0.795
0.792 0.797
0.792 0.797
0.795 0.795
0.827 0.824

1.198 1.201
1.190 1.198
1.187 1.198
1.187 1.198
1.187 1.200
1,185 1.198
1.185 1.201
1.185 1.201
1.182 1.198
1.182 1.198
1.182 1.195
1,190 1.198

1,193 1.193

0.768 0,507 0.320
0.766 0,515 0.270
0.763 0.528 0.187
0.774 C.555 0.008
0.779 0.560 0,008
0.782 0.571 0.0
0.772 0.573 0.003
0.779 0.589 0.003
0.779 0,603 0.003
0.792 0.523 0.003

1.171 0.827 0.678
1.169 0,819 0.675
1.168 0.819 0.670
1.168 0.819 0.670
1.168 0.816 0.644
1.166 0.811 0.659
1.166 0.809 0.6L46
1.166 0.803 0.619
1.163 0.792 0,568
1.163 0.776 0.5Q%
1.163 0.784 0.438
1.155 0.798 0.355
1.158 0.814 0.251

219

22k
27.0
3642
L2.5

49.0
5346
5549
60.6
91k

1.3
Ll
6.0
Belk
10.4

18.2

21.2

(21-9

24
33.9
4249
421



Gs)

0.403
0.328
0.277
0, 261
0.238
0. 20
0.183
0.0

)
e
0.293
0.345
0.399
Q451
0. 504
0. 564
0.622
0.687
0.752
0.803
Jc

il
0.082
0.113
O.14

Qe 2
()

3
S (bar)

P>

p7

1.230 bar

0.250 1.443
0.258 1.472
0.263 1.451
0.265 1.500
0. 264 1.493
0.261 1.493
0.258 1.489
0.267 1.508

pl p2

1.195 1.190
1.190 1.198
1.201 1.209
1.203 1.208
1.209 1.212
1.21% 1.21%
1.217 1.220
1.251 1.246

p3

1.174 0.82 5
1.174 0.859
1.177

1.176

0.883
0.888
1.182 0.905
1.187 0.918
1.193 0.926

1.198 0.789

p5 pé

0.155
0.003
0.0

0.003
0.0

0.C03
0.003

0.003

0.0

0.192 1.184
0. 274 0.265
0.360 0.350
0.470 0.455
0,58 0.566
0.728 0.7Q4
0.873 0.847
1.033 1.003
1.225 1.191
1o447 1.411

Pl p2

—

(mrlpl)F
0.184 0.185
0. 264 0.265
0.346 0.351
0.452 0.453
0.568 0.571
0.706 0.711
0.845 0.850
1.C03 1.008
1.190 1.197
1.406 1.415

p3

0.182 0.130

0.261 0.189
0.343 0.229
Oulisils
0.555

0. 694

0.320
0. 394
0.502
0.832
0.984
1.166
1.375

P5 pé

0.590
0.701
0.820
0.968

Ph
(bar)

0.0

0.101 0.127
0.204 0.252
0.343 0.425

0.101 0,101

0. 207 0.207
0.350 0. 349

0.096 0,069

0.332 0.228

220

--003
-.003
-.003

23

L6.3
524
68.8
60.7
62.8
6Le3
63+3
964k

23’

0.0

8643
89.3
81.7



&7s)
Qs

0.176
9.209
0.241
0. 277
0.292
0.309
0.3,

CECMETRY No.2

Pl

p2 3

0.0
0.516
0.731
0.998
1,298
1.489
1.601
1.820

e
pl =
0.451
037k
0.360
0.347
# 0.328
0.304
0.280
0.262
0.258
0.238
0. 205
0.183

0.0

18/s)

0.636 0.526
0.899 0.74L
1.224 1.015
1.592 1.319
1.822 1.510
1.957 1.628
2,224 1.852

p2 P>

0-1}16 bar

0.0
0.066
0.082
0.096
0.113
0.127
0.135
0.1l
0.144
0.147
0.148
0.147
0.149

0.406 0.406
0.2 0.403
0.430 0.403
0.440 0.400
0.451 0.400
0.467 0.400
0.475 0.398
0.483 0.398
0.483 0.400
0.49L 0.403
0.499 0.403
0.502 0.08
0.507 0.4.27

=3
(bar)

p5

p7

0.525
C.741
1.012
1.316
1.502
1.625
1.849

o
(bar)

0.500
0.708
0.967
1.259
1.451
1.556
1.769

p5

0.338 -.003
0.474 -+003
0.641 -.005
0.836 -.011
0.974 =-.016
1.025 -.011
1.164 -.019

pé p7

0.390
0.387
0.387
0.384
0.381
0.38%
0.385
0.385
0.387
0.38%
0.384
0.395
0.411

22l

0. 297
0.291

0.291

-.003 0,080
-.003 0.075
-.003 0.059

00 285 -.003 0.021
0.283 -.003 -.056
0. 288 "'0003 "'0003

0.291 -.003 -.003

0.299 0.0
0.296 =.003
0.299 0.0
0.310 0.0
0.325 0.011

0.331 C.y8

-.003
0.0
-.C03
-.003
-.003

0.0

28

97.8
93.0
90.6
97.0

23’

0.0

2.9

72
12.0
2.4
36ek
39.6
404
Ll
46.0
548
51.5
83.7



t/e)

0. 504
0443
0.4.26
0,406
0.390
0.367
0.353
0.323
0.297
0.238
0. 205
0.183
0.0

ol =
0.595
0.536
0.510
0449
0.480
0,462
0.451
04420
04390
0.372

(?/ca) p2 P3 (bgﬂ;) p5 pé 37
0.528 bar
0.0 0.515 0.512 0.493 0.373 -.005 0.101
0,066 04531 0.510 0.491 0.369 -.005 0.093
0.082 0,539 0.510 0.491 0.366 -.005 0,088
0.096 0,550 0,510 0.491 0.366 =.C05 0.067
0.113 0,560 0,510 0.489 0.361 -.005 0.008
0.127 0.571 0.507 0.483 0.358 =.005 =.Q40
0.144 0.590 0.507 0.486 0.355 0.0  -,005
0.151 0.600 0.5Q4 0.493 0.373 0.0  =-.003
0.160 0.51k 0.504 0.496 0.379 0.0  =.003
0.167 0.630 0.515 0.491 0.398 0.0 0.0
0.167 0.632 0.515 0.502 0.411 0.008 0.0
0.166 0.632 0.518 0.505 0.422 0.032 0.0
0.168 0.640 0.542 0.521 0.422 0.059 0.0
0,734 bar

0.0 0.715 0,715 C.688 0.518 0.0  0.139
0.066 0.734 0.710 0.683 0.510 0.0 0,131
0.082 0.742 0.707 0.680 0.507 0.0  0.128
0.096 0.752 0.7Q4 0.675 0.501 0.0  0.120
0.113 0.763 0.710 0.681 0.499 0.0 0,091
0.127 0:77L 0.710 0.681 0.499 0.0  0.035
O.14 0,787 0.710 0.681 0.499 0.0  =.067
0.160 0.803 0.710 0.681 0.510 0.0  =.008
0.176 0.827 0.696 0.680 0.507 0.0  =.003
0.183 0.843 0.702 0.688 0.513 0.0  =.003

222

28

0.0
2.1
5.6
9.1
12.3
23.0
37.0
40.5
L3.9
51.8
552
Shel
83.8

0.0
1.6
3,0
5¢2
93

13.0

17.9

29.5

395



?;/ s)

0.346
0.345
0.317
0.293
0.261
0.238
0. 20%
0.183

0.0

0.752
0.678
0.660
0.642
0.622
0. 608
0.592
0.576

0.562

(%33) g i

0.734 bar

0.192 0.857 0.70L
0.192 0.857 0.7Q%
0.199 0.873 0.715
0.200 C.878 0.718
0.200 0.881 C.720
0.198 0.883 0.720
0.198 C.883 0.720
0.197 0.883 0.720

0.200 0.889 0.744

1.126 bar

0.0 1.099 1.091
0.066 1.121 1.083
0.082 1.129 1.083
0.096 1.137 1.083
0.113 1.147 1.083
0.127 1.158 1.086
0.144 1.174 1.086
0.160 1.190 1.086

0.176 1.203 1.086

(baﬁ? p5  pb _:?
0.683 0.525 0.0 =.003
0.683 0.528 0.0 =.003
0.680 0.534 -.003 0.0
0.681 0.542 =.003 0.0
0.691 0.563 =003 =.003
0.701 0.581 0.027 0.0
0.704 0.589 0.051 0.0
0.701 0.600 0.061 0.0
0.717 0.576 0.083 0.0
1.051 0,761 =.005 0.213
1.043 0.773 =005 0.205
1.043 04773 =+005 0.197
1.Q43 0.773 -.005 0.192
1.043 0.771 -.005 0.184
1.046 0.771 -.005 0.163
1.043 0,771 =.005 0.112
1.041 0.760 -.005 0.051
1.041 0.763 -=.005 =-.080

223

503
53.1
524
52.6
579

8l.9

0.0
0.9
1.6
a3
7+0
7.7
11.7
L. 2

19.4



?;/a)

pL =
* 0.535
0. 504
0.470
0.451
0.4.26
0.399
0e345
0.293
0.238
0.183
0.0

U/e)
Q=
0.183
0.238
0.293
0.345
0.399
0.451
0. 5Q,
0.564
0.622
0.687

(i?s) P2 p3 (baﬁ? p5 pé 37
1.126 bar
0.192 1.227 1.086.1.038 0.771 =.005 =.075
0.209 1.251 1,081 1.044 0.785 =-.003 -.0l1
0.225 1.283 1.075 1.048 0.787 -.003 -.005
0.233 1.299 1.075 1.051 0.800 =.003 -.005
0.21 1.321 1.083 1.048 0.811 =.005 -.005
0.246 1.337 1.097 1.046 0.817 =.003 0.0
0.2,8 1.348 1.102 1.051 0.85; 0.0 0.0
Oe246 1.353 1,107 1.080 0.896 0.045 0.0
0.245 1l.353 1.110 1.083 0.921 0.085 0.0
0.e241 1.353 1,118 1.089 0.937 0.107 0.0
0.247 1.364 1.150 1,110 0.891 0.123 0.0
gi p2 p3 (bag% p5 pé 27
0.0
0.069 0.067 0.069 0.066 0.045 =-.005 0.019
0.117 0.115 0.120 0.112 0.088 0.0  0.021
0.179 0.173 0.176 0.171 0.133 0.0  0.040
Oe243 0.237 0,237 0.229 0.173 0.0  0.051
0s326 0.310 0.315 0.3Q4 0.227 0.0  0.067
0,419 0.411 0.406 0.393 0.297 =.005 0.077
0.528 0.515 0.512 0.493 0.373 =.005 0.101
0.656 0.640 0.635 0.61k 0.451 =-.005 0.125
0.795 0.776 0.771 0.744 0.558 =.005 0.147
0.953 0.931 0.923 0.89% 0.659 =-.005 0.179

224

(-]

25

22.0
36.0
L43.8
45.6
L4647
L6l
52.0
5641
5649
60.0
8545

0.0




Pl

Gl s

o

p2 p3
(bar)

QC = 0.0
0.752 1.134
0.803 1.321

0.880 1.532

1

1.107 1.099 1.059
1.289 1.278 1.235
1.497 1484 1.431

P2 p3 jors
(bar)

0.066 0.075
0.082 0.117
0.096 0.168
0.113 0.227
0.127 0.296
0.144 0.379
0.160 0.467
04176 0.566
0.192 0.675
0.209 0.798
0.225 0.934
C.241 1.075
0.258 1.209
0.277 1.366
0.292 1.516

Note:

0.093 0,077 0.072
0.147 0.123 0,112
0.208 0,208 0.195
0.278 0.232 0.219
0.363 0.304 0,268
0.462 0,390 0.37L4
0.568 0.480 0.461
0.688 0.579 0.555
0.817 0.686 0.659
0.966 0.8L4 0.785
1,131 0.953 0.918
1.299 1.097 1.057
1.468 1.233 1.190
1.652 1.390 1.342
1.830 1.540 1.492

5 pé P/
0.784 -.005 0.208
0.910 -.005 0.243
1.060 -.005 0.280

p5 b 7
0.061 0.011 0.0
0.059 0.013 0.0
0.168 0.021 0.0
0.181 0.027 0.0
0.237 0.035 0.0
0.305 0.043 0.0
0.373 0.051 0.0
0.451 0,059 0.0
0.531 0.075 0.0
0.630 0.088 0.0
0.740 0.104 6.0
0.846 0.120 0.0
0.947 0.133 0.0
1.072 0.149 0.0
1.188 0.165 0.0

225

23

0.0

23’
77.8
80.9
80.1
82.1
80,1
83.5
80.0
79.0
83.9
83.0
85.7
85¢3
83.1
84e3
8545

# Denotes visible indication of air core formation.



GEQMETRY No.?2

(Ve)
o
0.451
0. 360
0.328
0.280
0.258
0. 205

0.0

pl
0.752
0.678
0.660

0. 642
0.622
0.608
0.592
0.576
0.562
0.535
0,50,
0.470
0.451

Thread Angle Experimental Results

(ie)
0.416 bar
0.0
0.082
0.113
0.135

0. 144
0.148
0.149

1.126 bar
0.0
0,066

0.082

0.096
0.113
0.127
0. 144
0.160
0.176
0.192
0. 209
0.225

0.233

=0.1
1.7
(%3)
10.7
17.0
17.0
36

‘009
-1.5

0.0

1.6
2¢2
3e3
(s:1)
6e7
6.6
6.6
8.9
sy

13.6

pl
0. 50k
Oul443
0.426
0.406
0.390
0.367
0.353
0.323
0.297
0.238
0.205
0.183

0.0

Pl
0.595
0.510
0.480
0.451
0.390

o

qs Ge X
(1/s) (3/s)
= 0. 528 bar
0.0 -0.1
0.066 u % 4
0.082 2.0
0'096 2-5
0.113 2.7
4-5}
0.127 2.7
0.144 6e3
0.151 8.0
14-2)
0.160 2Le5
0.167 17.4
0.167 16.2
0.166 19.8
0.168 32.8
= 00754 bar
0.0 =1.
0.082 0.8
(3-2}
0.113 5.6
3-4)
0.114 Te3
0.176 T3
0.192 1.6

0.346
0.317

0. 261

226

oise kizio)
0.200  17.2



Qs
(1/s)
0.4.26
0.399
0.345
0.293
0.238
0.183

0.0

(i)
0.2,1
0.246
0. 248
0.246
0. 245
0.241
C. 247

19.9
18.3
18.2
20.5
2243
25.5
37«5

(/3)
Q. 2&]-
0.0

221

Ay,
(1/s)
0.198
0. 200

22.2
36.6



APPENDIX 10

THE SOLUTION OF EQUATION (3-10)
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The Solution of Egquation 3-10

Given equation (3-10):

a(vi) + 2kwvi + 2N(n) = O - (3-10)
an

If the equaticon is rewritten in the form:
2 2
Aln,vaYd(v:) + Bh,va)dh = O
then the above eguation is exact if:

9B = OJA
Alva)  On

This condition is not satisfied but the equation has an
integrating factor (&) which, since (_Q%n)=o , is a

function of 'n' only.

d

Therefore:

it =¢[a5_a_a]
o Al oni) OBn

j”ctoc =j P{B%Vz)] dn = J”akm.an

ln.oc = Jﬁ 2 k. dn

oL = exp.[f Ekm.dh]

Thus along an 'n' curve ecquation (3-10) beccmes:

ottt s g [BkuVa) + =neoc 2l
dn
Since : _L.d.d_- = 2.‘(11\ s then : d.g, = Olakm "
& dn dn

end along an 'n' curve equation (3-10) becomes:

2298



OCC'.!V:) + V:gl_ﬁ - —ox 2N
dn dn

_C:'_(OCV:) = o 2N
dn

Integrating: &N = f_. x<eN.dn + C

Therefore: V: = | [f_EOCNC{n + C ]
oC

For the application under consideration at the inner boundary
n = 0 and the integral becomes zero, since examination of the
functions ©( and N indicates that they cannot become
infinite. At the inner boundary a stream velocity can exist
because of the inviscid condition. Therefore C= V:(n:o) = V:(E.J
and the complete solution to equation (3-10), along an 'n'

curve, becomes:

n h U=h
Vi = exp ._j Okm.dn |.| V& _faN.exp. fakm.c:lu dn
oL (@) i
- (2-11)

swhere U is a dummy variable.
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APPENDIX 11

TRANSIENT TESTS — EXPERTVENTAL EQUIPMENT LIST
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Transient Tests - Experimental Equipment List

Reference to Figure 4=~5 in the main body of the
report may prove helpful in interpreting the following
date.

The two fluid supply routes to the vortex element
were pressure regulated by water regulators manufactured
by C.A.NORGREN LTD. Type 11 - 009 - 994 (1" BSP) regulated
the streaming flow while type 11 - 009 - 994 (3" BSF)
regulated the control flow.

The control flow solenoid velve was of & direct
acting type MB202/0/6 with a D.C. coil, manufactured by
JOUCCMATIC CONTROLS LTD., The electrical pover activating
the solenoid valve was provided by a D.C. pover pack
(WIER ELECTRONICS LTD.) and routed through & reed switch
unit built by I of The City University. The reed
switch control frequency came from a function generator,
type TWG 501 manufactured by FEEDBACK LTD. A tapping was
made into the solenoid coil's electrical supply line and,
after passing through & suitable impedance, connected to
a U.,V. galvanometer.

The static pressure within the control flow
supply annulus was monitored by an inductive differential
pressure transducer (HONEYWELL CONTROLS LTD., type 1028)
with one side open to atmosphere. The transducer was
excited by an oscillator - demodulator (HONEYWELL CONTROLS
LID. type OD31) and povered by a HONEYWELL CONTROLS LTD,

unit, type PU 21. The pressure transducer signal output
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from the oscillator-demodulator unit was connected to
another U,V. galvanameter, after being passed through a
suitable impedance.

The 'jet sensor' comprised a resistance strain
guage pressure transducer (BELL AND HOVELL ITD., type
4 - 366 - 0105 - 0R0) excited by a 10 volt D.C. signal
(FPARNELL LTD., stabilised power supply type L304).
Because of the low signal level obtained from this
transducer the output was placed directly onto a U.V.
galvanometer. The ultra-violet paper records made of
the galvanometer readings during the transient tests
were produced by a SOUTHERN INSTRUMENTS LTD., ten channel

U.V. recorder, type M1300.
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