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ABSTRACT

The sorting of aggregate materials into acceptable

and unacceptable groups is a common requirement in the

food processing and mining industries. These industries

conmonly 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 area of

application.

The fundamental requirements of a sorting machine

have been considered and, having postulated that liquid

jets may alleviate many of the problems connected with

the sorting of large and heavy bodies, the methods of

liquid jet control have been reviewed.

The dynamic movement of a 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 ageregates.

The device was examined under steady state conditions both

experimentally and theoretically and a number of interesting

features were highlighted; regions of fluid stagnation,

flor separetion, air core formation and control flow

(ii)



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 sane minor modifications, meet the original

requirement for sorting large, heavy aggregates.
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PRINCIPAL NOMENCLATURE

pee hee aie fl foe) (a) egy a) lg laiel
H

h

hisha,hs

ata > es

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); frequency (Ch.})

linear momentum flux

gravitational acceleration (Ch.1);

bilateral admittance (Ch./,)

change in fluid 'head'

angular marentum flux

body drop height (Ch.2); vortex chamber depth (Ch.3)

metric coefficients in the coordinate directions

X1)X2yXs

moment of inertia about mass centre

constant

curvature

inductance (Ch.4); unbroken jet length (App.1)

control nozzle depth

molecular weight (Ch.1); moment (Ch.3)
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We

Dn

moment about mass centre

mass (Ch.1); stream surface curves (Ch.3)

mass flow rate

a function

number of moles (Ch.1); 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 station)

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.)

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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X = horizontal displacement (unless specified

otherwise)

XyX2yXg- general orthogmal coordinates (App.7)

y - vertical displacement (unless specified

otherwise)

Z - axial coordinate of cylindrical coordinate

system

Greek symbols

Cf = tangent of velocity ratio at nozzle orifice

(Ch.3); gain constant (Ch.4.) (unless specified

otherwise)

- liquid sheet semi-angle; gain constant (Ch.4)

fluid circulation

- 2 changeOy Oa)
1

- boundary layer thickness; a small change (unless

specified otherwise)

@ - deflection angle (Ch.2); coordinate axis of

symmetry (unless specified otherwise)

dX - inlet velocity ratio; meridional stream surface

angle, from axis of symmetry

- fluid dynamic viscosity

fluid kinematic viscosity

- fluid density9 > ecy - surface tension (water/air); stress (with appropriate

suffices)

shear stress (Ch.3); time constant (Che4); liquidXr 1

sheet thickness (App.6)
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¢

$

Superscript:

A

Subscripts:

x s¥5Z

70,2

12,3

Omer: &
0,e

bei Br, hee

flow distribution function (unless specified

otherwise)

stream function

maximum value

coordinate directions

cylindrical coordinate directions

general orthogonal coordinate directions, the

distances between coordinate increments being

represented by @ myn respectively

refers

curves

refers

refers

refers

refers

refers

refers

refers

refers

to the ’m’ or ‘n’ characteristic

which are also the X2 or X3 coordinates

to the liquid jet

to the particle (or body)

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
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1. INTRODUCTION

11 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 hand

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 identifiable 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 firms manufacture ranges of sorting machines

which can sort materials ranging in size from small plant seeds

to rocks the size of a cricket ball; only a small particle size

range is catered for on any one machine. The examining technique

usually used is that of electronic colour sorting, as described

by Schaub (1965), based on either mono-chromatic selection, (tone

discrimination), or bi-chranatic selection,(colour discrimination).

Figure 1-1 shows the schematic layout of a typical sorting

machinee 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

economy, the smallest proportion of the component being sorted

is chosen for deflection.

1-2 Preliminary Design Considerations for Sorting Machines

Examination of Figure 1-1 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 number of items falling from a hopper under

the influence of gravity; their horizontal and vertical 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

aerodynamic dreg, the velocity of any body entering the viewing

chamber is Qayy2 + 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 obvious 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 rate. 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 momentum transfer between the jet and the

body occurs. Neglecting, for the mament, 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 solution 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 @ considerable quantity of power. The current

viewing times as given by Chadda (1972), vary fram one milli-

second for the smaller bodies such as rice grains, to twenty or

thirty milli-seconds for the larger ones, approximately the

size 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 @ supersonic air jet. Chadda's work, in connection with

body deflection, was primarily concerned with the variation of

the body's horizontal deflecting force with respect to its

position 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

ef Chadda's work a number of shortcomings with high power air

jets became evident.



(4) 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 purposese

(ii) High power air jets, especially when supersonic,

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 became a major consideration. In this

case a high switching rate would not be sought at the expense of

a disproportionate increase in power consumption.

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

a behaviour between air and liquid jets; whether the jets were

surrounded by gas or submerged. It was decided that there should

be a preliminary survey into the behaviour of liquid jets to

ensure that any proposed fluid device would operate in a satisfactory

manner.



The second area of concern was that of the liquid jet/

body dynamic interaction. At one time, because of the very

different jet manentum 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 manentum flux

available. This point had not, to my knowledge, been considered

before when the jet/voay 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

power consumed in producing the jet was of importance and the

density of the liquid used and hence inertial effects, would

influence this. Also certain accelerations imposed on the

liquid could result in cavitation (where gas solubility and

surface tension effects would become apparent). Surf'ace 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 geanetry.

1-3-1 Power Consumption

Considering simple incompressible fluid flow from an

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

Io



= 2
P= Ap:Q..,- ena P = pAV/ 2C, ;

where

v= C/2 Ap7e

If a certain jet momentum flux is required for body

deflection and the jet momentum flux is given bys=-

: ae,

G= PAV ;

then for two different fluids under identical nozzle flow

conditions: at 2

AM = Pe

R.&%. |B
R Wi 2

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

is approximately 800 therefore:

Puree 2

Far 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 aire 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.



1-3-2 Surface Tension Effects

When a coherent liquid jet issues fran 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

@ general consensus of opinion (Levich, 1962; Grant and Middleman,

1966; Vitman, 1969) that at least two types of jet break-up

occurs

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 a 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 amplitude 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 droplets fram the

liquid jet surface. The longer waves, also unstable, result in

&@ sinusoidal oscillation of the entire jet and eventually break

the jet. into large drops.



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 polygonal 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 cmtrolling 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 choose 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 investigation, the

unbroken jet length should vary between 0.25 m. to 2.07 me



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 tet 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.

143-3 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 phase flow regime would exist dowmstream of the cavitation

point. Taft (1967), in an early paper on hydraulic fluidics,

mentions the problem of air caring "-- out of solution --" at points

of low pressure and the resulting difficulties in removing trapped

Sir. The introduction of two phase flow into a device which has

been designed for a single phase fluid flow is usually accompanied

by a significant fall in the operating efficiency. For this reason

cavitation is usually avoided if at all possible and several criteria

have been used in the past to predict the onset of cavitation, The

best known of these is probably the Thoma cavitation factor, which

was originally applied to turbines, and the next most cormon 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 aaaition to the Phenomenon of

cavitation,where the liquid cannot sustain the tensile stress

imposed upon it, is that of gas diffusion to and fron 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 equations which also took into 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 Cioxide into water.

It can be seen that, apart fran very close to the orifice, the

absorption rate appears to be directly proportional to the square

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:

[a..] = ne = M Te, » since N=M
(eo 2 [eon 2 M

Therefore the rate of change of volumetric flow rate with axial

distance is:

Qo, ) =M HMigediness) 7 nes (Po, )
dx (Ro, dx Peo, AX

In order to approximate the diffusion rate of carbon dioxide

gas into the liquid jet, density changes will be neglected. Fran

the graph in Figure 1-2 then:
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Let x = 50 mm., (likely to be the maximum permissible bubble

length of a wall attachment amplifier), then from Scriven and

Pigford's data:

-9

Q = 44.01 x 25x10 x0.224 = 61.8 mm/s.

eG 1.78 x 0.224

It is, perhaps, worth noting that the volume of diffused carbon

dioxide gas is approximately 1.2% of the liquid jet's volumetric

flow rete. If a constant diffusivity and jet velocity are

assumed then the volumetric diffusion rate is approximately

0.038% for every nozzle diameter downstream. This can be compared

with a quoted mass entrainment rate of almost 33% for air jets

(Briffa and Dombrowski, 1966). This extremely small volume of

diffused gas would indicate that with practicable switching

chanber volumes and reasonable 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.
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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. Liguid 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 ares

(a) Jet deflection proportional (momentum effect) devices

(b) Wall attachment or pressure controlled devices

(c) Vortex devices

(a) 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.
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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 the 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 Hydromechanics Research

Association's series of Cranfield Fluidics Conference proceedings.

Much of the research work in fluerics has been devoted

to air powered devices, thus all the phenomena reported result

fran 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.

Considering 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 number

at similar pressures, (water requiring a 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

power was consumed by the liquid amplifiers; however it has been

shown earlier in this investigation, (Section 1-2) that ifa

given monentum flux is required then a liquid powered device
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should consume less power (this, of course, assumes that the

device will operate at the resulting Reynolds number).

1-4-1 Jet Deflection Proportional (momentum) Devices

Skoog (1972) in his work on a proportional liquid

flueric amplifier used the jet velocity profile of Simson (1966).

After studying a number of papers where this velocity profile

was used, (Simson, 1966; Foster, 1970; Brown, 1964), it woulda

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 ratios

This may explain the proportional amplifier results of Kelley

and Boothe and their use of a 'stretched' Reynolds number to

obtain a consistent canparison.

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 considerable 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

phase flow 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 angle 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

unacceptable 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-l-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 a

cusped splitter. Both Rechten and Ozgu and Stenning (1971)

mentioned the earlier work of Sarpkaya (1965) on the influence

of a latching vortex on the steady and transient behaviour of

a bistable 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 the vertical or horizontal
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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. His 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 interaction region without spilling down the passive out put

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 min nozzle orifice. Foster obtained the transition fran

laminar to turbulent flow at a Reynolds number below 300, (based

on hydraulic mean depth). Foster mentions the deleterious influence

of the amplifier walls and splitter on Behrton's (1970) original

amplifier design and these features were removed.

or
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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

power jet and gas surroundings. Under these conditions he

stated that:- "the dowmstream edges of the chambers prevent

air 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 pneumatic 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 @ir control signal the flow was submerged and attached

to the output walls. When an air control flow signal was made

into one 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 control

and main jet flows mix in a contained volume 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)

and the axial vortex type (Al-Shamma ‘et al', 1972; McCloy and

Stevenson, 1972; Rimmer, 1975). Unfortumately 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 body 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 reasens 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 3-1.
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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

imowledge 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 displaced distance of the body

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

As a result of the investigation into the dynamic

interaction 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 the control

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

flow.

30



It was decided that the most suitable deflection

device would be @ new axial vortex device. This device would

be free from cavitation and two phase flow in the mixing region,

generate the required control forces and (aue to the presence

of a central body within the vortex chamber) have a reasonable

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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2 THE DEFLECTION OF A BODY BY A LIQUID JET.

a1 The Forces Exerted Upon a Body by a Liquid Jet

When an unbroken cylindrical liquid jet strikes a

flat plate it is transformed into a sheet which flows radially

outwards over the plate from a 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 spreed 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) mentions that for this physical situation frictional

effects at the solid surface are in most cases relatively

unimportant.

For a two-dimensional 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 Q is directed back up the plate

while the remainder Qe flows forward along the plate. Q,

and Qe are given by:

Q, = Q,sin (8/2) —(2-1)

@ = Q,cos(®/2) 5-2)

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

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

R= pQsysine = Gsin'6 —(2-3)
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F, = -pQ,x,sin@cos8 = - G,sin@cos6 —(2-4)

Taylor (1966) calculated the pressure distribution in

the impact region for the two-dimensional jet and for the t
hree-

dimensional case defined a function F(®, ¢g > that

determined the thickness of the radially outflowing sheet, (see

Figure 21). Taylor dia not determine the function F(6,¢)

analytically but, in another paper on the oblique impact of tw
o

cylindrical jets (Taylor, 1960), this function was measured for

three values of @ . Graphs of the functim F(8,¢) are

shown in Figure 2 and it can be seen that the radial distribution

of fluid is strongly dependent on On particularly at low

values of the jet collision angle. The distribution of the jet

over a flat plate will not affect the resultant forces F

and Fy but, over any other shaped body the distribution

of the jet is importent in determining the resultant forces

exerted on the bodys

Taylor (1966) also raised the point that if a jet is

issuing dommwards at an angle 8 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 68) . Therefore pressures greater than

the stagnation pressure of the jet are possible when the surface:

of impact is moving relative to the jet, as is the case wi
th a

body falling through & jet.
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Figure 2-1
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2-2 The Two-Dimensional Movement of an Arbitrary Shaped 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 horizontal (x) and vertical (y) directions were

calculated and then used to solve the Newtonian equations of motion

for the body.

For a body of arbitrary geanetric shape the equations

of motion to be solved at any instant are:

dy sway + =9 (2-5)
Wie

ax = F& —(2-6)
ie

ee Me —(2-7)

Integrating the vertical cartesian coordinate equation

of motion gives:

Mea, we

wdy = w-w = |aydy —(2-8)
2

Wi %

Substituting from equation (25) into equation (28) gives:
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Ys yy

Gee (+9) + (29)
nn

Providing the initial velocity Vy is known and

the function iy against y is known then the integration in

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

the velocity and acceleration of the body at any point 'y' determined.

To proceed further with the analysis, the variable time

must be introduced. This is possible 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 iteration procedure to solve equation (2-10), since

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

be known.

Me te ea

dy, = Jat = Ve- Yy - [l&*°) g \dt —(2-10)
Vy ty t

Therefore once the time intervals corresponding to the increments

in 'y' are knowm the velocities and displacements in the 'x'

direction could be calculated from equations (2-11), (212).

t,

a,dt 11)

ty

Meo

dk = Yer u

‘xi
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OX. 9 => X= Xa = A aivedt —(2-12)

Both these equations could be integrated analytically or

numerically since Fy 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 motione Hence the

equations of motions for the body could be solved-at any

instant of time as the body passed through the jet and the

motion traced.

It should be noted that when solving equation (2-10)

to obtain the time interval corresponding to the change in

Ww » if there were no change in Vy (Qy_ therefore

equals zero), then no time interval could be calculated.

Also, if the vertical forces retarding the body's progress

through the jet were of a sufficient magnitude then the vertical

velccity would reach zero. In this case the force Fy may

exceed the magnitude of the gravitational force, but ina

negative sense, and the body would start to rise back out of the

jet. Since tke forces exerted upon the body are a function of

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 toa

practical situation whilst allowing a two-dimensional analysis.

an3 A Two-Dimensional Analysis of the Movement of a

Cylindrical Body

23—41 General Quasi-Static Theory
circular

Consider a)cylindrical body passing through a horizontal

liquid jet of circular cross section, as is shom in Figure 2-3 (a).

Depending upon the body's position relative to the jet part or

@11 of the jet's momentum flux will be incident on the body and

the jet will be disrupted and deflected through same unspecified

angle. For the purpose of a mathematical model the following

assumptions were made:

(1) The diameter of the body was greater than 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 moment and hence no

rotation of the body about its mass centre.

(111) When 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 portion of the jet's cross

section. The interaction 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,

e s

Sy (2lso 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:

Yen

y,

SA,, = || f(xy)dR = 2] (8 - y2) dy oy

Rg Yeu

Substituting y;= 1sSin@ it can be shown that:

2

SA... = 2n cos @ do

Which after integrating and a little manipulation becomes:

She. = oa ——- sito” 10) \

2 s , Ysa.
2g [%(1 E Ls] x sin{%) I —(2-At,)

Having calculated the jet's incremental cross sectional area

then the incremental momentum flux incident on the corresponding

area of body could be calculated.

Considering now the cylindrical body; the body angles

corresponding to the step 'Sy' were calculated and an average

angle obtained through 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 finally

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

ass

B's Ore S(5a.)/s8 (Bay —(245)

where” Gy, = 9 + (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 'Sy'; the area being proportional to the

jet momentum flux. Having obtained the angle through which the

jet was assumed to be deflected then the forces exerted on the

body were given by:

F, = 6,sin@ (2-3)

FR, = -Gsin@cos@ (2-4)

The force profiles are show in Figure 2.

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 23, equatio (2-9) could be

solved analytically for a cylindrical body. The functions

FL and hence , against time were not known and

it was assumed that they could be represented by truncated

Taylor series. This was thought to be reascnable 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 prismoidal

rule and hence:

Gt a t,) = 2(y,- YA (ay- qy,)

Having obtained the time intervals corresponding to the step

increments 'Sy' through the jet then equations (2-11) and

(2-12) could be solved numerically to obtain 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 ana

for various jet velocities. For the numerical integration 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, reccgnised

that errors would have been introduced from the assumed function

introduced for 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 (211) and (2-12) except where

the time interval for an incremental step 'Sy' became relatively

large; this was checked by examining the computer program print-

out. 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 25 and graphs showing the theoretical curves and

comparing them with experimental results are given in section

(25).

23-2 The Minimum Jet Entry Velocity reauired for a

Cylindrical Body to Pass Directly Through a Liquid Jet

It can be shown 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 equation (2-4) into equation (25) then:

a, = -& sin@cos@ +g =(9%6)
m
r

Consideration of equation (16) indicates that if the incident

momentum flux was of sufficient magnitude then ay would

become 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:

2

We? (e + 3} dy ya
P

vi

The integralis shown in a schematic form in figure 2-6 as the

cross-hatched areas The figure is only schematic since 'Sy'

Al



does not equal §@ but follows the relationship dy=nsinO@d9
2

If the cross-hatched area exceeds (% 72) then the body

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

velocity was defined such that:

fa.

Was =-2 (-S:sinecese + 3) dy —({ 2-18)

%

Transforming the variables, then:

dy = nsin6d@ 3 cos@ = 1 - Yr,

Yam = 2 | |Setrsin@cos® - gsind}da (249)
P

820

%

2 43
= Gee @ - 2gn,(1-cos@) —{2-20)

O=0

To obtain the upper integration limit 0, the case will

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

point:

a
<

n oO and -F— = g
m,

Therefore sinQ@cos®, = = and since
T
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sin@.cos®, = 4sin26, then

sin’ ( 29m ==(2-21)

There are two soluticns to equation (2-21) for 04 eZTy2

and the upper integration limit is the larger of these, see

Figure 26. The signifance of 6< 29m, is that the

acceleration curve no longer crosses the axis Qy= 0 and

therefore the body accelerates continuously through the jet.

Substituting from equation (221) into (220) and

using the trigonometrical identities:

4,
sin@ +cos® = 1 ; cos -[z0 +0528)

sind = (1 - cos20)]*

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

higher value of Oy is inserted:

* 1 ait 1 ab i
Vicuw) = Ki + f0-K)] -K, 1/2 (( -ks) )

where K, = 3 3 ry 29% 3 A=
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Correct to four places of decimals the expression for the

minimum jet entry velocity becomes:

Yeon =| {0.2357 (Se) [ +fi- (eqn FY a

1 - 0.7071 1 i 6 (2s)2 | (222)

As has been mentioned previously, it is not physically possible

to have the square root of a negative quantity since under these

conditions the body accelerates continuously through the jet.

It 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 point

One 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 body 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 variatio 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).

2k. Cylindrical Body Deflection Experiments

Onn Experimental Precautions, Preliminary Tests and Error

Estimates

The theoretical configuration was a horizontal liquid

jet 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 approached

the theoretical ideal aluminium honeycomb was inserted into the

supply pipe to eliminate residual swirling flow in the pipe

and a convergent nozzle, as shown in Figure 2-8 was used to

minimise the effects of boundary layer growth on the jet velocity

profile. The jet velocity was measured with a hypodermic total

head tube, 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

profile 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.

Examination of Figure 29 (b) shows that the angle of impact of

the jet would be (9 +) not @ ; the body would drop

an increased distance before touching the jet, the increase being

labelled 'e' in Figure 2-9 (a); the length of the body's path

through the jet would be d,cosec not ds .

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:

°

(od <a 7.0
MAX,

<= 25%Wdeus error)

and for this investigation were neglected.

bln e Cylindrical Body Deflection Experiments

The jet nozzle was adjusted so that the liquid jet

issued horizontally between two vertical 'Perspex' plates,

one containing a 4 c m. reference grid. The hypodermic total

head tube was inserted into the jet and a flaw control valve

adjusted to give the desired jet velocity; the probe was then

removed from the jet. Three cylindrical bodies of a known

size and mass were held a known distance downstream from the

jet 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 @ high speed camera. Timing marks were placed
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directly on to the film every 10 ms. The film was developed

and projected on to a wall where measurements were made of the

vertical and horizontal displacements of the body's mass centre.

Angular rotation of the body, as indicated by a white radial

line, was also noted.

A series of tests was performed to canpare the benefits

of projection magnification against film definitim. The

optimum magnification was found to be approximately 1.5:1 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

configuration is shom in Figure 2-10.

Pnhen 3 The Results of the Cylindrical Body Deflection Experiments

The horizontal and vertical deflections of the miss

centre together with the angular displacement of the body were

tabulated against 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 previously mentioned as being of importance

in the deflection of a body were: (a) deflection time, (b)

deflected distance, (c) the time of impact of the jet on the

body. The deflection time, as has been mentioned in Chapter 1,

is probably the most important term since it determines the

sorting capacity of the deflection machine element, (ignoring
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for the moment the transient response of the element).

The deflection time, however, is a function net 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 (dp72)

since this would 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 before

ond during the jet impact are discussed.

a5 Discussion of the Cylindrical Body Results

On Sel A Comparison between Theoretical and Experimental

Body Displacements

The theory given in section @3-1 will predict a

body's position, velocity, acceleration, time elapsed and the

forces exerted upon it. Figures 2-11 to 2-18 show the detailed

movements of a number of cylindrical bodies 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 body in liquid jets of

various velocities. If no jet lay in the body's path the

vertical (y) graph would show an upward parabolic 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

it. 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 gocd 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 lover than that predicted. This could be accounted for

by a lower jet entry velocity than predicted.

The corresponding horizontal deflections are shown 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 from 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

agreement between theory and experiment is quite good however,

apart from the case where the jet momentum flux considerably

exceeds 6 (that value of jet momentum flux which just

prevents the body passing directly through the jet).

The effect of body mass

Figure 2-13 shows the effect of cylindrical bodies of

different masses on the penetretion of the liquid jet. As before

(Figure @-11) the initial experimental penetration is lower than
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that predicted by the theory. The agreement 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 2-1), the

comparison between theory and experiment is again quite good.

The agreement remains good for the case where the theory would

indicate an expulsion fran the top surface of the jet and where

the body actually passed through the jet. This could be due to

the horizontal deflecting force profile being symmetrical about

the jet centre-line, as shown in Figure 24, and therefore the

forces 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 16 show the effects of varying a

body's entry velocity into the jet (the body's jet entry velocity

being a function of the drop height).

Again it can be seen that the initial jet penetratim

fran 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 should 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 a given

time an increase in deflection with an increase in jet entry

velocity and, ultimately, a larger deflection through the jet

with a lower jet entry velocity.

The effect _of body size

Figures 2-17 and 218 show the results of two bodies

of almost equal mass dropped almost the same distance but

differing in dianeter. From Figure 2-17 it can be seen that,

as in the graphs Figures 2-11, 2-13, 215, the experimental

penetration of the jet is higher than that predicted by the

theory. Theory and experiment do agree, however, in that

larger bdedies penetrate the jet at a slower rate. . The horizontal

deflections shom on Figure 218 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 experiments.

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 bedy 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 4 Comparison between Theoretical and Experimental

‘design’ Parameters

The three parameters thought to be the most important

for sorting machine design were:

(a) Deflection distance

(b) Deflection time

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

" Figure 2-19 (a) shows a canparison 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 comparison between theory and experiment

for the time the body spent in the jet. Several points were

thought to be 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 mm

maximum) and the agreement remains gocd over small distances

(see Figures 212, l,, 16, 18). Figure 2-19 (b) shows a more

severe test of the theory since, providing the body passed

through the jet, the trace is not 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 from Figures 2-11, 13, 15, 17), do not

agree as well as the horizontal deflection graphs. It was

nected 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 show in

Figure 220 where the total horizontal deflection on passing

through the jet is compared. It will also, 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 experiment will give large differences in the deflected

distance since, near the jet exit, the body may be moving at

@ considereble velocity. Figure 221 further illustrates this

point; the correlation between errors in deflected distance

and errors in jet contact time are clearly shom. Further,

points worthy of note are that the gradient of the line is

approximately two, indicating that a 16% error in time will

give approximately a 20% error in deflection and that the

line almost passes through the point Xet/Keare = teX/ teye=1,0

The mean and standard deviation on 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 flux. Figure

222 shows that the theory predicts a reduction in deflection

time with an increase in jet momentum flux, havever, 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 momentum 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 27 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 considering that this is the initial

test of the theory; no experimental coefficients have been

incorporated and errors are known to exist within the analysis.

5-3 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 errors 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

graphs, (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 show on Plate

6. It can also be seen from Figure 22 that as the angle

of impact increases the quantity of fluid impinging on the

side walls increases, Plates 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 be partially accounted for by inserting into the theory

a momentum flux coefficient. From this point of view it was

encouraging 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 body's minimum jet entry

velocity is concerned a manentum flux coefficient could again

be used to overcome 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 momentum 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

body 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 assuned 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). It was noticed that on a graph of jet deflection

angle against jet penetration, (see Figure 223), 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 Quy

were directly proportional to 'y'; however Oxy was not

directly proportional to 'y' and hence the increments of Qy

are larger when 'y' is small. The increase in gradient after

the inflection occurs when the first few large increments of

Ony again result by the passing of the lower edge of

the jet. If the calculated value of 6x was higher

than the true value then, ignoring other interactions, the
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G ap mp Axset (ech) =“ V(min) ~—- canants

2

(kg m/s) — (m) (kg) (a ne) (n/s) (n/s)

8.64 0.10 0.1320 25 1.37 1.13 Passed through the jet

1305 0.10 0.1320 1.37 1.56 Passed out of field of
view

1305 0.10 0.1320 105 1.85 1.56 Passed through the jet

1365 0.10 0.2316 118 1.37 1.02 Passed through the jet

19 0i;2; 0.10 0.1320 1.37 1.98 Did not pass through jet

19 hy 0.10 0. 2316 202 1.37 1.37 Passed through the jet

19.2), 0.10 0.2316 101 1.85 1.37 Passed through the jet

19 0t:4 0.05 0.0581 112 1.53 2025 Passed through the jet

Comparison between theory and _ experiment
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Mean jet deflection angle against jet penetration.
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horizontal and vertical force magnitudes would be overestimated.

In spite of these possible errors there 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 a jet on a body

held stationary in the jet; under these circumstances it is

common to use @ momentum flux coefficient (often termed Gy

from aeronautical 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 body

under the impact of a liquid jet, no attempt has been made to

introduce any coefficient, although obviously there are energy

losses within the jet impact region, and the theory has been

compared against axperinental 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 assumed that the bodies did not rotate

as they entered the jet. In some 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 agreement

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 2-2) illustrates the deterioration of

the theory with body rotation.

The theory also assumed that the cylindrical body

diameter exceeded the liquid jet diameter. It was noticeable

that the agreement between theory and experiment was poorer

with the smaller diameter bodies, (sce Figures 2-19 (b) and

220). With the smaller diameter bedies any disparity

between theory and experiment occurring close to the jet

entry would exist for a greater percentace of the body's

jet contact time. Also since the crimination of time

was approximately two milliseconds, with small jet contact

times and high body velocities, a discrimination error of

two milliseconds would be approximately seven per cent of

the total immersed time.

It can be seen from the plates 1 tc 4 that the

fluid impinging on the side walls flowed between the side

guide walls and the body. This flow of liquid between the

body and the side walls would introduce a 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 side

walls and the body thus resulting in a modified pressure

distribution on the body.

4A 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

effect. 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 domwards; this is illustrated in Plates l,

2 and 5.

With the liquid jet still passing below the body

and accelerating the air adjacent to it, the low pressure

region could be formed as described above. As the body

entered the jet Plate 7 shows the jet to be fairly strongly

attached to the body, considering its high linear momentum

flux. 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 region 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.

26 Summary - Body Movement

It was considered that several important points

have been made in this limited investigation. With regard to

@ 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 reasonable tolerance bounds.

(b) Any significant rotation of the body prior to

entering the jet would generally appear to increase the time

Spent in the jet. This was not invariably the case and further

work would be required on this paint.

(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.

(a) 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 body

deflection purposes, being quiet, powerful and selective.

It 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

purposes. 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 from the orifice whereas with control flow a conical

liquid sheet would result. 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 intoa
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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 shom in Figure 3-1 (a) 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 flow, 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 recorded 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 from 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

anelysis 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

Sourcese

3-2 Swirling Flow Literature Review

3-2-1 The Effects of Vortex Element Geometry

Duff, Foster and Mitchell (1965) mentioned the

considerable influence the exit orifice size had on the wartes

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) ana

both authors mentioned, and Neve illustrated, the existence of

a ‘complementary’ vortex, (see Figure 3-2). Neve mentioned that

o4



primary

vortex

Flow Pattern in a Radial Vortex Element

(from Neve (1971),

Figure 3-2



this canplementary 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

normlly accepted mthematical 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 as;

: (4) Vortex chamber exit to periphery radius ratio.

(ii) Control port to exit port area ratio.

The limitations of applicability were given as;

Ay >3 3 o1b<b <064 5 oe
0 le

3000 < Re (eee. p< 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 remain within the

Reynolds number criterion specified by Wormley and Richardson.

Even so, Skoog noted characteristic changes due to variations

in the vortex 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 took into account the effect

of the end wall boundary layers. He introduced a term BLO”

(modified boundary layer coefficient) and stated that as BLOTM

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 BIC" 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 dom ratio ay

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 medium. 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:

(4) The control flow inlet was positicned at an

axial distance of (2 ) 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).

. (iii) The parameters Re,Ry,, Re and fe

were found to be interdependent. With (Ava.) fixed at 0.25

the optimum ratio of (Raw, ) was approximately 0.95 for

0.25 => ("~p,) >0.10. As (Yr, ) was increased

above 0.25 the optimum value of (Ramp) appeared to decrease.

(iv) The optimum ratio of (Re/p,) for their device

was given as approximately 0.08 and this occurred with the

relatively large value of ( "rR, ) of 0.332.

The maximum ‘index of performance’ obtained with a

Bingle cutlet device was about four, although this was improved

slightly when a radius was put on the outlet orifice.

It was noticed that McCloy and Stevenson found that

their results were most suitably presented using the same

Reynolds number as Wormley and Richardson (1970) and also that

the Reynolds number obtained 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 a single outlet
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"jet 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 dom ratio reached a maximum

of between 4.5 and 6 with a ratio of (Rev,) of between 3 and

4.5, depending upon the area of the control ports.

It was interesting to note the fairly close agreement

between Mc Cloy and Stevenson and Al-Shamma on the ratio (Revr,)

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-Shanma's device does 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 ‘complementary’ 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, 194.9; 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 (194.9) predicted that the entire output fran

@ swirl nozzle could be through the boundary layer, although

Cooke (1952) questioned one of Taylor's assumptions and

calculated a much smaller boundary layer. Rosenzweig, Lewellen

and Ross (196) 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 occur

at geometric discontinuities such as circular steps or the sharp

edge of an outlet orifice. If this is suppressed such that much

cg



of the boundary layer flow returns to the stream flow then

the circulation distribution may be almost constant over a

considerable proportion of the chamber radius. Changes have

teen made to the geometry of radial vortex units in an attempt

to suppress the effects of boundary leyer flows. Syred, Royle

and Tippetts (1968) tried a double exit orifice, concave chamber

walls and the addition of diffusers to the outlets, 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 with downstream distance. In diffuser flows the plane

cross section is increasing with downstream distance and the

shear gradients decreasing. Conservation of angular momentum

flux may not be unreasonable (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 phenomenon of vortex breakdown; this is much less

likely to occur within a swirl nozzle 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

section.

3-2-3 Flow Instability

In @ 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 instability in the form of oscillation is

encountered. This instability is associated with the outlet

region and is a consequence of the vortex breakdown phenomenon."

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 geometry. 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 troublesome

effects of large amplitude low frequency noise on vortex element

design. They confirmed that flow instability or 'noise' was
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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 considerably. Neve's (1971)

experiments appear to confirm these ccnclusions. Neve

stated: "- - - the audible noise, caused undoubtedly by

the problems involved in turning a solid body vortex core

through 90° to exhaust normal to the vortex amplifier plane,

is beyond normal human tolerance - - -". 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

vortex 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

( rR) 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

occure 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 Lichtarowiez (1971) aeration could occur at pressures

corresponding to the saturation pressure of the gas dissolved
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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

@ practical amplifier.

It appeared from the foregoing references that an

axial vortex unit should be more stable and have a higher

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-h. 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

come from investigations into the swirl nozzles commonly

used for the injection or atomisation 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 relative sizes of the outlet orifice and the air core.

If the included angle was 2/3 then:

tan B =(e = Fki ( Ae \ ( v2)

where qe

Taylor (1948) also used inviscid theory and obtained

the following expression for the liquid cone semi-angle;

cos p = ‘Wy » where

Vz 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 (19.3) and Wolfsohn (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 same distance

downstream of the orifice. From the equations given by

these authors a constant cone angle could be obtained 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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a@ 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

the 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 have

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.

(443) 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 formla:

. =A (8v%, i %)
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

stable and that instability may be due to the axial outlet.

Rosenzweig, Lewellen and Ross (1964) 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 solutim. Both Binnie and Harris

(1948) and Taylor (1949) used spherical coordinates and

obtained boundary layer manentum 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 momentum 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 fram those used for turbulent flow over flat plates.

Wormley gave them in non-dimensional terms as:

ewe; Ewe SUE
(1-x)(S v4 (Sv; )4

where the non-dimensional core velocity and friction factor

were;

(7)
Two other authors who have used shear stress models derived

ye = u'+ aly
(1-x)

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:

isch, dugy » Where the eddy viscosity was

taken as; Av=4(1+15 vm) and Vm the mean velocity

over the element. The end wall shear stresses were calculated

according tos
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%

¥ = 0.0225 0u5 (2)
We 5

The shear stresses and velocity changes over the element

were calculated using an iterative procedure. The inclusion

of the shear stresses resulted in a 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:

where, & = Ae Vee uA 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 Orner used a simple friction

factor equation to represent the end wall shear stresses, thus:

v Stes:zath, rf -

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-Shamma (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 parameters. 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

and low stream velocities, or low swirl velocities and high

stream velocities. Whereas the shear stress model of Bichara

and Orner used the tangential velocity, that of Youssef used

the true fluid velocity at the pipe radius, thus:

vs Aen » where % = [é],+ [],.

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

@irectly proporticnal to the decay of angular manentum flux.

Figure 3-5 illustrates the decay of angular momentum flux,
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or some specified tangential velocity, with downstream

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 velecity.

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 geometry.

33 The Design and Testing of e Axial Vortex Flueric

Element

3-3-1 Axial Vortex Element Design

Using the references quoted in the previous section

as a guide, an axial vortex flueric element was designed and

is shown in Plate 10 and Figure 3-6. The dimensions compare

favourably with the axial vortex elements of Al-Shamma (1971)

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

McCloy and Al-Shanma Test
Stevenson (1971) Device
(1972)

Ac 0.250 0.888 0.955( Wh A) 0.222
(Pomp) 0.950 0.737 0.643

( oR.) 0.250 0.329 0. 286
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PLATE 10



The stream and control flow inlet areas were larger than

those used by most authors. It was anticipated 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 used. 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 port 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 nom

at that time and it was intended that this centre body would

Suppress any tendency for flow separation in the stream and

swirling flow conditions, 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

geometry 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 3-7 shows the location

of the pressure tapping points. 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,
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used to collect the swirling conical sheet when the device

was in the switched condition, was removed.

3-3-2 Experimental Procedure

A schematic diagram of the experimental apparatus

is shom in Figure 3-8. All flow measurement wes made using

two Rotameters, the calibration of which is given in Appendix

8. The water temperature was monitored using a thermoneter

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 static 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 obtained. 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).
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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

control flow the manometer readings and flow rates were noted

end a photograph taken of the jet to obtain the angle of

Aivergence.

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 various 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 4.

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

manometer scales was estimated to be within 0.5 m.m.Hg.
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The errors in measuring the sprey 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-dimensional representation of a three-

dimensional figure. The errors are illustrated in Figure

3-13. The errors in the liquid sheet cone 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 0.3 mm.

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

considerable 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 true 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
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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 fran 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.

3h, Axial Vortex Element Analysis

3-4-1 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.

Also, 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 coordinates 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. Johnston (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

and 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) and Al-Shamma (1971).

(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 a two dimensional solution 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 within the nozzle.

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

Fyn? 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:

Gok, en +3-1)Cu. [ag (P Paw )

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

(1971), then at the annulus entrance:

Qs = AsVs = Qaus= AnuVanu

P= Pst Love = Paw t 1 vin2 af

Therefore:

qs (qeAcd B (o.-ps)+0s( Fa - zB) ~(3-2)

Equation (3-2) shows that there are two components

comprising the control flow, a linear pressure term and a

non-linear term dependent upon the supply flow and the ratio

(Ama,) -« 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

(Auw4, > 10 505

Re = 2 1.234.

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 3-14 shows a graph of the data contained in Appendix

9. The flow equation was then written as:

Q: = Ki(pe-ps) + KG

where Ky= 2.65810 ; Ke =0.0127

When 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 point.

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 floy characteristics for both device configurations

(Geometry No.1 and Geometry No.2) are shown in Figures 3-16
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Components of control flow.

Figure 3-15
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and 3-17 respectively. Very little,if any, control. flow

instability is noticeable 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.

Bhd Analysis of the Mixing Region Flow

See Figure 3-18 and cmsider station (1). The

angular momentum flux about the nozzle axis '0' can be

given by:

dH; = dmRvw ,

where dm =AvedA and dA = l.ds

S:

Hy - ptf
2

Rveds +3-3)

Assuming Ve is independent of the variable 's'

and replacing the variable 's' by 'R' then:

Re B 2 )
. 2 2

A, = vl { RdR = lve (Ro-Ré
C 2

Ri

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

station is:
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Ne

H = ane vive Ridn ea)

ne

where dH=dmRy, ; dmh=pvdA ; dA= 2rRdn

Assuming that the stream surfaces are parallel to

the wall and that V, and Ve, are independent of the

variable 'n', then the 'n' coordinate can be replaced by the

cylindrical coordinate 'R'. Therefore:

Re

° 2 3 3

H = row | RR = Zrown (Re - Ri)

Ri

Since the axial floz Ve crossing station (1) has no

angular momentum about the nozzle axis then:

(Re - Ri) Bi) +(3-5)

For the geometry of both devices tested the

values of Ag R, and Ri are nom and therefore:

: w= (0.04293)

If at station (2) the distribution of swirling

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

SI



Re

H = anon [geen = THoVc (Re - Ri)
Ré

Therefore: Vi ccpmelve es (3-6)
2trRvz

Again, for the geometric configuration under test:

v. = (0.47766x10)
Rve

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 (36) 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) ana

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 Orner were in the hundreds. In this investigation

the tangential velocities at the mixing region were relatively

low and if Bichara and Orner's graph were to be used (see

Figure 3-4.) 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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J-hak, 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, vector equation of motion is:

: [vs oz] = ¥x (vx) -¥(2}

Following Vavra (1960) ana defining the total pressure as:

Pr=prt p% + f9Z ; then the equation of motion

became; Pe

v(2r) = v x Vv x VvE (v7)

Conforming to the conditions specified for the coordinate

system in section (ii) of Appendix 7 then:

tJ ap, + Ushio, = al. wav) | t fu Qlew) |

GY yaw) + v (38 + kn

and hence the scalar component equations became;

ve. AR ;) = 0 (3-7
R a )

1 OPr ue, alr ) xa OPr = MOIR +3 8)

es = a a(Rv) - «(Be t: vekn} +3-9)
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Providing that neither R nor V2 becomes zero then from

equation (3-7):

(a(Rv4,) =Q and therefore RV was constant

along a stream surface. Similarly from equation (3-8),

providing R was greater than zero, the total pressure ( Py )

was constant slong 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:

BOD ang « (HRY _ 1 )=0
dn " R dn A dn

The third term of the above equation was a function of 'n!

only and was denoted by N(n). Therefore:

ae + 2kmv; + 2N(n) = 0 (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 (a detailed explanation being given

in Appendix 10):

Vtg) = exp.|- 2k cn} [iu 2h pakedu an](n) (i) ~

—(3-11)

Before a value could be obtained for the stream

velocity for the nozzle geanetry under consideration the

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

the velocities and pressure at a reference station had to be
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specified. Figure 3-19 (a) illustrates a meridian section

showing adjacent stream surfaces intersected by their

orthogonal trajectories. Providing the geometric and fluid

dynamic parameters were known at one station, along which

the coordinate X2 was a constant, then:

[ ste] a [ 4: 28h:

[ s>- | 2 [ | EP aaa
dn .

X,=a Xe=a2

Defining station X2 = a as the reference station then:

d(Rv,) 2 sy) ) < [ go |
dn dn ret | 8n

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

= [i eae “7p | Le! ei
The terms in equation (3-12) have the dimensions of

acceleration which is also dimensionally equal to a ‘specific:

energy gradient’ ( VYgm)- The terms can be thought of as

constituting the specific energy change between stream surfaces

due to fluid rotationality and total pressure gradients.

Because of the inviscid nature of the initial equations,

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

Hence whilst the energy gradients in equation (3-12) can change,
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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 = 0, since the

term (Smt, } 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 geanetries mentioned in section

(3-3-1) and illustrated in Figure 3-6. The swirling flow

reference station values used were obtained fran 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 ( Vv, = constant).

For irrotational flow the reference station value

of (dex) is:

de] |p +a vow) = ee[x ref = dn st ‘ ‘ taf, R®
[2] 70. 4

dn ref.

and for rotational flow where W = constant:

eeedn Inet

ee = GKR)ref . ke
dn Jref dn "

Since at the reference station dn = dR.
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Stations 1 mm. 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 fran equation (3-11) and the stream surface

geometry solutions converged. Figure 3-20 shows the

programme flowchart. The numerical methods used within

the computer 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, end all the dovmstream

Stations, were obtained from mathematical functions the

ineoanaery, degree of accuracy could be maintained.

5-4-5 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-Shamm (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:

Md Rw) = [e direction shear stress vers |
R dm

41, dp: wv. O(Ru)
P om R om

1. Ope v,, ARv) , y (ave 4P an Ran v( $4 kn)
The solution of the inviscid total pressure

equations given in section (3-4-4) gave a series of

stream surfaces with a specified geometry together with

the stream and swirl velocities and pressure. If now a

one-dimensional angular momentum flux decay were imposed

upon the two-dimensional inviscid solution 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: - ew e

His aa | yt dr
J

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

Me a AH,
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Between two arbitrary stations a distance of ‘an* apart:

aM be shear stress | [se | 3 [sx]

“in the © direction eee. eam

= = Tregy) (270 Pw) dz

Therefore:

GM? Sadi. (22) 7,= =s- re,

dz dz peace

If now the wall shear stress Trew) is modelled by

the equation: 5

Vrelw) = ipo > then:

dH 2) 9 Viae =-(2177 rw) es ; 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 ‘Sm’ vary with 'n'.

Since, however, a one-dimensional decay pattern

has been specified, then variations with 'n' will be ignored

and @ mean value for’R’ ana Sm 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:

nh

Romy + | cos dn , then will beRen)
ne

39



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

of the 'n' characteristics). Graphs of the stream 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 denoted by:

2

Yaw = foMm 3-13)3i(wl ip 3-13)

Then: a = - 2nyef Rn vie (3-14)

Ne

Where: 4 = aro { vf cn :
Im,

Ru = 4 (Rae + Rnz ) ’

Vim = 1 ° fe dn.
(Me- Ni) vy,

For any two stations Sm apart, then:

: = H dH . Sm ’Me mee

P
nv

wu

where:
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() + -f2)(B)-
(ate eo £0)
Om |i Sm

For the inviscid stream surfaces to be valid

every term in equation (3-11) must remain the same,

therefore ap, must remain a constant, as must
n

(vig Aly | « However, since the circulation about
the nozzle axis is now a function of 'm' then the application

will be restricted to free vortex flows (ae. acre = 0 ):

Figure 3-19 (b) illustrates the angular momentum flux decay

pattern. Note also that the partial derivative notation

has been given for the gradients of total pressure and

citculation 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 cpenainena tonal 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 solution
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for the stream surface geometry, fluid pressure and

orthogonal velocities.

(ia) Calculate the angular momentum flux and

its gradient, the mean radius end the mean swirl velocity

at the reference station.

(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 process until all stations have

been calculated.

A comparison between the various theoretical

models and between the predicted and experimental results

is given in section +5.

3-5 Discussion of the Swirling Flow Results

3-5-1 Comparison between Theory and Experiment

Streaming Flov - Pressure Distribution

The predicted static pressure distributian along

the outer nozzle boundary under variaus streaming flow

conditions, for both device configurations, are shown in

Figures 3-21 and 3-22. The rapid acceleration imposed upon

the fluid by the high values of stream surface curvature

near the orifice of geometry 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 geanetry No.2 led to a much more

gradual pressure drop than occurred with device geometry

No.1 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 geometries are shown in Figure 3-23.

Unfortunately the experimental measurements taken with a

hypodermic total head tube could not be made closer than

3 mm. dowmstream from the orifice. The shear stress

relaxation 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 34 mm. 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 geometry No.1 showed a more

pronounced cusp than geometry 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 squares

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 7

where Re = (¥sds45 ), Qe=0 ). At these high Reynolds

numbers 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 comparison, the actual number obtained may have little

Significance. The power turn down ratios of device geometries

No.1 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
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annular area. A further slight difference was that the

control flow inlet area was larger than the other devices

mentioned 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 3-2, and 3-25 show the predicted pressure

distributions along the nozzle outer boundary for various

degrees of swirling flov. The figures show that for both

geometric 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 values. 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 only 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 paints 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 coula

contribute toward the error between theory and experiment.

With swirling flow the cause could 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 geometry No.2 only

and two sets of experimental points have been plotted for

different static pressures at the stream flow entry to the

device. It was thought that this would help to distinguish

& general trend fram an erroneous experimental reading. The

two sets of experimental results compare well and indicate

that a consistent flow pattern was experienced within the

nozzle. The theoretical graph 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

3-4-2, Figure 3-15 and in particular the non-linear tem

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 flav. The predicted pressures given by

the theory for measuring point three were obtained fran

the reference station values where a zero radial static

pressure gradient was assumed. 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., 20.975 ).

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 #0.975 ) could be due to a loss in total pressure.

Also, since this loss represented approximately 13% of the

original pressure, it was not thought to be an unreasonable

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 shoved, fairly consistently, that at

low control pressure ratios (small control flow rates) the
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pressure at measuring points 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 point 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

cutoff paint a slight dip in the pressure trace was noticeable

(Pee = 1.19 ).
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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 99% 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 a 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 formation,the air 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 reasonable. With 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 tengential 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 points. 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

assumption.

Figures 3-30 to 3-32 illustrate the experimental

readings for element geanetry 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 observed to form at the nozzle orifice

of geometry No.l, it was noticeable that the pressure at the

"tail! of the centre body (measuring paint seven), was

Significantly above atmospheric 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 entire 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 before 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 Qé4 was assumed to be related to the velocity

camponents by the formula:

o = tan’ Pe |

Since both the stream and swirl velocities were functions

ORIFICE

of the radial position within the liquid stream an overall

ratio for ( VAR ) had to be caleulated for the orifice

plane. This was accomplished indirectly by taking an

increment of flow and obtaining the average value for

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 C¢ obtained for the orifice plane. This was expressed

mathematically as:

xs % [ ton" al wot (4) a | i
The results of a single experiment are shown in Figure

3-33. The comparison between theory and experiment is
fairly good; however,it is noticeable that the predicted

values of Q¢ appear to be too large at control pressure

ratios of between 1.0 and 1.05 and too low between 1.15

and1.2. The final value predicted for OQ, at the cutoff

point, was too high with the inviscid theory, approximately

correct with the tangential shear stress friction coefficient

set at 0.01 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 (O¢ ) is shom in Figure 3-34. It can be

Seen that whereas there is a reasonable correlation between

28 and O¢ , almost invariably the tangential relationship

of the orifice velocities underestimates the included jet

angle. The rate of increase of the included jet angle was

highest before a stable air core was formed, after the air

core formation the rate of increase was avproximately

proportional to the measured orifice velocity ratio angle & .

The appearance of the liquid jet changed markedly

with the introduction of swirling flov. With zero control

3
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flow the liquid jet looked 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

effect. 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 li, illustrates the jet

with a high control flow, (severe swirling flow close

to the supply flov 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.l.

3-5-2 Observations on the Theory

Two inviscid versions of the stream surface

theory were run, one allowing rotational 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

roote Usually stagnation cecurs between two calmlation

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

So 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

velocity 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 equation

resulted in very little angular momentum flux loss with low

and moderate swirl velocities and then very high losses

close to the nozzle 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 shear 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 Liquid 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 body and the stability of

operation of the device was thought to be attributable

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

Ie



transient response was adequate, the device would control

the quite powerful liquid jets necessary for deflecting

fairly large and heavy bodies.
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4 THEE TRANSIENT PERFORMANCE OF AN AXIAL VORTEX

FLUID ELEVENT.

del Preliminary Considerations

In chapter one, section (1-4-3), it wes stated

that one of the reasons 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 response is difficult

for all but the simplest systems and even then it may not

yield all the desired information; namely, how to modify

individual system parameters to obtain a specified response.

The term ‘frequency response’ is usually used when examining

the steady state output characteristics in relation toa

Sinuscidal input function.

The output characteristics obtained fran the

frequency response tests are usually presented graphically

in the form of a Bode plot or, less often and usually for

stability examination, a 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 te, (see Figure 4-1 (a)):

2 = FUR jo)Rljw) = KG(jw).

Assuming that each element has a simple first order transfer

function then the overall frequency response will be:

KG(jw) “ (A,AgAg) ed ht Fat ta)

where: A

gd = phase shift

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

amplitude ratio

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

@ 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

_ characteristics are known then curve fitting methods

can be used to fit predicted curves onto experimental

data.

The systems previously considered have been

idealised and modelled by linear differential equations.
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Same non-linear differential equations have been solved

using graphical or camputer 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 mich more elegant and

rigorous explanation on this point. He stated that the

minimum phase equations of Bode have a unique relationship

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-minimm

phase equation is that describing a time delay. Its transfer

function one (where T is the time delay) however,

cannot be expressed as a ratio of finite polynomials.

When fluid flows are initiated and terminated,

effects additional 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 a

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 isolate

and test the vortex device alone. Almost invariably the

equipment used to obtain and modulate the control 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-Shamm stated that with

the equipment he used he could not obtain the response time

of the vortex device alone, whilst Otsap attributed much

of the discrepancy between his predicted and experimental

results to the fact that he could not obtain 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 nozzle 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 1. 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 momentum transport and

viscous diffusion,swirling flow becames established close

to the control and stream nozzles. Depending upon the

vortex element geometry and the relative magnitude of

the stream and control flows, the mixing process may occur

over.a considerable proportion 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

ecnsiderations 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 air 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 mst

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 ceases 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.

hn? The Transient Analysis of Vortex Fluid Elements

Some authors have, like Otsap (1968), performed

a number of experiments and then fitted a transfer

characteristic to the resulting experimental points.

Otsap (1968) approximated the dynamic characteristics

of his vortex device to a first order linear system

having the transfer function [ Ky 7S) ] .

He estimated that the time constant TY increased as

the square root of the chamber volume.

Al-Shamma (1971), in his transient testing of an

axial 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 (1s Fis)(1+ %s)

(&r2es<1] 1+ ms)

Neve also obtained the transfer function for an isolated

vortex 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 leg function was obtained (see Figure

41 (b)) and it is interesting to note that the time

constant was directly proportional 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 demonstrated the similarity between the

equations for fluid flow and those for electrical networks,

drawing a parallel between inertia/inductance, pressure/

voltage, compressibility/capacitance, flow/current and

resistance.

Taplin and Seleno (1970) presented a very

comprehensive dynamic equivalent electrical circuit for a
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vortex amplifier; their equivalent circuit is shom in

Figure 4-2. It can be seen that there are two paths

connecting the nodes He and He 3 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

earthed. 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.

pr) Transient 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 solenoid valve to switch

the control flow on and off. The electrical signal

to the solenoid valve was controlled by a 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 sensor comprised

a waterproofed pressure transducer,used to register the

presence of the cylindrical jet by the pressure rise due

to the liquid impact. When 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

‘jet sensor' pressure transducer were taken to an ultra-

violet 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 solenoid 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 required static pressure

With zero control flow. With the control flow solenoid

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 4-1 were

obtained by averaging fran 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 taken 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 4-1.

ded. Discussion of the Transient Test Results

hehel 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 solenoid voltage

(lower trace) is very rapid and closely approximates a

true step input. Also visible, but not complete, is the

high reverse voltage and current on removal of the solenoid

Signal voltage. This is typical of an inductive coil 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 some time after the
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TABLE 4 - 1

VORTEX ELZMENT GEC-ETRY No.2

f (Hz) t, (ms) At,(ms) +,(ms) At,(ms) St.no.

Vs = 10n/s

P = 0.528 bar P, = 0.665 bar

Ap, = 0.064 bar Pets ime 25

1 on - 133 Lye7 31.3 303 1.30

OFF 26.7 8.0 31.3 2.0 1.30

5 on 13.0 12.0 31.0 303 1.29

Orr 28.0 8.0 30.7 207 1.28

10 ON 20.7 73 22.0 2.7 0.92

OFF 30.0 667 26.0 207 1.08

Vz = 159/s

PD, a detes ber P2 = 1.388 bar

Ap, = 0-120 bar PipeesIe117,

- on 10.0 13.3 2207 5-3 1.58

OFF 2963 11.3 23-3 6.0 1.62

5 on 11.3 12.0 2207 4.0 1.58

OFF 28.7 903 2303 303 1.62

10 ON 18.0 10.7 12.0 6.0 0.83

OFF 3303 8.0 19.0 407 1.32

P, = 1.123 bar P, = 1.467 bar

Ap, = O.U4 bar P, = 1.158

1 ON 903 1563 22.0 4e7 1.53

OFF 3007 14.0 28.0 420 1.95



f (Hz) eis) eet (ms). tus) Ata(as)e" Stenos

P, = 16123 bar P, = 1547 bar

AP, = 0-171 bar Rg = 1-196

1 oN 8.0 18.0 DOs7ealens se Mr lehis

OFF 30.0 15.3 Bags Sedu. wade

Vs = 9n/3

P, = 0.416 bar P, = 02526 bar

Ap, = 0.051 bar Pa ea le126

1 ON 13.3 16.7 31.31.5503). , 1030

OFF 28.7 807 32.7 1) AB7 =) 156

Vs = 12s

P, = 06734 bar P, = 0.917 bar

Ap, = 0.088 bar Re = 1.116

a oN 10.0 We0 2B eB

OFF 25.3 10.7 9.3... (sO 20 ier

Transient test results
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walve signal voltage is applied, (see Table 4-1 for

average figures), and this delay time is attributed to

the solenoid valve. It was thought that the slight

*peaking' followed by a long shallow trough may be the

response of the pressure regulator, rather than the solenoid

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

ais 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 noise ratio of this

transducer made the amplitude of the noise difficult to

reduce (the maximum signal being approximately 20 mV).

The signal was not filtered since the noise frequency 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 requirements.

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 te

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 rained

(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 campressive 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 anmlus. 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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Lele? Observations on the Experimental Results

The average results given in Table 4-1 illustrate

@ number of points. It can be seen that the solenoid 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 a 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

increased the vortex element response time was reduced;

however, the non-dimensional response time, measured in

terms of Strouhal 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 1.12 there is very little difference

in the element response time whether switching the vortex

on or off. 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

vortex off was increased considerably. Since the minimum

overall response time was required the control pressure
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ratio should preferably be about 1.12.

The results given in Table 4-1 also show that as

the frequency was increased from one to five hertz, the

Strouhal number remained approximately constant; however,

at ten hertz the Strouhal number dropped below unity.

Examination 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 control flow supply system and the

component that suspicion devolved upon was the pressure

regulator,together with the supply pipe fluid volume. It can

be seen that the previously mentioned signal overpressure

eal switch on and underpressure on switch off,are at ten

hertz, fairly smoothly joined (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,modulate the control flow before the solenoid

valve signal. Figure 4-9 illustrates a sample of the ‘

Signal traces taken at ten hertz. If the control pressure

trace (centre) is compared with that of Figure 4-6 it can

be seen that,sunmming the times between the initiation of the

solenoid control valve 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 resonance.

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 a low flow resistance to either streaming or swirling

flow, all the flow passages being of a relatively large

area, ind since the device was operated on liquid, low

Strouhal numbers were expected. The values achieved}

however,were lower than expected and,as mentioned in

Chapter 3,this had probably been achieved at the soapenne

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 geanetry,it wes decided that the 'jet

catcher' for the vortex element (see Figure 4-10) need

be no longer than 40m m. Allowing for a clearance between

the end of the device and any body of approximately 20 m m

then,assuming the Strouhal remained constant, the vortex

element response time could be reduced by over 30%.

ded 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 isolate the vortex device's

transient characteristic from the overall system.

From the examination 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 quite reasonable 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 flowy, 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 ON PROJECT INVESTIGATION

Before itemising the conclusions drewn 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 bodies

requires a large deflecting force and hence a large jet

momentum flux. Current sorting machines use miltiple 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 was 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:

(a) Autonatic 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 experimental programme and the results of

the initial investigation compare favourably. With further

experimental work it was thought likely that improvements
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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 compariscm to be made with the results

obtained.

(ii) With the assistance of previously published

research papers on vortex 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 dovyn ratio, however, was disappointing.

In spite of the difficult nozzle geometry 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 number 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 unger difficult flow conditions.

(iii) 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 goals

set at its inception; moreover, the theoretical studies made

should prove of considerable assistance to future investigations.
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6 RECOMMENDATIONS FOR FURTHER WORK

6-1 Recommendations for Further Work on the Movement

of a Body Under the Impact of a Cylindrical

Liguid Jet

The recomnendations for further work on this

subject fall broadly into two areas: simple investigations

which could give some 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 liquid

jet a corrected impact angle of the jet on the body could

be calculated together with a corrected drop height, (see

Figure 2-9). 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-

work.

(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 theory 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 direction 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.

(c) A jet momentum flux coefficient could be

used to acccunt for the fluid losses within the jet impact

regione <A factor of 0.95 was tried during the initial

investigation but the losses were obviously less than 3%.

A factor of 0.98 may prove to give better correlation

between theory and experiment.

(a) Removing the transparent guide wells used

in the experimental investigation may give a more

representative fluid flow. Guide 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 ag thought that the three

dimensional liquid flow away from the jet impact region

would have to be investigated. The distribution of the

function F (6, @ ) shom dy Taylor (1966) was similar

in certain respects to a normal distribution, the angle 0

controlling the spread parameter (see Figure 2-2). These

are interesting aspects,since for a jet impacting normal

to a flat surface the function F( @ , ¢ ) 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 flov distribution function could be

obtained.

(>) If the flow distribution 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 a cylindrical body, momentum considerations

result in a 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 could

Significtntly alter the pressure distribution within the

jet impact region and thus alter the distribution of the

fluid and the forces on the body.

It can be seen that the pressure distribution

within the jet impact region controls the resul ting flow

distribution and hence the direct force and shear force

distributions on the body.

6-2 Recommendations for Further Work on Proposed

Axial Vortex Fluid 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

(a) In its present form the theory assumed

the outer 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 flow 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

rewritten 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

any 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 solution continued

as before. This improvement is being implemented on the

existing computer programme.

(v) A phenomenon which terminates the existing

method of solution is that of fluid stagnation and

recirculation (when a 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.

(c) 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 momentum flux decay shear model. Thus:

Crew) = ff. ving
The calculated one-dimensional 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.

(a) In the discussion section of chapter three

it was mentioned that the tangential shear stress model

may not be of a suitable form. It was decided to investigate

a model based on the mean tangential velocity rather than

the mean tangential velocity squared. To retain 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 conditios are abruptly changed. Attention was

concentrated 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-Shamna (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 tet 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 geometric configuration.

A further reason for investigating this region

is that the theoretical model requires details of 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 equation for the

stream flow profile. The profile obtained from the

solution is valid along an 'n' characteristic (i.e. the

coordinate x2, = constant). The equation could be

transformed into a non-linear totel differential equation

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

oe OP, (28h m2 SEA) rN =are ae Sack
The equation can be linearised in terms of (eG, )

but then has to be integrated twice.

Letting (444, ) =y then equation (3- 10 )
becomes:

dy* 2 2 tN osap * (2km - cosd)y + 2R'N = 0

The advantage of a total differential equation 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 know. Since the 'm' and 'n' characteristic

curves are orthogonal and the 'm' surfaces must be nom or

assumed,then the increments of 'n' can be calculated.
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APPENDIX 1

LIQUID JET BREAK-UP LENCTH
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Liquid Jet Break-up Length

The break-up of a coherent liquid jet into droplets

is a complicated phenanenon. 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

@s 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 mentioned in many research

Papers are axisymmetric or varicose deformatims and long wave

length, (in comparison with the jet radius), arbitrary or wave-

like deformations, (see Figure Al - 1).

Levich (1962) considered various types of instability

on the jet surface and obtained 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.634):

s
L avyt = 846. (n/a A1-1)

Equation (Al-1) is valid providing:

%4
Gorm/eo 1 == —4 +M-2)

For low flow velocities, arbitrary deformations and including

viscosity:

Ye
ve 2+ 30 (2pR/er,) -(A1-3)

(c/2pr "
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(1)

jetLiquid

Al-1Figure



Equation (Al-3) is valid providing the inequality (Al-2)

is satisfied.

At high jet velocities:

ie (21st r -CAr-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):

toe = K 200; nye + ea Ne24 IE 2a 9 7 ani
The equation (Al-5) only applies when CAs) lea

Vitman defined two critical times (t,, ana ter )

and two critic#l velocities Guns and Were) 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 (A1-5)

5x0. = (S38) = ze0Zt

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

K = 1.22 , in equation (Al-5)

s

1x0 < (4) = a0

The critical jet velocities (Veo and Vso. ,} were obtained from:

1GO



sel[e@as] +s
Vitman states that equation (Al-6) is valid for the parameter

rangess

0.33 = (A/Mos) = 5.0 x10"

10 = (//fms) = 10% 10

10x10 < Copnja) = 2.0% 0

The exponent m was taken as 0.5.

From equation (Al-6) in conjunction with Figure Al-2:

The exponent n = -0.58 , except between the points 2

and 3 on Figure Al-2.

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

Al-2).

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

Vitman then proposed the equation:

L = ty, -(AI-7)

For liquid jets in air he gives the following expressions

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

t= te, —{Ar8) 7» for Vs = Veo

t= 0.23%, ( % 2 —(Av-9)
oo

for v.>1.1V,,, ands StS te

lel



aunBi4
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Symbols for Fig.A1-2.

> eB

e Wo pd

castor oil

glycerine

gas oil

water

water in

water in

water in

water in

in air. — A.Genlein (1936).

air et
carcino Ya. Trotskii (1938) .

air. — L.F Vereshchagin , A.A.Semerchan ,

S.S.Sekoyan (1959) ,

air. — V.G.Dement'ev (1954) .



For wave-like deformations:

t= te —(AM-0), tor % Yea

—1.0

t = O17 tee ic “1 —(a-11)
Vso

for Vv, > 1.1V,
Tol

To obtain the jet break-up length the appropriate equation

for time is substituted into equation (Al-7).

Fron Grant's (1965) thesis the simplified form of his rather

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

0.64

Ls ast (wet) (4-12)

where We = Pers /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.

mR = 4.0«10 m. 3 © =0,073 N/m.

P= 999KQ/T 5 yay = 16205 kg/m.

(A= AQ02 IO NS/m 5 gag = 1481 x10 N/m
Taking v, = 10M/s. Levich's equations give:

Axisymmetric oscillations (equation (Al-1) ):

4
-353

L 2& 8.4610 fae J = 0.25m.
0.073

Arbitrary oscillatims:

IGe



ae L

1002x105" )/ 2x 999 ,
10 |_2+3\ 999 0.073x4x10*

0073 %6
2x 999x(4x10°)°

rc if

0.843 m,

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

(Al-2) is satisfied, as shom:

0.073 x 4x10 7%
“3 \2 = 540bas (2.002.110

999

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

L& (998 ea x 0" = 0.115 m.
1.205

For Vz= 20M/ equations (Al-1) and (Al-3) change to:

L & 0.148 m. (At-1)

L & 1.686 m, (A1-3)

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

parameters were checked:

(AV fay = 55-4

CP/ pes) = 829

= 2.92 x 10(4)

2The parameter (gon ZA ) exceeds the recommended

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

the data points shown for water jets injected into air the

{63



Parameter equals or exceeds the maximum value recommended.

Therefore the calculations were continued but close agreement

was not expected. The critical times for axisymmetric and

arbitrary oscillations were respectively, (equation (Al-5) ):

10 x 27 (1002 x 16°F IG ~ 292 x 0°) +
22,

ts

0.841 s.

33 6%

tee tegen? 7 O02 x 10 ) G 2.92 x i)"
(0.073) x 999

($« 2.92 x 10 |

= 0.1026 s.

And from equation (Al-6) the critical velocities are:

4 n

Yo = A 0.073 _. | 292 x 10° «(55.4)to = 002 0'Cepoy | 252 * «(55.4)

-0.58

= 4x 2095 (21.75 x 10 )

= 1.7734m/s.

~0.58

Yon = 15 x 2095 (21.75 x 10 )

6.65 m/s.
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Since for the jet velocities of 10 and 20 n/s. both exceed

Vson 9 then the appropriate time equation is (Al-11).

This was substituted into equation (Al-7) and the jet break-up

lengths obtained:

ie. i, = 10 m/s.

mo u"

1.0

10 x 0.17 x 0.1026 (a a4 )

0.3475 m.

< " 20 m/s.

- "

-1.0

20 x 0.17 x 0.1026 (%& a \

0.1738 m.

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

vz = 10 m/s.

5 999 «8 x 10° 10.0")a x x x ikL 2-8 * 10-4651 [ 0.073 )|

= 1.329 m.

vz = 20m/s.

L =: 20% Mm.

1o5
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THE PHYSICAL PROPERTIES OF THE JET FLUID
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The Physical Properties of the Jet Fluid

Fluid: London tap water.

Properties: (An average of five samples, September 197)).

°

Temp.( °C) 18 2 22 Tolerance Measurement

DENSITY

(gnfcn’ ) 0.999 0.999 0.998 + 0.001 Density
balance

SURFACE :
TENSION Tob Tb > Tue +% Stelagometer
(aynes/cm)

DYNAMIC

VISCOSITY 1.09 x 1.03 x 1.01 x 1% 'U' tube
-3 3 -

(118/a) 10 10 10 viscometer

DISTILLED WATER

SURFACE

TENSION 72075 +2 Stelagometer
(aynes/om)

DYNAMIC

VIscosIry 1.002 x 41% 'U! tube
(Ns/m* ) 10° viscometer

(61



CHEMICAL ANALYSIS: (Courtesy of the Metropolitan Water Board.

An average of 357 samples, September 197i).

Amnoniacal Nitrogen 0.039 = mg/l.

. Albuminoid Nitrogen 0.080 mg/l.

Nitrate Nitrogen Joh mg/l.

caco, 276.0 mg/l.

Magnesium 5.7 mg/l.

Chloride as Cl. 41.0 mg/l.

Phosphate as PQ, 3.0 mg/l.

Silicate as SiO, 920 mg/l.

Sulphate as SQ, 62.0 mg/l.

Fluoride as F 0.15 = mg/l.

Surface active material as

Manoxol 0.T. 0.02 = mg/l.

pH 78

1G&



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 = Pvs/2
and therefore if the electrical output of the transducer

was directly proportional to the pressure difference then:

wx ns @2EV aie
The electrical output 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 from the transducer,

measured by an oscilloscope, a 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 - O3M0; Serial No. L 41,68.

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: L3QA ; Serial No.000729

10



OSCILLOSCOPE EXPERIMENT

READING

(nv) CoV /egnd® (nts), (a/s)

1 hehT 20145) 4.082

2 6.3 30333 50 5h3

i 8.9% 4873 8.104

6 10.95 5-739 9-545

8 12.65 6.580 10.942

10 VY. 70,0. 12.312

u, 16.73 8.863 14,0738

18 18.97 10.17h- 16.920

22 20.98 10.908 18.140

For more accurate velocity profile measurements

@ 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).

M1



Digital Voltmeter: Solatron

Type: IM. 120.2 Serial No. 151210

Flow _ measurement: Rotameter

Type: Metric 65 P , (Korannite float).

DIGITAL VOLTMETER ROTAMETER

READINGS SCALE READING

= et aa
(mv) (Lis) (m/s)

0.6 3046 1 0.1833 3.06

1.03 hed 2 0.2381 3.97

1.56 5459 3 0.2933 4689

2.18 6.60 4 0.3454. 5.76

2089 7260 5 0.3988 6465

3.74 B65 6 041,523 752

44e70 —-9470 a 0.5040 8.40

582 10.79 8 0. 564.2 9410

Tey 12.95 9 0.6221 10.37

8.55 13.08 10 0.6875 12.46

10.10 14.21 1 0.7517 12653

11.82 15.38 12 0.8029 13.38

13.71 16.56 a3 0.8802 14.67

15.77 17.76 uy 0.9330 15-55

18.02 18.98 15 0.9936 16.56

12



(m/s) T 1

x ~ oscilloscope ;

20+ 0 - voltmeter a

Total head tube calibration

Figure A3-1
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APPENDIX 4

PROPRIETARY EQUIPMENT LIST - CYLINDRICAL BODY DEFLECTION

EXPERIMENTS
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Proprietary Equipment List - Cylindrical Body Deflection

Experiments

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: 5.6

Lightmeter: Hy-Cam

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

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

Experiments - Source Data

Body Displacements Time

Jet Diameter Drop Mass Horizontal Vertical Rotary

velocity height

V3. (aeewiap h mp x y e t

(x/s) — (m) (m) (kg) (m m) (m m) (ms)

9 0.1 0-175 0.1320 0 0 0 0

0.3 1665 12. 30

307 3505 1.8 20

10.2 56 2.9 30

19.0 The8 49 40

[ele geo. 5 569 50

10.3 120.3 8.1 60

51.3 Whol 904 70

62.3 169.5 10.9 80

0.2316 «=O 0 0 0

0.2 11.9 = 3.0 765

265 Bel = 75 17-5

505 3902 1207 02705

10.7 5E.6, P2768). 37-5

17.2 6504 = DeB = 4705

26.1 80.1 =32.4 5765

Bee? 930k ble? 6705

Zeb 106.8 =51.0 77.5

5302 119.2 61.7 8745

61.4 13300-7265 9765

Ge



Vi ap h mp

(n/s) (m) (m) (xg)

0.095 0.1320

9 0.2 0.095 0.2326

0.05 0.20 0.0581

x

(m m)

°

- 01

TT

1.9

505

11.5

20.2

32.1

4502

28

6.7

(m m)

7-7

2.3

4803

63-1

79-6

Bod,

117.7

137-3

Uy,.8

oh

4.206

55-9

Jlel

85.2

102.8

118.1

13507
i ;

10.7

27-1

3C.1

0.2

1.6

35

6.2

10.0

12.6

16.3

1902

2.8

Oo1

-0.2

0.1

0.7

306

6.3

907

12.1

1565

18.1

0.3

165

O35

(ms)

16

26

36

46

66

76

86

12

22

32

42

52

62

72

82

92

10

15



Vj dp

(n/s) (m)

12 0.1

h mp

(m) (kg)

06120

0.175 0.1320

(m m)

1004,

15.0

BeO

0.2

1.5

it

6.6

10.4

14.6

20-4

28h

3763

50.8

6266

0.8

406

13-5

26.3

4.203

61.1

7901

9769

ne

(m m)

4.2.0

520k

7307

9507

6.7

13.9

2065

bel.

30.9

35.5

“4203

4901

57.0

6903

8267

16.7

Bed

48.4,

6507

84.0

102.8

122.7

W301

1.3

1.6

1.6

O21

1.5

603

11.3

20.3

31.2

40.7

48.7

58.6

7065

84.5

9902

0.5

1.8

0.2

0.4.

262

wheel,

Jed.

-10.8

(ms)

25

35

45

12

18

36

42

56

66

76

10

30

40

50

60

70

80



V5 dp h mp x y e t

(n/s) (m) (m) (kg) (mm) (m m) (ns)

12.0 0.1 04175 0.2316 0 0 Of 26

0.2 542 Osen nS

-0.2 15.2 3.0 15

1.0 2565 be 25

bel 33ek, 77 35

8.3 4263 > 139° 45

16.0 Sieh bs7 55

26.8 60.6 20.5 65

3902 Fist ORGS

She? 82.7 28685

72.0 9702 31.6 95

87-6 111.0 35.2 105

105.3 12602 3901 2115

121.5 Iho.0m 211.75 3125
0.095 0.1320 0 0 Ore L0

0.1 608 Osis 6

2.7 18.8 2.8 16

8.7 30.7 6.1 26

19.0 40.5 9669 36

3308 51.9 13.9 46

53.6 Cut djl

7569 Tis? 386 66

101.3 92.7 19:6" 76

126.7 109.6 20.7 86

153-1 127.5 2.7 96

179.6 W469 2166 = 106
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V5 dp h mp

(m/s) (m) (m) (kg)

0.2316

12 0.05 0.20 0.0581

0.120

(m m)

Qo

0

-0.1

205

6.7

13.6

23-6

35-8

48.8

63.9

77-8

9247
0

0.5

hod

9.6

16.8

hed

3901

5400

0

0.8

6.9

17-7

3205

120

(m m)

he3

15.1

2601

3609

427

6061,

The6

88.9

105.3

121.7

“138.8

9oh.

20.5

3004

41.8

5202

721

96.0

8.6

21.3

3305

4703

0.6

303

5-6

8.7

12.9

16.3

19.8

hel

2702

2969

3206

0.3

0.7

1.3

2.3

3.6

305

ded

-0.5

Od

-0.1

Oy

Se£

FY EY fF Feo
tees

22

30



Vj

(n/s)

15

dp

(m)

0.1

(m)

0.175

(kg) (mm)

49.0

65.0

85.3

0.1320 °

0

301

12.1

28.3

51.3

80.1

109.5

138.9-

168.5

0.2316 °

0.5

301

9-1

20.0

3506

Shed

750k

9867

12401

14909

17665

203.0

lal

(m m)

60.0

7501

93-0

hed

2264.

36.9

530k,

ie2

90.6

112.1

134.8

15967

79

21.2

5262

41.5

50.8

60.2

70.8

82.8

9662

110.3

12502

40,0

-1.1

-1.6

207

0.1

1.1

3.2

6.6

10.4.

4.0

17-3

19.9

2204

~1.6

6.3

“11.5

-16.4,.

21.6

26.5

29-6

3206

36.5

3905

A351

47-7

105

115



W dp h mp x

(0/8) (m) (m) (kg) (mm)

=D O.l 0.175 0.2316 0

1.5

702

15-1

28.7

Yed

61.2

7805

9503

0.5282 °

0.8

3.2

Tok

14.0

21.9

28.8

36.2

0.095 0.1320 °

0.8

5el

Vye3

2729

4902

7503

108.2

1ae

(m m)

18.4,

36.8

5367

7302

9306

114.8

1374,

160.0

hed

2303

4502

62.3

Bh ok,

107.1

128.8

153-1

10.9

19.6

2769

3509

4.0

4905

5603

Od

O21

0.1

0.1

0.1

1.5

3.1

=e)

0.6

1.1

1.3

202

1.6

1.6

1.2

1.7

702

15.4.

26.0

36.0

4,58

5206

(ms)

10

30

40

50

60

70

80

205

12.5

2265

5205

4205

5205

62.5

7205

10

30

40

50

60

70



Vj

(m/s)

15

dp h =p

(m) (m) (kg)

0.2316

0.05 0.20 0.0581

0.1381

183

(m m)

L664,

190.2

0.5

33

8.7

17-9

31.2

48.7

69.9

9501

117.0

Uy,262

167.0

0.6

he2

10.7

20.2

27k.

4Bol,

6307

Wed

127%

0.2

(m m)

64e7

7501

1.2!

22.7

3207

4209

5365

6409

7701

9103

107.5

123.4,

14,065

75

Uy.2

2207

30.4.

38.2

4702

5502

69.7

85.0

hed

60.4

67.0

0.8

2.7

42

6.3

8.0

905

10.7

12.1

12.1

12.1

13.4.

-8.0

1364

19.7

-26.1

- 3306

41.7

4807

- 63-4,

-7722

0.1

(ms)

80

90

10

50

60

70

80

90

100

110

10

15

25

30

35

45

55

205



Wi ap h mp x

(x/s) — (m) (m) (kg) (mm)

0.8

3-2

706

12.0

17-7

23-5

33-9

4501

0.120 0.0581 °

0.21

305

‘ 13-7

31.2

5502

82.3

115.0

18.8

18 0.1 0.175 0.2316 °

0.1

Soh.

_ 11.7

26.8

4902

Thed

102.1

124

y

(m m)

15.0

Qhe7

3509

4.607

57-0

68.3

90-7

113.9

°

208

Uj.1

220

3309

4503

5701

7202

90.2

0

8.5

2400

3902

She 5

70.9

89.8

109.8

e

=Oss

-0.6

=O.2

=0s3;

0.2

0.2

(ms)

725

12.5

17.5

2205

2765

5205

4.205

5205



V5 ap h mp x y ee t

(x/s) — (m) (a) (kg) (mn) (m m) (ms)

12904 130.0 -729 75

356s7) | 151s02 ; 11 .P) 5.85

18 O.1 0.175 0.5282 ° 0 0 0

0.3 9.9 0 5

1.9 26 065 15

G8) bees ea s6 25

13.6 6503 203 35

23.8 86.5 1.9 45

3502 108.5 1.6 55

464 13169 165 65

57-8 15565 Ol 75

0.095 0.1320 ° Oey ° ° 0

-0.1 6.1 0.7 6

205 15-2 ded 16

10.5 21.7 14.6 26

Dyed 2509 25-9 36

4509 28.7 38.9 46

750 31-0 5303 56

109.9 3001 67-1 66

150.3 28.7 81.1 76

196.1 2762 9507 86

° ° ° 0

0.2 21 Ok 2

1.1 12.5 307 12

609 21.5 10.2 22
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Vj ap h =p x y 8 t

(x/s) — (m) (m) (xg) (mm) = (mn) (ms)

1903-2907 2006 32

W005 3540 3165 42

6903 3809-4320 52

107 «eld 5604 62

15109 703 6906 72

0.2316 0 ° 0 0

0 253. 20.1 2

S52 115-9) -089) 12

iS) 9 Dyed e056 22

13503 3356705 32

2705 4205 0.5 42

U7e7 5008005 52

7209 59.6 aes 62

104.1 70.8 0.7 72

13951 Be aT 82

17644 «9802006 92

18 0.1 0.095 . 0.2316 214.9 113.4 0.1 102

25209 130.3 -0.5 n2

29067 146.7 1.6 122

0.5282 ° 0 ° °

0 205 0.1 2

0.8 15.6 -0.8 12

2.3 2925 -0.8 22

725 4.2.8 0nd. 32

15-4 56.3 1.2 42

206 71.8 0.9 52
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Vj ap h mp

(x/s) — (m) (a) (kg)

0.05 0.20 0.1381

0. 3823

(a1

x y

(mm) (mn)

37-6 87.8

51.5 106.1

66.0 125.3

7906 53

0 0

° 8.8

203 186

667 2663

12-3 5505

19.7 4420

28.6 5302

3709 6205

55.6 81.2

7507 = 10065

0 0

0.8 = 4.3

308 Ahed

Deh — She7

16.5 bed

2hed She8

31.9 65.0

471 8723

62:1 110.6

0 0

0.2 1064.

14 1967

eo

8

0.5

0.1

-1.3

203

2.0

205

726

12.0

Upeh

17-2

197

23-7

3007

0.9

1.7

1.7

1.7

1.7

205

1.9

0.8

0.6

-0.6

(ms)

62

72

82

92

10

15

25

30

Rs

45

55

705

12.5

17-5

22.5

2765

3205

4205

5205

10



Vj ap h mp

(m/s) (m) (m) (xg)

18 0.05 0.20 0.3823

0.120 0.0581

061381

Tolerance cn measurements:

188

(ms)

15

25

40

= io

Aa 8B

ro fF FE

+0.5 mm.

x J 8

(mm) (mm)

305 3006-162

7-3 4006-161

10.0 51.8 -1.0

13.3 6308 -2.0

20.6 85-5 -27

28.0 108.8 -3.6

0 0 0

6.1 5.8 0

be 17.2 1.5

2300 29.0 7.0

Flee 3906 ol

8642 51.8 10.7
122.2 6166 125

167.6 7508 = Ubed5

DWye2 9009 16.4

0 0 0

~0.2 6.2 -0.1

256-1855 067

10.0 29.9 -2.3

22.0 40.0 -0.9

3700 = 5107-009

She6 6306-305

76.0 7900-365

96.9 95.0 -5.0

Translation

Rotation +1.0°



Ss!

Jet

velocity

(w/e)

12

15

BODY

Diameter

ap
(m)

O.1

0.05

0.1

0.05

O21

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

0.1320

0.2316

0.1320

0.2316

0.0581

0.1320

0.2316

0.5282

0.1320

0.2316

EXPERDENT

Defln. Jet

time ecntact
time

ta te

(ms) (ms)

69.2 Ded

B05 Tek
70.0 Tled

105.9 7508

36.0 2769

Lok 5709
Shel 63.3
82.3 110.0

Bed 8565

7TheB 8602
2565 28.3

26.0 3703

42.0 61.2

53-0 9705

5302 5762

89.7 5502

50.5 -

6005 9004

CALCULATED

Defln. Jet
time contact

time

ta. tc

(ns) (ms)

71.9 5604.
103.7 Shel

71.3 75-0

9509 6967
Bed 30.6
Bye8 40.8
5303 61.7

70.1 5604

57e1 90.9
69.9 7502
2602 Dhol

28.1 5207

4503 7303

502 60.2

5be2 60.2
88.4 Dhe7

49.8 -

5809 8509

Maxe

defln.

within

jet

(m m.)

3203

17-5

5503
28.3

20.3

5502
67.8

3306
Lj1.9
58.1

Abel

102.9

147-0

5905

5905
2202

118.4.



OG!

oe ake
ay 0.05

18 O21

0.05

h

(m)

0.20

0.120

0.175

0.095

0.20

0.120

_ EP,

(xg)

0.0581

0.1381

0.0581

0.2316

0.5282

0.1320

0.2316

0.5282

0.1381

0. 3823

0.0581

0.1381

EXPERDENT

ta

(ms)

2302

3308

te

(ms)

37ol-
26.3

Abel,

G05

55-0

«>
(m m.)

71.0

18.6

85.7
101.0

3502

202.0

53-3
Bel

2705

11.9

112.0

4502

ta

(ms)

2204

31.0

2520

4707

69.6

4506
4506

5203
69.4

26.5

2665

4520

22.8

28.0

CALCULATED

te

(ms)

4303
31.2

66.6

5604

119.3

75-0
3306
33-6
2903

5067

>
(m m.)

109.2

2506

104.8

3309

32865
59-0

4.208

4,208
12.1

980k



APPENDIX 6

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

Sheets in Air.

An analysis of a swirling liquid jet in air was

performed by Hodgkinson (1950) and the analysis thet 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.

Hasson (1956) disagreed with Hodgkinson (1950) and

Novikov (19,8), among others, and disputed the experimental

results of Weinberg (1952). Hasson maintained that the liquid

sheet velocity was constant and that the energy equation used

by Hodgkinson was not valid. Taylor also used a 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 liquid 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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orifice
plane

at PSS

Swirling liquid sheet issuing from

an orifice .

Figure A6-1



section thro’
element.

Elemental volume of liquid sheet .

Figure A6-2



thickness was yery 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 :

(;) ‘The radial equation of motion

a 2Zocosp(rsecpba SB + RSa sp) =

(PERK sECBSa Sa) Or

20 xs + ons | = px dose) Pa us|
be *

2a ais + Cosy | = Ae veasade dB + siya dy - ui] _(Ab-)

(ii) Conservation of energy (only kinetic and surface

energy terms are considered)

[+] Ris PsEcBSKT + 2oRSBsech S& = Constant

ae cs

‘ voi+ Vs| +20 = constr —(Ao-2)
Saat

(434) Conservation of mass ;

fooVo = UV = CONSTANT — (Ao-3)

(iv) “Conservation of angular momentum :

oVao = (Ve = CONSTANT — (Ab-4)
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Differentiating equations A6 - 2 and A6 - 3 with

respect to time and substituting for (4%) in equation

A6 - 2 then:

Vdv + Vedve + 26 |tdv ee ~ (Ao-s)
dt dt pretve | at

Differentiating equation A6 - 4 with respect to time

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

dy = —vswB} Kv — Ka fd _ (Ao-6)

dt Vv + Kir

where Ki = 7 F and. K2° = (Ys Veo)

Since V=Q2R then,

oa ae ce] vel 2 G1)? penetee. ee ed
R y ae : ae

Substituting for R, % and Ve from equations

AG - 7, A6 ~ 3 and A6 ~ 4. into equation A6 - 1 and rearranging,

gives:

cosh +_l_ (on Ke |

[aaa - (4e-8)
cosa | = ralEe:

Substituting for Ve fron equation A6 - 4. into

equation A6 = 2 and rearranging, then:



iyVe nae SD ali 2K (rv KaKa) O ~ (Aw-9)
ea le

where Ka = Yo ana Ka = Vo

The three equations A6 - 6, A6 - 8 and A6 = 9 contain four

unknowns, V, 3,1 and t > and were solved numerically

using increments of time as a base. Since p was not

required explicitly the substitution U= SIN & was

made and the three equations solved in the order given below

using an I.B.M. computer subroutine for initial value

differential equations. The numerical integration procedure

followed by the I,B.M. routine used a modified Runge-Kutta

process.

Ks

E> Ly [Ke kw] — (Ab-10)dy
dt (v + Kit)

Wis ke( 4-4) ek (re, ia <0

tate ey Ct ea os, Coe 1)
dt (v + Kir)
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The three equations above 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 expanding, rapidly thinning, but

continuous liquid sheet. In a continuation of his work on

the dynamics of thin liquid sheets Taylor (1959) studied the

effects of waves on liquid sheets and 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 velocity 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'. The velocity of

‘antisymmetrical waves' was given as:

Vuove = (2e7n)"

For a radially expanding turbulent liquid sheet the Weber

number could not exceed unity, where the Weber number was

defined as:

We = 2M Tr and Y = mean sheet thickness.

Fluid viscosity and turbulence would reduce the Weber

number below unity and the criteria for the sheet edge was

given as: 0.25 4 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.
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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 shoved curvature changes.

Under zero swirl flow conditions, equation (AG- 10)

indicates that (dvr) 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

unitye

The effect of increasing the swirl velocity is to

make (dva¢) less negative and if ( kz4a) is greater

than (Kv) then (4v4) can become positive. A

similar effect occurs with the numerator in equation (A6 = ID)

Both the second and third terms in equation (A6 - 11) beccme

increasingly positive and eventually (dust) may become

positive and the liquid sheet semiangle is predicted to increase.

Solutions to the equations become increasingly difficult to

obtain as the swirl velocity increases. The solution 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:

for 30°; r= 4mm.; 7, = 1.5 mm.; v, = 0.0 m/s.

0.6 T T T

Sine of liquid sheet semi-angle against time

Figure A6-3



Initial conditions:

fro= 30°; r= 4 mm.; % =1.5 mm.; v,=1.0m<.

0.9 T

Vp= 1.0 m/s

v= 0.8 m/s

0.6 V,,= 0.6 m/s

=0;3

O20

Sine of liquid sheet semi-angle against time

Figure A6-4



lower than the liquid sheet stream velocitye The work was not

continued since the most difficult region for analysis, the

nozzle orifice region, still had to have the initial 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 subject

was terminated.
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APPENDIX 7

THE EQUATIONS OF FLUID FLOW
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47 - (4) The Equations of Fluid Flow.

The vector equation of motion for fluid flow, in an

inertial coordinate system, is ¢

BY. u[% + or] = Tx (vx) - vf] + f

Ans

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

For cmstant viscosity, incompressible, laminar flows ;

figs) vv
The continuity equation for incompressible flows is :

V-v = 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 ila ’ i= ? G are tangent to the

coordinate curves X,, X2;Xa respectively. The coordinate

surfaces of one particular family ( X, or Xe or X3 )

are not necessarily parallel to each other. For example the

distance between the surfaces X, = constant and X,+ dx,

= 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 Xj, .

This is done by using variable parameters, known as metric

coefficients hhh, .
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coordinate system

Figure A7-1



SUS

Elemental volume of fluid

stress notation

Figure A7-2



For any particular coordinate system there exist

definite functional relationships between the variable parameters

Aye be; hy and the coordinates X,4Xa4X3 -

The system used in this analysis is an exisymmetric,

orthogonal coordinate system with the distances along the

coordinates X,5X23X3 increased by 8,m aany respectively.

The orthogonality condition gives a right handed unit vector

system such that;

(Cixi =)

The surface X,= 98 = constant, is a meridian plane

passing through the axis of rotation. The coordinate surface X2

= constant is obtained by rotating an “n curve about the axis

of symmetry. The surface Xs; = constant is obtained by

rotating an ‘m curve, @ Stream surface, around the axise

The assumptions made in deriving the equations were:

(i) Steady flow.

(ii) Incompressible constant viscosity flow

( 7 = constant, JN = constant),

(iii) Axisynmetric flow. (Therefore any derivative

with respect to @ is zero).

(iv) The velocities V,,Ve 5V3 are positive

in the directions of increasing ake of 8,m

and M respectively and since the 'm' curves are ptread

surfaces (there is no flow across a stream surface) then V3

and all its derivatiyes 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:

hye ek 5 h,= dn : h, = dn
dx dx

x,=8 ; dx,= dO

dh, | i dh, | ~ poh, =
a ° Ae ; ome

deh, SR ; Ohs _ hahakn
OX2 om Ox2

OheOx: = haha kn
Qx

u se
These results have been checked against the work of Gosman ‘ct al!

(1969: seétion 2.21)

Two other axisymmetric coordinate systems commonly used are the

cylindrical and spherical systems.

A7 - (414) Laminar, viscous equations of fluid flow in

axisymmetric stream surface coordinates.

With the conditions stated in the previous section and

neglecting body forces, the curvilinear equations of fluid motion

given by Hughes and Gaylord (196) reduce to:

Ve, Ov, + Vive dh. = a hi he 2
is ha Ox hha Oxo a hi he ha a on)

ry 3 ? ‘oe, Oy, oH Shy
i (hihe os) - hihe Axe hi he ax2
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vt, oh ee vi Ohe = | ao ha hi cea) co
fi hi ha Ox haha Oxa | hi he ha 2. ;
B (hho) + Gas.dhs — gu.dh — On.dhe .
OX: hahe Oxe hah dx hahe Oxs

where:

Ou = —p +242. dh
fhe Bx

Ores 2 act Poa

meg nt sao

ms oe aha
Cp cae 7, by. (1)
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After performing the differentiation and substituting for

the metric coefficients and their derivatives, the equations

of motion become:

ee + M28 | )| = ae (Row) + Rknoa +
R om

(Rox) + Rn Gi 7 Gnas + 63),.0R
‘Oh R am R Bn

peas a ae = ae (R O22) + O22.Rkn +
am Rom RL8m

AR ox) + O32 om + Oe3km — Gaskn = Gu. dR :
on Reno)

él vi ORs = er a ila (Rea) + O2zRkn +
R adn RLOm

<A (Rx) + Onn Rk | + Oakn = uBR ~ Oakm .
On R On

where for laminar flow:

On = -p+e V2, 3R

P hae: ‘om
On =- P + 2 ABVe

‘3m

Ozz2 =- P + an Va kn

O24 635 = 0 R 2 (A)

Oa = On eee ee

On = Ox =A( ave ate i)
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Substituting the velocity gradient terms for the

shear stresses, the equations of motion becone (after some

rearrangement) +

vs (Bu + v.28 ) ee >| ey * Qu (188 a+ ou
Rdm R Om ont =m on

+ Be(aRE ol) — 28 (La) «

Ve Ov. ~ vi dR = — LaPlls +
am R dm Pam

ie e) + aa + ee ee) 2 Me ( Alen

+ ke (1.38 + 2kn) + a (aR + 2k) |

2 2

= Vikin. — oi. DRes=t lobe atl 0) (ONER On P dn 1S")

3km.aVe + Bve( Lak cee ie Va (2 Qk» — dke a
dm dn \RO on am
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With the conditions given in the second section

the continuity equation becomes:

Vinyard Chile) mes Oe
hihe hs OX2

Upon substituting the functions for the metric

coefficients and their derivatives:

ae ee) = Ons

Two further substitutions can be made, if desired.

These are:

OR = swA 3 aR = cosA 5
om On

where the angle X 4s show in FigureA7 - 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;

hi V2 = 1, da h. va = —1,d4 :
hs axa he 8x2

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

Substituting for the metric coefficients gives:

V2 = 1. de V5 gece ener 1.0

R Oh R om

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

Va t= 90. 3 O07 any =. 0. wend a

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

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

AT - (iv) Cylindrical Coordinates

The metric coefficients for orthogonal axisymmetric

cylindrical coordinates are:

hie teeth ‘ eee ; feats = \
Neglecting body forces, the steady flow laminar, viscous

incompressible flow equations become:

VrQMe + Ve.DVe - Ve = —-1.8p +
" Or Oz r P 5p

| 1a (rae) Ligie o ¥ |
rar\ dr az r

Wee + VecOVee te = aD P|

ar dz r rar\ dr

+ Ove — Ve |.
az r

Vr. Ve Ve. Va eat wench + v la r OVe “By |
ar az ase aR az

The continuity equation becomes:

As CeaVepetove, | = 20.

or r az
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47 - (v) Spherical Coordinates

The metric coefficients ares

h =he = RswO Ro veehopan hrehe = {

The axis of symmetry is with respect to the g

coordinate (i.e. Fa 4 = ©). The flow conditions are

identical to those in section .A7- (iv).

Ve. Ove + ale” ye = eas + OL aleu) +
AR HRidoms mites ae ie ROR

Ve Avent Va OWei! EVs iUsecoT® Pouseleab + P|
aR Rk 30 R R AR A

La (Rv) + Lave + cor.0,QVe + 2.dve — _Veo x
Rar Rae eR 00 RAB Ks

1a (Rw)Ve DVe tov Ve + Vee 4 oVeVe cor =
RARdR ROO R R

+ Va Fo con 0. <iVen care veseen | om

R’ a6aeAE Q

The continuity equation is:

No " oOVe + 2Ve + 1.QVve + Vo.cor.0

R R R a8 RdD o
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APPENDIX 8

‘ROTAMETER' CALIBRATION 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.

Korannite (ceramic) float

1.4 to Uy, 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 collection of a volume

of water. The water was weighed and the flow rate calculated.

If the collection time fell below thirty seconds the time quoted

is the average of three collections.
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Rotameter model: Metric 35 x G, stainless steel float.

Seales pcieeasee Weight Flow rate
ime (sec) of water (1/s)

(2vr)

- 285-0 41.50 0.0661

2 20.0 3850 0.0816

3 200.0 32035 0.0961

4 180.0 4075 0.1128

6 Uy502 4.6625 0.14.5

8 118.1 45075 0.1757

10 930 4.2075 0. 2085

ae 91.0 48.25 0.2405

Uy, 78.6 48.00 0.2770

16 70.4. 48.00 0.3093

18 61.8 4,650 0.3413

20 5702 4.8.00 0.3806

22 53-2 48.75 0.4157

ah 48.0 47025 004465

26 4507 49025 0.4888

Rotameter model:Metric 65P, Korannite ceramic float.

A: 120.0 4.8.50 0.1833

2 90.0 47025 0.2381

2) 75-0 48.50 0. 2933

4 65.0 4950 O. 34.54.

5 60.0 52075 0.3988

all



Scale Collection Weight Flow rate

reading time (sec) of water (i/s)
(ipf)

6 5000 49075: 064.513

t 4520 50.00 0. 50,0

8 40.0 4.9075 0. 561.2

) 35-0 48.00 0.6221

10 3260 48.50 0.6875

eb 28.0 4,604.0 0.7517

1 25-0 - dhe 25 0.8029

13 23.0 dhe 63 0.8802

Uy. 22.0 4.5025 0.9330

5) 21.0 4.6200 0.9936

16 19.0 4.5038 1.0834.

17 18.0 4.5200 1.1340

18 16.0 4.2650 1.2049

Ly 16.0 44.088 1.2723

20 15.0 40 38 1.34.20

21. L,.0 43075 1.4175

22 125 41.50 1.5059

3 12.0 1,0.78 1.5415

ah 12.0 4.3200 1.625),

25 12.0 4tel5 1.6688

22



T T T T

a

bis
\

Pes
\x
N

i x
\

[ N
NX

sy

X
r x

x
a

L x

x

1 1 1 1 *
Ls ax 2 By r.
OS ©. oO oO oO

($/1)

Rotameter model : METRIC 35 XG

Float : Stainless Steel

Fluid : Water
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APPENDIX 9

AXIAL VORTEX DEVICE - EXPERTENTAL RESULTS
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A9 - (i) Location of Pressure Tapping Points.

Measurement tolerance: 2 0.3mm

Tapping size: 1mm. diameter holes

All measurements taken from the orifice plane

and measured in m m

See also Figure 3 - 7+

GSOMETRY No.1

pl

p2

Pa

Pp

a

P6

P7

GEOMETRY No.2

pl

p2

P3

Pe

5)

pé

Pp

Axial distance

82.0

Control flow

supply annulus

21.8

18.2

12.7

doh

Joh

82.0

Control flow

Supply annulus

26.3

16.8

8.0

1.3

3-5

214

Station no.

096

21465

17 hy

7-85

ok5

294.0

21.53

11.43

2083

4055



AQ - (ii) Liquid Jet Velocity Profile

Flow conditions: streaming flow

Measurement station: 3 mm. downstream of the

orifice plane.

See Appendix 3 for total head probe calibration.

GEOMETRY No.1

Probe position Probe Jet
as ° jet edge) ge So ed

Qs = 0.500 1/s (Vz = 10 m/s)

°O 6.61 10.14

1 6.80 10. 28

2 6.83 10.31

3 6672 10.22

4 6.28 : 9.89

5 6.70 10.21

6 6.82 10.30

7 6678 10.27

8 6.62 10.15

30h 5-63 9036 Minimum
reading

Qs = 0.7517 fs (Ve- = 15 n/s)

° 14.18 4.85

Z 1,81 15.18

2 183 15-19

3 Ly.69 15.12

4 13.83 14-67

5 Ly» 64 1509

6 1.87 15-21

ais



GEOMETRY No.l

Probe position Probe Jet

See eee ware
7 Uy.79 15.17

8 14.30 14.91

3220 12.23 13.79 Minimum
reading

GEOMETRY No.2

Qs = 0.50,01/s (Vz = 10 ns)

0 5.50 9025

3 6.18 9681

2 6.20 9283

3 6.18 9.81

4 6.18 9.81

5 6.32 9.91

6 6.41 9.98

U 6.38 9.97

8 6.29 9.90

365 6.01 9.67 Minimum
reading

Qs = 0.7517 /s (Ve = 15 n/s)

0 12.63 U,.01

1 13.59 Uy 5

2 13.64, Uy.57

3 13.60 Uy. 5h.

4 13.49 UWehd

5 13.63 Uyp056

6 13.80 U,.65

ale



GECMETRY No.2

Probe position Probe Jet :
Pee oe edge) pee wo

7 13-79 14265

13-45 W246

3-5 13.30 U4-39 minimum
reading

AQ - (i144) Swirling Flow Experimental Results

GEOMETRY No.1

p2 op PS epee 7 2818 Qe Ph.

bys) (1/s) (var)
pl = 0.462 bar

O451 0.0 OehhB Oo4B OY Ool3 0.309 0.264 O

0.382 0.066 0.467 Ootl-6 Oot6 — 0438 06502 06261 4.2

0.363 0.082 0.472 Out6 00449 Oohkl 0.302 0.259 7.0

0,353 0.096 0.483 0.443 00448 0.4358 0.302 06240 12.2

0.340 06113 O49 0.443 On44S 06438 0.294 0.216 17.8

0.317 0.127 0.509 Oet13 Oo48 00438 04286 0.168 25.6

00300 04135 02520 00446 Oel6 O0435 06297 O14] 3543

0.278 O.Uy 06528 00446 O43 06433 02297 00117 37-4

06253 06151 06538 Oob4S Oobh3 04433 06505 0.067 JLe2

06238 0.153 0.547 0448 Oolt3 Ool3 02315 0.040 40.9

0.205 06158 02549 06148 Oold-5 Ooh37 00317 0.0 4901

0.187 0.160 06558 0.1448 0.451 Ool5 00325 O.0 5202

0.183 0.161 0.560 0.452 O45 OohhS 06323 0.0 5346

0.0 06166 06568 0.472 0.467 O.451 04296 0.003 54.7

2t7



GECMETRY No.1

a 6 \
Oa Ware a ee a
pl = 0.582 bar

0.50; 0.0 0.566 0.566 0.574 0.561 0.387 0.336 0

0443 0.066 0.587 0.558 0.563 0.550 0.382 0.328 3.2 ° Y

0.4.26 0.082 0.592 0.560 0.568 0,552 0.381 0.328 8.7

0.426 0.082 0.592 0.560 0.565 0.555 0.384 0.323 -

0.406 0.096 0.602 0.563 0.571 06555 0.387 0.318 9.7

0.390 Olly, 0.613 0.558 0.566 0.550 0.371 0.30, L,1

0.374 0.127 0.627 0.563 0.571 0.552 0.374% 0.26) 18.9

0.347 0.147 0.646 0.558 0.566 02550 0.369 0.216 32.4

0.310 0.160 0.664 0,566 0.569 0.550 0.379 0.155 3762

0.293 0.167 0.678 0.563 0.563 0.547 0.387 0.109 37.3

0.258 0.176 0.691 0.568 0.565 02563 0.403 0.027 45.1

0.238 0.177 0.699 0.568 0.571 0.560 0.405 comets
0.205 0.179 0.70} 0.568 0.576 0.560, 0.411 0.003 51.0

0.285 0.182 04709 Os57h 99577 0.561 0.422 0.005(50:4)
0.0 0.187 0.717 0.595 0.592 0.574 0.379 0.0 90.0

pl = 0.81, bar

0.595 0.0 0.792 0.790 0.790 0.777 0.542 0.592 0

0.523 0.066 0.811 0.787 0.790 0.774 0.536 0.454 40

0.510 0.082 0.818 0.78% 0.787 0.771 0.531 0.451 4.6

0.494 02096 0.829 0.78 0.789 0.771 0.531 0.443 7-7

0.480 0.113 0.840 0.779 0.790 02766 0.526 0.446 8.6

0.462 0.127 0.851. 0.782 0.793 0769 0.529 0.4.24 10.2°

# 0.4.51 0.Uy, 0.867 0.782 0.793 0.771 0.523 0.384 16.2

ala



tys)

00435

0.399

0.350

02293

0.293

0. 261

0.238

0. 204,

0.183

0.0

0.752

0.678

0.660

0.647

0.627

0.608

0.595

0.580

0.564.

0.540

0.50%,

0.1.70

0.436

a
0.81, 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, 0.98).

0.215 0.987

0.21). 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

O.U4 1.274

0.160 1.288

0.176 1.310

0.192 1.326

0.209 1.355

0.225 1.385

0.241 1.121

3 ph

mtn!

0.779 0.790

0.779 0-790

0.787 0.787

0.787 0.78),

0.787 0.787

0.787 0.795

0.792 0.797

0.792 0.797

0.795 0.795

0.827 0.82,

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

PB v6 Pp

0.768 0.507 0.320

0.766 0.515 0.270

0.763 0.528 0.187

0.774. 0.555 0.008

0.779 0.560 0.008

0.782 0.571 0.0

0.779 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 0.664

1.166 0.811 0.659

1.166 0.809 0.646

1.166 0.803 0.619

1.163 0.792 0,568

°

2B

Bok

27.0

36-2

4205

49.0

53-6

559

60.6

91-4

1.3

drole

6.0

8.4

10.4.

u,.0

18.2

21.2

2169

1.163 0.776 0.50) (3,6
1.163 0.784. 0.438

1.155 0.798 0.355

1.158 0.814 0.251

ais

33-9

4.209

4201



tye)

0.1.03

0.328

0.277

0. 261

0. 238

0. 204.

0.183

0.0

fy)
0. 293

0. 345

0.399

0.452

0.50,

0.56)

0.622

0.687

0.752

0.803

Qe

(1/s)
Qs =

0.082

0.113

0.14.

p2Qc

(Ys) | <—— (bar).

1.230 bar

0.250 1.413

0.258 1.472

0.263 1.491

0.265 1.500

0. 264. 1.493

0.261 1.193

0.258 1.1.89

0.267 1.508

pl p2

1.193 1.190

1.190 1.198

1.201 1.209

1.203 1.208

1.209 1.212

1.21) 1.2,

1.217 1.220

1.251 1.246

P3

PS p6

1.174 0.82 5

1.174

1.177

1.176

1.182

1.187

1.193

1.198

PS

0.859

0.883

0.888

0.905

0.918

0.926

0.789

p6

P7

0.155

0.003

0.0

0.003

0.0

0.003,

0.003

0.003

P7

0.0

0.192 1.184

0.274 0.265

0.360 0.350

0.4.70 0.455

0.584. 0.566

0.728 0.70}.

0.873 0.847

1.033 1.003

1,225 1.191

1.447 1e4l1

pl p2

(wer)

0.184. 0.185

0. 264. 0. 265

0.34.6 0.351

0.452 06453

0.568 0.571

0.706 0.711

0.845 0.850

1.003 1.008

1.190 1.197

1.406 1.415

3 Ph
S (bar)

0.182

0. 261

0.343

Ooty

0.555

0.694.

0.832

0.984.

1.166

1.375

P5

0.130

0.189

0. 229

0.320

0.394.

0.502

0.590

0.701

0.820

0.968

0.106

0.161

0. 203

0.271

0.331

0.431

0.4.86

0.597

0.674.

0.796

P7

0.0

0.101 0.127

0.204, 0.252

0.3543 004.25

0.101 0.101

0.207 0.207

0.350 0.349

0.096

0.195

0.332

220

0.069

0.136

0.228

-.003

--003

-2003,

2B

4.603

520k

68.8

60.7

62.8

bh03

63-3

9604

2B

0.0

2B

86.3

89.3

81.7



Qe 2 5 2,es) a, P PB an P 6 e7 3

Qs = 0.0

0.176 0.516 0.636 0.526 0.525 0.500 0.338 -.003 97.8

0.209 0.731 0.899 0.744 Oo7h1 0.708 0.474 -.003 93.0

0.242 0.998 1.22, 1.015 1.012 0.967 0.641 -.005 90.6

0.277 1-298 1.592 1.319 1.316 1.259 0.836 -.011 97.0

0.292 1.489 1.822 1.510 1.502 1.451 0.974 -.016

0.309 1.601 1.957 1.628 1.625 1.556 1.025 -.011

0.341 1.820 2.22: 1.852 1.849 1.769 1.16) -.019

GEOMETRY No.2

p2 PB op P56 P7 23°
(bar) &

Ss Qe

tye) tis)
pl = 0.416 bar

Qs451 020 04406 0.406 0.390 0.297 -.003 0.080 0.0

00374 0.066 0.4.24 0.403 0.387 0.291 -.003 0.075 29

0.360 0.082 0.430 0.403 0.387 0.291 -.003 0.059 7.2

0.347 0.096 0.440 0.400 0.38). 0.283 -.003 0.021 12.0

0.328 0.113 0.4.51 0.400 0.381 0.283 -.003 -.056 21.

0.304 06127 04467 04400 04384 04288 -.003 -.003 3604.

02280 04135 02475 06398 0.385 0.291 -.003 -.003 39.6

0.262 0.141 0.483 0.398 0.385 0.299 0.0 -.003 40.4

0.258 0.144 06483 0.400 0.387 0.296 -.003 0.0 Aleh

0.238 06147 04,91, 0.403 02384 0.299 0.0 -.003 46.0

0.205 0.148 0.199 0.403 0.384 06310 0.0 -.003 54.8

0.183 0.147 0.502 0.408 0.395 06325 0.011 -.003 51.5

0.0 0.149 0.507 0.427 O.411 0.331 0.048 0.0 83.7

2al



bys)

0.504.

O43

064-26

0.1.06

0.390

0.367

0.353

0.323

0.297

0.238

0.205

0.183

0.0

(is) p2 P3 ee pd p6 p7

0.528 bar

0.0 0.515 0.512 0.493 0.373 -.005 0.101

0.066 0.531 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 -.005 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 =.0,0

0.144 0.590 0.507 0.486 0.355 0.0 -.005

04151 0.600 0.504 0.193 0.373 0.0 2003

0.160 0.61), 0.504 0.496 0.379 0.0 -.003

0.167 0.630 0.515 00491 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 06422 0.059 0.0

0.734 bar

0.0 0.715 0.715 06688 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 0.70% 0.675 0.501 0.0 0.120

0.113 0.763 0.710 0.681 0.499 0.0 0.091

0.127 0.77% 0.710 0.681 0.499 060 0.035
0.14. 0.787 06710 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

4309

51.8

5502

Deel

83.8

0.0

1.6

3.0

502

903

13.0

17-9

2905

3905

41.9



ty s)
pias

0.34.6

0.345

0.317

0. 293

0.261

0.238

0. 204,

0.183

0.0

0.752

0.678

0.660

0. 6.2

0.622

0.608

0.576

0.562

ie) owe
0.734 bar

0.192 0.857 0.70,

0.192 0.857 0.70,

0.199 0.873 0.715

0.200 0.878 0.718

0.200 0.881 0.720

0.198 0.883 0.720

0.198 0.883 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

0.14 1.174 1.086

0.160 1.190 1.086

0.176 1.203 1.086

te a P56 P7

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

0.70 0-589 0.051 0.0

0.701 0.600 0.061 0.0

0.717 0.576 0.083 0.0

1.051 0.781 -.005 0.213

1.043 0.773 -2005 0.205

1.043 06773 -2005 0.197

1.03 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

2203;

28

50.3

53-1

5204

5206

5729

81.9

7-0

77

11.7

U,.2

1941,



p2 ps 1) pé PT 2h
tye) (ye) Ga

pl = 1.126 bar

# 06535 0.192 1.227 1.086.1.038 0.771 -.005-.075 22.0

0.504 0.209 1.251 1.081 1.04 0.785 -.003 -.011 36.0

0.470 0.225 1.283 1.075 1.048 0.787 -.003 -.005 43.8

0.451 0.233 16299 1.075 1.051 0.800 -.003 -.005 45.6

004.26 0.241 1.321 1.083 1.048 0.811 -.005-.005 46.7

0.399 0.246 1.337 1.097 1.046 0.817 -.003 0.0 460k

00345 0628 14348 1.102 1.051 0.854 0.0 0.0 52.0

0.293 0.246 14353 1.107 1.080 0.896 0.0,5 0.0 561

0.238 0.245 1353 16110 1.083 0.921 0.085 0.0 56.9

0.183 0.241 1.353 16118 1.089 0.937 0.107 0.0 60.0

0.0 0.247 1436} 1.150 1.110 0.891 0.123 0.0 85.5

°

Pd p67 28eyelet Ppl p2opS
ts)
Qc = 0.0

0.183 0.069 0.067 0.069 0.066 0.045 -.005 0.019 0.0

0.238 0.117 0.115 0.120 0.112 0.088 0.0 0.021

0.293 0.179 0.173 0.176 0.171 0.133 0.0 0.0.0

Os345 06243 02237 06237 02229 0.173 0.0 0.051

0.399 0.326 02310 0.315 0.30, 0.227 0.0 0.067

0.452 0.419 0.411 0.406 0.393 0.297 -.005 0.077

0.504 0.528 0.515 0.512 0.493 0.373 -.005 0.101

0.564 0.656 0.640 0.635 0.61, 0.451 -.005 0.125

0.622 0.795 0.776 00771 0.744 06558 -2005 0.147

0.687 0.953 0.931 0.923 0.894 O. 659 =.005 0.179

224



ty ) By p2.—sépB ( au PS P6 P7 28

Qc = 0.0

0.752 1.134 1.107 1.099 1.059 0.784. -.005 0.208 0.0

0.803 1.321 1.289 1.278 1.235 0.910 -.005 0.243

0.880 1.532 1.497 1.484 1.431 1.060 -.005 0.280

%) pl P2 PB ( na poe PO Spy, 28°

0.066 0.075 0.093 0.077 0.072 0.061 0.011 0.0 77.8

0.082 0.117 0.147 0.123 0.112 0.099 0.013 0.0 80.9

0.096 0.168 0.208 0,208 0.195 0.168 0.021 0.0 80.1

0.113 0.227 0.278 0.232 0.219 0.181 0.027 0.0 82.1

0.127 0.296 0.363 0.30} 0.288 0.237 0.035 0.0 80.4

O14 0.379 0.462 0.390 0.374 0.305 0.03 0.0 83.5

0.160 0.467 0.568 0.480 0.461 0.373 0.051 0.0 80.0

0.176 0.566 6.688 0.579 0.555 0.451 0.059 0.0 79.0

0.192 06675 0.817 0.686 0.659 0.531 0.075 0.0 83.9

0.209 0.798 0.966 0.81) 0.785 0.630 0.088 0.0 83.0

0.225 0.934% 1.131 0.953 0.918 0.740 0.10, 6.0 85.7

0.241 1.075 1.299 1.097 1.057 0.846 0.120 0.0 85.3

0.258 1.209 1.468 1.233 1.190 0.947 06133 0.0 83.1

0.277 1-366 14652 1.390 1.342 1.072 0.1.9 0.0 8.3

0.292 1.516 1.830 1.540 1.492 1.188 0.165 0.0 85.5

Note: #* Denotes visible indication of air core formation.

225



GECMETRY No.2

Qs

(1/s)

pl 8

0.4.51

0. 360

0.328

0.280

0.258

0.205

0.0

pl

0.752

0.678

0.660

0. 64.2

0.622

0.608

0.592

0.576

0.562

0.535

0.504.

0.470

0.451

Qe

(1/s)

0.416 bar

0.0

0.082

0.113

0.135

0.1

0.148

0.149

1.126 bar

0.0

0.066

0.082

0.096

0.113

0.127

OnLy

0.160

0.176

0.192

0. 209

0.225

0.233

es

(

a

-0.1

1.7

6.1

10.7

17.0

17.0

Be

-0.9

-1.5

0.0

1.6

202

3-3
1.7

8.4.

6.7

6.6

6.6

8.9

=
13.6

(ya)
pl

0. 504

Oodt3

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

0.346

0.317

0.261

226

Thread Angle Experimental Results

Qe

(1/s)

0.528 bar

0.0

0.066

0.082

0.096

0.113

0.127

OU

0.151

0.160

0.167

0.167

0.166

0.168

0.734. bar

0.0

0.082

0.113

0.11,

0.176

0.192

0.199

0. 200

o

-0.1

ed

2.0

205

207

3)
6.3

8.0

28)
17-4

16525

19.8

32.8

-1.d.

0.8

(2:2)
Ga

703

73

U,.6
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APPENDIX 10

THE SOLUTION OF EQUATION (3-10
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The Solution of Equation 3-10

Given equation (3-10):

Atv) + 2kmve + 2N(n) = O _ (3-10)
an

If the equation is rewritten in the form:

A(n,vi) d(vi) + Blnwe)dh =O ,

then the above equation is exact ifs

OB = OA
Avz) dn

This condition is not satisfied but the equation has an

integrating factor (a) which, since (944,)=0 , isa

function of 'n' only.

Therefore:

[Ba gh |

pact ee a os eee
Inc = { 2km.dn

ao = exp.| 2kn.dn |

Thus along an 'n' curve equation (3-10) becomes:

Re53 D>-

ot dtvi) + o¢ (2kmv2) = —« 2N
dn

Since: Lidet = On ; then: da = Lok ‘
ao dn dn

and along an 'n' curve equation (3-10) becomes:

ees:



od(vi) + vide = -—cc2N

dn dn

(avi) = — «2N

dn

Integrating: O: Vi = le “KeN.dn+C

Therefore: Vila ae +C |
om

For the application under consideration at the inner boundary

n = 0 and the integral becomes zero, since examination of the

functions OC and N indicates that they cannot become

infinite. At the inner boundary a stream velocity can exist

because of the inviscid condition. Therefore C= Velho) = Wi)

and the complete solution to equation (3-10), along an 'n!

curve, becomes:

n h sh

2 2

Va exp, -/ 2kmdn . Vey - [ anlem [ 2kna din

‘ — (3-11)
yWhere U is a dumny variable.
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APPENDIX 11

TRANSIENT TESTS - EXPERIMENTAL 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

data.

The two fluid supply routes to the vortex element

were pressure regulated by water regulators manufactured

by C.A.NORGREN LTD. Type 11 - 009 - 991. (1" BSP) regulated

the streaming flow while type 11 - 009 - 994, (3" BSP)

regulated the control flow.

The control flow solenoid valve was of a direct

acting type MB202/0/6 with a D.C. coil, manufactured by

JOUCOMATIC CONTROLS LTD. The electrical power activating

the solenoid valve was provided by a D.C. power pack

(WIER ELECTRONICS LTD.) and routed through a reed switch

unit built by  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 a 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 LID., type 1028)

with one side open to atmosphere. The transducer was

excited by an oscillator - demodulator (HONEYWELL CONTROLS

LID. type 0D31) and powered 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. galvanoneter, after being passed through a

Suitable impedance.

The ‘jet sensor’ comprised a resistance strain

guage pressure transducer (BELL AND HOWELL LTD., type

4. = 366 - 0105 - O3M0) excited by a 10 volt D.C. signal

(FARNELL LTD., stabilised power supply type L30A).

Because of the low signal level obtained fron this

transducer the output was placed directly onto a UV.

gelvanoneter. 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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