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The aim of this programme of research was to produce a
prototype two-phase flowmeter by separating a mixture of gas and
liquid to the constituent phases and passing each through a
conventional flowmeter.

The performance characteristics of a novel gas/liquid
separator were determined for single-phase and two-phase flow
conditions. Static pressure and velocity profiles in the helical
Passages showed secondary flows to be present. Testing using
air/water mixtures demonstrated that the gas and liquid phases were
separated by the centrifugal forces generated by the motion of the
two-phase mixture through helical passages.

The separator was modified to permit the collection of
the separated phases. The performance was quantified in terms of the
gas separation efficiency and the liquid draw-off. Air/water and
air/kerosene flows were used in the experimental work, which examined
several different separator configurations. The flow rate and quality
of the separated mixture were found to be a maximum at low residence

time (high flow velocity).

A model simulating separated flow was used to predict the
position of the phase interface in the helical passages. This model
was validated from the separator friction pressure loss data in two-
phase flow. Flow in helically coiled tubes was examined to determine
the effects of helix angle on the flow structure and pressure losses.

Experimental data from individual take-off slots in the
separator was found to be in close agreement with the Schrock
correlation for flow through an upward branch in a tee junction. The
take-off flow quality depended on the phase interface position below
the slot and the axial location of the slot.

A combination of annular and classical venturimeters was
selected for measurement of phase flow rate. The annular venturimeter
provided total volume flow rate measurements with an uncertainty
lower than t 10%, given that the gas and liquid were well-mixed. The
classical venturimeter results were less good due to more demanding
flow conditions.

The separator and venturimeters were combined to form the
prototype two-phase flowmeter. The total volume flow rate was
measured to within t 10% of the reference. Void fraction was found to
be related to the ratio of the pressure drops at each venturimeter.
The liquid flow rate was measured to within t 10% of the reference.
The prototype two-phase flowmeter successfully demonstrated
measurement of the total and 1liquid phase flow rates to Tlimits
acceptable in many practical situations.
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CHAPTER 1: INTRODUCTION

1.1 The Nature Of Multiphase Flow in Practice

1.1.1 Introduction to Multiphase Flow

Multiphase flow is encountered when fluids of two or
more different phases flow together simultaneously in any continuous
volume. For example, when a gas, liquid and solid phase flow
together in a pipe. There may also be more than one component in the
mixture, this most commonly occurs when the gas phase is not the
vapour of the liquid phase, such as in an air/water mixture.

Multiphase flows tend to adopt differing geometrical
flow patterns depending on the mass and volume fractions, the total
volume flow rate of each phase, the orientation of the flow space
and the pressure of the mixture. The most commonly occurring flow
patterns have been observed under Tlaboratory conditions and
identified, those typical of vertical and horizontal tubes are shown
in Fig. 1.1.

Single component flows such as steam/water can raise
problems of flashing or condensation, due to either decrease or
increase in the pressure of the fluid mixture, resulting in the
creation of significant quantities of vapour or liquid condensate in
a mixture. This phenomenon is often caused by passage through
components, such as valves, resulting in changes of pressure and

velocity of the mixture. In multiphase flows these changes in phase,



allied to simultaneous changes in volume fraction and interphase
slip ratio caused by changes in the mixture pressure, may result in
flow pattern or regime changes which are difficult to predict and,
in the absence of optically clear sections, can be difficult to

detect.

1.1.2 Definition of Void Fraction

To deal with multiphase flow in practice is a difficult
problem, particularly when attempting to measure the individual
phase mass flow rates and velocities. The determination of void
fraction is also difficult, not least because it may defined by
three different methods: the line void fraction is defined as the
percentage of a straight line through a mixture which passes through
the gas phase, the area void fraction is defined as the percentage
of the area of a plane cross-section which is occupied by the gas
phase and the volume void fraction is defined as the proportion of a
fixed volume which is taken up by the gas phase. For the purposes of
this work the void fraction will be defined as the volume void

fraction unless otherwise stated.

1.1.3 Multiphase Flow Modelling

The theoretical treatment of multiphase flows is far
more complex than that of single-phase flows; there are many more
variables and the knowledge of such flow is so limited that for any
practical analysis it is normal to wuse numerous simplifying

assumptions and empirical correlations. Most of the simpler theories



assume that a given type of flow pattern exists and then base the
analysis upon this premise, see for example Baroczy (1966).

Of these flow theories, the most commonly used is
probably the homogeneous model. The homogeneous model assumes that
the flow consists of a homogeneous mixture in thermal equilibrium
which can be treated as a single fluid with the area or volume
averaged properties of its two components. Other models usually
relate to other identifiable quasi-steady flow regimes such as
separated flows (stratified or annular flows) and dispersed flows
(bubble, mist and churn flows). The main difficulty with most of
these models is in being certain of which flow regime exists in the
time and space in which the interest lies and of knowing which of
the assumptions made in the model selected are valid under the
conditions prevalent in the flow.

Attempts have been made to predict the changes in flow
pattern using flow regime maps which plot the various experimentally
defined regime boundaries against parameters which are independent
of tube diameter and fluid pressure. The efforts of many early
workers in the multiphase flow field were directed towards producing
flow regime maps based on empirical data. The best known of these
flow maps are those of Baker (1954) and of Mandhane et al (1974) for
horizontal flow, Fig. 1.2, and Oshinowo and Charles (1974) for
vertical flow.

Flow pattern maps, of course, are only valid for the
conditions prevalent during the experiments and the configuration of
the apparatus used to collect the data from which the maps were
constructed. Those, such as the Mandhane flow map, constructed from

large data bases are more reliable than the méps made using small



data sets. It is generally difficult to be precise in predicting
flow patterns using these techniques, particularly near the flow
regime boundaries. The flow regime may also change while passing
through the region of interest, this is particularly true if any
body forces are applied or if the flow is accelerated by passage
through a component or pipe constriction.

The main problem with the homogeneous model, even when
the flow is apparently homogeneous, is that there is almost certain
to be some slip, or relative velocity, between the phases. The
assumption of no slip is one of bases of this theory, allowing the
mixture to be treated as a single fluid, and any variation from the
no slip condition leads to errors in the analysis. Recent flow
theories have concentrated on a multidimensional approach to a
general solution, using closure equations which are flow regime
dependent, to enable solutions to be obtained. General agreement has
been obtained on the form of the three-dimensional conservation
equations using this approach [Ishii, 1975] and debate now centres
on the forms of .the closure equations [Boure, 1987] which usually
involve simplifying assumptions such as no interfacial slip or
constant pressure through the cross-section of the flow. Often the
form of the closure equations is also flow regime dependent. Even
with the use of these closure equations specific solutions in more
than one dimension are problematic. For problems involving pipework
or other devices which contain flow passages of complex shape
modelling approaches are often used which depend on correlations

from previous experiments.



1.2 The Difficulties Presented by Multiphase Flow in the 0il

Industry

1.2.1 Production Problems

The majority of oil wells produce not just oil but often
natural gas and contaminants such as sand, chemical ‘mud’ and water.
The ‘live’ crude oil will contain many different fractions which may
also tend to flash into gases as the well-head is approached and the
mixture pressure drops, thus increasing the void fraction of the
mixture. Some wells which produce mainly natural gas may have
problems involving condensate as the mixture temperature drops.
These deviations from single-phase flow will affect conventional
flowmeters to varying degrees, as demonstrated by Kinghorn and

McHugh (1981) for a turbine flowmeter.
1.2.2 Flowmetering Problems

The oil industry has flowmetering requirements in three
different areas; fiscal metering, custody transfer and reservoir
management. Fiscal metering, which would be required to allow the
transportation of the oil of two or more different producers
simultaneously through one pipeline, will require multiphase
flowmeters to ﬁeasure mass or volume flowrates to t 0.25% accuracy
for high value fluids such as oil while t 1% will be adequate for
fluids such as natural gas and water which have a lower value to the
0il producer. Custody transfer metering is used to allow produced

streams of oil from the subsea wells of a number of different



operators to be tied back to a single platform. Custody transfer
meters will be required to achieve the best possible accuracy. In
the case of the chemical process industry this accuracy may be
variable and will probably depend on the value of the fluids

concerned or the required accuracy of their proportions.

1.2.3 Future Flowmetering Requirements

Multiphase meters for reservoir management will be used
to find the rates of withdrawal of the constituent fluids from an
oil well; this knowledge will then allow the petroleum engineer to
manage his total resources effectively. It is important to know if
an oil well develops water breakthrough, which occurs when water
pumped down-hole to force the oil out of the reservoir returns to
the surface. Water breakthrough reduces the production efficiency of
a well and increases the production costs. At present all the wells
on one platform are sampled in rotation and it can be several weeks
between tests on each individual well. An inexpensive multiphase
flowmeter could be fitted to each well and calibrated against the
platform test separator. This type of meter could also be used to
provide checks against test separators on exploration rigs.

Repeatability is probably more important than accuracy
in the context of reservoir management as the meter can be
calibrated against the meters on the production platform. For
reservoir management an accuracy of t+ 10% would be considered
adequate, as long as the unit cost of the flowmeter was relatively

low. Multiphase flowmeters for these purposes could also be suitable

for subsea use.



1.2.4 Potential Applications

Subsea multiphase flowmeters will allow the development
of presently uneconomic reserves by removing the need for a
dedicated platform at each field. As o0il reserves become depleted
and oil prices rise previously uneconomic or marginal fields may be
considered for production. The economic case for this type of
development may not justify the use of a dedicated platform at the
field. The wells may be drilled from a mobile rig and produced from
a subsea wellhead, Fig. 1.3. Each well could then be controliled from
a nearby existing production platform using the information from the
subsea multiphase flowmeters. The production from these subsea wells
will then be pumped back to that platform, thus improving the
economic viability of the entire system, particularly if the
platform is relatively mature and the original field is becoming
uneconomic. Due to lack of space on the platform for individual
separators for each well these subsea wells will need to be
monitored and controlled by subsea flowmeters and pumps, Sasanow
(1989).

Subsea separators are likely to be too bulky and so the
flowmeters will have to be tolerant of multiphase flow whilst
maintaining at least sufficient accuracy to allow their use for
reservoir management. Thus the greatest fixed cost of new o0il field
development, the cost of a new production platform, will be

eliminated. This economy will immediately make marginal fields more

attractive for development.



Fiscal metering requirements will be difficult to
achieve, the accuracy required is often only achieved in single-
phase flow with great care over installation and calibration of the
flowmeter. Multiphase flow is, as yet, not as well understood and
consequently repeatable results are still more difficult to achieve
than for single-phase fluids. Problems are caused particularly by
the often intermittent nature of the flows encountered.

The most promising applications for a mu]tiphase
flowmeter appear to be for reservoir management and for custody
transfer, where the required accuracy of the flowmeter is less
stringent. The practical application of such flowmeters is
complicated by the presence of solid phases in the mixture to be
metered and, often, the presence of more than one liquid phase.

The solid phases cause abrasion, impact damage and wear
to the exposed parts of flowmeters and so intrusive parts,
particularly moving parts, are prone to excessive wear causing
flowmeters to_rapid]y lose their calibration. These problems can be
exacerbated by waxing, causing the formation of solid particles in
the flow and deposition on wetted parts or blocking of small flow
passages such as pressure tappings.

As many of the applications envisaged for multiphase
technology are subsea there is a minimum acceptable mean time
between failures typically 2-3 years as diver servicing/replacement
is expensive in terms of time and lost production. The 0il industry
would also like to see no calibration being necessary once the

flowmeter is in-situ.



1.3 Existing Technology

1.3.1 Conventional Flowmeters in Multiphase Flow

Conventional flowmeters for single-phase flows fall into
several groups. The most commonly used are devices which infer the
volume flowrate of the fluid from a measure of the change in
momentum through the meter; typical of such devices are the orifice
plate and the venturimeter. Positive displacement meters measure the
throughput of known volumes of the fluid and non-intrusive
flowmeters, such as electromagnetic and acoustic flowmeters, infer
fluid velocity from either proportionally induced voltages or cross;
correlation of acoustic signatures. There are also mass flow meters
of which ihe Coriolis type meter is probably the most(widely used.
A1l these types of flowmeter have their performance adversely
affected to some extent by the presence of both gas and liquid
phases together. The presence of a second liquid phase or a solid
phase is less problematic.

The main problem for momentum change meters is measuring
the total volume flowrate when the meter signal, often in the form
of a differential pressure, varies considerably as the instantaneous
local void fraction changes. The changes in void fraction may be
characteristic of the prevalent flow pattern or due to pressure loss
through the meter. Void fraction measurement still presents a
difficult problem especially in separated flow regimes where there
will be significant slip between the phases. Positive displacement
meters will still measure set volumes, but again a measure of the

void fraction is necessary. Inferential flowmeters tend to produce



10

poor readings due to the disparity in the densities and
discontinuities of the phases and the presence of slip. Those
flowmeters with moving or non-moving parts, which are in contact
with the fluid, tend to be very inaccurate. This is particularly
true of those which rely on fluid-dynamic effects such as vorte*
shedding, here the gas voids in the flow are usually counted in
addition to the vortices or stimulate unpredictable rates of vortex
production which are no longer proportional to the flow rate of the
fluids.

The problem breaks down into two distinct areas; firstly
the problem of noise in the signal from the flowmeter and secondly
the interpretation of the signal. The effects of noise on the signal
may be reduced by filtering the signal to remove readings which are
well away from the mean signal or by taking the signal over a long
time base to average out the noise. This type of technique makes
transient analysis of the signal difficult and the flowmeter

readings have to be taken as mean values.
1.3.1 Flowmetering by Phase Separation

Compared with the flowmetering of multiphase mixtures,
the metering of single-phase fluids presents few difficulties.
Indeed under ideal conditions a repeatability of 0.05% can be
achieved and flowmeter manufacturers often claim accuracies of 0.25%
of full scale for turn down ratios of up to 10:1. The technologies
associated with these accuracies have usually been seen to be more

sensitive, and so less accurate when used in multiphase flows, or to
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involve delicate moving parts which are vulnerable to heavy scouring
wear or impact damage leading to loss of calibration.

One method of measuring multiphase flow is to separate
the component fluids and, using the mature single-phase technology,
measure the flow rates of each separated stream. Separation
techniques are usually associated with the use of natural gravity or
with some method of enhanced gravity, involving a rotating type of
flow field to generate a centrifugal gradient as in a hydrocyclone,
Nebrensky et al (1980). These techniques rely on the use of
acceleration fields on mixtures of fluids of different densities to
effect separation [see Helgeson et al, 1984]. Normally those
mixtures with the greatest differences 1in densities will be
separated most successfully. Hence the separation of a gas or a
solid from a liquid is considerably easier than the separation of
two liquids.

Separators which rely solely on the action of gravity
tend to be of large volume in relation to their throughput. This is
due to the 1length of residence time required to achieve good
separation. Such separators are often found on oil rigs, Fig. 1.4.
Because the size, weight and cost of these separators prohibits the
use of dedicated equipment for each production train a single
separator is used to sample between many different wells and analyse
the output of each.

Separators which make use of artificial gravity are
devices such as centrifuges and hydrocyclones, Fig. 1.5. Both of
these types are more compact than gravity separators but are still
too bulky to be considered as in-line separators. Hydrocyclones have

advantages over centrifuges in that they have no moving parts and
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will accept greater throughput for a given size but they are
sensitive to flowrate and voidage, and large deviation from their
design operating point tends to lead to carry-under of gas or carry-

over of liquid.

1.4 Separator Origins and Principle

1.4.1 Gas/0i1 Separator

It is proposed that a new type of multiphase flowmeter,
of compact design, can be developed using a compact type of
separator with a continuous helical flow path. Conventional
flowmetering technology could then be used on the separated phase
flow streams to obtain the flow rates of the individual phases. The
separator to be used has demonstrated that it can achieve some
separation of two-phase gas/liquid flows, King and Purfit (1984),
although the effectiveness of this separator, prior to the present
work, was unknown.

The separator was designed by INCO Ltd and consisted of
a profiled body which is inserted into a plain tube. The insert has
six helical passages of triangular cross-section cut into its outer
diameter, Fig. 1.6. These passages have a total cross-sectional area
of 18% of that of the 100mm diameter pipe in which the centrebody is
placed. Thus the fluid mixture which enters these passages undergoes
an increase in velocity, due to the decrease in flow area and the
mixture is also forced to rotate around the centrebody due to the
helical nature of the passages. The rotation of the flow in turn

induces a centrifugal field which will act to separate fluids of
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differing densities, the more dense fluid will pass to the passage
outer wall and the less dense fluid will move radially inward. The
phase distribution in the separator has been investigated by King
and Purfit (1984) and shown to be similar to that described above.
King and Purfit also showed that an improvement in the quality of
separation can be achieved by reducing the pitch of the separator.
This increased the influence of the centrifugal gradient relative to
the influence of the buoyancy forces acting on the gas phase by

increasing the tangential velocity of the mixture.
1.4.2 State of Development of Separator/Flowmeter

Prior to the present project the Gas/0il1 Separator had
been developed to the point at which a visual assessment of the
underlying principle could be made. There had been no attempt to
describe the type of flows existing in the separator beyond the
intuition that separation would be achieved between gases and
liquids by a combination of gravity and centrifugal forces. It was
apparent that separation of some degree was achieved. From early
work using a small sampling type of probe King and Purfit described
the phase distribution in the helical passages.

A second generation device was theﬁ manufactured with a
reduced flow area and reduced pitch. The effect of these
modifications was to increase the influence of centrifugal forces on
the separation relative to the gravity forces. Similar experiments
to determine the phase distribution in the helical passages appeared

to show that a better separation was achieved by the modified
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device. No attempt was made to collect the separated phases and thus

to estimate the efficiency of the device.

1.5 Proposed Multiphase Flowmeter

The objective of the present work is to develop a
multiphase flow meter to the highest possible accuracy. To achieve
this the Gas/0il separator described above will be used in
conjunction with conventional flowmeters. An attempt will be made to
meet practical requirements for robustness. The underlying
principles of the multiphase flowmeter will be analysed in as much
depth as possible in order to improve the function of the device.

The separator will be used to separate the two phases
entering the flowmeter. In the present work gas and liquid will be
used as the two phases inside the helical passages. The problem is
then how to pass each phase to different flowmeters. The proposed
solution to this problem is to produce a passage internally in the
separator. This passage will be open to the separator exit and so to
the pressure at the separator exit plane. The pressure at this plane
being lower than at a point, say, mid-way along the separator, due
to the frictional Tosses in the helical passages. If slots or holes
are then cut through the wall of the separator between the helical
passage roots and the internal passage there should be sufficient
pressure differential, Fig. 1.7, to drive the separated gas phase
through the slots into the internal passage. The far greater
centrifugal force on the liquid phase, due to its much greater
density, will tend to prevent the liquid from passing through the

slots into the internal passage.
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The gas and liquid phases are then physically divided by
the wall of the separator and may then be passed to different
flowmeters. There is unlikely to be complete separation of the gas
and liquid streams using this, or any other, method. Therefore the
flowmeters which are to be used to measure the phase flow rates will
encounter two-phase flow conditions, although these conditions will
be much closer to single-phase flow than those of the main flow
stream. Due to the presence of more than one phase passing through
the flowmeters, a less accurate measure of the total flow rate can
be anticipated. Even so, to have practical applications, an accuracy
of t 10% may be acceptable if the overall cost of the device is
reasonably low. The individual flow rates of each phase may also be
measured if the void fraction of the flow through the separator is
known. In the following chapters the results of experimental and
theoretical investigations of the separator/flowmeter package are

presented and discussed.
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CHAPTER 2: EXPERIMENTAL FACILITIES

The experimental facilities which are described in this
section were used during the examination of the performance aspects
of the separator and flowmeters. A two-phase air/water rig was built
to test the separator in a vertical pipe section so that a
symmetrical phase distribution was obtained, eliminating
gravitational effects on the flow structure. A second experimental
rig was built to investigate the effects of the helix angle of the
helical passages on the pressure losses in the separator. This
experimental rig was built using coils of flexible reinforced PVC
tube of differing diameters. Changing the helix angle of such a coil
is considerably easier and cheaper than manufacturing several new
separators with flow passages of differing helix angles.

An air/kerosene experimental rig with a vertical test
section was also used to examine the separator performance once the
separator configuration had been optimised. The air/kerosene rig was
also wused to examine the performance of the combined
separator/flowmeter.

The performance aspects of the flowmeters were examined
in parallel with the separator in an air/water rig and two separaté

air/kerosene test rigs.
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2.1 Experimental Rig for Air/Water Separator Tests

2.1.1 General Description

The experimental rig which was required to test the two-
phase separator had to be capable of delivering both gas and a
1iquid phases to the test section. These fluids were supplied either
simultaneously, or independently, to the test section in order to
simulate single-phase or two-phase flows. As the gas/liquid separator
was already in existence, Fig. 2.1, the rig was designed to suit this
and to be flexible enough to accommodate other devices of similar
size. To this end the rig was designed with three parallel lines
connecting with an inlet and an exhaust manifold, Fig. 2.2. The
manifold connections for these 1ines were 2", 4" and 6" respectively.
To reduce_thé potential number of flow patterns which could form at
the test section entrance, the test sections and working lines were
installed in a vertical plane, Govier and Aziz (1972). For the range
of void fractions which were used during the experiments this ensured
that the flow at the test section was always either a
homogeneous/bubbly flow or a churn flow regime.

Water was used as the liquid (continuous) phase in the
experimenta1‘rig, compressed air was used for the gas (dispersed)
phase. The rig was built in the Hydraulics Laboratory at Liverpool
University. The water was supplied from a large tank (capacity 95 m3)
on the roof of the building housing the laboratory. This tank
supplied a head of 37.5 metres of water at the test section. Thé
level in the tank and thus the delivery head was kept constant by a
recirculating pump which returned the water exhausting from the rig,

via a sump, to the supply tank. The compressed air was supplied from
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the laboratory main at a pressure of 6.8 bar gauge. This pressure was
kept constant using a pressure regulator and, after passing through
the experimental rig, the air was exhausted to atmosphere.

The main rig pipework was constructed from PVC pipe and
fittings, the main supply and return pipe being of 6" bore. The
vertical height of the experimental working sections ran to 6 m above
floor level. The rig was fitted with a drain af the lowest level of
the pipework, to ease the changing of the test section and orifice
plates. The liquid flow into the rig and the pressure in the rig and
at the test sections was controlled by gate valves at the rig inlet
and outlet. Those test sections which were not in use during
experiments were isolated using ball valves.

The compressed air was injected into the pipe before the
test section in the vertical leg of the rig and each leg had an
individual air injection point. The air injectors consisted of a
valve and a short length of tube which passed through the rig pipe
wall to the centreline of the pipe, Fig. 2.3(a). The velocity of the
incoming gas flow was considered to be sufficient to achieve good
mixing at the injection point and as the test section was preceded by
a length of optically clear tube it was possible to confirm the
quality of gas/liquid mixing during the commissioning of the rig. As
the rig pipework undergoes a transition involving two out of plane
90° bends at the entry to the vertical leg some degree of residual
swirl was expected at this section. During the commissioning of the
rig this swirl was observed by noting the path of individual gas
bubbles. To reduce the swirl a cruciform type flow straightener, Fig.
2.4, was added at the entrance to the vertical leg. The flow
straightener was observed, from the motion of gas bubbles in the

flow, to alleviate this problem.
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2.1.2 Liquid-phase Flow Measurement

The range of water flow rates which were potentially
required in the test section were too large for the use of one
reference flowmeter; the turn-down ratio required would have been
too great for the desired accuracy. To achieve the required overall
turn-down ratio, several orifice plates of different diameters were
used in one installation. The installation of the orifice plates was
designed in accordance with the requirements of BS.1042 (1981), using
the minimum recommended number of pipeline diameters upstream and
downstream of the orifice plates due to space limitations. The
orifice plates were installed in two parallel horizontal pipes of 4"
and 6" internal diameter. The orifice plates for use in the 4" line
were designed for the lower end of the water flow range to be used
and those in the 6" line were for the higher flow rates.

A differential pressure transducer was used to measure
the pressure difference across each of the orifice plates using D and
D/2 tappings. The pressure transducer had a working range of 0 - 70
kN/m2 with an output signal of 0-1 volt DC. The output signal was
passed to a 13 bit analogue to digital converter (ADC) which gave a
resolution of 1 in 4096. The signal from the ADC was then read by a
microcomputer. The digital signal was sampled over a period of 100
seconds so that a repeatable mean could be found with the signal

noise and the noise from the flow eliminated.
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2.1.3 Gas Flow Measurement

The gas phase in the experimental rig was compressed air
which was supplied at a constant but adjustable pressure from the
laboratory main via a pressure regulator. The air flow rate was
measured using a bank of parallel mounted Rotameters. These
flowmeters were calibrated for use at a pressure of 6.8 bar gauge and
a correction factor was used when the supply could not be kept at the
correct pressure for any reason. The pressure in the rig just
downstream of the air injection point was also measured, as this
governed the actual volume of air in the test section during the
experimgnta] work. The air supply was sufficient to allow experiments
to be performed using up to 30% volume void fractions at the highest
attainable total flow rates. The air was injected into the rig at a
pressure higher than that in the rig itself to prevent any back-flow
of liquid into the air flowmeters. Valves were installed after each
Rotameter to cause choking downstream of the flowmeters and eliminate

rig pressure pulsations from the Rotameters.

2.1.4 Test Section and Instrumentation

The test section instrumentation consisted mainly of
pressure measurement devices. These were used for either measuring
the static or toté1 pressures at various points in the test section.
The test section consisted of clear Perspex blocks inside which the
separator was suspended in a 4" bore, Fig. 2.5. These blocks were
clamped between two steel flanges and located together using spigots;
an ‘0’ ring seal was used between each of the blocks to contain the

fluid pressure within the rig. The lengths of tube before and after
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the test section were also constructed from clear Perspex tube to
enable the entrance and exit flow patterns to the test section to be
observed. At several points the Perspex blocks were pierced by
pressure tappings and by small bore access holes to allow the
insertion of either static or total pressure probes. The Perspex
blocks could be arranged in differing orders to permit investigations
to be carried out at several horizontal planes between the entrance
to the tést section and the exit plane. Individual blocks could also
be rotated to allow investigations to be carried out in different
passages of the separator. ”

The pressure probes were connected to either mercury or
water filled manometers, or to pressure gauges depending on whether
the measurements to be taken were for differential or static
pressures. A Pitot static type of probe, Fig. 2.6, was also used in
the separator passages to measure the local fluid velocities and
velocity profiles. For single-phase flow this probe was used with a
water manometer and for two-phase flow data was gathered from a
differential pressure transducer.

For the experiments designed to measure the gas
separation performance of the separator, the separated air and water
were collected in a sealed tank (described later in section 2.2.3).
The time taken to collect 10kg of water was measured to give the
water flow rate and simultaneously the separated air was passed out

of the tank through a Rotameter to give the air flow rate.
2.1.5 Calibration of Instrumentation

The orifice plates, which were used to measure the water

flow rates, were calibrated in-situ once the test rig had been
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constructed. The calibration was obtained by setting the liquid flow
rate and then recording the differential pressure from the orifice
plate. The differential pressure was measured using a 0 - 70 kN/m2
differential pressure transducer, the output voltage from which was
read on to a microcomputer via an ADC. This signal was then averaged
over 100 readings and stored in the computer. The mass flow rate from
the rig was measured simultaneously with the differential pressure
across the orifice plate using a dynamic weighing system to collect
the water at the rig exhaust - the mass flow rate being found from
the time taken to collect a specific mass of water.

An equation was fitted to each set of data from the
orifice plates, Fig. 2.7, this equation was then used in a computer
program to find the flow rate from the averaged differential pressure
across the orifice plate. The data from the orifice plates was used
to compare the discharge coefficients found experimentally with those
predicted by BS.1042. The discharge coefficients found experimentally
for a typical orifice plate, installed and designed in accordance
with BS.1042, were 1.55% lower than those predicted by the British
Standard, Fig 2.8. The British Standard also shows an increase in
discharge coefficient for a given B ratio orifice plate at Tlower
Reynolds number. The calibration data for the orifice plate show a
decreasing trend for the discharge coefficient as the Reynolds number
decreases. This suggests that slight discrepancies from the
conditions used to carry out the experiments on which the British
Standard is based can cause variations from predicted discharge
coefficients, this highlights the value of an in-situ calibration
where this is practicable.

The calibration of the Rotameters for the gas phase of

the rig was more difficult to achieve. There was no satisfactory
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standard available against which to calibrate these meters and so the
manufacturer’s calibration had to be relied upon. This was that at a
constant pressure of 6.8 bar the maximum error was of * 2% of full

scale: thus by not using these flowmeters in their low range, the
errors were minimised. The Rotameters were supplied with air via
short tubes from a manifold arrangement, control of flow rate was
achieved by use of a valve downstream of each Rotameter. The
assumption was made that each of the Rotameters was operating at the
manifold pressure which was measured using a pressure gauge. Any
deviation from the calibration pressure of the flowmeters was
corrected for. All the pressure gauges used were calibrated against a
deadweight tester, the differential pressure transducers were factory
calibrated over their full range and supplied with a calibration

certificate stating an accuracy of + 0.15% of full scale.

2.2 Error Analysis for Flow Metering Devices

2.2.1 Orifice Plates

Most devices which are wused to measure physical
quantities have sources of error which are associated with them.
These errors are of four different types: random errors, constant
systematic errors, spurious errors and variable systematic errors.
Spurious errors, often due to data transfer or transcription faults,
are usually easily picked out at the analysis stage where the data
may be discarded. Constant systematic errors may be due to transducer
zero errors or ‘range’ error on the calibration. Variable systematic
errors may be due to component wear, such as orifice bore wear, or

due to temperature effects on transducers. Random errors are caused
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by variations in the measured quantity of a variable even when that
variable is constant. Kinghorn (1990) showed that the uncertainty
arising from random and systematic errors can be easily dealt with.
The random uncertainty of a set of results may be obtained by
multiplying the standard deviation of the data set by the value of
Student’s t at the required confidence level. The 95% confidence
level is usually applied in flow measurement and tgg can be found

from the equation

2.36 3.2 5.2
tgs = 1.96 + + + (2.1)

) V2 V3'84

where v = n-1

n = no. of readings

The uncertainty associated with the flow measurement from
an orifice plate is a combination of several uncertainties. The mass
flow rate , which is the desired result from an orifice type device,
is a function of several different variables. Each of these
subsidiary variables has an associated uncertainty and the
uncertainty in the mass flow rate is a combination of the subsidiary

uncertainties. The standard orifice equation gives

(2.2)

The variables which have associated uncertainty in the
case of the orifice are the discharge coefficient, Cd; the fluid

density, p; the differential pressure, AP; and the diameter ratio,
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B. The uncertainty associated with each of these variables must now
be estimated or measured.

For the discharge coefficient the standard deviation of
the measurements taken during the calibration was used in conjunction
with Student’s tgg for the size of the data set. For the orifice bore
and pipe bore diameters the manufacturing tolerances were used; these
were + 0.1lmm and & 0.25mm respectively. The uncertainty for the
fluid density was estimated from the variation of water density
across the temperature range used in the experiments. For the random
error in the differential pressure measurement the standard deviation
for a set of readings was taken with tgg for the data set.

The combined uncertainty was found using the ’root sum

square’ method which is defined as

2 2

ay ay ay
e2(y) = 1= (2 (x) + 4= ref (%) +..o ot §— pe¥(x,)
ax, X, aX,,

(2.3)

For the case of the orifice plate this equation can be
written in terms of the percentage uncertainty for each of the
variables and the sensitivity coefficients for each of the variables.

[See Appendix 1 for derivation]
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2 2 2ﬁ4 22 2 22
£ (m) = E°(CO) + [ E(0) + e (@)

1 1
- E2(&P) + - E*(p) (2.4)
4 4

Inspection of this equation shows that the flow rate
measurement is more sensitive to the errors in the discharge
coefficient and the bore diameters than to the errors in the
differential pressure and the fluid density. Using the above
techniques the orifice plates used for the water flow measurement in
the air/water experimental vrig were found to have a random
uncertainty of + 1.58% at a confidence level of 95% under single-
phase flow conditions. The component error with the largest
uncertainty and greatest influence was the discharge coefficient.

The uncertainty associated with the differential pressure
across the orifice increased when the rig was used under two-phase
flow conditions, Fig. 2.9. The increase in uncertainty was due to the
small pressure fluctuations caused by the gas injection downstream of
the orifice plate installation. The increase in the uncertainty of
the differential pressure measurement did not affect the overall
uncertainty associated with the orifice plates, due to the Tlow
sensitivity coefficient associated with the differential pressure

measurement in equation 2.4.
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2.2.2 Rotameter Errors

The error for the Rotameters claimed by the manufacturers
was t 2% of the full scale reading of the flowmeter. Thus for a
Rotameter of 100 1/min capacity the error was t 2 1/min across the
flow range of the flowmeter. The percentage error in the reading of
the Rotameter would thus be t 20% at 10 1/min reducing to t 2% at 100
1/min. Providing the Rotameters were not used in the lower 30% of
their capacity the flow measurement uncertainty was kept to Tess than
+ 6% of the air volumetric flow rate. The error in the air flow
measurement was not of great significance in the overall mixture mass
flow rate due to the relatively low density of the gas compared to

the liquid phase.

2.3 Two-phase Air/Kerosene Test Rig

2.3.1 Liquid Flow Measurement and Test Section

The air/kerosene flow rig was also based on 4" pipework,
although for safety reasons it was constructed from welded steel
pipe, Fig. 2.10. This test rig was in the 0i1 Laboratory at NEL. The
same test section which was used in the air/water experiments was
used in this rig. The kerosene supply was from an 18 m tank at
ground level. Kerosene was supplied to the rig by a variable speed
centrifugal pump which meant that, due to the characteristics of the
pump, the supply pressure at the inlet to the test section varied
with‘the flow rate. The flow rate of the kerosene was measured by a
reference 4" turbine meter, this meter was calibrated against a

gravimetric facility to give a polynomial expression for the meter
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factor in terms of the number of litres passing through the meter per
pulse read. The pulse output from the meter was read onto a
microcomputer via a datalogger, the frequency was then converted to a
reading of litres per second of fluid which was then output by the
computer on the display screen. The reading error of the turbine
meter was t 0.06 1/s. This corresponded to a error of t 1.0% at the
Jowest kerosene flow rate used, 6 1/s. The error was t 0.35% for the

highest kerosene flow rates used, 17.5 1/s.

2.3.2 Air Flow Measurement

The second phase used in the kerosene test rig was
compressed air, at a supply pressure of 3 bar gauge. The air supply
to the test section was injected at the base of the vertical leg
which contained the test section. The air entered the side of the rig
pipework through a T-piece and mixed with the kerosene, Fig. 2.3(b).
The mixture which was achieved by this method was observed to be
either a bubbly or churn type of well-mixed flow at the test section
entrance. The air was metered using a bank of parallel mounted
Rotameters which were supplied with air through the same manifold.
These flowmeters were calibrated in air against a set of turbine
meters which had been calibrated against traceable choked nozzles.

The pressure and temperature of the air in the manifold
were measured using a pressure gauge and a platinum resistance
thermometer, the readings from the Rotameters were then corrected for
the difference between the calibration and working temperature and
pressure. The supply pressure to the manifold was controlled using a
pressure regulator, this made the task of maintaining the calibration

pressure of 3 bar gauge considerably easier. The supply flowmeters
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were calibrated, by the manufacturer, to supply free air at 2 bar
absolute, whenever the test section varied from this pressure a
second correction had to be applied. The uhcertainty of the
Rotameters was t 2% of full scale. As shown in section 2.2.2 the
error in the air reference flow rate was less significant than the
‘Rotameter error would suggest as the mass flow rate of the gas phase
was always much less than that of the liquid phase. In order to
minimise the error in the gas flow measurement the Rotameters were
not used at the lower end of their range.

The pressure in the test section inlet was also measured
so that the actual volume of the gas present at this section could be
found. The pressure at the separator exit plane was measured so that
the driving pressure for the air separation was known. The
temperature of the kerosene increased during a test due to heat input
at the pump. The mixture temperature in the test rig was therefore
measured, as it affected the mixture density slightly. A second
platinum resistance thermometer was therefore placed a short distance
downstream of the test section where the air and kerosene were well
mixed. The temperature at this point was taken to be the same as in

the test section.
2.3.3 Collection of Separated Fluids

The kerosene and air separated from the helical passages
into the internal gallery of the separator were passed out of the rig
independently of the main flow, Fig. 2.11. This mixture then passed
to a gravity separation unit where it then flowed into the top of a
large sealed vessel. At the entrance to the vessel gravity separated

the kerosene from the mixture due to its relatively large density.
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The kerosene fell to the bottom of the vessel whilst the air passed
out via an exit tube in the top of the vessel. The air was then
passed through‘a bank of Rotameters before exhausting to atmosphere.
The gravity separation vessel was mounted on a gravimetric facility
which was used for dynamic weighing of the kerosene collected over a
timed interval to give the separated kerosene mass flow rate.

The Rotameters which were used to measure the air flow
rate were calibrated against the same air turbine meters as the
flowmeters used to measure the inlet air flow rate to the test
section. The pressure of the manifold to which the Rotameters were
connected was monitored by a pressure gauge. The gravity separation
vessel was kept at the same pressure as that at the exit plane of the
helical separator in the test- section, in order to obtain
representative results. This back pressure was adjusted using the
valves mounted downstream of the Rotameters. This increased the
pressure in the gravity separator above atmospheric pressure on some
occasions and so a pressure relief valve was fitted to prevent over
pressurisation of the vessel. The rig back-pressure to the rear of
the test section was applied by closure of a valve downstream of the
test section.

The separator did not remove all the air from the flow
through the test section; the remaining air was returned to the main
tank with the kerosene. The air quickly separated out from the
kerosene under the influence of gravity in this tank. The capacity of
the tank was much greater than required for the flow rates at which
the rig was operated and gave a long residence time for the kerosene.
In addition the exhaust entered at the top of the tank while the
inlet to the pump was drawn from the bottom of the tank. This ensured

that none of the air carried back to the tank from the test section
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was carried under in the main kerosene flow to cause a source of

error.

2.4 Annular Flowmeter Test Rig

The proposed multiphase flowmeter separated the gas and
liquid phases into an internal and external flow path respectively.
The external flow path was of an annular cross-section and so the
flowmeter used in this passage had to be of an annular design. As
described later in Chapter 5 an annular venturimeter was developed

for the purpose.

2.4.1 Flow Measurement

The two fluids used in the annular flowmeter test rig
were air and water, the water being supplied from a large tank with a
constant 37.5 m head and the compressed air from the laboratory main.
The water flow rate to the test section containing the annular
venturimeter was measured using a reference vortex shedding meter of
4" nominal bore, the same diameter as the rig pipeline and test
section. The vortex shedding meter was mounted 20 diameters upstream
of the test section and 50 diaméters downstream of the valve and bend
at the rig inlet, Fig. 2.12. The valve was used to control the rate
of water flow to the test section in conjunction with a valve
situated immediately before the rig exhaust, thus the back-pressure
could be varied at the test section.

The calibration for the vortex shedding meter was carried
out with the flowmeter in-situ, the calibration method made use of

the dynamic weighing system described earlier (Section 2.1.5). The
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output signal from the vortex shedding meter was a frequency which
was directly proportional to the volume flow rate passing through the
meter, the constant of proportionality is known as the meter factor
and was constant across the range of the meter. The meter factor was
found to be 0.802 1/pulse with a maximum error of % 1.6%. The air
flow rate was metered using the same bank of variable area flow

meters as for the separator test rig described earlier (Section
2.1.3), these were used at the manufacturers calibration pressure and
temperature with any deviation from the calibrated condition being

corrected for.
2.4.2 Instrumentation and Test Section

The test section was mounted horizontally in the test rig
downstream of the reference meter, the air was injected 10 pipe
diameters downstream of this meter to avoid influencing its
calibration. The test section was mounted 10 diameters further
downstream from the air injection point to allow the gas and liquid
phases time to mix well, the air being injected vertically downwards
from the top of the pipe. |

The differential pressure across the venturi was measured
using sets of static pressure tappings connected with piezometer
rings, these averaged out any circumferential variations in the
pressure measurement. The inlet pressure tappings were connected to
one side of a manometer and to a pressure gauge whilst the throat
pressure tappings were connected to the opposite side of the
manometer. The inlet static pressure and throat differential pressure
were measured in this way, the inlet pressure being used to calculate

the gas volume flow rate at the inlet plane of the test section.
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As the test section was constructed from clear acrylic
tube, visual observations showed that although the flow entering the
meter was well mixed, at lower flow rates it tended to become
stratified during its passage through the meter. A mixer, consisting
of a thin plate drilled with small diameter holes, was fitted between
the flanges immediately upstream of the test section. This device
ensured that the flow had a homogeneous flow pattern throughout the
test section at all the flow conditions. The well-mixed flow was
similar to that observed at the separator exit plane after the

air/water mixture had left the helical passages.

2.5 Internal Flowmeter Test Rig

The internal flowmeter measured the gas phase flow rate
and so the internal flowmeter test rig was required to operate using
the gas phase as the single-phase flow and at high void fraction
under two-phase conditions. A rig suitable for the two-phase
experiments was available and the single-phase work was carried out
on a separate rig. A classical venturimeter, described in Chapter 5,

was designed to measure the internal flow.

2.5.1 Single-phase Internal Flowmeter Test Rig

A similar Tlayout to that occupied by the internal
flowmeter in the separator was constructed in the single-phase test
section, Fig. 2.13. The air flow was supplied at a constant 3 bar
gauge from a bank of Rotameters to the venturimeter which then
exhausted to atmosphere. The Rotameters had previously been

calibrated against a set of turbine meters (section 2.3.2). The
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supply pressure was maintained at a constant value using a pressure
regulator. The pressure differential was measured across the venturi
throat using a 4 - 20 mA current loop pressure transducer. The
current was converted to a voltage across a 50Q precision resistor
and read onto a microcomputer using an ADC. The voltage output from

the transducer was averaged over 100 readings to give a mean value.

2.5.2 Air/Kerosene Internal Flowmeter Test Rig

The experimental rig for two-phase air/kerosene flow
calibration of the internal venturimeter was required to produce
sufficiently high void fractions to vreproduce the experimental
conditions which occur in the separator central gallery. The only
available test rig capable of producing these large void fractions at
the low mass flux required had an inclined test section which was
near horizontal. Due to the near horizontal orientation of the test
section the churn flow regime expected in the separator internal
gallery would not be reproduced in the internal flowmeter test rig.
The work of Taitel and Dukler (1976) indicated that an intermittent
flow regime would dominate at the test conditions.

The kerosene phase was supplied from a tank by a
centrifugal pump. To give the required kerosene flow rate through the
test section at the required pressure a bypass system was used to
divert the majority of the flow delivered by the pump straight back
to the supply tank. The remaining liquid flow passed to the test
section. The kerosene flow rate was measured by collecting a fixed
mass of the liquid efflux from the rig in a weightank over a timed
period. The air and kerosene were mixed in a tee 90 diameters

upstream of the test section, Fig. 2.14. The air flow rate was
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measured using a bank of Rotameters which had been calibrated against
a set of traceable turbine meters. The pressure differential across
the venturimeter throat was measured using a differential pressure
transducer connected to a microcomputer with an ADC and voltmeter.
The readings from the pressure transducer were time-averaged over 100
readings. The local pressure at the test section inlet was measured
using a pressure gauge. The temperature immediately downstream of the
test section was monitored using a PRT, the resistance of which was

measured using a bridge circuit.

2.6 Helical Coil Test Rig

2.6.1 Description of Apparatus

The helical coil test rig was designed as an experiment
to find the pressure losses in helically coiled tubes of differing
helix angles 1in two-phase flow. The constituent fluids were
compressed air for the gas phase and water for the liquid phase. The
air was supplied from a large reservoir held at 6.8 bar gauge. The
water was supplied from the laboratory water main at mains pressure.
For experiments requiring large Tiquid flow rates a small centrifugal
pump was used to increase the available water flow rate, Fig. 2.15.
The air and water flow rates were independently metered before mixiné
in an equal T immediately before entering the test section. After the
test section the flow from the rig passed into a weightank and then
to a drain. A valve was situated between the test section and the

weightank to enable the test section pressure to be varied.
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2.6.2 Helical Coil Test Sections

The helical coils were constructed from clear nylon
reinforced PVC tubes which were wound around specially constructed
mandrels. Two different coils were used, one with 25.4mm internal
diameter tube and the second of 38.1mm internal diameter. The ratio
of the tube diameter to the helix diameter was around 0.09 for both
the 25.4mm coil and the 38.1mm helical coil. The mandrels were
constructed from steel sheet perforated with regularly spaced 8mm
diameter holes. The sheet steel Qas rolled to the required diameter
and welded along the seam to form a tube. The perforations allowed
the pipe clips which secured the coil to the mandrel to be easily
positioned to suit a number of different helix angles for the coil. |

The two mandrel diameters used were 254mm and 419mm and
the wound coils then had approximately 30 diameters per turn, Fig.
2.16. Each mandrel was long enough to allow 4 turns per coil, giving
a 60 diameter development length before the first pressure tapping.
This was sufficient to allow a fully developed flow in single-phase
flow and was shown by Akagawa et al (1971) to allow a stable flow
pattern to develop in two-phase flow. The pressure differential was
measured across 1 turn, approximately 30 diameters, giving a further
turn before exhaust from the rig. The pressure tappings were formed
by drilling through the tube wall, removing any burrs, and then
glueing brass tappings flush with the internal diameter using epoxy
resin. The coil axis was horizontal during the experiments and by
measuring the pressure differential across one pitch of the coil no
static pressure difference correction was necessary to the pressure

measurement.
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2.6.3 Instrumentation

The water flow rate was measured using a set of
Rotameters which were initially calibrated using the weightank into
which the flow from the rig exhausted. If the water flow exceeded the
range of the flowmeters the gravimetric facility was used. The air
flow rate was measured using another set of two Rotameters, these
were calibrated for use at 6.8 and 5.44 bar gauge respectively. The
delivery pressure from the air reservoir varied considerably with
time between 6.8 and 4 bar gauge. The pressure at which the
flowmeters were operating was carefully monitored using a pressure
gauge in order that the true mass flow rate of the air passing
through the Rotameters could be found using the square root of the
ratio of the working pressure to the calibration pressure. The
pressure differential at the coil was measured using a water
manometer with the pressure tappings positioned at the outer diameter
of the tube at the lowest position in each coil to ensure that no air
became entrapped in the pressure lines to the manometer. A pressure
gauge was used to measure the static pressure at the first pressure
tapping, this allowed the actual flow rate of the air at this point

to be calculated.
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CHAPTER 3: THE SEPARATOR PERFORMANCE

3.1 Introduction

There are two critical aspects of the separator
performance. The first is the separation performance (see Svarovsky,
1984), which is measured using two different parameters. The gas
separation efficiency is defined as the percentage of the gas phase
removed from the two-phase mixture by the separator. The second
parameter, the liquid draw-off, is defined as the percentage of the
liquid phase which is separated off with the gas phase. The
separation performance governs the quality of the flow which will
pass through the annular and internal flowmeters. Ideally all the gas
phase would pass through the internal flowmeter (100% gas separation
efficiency) and all the liquid phase would pass through the annular
flowmeter (zero liquid draw-off).

The second important aspect is the head lost to friction
in the separator. As the flow enters the helical passages there is an
increase in its average}velocity. The velocity increase is caused by
the reduction in the flow area of 81% from the full 4" pipe area. The
friction losses are proportional to the square of the mean velocity
and so too great a flow rate will lead to high pressure losses
through the device. The pressure losses will limit the operating

range of the separator for a given passage area.
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3.2 Sinqgle-Phase Investigations

3.2.1 Pressure Drop

The preliminary experimental work on the separator was
conducted to find the pressure drop across the device in a single-
phase fluid. The pressure drop across the separator was measured
between two static pressure tappings, one at the entrance plane to
the separator and one at the exit plane. The pressure drop, using
water as the working fluid, is plotted against the mass flux, G, of
the flow through the helical passages in Fig. 3.1. The pressure drop
was also shown to be proportional to the square of the mean fluid
velocity. The Reynolds number of the flow, using the equivalent
diameter of the helical passage, was always greater than 2 x 105,
showing that the flow was in the fully turbulent regime throughout
the flow range tested.

The total pressure drop through the separator may be
expected to be comprised of three components: the entry losses, thé
friction losses and the exit Tlosses. As the total pressure loss is
proportional to the square of the velocity then each of the
components may also be assumed to obey a similar relationship. These
three component losses are analagous to those in a contraction, a
plain tube and an expansion in single-phase turbulent pipe flow. For
water flows, at the maximum available driving pressure of 3.5 bar
gauge, the maximum obtainable flow rate through the separator was
17.5 1/s.

In order to isolate the pressure loss in the separator
due to friction, the test section was arranged to locate two static

pressure tappings in one helical passage; the first tapping was
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located 20mm after the entry to the helical passage and the second a
similar distance before the passage exit. The vertical height
difference between the tappings was 435mm. The friction pressure drop
measured in this way was plotted against the mass flux, Fig. 3.2, and
was also found to be directly proportional to the square of the mean
fluid velocity. The friction losses for a straight duct are given by

the Darcy equation, Massey (1983),

4F81V%p

2d,

AP = (3.1)

where d_, = 4 x Area/Perimeter

eq
= Equivalent Diameter

which shows the dependency of the losses on the friction
coefficient, f, for the duct. The friction losses were found to be
higher in the helical passage than for an equivalent area straight
circular duct with a friction factor taken from the Moody diagram for
a duct of similar relative roughness. The friction factors for the
helical passage were around 1.3 times greater than those predicted
for a smooth straight tube. Similar results have been obtained by Ito
(1959), Rogers and Mayhew (1964), Anglesea et al (1974) and
Srinivasan et al (1968), who found friction factors in helically
coiled tubes to be around 1.2 times greater than for the straight
tubes before coiling, and dependent upon the curvature ratio of the
coil or bend.

The slight differences between these results and those

for the helical passages are probably due to the use of a poor
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estimate of the relative roughness of the helical passage walls in
calculating the theoretical friction coefficient. The friction
coefficient of Srinivasan et al (1970) predicted the experimental
data well (see Fig. 3.2) and so the triangular cross-section shape of
the separator passages did not appear to significantly influence the
single-phase frictional pressure losses in turbulent flow. The
majority of the work done on helical coils has concentrated on coils
with small helix angles, generally less than 10°, whereas the
separator helical passages have a helix angle of 32°. From an
extrapolation of the friction pressure losses for the entire 1ength
of the helical passages the total of the entry and exit losses are

seen to be of the same magnitude as the friction losses.
3.2.2 Helical Passage Radial Pressure Profile

The pressure in a straight horizontal tube flowing full
is generally considered to be uniform across a section perpendicular
to the tube axis. Due to the helical form of the separator flow
passages the fluid motion is influenced by centrifugal body forces
caused by the curved path of the fluid. These forces are
proportional to the square of the fluid velocity and will create a
radial pressure difference between the root and outer wall of the
passage. Hart et al (1988) and Banerjee et al (1967) found evidence
of these pressure gradients and used them to predict the position of
a flowing liquid ribbon on the tube wall in two-phase flow.

To investigate the form of this pressure gradient between
the passage root and outer wall, a static pressure probe, Fig. 3.3,
was traversed radially across the passage from the outer wall to the

root at several different flow rates. This type of probe is not of a
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very high accuracy for measurement of absolute values of static
pressure, because the flow accelerates across the end of the tube
giving a reduced static pressure reading. Absolute values were not
necessarily required, however, because the parameter of interest was
the ratio of two readings taken at different radii.

The static pressure was found to increase with increasing
radius from the passage root to the passage outer wall, Figs. 3.4 -
3.8. This contrasted with the flow in a straight duct where the
transverse pressure profile is usually of constant magnitude. The
static pressure between the root and the mid-passage had a Tower
pressure gradient than the readings taken between the mid-passage and
the outer wall of the passage.

The mean of the static pressure measured between r = 34mm
(root) and r = 45mm (mid-passage) was used to define the average
static pressure in the passages. This average was then used to
normalise the static pressure across the entire passage radius and
compare the pressure gradients in the outer passage at different flow
rates, Fig. 3.9. At all the flow rates examined, the static pressure
increased with radius. The static pressure difference between the
root and outer passage wall increased with the average flow velocity.
A1l the radial pressure distribution curves exhibited an increase in
gradient in the immediate vicinity of the outer passage wall, thus
jndicating the presence of an undetected effect such as a
recirculation zone. Similar secondary flows were shown to exist in
curved ducts by Dean (1927) and Hawthorne (1950). Hart et al (1988)
found similar static pressure differences in a helically coiled tube
petween the inner and outer tube walls. Hart attributed these to the
influence of the centrifugal forces acting on the fluid flow. The

static pressure difference between the root and the outer wall of the



43

passage in the separator, Fig. 3.10, was proportional to the square
of the passage velocity showing the same influence of centrifugal
forces as that found by Hart.

Static pressure probes are prone to influence by their
own presence in the flow, as mentioned above. To check the probe
readings at the wall, a comparison was made with the readings from
wall static pressure tappings at the same axial location. The static
pressure measurements were consistent with those taken using the
probe, demonstrating that the probe did not greatly influence the

static pressure in the vicinity of the wall.

3.2.3 Helical Passage Streamwise Velocity Profile

The static pressure has been shown to vary with radius in
the helical passages and it is reasonable to suppose that some
variation of streamwise velocity may also occur. The streamwise
velocity is defined as the velocity along a path parallel to the
passage axis, Fig. 3.11. A total pressure probe was used in
conjunction with a static pressure probe to investigate the radial
variation of velocity through the helical passage. The total pressure
probe, Fig. 3.12, was installed in a helical passage with the static
pressure probe in an adjacent helical passage at the same axial
distance from the separator inlet. Mutual interaction of the static
and total pressure probes was thus avoided. This installation assumed
that the static pressure was the same in all the helical passages at
the same axial station.

The reading quality of the total pressure probe was
tested by deliberately misaligning the probe to be at an angle to the

mean flow direction, this produced no significant difference to the
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readings obtained from the probe. Thus small pressure probe
misalignments were shown not to produce variations in the probe
readings. The pressure difference between the static and total
pressure probes was measured using a manometer. The local streamline

velocity was calculated from the pressure difference where

2qAP 0.5

V=|— (3.2)
p

The local streamline velocity was found to be near
constant between the passage root and r = 40mm, Fig. 3.13, for each
of the water flow rates. The streamline velocity then reduced towards
the outer wall of the helical passage to a va]ue'of approximately
0.85 times the average at each condition. The profiles for each of
the flow rates examined appear to be very similar, differing in
magnitude but each with the same underlying trend. The values
obtained near to the passage walls, at around r = 50mm, are the least
reliable due to the disturbance effect on the total pressure probe
from the passage wall. The geometry of the total pressure probe and
the passage were not ideally matched, the passage being curved in
three planes while the probe was straight, and it was impossible for
the probe to follow the geometry of the root or wall exactly.

The streamline velocity can be seen to decrease from a
near constant value at approximately the same radius as the static
pressure gradient in the helical passage begins to increase. The
increase of the static pressure from the passage root to the passaée
" outer wall is characteristic of that seen in a forced vortex where
the pressure increase is proportional to the square of the tangential

velocity (see Fig. 3.10). The decrease in the streamline velocity
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near to the outer wall and the simultaneous increase in the static
pressure gradient point to the existence of a zone of secondary flow

at the outer wall.

3.3 Two-phase Separator Investigations

In air/water flow the mixture in the separator passages
became separated with the liquid phase occupying the outer sector of
the passage. The gas phase flowed in the root of the passage. The
separation was caused by the centrifugal force generated by the
swirling motion of the mixture in the helical passages, similar to

that noted in static centrifugal separator vanes by Kalra et al

(1983).

3.3.1 Two-phase Pressure Drop

The overall two-phase pressure drop for the separator was
examined using a similar procedure to that for the single-phase flow
experiments. The pressure tappings used were at the test section
entry plane and at the separator exit plane. The pressure drop across
the separator was measured for several different volume void
fractions over a range of flow rates. The pressure drops were found
to be proportional to the mass flux, Fig. 3.14. The mass flux, G, was

defined as the total mass flow rate per unit area in the helical

passages.
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mg + m

(3.3)

For each of the nominal void fractions, the two-phase
pressure drop follows a slightly different curve, showing that the
pressure drop is also dependent on the void fraétion of the flow. The
gradient of the pressure loss curves increased as the void fraction
increased. The scatter in the data increases as the pressure drop
jncreases, indicating a tendency for the flow regime to become more
intermittent as the gas phase undergoes expansion through the
separator and the void fraction increases through the helical
passages.

The frictional pressure loss in two-phase flow was
measured by using two static pressure tappings in the outer wall of
one helical passage. The pressure losses in two-phase flow are made
up from three components; the gravitational pressure loss, the

accelerational pressure loss and the friction pressure loss.

AP

tp ~ Apgr‘av + APec + APerycy (3.4)

The pressure loss within the air/water flow in the
passage due to change of phase is zero. The gravitational pressure
loss is known from the vertical height difference between the static
pressure tappings, assuming a negligible change in the mixture
density. Taking into account the gravitational pressure loss, the
measured pressure loss is that due to friction and acceleration. The
accelerational pressure loss in a two-phase system with separated

flow is given by Whalley (1987) as
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a |l x* (1-x)?
APycc = G—|— +
dz|ap;  (1-a)p,

(3.5)

The pressure loss in the helical passage due to the
acceleration of the mixture, AP_, can be estimated, using equation
3.5, from the known test section inlet conditions. The friction
pressure loss is the measured two-phase pressure loss minus the
accelerational pressure loss. The accelerational pressure loss was
less than 2% of the friction pressure loss, Fig. 3.15, at all the
conditions in the separator passage. Jensen et al (1985) also found
that the accelerational pressure drop. in air/water swirling flow was
negligible. The pressure losses increased with increasing mass flux
and, as the void fraction increased, the two-phase pressure losses
also increased.

The friction pressure losses in two-phase flow through
the separator were greater than those for single-phase flow, the
ratio between the two-phase friction pressure loss and the friction
loss for the total mass flux flowing as one phase in the same passage
is known as the two-phase multiplier, ¢2 , [Lockhart and Martinelli

(1949), Wallis (1969)].

AP
2 tpf
b0 = — (3.6)

APy,
The two-phase multiplier increased from around 1.05
to 1.7 across the range of the flow rates and void fractions used.

These results are similar in magnitude to those found by Akagawa et
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al (1971) for a helical coil. The two-phase pressure drop also
increases as the void fraction increases, this effect was noted by
Anglesea et al (1974) in experiments on pressure losses in helical

coils with steam/water flow.
3.3.2 Two-phase Radial Pressure Profile

To find the static pressure variation across the helical
passage in two-phase flow a static pressure probe was traversed
across the passage radially. The static pressure was measured using a
pressure gauge, at the same time the probe was observed and the
radius at which the interface zone between the two phases was pierced
by the probe tip was noted. The pressure traverse results, Fig. 3.16,
show that between the passage root and the point at which the
interface is met, at around r = 44mm, there is 1little variation in
the static pressure. |

The local static pressure at each radius was normalised
using this near constant pressure. The results shown in Fig. 3.16 are
for a nominal volume void fraction of around 30% only. The near
constant static pressure in the separated gas phase is due to the
relatively small centrifugal force which acts on the air, because of
jts low density, causing no significant static pressure rise. The
static pressure in the separated liquid phase increased with radius
between the gas/liquid interface and the passage outer wall. The

pressure gradient in each phase is given by
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AP pV?
—- (3.7)
’

The higher pressure gradient in the separated liquid
phase is caused by the much greater centrifugal force on the liquid
because of its much higher density, typically 400 times that of air
at 2.5 bar.

The phase areas occupied by each phase can be estimated
from the observation of the phase boundary position. These results
are not very accurate, however, given the uncertain thickness of the
interface region and the unsteady nature of the flow. At a given
axial plane in the separator the radial position of the air/water
interface appeared to remain constant, for a constant void fraction,
as the mixture flow rate was increased. This indicates that the slip
ratio between the separated fluids is constant for a given void
fraction at any one cross-section in the separator.

The increase in flow rate in the separator did not
jncrease the separated gas velocity sufficiently to create a
significant radial pressure gradient in the gas phase at any
condition. For the radial pressure gradient in the gas phase to
approach that of the liquid phase the mean gas phase velocity would
need to be much greater than the 1liquid phase velocity, Whalley
(1980). In the separated 1iquid phase the pressure gradient becomes

steeper as the flow velw

During the experlments the presence of a secondary flow
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showed that in a rectangular cross-section bend the secondary flow
consisted of a single recirculation, unlike that in a tube bend which
forms a double recirculation. From the evidence of the experimental
observations it seems 1likely that the flow through the triangular
cross-section passages in the separator forms a single recirculation
secondary flow pattern similar to those found in rectangular cross-

section bends.

3.3.3 Streamwise Velocity Profile

The streamwise velocity in each of the separated flows is
of interest, if only to confirm the slip ratio between the two phases
experimentally. A Pitot-static tube (Fig. 2.6) was used in an attempt
to investigate the magnitude of the phase velocities in the separated
two-phase flow and the radial variation of these velocities. The
initial experiments showed that as there was an incomplete separation
of the gas and liquid phases in the separator passages there was a
large fluctuation of the probe reading due to the difference in the
momentum of the two fluids in which the probe was operating.

In an attempt to analyse the pressure signal from the
probe a differential pressure transducer was used to produce a
proportional voltage signal. Ideally the signal would have two
values, high and low, proportional to the energy of the phase
jmpinging on the tube. This was not the case during the experiments
which were performed, the signal being made up of several different
values not apparently related to the momentum of either phase, Fig.
3.17. The physical size of the probe determined that rather than
either gas only or 1liquid only impinging on the probe an

indeterminately proportioned mixture was more frequently sensed.
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Davis (1980) also found that the pitot response was between the
stagnation and momentum flux values in two-phase flow with a probe
smaller than the predicted mean bubble size.

This technique, then, failed to supply the velocif&
distribution in the separated phases. The velocity in the gas phase
was assumed not to vary radially as the static pressure showed no
radial variation. The separated liquid phase velocity was assumed to
have a distribution similar to that for the single-phase flow as the
static pressure distribution was similar to that for the single-phase

flow.

3.3.4 Passage Root Pressure Survey

The gas-liquid separator has been demonstrated to
separate the fluids [see also King and Purfit, 1984]. To
quantitatively assess the separation performance of the separator
physical modifications were necessary. The modifications consisted of
drilling a central gallery from the rear of the separator upstream
along the axis. The separator wall, between the passage root and the
gallery outer diameter was then pierced by slots which enabled the
geparated air to pass from the helical passages into the central
gallery (see Fig. 1.7). For the air to pass through these slots a
pressure differential must exist across them. To aid the siting of
these slots a pressure survey of the passage root was performed, in
two-phase flow, to find the locations in the passage root likely to
have the highest pressure differential.

The pressure survey was performed by traversing the
static pressure probe into the passage root at several axial

Jocations and measuring the static pressure at these points at the
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same flow conditions. The static pressure was also measured at the
separator exit plane and at 10mm downstream of the separator exit
plane at the passage root radius, to discover whether there was
static pressure recovery at the separator exit. The static,pressures
were measured at several flow rates for a constant inlet pressure. As
the flow velocity was increased, Fig. 3.18, the 1local static
pressures decreased and the pressure difference between the exit
plane (z = 630mm) and the mid (z = 403mm) and Tow (z = 161mm)
separator positions increased. The increase in pressure differences
between the horizontal planes was due to the increase of the friction
pressure losses with flow rate. The pressure difference between the
low/mid points on the separator and the exit plane varied between
0.41 and 0.61 bar across the flow range.

The higher pressure differential between the low slot
position and the exit plane is likely to give a better separation
performance at this position than further downstream in the passages,
but it is likely that there will be sufficient pressure differenti#]
at all the potential slot positions to drive some of the air flow
through the slots and into the central gallery. The volume flow rate

through the slots will depend on the differential pressure across

them.

3.4 Investigations with Kerosene Liquid Phase

3.4.1 Single-phase Kerosene Pressure Drops

The single-phase friction pressure losses in the
separator were examined using kerosene as the working fluid. The

kerosene flow rig has been described in Chapter 2. Two static
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pressure tappings were inserted in the same helical passage wall a
vertical distance of 172mm apart. A differential pressure transducer
was connected across these tappings and linked to a microcomputer via
an ADC. The readings from the transducer were averaged over 100
measurements.

The single-phase pressure losses across the separator
were examined to provide a comparison with the results from the
single-phase water system. The friction pressure drop, Fig. 3.19, was
lower than that predicted using the friction factor correlation of
Srinivasan et al (1970) for helically coiled tubes. This may be an
effect of the passage geometry, causing a single recirculation zone
in the helical passages rather than the double recirculation found in
helically coiled tubes. The friction pressure drop along the helical
passage increased as the mass flux was increased, this was also the
case for the single-phase water flow. The friction pressure drop
agreed with that found in the water flow. The percentage difference
between the measured and predicted pressure drops decreased slightly
as the mass flux was increased.

The friction factors calculated from the single-phase
kerosene flow were compared with those found from the single-phase
water flow, Fig.3.20. The majority of the friction factor points
gained from the water experiments were at higher Reynolds Number than
those from the kerosene flow because of the lower density and higher
kinematic viscosity of the kerosene. The magnitude of the friction

factors from both experiments were found to be in close agreement.
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3.4.2 Two-phase Air/Kerosene Pressure Drops

The friction pressure drop was also examined in two-phase
air/kerosene flow. The acceleration pressure drop was calculated
using equation 3.5. The friction and acceleration pressure losses for
each of the void fraction conditions used are shown in Fig. 3.21 and
3.22. The highest pressure losses were given by the 30% void fraction
condition. The friction pressure losses reduced as the void fraction
of the flow was reduced, the lowest being at 10% void fraction. The
trend of the results was similar to that seen in the air/water flow
where the highest pressure losses were at the largest void fractions.
The pressure losses also reduced with decreasing void fraction in the
air/water system. The acceleration pressure losses in the
air/kerosene system were similar in magnitude to those in the
air/water system and were around 6% of the friction losses.
Inspection of equation 3.5 showed that the acceleration pressure
Josses in the air/kerosene system were slightly higher than in the
air/water system because the density of kerosene is lower than that
of the water.

The similarity of the results from both the water and the
kerosene based systems showed that, as expected, the pressure losses
are not dependent on the fluid characteristics. The agreement of both
the single-phase systems with the predictions based on the friction
factor correlation of Srinivasan (1970) showed that a secondary flow

exists in the helical passages.
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3.4.3 Entry Losses

The pressure losses caused by the separator entry were
also examined in air/kerosene flow. The pressure losses followed a
similar pattern, Fig. 3.23, to the friction pressure drop in the
helical passages. As the mass flux was increased the entry pressure
losses increased. The highest pressure losses were again at the
greatest void fraction conditions. The lowest void fractions gave the
lowest entry pressure losses. Knowledge of both the entry and
frictional pressure losses enabled the calculation of the Tocal
static pressure at any point in the helical passages between the

entry and the exit plane.

3.5 Take-off Slot Performance

3.5.1 Visual Assessment of Take-off Slots

The air take-off slots, Fig. 3.24, in the helical passage
roots were initially assessed visually over a range of two-phase flow
conditions. The observations were recorded by video camera for later
analysis. The 1initial position of the slots was known as
configuration ‘a’. The first slot, located axially 80mm after the
separator entry, did not appear to ingest any of the gas stream.
Although at this point the air stream had separated from the water it
had not yet migrated to the passage root, in consequence there
appeared to be a region of water flowing between it and the take-off
slot which prevented the gas stream flowing into the slot.

At the next slot, located at the mid-height position of

the separator, the air stream was observed to be entering the slot at



56

all the two-phase flow conditions. Not all the separated air passed
into the slot however, a part of the gas stream continued to flow in
the helical passage downstream of the slot. The take-off slot
jmmediately before the separator exit was also observed to extract
air from the helical passage root at some of the flow conditions
used.

The visual assessments were not capable of estimating the
quantative performance of the slots beyond the simple conclusion that
the position of the slots influenced their effectiveness. The first
slot was apparently ineffective due to the separated gas stream being
near the centre of the helical passage. The mid-slot appeared to work
at all the flow conditions and the slot immediately before the exit
of the separator worked at some flow conditions. The exit slot has
the lowest pressure differential and there was probably only
sufficient driving pressure across the slot to extract the gas stream

at higher flow rates.
3.5.2 Gas Take-off Slot Configuration ’a’

For quantative analysis of the separator performance the
separated gas and liquid phases were collected and the flow rate of
each was measured (section 2.1.4).

The separator and test section were vertically orientated
to give a phase distribution unaffected by gravity at the test
section entry. The phase distribution in bubbly upward flow in a
vertical pipe is generally such that the gas phase is concentrated
toward the pipe axis with the liquid phase distributed nearer to the
pipe wall. This type of distribution, which is not biased toward any

particu1ar sector of the pipe [Serizawa and Kataoka, 1988}, should
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then give a uniform distribution at the separator entry plane. The
flow entering each helical passage is then assumed to have an equal
proportion of both the liquid and the gas phase from the main tube.
From this assumption the gas and liquid which was collected from two
of the helical passages was taken to be one third of the total which
would have been separated by the full complement of six helical

passages. The gas separation efficiency was then defined as

Mg = — (3.8)

Air and water were used to proviae the gas and liquid
phases. The performance of the separator was assessed at several
different void fractions between 5% and 35% across the full flow
range available (2 - 17.5 1/s of water). The percentage of the air
separated, by mass, was plotted against the mass flux, G, of the two-
phase flow. The residence time of the flow in the separator is
related to the mass flux.

The gas separation efficiency results, Fig. 3.25, tended
to reduce from between 55% and 90% to around 45% as the mass flux
through the separator increased. The flow void fraction had no clear
influence on the results, although the lower void fractions appeared
to give a higher gas separation efficiency. The liquid draw-off, Fig.
3.26, was generally 4% of the total liquid flow, or less, across the

flow range.
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3.5.3 Configuration ’'b’

Each of the take-off slots in Configuration ’a’ was
jncreased to 100mm in length, the new arrangement was known as
Configuration ‘b’. The gas separation efficiency, Fig. 3.27, was
found to reduce slightly from between 60% and 95% to between 50% to
75% as the mass flux increased. For the same mass flow conditions the
liquid draw-off, Fig. 3.28, was lower than 5% of the separator liquid

flow.
3.5.4 Configuration ‘c’

An additional take-off slot was cut into each of the
helical passages upstream of the existing slots, the new arrangement
being known as Configuration ‘c’. The gas separation efficiency, Fig.
3.29, was found to reduce from between 80% and 95% to between 45% and
80% as the mass flux through the separator increased. Generally the
results indicated that, for a given mass flux, the separation
efficiency increased as the flow void fraction decreased. The liquid
draw-off , Fig. 3.30, was lower than 6% across the range of mass flux

used. The results at the lower void fractions gave the highest liquid

draw-off.

3.5.5 Comparison of Different Configurations

From the vresults of the three take-off slot
configurations it can be seen that the gas separation performance of
configurations ‘b’ and ‘c’ was very similar. The gas separation

efficiency results from Configuration ‘a’ were generally inferior to
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those from ‘b’ and ‘c¢’. The 1liquid draw-off vresults for
Configurations ‘a’ and ‘b’ were similar while those for ‘c’ were
slightly greater. Generally Configuration ‘b’ gave the best
combination of high gas separation efficiency and low liquid draw-
of f.

The improvement in the gas separation efficiency from
Configuration ‘a’ to that for ‘b’ and ’‘c’ was due to the increase in
length of the take-off slots from 50mm to 100mm which gave an
increased residence time of the flow across the slots. The increased
liquid draw-off results from Configuration ‘c’ were due to the
additional upstream slot. This slot was at a position where, although
the gas and liquid were separated, the gas phase had not migrated to
the passage root. There was a greater proportion of the liquid phase

adjacent to the slot which was then drawn into the central galiery.

3.6 Separator Performance in Air/Kerosene Flows

3.6.1 Experimental Layout of Take-off Slots

After consideration of the air/water experimental
jnvestigation the optimal slot arrangement was decided to be
Configuration ‘b’, Fig. 3.31. The performance of the individual slots
and that of the complete arrangement was examined in air/kerosene
flow. During the investigation of the individual slots the redundant
take-off slots were blocked with acrylic resin filler paste, sculpted
to the form of the helical passage root.

A similar system to that used for the air/water
experiments was used for the collection and measurement of the

separated air and kerosene, Fig. 3.32. The Rotameters used to measure
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the separated air flow rate were of lower capacity than those used in
the air/water experiments. At the lowest recorded air flow rate the
error was t 2.66%, less than the equivalent errors in the air/water

experiments.

3.6.2 Slot 1

The gas separation efficiency for Slot 1, Fig. 3.33,
decreased from between 40% and 80% to between 40% and 60% as the mass
flux increased. Across the same mass flux range the liquid draw-off,

Fig. 3.34, remained at less than 5%.

3.6.3 Slot 2

The experimental data taken using Slot 2 show that the
gas separation efficiency, Fig. 3.35, remains between 25% and 60%
across the majority of the mass flux range. The liquid draw-off, Fig.

3.36, was generally lower than 4% across the range of mass flux.

3.6.4 Slot 3

The gas separation efficiency measured during the Slot 3
experiments was generally Tlower than 40%, Fig. 3.37, over the range
of mass flux. Across the same range of mass flux the liquid draw-off

Fig. 3.38, was generally Tower than 1%.
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3.0.5 Configuration ‘b’

After each slot had been tested individually the complete
arrangement was examined. As the mass flux was increased, Fig. 3.39,
the gas separation efficiency reduced from between 30% and 80% to
between 40% and 50%. Over the same range of mass flux the liquid

draw-off, Fig.3.40, was generally less than 4.5%.

3.7 Separator Effectiveness

3.7.1 Effectiveness of Air/Water Separation

As discussed in section 3.5.5 the Configuration ‘b’ gave
a better combination of high gas separation efficiency and low liquid
draw-off than ’‘a’ and ‘c’. It was noted that the gas take-off rate
was significantly improved by 1lengthening the slots, without
jncurring a simultaneous increase in the liquid draw-off rate. This
indicated that the percentage of the gas which will flow through a

take-off slot is dependent on the residence time of the gas above the

slot.

3.7.2 Effectiveness of Air/Kerosene Separation

Each of the slot locations was examined individually in
the air/kerosene flow. The performance of each, physically identical,
slot was dependent upon its axial location. Slot 1, which was closest
to the separator inlet, had the highest gas separation performance
but also removed a large proportion of the kerosene from the flow.

The mid axial slot, Slot 2, had a lower gas separation efficiency and
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liquid draw-off than Slot 1. The slot immediately before the
separator exit, Slot 3, returned the lowest gas separation efficiency
and 1iquid draw-off. The performance of the combined slots in two
helical passages was not as good as the sum performance of the
jndividual slots. The performance of a slot must, therefore, be
affected by the presence of a slot either upstream or downstream of
itself.

The most important parameters by which the separation
performance of each individual take-off slot may be judged are the
total flow rate of the mixture through the slot and the quality of
that mixture. Madden and St. Pierre (1970) found that the flow rate
through a slot, which had its longitudinal axis parallel to the
direction of the flow across it, was proportional to the pressure
drop across the slot. This was a similar result to that for any
orifice. Other workers (Section 4.4.3) have noted a relationship
between the quality of the flow through a branch above a stratified
two-phase flow and the distance of the gas/liquid interface below the
branch entrance.

The experimental data from the separator was examined to
find whether similar relationships held for the take-off slots in
helical passages. The -variables 1likely to affect the separation
performance of the slots were examined using dimensional analysis to
find likely dimensionless groupings. The flow of the mixture throuéh

the slot was taken to be a function of several variables

| Qs'lot = f(Qtotal7Ap’ph’vpass’hg,H) (3.8)

This set of variables takes account of the pressure drop

across the slot, the density of each phase, the void fraction and the
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passage velocity. Certain fluid properties which may influence the
separation of the gas and 1liquid, notably surface tension and
viscosity, were neglected because the flow was assumed to be in a
separated flow regime at the slot.

From this set of variables the dimensional analysis

produced the following groupings

Qs'lot AP hg
I — f (3.9)
Qtota'l phv H

—_— = f

The dimensionless phase height represents the area void
fraction of the separated flow in the helical passage and the other
group, which will be referrred to as F for convenience, on the RHS of
the equation is the ratio of the static pressure drop across the slot
to the dynamic head of the mixture in the passage. To investigate the
experimental data the LHS of equation 3.9, which is the ratio of the
total volume flow rate through the slot to the total volume flow rate
through the separator, was plotted against the RHS. The best trend of

the results was obtained by setting the indices n = 1 and m = 3,

giving

AP h
- - (3.10) .

N =
p, V21 | H

The take-off flow ratio decreased from around 0.105 to

less than 0.05 as N increased, Fig. 3.41. The trend of this data was
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consistent for all the flow conditions which were examined for Slot
1.
The take-off flow quality was plotted against T, which

although not a dimensionless grouping has dimensions of time, where

Pn

Ghy

T - (3.11)

The parameter, T, was taken as a measure of the residence
time of the mixture in the separator. The slot take-off quality, x,
decreased as T, which is strongly dependent on the mass flux in the
separator, was increased, Fig. 3.42, for Slot 1. The trend was
consistent at all the flow conditions examined. This showed that the
take-off slot quality reduced as the residence time of the mixture in
the separator was increased (ie as mixture flow velocity decreased).

The take-off flow ratio for Slot 2 was also plotted
against N, Fig. 3.43. A similar curve to that for Slot 1 was found
for this data. The decreasing trend was again consistent at all the
flow conditions, with the take-off flow ratio reducing as N was
increased. Some of the data from Slot 2 was taken with the pressure
at the rear of the sepakator raised above the normal value, this data
exhibited similar magnitudes and trends to the data taken with normal
back pressure. The take-off quality of the mixture passing through
Slot 2, Fig. 3.44, showed a similar trend to that for Slot 1. The
quality decreased as T was increased for all the flow conditions, the
data taken with raised back pressure at the separator exit was
similar to that taken at normal conditions. The data was again

consistent at all the flow conditions used in the experiments.
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For Slot 3, the take-off flow ratio, Fig. 3.45, followed
generally the same trend as that for Slots 1 and 2. The flow ratio
through the slot reduced as N was increased. However there was more
scatter in the data, due to the lower values of slot flow rate
obtained. The take-off quality for Slot 3, Fig. 3.46, followed a
similar general trend to that seen for Slots 1 and 2. The quality
data from Slot 3 showed greater scatter about the general trend than
the data from either Slot 1 or 2.

The results from each slot are compared in Fig. 3.47. The
take-off flow ratios given by Slots 1 and 2 were in good agreement
and both sets of data adhered to one similar broad curve. The take-
off flow ratio for Slot 3 was around 50% lower than those for Slots 1
and 2 at similar values of N. The difference, however, was not caused
by the reduced AP across Slot 3. The AP across Slot 2 was lower than
that across Slot 1 by approximately the same factor as the AP for
Slot 3 was lower than the pressure drop across Slot 2. The take-off
flow ratio from Slots 1 and 2 agree closely and the difference in the
AP across each slot is accounted for in the parameter N. The
difference of the data from Slot 3 was thought to be caused by the
proximity of the separator exit to the rear of the slot. Azzopardik
and Smith (1990) noted that the downstream effect of a bend on a tee
piece caused a distinct change in the outlet flow quality from the
branch under some two-phase flow conditions.

The take-off quality of the flow from each of the slots
js compared in Fig. 3.48. The mixture quality was again plotted
against T and it can be seen that each set of data follows a
decreasing trend as T increases. The take-off quality was very
similar for Slots 1 and 2 for all values of T. The take-off flow
quality was higher for Slot 3 than for either of Slots 1 or 2, due to
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the proximity of this slot to the separator exit plane. At Slot 3 the
flow has passed further down the separator than at Slots 1 and 2,
allowing a greater separation of the phases. The lower AP across the
slot also reduces the liquid draw-off rate. The decrease in quality
with increasing residence time was due to the decreasing definition
of the phase separation in the helical passages.

The take-off flow ratio from the separator was also
measured using the slot Configuration ’‘b’, the results were plotted
against the same parameter, N, as for the individual slot positions.
The take-off flow ratio, Fig. 3.49, followed a similar reducing trend
to that seen for each individual slot position. The take-off flow
ratio was slightly higher for Configuration ’'b’ than for any of the
individual slot positions, this was due to the increased slot area
available in Configuration ‘b’ leading to an increased take-off flow
rate.

The total flow rates for Configuration ‘b’ were, however,
not as great as the sum of the flow rates from each individual slot
position. The performance of each slot in the combination was
adversely affected by the presence upstream of another slot. The
behaviour of the combination of slots is similar to that of a flow
distribution manifold, examined by Collier (1976). As the flow is
taken off through a slot there is an associated static pressure rise
in the helical passage along the axial length of the slot. This
static pressure rise in the helical passage causes an effective
reduction in the AP across the downstream take-off slot by
counteracting the friction pressure losses in the helical passage.
This reduction in the AP across the take-off slot immediately

downstream causes a reduction in the take-off flow from that slot.
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The overall effectiveness of the combination of slots is therefore
reduced from the sum of the individual slot performances. |

The take-off flow quality for Configuration ’‘b’, Fig.
3.50, plotted against the parameter T, showed a decreasing trend as T
increased. The quality of the mixture flowing through the slots in
Configuration ‘b’ was around 50% lower than that for Slot 3, which
was the highest of the results from the individual slot positions.
The Configuration ‘b’ result was lower than the results from Slot 1,
which gave the lowest quality amongst the individual slots.

Azzopardi and Smith (1990) noted the existence of a
sudden increase, or jump, in liquid phase height under the branch of
a tee in a separated flow, associated with the pressure recovery.
This increase in liquid phase depth would cause a decrease in the'
quality of flow through the next slot downstream as the interface
approached the slot. Part of the reason for the increase in liquid
phase height is the preferential separation of the gas phase through
the branch and another influence appears to be the increase in static
pressure in the run.

The above inveétigation showed that the maximum take-off
flow ratio in the separator was at the highest passage velocity. The
maximum take-off quality was also obtained at high passage velocity
(Tow residence time). The take-off flow ratio and take-off quality

performance of Configuration ‘b’ was marginally improved from that of

Slot 1.

3.7.3 Comparison of Air/Water and Air/Kerosene Separation

The air/kerosene separation results for Configuration ’b’

were compared with the air/water data. The gas separation efficiency
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in the air/water mixture was clearly higher than for the air/kerosene
mixture. The gas separation efficiency in the air/water mixture
reduced from around 90% to around 55% across the flow range. In the
air/kerosene mixture the gas separation efficiency reduced from
around 60% to around 45% across a similar flow range. The measurement
uncertainty of the separated gas flow in the air/kerosene experiments
was lower than for the equivalent air/water system. For this reason
the air/kerosene experimental results were considered more reliable.
The 1liquid draw-off results for the air/water experiments were
between 2% and 5% of the total liquid flow rate. The air/kerosene
results were between 0.5% and 3.5% liquid draw-off, lower than those
for the air/water results. The Towest liquid draw-off rates for the
air/water results were given by the highest void fraction flows,
where the gas/liquid interface is most distant from the slot
entrance.

Visual observations showed that the air/kerosene mixture
formed smaller air bubbles in the helical passages than those seen in
the air/water flow. These bubbles were then less easily separated
from the 1liquid phase because their smaller diameter determined a
lower terminal rise velocity, Bradley (1965). Kerosene also has a
higher viscosity than that of water which resulted in a reduction of
the rise velocity of the air bubbles toward the helical passage root.
Thus a separated continuous gas phase was formed less quickly than in
the air/water system and a higher proportion of the air remained
dispersed in the kerosene and not free to pass into the take-off
slots.

Air is five times more soluble in o0il than water, Hayward
and Dallas (1965), and up to 10% may have been dissolved into the

kerosene making the gas phase less easily separated. There is then a
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reduced proportion of the air free to form a separated continuous gas
phase, reducing the volume of air available for separation through
the take-off slots. The 1lower gas separation efficiency in the
air/kerosene system will also lead to fewer liquid drops being torn
off from the 1liquid interface below the slots, Ishii & Mishima
(1982), because the velocity of the air entering the slot will be
Tower.

These physical phenomena were exacerbated by the lower
density of kerosene compared to water. The body forces in the flow
which cause the gas/liquid separation were reduced because the
difference in density between air and kerosene is around 20% lower
than that between air and water.

The secondary flows inherent in flow through helical
passages, Dean (1927), also tend td complicate the separation of the
gas bubbles from the liquid phase by generating a swirl which causes
mixing and counteracts the separation effect to some extent. In the
separator passages a single helix secondary flow existed, rather than
the double helix flow found in helically coiled tubes. A single
vortex explained the observation that the gas phase occupied the
centre of the passage (low swirl velocity region) in the initial
section of the separator passages before migrating to the passage
root. At most flow conditions the gas/liquid interface exhibited a
swirl pattern, a further indication of the presence of a single
vortex rather than a double recirculation.

The slot flow ratio for the air/water data in
configuration ‘b’, Fig. 3.51, was plotted against the parameter N.
The flow ratio was always higher than for the air/kerosene (see Fig.
3.49), indicating that the difference in the 1iquid phase properties

caused the change in the system behaviour. No trend could be
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jdentified with certainty in the air/water data. The slot quality of
the air/water flow in Configuration ‘b’, Fig. 3.52, was also compared
with that seen for the same slot configuration with air/kerosene flow
(Fig. 3.50). The air/water data shows large variations in the slot
quality at lower values of T. The magnitude of much of the air/water
data is comparable with that seen in the air/kerosene system for
Configuration ‘b’. The data shows a decreasing trend, as the

residence time increases, in common with the air/kerosene data.

3.7.4 Review of Separator Experimental Work

The experimental results obtained from the two-phase
air/water and air/kerosene flows highlighted several features of the
separator performance.

The gas/liquid separator successfully extracted a high
proportion of the free gas phase in both air/water and air/kerosene
flows. A very low proportion of the available 1iquid phase was drawn
off with the gas phase.

The performance of the separator was better in air/water
flow where the gas/liquid density ratio was highest.

Examination - of the individual slot performances showed
that the most effective slot positions were at locations with the
highest AP.

The take-off slots were most effective at high passage

velocities (low separator residence time).
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CHAPTER 4: ANALYSIS OF TWO-PHASE FLOW IN THE SEPARATOR

4.1 Approach to Analysis

In the preceding chapter the results of experimental work
on the separator in both single-phase and two-phase flow were
described. The gas separation results varied with the void fraction
and the 1iquid phase of the two-phase flow. In an attempt to identify
the parameters which most affected the performance of the separator
three approaches were used.

A model of the two-phase flow through a helical duct was
developed to predict the area and velocity of each separated phase
under steady conditions. An experimental investigation of the flow
through helically coiled tubes was carried out to determine the
effect of the coil helix angle on the flow. The experimental results
for the individual take-off slot positions, Chapter 3, were compared
with data in the literature on the flow spiit in pipe branches and
tee junctions. This approach was used to predict the quality of the

flow through the take-off slots.

4.1.1 Separator Design

The original separator design was intuitive, based on a
belief that the separation of the phases would be achieved by the
combined action of gravity and centrifugal forces. For any

jmprovement of the design to be achieved the effects of the separator
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geometry on the flow must be understood. The geometric variables
considered most Tlikely to influence the separation were the
equivalent diameter of the separator passages, the cross-section
shape of the passages and the helix angle of the passages.

To manufacture several separators with differing helix
angles, passage shapes and flow areas would have been prohibitively
expensive. Helically coiled tubes were used instead to investigate
the effects of the above parameters on the two-phase flow.

The data gathered from the two-phase pressure drop
experiments on the separator was used to verify the model of a
helical duct. The two-phase pressure drop along a fixed length of the
helical passage was used to verify the model results because the
pressure drop was the most easily and accurately measured.

By verifying the pressure drop through the helical
passage the prediction of the phase areas and velocities was also
verified. The most reliable experimental techniques presently
available for direct area fraction measurement involved gamma ray
absorption. These techniques involve the use of long time-averages
and can be sensitive to the orientation of the instrument, Ince
(1990), in relation to the flow regime.

The separatéd flow model was used to predict the phase
area fraction in the helical passage and the separated average phase

velocities for the conditions used in the experiments.
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4.2 Two-phase Flow Theory

4.2.1 General Equations for Two-phase Flow

The theory of two-phase flow has been developed to the
point where the general constitutive equations have been derived, for
example Ishii (1975). Unfortunately a general solution to these
equations is not available due to their complexity and the large
number of variables these contain. The bulk phase conservation
equations for mass, momentum and energy have been derived by Agee et
al (1978), Banerjee and Chan (1980) and Delhaye (1981). The
quantities in these equations are taken to be ensemble averaged
quantities, where the bulk phase quantities are averaged in space and
time. It is also assumed that the product of the averages is equal to
the average of the products for both bulk and interfacial quantities
[Agee et al, 1978 and Delhaye, 1981]. These general equations can be
applied to most two-fluid problems providing that the type of flow
pattern is anticipated. This is because the flow regime and body
forces were shown by Boure (1987) to determine the nature of some of
the closure relations across the fluid interface. At least one
closure relation is required to achieve a specific solution.

Vector notation, as by the above workers, is used to
write the general equations in one-dimensional form. The operator
¢...> indicates quantities which have been ensemble averaged. The
subscript k refers to the phase of the variable, where k = 1 for the
liquid phase and k = g for the gas phase. Interfacial quantities are

jndicated by the subscript i.
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Mass Conservation

d a .
d dz

Conservation of Momentum

az az az

da, .
- Cep Ut = o <pc P> - <y >,
az
$ <(neT, ) + <(NeyeT, )5, (4.2)

Conservation of Energy

uy d Uy da,

— a.<p (hy + —)> + — a<pu (b + —)> + <p> —
9z 2 at
d ] 0 + _ 9
+ G p8U"— @ + — <q, > - — q<n, (T, v, )>
Kk Pk st k 3z z 3z k 'z k k)
2
. u, + 2 +* 9 »> <
= -<[mk(hk + E‘) + Mo - “k'Vk°7k]>1 - <(nyeqe ),
> =+

+ o <(pVieFi + Q) (4.3)

This set of equations defines the one-dimensional two-
phase flow problem with averaged quantities in the bulk phase
conservation equations. The method of ensemble averaging has been
used in the above equations, which results in time/space averaged

quantities similar to those obtained using practical instrumentation
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such as gamma-ray densitometers and pressure transducers. This
averaging method simplifies the problem of solving the equation set
but leads to detailed information on the phase interface shape and
motion becoming lost in the averaging process. To replace some of
this information auxiliary relationships mpst be supplied [see, for
example, Boure (1987), Stuhmiller (1977) and Banerjee and Chan
(1980)]. These auxilliary relationships, known as ’closure
relations’, can be determined from the physical nature of the flow.
Stuhmiller used the pressure distribution around a bubble and the
interphase surface tension in a dispersed flow regime to develop a
closure relation for bubbly flow. Banerjee and Chan developed a
closure relation using the transverse pressure gradient in a
separated flow. This type of closure relation has been used in the
present model. The equation of state for the gas phase is also

normally used as part of the closure relationship.

‘Mass Conservation

Considering the general case for the conservation of mass
across the interface it is usual to say, following Delhaye (1981),
that the mass transfer from phase 1 to phase 2 is equal and opposite

to that in the other direction under equilibrium conditions.

<my >y = <My >y (4.4)

The fluids used in the experiments were air/water and
air/kerosene mixtures at ambient temperatures and low pressures. The

flow thus consisted of two components, neither of which was expected
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to uadergo a phase change due to evaporation or condensation. We can

then say that there will be no interphase mass transfer.
0 = '<mk>i (4.5)

The general one-dimensional mass conservation equation

(equation 4.1) then reduces to

d d
— <>+ T P> = 0 (4.6)
at az

Conservation _of Momentum

Agee et al (1978) wrote the difference between the bulk

phase pressures and interfacial phase pressures as a form drag term;

P, - P = Cp AU (4.7)

and replaced the form drag term in equation 4.2. The
conservation of linear momentum equation may then be written, after
Ardron (1980), in terms of the difference between the bulk and
interfacial pressures. Taking all quantities to be ensemble averaged

the general one-dimensional conservation of momentum equation then

becomes
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6uk d 2 aPk oa
o P + TP+ oT— + (P -Pei)—
at z az az
= Tu + T + anfF, (4.8)

where Py is the bulk phase pressure and Py; is the

pressure at the interface in phase k.

Conservation of Energy

The energy equation can be written in a similar form to
that for the conservation of linear momentum by using ensemble
averaged variables. In the particular case of modelling adiabatic
air/water and air/kerosene flows there is negligible heat or energy
transfer between the fluid boundaries or across the fluid interface.

The energy equation then reduces to the momentum equation.

4.2.2 Equations for Horizontal Stratified Flow

The general one-dimensional - equations described above
require interfacial balance or ’‘jump’ relations before a solution can
be obtained for a particular problem. These jump conditions are often
flow regime specific and account for some of the detail Tost during
the ensemble-averaging process. The flow in a helical passage is
assumed to be of a stratified flow pattern from observation and
experiment [King and Purfit, 1984]. A typical jump condition used for
the separated flow is that of the transverse momentum balance across

the fluid interface, Rousseau and Ferch (1979) and Stuhmiller (1977).
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stuhmiller used a balance across a bubble interface taking surface
tension into account whereas Rousseau and Ferch used the transverse
pressure gradient caused by gravity in a horizontal smooth stratified

flow.
In the case of stratified flow the bulk phase and

interface pressures are related to the hydrostatic pressure gradient
in each phase. The assumption that there is no surface tension,
Ardron (1980) and Boure (1987), leads to the phase interface

pressures and local interface velocities being equal.

1
Pp = Py 2 -;akpkgH (4.9)

The case of the helical passage was considered, across a
small length of the duct with a large radius of curvature, to be
analogous to that of a horizontal duct. The centrifugal forces act
normal to the duct axis and replace gravity as the major body force
acting on the fluids, De Crecy (1986).

To take the effect of viscous forces into account some
relationship is also required for the wall and interfacial shear
stresses. There is no correlation available for the shear in two-
phase flow and so the conventional technique suggested by Taitel and

Dukler (1976), which utilises the single-phase value, is adopted

L (4.10)
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This assumption is considered valid for separated flow
regimes where there is a continuous flow path and well defined
boundary in each phase. In such a case each phase tends to have a
continuous contact area with its boundaries, which is generally not
the case in dispersed type flow regimes. The boundary shear for each
phase in a separated flow regime will then closely resemble that for
the single-phase case.

The flow in the helical passage is assumed to be a
developed stratified flow regime. The assumption can then be made
that the flow is quasi-steady and the area void fraction varies with
distance, z, along the duct but not with time, t, at a fixed point.
The assumption‘of separated flow was made due to the effect of the
centrifugal forces on the fluid, caused by the helical motion of the
flow, which increase the radial pressure gradient in the passage. At
the lowest flow rates and void fractions at which the separator was
tested (these conditions gave the lowest mean 1iquid velocity) the
centrifugal forces were estimated to be 35 times the force due to
gravity. The liquid phase was then forced to the outside of the duct
by the centrifugal forces and the gas phase to the inside. If both

separated phases are assumed to be continuous in every cross-section

then

@, + oy =1 (4.11)

and from equation 4.6
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2]
— (o pU) =0 (4.12)
az

and from equation 4.8 we find

au, apP, da  fézu, p,
o u— * o + (P-Pyy)— -
az az oz 2d,

=0 (4.13)

neglecting the influence of gravity.

These equations form a general set of equations which
describe the one-dimensional steady adiabatic stratified two-phase
flow of a gas/liquid mixture which can be applied to a helical
passage where the centrifugal forces dominate gravity. Combined with
the equations of state for the gas phase and the assumption of equal

interface pressure in each phase a solution is attainable.

4.2.3 Working Equations

For a small distance, dz, along the duct between plane 1
and plane 2, Fig. 4.1, there will exist a small pressure differential
AP. For a small value of &z, which is a small fraction of dz, it can
be assumed that the quantities fy, p, and Qg are constant. From
equations 4.11 and 4.13 the momentum equation can be re-written in

terms of the area occupied by each phase at each cross-section in the

duct.
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o’ Pk{ 1 1 } 1
- imy 2 -2 t = p.ghy .
2 YA, A 2 (4.14)

By use of the assumption that the interfacial pressure,
Pki> in each phase is equal and that the initial conditions at plane
1 are known, then the first approximations for the values of py, up
and hy at plane 2 can be found. From these first approximations
averaged values between planes 1 and 2 may be used to gain a more
accurate estimate of the quantities at plane 2. Because the area of
each phase varies with z the relationship between the phase areas,
Axs and phase heights, hy, at a given cross-section within the duct
is required. '

For a rectangular duct of unit width, Fig. 4.2a, then

equation 4.11 takes the form
hy + by = H (4.15)

For a duct of circular cross-section. Fig. 4.2b, the area

of the phase occupying the smallest area is given by
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1
A =r (0 - - sin20) (4.16)

Y‘-hk

where 8 = cos (

)

r

The separator helical passages have a cross-section which
js triangular, Fig. 4.3, and the equation which relates the phase
area to the phase height is, assumjng that the liquid phase occupies
the outer segment of the passage and that the interface is parallel

to the outer wall of the passage,
2
A, = 0.001886h; + 0.7373hg (4.17)

In a horizontal duct the influential body force is that
of gravity. In the case of flow in a curved or helical duct with
sufficiently small radius of curvature then the centrifugal force
generated by the motion of the fluid becomes dominant. The flow may
then be considered analagous to a one-dimensional horizontal flow
with the duct axis as the z-axis.

De Crecy (1986) considered the effects of various forms
of body forces operating in two-phase flow through ducts, the body
force in a curved duct being that of the centrifugal force generated
by the flow. The centrifugal force generated by the fluid motion in a
curved path, Fig. 4.4, may cause separated flow to occur which may

not have occurred in a straight duct. To account for the centrifuga1
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force in equation 4.14 the gravity term, g, was replaced with the

centripetal acceleration, Acc, given by

(uasin¢)2
Acc = (4.18)
(ro - O.Sh])

4.3 Investiqation of Flow in Helically Coiled Tubes

A large body of work on single and two-phase flow through
helical coils is available in the open literature. Flow through a
helically coiled tube is analogous to that through a helical passage
in the separator. Using this analogy the flow pattern and pressure
losses in the helical coils were examined at the separator helix
angles (32°) and at the smaller helix angles of 20° and 5°. Two tubes
were used, of 25.4mm and 38.lmm internal diameter. The aim of these
experiments was to show whether the tube (passage) area and helix
angle would significantly affect the flow pattern, phase distributioh

and pressure losses in the separator.
4.3.1 Single-Phase Pressure Drops in Helical Coils

The experimental rig used for the helical coil flow
experiments was described in section 2.5. To enable analysis of the
two-phase results from each coil the single-phase friction
coefficient in the coils was required.

Early work on flow in curved pipes was conducted by Dean

(1927) who defined a dimensionless ratio of the Reynolds Number
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multiplied by the square root of the dimensionless coil diameter

ratio. The dimensionless coil diameter is defined as the ratio of the

tube bore, d, to the coil diameter, D. The dimensionless ratio, known

as the Dean Number (Dn), accounts for the curvature of the pipe and

allows the flow in coils of differing curvature ratio to be compared.
0.5

pdv | d

Dn = (4.19)

i D

Dean also showed that, due to secondary flows, the motion
of the fluid within the tube followed that of a double helix, Fig.
4.5. The radial pressure distribution in the tube caused a higher
Jocal pressure at the outer wall, providing a pressure gradient
across the tube diameter. The pressure gradient caused fluid to flow
from the outer wall to the inner wall of the tube at the centreline,
with a recirculation around the circumference of the tube.

white (1929) examined the wall friction coefficients for
coiled pipes in Tlaminar flow and showed the Dean theory to be
correct. Rippel et al (1966) found that the friction coefficients in
a coiled tube were in close agreement with the correlation proposed
by White in the Reynolds Number range of 1000 to 10 000. Ito (1959)
and Srinivasan (1970) conducted further experiments to find the wall
friction coefficients for curved tubes and helical coils in turbulent
flow. Each defined expressions based on experimental correlations for
the single-phase friction factor in terms of the Reynolds Number. Ito

defined the friction coefficient for a curved tube in a turbulent

flow as
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-0.25%

T 0.5 ro 2
f, = {- } 0.029 + 0.304(Re{— } )
R R

roy?
for 300) Re{ - } )0.034 (4.20)
R

and Srinivasan defined the friction coefficient for helically coiled

tubes with turbulent flow as

0.5_0.2

f, = 0.084/[Re{§} ] (4.21)
i

Further work by Anglesea et al (1974) found single-phase
friction factors in helical coils that were in close agreement with

the correlation proposed by Ito.
4.3.2 Single-phase Friction Factor Experimental Results

The 25.4mm and 38.1mm coils had a nominal diameter ratio
of 0.09, compared with an equivalent diameter ratio of 0.12 for the
helical passages in the separator. The tube internal walls were taken
to be smooth. The friction factor was found from the pressure drop
across two pressure tappings in each coil using the Darcy zquation

(equation 4.22) for smooth pipes.

pf61V? :
AP = ——zé_ (4.22)
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The experimental friction factors for each coil at 5°,
20° and 32° helix angles were found for water flow rates between 0.15
1/s and 3.1 1/s. The friction factor in the 25.4mm coil, Fig. 4.6,
showed no significant dependence on the helix angle of the coil. For
each helix angle the friction factor reduced as the Reynolds Number
increased, as would be expected in a straight tube. The friction
factor for the 38.1mm coil, Fig. 4.7, was also independent of the
helix angle of the coil. The friction factor reduced as the Reynolds
Number increased and, for both coils, matched the correlation of
Srinivasan more closely than that of Ito. The correlation proposed by
Srinivasan (equation 4.21) was based on experiments performed using
helically coiled tubes of several diameter ratios and helix angles
whereas that of Ito used only a single turn of several diameter
ratios, which may not have produced a fully developed flow.
Srinivasan had also demonstrated that the helix angle did not
significantly influence the single-phase friction factor for small
bore tubes (d = 12.7mm). The experiments in the present study have
shown that the Srinivasan correlation is equally valid for helically
coiled smooth walled tubes of up to 38.1mm diameter.

The small differences between the friction factors
obtained in the present experiments and the expression of Srinivasan
were attributed to the difficulty of obtaining a completely smooth
snternal surface in the non-rigid tube. Boyce et al (1969) found that
differences between their results and those of previous workers were
due to wrinkles on the internal diameter of their coil caused during
manufacture.

The out-of-roundness of the tubes used in the present
study was measured after they had been wound, as any alteration of

the cross-section area could affect the data reduction. The cross-
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section area of the 38.1 mm tube decreased by 3.4% after winding,
caused by a measured tube eccentricity of 1.22. This area reduction
led to a corresponding increase of the mean velocity in the coil. The
jncrease in the mean flow velocity was accounted for in equation 4.22
by using the equivalent tube diameter and the increased mean velocity
calculated from the reference flow rate using the reduced area of the
tube.

Srinivasan (1970) gave an expression for predicting the

critical Reynolds Number for the flow.

d 0.5
Rng,q¢ = 2100[1 + 12[5] ] (4.23)

The transition between Taminar and turbulent flow regimes was taken
as that point at which the gradient of the friction factor curve
decreased. The critical Reynolds Number at this point is greater than
that found in straight tubes, as is the magnitude of the friction
factor. The increase in the critical Reynolds Number is due to the
increase in the friction in a coiled tube from that in a straight
tube, Rippel et al (1966), which allows laminar flow to be maintained
to higher Reynolds Number. The transition is noted to occur at the
point at which the friction factor curve undergoes a change in
gradient rather than the discontinuity which is typically found in
straight tubes. The expression matched the experimental data well,
with the transition occurring at around Rn = 10 000 in both coils

(see Fig. 4.6 and 4.7).
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4.3.3 Two-phase Flow Pattern in Helical Coils

The separator had already been tested with a vertical
axis and shown to produce a separated flow in the helical passages.
The helical coils were set with a horizontal axis, which gave an
alternating up and down flow. The flow components were air and water.
The water flow rate was varied between 0.3 and 3.0 1/s. The air flow
rate was between 0.2 and 1.7 1/s, which gave void fractions between
10% and 50% at the maximum flow rate.

A survey of previous work found conflicting evidence on
the flow patterns in up and down inclined tubes under natural
gravity. The present experiments, which included the effect of
centrifugal forces, were used to show whether separated flow could be
achieved with a horizontal axis. Barnea et al (1985) examined flow in
upward inclined straight tubes under natural gravity and found that
for large inclinations from the horizontal the stratified flow
pattern did not occur and was replaced by intermittent flow, although
Gardner and Kubie (1976) found stratification between alcohol and
water flowing in straight tubes of up to €0° inclination. For the
case of downward inclined flow Barnea et al (1982) found that the
stratified wavy regioh was greatly extended over that for a
horizontal tube. Usui et al (1983) noted that the flow regimes in an
jnverted U-bend were modified from those in a horizontal tube by the
combined action of the gravitational force and centrifugal forces.
Usui also found annular flow at lower velocities than would be
expected in horizontal or vertical tubes. The balance of the
centrifugal and gravity forces, Fig. 4.8, on the liquid phase in a

helical coil can be given as



89

2
N
—— d = plg(r']-R) (4.24)
8

Whalley (1980) analysed the forces acting on a separated
liquid film in a coil, giving comparable results to those of Banerjee
(1967) who originally noted the phenomena of inverted ribbon flow in
a vertical axis helical coil. Whalley showed that due to the balance
of gravity and centrifugal forces the liquid phase could run on the
jnner wall of the tube when the gas velocity was much greater than
the 1liquid velocity. Whalley also demonstrated that the
circumferential position of the 1iquid ribbon varied with the
magnitude of the centrifugal forces acting on the gas phase. Hart et
al (1988) noted the existence of pressure differentials between the
inner and outer walls of a coiled tube, proportional to the square of
the flow velocity. Similar pressure differentials were measured in
the separator helical passages and were also proportional to the
square of the flow velocity.

The flow pattern prevailing during the experiments on
helically coiled tubes was identified visually as a wavy stratified
flow. The flow pattern in the separator helical passages had also
been stratified flow. The flow pattern at very low flow rates in the
38.1mm tube was identified as intermittent flow. At these low flow
rates the centrifugal forces were small compared with gravity, due to
the low mean flow velocity, and less likely to affect the flow
structure than at the higher flow rates. At some of the flow

conditions there were occasional, infrequent, plugs of liquid which
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bridged the tube, but these were not considered to be of a frequency
to class the flow as a plug flow.

Kaji et al (1984) examined the flow structure in a single
turn of helix angle 8° using visual and conductance probe techniques.
They noted the extension of the region in which stratified wavy flow
might be expeéted, although the flow in the helical coil experiments
was predicted as slug flow by their modified map. Chen and Zhang
(1984) noted similar transition boundaries to those of Kaji and found
that the stratified region of the map diminished as the helix angle
of the coil was increased. Kaji used 10mm diameter tubes, with a
larger diameter ratio than that of the helical coils used in thé
present experiments, to attain the data on which the flow map was
based and the differences between the flow patterns observed may be
attributed to the physical differences between the experimental
apparatus.'watanabe et al (1986) noted that at low flow rates the

stratified flow regime was present at the conditions used by Kaji and

Usui.

4.3.4 Two-phase Pressure Losses

Development '1engths for two-phase flows are not well
understood and developed velocity profiles do not océur in some f]oﬁ
patterns. sim and Lahey (1985) noted development 1lengths of 20
diameters in triangular conduits and Akagawa et al (1971) found
development lengths of around 50 diameters in helically coiled tubes
with similar tube/coil diameters ratio to those used in the present
study. To ensure fully developed flow the first pressure tapping was
situated 70 diameters after the coil entrance, with a further 30

diameters to the second tapping.
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The two-phase pressure losses determined by experiment in
the 25.4mm and 38.lmm helical coils increased as the mass flux
increased, see Fig. 4.9 and 4.10. The two-phase pressure Tlosses
jncrease with void fraction at constant mass flux because the mean
flow velocity increases to compensate for the reduction in mean
density.

The two-phase pressure losses in each of the coils were
analysed in terms of the square root of the two-phase multiplier,
¢1o0» and the Lockhart-Martinelli parameter, X, defined by Lockhart
and Martinelli (1948).

0.5
APy,
610 = |— (4.25)
APy,
) AP,
X6 = — 4.
AP, (4.28)
The results from the 25.4mm coil, Fig. 4.11, show that
$10 reduced as X was increased for all the coil helix angles. Kubie

and Gardner (1977) obtained a similar trend for higher values of X.
The results from the 38.1mm coil for all the helix angles appear
confused and scattered with no clear trend when plotted together,
Fig. 4.12, although there appear to be differences between the values
of ¢10 for each helix angle/void fraction at similar values of X. A
clearer picture is given by examining the data at each helix angle
independently. Taking a single helix angle (5°) of the 38.1mm coil,

Fig. 4.13, shows that for each void fraction there is a distinct
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relationship between ¢;, and X. The same trend was seen in the
25.4mm coil, Fig. 4.14, although the change of ¢,, with the void
fraction was not so marked as in the 38.1mm coil.

The influence of the coil helix angle on the flow was
ascertained by plotting ¢;, against X for the same void fraction
condition. The coils exhibited differences in the values of ¢,,
between the differing helix angles. For a given value of X the
magnitude of ¢, increased slightly as the helix angle of the 25.4mm
coil increased, Fig. 4.15. The differences between the values of %10
were less than in the 38.1mm coil, Fig. 4.16, where the magnitude of
¢1o for the 5° coil was much reduced from that for the 20° and 32°
helix angles. The helix angle of the coil clearly has an influence on
the pressure losses in a two-phase flow. The two-phase pressure
losses in the separator helical passages will, therefore, be
influenced by the helix angle of the passage.

The helix angle governs the magnitude of the tangential .
velocity of the flow. The tangential velocity determines the

magnitude of the centripetal acceleration causing the separation of

the two phases.

(U.cos ¢)°
Acc. = = (4.27)
r

At a constant velocity, U, and radius, r, the centripetal
acceleration in a helical passage will decrease as the passage helix

angle, ¢, increases. In the present experiments the 5° coil produced
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the largest centripetal acceleration in the flow whilst the 32° coil
produced an acceleration 28% lower in magnitude.

The lower value of ¢;, in the 5° helix angle coils was
caused by the large centrifugal force which produces a more stable
stratified flow than for the same flow rate in coils of 20° and 32°
helix angle, where the smaller centrifugal force gradient would allow
larger surface waves to develop. The effect of the helix angle on the
magnitude of $10 can be taken into account by using the mean
tangential velocity of the flow as the main parameter. For a given
void fraction, Fig. 4.17, the value of ¢;, lay along the same line
for the 25.4mm coil at each of the helix angles used. The data for
each of the helix angles also collapsed to one curve for the 38.1mm
coil, Fig. 4.18, although there was greater scatter in the data at
low flow rates.

The value of ¢y, increased at lower values of mass flux
in the 25.4mm coil and 38.1mm coil, see Fig. 4.19 and Fig. 4.20. The
increase at low mass flux was due to the reduced flow velocity which
caused a reduction in the centrifugal forces acting on the flow. As a
result the stratified flow pattern was unstable at Tow flow velocity,
giving rise to intermittent flow and higher irreversible pressure
losses.

The flow velocities in the separator helical passages
were large enough to maintain stratified flow at all conditions
however, any increase in flow area of the helical passages may reduce
the flow velocity sufficiently to allow the development of
intermittent flow.

The 5° coils produced the most stable stratified flow
pattern and reducing the separator helix angle to this order would

improve the separation in the helical passages. The tube cross-
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section area clearly affected the stability of the stratified flow

because of its effect on the mean flow velocity.
4.3.5 Prediction of Wave Growth Criteria

Taitel and Dukler (1976) described the transition from
stratified to intermittent flow in terms of the amplitude of
jnterfacial waves postulating that an unstable wave will grow to form
a plug bridging the tube. Taitel and Dukler described the criteria

for the formation of interfacial waves as:

4v,9(py-py)
(Uy- )¢ ) —

(4.28)
Shg

where ¢ = wave propagation velocity

and s = sheltering coefficient = 0.01

Taitel and Dukler used the approximation of ¢ = Uy. For
the case of the helical coils the acceleration due to gravity term

(g) may be replaced with a term for the centrifugal force acting on

the 1liquid phase.

2
(Uy- Uy) y 4 (01-#g)
e s ———— 4.
U, Rspg (4.29)

Due to the low viscosity of the liquid phase in an
ajr/water or air/kerosene system this criterion is fulfilled and
surface waves are predicted on the interface, as was observed during

the experiments.
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The stability criterion (Kelvin-Helmholtz theory) is

that surface waves will grow in a horizontal duct if:

0.5

¢ g(py-pg)h
, ) {—=] (4.30)
9

In the case of the helical coils the acceleration due to
gravity (g) was replaced by the centripetal acceleration due to the
motion of the fluid. If the centripetal acceleration, equation 4.27,
is substituted into equation 4.30 in terms of the liquid ve1ocity

then the criterion for the growth of surface waves becomes

0.5

2
Ujcos? (py-pg)h
Ug ) { : A }

Y‘pg

(4.31)

Thus the instability of any surface disturbance will
decrease as the mean liquid flow velocity increases for a given
interface level in the helical duct. At higher flows the stratified
flow will be more stable than at low flow rates, as seen in the
experiments. At a conStant radius, R, as U; increases then the
magnitude of the gas velocity Ug required before the wave can grow
to form a slug must also increase. Once the centripetal acceleration
is greater than gravity then the gas velocity required for a small

wave to become unstable is greater than that required in a horizontal

tube.

The results from the model gave values for the mean

stable interface heights and the mean phase velocities in the helical
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coils. These values can only give an indication of the 1likely
physical conditions in the helical tubes. The data can be used to
give an indication of whether or not the wave growth criteria will be
met. Fig. 4.21 shows the slip ratio, calculated from equation 4.29,
required at a given interface height for wave growth to occur. This
is compared with the slip ratio predicted by the separated flow
model. The slip ratio predicted by the model was sufficiently high
for wave growth to be predicted in the helical coils by the theory of
Taitel and Dukler for all the interface height conditions. This,
however, did not agree with the experimental observations which
recorded only occasional plugs of liquid in the coils, superimposed
on a stratified wavy flow.

The model does not take account of the secondary flows in
the coil. These were noted by Koutsky and Adler (1964) to act to
entrain gas into the liquid phase and may also suppress growth of
interfacial waves. The entrainment of significant proportions of the
gas phase will tend to reduce the slip ratio between the phases and
so reduce the potential for wave growth according to equation 4.29.
The mean flow velocity in the separator helical passages was much
greater than that in the helical coils, resulting in a much greater

centrifugal force on the mixture which suppressed the growth of

interfacial waves.

4.3.6 The Influence of Coil Helix Angle and Tube Diameter

The increase in the magnitude of ¢,, at low mass flux
was more pronounced in the 38.1mm coil than the 25.4mm coil, due to
the lower mean velocities in the 38.1mm coil. The lower velocity in

the 38.1mm tube resulted in reduced centrifugal forces being
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generated. The stratified flow regime in the 38.1 mm tube was
therefore less stable and so an intermittent flow regime predominated
at low mass flux. The intermittent flow regime in the 38.1mm tube
caused increased irreversible pressure losses, which gave higher
values of ¢;o than in the 25.4mm tube for the same mass flux.

The helical «coil experiments were performed to
jnvestigate the effect of the helix angle on the flow of a two-phase
gas/liquid mixture. The results have shown that the single-phase
friction factor can be satisfactorily represented by the correlation
of Srinivasan (1970) for tube diameters up to 38.1mm with helix
angles of up to 32°.

In two-phase flow the flow regime was separated flow,
similar to that in the separator helical passages. The liquid phase
occupied the outer part of the tube and the gas phase occupied the
region closest to the coil axis. At low mass flux the flow pattern in
the 38.1mm tube remained un-modified by the centrifugal forces acting
on the flow.

The two-phase pressure losses in the coils were not
affected directly by the helix angle of the coils. However, the helix
angle of the coils dictated the magnitude of the centrifugal forces
acting on the fluid mixture. The magnitude of the centrifugal forces
influenced the flow pattern in the tube by suppressing the growth of
interfacial waves. The flow regime in the coils did affect the
pressure loss, with the intermittent flow regime giving rise to
pressure 10sses higher than those found in the separated flow regime.
A reduction in the separator helix angle would yield a slightly lowe}

pressure 10ss and improve the gas/liquid phase separation.
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4.4 Verification of the Separated Flow Model

The separated flow model was validated using the two-
phase air/kerosene pressure loss data taken during the separator
experiments (Chapter 3). The model yielded information on the radial
location of the phase interface in the helical passages, which was of

use when considering the flow through the take-off slots.
4.4.1 Initial Conditions

The separated flow model required information on the
jnitial phase flow rates, phase pressures and the fluid properties.
The model was tested with flow conditions prevailing at the time the
experimental data was collected. The initial conditions were set as
separated flow with zero slip between the phases. Each of the phases
was assumed to be continuous with the liquid phase occupying the
outer sector in the passage. The centrifugal force acting on each
phase in the flow was related to the mean velocity of that phase. The
initial pressure at the gas/liquid interface was set to the pressure
measured at the test section entrance during the experiments.

The single-phase friction factor was used in the two-
phase separated flow model. The correlation of Srinivasan (1970),
which had previously been found adequate to describe the friction
factor in helical coils, was used to predict the single-phase
pressure loss in the helical passages. The predicted pressure loss
was then compared with that measured during the single-phase kerosene
experiments, Fig. 4.22. The correlation proposed by Srinivasan for
turbulent flow fitted the experimental data well. The transitioﬁ

Reynolds Number of the flow was given as around 10 000 by the
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prediction of Srinivasan which indicated that the flow in the
separator helical passages should be laminar, as the passage Reynolds
Number was between 2320 and 5225. The conclusion must be drawn that
the triangular cross-section of the separator passages caused
laminar-turbulent flow transition at a lower Reynolds Number than in
a helically coiled tube.

The difference in the transition number may be explained
by the apparent difference in the internal flow structure (see
Chapter 3). The secondary flow in a helically coiled tube will cause
greater turbulence than the single vortex thought to occur in the
helical passages of the separator, and suppress the transition until
at higher Reynolds Number.

The length of the helical passage over which the model
calculated the pressure losses was 1000mm whereas the experimental
pressure 10ss was measured across 172mm. The model was split into 20
cells of equal length, Fig. 4.23, which were used to calculate the
flow parameters at the exit from each cell, given those at the cell
entrance. The model calculated the area, average velocity and
pressure 10ss for each phase across each cell using iteration
techniques to balance the pressure losses in each phase across the
interface. After around 5 cells the phase area for each phase did not
change significantly from one cell to the next; at this point the
model was considered to represent developed flow in the helical
passage. With no significant change in the phase area across each
cell the pressure loss across each cell was also constant. The
pressure drop across a single cell, corrected to the equivalent
length used in the experiments, was then compared with the

experimenta1 pressure loss.
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4.4.2 Comparison of Separator Experimental Results - Separated Flow

Model Results

The pressure losses measured during the air/kerosene
separator experiments were used to validate the separated flow model.
The separated flow model results were also compared with the pressure
loss prediétions given by the homogeneous model, as this model
[Whalley, 1987] is considered to give satisfactory pressure drop
predictions for mass flux over 2000 kg/m2s. The experimental
pressure drops were measured at five different mean void fractions in
the range 10% < a < 30%.

The experimental data is compared with the two-phase
pressure drops predicted by the separated flow model and homogeneous
model in Figs. 4.24 - 4.28. The homogeneous model predicted higher
pressure losses than those found experimentally at all the flow
conditions. The separated flow model gave a closer prediction of the
experimental data than -the homogeneous model, over-predicting
slightly at the 10% and 15% void fraction conditions and under-
predicting the data at the 30% void fraction. |

For all the above comparisons the separated flow model
gave an error in the predicted pressure loss of less than t 15% and
was close to the experimental values at the majority of the flow
conditions. The precision with which the separated flow model
predicted the two-phase pressure losses found by experiment gave
confidence in the values predicted by the model for the interface
height and phase velocities. The predicted gas interface heights are

given in Fig. 4.29 against the mean void fraction of the air/kerosene

flow.
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The model can also provide other data describing the
motion of the two phases through a helical duct. The model predicted
that for all the initial conditions there is a length of the duct
along which the area of each phase varies. After this length the
phase area of each phase remains near constant. At this point the
model corresponds to fully developed steady stratified two-phase
flow. Other information can also be extracted from the model, such as
the mean phase velocities and densities, which can be useful in
determining the influence of these properties on the behaviour of the
flow. If the rate of gas and liquid extraction from a particular
take-off slot were known then the phase depths can also be predicted
at the next slot downstream, providing that the slot is sufficiently
distant that the flow has time to re-establish a stable flow pattern.

4.5 Flow Through Take-Off Slots

4.5.1 Basis of Slot Flow

The centrifugal force generated by the fluid motion in
the helical passages of the separator caused the gas phase to
separate to the passage root and the liquid phase to occupy the outer
sector of the passage. The separated gas then flowed through the
take-off slots cut in the root of the helical passages. This was due
to the pressure difference between the helical passages and the
central gallery, see Fig. 4.30. The central gallery, which is open to
the flow at the separator exit, is at a lower pressure than the
helical passages in the vicinity of the take-off slots. The resulting
pressure difference across the slots was caused by the friction

pressure Josses in the helical passages.
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There has been relatively 1ittle work on the problem of
flow past a slot with its longitudinal axis parallel to the direction
of the flow. Madden and St. Pierre (1970) examined the flow through
this type of slot in a slot distributor. They found that the flow
rate through the slot could be calculated using the standard orifice
equation and employed discharge coefficients which were dependent
upon the ratio of the cross-flow to mainstream velocities. This ratio
was equivalent to the ratio of the pressure drops in the cross-flow
and main run. These discharge coefficients were then used to predict
the slot flow rate in bubbly flow. The gas phase and the 1iquid phase
slot flow rates could then be found if the average void fraction of
the flow were known.

The experimental examination of the gas separation
efficiency indicated that although the volume of gas take-off through
the slots increased as the mass flux through the separator increased,
the proportion of the gas flow rate through the take-off slots to
that in the separator did not. A possible explanation for this may be
that the take-off slots were close to choking. It is well known,
Wallis (1969), that two-phase choking may occur at a considerably
lower velocity than that for either of the two components flowing
alone as a single phase.

To determine the theoretical choking condition for the
slots the homogeneous frozen flow model, Whalley (1987), may be used.
The quality of the flow is assumed not to change in the slot as the
flow through the take-off slot is adiabatic. The raised local flow
velocity of the two-phase mixture through the slot is assumed to lead
to an approximately homogeneous flow pattern. The critical mass flux

through the slot is given by:
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G. = (4.32)
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and v = gas property index

The stagnation conditions, subscript 0, were taken as
those in the helical passage gas phase, which is the continuous phase
at the slot entrance. The critical mass flux given by the analysis,
Fig. 4.31, was at least 10 times greater than the mass flux found
during the air/kerosene experiments for the individual slot
positions. The take-off slots were therefore unlikely to be choked
and did not 1limit the volume flow rate of the mixture which passed
through the slots to the central gallery.

The limiting parameter for the slot flow rate will be the
driving pressure drop across the slots. The total volume flow rate is

given by the standard orifice equation

2P
Q = CdA,{— (4.33)
p

The pressure drop, AP, across the take-off slots was
governed by the velocity of the flow in the helical passages. The
driving pressure drop across the slots was approximately equal to the

two-phase pressure loss in the passages between the slot position and
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the exit plane of the separator, assuming that the pressure loss in
the central gallery was negligible.

From this it can be seen that the further upstream the
slot is from the exit plane then the greater the pressure drop across
that slot will be. The flow rate through a slot, for a given passage
flow rate, will be highest for the slots furthest upstream from the
exit which have the greatest pressure differential (see section
3.3.4), providing that the separated flow pattern has become
established at the slot.

The slot total volume flow rate, Fig. 4.32, was found to
jncrease with the pressure differential across the slot for all the
void fractions used in the main separator flow. The slot volume flow
rate also increased with the void fraction of the flow in the helical
passages.

To find a discharge coefficient for the take-off slots,
equation 4.33 was used to predict the total volume flow rate through
the slots. To obtain a value of Cd which was applicable across the
range of flow conditions in the helical pas;age the homogeneous
mixture density of the test section flow was used. The values of
discharge coefficient obtained from dividing the total measured
volume flow through the slot by that predicted using equation 4.33
lay on a single curve, Fig. 4.33. The data for each flow condition
lay on the same curve and the discharge coefficient increased as the
flow through the slot was increased. The discharge coefficients fo;
each slot position lay on the same curve.

By analysis of a small volume of fluid travelling along a
curved streamline in the helical passage, Fig. 4.34, the influence of

the pressure gradient at the slot and the centrifugal force on the
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fluid can be seen. The balance of forces across the element can be

expressed as:

"RSPS6 = pUZERE0 (4.34)

Clearly for the fluid to remain on a streamline parallel
to the duct wall the centrifugal force and radial pressure gradient
must be balanced. For fluid to move toward the slot the radial
p%essure gradient must have a greater influence than the centrifugal
force. For a given pressure gradient the gas phase will move to the
slot more quickly than the liquid phase due to its lower density. The
gas phase will then be preferentially separated through the slots to

the central gallery.
4.5.2 Flow Through Tee Junctions

The flow of a fluid through a slot with the entry at 90°
to the main direction of the flow is analagous to the flow through
the run and branch of a 90° tee Jjunction, Fig. 4.35, with a
horizontal run and a vertical branch. The main flow through the
helical passages in the separator is representative of the flow in
the horizontal run. The flow through the take-off slot is analagous
to that which passes to the upward branch of the tee junction.
Azzopardi and Whalley (1982) have shown that the flow split between
the run and branch of a tee junction is difficult to predict in two-
phase flows. Either the gas or liquid phase may be preferentially

separated to the run or the branch.
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The flow split between the run and branch of a tee in
two-phase flow was shown by Azzopardi and Whalley to depend, to some
extent, upon the flow pattern before the junction. The liquid phase
was found to preferentially enter the branch when annular and churn
flows regimes existed in the run. The gas phase preferentially
entered the branch with a bubbly flow regime in the run.

The difference in separation behaviour between the two
flow regimes can be explained in terms of the momentum of each
individual phase. In the case of annular flow the liquid film has
relatively low velocity and momentum whereas the gas phase has high
velocity and similar momentum to the liquid phase. The 1iquid phase
is then preferentially separated into the branch because it tends to
flow on or near to the pipe wall and so is close to the branch
entrance. For the case of bubbly flow, where the phase velocities are
similar, the gas phase has lower momentum than the liquid phase and
is then preferentially separated through the branch. Clearly the
orientation of a tee junction can also have a great effect upon the
flow split at the junction, Zuber (1980), as can the presence of
upstream and downstream disturbances, Co]liér (1976). Azzopardi
(1990) also noted that the downstream geometry may affect the flow
split at the junction if there is stratified flow entering the
junction.

The fraction of the gas and liquid phases taken off in
the separator slots was similar to that found for a wavy-stratified
flow regime, see Fig. 4.36, by Azzopardi (1990) using air/water flows
sn a horizontal tee junction with a vertically upward branch. The
data of Azzopardi for the annular flow regime shows higher fractions
of 1liquid take-off than for the wavy-stratified flow regime, which

has similar values to the separator data.
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Azzopardi also noted the existence of a sudden increase
in the stratified flow interface height after the vertical branch.
The phenomenon is akin to that of ‘film stop’ recorded by Azzopardi
(1988) for annular flow at a tee junction which also appeared to be
related to a hydraulic jump. The reduced gas flow rate resulting from
the preferential gas phase take-off through the branch allows the
flow area for the liquid to increase. The increase in the gas/1iquid
interface height is aided by the pressure recovery, noted by Collier
(1976), which occurs across a tee junction.

Smoglie (1984) examined the flow split between a large
diameter tube (run) and a much smaller diameter branch. The main tube
was horizontal and the branch was positioned in vertically upward,
vertically downward and horizontal positions. Smoglie used branch-to-
run diameter ratio’s of between 0.029 and 0.1. The equivalent
diameter for a long thin slot, such as the separator take-off slots,
js 2 x slot width which gives an equivalent diameter ratio for the
slot/passage of 0.313. The flow regime investigated by Smoglie was
smooth stratified flow and the flow split was found to depend on the
orientation of the branch and the ratio of the phase heights in the
main tube.

McCreery and Banerjee (1990) showed clearly the flow
paths in a square edged tee junction using mist and rivulet flows.
Recirculation zones were shown to exist just inside the branch at the
upstream edge and in the run on the wall opposite the branch,
starting near the junction centreline. The recirculation zone in the
run is in the same region as the film stop/hydraulic jump phenomena
noted by Azzopardi. The recirculation in the run will probably affect
the performance of the next slot immediately downstream in the

separator by contibuting to the local raising of the interface level.
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The experimental work in the air/kerosene flow showed that the sum of
the individual separation performances of the slots was greater than
the separation performance of the combined slot configuration. Thus
the preceding slots must affect the performance of those further
downstream, the problem was exacerbated by the small distance (15mm)
between each take-off slot.

The flow regime in the separator was separated flow, with
the centrifugal force being analagous to the gravity force in a
horizontal duct. The slot entrance was ‘vertically’ above the fluid
jnterface as the branch would be in a stratified flow through a
horizontal tee with a vertical branch. The slot cross-section used in
the separator had a large 1/d ratio (1/d = 50) unlike the branch in a
tee junction (1/d = 1). Azzopardi (1984) showed that increasing the
diameter ratio between the branch and the run increases the
proportion of the liquid entering the branch. In the separator the
width of the slots was physically constrained by the passage cross-
section and so the slot length had to be large to increase the flow
area of the slot. The disadvantage of the long slot is that, as with

a large diameter ratio branch, the entrainment of 1iquid may be

increased.
4.5.3 Theoretical Approach to Flow Split

Zuber (1980) considered the problem of the flow split in
small breaks in large pipes in an attempt to predict the proportion
of 1iquid phase which would escape from a break in a pipe during a
loss of coolant accident (LOCA) in a pressurised water reactor. Zuber
concluded that with a break Tocated above the interface of a

stratified flow some of the liquid phase could be entrained as drops
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in the escaping gas flow due to the Bernoulli effect, Fig. 4.37,
locally decreasing pressure at the branch entrance and raising the
fluid interface under the branch. Drops could then be torn off the
locally raised liquid surface by the escaping gas which would then
carry the entrained drops through the branch. Rouse (1956) showed
that 1iquid could be drawn into a tube vertically above a surface by
the flow of gas into the tube. The liquid flow rate was governed by
the density difference between the gas and liquid, the tube diameter
and the distance from the surface to the mouth of the tube. This
mechanism for liquid entrainment was observed for tee junctions in
experiments conducted by Schrock et al (1986).

Work on the modelling of the flow split in a tee junction
has concentrated on the idea that the branch has a zone of influence
from which fluid is drawn off from the run. Azzopardi and Whalley
(1982) proposed a geometric model based on experiments with annular
and churn flows in a vertical tee junction where the fluid drawn into
the horizontal branch was from a zone close to the branch entrance.
The proportion of each phase which was taken off into the branch of
the junction was determined by the momentum of each phase. The phase
with the lowest momentum will be preferentially separated into the
branch because of the greater ease with which this fluid can turn the
corner.

A similar concept to the geometric zone of influence is
that, for each phase, there exists a dividing streamline in the main
flow. A1l the fluid to one side of this streamline flows to the
branch and all that on the other side continues in the run. Given the
equation of the dividing streamline, the equation of motion for a
small volume of fluid can be calculated [Shoham et al, 1987] and the

fraction of each phase passing to the branch and the run may then be
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calculated. This technique yields the flow split for each phase
between the run and the branch and appears to give reasonable results
for the case of a tee junction where the run and branch are both
horizontal. Hwang et al (1988) also considered the problem of flow
split in a tee junction using dividing streamlines for each phase.
Although the analysis of both Shoham and Hwang appear to offer the
advantage of some theoretical basis in predicting the flow split in
horizontal tee junctions there are some problems when applying these
models to a horizontal tee junction with a vertically orientated
branch. Unless the liquid phase has a much lower velocity than the
gas phase and hence a similar momentum then the gas phase will always
be preferentially extracted through the branch. For a stratified flow
with the interface vertically below the branch entry no 1liquid
entrainment would be predicted by either of the above models.

Smoglie (1984) examined flow through tees using high
quality flows at all the experimental conditions and found that the
branch quality obtained was also very high at over 95%. The branch
quality was found to be proportional to the ratio of the liquid phase
depth to the distance of the interface below the branch entrance.
Smoglie and Reimann (1986) also noted that this ratio (h/hy,) had
critical values for differing orientations of the branch at which the
second phase became entrained in the continuous phase in the branch.
Smoglie and Reimann proposed an empirical correlation based on their
data to predict the branch quality and mass flux from h/hy, which
proved quite accurate. Maciaszek and Micaelli (1988) also used an
empirical correlation, based on the data of Smoglie, to predict the

phase split under LOCA conditions in the CATHARE reactor safety

model.
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Schrock et al (1986) produced a complementary correlation
to that of Smoglie and Reimann which included data with the interface
much closer to the branch entrance, as is the case in the separator
passages. Schrock noted that as the interface approached the branch
entrance the liquid entrainment increased considerably. Schrock also
found that for a wavy interface the entrainment was unstable, coming
from waves passing under the break entrance.

This flow pattern was noted in the separator passing thé
slot entrance, illustrating one mechanism by which 1iquid entrainment
could occur in the take-off slots in the separator. The entrainment
mechanism observed by Schrock and by Smoglie for liquid entrainment
in an upward branch involved a locally raised 1iquid interface below
the branchventrance from which droplets are torn off by the swirling
gas flow entering the branch. This mechanism is similar to that noted
for vapour or gas pull-through in a downward orientated branch or
plug hole where a gas core is created. Once the entrainment became
established the continuous two-phase entrainment flow was vortex
free. Gardner (1990) examined flow through a plughole with air
entrained in the off-take. Theory indicated that a correlation based
on the light and heavy phase Froude Numbers would prove useful.
Gardner plotted these criteria for various circulation angles in the
liquid phase and found reasonable agreement with the experimental
data when using quiescent liquid above the plughole. The correlation
of Gardner showed agreement with some of the data of Smoglie and of
Schrock, despite the crossflow across the off-take in the latter two
data sets. The work of Gardner offers further confirmation that the
quality of the take-off flow is dependent on the depth of the phase
adjacent to the of f-take.



112
4.5.4 Comparison with Experimental Data

The slot quality data from the air/kerosene separation
experiments was compared with the predictions of the Smoglie and the
Schrock theories and correlations. For a junction with a horizontal
run and a vertical branch (analogous to the take-off slots in the
separator) the geometric model and the zone‘of influence/dividing
streamline models are unsuitable: these models predict that only gas
will be removed by the branch for stratified flows in the run [this
limitation was also noted by Azzopardi, 1990].

The correlations of both Schrock and Smoglie require
information on the heights of the gas and liquid phases. The level of
the liquid interface in the helical passage, which was difficult to
measure under experimental conditions, was predicted using the
stratified flow model, developed 1in section 4.2, at the flow
conditions used in the take-off slot experiments. The levels were
found to be outside the range of the experiments conducted by Smoglie
and so this correlation was of little value and predicted branch
qualities of around 100%. The correlation arrived at by Schrock was
determined for similar values of flow quality to those used in the
separator experiments, although Schrock used air/steam and air/water
rather than air/kerosene. This correlation proved to be the most
suitable because of the close approximation of the experimental
conditions to those of the data for which the correlation was
established.

The correlation of Schrock et al (1986) predicted the
air/kerosene data from the separator experiments well, Fig. 4.38 (the
smoglie correlation predicted much greater branch qualities), showing

the same trend as the data and similar values of branch quality to
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those found experimentally. Schrock gave the correlation in terms of
the dimensionless distance of the gas/liquid interface from the

branch entrance:

3.25(1-h/hb)2

h
X ==
" (4.35)

The experimental data was plotted using the phase depth
results from the separated flow model at the experimental initial
conditions. The data is shown at the five void fractions which
pertain to the experimental conditions in the helical passages.

The experimental data for the higher void fractions used,
20% and over, agree very well with the Schrock correlation. At the
lower values of void fraction used, the experimental data from the
take-of f slot shows higher quality than that predicted by the Schrock
correlation. The divergence at these Tlower values of h/hy, is
understandable because these data are outside the range used by
Schrock to fit the correlation. The only data given by Schrock in
this region was in good agreement with the experimental data from the
take-off slot.

The agreement of the data from the take-off slot
experiments with the Schrock correlation shows that the entrainment
of the 1liquid phase into the slot takes place via a similar mechanism
to that observed by both Schrock and Smoglie. That is, that a local
deformation of the gas/liquid interface occurs below the slot due to
the movement of gas from the passage into the slot. Once the

jnterface has been sufficiently raised below the slot entrance the |
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local decrease in pressure caused by the increase in the local gas
velocity at the slot entrance is sufficient to entrain 1liquid
droplets in the gas flow. These droplets are then carried into the
take-off slot by the gas take-off flow.

The closeness of the agreement of the take-off slot data
with the Schrock correlation was surprising given the differences in
the geometry between the two sections. The centrifugal forces in the
separator were much greater than natural gravity and would thus have
acted to reduce the liquid entrainment into the take-off slots. The
quality of the take-off slot flow would be expected to be greater
than that for a similar flow under natural gravity. However, the
length of the slots will lead to a greater liquid entrainment than

that for a circular cross-section branch of similar area.

4.6 Predictions of Two-phase Gas/1iquid Behaviour in the Separator

Helical Passages

4.6.1 Performance of Two-phase Separated Flow Model

The two-phase separated flow model was used to predict
the individual phase areas occupied by the gas and 1iquid phases in a
helical duct. The model was verified by using the pressure drops
found in the separator air/kerosene experiments. The gas and liquid
phase areas achieved stable values after a short development length
when under the influence of the centrifugal force caused by th;
helical motion of the fluid. The model predicted the experimental
pressure drops well at all the flow conditions, giving confidence in
the phase area and velocity predictions. The magnitude of the phase

area predicted for the helical ducts was dependent on the void



115

fraction of the flow. In contrast, the model was run using gravity to
simulate a horizontal duct. No stable solution could be obtained

under these conditions which indicated an intermittent flow.
4.6.2 Experimental Investigation of Helically Coiled Tubes

The experimental work carried out on air/water flow in
helical coils showed that the helix angle of the tubes had no direct
effect on the pressure losses in the tubes. The helix angle did
affect the magnitude of the centrifugal force generated in the coils.
The magnitude of the centrifugal force influenced the flow pattern in
the coils, particularly at low mass flux. The flow pattern had some
influence on the two-phase pressure drop in the coils. As the
centrifugal forces were increased the separation of the phases
sncreased and produced a more defined separated flow pattern. As the
separation became better defined the two-phase pressure losses
reduced, for a given mass flux and void fraction. The separation of
the phases was improved at the smallest helix angle, indicating that
at lower passage velocity the gas/oil separator performance may be

improved by a smaller helix angle.
4.6.3 Prediction of Take-off Slot Quality

The experimental data from the individual slot
investigations were compared with theories developed to predict the
two-phase flow split in pipe branches and tee Jjunctions. Some
experimental data reported in the literature for tee junctions witg
vertical branches were found to be in close agreement with the data

from the separator take-off slots. The quality of the take-off flow
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through the slots was shown to be related to the dimensionless
distance of the gas/liquid interface from the slot entrance. The
closer the interface was to the slot entrance the greater was the
proportion of the liquid phase which was drawn through the take-off
slot and thus the lower the quality of the take-off slot flow. Thus
the separation quality will be highest at the highest void fractions.

4.6.4 Overall Performance Prediction

The performance of the separator may be predicted using a
combination of the models described above in conjunction with some of
the empirical correlations confirmed earlier by experiment, providing
that the inlet conditions to the separator are known. The separated
two-phase flow model provided information on the gas and liquid phase
areas at a given point in the helical passages. The slot flow model
can then be used to predict the quality of the flow through the slot
and the flow rate through the slot. From this information the quality
of the internal gallery flow and the flow exiting from the helical

passages can be deduced.
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CHAPTER 5: THE SEPARATOR/FLOWMETER PACKAGE

5.1 Flowmeter Section

5.1.1 Design of the Flowmeter

The choice of the flowmeters to be wused in the
measurement section of the separator/flowmeter package was based upon
the pressure losses which would be incurred by the flowmeters and the
likely reliability of the devices. Differential pressure flowmeters
were chosen because the pressure transducer output signal is
relatively simple to measure and interpret. Venturimeters were chosen
because of their low overall pressure loss and minimal disturbance to
the flow. Orifice plates or nozzles have higher overall pressure
losses, but would otherwise perform as well. Tapucu et al (1989)
showed that a smooth blockage in a channel, such as a venturi, caused
less than 50% of the irreversible pressure losses caused by a plate
blockage, such as an orifice, in gas/liquid flow.

Murdock (1962) and Chisholm (1967) examined orifice
plates in two-phase flows and showed that reasonably accurate results
may be obtained if the flow is well mixed prior to entering the
flowmeter. Similar results were obtained by Graham (1967) for
venturimeters in two-phase flow.

The flow entering the flowmetering section was physically
separated into the annular passage and concentric central gallery

after passing through the separator. The 1liquid phase flowed
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predominantly in the outer, annular, passage and the gas phase
predominantly in the inner gallery. To measure the flow rate of each
of the separated phases two venturimeters were required, mounted
concentrically after the separator. This arrangement facilitated the
supply of the separated air phase to the internal venturimeter and
the liquid phase to the outer venturi.

Although much work has been done on conventional
venturimeters in two-phase flow, Azzopardi and Govan (1985), there
was a lack of data for the performance of annular venturimeters in
both single-phase and two-phase gas/liquid flows. Harris and Shires
(1973) found that venturimeters could be used to measure steam
quality after individual calibration. Crowe (1982) found that the
perfomance of an annular venturimeter in gas/solid flow was
comparable with that of a standard venturimeter and was less
sensitive to upstream installation effects than the conventional
venturimeter. Some experimental work was therefore required to
quantify the suitability of this type of flowmeter for use in
gas/1iquid applications.

In the annular passage the throat of the annular
venturimeter was formed by a change in section of the core diameter
to ease the manufacturing and assembly tasks. The pressure tappings
for the annular venturimeter were set in the tube wall for
convenience of manufacture and to ease the run of the pressure
sensing lines to the pressure measurement instrumentation. There is
no standard available for the design of annular type venturimeters
and so the B.S.1042 (1981) guide-lines were used where applicable.

The annular venturimeter test section was formed by a
centrebody mounted concentrically inside a plain acrylic tube, Fig.

5.1. The centrebody was formed by a cylinder of aluminium alloy which
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was machined to give an annulus at the entrance to the test section.
The annulus- was followed by a contraction and a throat, after the
throat the flow was passed through an annular diffuser before
returning to an annulus of similar dimensions to that preceding the
throat. The venturi was designed with an area ratio of 0.78,
equivalent to a classical venturimeter of g ratio 0.88. Similar
entrance and diffuser included angles to those recommended in BS.
1042 (1981), for a classical venturimeter, were used in the annular
venturimeter. After the annular diffuser a short length of annulus
was formed by the centre body before the end of the test section. To
measure the differential pressure across the annular venturimeter the
test section was fitted with two rings of static pressure fappings,
one was at the inlet to the meter and the other at the throat. The
inlet tappings were situated upstream of the throat by an axial

distance equal to one half of the annular throat equivalent diameter,

deas where
4A,
dg, = (5.1)
Sc + St
and so = Core perimeter, sy = Tube perimeter
The throat tappings were situated at the throat mid-
section.

5.1.2 Role of the venturi

The annular venturimeter will measure the flow rate of
the separated 1iquid phase, the internal (classical) venturimeter

will measure the separated gas flow rate. The annular venturimeter is
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likely to have a gas/liquid mixture passing through it. This is
because the separator cannot realistically be expected to remove all
the separated gas phase from the two-phase mixture. A proportion of
the gas phase will therefore be carried over into the flow entering
the annular venturimeter. If the effect of the reduced proportion of
gas phase on the annular venturimeter performance were to be
quantified then the readings from the flowmeter in two-phase flow
would be more reliable. Residual swirl may persist in the flow after
the exit from the separator and so the effects of swirl on the
performance of the flowmeter were investigated.

Due to space limitations in the main experimental rig the
annular venturimeter was tested in a horizontal test section
(described in section 2.4) for both single-phase and two-phase flow.
The initial experiments in two-phase flow showed that a consistent
flow pattern could not be achieved throughout the annular
venturimeter in the horizontal test section. To remedy this problem a
plate type mixer was fitted immediately upstream of the test section.
The mixer consisted of a plate covering the full flow area of the
pipe. The plate had 40 holes of 8mm diameter drilled through it. The
result was a homogeneous flow pattern throughout the annular
venturimeter at all the flow conditions, although the maximum

attainab1e flow rate was reduced by the mixer pressure loss to around

40 1/s.
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5.2 Single-phase Results

5.2.1 Single-phase Water Calibration

Before assessing the annular venturimeter in air/water
flows the performance of the flowmeter in single-phase water flow was
examined. The flow rate of the 1liquid passing through the
venturimeter was inferred from the pressure drop across the throat in

the same way as that for the classical venturimeter where

Q = CdA, - (5.2)

where A; = Throat Area, Aj = Annulus Area

The pressure drop was measured using a water manometer at
low flow rates and a mercury manometer for higher flow rates, where
the differential pressure was greater. The experiments were carried
out using water at ambient temperatures.

The flow rate derived using the pressure differential
measured experimentally and equation 5.2 was greater than that given
by the reference turbine meter and gravimetric facility. The ratio
between the actual and inferred flow rates, known as the coefficient
of discharge of the meter (Cd), is defined by equation 5.2. The
coefficient of discharge would normally be defined using the geometry
of the venturimeter. For the annular venturimeter this was not

possible and so the discharge coefficient was found by experiment.
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The water flow rate was varied to give a Reynolds Number between 10
000 and 300 000, with the characteristic diameter taken as the
equivalent diameter of the annulus upstream of the throat. The
discharge coefficient for this data, see Fig. 5.2, was found to be
constant at Cd = 0.975 between 60 000 < Rn < 300 000 with a standard
deviation of 6.05 x 103, This discharge coefficient is greater than
that predicted for a classical venturimeter of similar area ratio by
BS. 1042 (1981), which is Cd = 0.924 indicating lower losses. For a
Reynolds Number lower than 60 000 the discharge coefficient reduced
markedly to around 0.8 and there was increased scatter in the data.
some of the scatter in the data at the low flow rates was due to the
increased reading error for small differences in the manometer column
heights. fhis led to a similar increase in the uncertainty in the
pressure drop across the throat and thus in the flow rate predicted
by the annular venturimeter (see Appendix 1). The reduction in the
discharge coefficient at very low flows is also characteristic of

that given for classical venturimeters by BS. 1042.
5.2.2 Single-phase Swirling Flow

Experiments were conducted to find the effect of a
swirling flow on the uncertainty of the annular venturimeter
measurement. A swirl generator of the same helix angle as the
separator was placed in the flow path immediately upstream of the
annular venturimeter, Fig. 5.3. This device induced a swirling flow
throughout the venturimeter of the same angle as that produced by the
separator. The pressure drop was measured across the throat again
using the water and mercury manometers. The flow rate was inferred in

the same way as that for the case of no swirl using equation 5.2. The
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discharge coefficient, Fig. 5.4, was found to be 0.882 with a
standard déviation of 0.01085 for a Reynolds Number, defined as for
the previous experiments, between 50 000 and 164 000. Reynolds
Numbers greater than 164 000 could not be obtained because of the
increased pressure losses caused by the swirl generator. Below a
Reynolds Number of 60 000 the discharge coefficient reduced gradually
as in the case of no swirl. The reduction of the discharge
coefficient due to swirl caused by installation effects was noted by
Lugt (1961) and Hobbs (1990) for orifice plates. The effect of the
swirl in these experiments was to cause a reduction of 9.5% in the
discharge coefficient of the annular venturimeter, thus, providing
that the presence and swirl angle of swirling flow is known and the
discharge coefficient is modified accordingly then the annular

venturimeter will still function effectivly.

5.3 Two-phase Results

5.3.1 Two-phase Air/Water Calibration

The two phases used in these experiments were compressed
air and water. The void fractions used for the investigations were
between 5% and 30%. The water flow rate was set using the reference
turbine meter and the air flow was added through a mixing tee until
the desired void fraction and mass flux had been achieved. The mixer
plate ensured that at all conditions the flow pattern throughout the

annular venturimeter was homogeneous. The homogeneous flow theory may

be used to find the mean density of the flow
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ph = apg + (l'a)p] (5-3)

The homogeneous density was then substituted in equation
5.2 to find the inferred flow rate from the measured pressure drop
across the venturimeter throat. The two-phase discharge coefficient
was defined in the same way as that for the single-phase flow, the
ratio of the actual volume flow rate to the inferred volume flow rate
from the annular venturimeter. The pressure differential across the
throat was measured using water and mercury manometers. Due to the
unsteady nature of the flow some column oscillations were present in
the manometers and the head difference had to be averaged by eye. The
error involved in this process is difficult to evaluate but is

clearly greater than the error for a similar measurement in single-

phase flow.

5.3.2 Two-phase Air/Water Discharge Coefficient

The two-phase discharge coefficient for the air/water
mixture, found from equations 5.2 and 5.3, did not vary signific;ntly
with the void fraction of the flow, Fig. 5.5. The data at each void
fraction decreased slightly as the flow rate increased, the magnitude
of the discharge coefficient did not vary with the void fraction.
previous work on two-phase flow through orifice plates by Chisholm
(1967) and Smith et al (1977) has shown that the void fraction of the
flow has no significant effect on the discharge coefficient of this
type of differential pressure flowmeter. The two-phase Reynolds

Number Wwas defined, in terms of the mass flux and homogeneous

viscosity, as
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Gd
Rngp = —— (5.4)
By '
1 X 1-x
where =-= - + —
”’h ug ”]

The above definition of the homogeneous viscosity has no
real theoretita] basis. Reasonable results are obtained when applied
to pressure gradients, Whalley (1987), which gives confidence that it
js a reasonable approximation when applied across a differential
pressure flowmeter.

Between a two-phase Reynolds Number of 100 000 and 260
000 the two-phase discharge coefficient, Cdy,, has a mean value of
0.9304, the decreasing trend can be accounted for by fitting a curve

to all the data giving the expression

Cdyp = 0.998 - 0.4054 x 1076 Rny, (5.5)

The convergent section and throat of the venturi form a
contraction in the flow path through the annular venturimeter. As the
fluid mixture passes through this contraction it undergoes an
acceleration to increased velocity. The gas phase has a lower density
than the liquid phase and so accelerates more quickly and to a higher
velocity. This relative acceleration between the phases leads to a
velocity s1ip between the gas and 1liquid and consequently an increase
in interfacial friction. The phenomenon 1is complicated by the

presence of the gas phase as dispersed bubbles in the continuous
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liquid phase. The inertia of the gas phase is increased by the
virtual mass effect noted by Hinze (1962). Cook and Harlow (1984)
demonstrated the existence of a ‘tail’ of liquid which is drawn in
the bubble wake as it travels through the 1liquid, increasing the
equivalent density of the bubble. Kowe et al (1988) showed that this
effect will reduce the relative acceleration between the gas and
1iquid phases. The effect on the flow mixture in a venturi will be to
produce a relative velocity between the phases at the throat. Thang
and Davis (1979) found slip ratios of up to 1.7 at the throat of
venturis in bubbly flow with void fractions of between 20% and 60%.

There will also be a small decrease in the gas density at
the throat due to the friction and momentum pressure loss between the
annulus and the throat of the venturi. The decrease in gas density
will cause a small increase in the void fraction of the flow, as the
gas will occupy a larger volume. The homogeneous flow model used in
the analysis, however, makes no provision for such an increase in the
void fraction (decrease in mixture density) or inter-phase slip. The
increase in void fraction at the throat will become more marked as
the pressure drop increases. This leads to an increasing over-
prediction of the total volume flow rate by the annular venturimeter.
This effect is manifest as the decrease of the two-phase discharge
coefficient with increasing two-phase Reynolds Number.

The total volume flow rate predicted by the annular
venturimeter was compared with the reference total volume flow rate,
Fig. 5.6. The predicted flow rate was calculated from the two-phase
pressure drop measured across the throat of the flowmeter. The
homogeneous density of the fluid mixture, found from the reference
flow rates, was also used and the appropriate value of the two-phase

discharge coefficient for the flow through the meter was taken. The
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predicted flow rate agreed closely with the reference flow rate,
although the deviation from the actual flow rate increased slightly
as the total volume flow rate was increased. The percentage error of
the annular venturimeter against the mass flux through the meter is
shown in Fig. 5.7. The percentage error is somewhat greater at the
Jower end of the flow range, below 6000 kg/m2s, than at higher mass
flux because the uncertainty in the differential pressure reading is
greater in this region. At the low mass flux the error is between %

10% of total volume flow and decreases to between t 5% at over 6000

kg/m2s.
5.3.3 Two-phase Swirling Flow

The annular venturimeter was also examined to find the
effect of the presence of a gas phase on the single-phase swirling
flow calibration. The same swirl device used in the single-phase flow
investigation was added immediately before the annular venturimeter.
The plate mixer was situated upstream of the swirl device to ensure a
well mixed flow. For air/water flows with void fractions as Tow as 4%
the pressure drop across the annular venturimeter throat was lower
than in the single-phase flow. The swirl in the flow was observed to
separate the gas phase to the inner diameter of the annulus and the
liquid phase to the outer diameter. As the contraction of the flow
area is formed by the change in section of the inner diameter of the
annulus only the gas phase underwent a significant increase in
velocity. Due to the low density of the air the associated momentum
pressure drop at the throat was not significant in comparison with
the increased friction pressure losses in the liquid phase. Increased

friction losses were noted by Gambill et al (1961) for liquid flow
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through twisted tape swirl generators. Jensen et al (1985) also found
increased friction losses in swirling annular flow compared with
normal annular flow. The pressure losses in the separated swirling
liquid phase are attributable to wall shear which is increased above
the normal due to the increased local velocity of the fluid at the
wall. Although the friction pressure losses are increased, the 1iquid
phase undergoes 1ittle momentum change because there 1is no
significant change of liquid phase flow area as it passes through the
throat. The result is that the annular venturimeter underestimates
the total volume flow rate under swirling two-phase flow conditions.
The annular venturimeter clearly cannot tolerate the
swirling two-phase flow which would exit from the separator. The flow
must be straightened and re-mixed to approximate to a
bubbly/homogeneous type of flow pattern before the annular

venturimeter will function effectively.

5.4 Annular Flowmeter

5.4.1 Design of Annular Venturimeter

The initial air/water experiments on an annular
venturimeter had shown that this type of differential pressure
flowmeter was suitable for use with two-phase mixtures. Good results
were obtained, providing that the mean density of the fluid mixture
was known and that the flow was well mixed. The annular venturimeter
which had been used in the air/water experiments could not be used in
conjunction with the separator due to a mismatch between the design
flow range of the annular venturimeter and the flow range over which

the separator operated.
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In addition to this problem the previous investigations
with swirling two-phase flow entering the annular venturimeter had
indicated that the gas phase was concentrated near the inner wall of
the meter and the liquid phase near the outer wall. This non-uniform
void concentration profile modified the flow through the meter and
led to the flowmeter underestimating the total volume flow rate.

A flow straightener was designed in order to remove the
swirl and reduce the non-uniformity of the void concentration profile
before the entrance to the flowmeter. The flow straightener was
downstream of the separator exit and upstream of the entrance plane
of the annular venturimeter, Fig. 5.8. The flow straightener was
formed by a set of eleven equispaced radial vanes around a centrebody
of the same diameter as the separator helical passage root diameter.
These vanes intersected the annular space to create eleven passages.
Spark erosion techniques were used in conjunction with conventional
machining techniques to form the aluminium flow straightener piece,
Fig. 5.9. The flow straightener was preceded by a short dump type
diffuser situated immediately after the separator exit plane. On
entering the diffuser the deceleration of the flow caused mixing of
the separated phases prior to the entrance to the straightening
section. To break up the six vortices formed in the separator
passages the straightener was formed with eleven passages of length-
to-equivalent diameter ratio of 8. This length to diameter ratio is
smaller than that for a tube bundle straightener but greater than
that for an Etoile type straightener, see ISO/DIS 5167-1 (1989) and
Bosch and Hebrard (1984).

After the straightening section the flow passed through a
sétt]ing length of 10 times the passage equivalent diameter before

entering the annular venturimeter. The geometry of the annular
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venturimeter was designed for a mixture flow range of 5 - 20 1/s.
This flow range corresponded to the flow range which could be
accurately measured and passed through the separator in the
air/kerosene test rig. The annulus inner diameter was 60mm and the
throat diameter was 95.1mm in a 102mm diameter bore perspex section,
Fig. 5.10. The relatively low area ratio of 0.2, which was
equivalent to a 8 ratio of 0.45, was dictated by the availability
of a 0 - 136 kN/m? differential pressure transducer. A second
venturimeter, which will be described 1later, was manufactured
concentrically inside the flow straightener to measure the flow rate

of the separated mixture flowing in the central gallery.

5.4.2 Single-Phase Kerosene Flow

The assembled  separator, flow straightener and
venturimeters were tested in the air/kerosene flow facility which had
previously been used for the separator experiments (Section 2.3). The
assembly was fitted in a vertical test section similar to that used
in the previous separator experiments.

For these experiments the central gallery and internal
venturi in the separator/flowmeter package were blocked at the exit
plane of the test section, preventing any kerosene from passing
through the central gallery of the separator. All the 1iquid entering
the test section was forced to exit via the annular venturimeter in
the outer passage. The calibration of the annular venturimeter was
thus established with all the upstream and downstream installation
effects of the separator and test section accounted for.

Four equispaced pressure tappings were used at the plane

of each of the upstream and throat stations to measure the static
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pressure. Each set of tappings was inter-connected so that any
circumferential pressure variations were averaged out. The
differential pressure across the venturi throat was measured using a
0 - 136 kN/m2 differential pressure transducer. The signal from the
transducer was converted from 4 - 20 mA to 0 - 1 V and was read
through an ADC on to a computer, then averaged over 100 readings. The
mean of each data set was used to calculate the predicted flow rate
using equation 5.2. A discharge coefficient for the meter was then
calculated from the ratio of the reference and predicted flow rates.

The flow rates used in the experiments were between 5 1/s
and 17.5 1/s. These were the minimum available which could be
accurately measured and the maximum flow rate which could be passed
through the separator. The discharge coefficient for the meter was
found to average approximately 0.9, increasing from 0.87 at a mass
flux around 2500 kg/m2s to around 0.92 at around 9500 kg/m2s, Fig.
5.11.

The discharge coefficient was lower than for the annular
venturimeter tested in water flow, where the discharge coefficient
(cd) was around 0.975. The magnitude of the discharge coefficient
decreases with B ratio, BS. 1042 (1981), however the discrepancy was
higher than predicted and was probably due to installation effects.
Lugt (1961) found reductions of up to 19% in the discharge
coefficients of orifice plates with various swirl generators
installed upstream. This indicated that the flow straightener may not
have completely removed the residual swirl from the flow exiting the

separator helical passages.
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5.4.3 Two-phase Air/Kerosene Flow

After the single-phase discharge coefficient had been
established, the performance of the annular venturimeter in two-phase
air/kerosene flow was investigated. The same experimental rig and
test section were used as had been used for the single-phase
experiments. Compressed air was used as the gas phase and was
injected through a tee piece in the vertical test loop 20 diameters
before the test section. The flow rate and pressure of the air at the
jnjection point were measured using Rotameters and pressure gauges.
As the test section pressure was known, the volume flow rate of the
gas phase at this point could be calculated. The mean void fraction
of the flow entering the test section was then calculated from the
known air and kerosene flow rates, assuming no slip. The internal
venturimeter and central gallery remained blocked so that all the
flow which entered the test section then passed through the annular
venturimeter.

Visual observation showed that the flow was well mixed at
the entrance to the venturimeter, but contained some residual swirl
from the separator. The flow exiting from the rear of the separator
consisted of six vortices issuing from the passages. These vortices
were not broken down entirely by the dump diffuser and flow
straightener, tending to form new vortices inside the straightener
passages. Regardless of the presence of these regions of localised
swirl the flow through the annular venturimeter appeared to be well
mixed. Visual assessment showed that the air/kerosene mixture
appeared to have a consistent concentration profile throughout the
annular space downstream of the flow straightener. The flow through

the annular space upstream of the original annular venturimeter with
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swirling air/water flow had shown a marked separation of the mixture
with the water at the outer wall and air at the inner wall (section
5.3.3). The vertical orientation of the test section for the
air/kerosene experiments also assisted mixing by removing
gravitational distribution effects. The pressure differential across
the throat of the annular venturi was measured using the same
differential pressure transducer and analysis method as for the
single-phase kerosene experiments. The static pressure lines from the
tappings to the transducer were observed during the experiments to
ensure that no air was ingested from the flow and, if necessary,
flushed between each experimental condition.

The voltage signal from the transducer was averaged over
100 readings to produce an average which varied by less than t 0.5%
between individual data sets taken at the same nominal flow rate. The
standard deviation of the transducer signal in the two-phase flow,
for example 21.16 at 500mV, was 4.5 times greater than that for the
single-phase flow, which was 4.5 at 500mV. The increase in the
standard deviation of the signal was expected given the more
unpredictable and turbulent nature of the gas/liquid flow.

The void fraction of the flow, which was calculated from
the known reference flow rates of each phase, enabled calculation of
the fluid mean density using equation 5.3. The total volume flow rate
through the meter was predicted from the differential pressuré
measured across the annular venturimeter throat, using equation 5.2.
The actual volume flow rates of the air and kerosene were given by
the reference flow meters and the test section pressure. The two-
phase coefficient of discharge for the annular venturimeter was then

calculated from the ratio of the actual to predicted flow rates.
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As in the case of the air/water tests on the first
annular venturimeter the two-phase discharge coefficient for
air/kerosene, Fig. 5.12, decreased slightly as the mass f]uk
increased. The discharge coefficient reduced from around 0.9 at Tow
mass flux to around 0.85 at higher mass flux. The void fraction of
the air/kerosene flow through the annular venturimeter, between 5%
and 30%, had no clear influence upon the discharge coefficient as the
flow rate increases. The decrease in the magnitude of the discharge
coefficient was due to the method of calculation of the predicted
flow rate (see section 5.3.2). The mixture density was assumed to be
the homogeneous density throughout the flowmeter although at the
throat there was a small decrease in the mixture density due to the
reduced pressure at this point. The reduction in throat pressure,
left uncorrected, gives an artificially high prediction of the total
volume flow rate through the flowmeter and so leads to a reduction in
the discharge coefficient. The gas phase, in the form of small
bubbles, will have a relative velocity with respect to the liquid due
to the acceleration through the convergent section of the venturi, as
shown by Kuo and Wallis (1988). As the flow through the venturimeter
was increased so was the magnitude of the pressure drop at the throat

which exacerbated the reduction in the discharge coefficient.

5.5 Internal Flowmeter

5.5.1 Internal Venturimeter

The internal venturimeter was designed to measure the
flow rate of the gas phase separated into the central gallery of the

separator/flowmeter. The design was based on that of a classical
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venturimeter in accordance with BS. 1042 (1981). The inlet diameter
was nominally 20mm with a throat diameter of 8.92mm, giving a
diameter ratio of B = 0.45. The pressure tappings were at D and D/2
before the inlet and at the throat respectively, Fig. 5.13. At both
the inlet and the throat there were 6 separate static pressure
tappings connected with a piezometer 1ring to average any
circumferential pressure variations. The venturi was situated
jnternally in the flow straightener piece with the pressure tappings
passing through the flow straightener vanes to the outside of the

test section and the pressure transducer connections.

5.5.2 Single-phase Air Flow

From the two-phase separator experimental results,
section 3.5.3, the continuous phase in the central gallery was
expected to be the gas phase. The single-phase calibration of the
internal venturimeter was therefore carried out using compressed air.
When installed in the separator/flowmeter the internal venturimeter
was placed immediately downstream of an expansion and so could not be
expected to have a fully developed velocity profile at the inlet
section.

The reference air flow rate was given by the Rotameters
which had been calibrated against traceable turbine meters. The
pressure drop across the throat of the internal venturimeter was
measured using a differential pressure transducer and ADC. The
density of the air at the venturimeter entry plane was found using
the equation of state with the static pressure and the reference flow
rate was corrected accordingly. The discharge coefficient for the

venturimeter was then found in the usual way (see section 5.2.1) from



136

the reference flow rate and the flow rate measured by the internal
venturimeter. The discharge coefficient was found to decrease
gradually, Fig. 5.14, as the Reynolds Number of the inlet flow was
jncreased. At Reynolds Number of around 10 000 the discharge
coefficient was around 0.81. The discharge coefficient then decreased
to around 0.65 at Reynolds Number of 35 000. The discharge
coefficient given by BS. 1042 for a classical venturimeter of this 8
ratio is around 0.98. The lower discharge coefficient found in these

experiments was probably due to the installation of the flowmeter.
5.5.3 Two-phase Air/Kerosene Flow

At all conditions the separation process allowed a small
proportion of the 1liquid phase to be carried into the central
gallery. The internal venturimeter was therefore required to measure
a two-phase mixture of air and kerosene when forming part of the
flowmeter package. From the experimental data on the separation
efficiency (Chapter 3) the approximate liquid phase content of the
flow through the central gallery was predicted. The calculated void
fraction of the internal gallery flow is shown in Fig. 5.15. The void
fraction varied between around 92% and 95% and did not show any
dependence upon the void fraction of the main flow passing through
the separator. With such a high void fraction the internal flow
pattern was likely to be a mist or churn flow pattern. The variation
in the central gallery void fraction is small and so, therefore, is

the variation in the mixture density in the central gallery.
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5.5.4 Flow Regime Prediction

As the internal venturimeter will experience gas/liquid
flow when used as part of the two-phase flowmeter package it would be
useful to predict the type of flow regimes which are 1ikely to occur
jn the central gallery. Taitel et al (1980) produced a model for
predicting flow regime transitions in vertical tubes. The transitions
between these flow regimes are based on the physical mechanisms
thought to be responsible. The (flooding) condition given for annular
flow to exist is for the minimum superficial gas velocity to support

a 1liquid droplet of maximum stable size in the flow:

0.5
UssPq

[og(p1-05)

]0.25 = 3.1 (5-6)

which for air/kerosene flow at the conditions anticipated
in the internal venturi gave a minimum condition of Ug = 6.9 ms~1,
The gas flow expected in the internal gallery at the maximum gas
separation conditions had a superficial velocity of around 5.9 ms~™
1. Annular flow was therefore not anticipated at the majority of the

test conditions.

The criteria given for a bubbly flow to exist is that

00.429(0//,1)0.089r g(p1-pg)}°'446]

0.072 1

Ugs+ U]S = 4.0[
Y P

(5.7)
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This criteria was met by the flow at the majority of the
flow conditions predicted in the internal gallery. However, the
system is of small diameter and the liquid superficial velocity was
insufficient to sustain a bubbly flow. In this case, according to
Taitel, a slug/churn flow may be expected.

The transition from a bubbly to a churn flow is governed
by the void fraction of the fluid. As the void fraction is increased
the frequency of the coalescence of the small bubbles is increased
until a churn flow regime is formed. Taitel et al give the Tower

limit for the existence of churn flow as

TP | (5.8)
UgstUys
For all the flow conditions through the internal
venturimeter the void fraction of the flow is greater than this,
typically around 0.92. The flow regime was predicted to be churn flow
throughout the operating region of the flowmeter with annular flow
possible only at the highest gas flow conditions.

McQuillan and Whalley (1985) developed the transition
criteria proposed by Taitel and compared their modified transition
boundaries with an empirical database using data from tube diameters
between 10mm and 105mm diameter with several two-phase mixtures. The
genera11y good agreement obtained gave confidence to the prediction
of churn flow in the internal gallery. The prediction of churn flow
was in agreement, at some conditions, with the experimental
observation of foaming/churning flows leaving the separator central
gallery. The prediction of churn flow indicated that at the wall of

the internal venturimeter there may exist conditions for a falling
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liquid film. The occurence of these conditions may affect the
repeatability of some of the differential pressure measurements and

showed the need for time-averaged measurements.
5.5.5 Internal Venturimeter Calibration in Two-phase Flow

The two-phase flow conditions for the calibration of the
jnternal venturimeter were matched as closely as possible to those
expected in the internal gallery during the operation of the
separator/flowmeter package. The void fraction, calculated using the
homogeneous approximation, of the flow through the rig was varied
between 0.96 and 0.975 between a mass flux of 40 kg/m2s and 160
kg/mzs. The required void fraction was achieved by setting the
kerosene mass flow rate and then by adding the air flow required. The
density of the fluid passing through the internal venturimeter, for
calculation purposes, was taken as the homogeneous density for the
flow. The discharge coefficient for the venturimeter was then
calculated, using the method of section 5.2.1, from the reference
flow rate through the test section and the flow rate predicted using
the measured pressure drop across the internal venturimeter.

The discharge coefficient for the venturi in two-phase
flow varied between 0.6 and 0.95 across the flow range used, Fig.
5.16. The mean value across the range of 40 to 160 kg/m?s was 0.864
with a standard deviation of 0.045. The large deviation of some of
the data from the mean value was caused by fluctuating AP due to the
intermittent flow pattern in the test section during some
experiments. The flow pattern at the rig exit was noted to be of a
slug type for some of the experimental points. The uncertainty in the

readings of the Rotameters, which were used in a bank of up to four
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simultaneously, was t 2% of the full scale reading. The weighbridge
which was used to collect 10kg of kerosene for each point had an
uncertainty of £ 1.2%. The slugs of liquid, which were encountered at
some experimental conditions, caused fluctuations in these readings
despite the long period used for time-averaging in the weigh-tank.
The experimental data exhibited no particular trend with mass flux
except below a mass flux of 60 kg/m®s where the discharge

coefficient decreased.

5.6 Separator/Flowmeter Performance

5.6.1 Combination of Separator/Flowmeter Package

After the calibration for the internal venturimeter had
been established for both single-phase air and two-phase air/kerosene
flow the combined separator/flowmeter package was assembled (Fig.
5.8). In the vertical orientation used in the test section the
annular venturimeter was situated axially above the separator and
flow straightener. The mixture separated through the separator slots
thus passed into the internal gallery and then vertically upward
through the internal venturi. The remainder “of the total flow,
jncluding the greater proportion of the kerosene, continued in the
helical passages to the separator exit. The main flow then passed
through the flow straightener and the annular venturimeter. After
assing through the internal venturimeter the separated mixture was

P
re-combined with the main flow at the annular venturimeter exit

plane.
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5.6.2 Indication of Flow Void Fraction

The results from the experiments carried out to determine
the gas separation efficiency (see Chapter 3) and the liquid draw-off
of the separator enabled the void fraction of the flow in the
jnternal passage to be found. The internal passage void fraction was
near constant at between 92% and 95%. The near constant void fraction
was due to the small percentage volume of kerosene carried through
the take-off slots into the central gallery with the separated gas
phase. The void fraction of the flow passing through the outer
annulus was also predicted from the results of earlier experiments.
The annulus void fraction was around 45% lower than the test section
void fraction at the majority of the flow conditions. The annular
void fraction predicted from the measured separator performance is
shown in Fig. 5.17.

The flow through the separator/flowmeter can be split
into two components: the flow passing through the annular
venturimeter, Qy, and the flow passing through the internal

venturimeter, Q. These two components are each made up of gas and

Tiquid flows;

Qa = an + Q]a (5.9)
Q =0Q + Qyy (5.10)
Each of these flows contains a proportion of each phase

and so has an associated void fraction, a. The flow through each

venturi was taken to be well mixed and was assumed to approximate to
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a homogeneous flow with no slip between the phases. This
approximation will lead to errors, particularly in the internal
venturimeter, but the proportion of the mass flux passing through it
is small compared to that which passes through the annular
venturimeter. This will result in a relatively small error in the

total mass flux. The void fraction may then be taken as

Qgn

) an+an

o, (5.11)

where n = a (annular) or i (internal)
The volume flow rate, Q, through each venturi is given by

the standard venturi equation, with the fluid density calculated

using the homogeneous approximation, equation 5.3.

Q--k[-j-:;]().5 (5.12)

where k = CdA, —_—

By inspection of the homogeneous density equation
(equation 5.3) it can be seen that at a lTow ambient pressure in a
system with a high 1iquid phase density and a low gas phase density,
such as that for air/kerosene or air/water, the homogeneous density
js only weakly dependent on the gas phase fraction. This is the case
even for void fractions as great as 90% where the gas phase

contributes less than 3% of a mixture density of around 82 kg/m3.
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The mixture density can thus be approximated, in terms of the liquid
density, as:
pn = (1-a)p, (5.13)

The approximate mixture density, equation 5.13, can then

be substituted into equation 5.12 to give

kK ¢ AP 403
Q-/%][;] (5.14)

The total volume flow rates predicted by the measured

pressure drop across each of the two venturi meters can then be

divided:

— = w——

Apa Qa K l‘aa
Api Qi ' l-ai

(5.15)

Substituting into equation 5.15 from equation 5.9 and

5.10 for Q, and Q; we get:

0.5 0.5
AP, ) a; |1-¢q,
n raa e (5.16)

From the separation experiments performed on the
separator it is known that the void fraction in the internal gallery,
@i js near constant at a value of between 92% and 95% (Fig. 5.15).
gy assuming a constant value of a; = 0.94 the internal void fraction
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can be eliminated from equation 5.16. The void fraction in the
annular venturimeter, a,, is a function of the void fraction of the
flow entering the separator, a (see Fig. 5.17). The ratio of the
pressure differentials in the venturis can be related to the

separator (test section) void fraction, a, by:

AP, l-a,

—— = k

1
AP1 a

(5.17)
where a, = f [a]
5.6.3 Void Fraction Measurement

The flowmeter/separator package was installed in the
vertical test section of the air/kerosene test rig (Section 2.3). The
separator/flowmeter package was tested over a range of mass flux from
3300 kg/m2s to 7500 kg/m2s with test section void fractions in the
range 10% < a < 30%. The differential pressures across each venturi
throat were measured simultaneously using separate differential
pressure transducers, each time-averaging over 100 readings. The
voltages from the pressure transducers were read onto a microcomputer
using an ADC and voltmeter.

To prove the relationship in equation 5.17 the pressure
drop across the internal venturimeter was plotted against that across
the annular venturimeter, Fig. 5.18, for the same flow conditions. A
distinct relationship between the ratio of the pressure losses and
the void fraction of the two-phase flow at the test section entrance
can be seen. The pressure drop ratio follows discrete lines for each

of the void fractions examined. At the lower void fractions, 10% < a
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< 15%, there was only a small difference between the trends. At
higher void fractions the differences between the trends for each of
the void fractions tested were more marked. These differences
jncreased as magnitude of the pressure losses across the
venturimeters increased, except at higher pressure differences for
the 25% and 30% void fraction conditions.

The convergence of the trends at the 25% and 30% void
fraction conditions can be explained after close examination of Fig.
3.40 and 3.41. At the highest mass flux conditions the gas separation
efficiency and 1liquid draw-off at the 25% condition increase
slightly. At similar mass flux the gas separation efficiency and
1iquid draw-off at the 30% void fraction condition decrease slightly.
The resulting effect on the flow split will be a slightly higher
proportion of the flow passing through the internal venturi at the
high mass flux for the 25% void fraction flow, leading to a slightly
larger internal venturi pressure difference. This reduces the
difference between the trends at mass flux over 6000 kg/m2s.

A§ each void fraction showed a discrete trend for the
ratio of the differential pressures between the annular and internal
venturimeters this pressure ratio can be used to indicate the void
fraction of the flow through the separator. The ratio of the pressure
drops across the venturi throats was plotted against the annular
venturi differential pressure, Fig. 5.19. A line was then fitted to
each curve of constant void fraction. These empirically established
1ines have now been defined and linear interpolation can be used to
find the void fraction for the flows which 1ie between these contours
on the pressure ratio map. Due to the nature of the curves used to
£it the experimental data any extrapolation beyond the extents of the

experimenta] data was unreliable.
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The blurring of these boundaries at the lowest void
fractions, 10% and 15%, was caused by the decrease in the quality of
the mixture drawn into the separation slots at these flow conditions.
The greater liquid content of the flow into the internal gallery at
these conditions caused an increase in the mass flux through the
internal venturimeter and an associated increase in the pressure drop
across the throat of the meter. This increase in pressure drop caused
spuriously high predictions of the separator void fraction from the
pressure ratio map (Fig. 5.19).

The performance of the separator/flowmeter in predicting
the void fraction of the flow using the ratio of the pressure drops
through the venturis is shown in Fig. 5.20. The predicted void
fraction is generally good in the regions away from the experiemntal
boundaries. At the lowest and highest void fractions the empirical
boundaries, which are imposed by the prediction method and were also
1imited by the capabilities of the experimental rig, do not allow
interpolation beyond these extents. The predicted void fraction then
reaches a plateau at these extreme constraints. The percentage error
in the prediction of the void fraction is shown in Fig. 5.21. The
error in the predicted void fraction is shown against the reference

void fraction in the test section. The void fraction error was

defined as

apred'aref
e(a) = ——— (5.18)

ref

‘where @,..¢ (test section void fraction) is known from

the test section pressure and the reference flow rates. The
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percentage errors are greatest at low void fraction, below a = 20%,
where the error is magnified by the low void fraction. Above this
value the prediction is generally within around + 25 % and - 30% of
the reference void fraction. Other methods of obtaining the void
fraction, such as attenuation techniques, are described by Snoek
(1988) and by Jones and Delhaye (1976). These techniques can offer
absolute errors of the order of % 5%, but require mixing to achieve
this. Even with mixers larger errors can occur when there is a high

gas content and a low flow velocity, Millington (1990).
5.6.4 Flow Rate Measurement

The volume flow rate of the mixture passing through the
separator/flowmeter can be determined by use of the standard venturi
equation, equation 5.2, once the void fraction of the mixture passing
through each venturimeter has been determined. The void fraction of
the two-phase flow at each venturimeter can be determined from the
empirical results obtained during the separator experiments. The void
fraction of the internal venturimeter is known to be near constant,
section 5.6.2. The mean mixture density and hence the total volume
flow rate and individual phase volume flow rates through the internal
venturi meter can then be found. The flow split between the annular
and internal venturimeters was approximated at 50% for all the gas
phase flow conditions (see Chapter 3). The void fraction at the
annular venturimeter can then be found from the predicted test
section void fraction (Fig. 5.17), gained from the ratio of the
differential pressures across the flowmeters (section 5.6.3), and the

gas separation efficiency of the separator.
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The predicted void fraction can then be used to find the
mean density of the flow passing through the annular venturi and thus
the total volume flow rate passing through this meter. The total
volume flow rate passing through the combined separator/flowmeter
package was the sum of the volume flow rates from each venturimeter.
The individual phase flow rates through the separator/flowmeter
package can then be found from the total volume flow rate and the

predicted test section void fraction where

Qg = oQ¢ot (5.19)
and
Q = (1-a)Q; ¢ (5.20)

The total volume flow rate predicted by the
separator/flowmeter for two-phase air/kerosene flows, Fig. 5.22, was
in very close agreement with the reference flow passing through the
test section. The errors varied a little with the void fraction of
the flow entering the test section but were within t 10% of the total

volume flow rate. The percentage error in the flow rate was defined
as
Qpred - Qref

Q) = 5.21
e( Qref ( )

The largest errors were found to occur at the lowest mass

flux used, Fig. 5.23. At mass flux over 4000 kg/m2s the errors were
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within + 1u% and - 5% of the reference flow. The increase in errors
at the extremes of void fraction was due to the problem of
extrapolation beyond the empirically defined boundaries on the
pressure ratio map causing poor estimates of fhe test section void
fraction at the lowest and highest void fractions tested.

The separator/flowmeter package gave good predictions of
the total volume flow rate of the air/kerosene flow through the test
section using the method described above. The difference between the
reference flow rate in the test section and that predicted by the
separator/flowmeter was within + 10% of the total volume flow at all
the flow conditions.

To find the individual phase flow rates through the
separator/flowmeter the void fraction of the test section flow was
required. By combining the void fraction and total volume flow rates,
predicted using the differential pressure measurements from the
venturimeters (equations 5.19 and 5.20), the uncertainties associated
with the individual phase flow rate measurements were increased and
thus the percentage errors increased. This can be seen from the
larger errors in the gas phase flow rates, Fig. 5.24, where the error
in the gas phase flow rate varied from between - 25% and + 70% of the
reference flow rate, depending on the test section void fraction. The
errors were highest at the Towest void fraction (d = 10%) and lowest
at the highest void fraction (a = 30%). The errors were generally
underestimates of less than - 20% with the exception of the flow at
10% void fraction. This 1is due to the nature of percentage
uncertainties where an error is magnified by the low value of the
quantity.

The separator/flowmeter gave an excellent prediction of

the liquid flow rate, Fig. 5.25. The errors varied between -3% and
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+10% across the range of mass flux used in the experiments. The lower
error in the liquid flow rate measurement was due to the majority of
the 1iquid passing through the annular venturimeter which gave a more

repeatable measurement than the internal venturimeter.
5.6.5 The Separator/Flowmeter as a Two-phase Flowmeter

Differential pressure flowmeters were selected as the
most suitable for making effective measurements in two-phase
mixtures. For the present application a classical and an annular
venturimeter were required. The venturimeters were shown to give an
accurate measurement of total volume flow rate providing that the
void fraction of the two-phase flow was known. The flowmeters were
calibrated in two-phase air/water and air/kerosene mixtures, giving
errors of less than t 10%.

The two venturimeters were then combined with the
separator. The ratio of the pfessure drops across the annular and
jnternal venturimeters was found to be proportional to the test
section void fraction at the separator entrance. The void fraction at
each of the venturimeters was predicted from the gas separation
efficiency and liquid draw-off of the separator found in previous
experiments (see Chapter 3). Using the predicted void fraction at
each venturimeter the total volume flow rate through each flowmeter
was found and summed to give the total volume flow rate through the
two-phase flowmeter.

Close prediction of the total volume flow rate, within ¢
10% of the reference value, was achieved. The individual phase flow
rates were found from the total volume flow rate and the predicted

test section void fraction. The error in the gas phase flow rate was
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generally between 0 and - 20%, with the exception of the lowest void
fractions. The 1liquid phase flow rate was predicted very closely, to
between -3% and +10% for all the flow conditions.

The magnitude of the errors in the individual phase flow
rates reflects the compounding of the errors caused by combining two
measurements to give a single result and, in the case of the gas
phése, this is magnified by the gas phase forming a relatively small

proportion of the total flow.
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CHAPTER 6: CONCLUSIONS AND FURTHER WORK

This research programme has assessed and characterised
the performance of a novel gas/liquid separator. The effectiveness of
annular and classical venturimeters for two-phase flow measurement
has been established. In addition to the experimental work the theory
of two-phase flow under the influence of centrifugal forces has been
examined in order to predict the internal flow structure.

Once the performance of the separator and flowmeter
components had been optimised and characterised independently the
parts were combined to form a prototype two-phase flowmeter. The
overall performance characteristics of the prototype flowmeter were
then established in air/kerosene flow.

In the main body of the thesis the investigations have
been divided into three main areas. The conclusions from each of

these can be summarised as follows.

6.1 The Gas/Liquid Separator

The initial experimental investigations showed that the
single-phase frictional pressure losses through the helical passages
of the separator were around 30% higher than would be expected in a
straight smooth tube of similar equivalent diameter. The
experimentally determined va]ués of friction factor were similar to

those found in turbulent flow through helically coiled tubes. The
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jncreased pressure 1losses reduced the overall 1length of the
separator, an important feature for a practical device.

A radial pressure gradient was found to exist across the
helical passages with a higher pressure at the outer passage wall
than at the passage root. The radial pressure gradient was caused by
centrifugal forces generated by the helical motion of the flow.

The profile of the radial pressure gradient and that of
the streamwise local velocity indicated the presence of a vortex in
the helical passages. Similar flow structures had been seen
previously in work on helical coils. The secondary flow in the
separator was thought to be a single vortex akin to those seen in
rectangular cross-section bends rather than the double helix
structure found in coiled tubes.

Under air/water two-phase flows the gas and liquid phases
were successfully separated in the helical passages. The 1liquid phase
occupied the outer region of the passage and the gas phase occupied
the sector close to the passage root. A similar vortex existed in the
1iquid phase to that found in the single-phase flow and from visual
observation there appeared to be a second vortex in the gas phase.

The radial pressure gradient in the separated liquid
phase was similar to that found in the single-phase Tiquid flow. The
radial pressure gradient in the separated gas phase was found to be
much smaller than that in the Tiquid phase.

Experiments to find the frictional pressure losses in the
separator showed that the gas/liquid frictional pressure losses were
greater than in single-phase liquid flow. The accelerational pressure
Josses were shown to be negligible in the air/water flow. Because of

the high frictional pressure losses the static pressure in the
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passage root was significantly lower at the separator exit than at
the mid-point of the separator. Sufficient pressure differential
existed to drive the gas phase through the take-off slots to the
internal gallery.

Take-off slots cut into the passage root at several
locations were observed to remove a large proportion of the gas phase
in the flow. An optimised configuration, which removed the highest
proportion of separated gas with the lowest proportion of 1liquid
phase, was jdentified quantitatively.

Examination of the data from the investigations of the
jndividual slots showed that the quality of the separated flow stream
was dependent on the residence time of the main flow through the
separator; at low residence time (high velocity) there was high
quality flow through the take-off slots. To maximise the separation
high velocity should be maintained. The volume flow rate through the
take-off slots was dependent on the pressure differential across the
slot and the ratio of the gas phase height to the liquid phase height
(area void fraction).

The performance of individual slots depended on their
axial location. The performance of slots 1 and 2 was better than slot
3. The improved performance was caused by the distance from the
separator exit of Slot 1 and 2, reducing exit effects. The gas
separation efficiency of the take-off slots was between 40% and 50%.
At some of the experimental conditions the gas separation efficiency
was higher, between 70% and 80%.

The results were compared with the performance of the
complete configuration of three slots per passage. The gas separation

of the complete configuration was 7lower than the sum of the
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jndividual slot performances. This indicated that upstream and
downstream disturbances affected the performance of individual slots
and showed the need for greater axial distances between take-off
slots.

The gas separation efficiency in the air/kerosene flow
was lower than that in the air/water flow. The reduction in the
performance was attributed to the 1lower density ratio of the
air/kerosene mixture compared with that of air/water. The performance

reduction may be combated by increasing the separator length.

6.2 Analysis of Separator Flow

The general three-dimensional equations for two-phase
flow were modified for the case of a one-dimensional adiabatic
gas/liquid flow through a closed duct. Further modifications to the
theory were made to include the effect of centrifugal forces on the
flow. A closure relationship was introduced in the form of a radial
pressure gradient with equal interfacial pressures in each phase. The
equations were solved for the specific case of adiabatic gas/liquid
flow through a helical duct. The model gave a good agreement with the
experimentally measured air/kerosene pressure losses in the separator
passages. The accurate prediction of the pressure losses gave
confidence in the other parameters, such as the area void fraction,
predicted using the two-phase flow model.

The effects of the changes in diameter and helix angle of
a helical passage were investigated using coiled tubes. In single-
phase flow the experimentally derived friction factor agreed well

with those found by previous workers. Under two-phase air/water flow
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a distinct stratification of the flow, similar to that in the
separator, was observed at most conditions although at Tow mass flux
the flow pattern was intermittent. The water occupied the outer
sector of the coiled tube with the air at the inner wall.

The two-phase pressure losses through the tubes were
dependent on the mean streamwise velocity and the helix angle of the
coil. The flow velocity and the helix angle of the coil govern the
magnitude of the centrifugal forces acting on the flow. The flow
pattern in the coil was strongly influenced by the centrifugal forces
which modified the phase distribution in the tube, especially at high
mass flux. The two-phase pressure losses were dependent on the flow
pattern in the coil.

The single-phase pressure losses in the separator helical
passages were adequately predicted wusing the correlations of
Srinivasan (1970) for turbulent flow in coiled tubes. However, the
work of Srinivasan predicted a laminar flow in the separator under
these conditions. This indicated that the characteristic double helix
jnternal flow found in a coiled tube was not present in the
separator. The structure of the internal flow in a triangular cross-
section was therefore different to that in a coiled tube of similar
flow area and helix angle, causing the transition Reynolds Number to
occur at a Tlower value than for a tube. From experimental
jnvestigations, and the results of other workers, the helical
passages were thought to have a single vortex secondary flow.

The mechanism by which the gas phase flowed
preferentially through the take-off slots was also examined. The
take-off slot was treated as an orifice. This resulted in a discharge

coefficient curve which was common to each of the take-off slots.
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Using this curve the volume flow rate through the slot could be
predicted.

An analogy was also made with the flow split in a tee
branch under two-phase flow conditions. The experimental results for
flow split through the take-off slots were in close agreement with
those in the literature, under similar conditions, for tee junctions.
The take-off slot experimental results were compared with
correlations in the literature for flow split in tee branches. One
such correlation [Schrock et al, 1986], based on the ratio of the gas
phase height to the liquid phase height, was found to be in good
agreement with the experimental data. ,

By use of the two-phase flow model, the slot discharge
coefficients and the Schrock correlation the volume flow rate and
quality of the flow through the take-off slots can be predicted. The
theories in the 1literature showed that as the 1liquid surface
approaches the branch entrance the flow quality in the branch

decreases. This was also found to be the case in the slot flow

experiments.

6.3 Separator/Flowmeter Combination

Venturimeters were selected as the differential pressure
flowmeters with the lowest pressure loss. When presented with well
mixed gas/1iquid flows both annular and classical designs were found
to give good results. The indicated total volume flow rate was within
+ 10% of the reference value, providing that the mean density of the

flowing mixture was known.
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Combined together with the separator the ratio of the
pressure drops through the internal and annular venturimeters was
found to be proportional to the test section void fraction, providing
a means of predicting the void fraction of the mixture passing
through the separator/flowmeter without recourse to further
instrumentation. The void fraction of the flow passing through each
venturimeter was then prediéted using the known gas separation
efficiency and 1liquid draw-off. The volume flow rates measured
through each venturimeter were combined to give the total volume flow
rate through the separator/flowmeter with an error of less than t 10%
at all the test conditions. The phase flow rates, derived from the
predicted void fraction and the total volume flow rate, were within
the range 0 to - 20% of the reference gas phase flow rate for void
fractions between 15 and 30%. The liquid phase flow rate error was
between - 1% and + 8% of the reference in all the tests. The gas flow
rate (percentage) error was magnified due to the relatively low mass
flow rate of the gas phase.

In general the overall uncertainty target of t 10% was
met by the separator/flowmeter for the total volume flow rate and the
1iquid phase flow rate for void fractions in the range 10% to 30%.
The error in the gas phase flow measurement would be acceptable in
many practical applications, where the process fluid of most interest
js the liquid phase. The errors found in the two-phase flowmeter are
larger than required for use as a fiscal flowmeter. The two-phase
flowmeter would provide adequate measurements for use as part of a

reservoir management system.
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6.4 Furcher Work

The research described in this report was concerned with
a specific method of measuring two-phase flow parameters. This method
has been developed into a prototype device. Presently there are no
commercially available devices which can perform this complex task.
Those devices which are under development concurrently are unlikely
to achieve significantly better performance. The present two-phase
flowmeter has exhibited good performance in gas/liquid mixtures with
a high density ratio. The performance is acceptable for applications
such as reservoir management. At some flow conditions up to 80% of
the gas phase was removed and with further development these flow
conditions could be further extended. To find a wider application for
the two-phase separator/flowmeter a similar level of performance in
flows of lower density ratio must be demonstrated.

1. It is anticipated that a gas/liquid mixture of lower
density ratio will require a longer residence time in the separator
to achieve the same degree of separation demonstrated by this work.
To achieve the same gas separation efficiency with a mixture
containing a high density gas will also require higher pressure
differentials across the take-off slots.

2. Many practical problems involve the presence of a
second 1iquid phase, such as water in the production stream of an oil
well. Given the turbulent nature of the internal flow structure of
the separated liquid phase in the helical passages it is unlikely
that two liquid phases of similar density will be separated. However
jt may be possible, using capacitahce or radiation attenuation

techniques, to determine the water cut in the separated liquid phase.
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This would then enable the flow rate of each liquid phase to be
measured.

3. Work on downward flow of gas/liquid mixtures in pipes
[see Barnea et al, 1985] has shown that the liquid phase is
distributed to the outer wall of the tube, with gas ‘coring’ in the
centre. This phase distribution may be advantageous to the
performance of the separator, allowing the use of a shorter unit with
a lower overall pressure loss.

4, Further experimental work with fluid mixtures of
different density ratios to those used in the present study is
required. This may allow the vrequirement for the separator
performance to be characterised in each fluid combination to be
relaxed.

5. The present study did not investigate the performance
of the separator/flowmeter in mixtures with void fractions of greater
than 30%. It is necessary to expand the void fraction envelope to
seek wider application for the device. The typical phase distribution
and high gas fraction found in annular flow, for example, may enhance
the performance of the device.

6. The take-off slots were shown to interact, causing a
higher than expected liquid draw-off. Increasing the axial separation

of these slots may improve their performance.
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APPENDIX 1: ASSESSMENT OF UNCERTAINTY ON DIFFERENTIAL PRESSURE
FLOWMETERS

Al.1 Orifice Plates

The mass flow through an orifice plate is given by the

following equation

0.5

2pAP
q, = CeAg|—— Al.l

m 0 1_ﬁ4
where

d nd?

ﬂ='— and Aog_

D 4

by substitution Al.1 becomes

0.5
Cend?| 2pAP

Gn = —

4 1-8*

Cex (2pAP)%-5
4
then q, = de(l-ﬁ4)—0.5

and if k =

The overall uncertainty associated with a particular

meter can be expressed as the root sum square of the individual
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uncertainties associated with each component of equation Al.l1 in the

following manner.

2

2 i 2 dy 2 Y 2
el (y) = 4— pe(x;) + 1— pe(xp) +....+ §— pe‘(x,)
ax, ax, ax,

Al.2
Each component of Al.l1 has a sensitivity coefficient
associated with it in equation Al.2, which is the partial derivative .
of qp with respect to the component. For an orifiée the partial
derivatives are straightforward, with the exception of those for d

and D which are derived below.

2

d d
_Sm = k[Zd(l_ﬂ4)'1/2 + - 2ﬂ3(1_ﬁ4)-3/2]
ad D

as df 1
ad D
re-arranging gives

4

aq,
— - 2kd(l-B4)'”2[ 1+ — ]
ad (1-87)
further re-arrangement and squaring gives
[aqm 2 4k2d2
ad (1-8*)°

and in percentage error terms
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3q,1% 4Kkid*
e?( )[—] = —— E*(d
ad (1-8)°
e? ( ,
where = E°(d)
and, dividing by qmz, and re-arranging we get
2 : 2(d) Al.3
ef(d) =—— L .
(1-*)°

The sensitivity coefficient can be obtained for D by

similar means, giving

8
2 2
e?(D) = —— _E°(D) Al.4
(1-8)°
The remaining coefficients are simply determined and

their insertion into equation Al.2 gives

.12 2

2
€ (an) = E(0) + E¥(e) + |2 EE0) + | oy % (d)

1 1
+ —EZ2 (AP) + - E%(p) Al.5
4 4

Equation Al.5 shows the sensitivity of the overall
uncertainty to that of each component. For example, given that the B8
ratio is always less than 1 the uncertainty of an orifice plate is

more sensitive to the bore diameter, d, than the pipe diameter, D.
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Al.2 Venturimeters

The mass flow rate for a venturimeter is gained in a
slightly different way to that for an orifice plate.

1/2

2pAP
4 = CA RY AL Al.6

The sensitivity coefficients are found in a similar way

to those for the orifice plate

3 2D Y
B k| —— & D%.28%— (1/8%-1)73%/2
an (1/8-1)1/? aD
ap -d
and — = —
an 0

Re-arrangement gives

3 1
PPN —— S VPR PRI

aD (1/34_1)1/2

further re-arrangement reduces the equation to

3q,  -2kD

5 — Al.7
a0 (1/ﬁ4’1)3/2

Squaring and multipling by the percentage error
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aq,  4k?D’

e?(D).— = —— DE(D)

E?(q,)

a  (1/8*-1)°

and dividing by g2 gives

= ———— E2(D
(1/8*-1)? ®)

Al.8
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EXPERIENCE WITH TWO DESIGNS OF DIFFERENTIAL

PRESSURE FLOWMETERS IN TWO-~-PHASE FLOW

T.S. Whitaker & I, Owen

Department of Mechanical Engineering
University of Liverpool
PO Box 147, Liverpool, L69 3BX, UK.

ABSTRACT

Differential pressure flowmeters are the most widely used type of
flowmetering device, In the quest to develop flowmeters for
two-phase gas/liquid mixtures the suitability of two such devices is
assessed in this paper. The flowmeters are an annular venturimeter
and a variable orifice meter. The annular venturimeter was tested
with air/water flows having void fractions up to 30% and the
variable orifice meter with void fractions up to 40%. The two-phase
discharge coefficient for the annular venturimeter was found to be
independent of the void fraction but to fall from 0.95 to 0.92 in
the two-phase Reynolds number range 90000 to 260000. The variable
orifice meter was found to have a linear characteristic in two-phase
flows with data within 7% of the corrected meter factor. The
discharge coefficient and meter factor were calculated using the
homogeneous density.

1.0 INTRODUCTION

Two-phase flows are frequently encountered in chemical engineering
and oil production processes., Accurate metering of these gas-liquid flows
is at present a difficult problem due to their unsteady and often violent
nature., If simple flow meters, such as standard differential pressure
devices which are readily available for single-phase flow metering, can be
used under two-phase flow conditions, then these flow metering problems
would be greatly eased. Two types of simple differential pressure flow
meter which were available in the laboratory, were investigated for low
void fraction two-phase flows, with the aim of producing a calibration for

each.



Two-phase flows through differential pressure devices such as
sharp-edged orifices have been investigated by sevéral workers, notabiy
Chisholm (1967) and Murdock (1962). Investigations of venturi tubes have
been mainly limited to annular two-phase flow, Azzopardl and Govan (1985),
and to examination of the flow structure, Thang and Davis (1979). The two
flowmeters used in the present investigation were an annular venturimeter
and a variable orifice meter,

This paper presents the experimental results obtained for the two
flowmeters. For the annular venturimeter two-phase air/water flows with
volume void fractions of up to 30% were investigated. The data gathered
for the variable orifice meter were for void fractions of up to 40%. The
two-phase discharge coefficient and the meter factor were found for the

two devices respectively over the flow ranges investigated.

2.0 NOTATION

A1 - Annulus Area
A2 - Throat Area
Cd - Coefficient of Discharge

D - Diameter

E - Transducer Output

K - Meter Factor

P - Pressure

Q - Volume Flowrate

V - Mean Velocity

Re - Reynolds Number

- Mass Quality

- Volume Void Fraction

Viscosity

v T R X
]

- Density

Subscripts
g - gas phase

1 - liquid phase
m - mixture

tp - two-phase



3.0 EXPERIMENTAL ARRANGEMENT

3.1 Annular Venturimeter

The annular venturimeter was constructed from an aluminium centrebody
of circular cross-section mounted concentrically inside a plain Perspex
tube of 100 mm diameter (Fig 1). The centrebody was profiled to form an
annular passage followed by a convergent section, a throat section and an
annular diffuser. The differential pressure was measured using four
pressure tappings equispaced around the outer throat dlameter and,
similarly, upstream of the converging section. Each set of tappings was
connected with a piezometer ring in order to average out pressure
variations through the annulus. For lower flow rates, a water manometer
was connected across the tappings whilst at higher flow rates a mercury
manometer was used, At all conditions the pressure at the inlet annular
section tapping was also measured on a pressure gauge -to enable the local
air density to be determined.

The installation of the annular venturimeter was in a horizontal
two-phase air/water flow rig (Fig 2). To ensure a consistent homogeneous
flow pattern across the flow range being investigated, a perforated plate

nomogeniser was installed immediately before the annular venturimeter.

3,2 Variable Area Orifice Flowmeter

The variable area orifice flowmeter was constructed from the moving
parts of a commercially available 50 mm meter, These were the shaft,
supports, orifice plate, spring and contoured plug which were mounted in a
specially manufactured Perspex body (Fig 3). This ensured that a visual
assessment of the meter operation was possible. Pressure tappings were
mounted in the upstream and downstream flanges of the flowmeter. The
differential pressure was measured by a 4-20 mA output transducer, the

output of which was recorded by a microcomputer.

The variable area orifice flowmeter was also installed horizontally
in the two-phase air/water flow rig. No homogeniser was fitted prior to
this meter as it was observed that the flow became homogeneous at all
conditions as it was forced through the annulus between the orifice plate

and the contoured plug.



3.3 The Test Facility

The horizontal test facility at Liverpool University is capable of
single-phase water or two-phase alr/water operation. It consists of three
horizontal lines, each approximately 15 meters in length, of 50 mm, 100 mm
and 150 mm diameter respectively (Fig 2). The water supply is from a 95
m3 capacity tank giving a constant head of 37 metres of water, After
exhaust from the rig, the water 1is pumped back up to the tank to form a
closed loop. The level in the water supply tank can be kept constant to
within 25 mm. The flow rate of water in the rig can be measured either by
reference turbine and vortex shedding meters or by a gravimetric facility.
For two-phase operation the air is injected after the reference meters and
before the test section. The air supply 1s kept at a constant pressure of
100 psi and has a range of 1-2000 &/min of free air, metered by a bank of

variable area flowmeters,

3.4 Experimental Procedure

The experimental procedure for both types of flowmeter was
essentially the same. The meters were each calibrated in single-phase
flow against the reference meters to produce a baseline calibration on
water. For two-phase flows, a water flow rate was set and then air flow
added to achieve a predetermined volume void fraction. The air and water
phases were mixed in the rig at the air injection points. The pressure
differential across the meter was then measured for a known total volume
flow rate and void fraction. The void fractions used were 5-30% for the
annular venturimeter and 5-40% for the variable area orifice meter, A
water or mercury manometer (depending on the flow range) was used to
measure the pressure differential across the annular venturimeter. The
differential pressure across the variable area orifice meter was measured

using a pressure transducer,

4.0 RESULTS AND DISCUSSION

4.1 Annular Venturimeter

The theoretical volumetric flowrate through a venturimeter (annular
or standard) is given by:

Q= A/ __24p | /2
p[(Ay785)2-1]



By dividing the experimentally measured flow rate by the theoretical
value calculated for the same pressure differential, the discharge
coefficient of the meter was found.' For single-phase water flow, the
fluid density was simply that of the water, whilst for the two-phase flow,
the homogeneous mixture density was used and incompressible conditions

within the meter were assumed. Thus the mixture density is given by:
Pp = apg + (1-a)py

For single phase flow, with Reynolds numbers between 60 x 103 and 300
X 103, the discharge coefficient was constant with a mean value of 0.975
and a standard deviation of 0.6%, Fig 4. For Reynolds numbers below this
range, the value of the discharge coefficient was lower and the data had
greater scatter. In BSi1042 (1981), the discharge coefficient for a
standard venturimeter of the same area ratio is 0.946, and similar trends

for the data at lower Reynolds number are observed.

The two-phase flow data from the annular venturimeter does not
appear to be influenced by the volume void fraction (Fig.5). Similar data
for orifice plates, Chisholm (1967) and Smith et al (1977), also show
this. The discharge coefficient decreases from a value of approximately
0.97 at a two-phase Reynolds number around 100 x 103 to about 0.92 at a
Reynolds number of 260 x 103, The data has a standard deviation of 2.7%.
From all the data acquired and using the two-phase Reynolds number the

relationship
- -6

is established for 100000 < Retp < 260000.

where
Retp = meV
W
and Mg = Xlg + {1-x) ¥

In a convergent section a flow tends to accelerate. 1In a two-phase
gas/liquid flow the gas has less inertia than the liquid due to its much
1ower density, the inertia inbalance leads to the gas accelerating more

quickly than the liquid. This is particularly true under separated flow



conditions. The homogeneous model assumes that there is no slip between
the two-phases and, thus, no relative acceleration. This assumption will
not necessarily be true in a contracting area duct. However, in an
homogeneous type flow or bubbly flow, the inertia of the gas phase is
increased by the virtual mass effect, Hinze (1962), Cook and Harlow
(1984), Kowe et al (1988). Thus the acceleration difference between the
two phases will be reduced, although the magnitude of the effect is
difficult to quantify. The effects produced by the relative acceleration
at the throat will be a relative velocity (slip) between the two phases
and an increase in void fraction and thus a reduction in two-phase mixture
density. The increase in void fraction is caused by the decrease in gas
density at the throat due to the friction and momentum pressure drops
between the annulus and the throat. The increase in void fraction will
not be predicted by the homogeneous model, which assumes no change in
mixture density between annulus and throat, and so the volume flow rate
indicated by the meter will be greater than the actual flowrate through it
for a given pressure drop. As the mass flux increases the changes in void
fraction and slip will increase leading to an increasing over-prediction
py the meter. This 1is manifest in the reduction of Cd with increasing

mass flow rate.

The calibration given above is only applicable to low void fraction
flows with homogeneous flow conditions. In fact the theory does not
exactly predict the actual flow conditions even when the flow is
apparently homogeneous. For flows which have greater slip between the
phases, such as separated or annular flows, and for very violent flow
regimes, such as slug or plug flows, it is apparent that the calibration
will not be very effective. This is expected to be particularly true for
separated flow regimes where liquid flows only on the pipe wall, when the
pressure drop measured will be due to the velocity change in the air flow
in the core of the passage.

The two-phase multiplier,Fig.6, appears to remain constant when the
flow rate 1is increased with constant void fraction. However, the
multiplier does increase with void fraction, varying from a value of 1.1
at a void fraction of 5%, to 1.7 at a void fraction of 30%. These values
are small by comparison with those of Tapucu et al (1989) who obtained a
value for the two-phase multiplier of 3 for a two-phase flow with a void
fraction of 20% through smooth blockages of 20% and 40% blockage
fractions. The blockage fraction of the annular venturimeter throat is



30%. Tapucu et al (1989) also predicted vena contracta coefficents for
smooth blockages using two models. For low void fractions, 21% and less,
these models predicted coefficents of greater than unity, This they
interpreted as meaning that no vena contracta was formed. However, in the
present use the flow did not form a jet and the loss-producing mechanism
will therefore be different from that of Tapucu et al and so a different
value for the two-phase multiplier would be expected.

4.2 The Variable Area Orifice Flowmeter

The variable area orifice flowmeter was firstly calibrated in
single-phase 1liquid flow using a similar experimental technique to that
for the annular venturimeter.

The attraction of the variable area orifice meter is that although it
is a differential pressure device, the differential pressure produced is
proportional to the flow rate. Using a linear differential pressure
transducer, therefore, the electrical output (4-20 mA) is proportional to

the flow rate. Thus

Q = K.E

where K is the meter factor. To correct the meter output for fluid
densities other than that for which it was calibrated, the following

correction 1is used:

Q= pcal .K.E

Pfiluid

Therefore for the two-phase flow, the fluid density becomes the homogeneous

mixture density.

Over the range 2 to 20 &/s, the variable area orifice meter had a
meter factor of 0.63 as shown in Fig.7. When tested with two-phase flow,
the characteristics remained reasonably linear but with a different slope
for each constant void fraction, Fig.8. However,if the meter factor is
corrected for the mixture density as shown above, the actual volume flow
rate shows reasonable agreement with the meter output, as shown in Fig. 9.
The corrected meter output understates the actual flowrate, but by less
than T% with am RMS error of 4.92%, for all volume void fractions
investigated. These results are comparable with those of Murdock (1962)
for gas/liquid flows in a sharp edged orifice. A variable area orifice is

b |



also a contraction in a flow. This leads to the same problems of
accelerating flows as seen in the annular venturimeter, Due to the
inadequacy of the homogeneous model in predicting slip and void fraction
changes the flowmeter tends to understate the actual flowrate., The flow.
mixing is better than that seen in the annular venturimeter and so the

understatement does not increase markedly with mass flow.

The analysis of the signal from the pressure transducer on the
variable area orifice meter presented a problem., Due to the unsteady and
violent nature of two-phase flows there was a great deal of noise on the
signal. By sampling the signal 1000 times it was possible to find a
reliable and repeatable mean value which could be used in the analysis. A
distribution of a typical signal is shown in Fig.10. This mean value was
used to eliminate the noise in the signal and glve a reliable data value
for the analysis. This type of distribution was typical at all the void
fractions investigated, although at higher void fractions the
distribution; tended to be wider with less well defined means. This was
due to the more violent and unsteady nature of higher void fractions flows
causing an increase in signal noise. These more unsteady flows were not
noticeably smoothed by passage through the contraction of the variable

area orifice.

5.0 CONCLUSIONS

5.1 Annular Venturimeter

The annular venturimeter appeared insensitive to changes in vold
fraction from 5% to 30% in gas-liquid two-phase flow. The meter proved
capable of calibration to provide a total volume flow rate. The discharge
coefficient of the annular venturimeter increased from 0.975 at Re., of
90000 to 0.92 at Retp of 260000 in a linear relationship. The data
collected was for the homogeneous flow regime only and thus the
calibration is only of use in this flow regime. The annular venturimeter,
therefore, will give a total volume flowrate and providing the void
fraction is known will give flow rates of individual phases. The annular
venturimeter could be useful as the meter in a two-phase flowmetering
package. The flowmetering package would also require an upstream device
for determining the void fraction of the two-phase flow, such as a
gamma-ray densitometer.



5,2 Variable Area Orifice Flowmeter

The variable area orifice meter proved to retain its linearity under
two-phase flow conditions. The meter factor was influenced by the void
fraction of the gas-liquid two-phase flow ranging from 0.67 at 5% volume
void fraction to 0.84 at 40%. The variable orifice tends to produce a
well-mixed homogeneous flow regime even when the flow pattern at the inlet
to the meter is separated; this removes the need for a flow conditioner,
The variable area orifice meter will measure total volume flowrate of
two-phase flows with vold fraction from 5% to 40%, providing that the void
fraction of the gas-liquid flow is known. The analysis of the signal
removes fluctuations due to unsteady flow characteristics, and provides a
reliable mean from the data which can be used to evaluate the volume
flowrate through the meter. The variable area orifice meter could also
find application as the metering device in a flowmeter package when
combined with a void fraction meter,
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