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Fluidic vortex valves have an inherent reliability due to their having no moving
parts, and because of this they have found a number of applications as flow control
elements in the demanding environment of the nuclear reprocessing industry. To exploit
further the characteristics of fluidic valves, and to expose other industries to the tech-
nology, research is being carried out into other applications. One such programme is
the development of a fluidic oil well choke valve for controlling two-phase gas/liquid
flow. The vortex amplifier obtains its flow control capability from the radial pressure
gradient generated by a confined vortex within the device. Whilst the use of a vortex
amplifier appears attractive for controlling violent two-phase flows, there was concern
that the gas and liquid phases would separate in the centrifugal pressure field and that
the device would be ineffective. A two-phase flow facility has been built and an axial
vortex amplifier, designed to suit a 7Smm pipe has been manufactured and tested.

The results show that the vortex amplifier does operate with two-phase flow and
with cavitating flow but that the turndown ratio reduces. The reason for this has been
shown to be the significant reduction in pure supply flow through the device as it
resistance in two-phase and cavitating flow increases. This is due mainly to choking
and to poor diffuser efficiency. A two-phase correction factor to link the single-phase
and two-phase flow characteristics has been proposed but it is recognised that this may
be modified by subsequent the investigation.

A description of a separate study into diffuser efficiency in two-phase flow is also
reported in this thesis. The pressure recovery from a homogenised two-phase flow in a
conical diffuser was measured. The flow was an air/water mixture with volumetric void
fractions up to 35%. Although the pressure recovery was reduced because of the two-
phase flow, the use of the diffuser is still beneficial. For example, whereas a 7 ° diffuser
in single-phase flow achieves a pressure recovery of about 85%, the same diffuser
operating in 20% void fraction has a pressure recovery of about 70%; this compares with
about 20% through a sudden expansion. It has been found that the optimum angle of the

diffuser in two-phase flow is the same as in single-phase flow, i.e. 7 °. An expression
proposed for predicting the pressure recovery coefficient of a diffuser operating in
two-phase flow.

In the oil industry, the knowledge of the pressure and the flow rate at the wellhead
is essential in designing the choke valve. A detailed method for predicting the flow rates
at the wellhead and designing the vortex amplifier, starting from the production rig was
developed. It was found that it is possible to predict the flow rates at the wellhead using
mechanistic techniques from which it is possible to design a vortex amplifier to operate
as a choke valve for the oil well.
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LIST OF SYMBOL

cross-sectional area

area of vortex amplifier exit throat

area of pipe occupied by gas phase

area of inlet port of vortex throttle

area occupied by the liquid phase

exposed area of solid particle

area of vortex amplifier supply port

area of tangential port of vortex amplifier

black box control pressure ratio defined in equation 3.
gas volume formation factor

oil volume formation factor

constant

gas compressibility

constant

pressure recovery coefficient based on momentum balance
pressure recovery coefficient based on Euler equation
control pressure ratio of vortex amplifier

diameter

diameter of exit throat of vortex amplifier

diameter of tangential port of vortex throttle

diameter of vortex chamber

diameter of solid particle

diameter of supply port of vortex amplifier

diameter of tangential port of vortex amplifier
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vortex amplifier control flow Euler number
Euler number based on inlet area
vortex amplifier supply Euler number
centrifugal force

drag force

friction factor

mass flux

gravitational acceleration

slip ratio

vortex chamber height

constant

constant

entry length

molecular weight

effective molecular weight

mass

vortex exponent

pressure

average pressure

bubble point pressure

vortex amplifier control flow pressure
vortex amplifier downstream pressure
pseudo critical pressure

frictional loss gradiant

pressure at a point in the well production string

reduced pressure

vortex amplifier supply pressure
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Py total pressure

P vapour pressure

AP,  supply-to-control pressure drop

AP,  control-to-downstream pressure drop
AP, frictional pressure drop

AP,  hydrostatic pressure drop

AP,,  acceleration pressure gradient

AP,  supply-to-downstream pressure drop
Q volume

Q. volumetric flow rate of air

Q. vortex amplifier volumetric control flow rate
Qs volumetric gas flow rate

Q volumetric flow rate of free air

e

volumetric flow rate of liquid
Qo volumetric flow rate of oil
Qosc volume of oil at standard conditions
Q, vortex amplifier volumetric supply flow rate
Q:r volumetric flow rate of air
Re Reynolds number
Re, = homogeneous Reynolds number
R, gas solubility
r radius
slip velocity
5 % average temperature of flowing mixture
T,n  bottom hole temperature
1 critical temperature

Ty temperature at a point in well production string
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pseudo reduced temperature

wellhead temperature

velocity

velocity of gas phase

superficial velocity of gas

area average velocity of gas in liquid slug
area average velocity of gas in Taylor bubble
velocity of liquid

superficial velocity of water

area average velocity of liquid in liquid slug
area average velocity of liquid in film around Taylor bubble
average velocity of the mixture

velocity of translation of Taylor bubble
velocity

inlet velocity at vortex throttle tangential port
radial velocity

tangential velocity

mass flow rate of liquid

mass flow rate of gas

constant

quality

constant

gas mol fraction

distance from wellhead or bottom hole

increment of depth
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Pc
P
PL
Pum

in-situ void fraction

area average void fraction in the bulk of liquid slug
volume average void fraction of a slug unit

area average void fraction in a cylindrical portion of Taylor bubble
homogeneous void fraction

ratio between Taylor bubble and length of slug unit
gas specific gravity

oil specific gravity

opening angle of ball valve

dead oil (gas-free) viscosity

live oil (gas saturated) viscosity

gas viscosity

vortex amplifier two-phase multiplier

density

gas density

homogeneous density

liquid density

in-situ mixture density

(vii)



SUMMARY
ACKNOWLEDGEMENTS
NOTATION

Chapter 1 INTRODUCTION
Chapter 2 LITERATURE REVIEW

2.1 OIL PRODUCTION SYSTEMS.
2.1.1 Choke Valves
2.1.2 Valve Faults
2.2 POWER FLUIDICS
2.3 THE VORTEX AMPLIFIER (VXA)
2.4 MULTI-PHASE FLOWS
2.4.1 Two-phase Flow Patterns
2.4.1.1 Flow Patterns and Maps
2.4.2 Pressure Drop in Vertical Two-phase Flows
2.4.2.1 Homogeneous flow model
2.4.2.2 Separated flow or Slip
2.4.2.3 Flow pattern flow models
2.4.3 Flow Patterns and Maps in Horizontally Flowing Mixture
2.5 CAVITATION
2.6 CONCLUSION
REFERENCES

Chapter 3 VORTEX AMPLIFIER CHARACTERISTICS
AND PERFORMANCE (VXA1l)

3.1 SINGLE VORTEX AMPLIFIER CHARACTERISTICS AND
PERFORMANCE (VXA1)
3.1.1 Experimental Apparatus And Procedure
3.1.1.1 The Vortex Amplifier (VXA1)
Characterisation Rig
Expcnmcntal Procedure
.1.3.1 Single-phase flow
.1.3.2 Two-phase flow
.1.3.3 Performance Parameters
.1.3.4 Cavitation

Performance parameters
.1.1 Single-phase and cavitated flow
.1.2 Two-phase flow
Pressure/flow characteristics
.2.1 Single-phase and cavitated flow
31227 Two-phase flow
3.1.3 Discussion
3.2 SMALL VORTEX AMPLIFIER AND SOME VALVE CON-
FIGURATIONS
3.2.1 Small Vortex Amplifier
3.2.1.1 Experimental apparatus and procedure
3.2.1.2 Results

30

30
30
32
33
34
35
36
37
37
37
39

41

48
51

52
52
93



3.2.2 Vortex Amplifier Controlling Vortex Amplifier 54

3.2.2.1 Experimental apparatus and procedure 54
3.2.2.2 Results 55
3.2.3 Vortex Amplifier and Ball Valve in Series 57
3.2.3.1 Experimental apparatus and procedure 57
3.2.3.2 Results 57
3.2.4 Discussion 58
REFERENCES 60

Chapter 4 PERFORMANCE OF DIFFUSERS IN TWO-PHASE FLOWS 61
4.1 PERFORMANCE OF DIFFUSERS IN TWO-PHASE FLOWS 63

4.1.1 Homogeneous Flow Model 63

4.1.2 Separated Flow Model 65

4.1.3 Void Fraction, Slip Ratio and Mixture Density Calculations 65

4.2 PRESSURE RECOVERY IN A SUDDEN EXPANSION 69

4.2.1 Single-phase Sudden Expansion 70

4.2.1.1 Momentum balance 70

4.2.1.2 Energy balance 71

4.2.2 Sudden Expansion Two-Phase Flow 71

4.2.2.1 Homogeneous flow model 71

4.2.2.2 Separated flow models 72

4.3 PRESSURE RECOVERY IN DIFFUSERS 75

4.3.1 Diffuser in single-phase 75

4.3.2 Diffuser in two-phase flow 76

4.4 EXPERIMENTATION 77

4.4.1 Experimental Apparatus 77

4.4.2 Experimental Procedure 78

4.4.3 Presentation of Results 79

4.4.3.1 Diffuser 79

4.4.3.2 Sudden expansion 82

4.4.3.3 Cavitation 83

4.5 DISCUSSION 84

RFFERENCES 88

Chapter 5 INTERNAL FLOW STRUCTURE 9%

5.1 TYPES OF VORTEX 91

5.1.1 Forced Vortex 91

5.1.2 Free Vortex 91

5.1.3 Rankine Vortex 92

5.2 FLOW STRUCTURE IN VORTEX CHAMBER 92

5.2.1 Single-phase Flow 92

5.2.2 Two-phase Water/air Flow 97

5.2.3 Particle Motion in a Vortex Chamber 99
5.3 EXPERIMENTAL APPARATUS 100
5.4 EXPERIMENTAL PROCEDURE 101
5.5 RESULTS AND DISCUSSION 102
5.5.1 Single-phase Flow 102
5.5.2 Two-phase Flow 104
5.5.3 Two-phase Water/sand 107
REFERENCES 109
Chapter 6 DESIGNING A PRACTICAL SYSTEM 111

6.1 INTRODUCTION 111



6.2 PRESSURE DROP IN VERTICAL PIPES 112

6.3 DETERMINING THE FLOW REGIME 113
6.3.1 Bubble-Slug Transition 115
6.3.2 Bubble-Bubbly Dispersed Transition 115
6.3.3 Bubbly Disperesed-Slug Transition 116
6.3.4 Slug-Churn Transition 116
6.3.5 Slug-churn Transition 116

6.4 DETERMINING THE VOID FRACTION 116
6.4.1 Bubbly Flow 116
6.4.2 Slug Flow 118
6.4.3 Bubbly Dispersed Flow 119
6.4.4 Churn and Annular Flow 119

6.5 DETERMINING THE FRICTIONAL PRESSURE DROP 120
6.5.1 Friction Factor 120
6.5.2 Friction Loss Gradient 122

6.5.2.1 Single-phase flow 122
6.5.2.2 Bubbly flow 122
6.5.2.3 Slug flow and churn flow 123

6.6 DETERMINING THE OIL PROPERTIES 123

6.7 DESIGNING THE VORTEX AMPLIFIER 131

6.8 NUMERICAL APPLICATION 134

6.9 COMMENTS ON THE COMPUTATION TECHNIQUES 141

REFERENCES 144
Chapter 7 CONCLUSIONS AND FUTURE WORK 146

7.1 CONCLUSIONS 146
7.1.1 Chapter 2 146
7.1.2 Chapter 3 147
7.1.3 Chapter 4 148
7.1.4 Chapter 5 149
7.1.5 Chapter 6 151
7.1.6 Overall Conclusion 151

7.2 FUTURE WORK 151
7.2.1 Internal flow 151
7.2.2 Two-phase tangential flow 152
7.2.3 Performace of VXA in 3-phase 152

7.2.4 Horizontal two-phase flows through vortex amplifiers 152



INTRODUCTION

Multi-phase flow in the petroleum industry has many unique features that create
complications not encountered by any other industries. The fluids involved are
multi-component mixtures whose phase behaviours are extremely complex. The range
of pressures and temperatures encountered in production systems is extremely broad.
The complexity of the flow discharging from an oil well, where a mixture of gas, liquid
and solid particles exists, creates one of the most difficult transport and control problems
in engineering. The environment in which the components have to operate adds to the

design and cost problems. These problems are paramout in the subsea oil industry.

With half the remaining off-shore oil wells situated in deep water and marginal
fields, there is a considerable incentive to develop more economic recovery methods.
There is, at present, a strong drive in the subsea engineering industry aimed at encour-
aging equipment manufacturers to produce components which offer both low initial cost,
and high reliability. The harsh environment under which these components operate
generates enormous maintenance costs due to the loss of production and the difficult
task maintaining equipment on the sea-bed. At present, the flow rate of multi-phase
mixtures from subsea oil wells is controlled by remotely operated mechanical choke
valves at the well head. These have been designed to their limits and must be maintained

to the highest standards.

In the nuclear power industry there are different, but equally demanding flow

control problems. In seeking a solution for the control problems which occur in the
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Chapter 1 Introduction

nuclear reprocessing plants, the UK Atomic Energy Authority has developed the tech-
nology of power fluidics - flow control systems with no moving parts. Fluidic controllers
can be installed behind concrete and steel containments and may never need to be
accessed for maintenance. They also have both basic engineering requirements: relia-
bility and low cost. The aspect of near-instant response reduces the time required to

contain any leaking accident in the plant.

The project described in this thesis investigates the potential of fluidic valves for
controlling two-phase gas/liquid flows. The original scope of work was to develop a
fluidic valve for use as a subsea choke valve. Whilst this is the ultimate aim, the work
reported herein has been concerned with the general performance and behaviour of a
fluidic vortex amplifier in two-phase flows (in this work two-phase flow specifically
refers to gas/liquid flow). Although power fluidics is well established and accepted in
the nuclear industry, it has yet to prove itself to other industries and showing it to be

capable of controlling two-phase flows will lend credibility to the technology.

During the course of the present work, a collaboration has been made with the
UKAEA at their Springfield Laboratories (now relocated at Risley) who have established
a consortium of major oil companies to fund the development of a fluidic choke. The
work carried out at Liverpool University, and reported herein, has been concerned with
laboratory scale experiments, operating at just a few bar pressure, whilst the UKAEA
have been able to test a fluidic valve using water at much higher pressures. By addressing
the two-phase flow aspects of the research, the work being carried out at Liverpool is

complementing that of the UKAEA thereby assisting the technology transfer.

In the present work the flow of a two-component, air-water, fluid is considered. In
order to understand the behaviour of vortex valves in liquid-gas mixture flows, an axial

vortex amplifier was selected. To examine the suitability of the vortex amplifier as a
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Chapter 1 Introduction

choke valve, it was characterised in single-phase cavitated and non-cavitated flow, and
in two-phase flows. The objective of such a wide range of conditions was to obtain a
wide range of data which simulates the actual conditions underwhich a choke valve is
likely to operate. An existing design of vortex amplifier has been used; no attempt has
been made to modify its geometry, whilst the design may not be the best available, it is
the effect of two-phase flow on its performance that is of interest, not whether that

performance is optimum.

The research reported in the following chapters consists of an experimental and
theoretical study of two-phase flows and vortex flows. Chapter 2 reviews currently
employed choke valves and their problems, power fluidics, vortex amplifiers and their
application, pressure drop calculations in vertical two-phase flows, and cavitation in

narrow passages.

Chapter 3 covers the experimental investigation of the vortex amplifier in single-
phase and two-phase flows. Water was used as the working fluid in single-phase
experiments whereas an air-water mixture was used in the two-phase flow experiments.
During the tests carried out on the vortex amplifier, cavitation was often present. The
effect of cavitation has not, however, been investigated systematically since this would
constitute a research project in its own right, but its effects under different conditions
have been observed and measured. A thorough investigation of the vortex amplifier
performance and characteristics in two-phase flow was carried out for a wide range of
void fractions. Also presented in Chapter 3 are some supporting studies of possible
valve configurations. A vortex amplifier controlling a second vortex amplifier, and a
vortex amplifier and a ball valve in series. The experimental arrangements together with

the results are presented and discussed.
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Chapter 1 Introduction
The outlet diffuser of the vortex amplifier is an important feature of its design;

Chapter 4 gives a review on the pressure recovery in sudden expansions and conical
diffusers in single and two-phase flows, together with a review of the void fraction
correlations in horizontal two-phase flows (since the diffuser was tested in a horizontal
position), and the effect of diffusers on the performance of the vortex amplifiers. A
sudden enlargement and a range of conical diffusers were tested for a wide range of flow
conditions. The pressure recovery was calculated for the various conditions and com-
pared with existing models. A description of the experimental apparatus, together with
the results are presented and evaluated. An equation was developed for predicting the

pressure drop in diffusers.

Chapter 5 gives a review of the flow structure in vortex chambers. It also presents
the experimental work on the pressure and velocity distribution in a vortex chamber
(vortex throttle) in single and two-phase flows. The tangential velocity and the vortex
exponent were calculated and the changes in the flow structure were observed and

analysed.

In Chapter 6 an application of a vertical multi-phase flow model developed from
first principles is presented. Estimation is made of the gas void fraction and the mixture
density leading to pressure drop estimation in the different flow regimes which occur in
oil wells. A practical design procedure for vortex amplifiers as a part of a production

string is presented.

Finally, in Chapter 7, conclusions from the main chapters are drawn together.
Assessment of the present work is made and recommendations for future work are made

accordingly.

At the time of writing, four papers describing certain aspects of this research have

been produced for publication. These are contained in Appendix A.

@



LITERATURE REVIEW

The flow rising from an oil well contains a number of components. The crude oil
is often accompanied by natural gas and as the flow rises through the well bore and the
pressure reduces, so more gas can be formed by it coming out of solution and by
vaporisation of the oil. In addition, water will often be present, as will sand. Flows of
this nature are extremely violent and erosive causing substantial damage to flow control
equipment. The main control valve that throttles the flow from the well is called a choke
valve. The choke is directly exposed to the flow and because of the high pressure drop
through it, it will also experience additional wear due to flashing of the oil. It is this
damage, and the extra complications that this causes to the sub-sea oil industry, that has

led to the present research.

For flow control valves, a mixture of gas and liquid causes problems because of
their different densities. If the flow is not well mixed, then as a gas pocket passes through
the high pressure gradient within the valve, there will be a rapid acceleration in the flow.
The liquid slug following the gas pocket will then impact on the valve and the flow will
experience a rapid deceleration. The pressure fluctuations produced in this way can be
violent and will lead to mechanical damage. Even if the flow is well mixed, although
the valve may not suffer mechanically, there will be a significant change in its pres-

sure/flow characteristics due to the additional internal fluid-dynamic losses.

The mixture of two liquids, such as oil and water, does not necessarily cause

problems for valves because the density difference between them is not so great. The
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Chapter 2 Literature Review

presence of sand in the flow, provided the loading is not so high as to effect the apparent
viscosity of the liquid, does not have an effect on the characteristics of the valve but it

does have a significant effect on its erosion.

Flashing of the more volatile components within the oil can lead to problems both
with the valve characteristics and with erosion. Vapourisation of part of the oil causes
large and very sudden volume changes. The rapidly accelerating vapour will contain
liquid droplets (and sand) and is capable of wearing away the metal surfaces of the valve.
In addition, the rapid acceleration of the vapour in the valve can lead to velocities which
exceed the local speed of sound, which in a two-phase mixture may not be very high,
any pressure changes downstream of the valve will not therefore be communicated

through the flow and the flow will become choked.

2.1 OIL PRODUCTION SYSTEMS

A schematic diagram of an oil production system is shown in Figs. 2.1 and 2.2.
The multi-phase mixture flows from the reservoir into the well bore, up to the well head
where it may be deviated, depending on the location of the well with respect to the
processing plant. The multi-phase fluid is then transported through the transport lines
to the separators where a gas/liquid and liquid/liquid separation process takes place.
The separation equipment may be connected to the pipeline via rigid or flexible risers,

and may be subjected to motion when a floating production system is employed.

At the well-head, the "Christmas tree" (an integrated unit which usually comprises
of valves, actuators, seals, pipes, a control system and a means of connecting into the
well-head flow-lines) acts as an interface device which can isolate and control the flow

of crude oil as it leaves the ground and starts on its way along the transport line to the
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Chapter 2 Literature Review
place of collection. Two types of trees are employed in the off-shore oil production, the

wet tree where all the components are exposed to sea water, Fig. 2.1, and dry tree where

all the components are housed in a chamber, Fig. 2.2.

2.1.1 Choke Valves

Many types of valve are used in the off-shore engineering, but there are two basic
classes, those which stop and start flow; and those which regulate, or throttle the flow.
Well known designs of some of these valves are shown in Fig. 2.3. Figure 2.4 shows
the design and the construction of a Willis multi orifice type valve which is typically
used toregulate and measure the flow rate discharging from an oil well. The body contains
two-ceramic disks, each having a pair of orifices to regulate the flow. One disc is fixed
in the valve body, while the other may be rotated as shown in Fig. 2.5. The degree of
alignment between the two pairs of orifices determines the available flow area. The
choke setting is described in terms of "bean size’, where a ’bean size’ of 68 represents
a fully open position ( a bean size is 1/64 of an inch). A typical calibration of a 2" valve

is presented in Fig. 2.6.

Choke valves can be operated manually, or by pneumatic or hydraulic power

through an actuator in an automatic remote control system.

2.1.2 Valve Faults

The most likely items to fail in sub-sea operation are valves, seals and control

systems (1). The valve faults which might occur are:
The valve is stuck in the open or close state and refuses to respond.

The valve will operate but not to full extent, hence it will not seal when closed or

will not open fully.
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Chapter 2 Literature Review

The gate or sealing face becomes damaged by sand in the oil and will not seal when
closed.

The Hydraulic actuator for the valve fails to operate properly.
A leak occurs on the valve bonnet allowing oil to escape to the sea.

It is clear that the faults which are likely occur in choke valves are related to the
moving parts. The simplest option to correct the faulty valve is to replace it. This requires
a very specialised task of maintenance and the oil well will have to be shut-down while

the repairs are taking place.

2.2 POWER FLUIDICS

The technology of fluidics was announced at the Harry Diamond Laboratories (now
the Diamond Ordnance Fuse Laboratories) in the United States in 1960. From its
inception it captured the imagination of scientists and control engineers who were
attracted by the concept of control elements which had no moving parts, inferring high

reliability and long life.

Towards the end of the 1960’s a second branch of fluidics was developed. The
hitherto small control devices functioned by directing a small flow of air through a series
of logic elements (AND, OR, NOR, NAND, etc) and, depending on where the flow went,
a corresponding control function was performed. It was realised that on a large scale
the same principals could be applied to controlling large volumes of process fluid. This
technology, in which the fluid was handled for its own sake rather than for the information

it carried, became known as Power Fluidics.

Power fluidics, like signal fluidics, went through a period of optimism during its

early years when its potential was overstated. Since that time, the early 1970’s, the
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Chapter 2 Literature Review

technology has experienced only limited success. The industry where power fluidics
has really come into its own is the UK nuclear industry where the inherent reliability
and the absence of moving parts made it very attractive. Fluidic devices have operating
lifetimes limited only by the durability of the material from which they are manufactured
and can be safely and permanently placed behind shielding in nuclear plants (2,3). Other
applications of power fluidics outside of the nuclear industry have been sought, but with

limited success (e.g. 4,5,6).

Fluidic controllers have fixed geometries and derive their control characteristics
from the forces generated by the fluid as it flows through the internal passages of the
device. Although there are a number of fluidic devices that have been developed (2-6),

the one that is of concern in the present work is the Vortex Amplifier.

2.3 THE VORTEX AMPLIFIER (VXA

The vortex amplifier (henceforth VXA) is a three port fluidic control valve. Figure
2.7 shows a simple vortex amplifier with a radial supply port, a tangential control port
and an axial exhaust port. With no control flow, the supply flow enters radially and
passes through the axial port with minimal losses. If a second flow (the control flow)
is introduced into the chamber through the tangential port, the two flows will combine
to form a spiral vortex. This produces a radial pressure gradient across the chamber,
thus increasing resistance to the flow. As the control pressure is increased, the supply
flow is reduced to zero, as shown simply in Fig. 2.7. A variation of the VXA shown in
Fig. 2.7 is shown in Fig 2.8; this design of VXA is known as an axial vortex amplifier
due to the inlet and outlet ports being co-axial. It is this design of VXA that has been

used in the present work.

Muchresearch has been carried out on the performance and characteristics of vortex

amplifiers in single-phase flow. Tippets (7) defined the characteristic variables as shown
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Chapter 2 Literature Review
in Fig. 2.9. Characteristic variables can be chosen by omitting a redundant flow and a

pressure variable for the cases when the VXA is used as a controller. Referring to Fig.
2.9, when characterising the VXA, Q, is usually omitted, one of the other four is held
constant and the other three are varied and the relationship between them is obtained.
The general approach of characterizing the VXA is by holding AP, constant and varying
the other three.

In order to measure the performance of the VXA it is necessary to define some
parameters for measurements. There are two important parameters used in the description

of the VXA performance:

a) The Turndown Ratio (TDR) which is defined as the ratio of the maximum supply
(O, (Q.=0)) to the maximum control flow (Q. (Q,=0)) for a constant supply-to-

downstream pressure drop.

b) The Control Pressure Ratio (CPR) which represents the effectiveness of the
tangential inlet in creating a vortex of a given strength and is defined as the ratio
of the control pressure (AP,) to the supply pressure (AP,) required to completely

restrict the supply flow.

The performance and characteristics of the VXA are dependent on the its geometry.
Numerous designs of the VXA have been produced, usually with the aim of improving
the amplification properties; i.e. TDR. A thorough investigation into the available
designs of the VXA reveals that there is not a unique optimum for all applications. The
design of the VXA is generally derived from its application,; if for example, the VXA is
used as an "on/off" controller, then its characteristics can be overlooked, the turndown
ratio and the pressure ratio will be the basis of the design. On the other hand if the
required task is to regulate the flow, then linearity of the characteristic, in addition to

high turndown ratio and low control pressure ratio are targetted.
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Chapter 2 Literature Review
Comprehensive reviews of vortex amplifier design and performance have been

published by Syred (8) and Wormley (9). From the available information it emerges that

the VXA performance is subject to the following geometric ratios:

a) The supply to exit ratio A,/A,

b) The control to exit ratio A,/A,

¢) The chamber outer diameter to exit diameter ratio d,/d,

d) The chamber aspect ratio h/d,.

King (10), who conducted comprehensive experimental work on the effect of the
geometry on the performance, found out that there are another fourimportant geometrical
factors which contribute to the performance and behaviour of the VXA, these are as

follows:

The ratio of the parallel outlet length to the exit throat diameter, the outlet blending
radius to the exit throat diameter the exit throat diameter, the diffuser area ratio. Syred
(11) and MacGregor (12) showed that conical diffusers with 6.5° to 7° improved the
performance and contributed to the stability of the VXA.

The trend for designing vortex amplifiers with low control pressure ratios and high
turndown ratios led to problems with instabilities and noise and some characteristics
exhibit discontinuity in their mid-section. Fig. 2.10 shows a typical characteristic of a
VXA where the supply and control flow rates are presented against the pressure ratio.
The jump or discontinuity in the middle section is caused by a transition of the swirling
flow in the outlet diffuser from a structure with all forward axial flow velocity to one

with a reverse flow zone due to the vortex breakdown (13). The vortex breakdown can
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Chapter 2 Literature Review
be defined in general as the stagnation of the axial flow and the occurrence of the reversed

flow zone. Extensive research has been devoted towards explaining this phenomena.
So (14) introduced one of the most relevant pieces of work on vortex breakdown. In
obtaining his experimental results, So used a vortex chamber fitted with a 6° diffuser.
This arrangement is similar to the geometry of the VXA. So reported the existence of
five flow regimes of swirling flow in the outlet diffuser, Fig. 2.11. Three regimes of
rotating flows and two transitional regimes. At low level of swirl, regimes 1 to 3, there
exists what he called a one-celled vortex with no reversed flow where regime 2 represents
a transition between a laminar vortex flow which occurs at low flow rates, regime 1, and
the turbulent vortex which occurs at higher flow rates, regime 3. An increase in the swirl
level caused the formation of what he labelled a two-celled vortex, regime 5, with regime
4 as a transitional phenomena between regime 3 and regime 5. In this phase of the flow
a reversed flow zone occurs in the diffuser and extends to attach itself to the back wall
of the chamber when vortex breakdown occurs. This is similar to what actually happens

in the vortex amplifier before the top-end of the discontinuity.

Vortex amplifiers have been used in flood control (15), and in the ventilation of
chemical plants (16). Another successful application is in the nuclear industry which for
a long time has used the VXA as a pressure controller on glove boxes (2) where the
duty of the valve is to maintain a steady depression in the case of an emergency, such
as a torn glove, by extracting sufficient flow through the glove box to maintain a
depression within it, Fig. 2.12.a. The supply port of the VXA is connected to the glove
box and its control port is open to the atmosphere. The outlet of the VXA is connected
to the purge duct. Under normal operating conditions, the extract system draws air from
the atmosphere through the VXA, thus the flow rate is small because of the vortex motion
which effectively increases the pressure drop across the amplifier. In the event of

emergency, since the glove box is maintained at sub-atmospheric pressure, the air passing

(12)
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through the supply port will prevent the generation of the vortex within; i.e. connecting
the glove box into the extracting duct. This type of controller is very effective and more
reliable than the conventional methods, Fig. 2.12.b, since there are no moving parts and
the response is very quick. In a conventional system, the pressure sensor activates a
solenoid valve in the event of any depression loss to ensure a high purge flow, any delay

in the response of the solenoid valve can result in a serious accident.

2.4 MULTI-PHASE FLOWS.

The understanding of the nature of the multi-phase mixtures discharging from an
oil well forms the basis of a successful sizing of oil production equipment. The gas-liquid
phases can adopt various geometric configurations which are known as flow patterns.
The inclination of the gas/liquid two-phase flow system has a significant effect on
two-phase flow calculations. Two-phase gas/liquid flow has been widely studied in
relation to the power and process industries (17). Much of the work has been concerned
with water-cooled nuclear reactors where there is simultaneous heat and mass transfer
superimposed upon the flowing mixture. The presence of the gas phase changes sig-
nificantly the nature of the flow and, depending on the relative volumes of gas and liquid

the flow adopts certain characteristic patterns.

2.4.1 Two-Phase Flow Patterns

When a liquid and a gas flow together in a pipe, each phase may be regarded as
occupying a proportion (on average) of that pipe’s cross sectional area. The way in which
the phases are distributed in the pipe can follow a variety of configurations known as
"flow patterns". Several methods for predicting flow patterns have been published but
none is reliable enough to be recommended because, although there are conditions where
certain flow patterns can be predicted with confidence, the transition conditions cannot

be predicted accurately.

(13)
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2.4.1.1 Flow patterns and m in verti - rds flowing mix-

ture

The common flow patterns for vertical up-flow, that is where both phases are
flowing upwards in a round tube are shown in Fig. 2.13. As the quality increases from

zero, the main flow patterns obtained are:
a) Bubbly flow, in which the gas bubbles are nearly uniform in size;
b) Slug flow, in which the gas flows as a large bullet-shaped bubbles;
c¢) Churn flow, which is highly unstable flow of an oscillatory nature;

d) Annular flow, in which the liquid travels partly as an annular film on the walls of
the tube and partly as small drops in the gas which flows in the centre of the tube.

There exist a wide variety of flow pattern maps for vertical two-phase flow. These
maps propose transition boundaries in a two dimensional coordinate system as defined
from experiment. The selection of the coordinates for the published maps has been of

two basic types:

The first group uses dimensional coordinates such as the superficial velocity Ugs

and U, Sterling (18) and Wallis (19), or superficial momentum flux, p,U;s and
pcUgs such as the Hewitt and Roberts map (20) which is shown in Fig. 2.14. The
transition boundaries in these maps will change with the pipe size and the properties

of the fluid.

The second group of maps uses dimensionless coordinates, in the hope that the
change in the variables will be accounted for. In the absence of theoretical bases

these coordinates do not present a permanent solution and the map will apply only

(14)















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































