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Method And Apparatus For Measuring Flows

This invention relates to methods and apparatus for the measurement of flow of fluids, or

solids and mixtures of both particularly, but not exclusively, in industrial processes.

The flow of mixtures of fluids and solids is widespread in industry. Such flows include pure
gas, wet gas, pneumatic conveying of dry solids, slurry flows, sewage, and multiphase flows
in the oil industry. Flows occur in many industries including power generation, water and
waste treatment, oil and gas production, the food industry, mining, and the chemical
industry. Consideration of flow is also important in applications such as aircraft with respect
to gas flow through engines and indeed airflow passing an airframe or other components

such as engine blades or ducts.

The flows described here may be along a pipeline, or recirculating within a vessel, including

for example fuel or propellant tanks in vehicles, aircraft, spacecraft or satellites.

The liquids may be water, as in wet steam flows, oil or gas condensate, or any other fluid
that is liquid at the pressure and temperature of the pipe or pipeline within which it is
contained. The phases, gas and liquid, may have a number of properties. They may be
miscible - as in oil/gas or water/steam combinations, or immiscible as in water/gas or oil/air
mixtures. The liquid may be electrically conducting, as for example water, or non-
conducting. The fluids may be in thermodynamic equilibrium with mass interchange
between the phases, as in water/steam or condensate/gas, or with no interchange such as

when water is flowing in natural gas.

It is known that in pipeline flows that the flow may not have an even distribution
longitudinally with the flow or across the cross-section of the pipe. Only a fraction of the
pipe may be “occupied”. It is known in the art to consider the phases of the gas, liquid or
solids entrained and to refer to a first phase and a second phase to differentiate between,
for example, the water and the gas within which the water is dispersed. In this example, the

water could be termed the first phase and the gas the second phase.

Pneumatic conveying is a further application where a fraction of the flow pipe is occupied by

a dispersed second phase, in this case dispersed solids such as grains, minerals and powders



are are carried by an air or gas which is the first phase. The air or gas is pumped through the
system to give the motive power to convey the solids which may flow as a sliding bed, in

wave-like structures or dispersed in the flow.

Conveying of solids may also be undertaken by water or other liquids, sewage being a typical

example.

Fluid flows which may include entrained liquid, gas or solids are thus widespread in many
industries and with many different combinations of gas, solid and liquid. It should be
understood that the invention described here applies to any flow of gas or mixture of gas,
solid and liquid in any or all of such industries and conditions, the examples above are not
regarded as exclusive. The term industrial should not be taken to be limited to a process
carried out for the purpose of manufacture or product delivery. It should be interpreted
broadly to include the detection of parameters in fluid flows whether they are involved in an

industrial process or not.

The fluids in a multiphase flow may be distributed in the direction of flow in many ways. For
example, it may be distributed as droplets, bubbles, waves, or wisps within the main body of
the flow; as a film on the surface of the pipe or as a continuous medium with the other
phases distributed within. In all cases, the liquids or gases will normally be travelling at
different velocities, with some phases moving less quickly than others with this being known
in the art as “slippage”. The difference between a local gas velocity and a local liquid
velocity is called the local slip velocity, while the difference between some average of the

gas velocity and some average of the liquid velocity is known as the average slip velocity.

Similar conditions exist in conveying of solids in gases or liquids where the solids may be
distributed across the flow in many forms at various densities and may be moving at a
different velocity to the main flow. The flow is often quantified by reference to a mass flow

rate that being the mass of substance which passes a point per unit of time.

The mass flowrate of gas in wet gas flows is normally of significant commercial importance,
as, for example, in the transfer of natural gas or steam for sale, or in the management of
the process, such as in power generation where the steam mass flowrate is the primary

energy input to a turbine. The term wet gas is used here in a general sense to describe any



flow that contains significant quantities of gas carrying with it some quantity of a liquid or
mixture of liquids. The mass flowrate of liquid may also have a cash value, as in gas
condensate flowing from a gas production unit, it may be important for technical
management as in supply to a steam turbine, or it may have no particular commercial
importance, as in supply of steam for heating. The measurement of the flow may be

required for taxation purposes referred to in the art as a “fiscal measurement”.

In many applications, it is not the mass flowrate of gas or liquid in the conveying system but

the flowrate of the dispersed solid that is of critical interest to the operator of the process.

In order to meter the flow of such fluid and solid mixtures, standard single-phase
flowmeters such as orifice plates, venturi meters or vibrating tube mass flowmeters are
presently used and the liquid flowing in the wet gas, or the solid present in the gas or liquid,
is effectively a contaminant which modifies the behavior or calibration of the device from its

normal behavior in single-phase flows. A correction is carried out.

The correction of the reading of a gas meter used in wet gas or pneumatic conveying
depends on the quantity of liquid or solid flowing, and also on the distribution of the liquid
or solid in the pipe and the slip velocity. Similarly the correction of the reading of a liquid
meter used in solids conveying depends on the quantity of liquid flowing, and also on the

distribution of the liquid in the pipe and the slip velocity

Since normally the distribution and velocity of the distributed liquid or solid is not measured,
assumptions are made which increase the uncertainty of the indicated value of
flowrate. Because of the wide range of multiphase industrial flows and their substantial

commercial importance, the resultant potential financial uncertainty is very significant.

Many of the state-of-the art methods for measuring flowrate include a differential pressure
measurement. Examples include orifice plates and venturis. These methods and the meters
that embody them are widespread and relatively low cost but suffer from significant

limitations including:

- differential pressure devices may be used which are, by their nature, delicate relative to

the level of pressure in the pipe and can be destroyed by pressure pulses in the flow;



- using robust absolute pressure measurement sensors limits the resolution of the
measurement because they use a method which involves taking the difference of two

values each of which is large relative to the absolute value of the difference; and

- small discontinuities in the tubes (to provide pressure ports) linking the flow to the sensors

which may add substantial error which is not appreciated and compensated for by the user.

Other multiphase flows in addition to the wet gas flows described above contain a mixture
of materials, variously gas, liquid, divided solids and combinations thereof, and there are a
variety of flow regimes or patterns that occur. For example, a gas may flow smoothly over
the top of a liquid layer in a horizontal pipe, large bubbles may fill the pipe intermittently,
slurries or solids may move in waves, or the flow may even plug and stop completely. Many
other flow patterns may occur in diverse mixtures. Each of these flow regimes or patterns
may have commercially or technically important implications, for example the energy used
to transport the fluids may vary with flow regime, the mixing between the phases may be
important in the process and will vary with flow regime, it may be important that certain of
the phases do not touch the internal surface of the pipe, some flow regimes may lead to
more erosion or deposition than others, and different flow regimes may influence the
output from conventional flow sensors in such a way that measurements made of the flow

are not correct.

It is envisaged that the invention will be applicable to many or all of the above flow types
and others. The described specific embodiments are illustrative to provide an
understanding of the invention and should not be taken to limit the invention the depicted

applications or particular arrangements.

A number of physical principles have been used to visualise internal flow processes in
industrial pipes or vessels, these are referred to, in general, as flow imaging or process
imaging. Such methods include the measurement of electrical capacitance, electrical
conductivity, x-rays, gamma-rays, nuclear magnetic resonance, magnetic fields or nucleonic
emission of particles and a determination of how they vary across the length and breadth of

the flow.



Many of the “imaging” techniques have been applied in research tests and pilot-scale plants
but few are in wide-scale use in industrial applications. For example: CN2826373 (Y)
discloses image pick-up tracking and detecting system, GB2212903 (A) describes x-ray
stereoscopic imaging system, CN1344929 (A) discloses resistance chromatographic
instrument, CN102410974 (A) discloses pulse laser sources, W02012031292 (A1) discloses
ultrasonic scanning, W02012100385 (A1) discloses a gamma ray imaging device,
KR100815210 {B1} discloses a 3D particle mage velocity meter, JP2004212117 (A) discloses
X-ray. US2011109308 (A1) and US2012174684 (A1) describe magnetic resonance and

CN102364046 (A) discloses light intensity modulation type optical fiber sensors.

Normally such imaging techniques are used to show a cross-section of the pipe normal to
the flow direction or a longitudinal section along the flow direction but more recent
developments have led to 3-dimensional imaging of the body of the flows. For example:
JP2004333237 {A) describes a method to reconfigure the visualization image of a mixed flow
in a fluid transport pipe by process tomography and CN2695964 (Y} describes discloses an
oil-gas two-phase flow investigating device based-on capacitive chromatographic imaging

system.

Flow imaging techniques such as ECT {Electrical Capacitance Tomography) have been
developed into working flowmeters for certain applications and other of the techniques are
used as part of the technology of multiphase flow metering. GB2390683 (B) describes a flow
meter based on electrical capacitance tomography wherein image data sets representing
concentration are used to calculate flowrates of multiphase flows and for example Hunt,
Pendleton and Byars in 2004 described in {2004) “Non-intrusive measurement of volume
and mass using electrical capacitance tomography” ESDA 2004-58398, 7th biennial ASME
conference, July 19-22 2004, Manchester UK, a method of estimating volume and mass of
solid objects using ECT, while Hunt Pendleton and Ladam in 2004 in “Visualisation of two-
phase gas-liquid pipe flow using electrical capacitance tomography” ESDA 2004-58396, 7th
biennial ASME conference, July 19-22 2004, Manchester UK, described measurements of
flow structures in mixtures of oil and gas. In all three of these references, as in other
publications, the ECT sensors are calibrated so as to measure the fraction of volume that
each phase is present in any given volume of the pipe. This fraction is known as the “volume

fraction” or “holdup”.



The difficulties of implementing flow or process imaging in industrial applications include the
cost - such devices often cost ten times or more the cost of standard flow meters or other
sensors; the danger and complexity of implementing nucleonic measurements in standard
industrial processes; and the practical difficulty of making complex measurements of this
kind in pipes at high pressure and temperature. In addition, knowledge of the volume
fraction may not be sufficient or appropriate. The inventor of the present application made

the realisation that knowledge of the density distribution in the pipe may be more helpful.

A fundamental part of the invention described here is the method for measuring density of
individual phases within a pipe or vessel from a tomographic image of measured electrical
properties. The measured electrical property at a point in space and time is a function of
fluid density, which in the case of capacitance normally a simple linear function, and the
probability density function of the measured electrical property will indicate the range of
densities present over time. If the representative measurement volume is small, then the
maximum and minimum values of the probability density function measured over any time
period will represent the maximum and minimum values of density in the flow at that point.
The density of a gas is a strong function of pressure, while the density of a liquid is not. This
invention allows the measurement of fluid flow through the method presented below, and
also enables long-term self-calibration of measurements of mass of liquid in a vessel ( for
example, where a storage tank is not readily accessible such as in an unmanned spacecraft).
Since the density of a liquid is not a strong function of pressure, the upper point on the
probability density function can be used for calibration of the sensor system while the lower

point can be used to infer the pressure within the vessel.

According to the invention there is provided a method of determining the rate of flow of a
fluid or mixture of fluids or solids and fluids by the steps of:

channeling the flow within a channel to define a direction of flow;

generating a pressure drop in a region of the channel;
providing a set of sensors for sensing electrical parameters at, at least, a first and a second
position, which at least first position being at a first side of the pressure drop, and the at
least second position on the other side of the pressure drop with respect to the direction of
fluid flow which electrical parameters being dependent on the composition and physical
properties of the flow and fluids in the flow;

measuring the pressure drop;



determining from the sensed electrical parameters values the physical properties of
the fluids before and after the region where the pressure drop occurs and determining from
the values a correction factor; and

determining the mass flowrate of one or more phases in the fluid flow from the

correction factor and the measured pressure drop.

The invention provides in a second aspect apparatus for determining the pressure drop
which apparatus comprising:

means to channel a fluid flow ;

means for generating a pressure drop in the fluid flow;

a plurality of sensors for sensing electrical parameters at at least a first and a second
position, which at least first position being at a first side of the pressure drop and the at
least second position on the other side of the pressure drop with respect to the direction of
fluid flow which electrical parameters being dependent on the composition and physical
properties of the flow and fluids flowing;

means for determining from the sensed electrical parameters values for the fluid
flow properties;

means to determine the pressure drop from the measured fluid properties.

Preferably, having determined the pressure drop the apparatus may include further means
to derive the flowrate of fluids from the measurement of pressure drop in the conventional
manner through use of a relationship or mathematical equation relating pressure drop and

flowrate, such as, for example the Bernoulli equation.

The invention provides in a third aspect, apparatus for determining the the rate of flow of a
fluid or mixture of fluids or solids and fluids which apparatus comprising:

means to channel a fluid flow ;

means for generating a pressure drop in the fluid flow;

a plurality of sensors for sensing electrical parameters at at least a first and a second
position, which at least first position being at a first side of the pressure drop and the at
least second position on the other side of the pressure drop with respect to the direction of
fluid flow which electrical parameters being dependent on the composition and physical
properties of the flow and fluids flowing;

means for determining from the sensed electrical parameters values for the fluid



flow properties;
means to determine the mass flowrate of one or more of the materials flowing from

the fluid properties so measured.

The preferred method and apparatus use a tomography method for determining the fluid

properties and flow mass.

The various aspects of the invention provide substantial advantages over the prior art in that
they provide robust apparatus with few or no moving parts, provide an independent
measurement of the mass flowrate of liquid in the wet gas flow. In addition, the invention
may provide measurement of the liquid, gas and solids distribution and velocity which may
be used independently or in conjunction with a standard gas flowmeter to improve the

accuracy of that device.

In broad terms, the method comprises the following steps:

(1) Create a small pressure drop along the flow direction by mounting an orifice plate,

venturi throat, nozzle or other obstructive or restrictive device within the flow.

(2) Measure the distribution in both time and space of an electromagnetic parameter, such
as capacitance or resistance, before, or in the vicinity before, the obstructive device, and
after the obstructive device. Determining a probability density function before and after the
obstructive device representing conditions at various positions within the flow. The
measured electrical property at a point in space and time is a function of fluid density — in
the case of capacitance normally a simple linear function — and the probability density
function will show the range of densities present over time. If the representative
measurement volume is small then the maximum and minimum values of the probability
density function measured over any time period will represent the maximum and minimum
values of density in the flow at that point. In the case of a wet gas carrying a non-conducting
liquid such as a hydrocarbon, the change in gas density derived from the lower point of the
probability density function may be used to derive the pressure at that point, while the
liquid density derived from the upper point of the probability density function may be used

to derive the density of the liquid.

(3) Use the probability density functions determined to derive the liquid and gas densities

8



or other physical or chemical properties before and after the obstructive device.

There are then three options, either:

(4) Use the thus measured fluid density before and after the obstructive device to derive a
correction factor to correct a measurement of flowrate derived from a separately measured
pressure drop across the constriction;

or:

(5) Use the measured fluid density before and after the obstructive device to infer the
pressure drop, thus removing the need for a separate means of measuring pressure drop;
or:

(6) Use the measured electrical parameters directly through a model or artificial intelligence

system to directly infer the flowrate of fluids.

A further aspect of the invention provides a method for determining the density of two
phases in a multiphase flow by: providing an arrangement of electrodes to, in use, be
exposed to a fluid flow, providing the fluid flow, measuring a set of capacitances or
resistance values from the set of electrodes, generating a set of probability density functions
for the measured capacitances, deriving the density or other physical or chemical property

of the two fluids from the probability density function.

In further preferred methods and apparatus, multiple electrode arrays may be mounted
upstream of the obstructive or constrictive device, at the throat of the obstructive device, at
the vena contracta of the obstructive device or downstream of the obstructive device.

Multiple comparisons may be made to infer the flowrate and concentration of material.

Specific embodiments of the invention will now be described, by way of example only, with
reference to the figures in which:

Figure 1 is an overview of an apparatus for measuring fluid flow in accordance with the

invention;

Figure 2 is a schematic diagram showing blocks of functionality provide by a processor

forming part of the apparatus shown in figure 2;



Figure 3a is a cross-section through within pipe containing fluid flow of interest in

accordance with a first embodiment of the invention;

Figure 3b is a longitudinal section of the pipe shown in figure 1a with an internally located
set of electrodes circumferentially arranged about the inner periphery of a wall defining the

internal bore of the pipe;

Figure 4a is a cross-section of a second embodiment of the invention in which electrodes are
arranged about the periphery of a pipe containing a fluid flow of interest with Figure 4b

being a longitudinal section;

Figures 5 to 12 are further embodiments of the invention; and

Figure 13 is an explanatory diagram describing the method in accordance with a preferred

embodiment.

As is shown in figure 1, a flow sensing device apparatus 1 in accordance with the invention
comprises a set of electrodes 6 generally indicated at a location in or about a pipe 2 within
which a flow is contained. The pipe is is shown as a limited length longitudinal section but
will be understood to extend over a great length from a source of supply (not shown) to an
outlet (not shown). The flow has a direction as indicated by labelled arrows 3 and 4. A wire

bus 5 is provided to link the electrodes 6 to a fluid flow analyser 7.

Within the pipe 2 and shown in broken outline is a constriction or obstruction 8. In this case
it is depicted as a planar disc with a centrally located hole. The disc acts to constrict the fluid
flow to the hole. Other means of causing a pressure drop will be apparent to a person

skilled in the art.

The electrodes 6 are arranged to provide electrodes 6a “upstream” of the constriction (to
the right in the figure) and “downstream” 6b of the constriction (to the left of the figure). In
some embodiments of the invention, the electrodes 6 will be arranged outside of the pipe 2
or internally or within the body of the wall of the pipe. As will be later described, the

electrodes provide a set of electrical values in this case capacitance values from which the

10



flow before and after the restriction may be determined to in turn provide a value of the

fluid flow through the constriction.

Various forms of the electrodes and the constriction or means to create a pressure drop will

be later described.

The flow analyser 7 is a microprocessor based arrangement and comprises a processor 9, an
input port 10, a memory 11, an output device 12 such as a visual display unit and a power
supply 13. The memory 11 provides storage memory for variables and also a set of
instructions (code) for controlling the way in which the microprocessor operates to perform

the flow analysis. it includes ROM read only memory and RAM random access memory.

The processor 9 is governed by the set of executable instructions to provide blocks of
functionality which are shown schematically in figure 2. It will be appreciated that these
blocks of functionality may be all or in part replicated by circuitry produced as discrete
electronic components or a mixture of such components and processors programmed to

provide elements of the functionality.

Figure 2 shows a set of functions provided by the programmed processor 9 and the way in
which they interoperate. The processor 9 provides a first block of functionality 20 which
determines a set of e(ij) measures for the electrode combinations which are values of
capacitance at particular points in time. These measurements may be made, for example,
by means well known to a person skilled in the art and which are commercially available, for

example, from Atout Process Ltd (www.atoutprocess.com).

These values of e{ij) are output to a memory 21 which holds a set of pre-programmed non-
linear functions. These are defined and loaded into the memory by a user “U” in a pre-use
calibration step. The non-linear functions represent the way in which the capacitance varies
between the electrodes at different flow rates and conditions. They are a set of
representative parameters for an average pipe. The actual performance represented by the
measured values of e(ij) will vary from this set of equations. It is a model of a typical system
and may be termed a reverse model in the sense that it provides a set of capacitances which

would be detected for the modelled system, at particular flow rates and conditions, whereas

11



the intention for the apparatus is to provide from a set of measured capacitances a

determined flow.

In this particular embodiment the pre-loaded non-linear functions are the following:

rho(ij) = Q(M(ij))
Ku(ij) = G(rho(ij))

e(ij) = F(Ku(ij))

where in a calibration at manufacture of the device a set of fixed relative permittivities Ku
may be provided, for example by filling the pipe with a gas or liquid and performing
measurements of e(ij) at a range of pressures so that the function rho(ij) is known and the
form of F and G may be directly calculated from calibration data of known reference rhofij)

related to measured e(ij).

F and G are a set of functions derived for each sensor at the time of calibration during
manufacture. The forms of F and G will be generally developed for each electrode pair and
the coefficients fitted ideally through a multi-point calibration — empty, and then full of a

well-defined reference product.

e(ij) is expressed in units of Farads, typically ranging from 10 to 1000 fF. Ku is expressed in
units of non-dimensional relative permittivity where air (sensor empty) has a value of 1 and
mineral oil (for example) is in the order of 2.5. F and G may also be derived from modelling

of the sensor using mathematical or numerical models.

Q is a set of functions derived at the time of installation or laboratory calibration by flowing
a known fluid at a range of known flowrates. The form of Q will be generally developed for
each electrode pair and the coefficients fitted ideally through a multi-point calibration. Q

may also be derived from modelling of the sensor using mathematical or numerical models.

M(ij) is thus the output measured mass flowrate over the area represented by the
measurement of electrode pair capacitance e(ij) by means of the calibrated or modelled
functions F, G and Q. The total mass flowrate of fluid is derived from the sum of all M(ij) and

is measured in kg/s or similar units.

12



The functions F, G and Q are inverted mathematically to their inverse functions F’, G’ and Q'
and stored in memory 21. Inversion is a well known process, so that for example if F= a then
F' = 1/a, other more complex functions have more complex inversions well known to
practitioners in the art. The set of functions F, G and Q are referred to as the forward

model, while F’, G’ and Q’ are referred to as the inverse model.

Ku(ij) =F'(e(ij))
rhol(ij) = G’(Ku(ij))
M(ij) = Q'(rho(ij))

The apparatus performs an iterative training to revise the model. In doing this, a tuner
function performs a modification of the non-linear functions held in memory 21 by, in this
case, changing parameters within the functions. The tuner formed as a network using

neural network techniques of nodes and weighted links.

The reverse model held in memory 21 is used to generate output values of flowrate
estimate from the measured values of e{ij}. In this process, the model is reversed to provide
values of flow based on detected capacitances across the various permutations of electrode
couplings. This is held as a matrix of values eij loaded into memory 23 and represents a
forward model of the apparatus. That is to say a model which provides a flow from input

capacitance values eij.
The forward model stored in memory 23 is then used to calculate what the capacitance

values would be if these values were true. These new estimates of capacitance values are

referred to as e’(ij)
The resultant forward model is used by a comparator 24 in conjunction with a set of penalty

functions held in memory 25 to produce a global system penalty. In this particular example

the penalty functions are:

P(ij) = b(ij).-(e(ij) — &(ij))

and the global penalty is the sum of all individual P(ij) values P*.

13



The penalty functions P(ij) represent the weighted difference between the measured values
and the estimates based on the inverse/forward modelling process and the global penalty
P* represents the overall accuracy of the model relative to the true conditions in the pipe.
The global system penalty is a measure of how close to the actual system the forward model

held in memory 23 is.

The global system penalty is input to a second comparator 26 which compares the value
with a threshold held in memory 27. The threshold is provided at an initial calibration step
performed by the user “U” at the same time as the initial non-linear functions are loaded

into memory 21.

In the event that the comparator determines that the global system penalty is greater than
the threshold in memory 27, then an instruction to “tune” is output to the tuner 22 to

modify the functions held in memory 21.

In the event that the comparator determines that the global system penalty is less than the

threshold, then the present flow rate and density values are output.

The modified set of forward and reverse model equations is stored in memory 21 and 23
respectively and may be output as a reference system of equations to start the iterative
procedure for other flow conditions which may occur during the lifetime of the

measurement installation or in other flow systems of interest to the user.

Various alternative embodiments of the invention will now be described with particular
reference to the electrode/ sensor elements which may be substituted for those in the
above described embodiment. Like elements are identified by the same reference

numerals.

Figure 3a shows electrodes, coils or other electrical sensing elements as curved rectangles
distributed around the inside of a pipe cross-section containing a flow. In this case, the pipe
wall is electrically conducting but in other embodiments it may be non-conducting. The
electrodes, coils or other electrical sensing elements may be any number or arrangement

around the pipe being electrically insulated from each other and from the pipe wall.
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As will be apparent from figure 3a, the electrodes 6a, 6b number eight encompassing the
complete internal diameter of the pipe. As shown in figure 3b each electrode extends in the
axial direction of the pipe. It will be seen that the electrode 6al has the same length in the
axial direction as electrode 6b2. Electrode 6a2 is longer that electrode 6 al but the same
length as electrode 6b2. However, whilst this arrangement is preferred alternative

dimensions may be used in other embodiments.

Figure 4 shows electrodes, coils or other electrical sensing elements as curved rectangles
distributed around the outside of a pipe cross-section containing a flow. In this case the
pipe wall must be electrically non-conducting or pro a sheath of non-conducting material
disposed between the pipe and the electrodes. The electrodes, coils or other electrical
sensing elements may be any number, or arrangement around the pipe and are electrically

insulated from each other and from the pipe wall.

Figure 5 shows a preferred embodiment of the present invention with electrodes, coils or
other electrical sensing elements distributed around the inside of a pipe cross-section
containing flow at several axial locations relative to a pressure drop device which is in the
form of an annular ring or orifice plate. The electrodes, coils or other electrical sensing
elements may be any number, shape or arrangement around the pipe and the pressure drop
device may be any shape which blocks the flow to some extent. The pressure drop is also
measured by the pressure transducer 50 through pressure tappings 51 communicating with
the inner surface of the bore of the pipe at positions either side of the constriction 8. This
represents a legacy pressure sensing arrangement augmented by the present invention or it

may be provided for the purpose of factory calibration.

Figure 6 shows a preferred embodiment of the present invention with electrodes, coils or
other electrical sensing elements distributed around the inside of a pipe cross-section
containing flow at several axial locations relative to a pressure drop device which is in the
form of an annular ring or orifice plate. The electrodes, coils or other electrical sensing
elements may be any number, shape or arrangement around the pipe and the pressure drop
device may be any shape which blocks the flow to some extent. The pressure drop is

measured by the pressure transducer 50 through pressure tappings 51.
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Figure 7 shows a preferred embodiment of the present invention with electrodes, coils or
other electrical sensing elements distributed around the outside of a pipe cross-section
containing flow at several axial locations relative to a pressure drop device which is in the
form of an venturi insert 70. The electrodes, coils or other electrical sensing elements may
be any number, shape or arrangement around the pipe and the pressure drop device may be
any shape which blocks the flow to some extent. The pressure drop is measured by the

pressure transducer 50 through pressure tappings 51.

Figure 8 shows a preferred embodiment of the present invention with electrodes, coils or
other electrical sensing elements distributed around the inside of a pipe cross-section
containing flow at several axial locations relative to a pressure drop device which is in the
form of an annular ring or orifice plate. In addition to the electrodes around the pipe there
are also electrodes, coils or other sensing elements on either or both surfaces of the
pressure drop device. The electrodes, coils or other electrical sensing elements may be any
number, shape or arrangement around the pipe and the pressure drop device may be any
shape which blocks the flow to some extent. The pressure drop is measured by the pressure
transducer 50 through pressure tappings 51. The constriction 8 is this time formed of a
segmented plate. The segments of the plate are configured as further electrodes for use in

determining the flow.

Figure 9 shows a further embodiment in which the electrodes 6 are provided in regions R1

to R5,

Figure 10 shows an embodiment in which the constriction 8 is provided as a plate, the plate
itself carries the sensor electrodes hence its apparently segmented appearance when
viewed along the direction of flow as shown in figure 10a. This preferred, where it is desired
to provide a retrofitting of an existing orifice plate. The electrodes may be easily removable
from the pipe by means of an orifice-plate carrier, something which is frequently already in
place on a pipeline for carrying prior art orifice plates. Commercially then the device can be
sold as a direct replacement of a cheap orifice plate, simply fitting in place of the existing
replaceable plate, while the pressure drop measurement may be removed entirely, or used
as a subsidiary mechanism to improve customer confidence in the capacitance
measurement. In this case the electrical connections would be routed through the body of

the plate out of the pipe through the carrier access.
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Figure 11 shows the embodiment of figure 10 with detail of the way in which the electrodes

6a,b are electrically coupled to the analyser 7.

Figure 12a shows an embodiment in which the electrodes 6 are provided at a surface of the
wing of an aircraft. This will be useful for monitoring the flow over the wing surface. Similar
arrangements may be provided for determining flow over other vehicles such as boats or
submarines. Figure 12b shows the electrodes provides at the surface of the blades of a fan

assembly of a jet engine.

The electrodes may be provided as discrete components or provided as conductive
deposited layers. For example, the blade structure of the engine shown in figure 12b may
be manipulated during manufacture to provide conductive and non-conductive portions as

required to provide the electrodes.

The initial step of calibrating the apparatus will now be described.

Calibration.
Step 1

The device may be calibrated for one or more particular gases at the time of manufacture or
after installation in the case of a retrofit, in the following manner:

1.1 A flow meter is connected to a short length of pipe and pressurised to a range of
pressures covering that of interest in the proposed application.

1.2 Measure all capacitances between every pair of electrodes and relate each to the density
of gas which is in this condition completely uniform throughout:

eij=fij{pe) equation 1

where e;; is the measured electrical capacitance between electrode number i of total N and
electrode j of N. fi;is a simple function such as a polynomial fit between capacitance and
density value and pg is the gas density at the pressure in the test pipe. In this simple
example, f;is equivalent to the forward model functions F and G described earlier.

Step 2. Single-phase flowrate measurement.
2.1 If all side-by-side pairs (adjacent electrodes in the direction of flow) measure the same
value, then the flow is single-phase, because any flow material (liquid or solid) present will

tend to be towards the bottom of the pipe under normal conditions of gravity. In this case
the values from ring of electrodes R1, one or more diameters upstream represent the
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upstream fluid density pg: while the values from ring of electrodes R3 represent the fluid
density pgs at the throat (known as the vena contracta) of the orifice plate. From simple
fluid mechanics equations we know that in a horizontal compressible flow:
conservation of mass: Pgl.Vgi.A1=Pg3.Vg3.a3 equation 2
conservation of energy: pg1. (Ve1)? = pes. (Ves)? equation 3
where ajand asare the area of the flow at positions R1 and R3 and vg
and vgs are the gas velocities at the same positions.
2.2 We calculate

pe =T (ei) equation 4
at each position R1, R3 (as a minimum, we may also do this at a larger number of electrodes

R2, R4, R5 etc. for increased accuracy) where -3 is the inverse function of f;; and is
equivalent to the forward model functions F’ and G’ described earlier.

2.3 Since the areas a; and az are known by design of the pressure device and pg1 and pgs have
been calculated from the set of measurements represented by equation 4, we have two
equations (2 and 3}, 6 unknowns and four knowns, enabling us to calculate the two
velocities vg and ves.

2.4 The mass flowrate of gas is thus given by:
Mg = Pg1. Vg1.81=Pg3.Vg3. a3 equation 5

Equations 1 to 5 are equivalent to the non-linear functions for storage in memory 21

described above in general terms as F, G and Q.

The method in accordance with the invention may be implemented after calibration as

follows.

Provide a pressure drop device for example a constrictor /orifice plate 8 etc at the pipe 2.

Mount a set of any number of electrodes 6, coils or other sensing elements around the flow
of interest these elements are arranged such that many pairs of measurements can be
made. There may be typically 2 to 5 rings of 8 sensing elements so that N, the number of
sensing elements may be on the order of 16 to 40 and there are Nx(N-1) measurements.

The sensing elements should be distributed such that some pairs are close together in
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different areas of the pipe or vessel and that other pairs are separated by at least 1 pipe

diameter from, and on either side of the pressure drop device.

The total number of electrodes, coils or other sensing elements is N. There are N x (N-1)
different combinations of measurements between sensing elements. So for 8 sensing
elements there are 8 x 7 = 56 pairings measuring the electrical properties between elements

(1,2), (1,3), (1,4)...{2,1), (2,3)...(8,7).

Each measurement is affected in a different way by different physical parameters of the
flow. For example the measurement from a pair of elements close together is dominated by
the region local to their common boundary, while for element pairs far apart the
measurement is determined by conditions across a large part of the volume of the pipe or
vessel. The near pair measurement at the bottom of the pipe will be affected more by any
liquid or solid loading than a near pair at the top of the pipe or a far-apart pair, while the far-
apart pair measurements will be dominated by the fluid density and liquid loading in the far

field away from the pressure drop device.

Thus the parameters of the flow directly influence the measurements in a way that may be

extracted by considering the weight that each parameter has on each pairing.

The physical parameters of interest in the flow of dispersed multiphase flow such as wet gas
or solids conveying are the flowrates of each phase expressed in kg/s or similar units.
Typically 2, 3 or 4 phases or flow components are present so 2, 3, or 4 outputs are required.
Thus few outputs are required from the many (Nx(N-1)) measurements available from the

present invention.
The Nx(N-1) measurements are processed by a processer 9 of figure 1 using a set of
algorithms that provide a multi-parameter fit to output the few required key output

flowrates. This processing may be by means of simple multi-variable regression analysis, an

artificial intelligence system, or some other set of mathematical algorithms.

3. Calculation of flowrate in wet gas or solids.
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3.1 Compare the electrode measurements from side-by-side pairs in each ring. If thereis a
second phase present then there will be a substantial difference between pairs at the top of
the pipe and those at the bottom.

3.2 Calculate the probability density function of all side-by-side values in plane R1, and use
the measurement value at peak A (stated here as ea) as the equivalent gas value, and peak B
as the equivalent second phase value.

pe=fij(ea) equation 6

3.3 Calculate a first guess of the flowrate of gas using the calibration method in step 2.

3.4 Using the single-phase functions fi;, calculate the predicted measurement values €’;;
through the various rings of the sensor which will be different from the values measured
directly. This step requires a fluid mechanics model which may be a simple one of a full
computational calculation using a commercial computational fluid dynamics software
package or other fluid mechanics modelling means. The inputs to the fluid mechanics model
include the first guess calculation of density from equation 6 and the first guess estimate of
second phase concentration from equation 7.

pir="f"(es) equation 7

3.4 Considering the two phases to flow independently (the so-called separated flow model)
we can calculate gas and liquid flowrates using these new density estimates and equations
in step 2.

3.5 The set of f’;;for a wet gas will be different from the set calculated in single-phase
because the electrical field and the fluid mechanics field will be affected by the presence of a
second phase. Using a mathematical artificial neural network in a processor these
differences are used to calculate a new set of f4;to minimise the difference between the set
of measured e;; and the calculated €’;;.

3.7 Repeat step 3.5 until the values of f’;; converge to an acceptable level and the full
flowrate of both phases can be calculated from the simple two-phase model used in 3.4.

4. Calculation of flowrate in wet gas or solids conveying.

The embodiment in Figure 10 has significant commercial advantages, but the mechanism is
equivalent to the above. In this case the side-by-side measurements are related to local
conditions, while the ‘across-the-pipe’ pairs have a much greater depth of penetration along
the pipe by a diameter or more.

The side-by-sides can therefore be treated as equivalent to ring R3, while the distant pairs
where (i,j) is (1,5), (2,6), (3,7), (4,8) represent the density of the fluid at positions equivalent

to R1. Otherwise the process of calculation remains the same as above.

Figure 13 provides a flow chart of the method in accordance with the invention as described
above.
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The invention may be described by reference to the following numbered paragraphs:-

1. A method of determining a flow of a fluid comprising the steps of:

providing an arrangement of electrodes to, in use, be exposed to a fluid flow;

providing a first model of a fluid flow for a particular arrangement of electrodes;

providing a set of penalty functions;

providing the fluid flow;

determining from the electrodes a set of capacitance or resistances values;

deriving from the set of values and the first model a second model of fluid flow;

comparing the second model of fluid flow with the set of values to provide a global
system penalty; and

comparing the global system penalty with a predetermined threshold value and,
responsive to the comparison, modifying the first model or outputting a rate of flow
determined from the set of values and the second model of fluid flow.

2. A method as claimed in paragraph 1 wherein the first and second models are tomography
models.

3. A method as claimed in paragraph 1 or 2 wherein the penalty functions are a difference
between a predicted set of capacitances and measured set of capacitances.

4. A method as claimed in paragraph 1, 2 or 3 wherein the first model comprises a set of
non-linear functions.

5. A method as claimed in any preceding paragraph wherein the first model is a reverse
model of flow conditions relative to potential electrode capacitance or resistance values.

6. A method as claimed in any preceding paragraph wherein the second model is a forward
model of measured electrode capacitance or resistance values relative to flow conditions.

7. A method substantially as herein before described with reference to and as illustrated by
the drawings.

8. Apparatus for determining fluid flow comprising:
an arrangement of electrodes to, in use, be exposed to a fluid flow;
a first model of a fluid flow for the arrangement of electrodes;
a set of penalty functions;

means to determine from the electrodes a set of capacitance or resistance values;

means to derive from the set of values and the first model a second model of fluid
flow;

means to compare the second model of fluid flow with the set of values to provide
a global system penalty; and

means to compare the global system penalty with a predetermined threshold value
and means responsive to the comparison for modifying the first model or outputting a rate
of flow determined from the set of values and the second model of fluid flow.
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9. Apparatus as claimed in paragraph 8 wherein the first and second models are tomography
models.

10. Apparatus as claimed in paragraph 8 or 9 wherein the penalty functions are a difference
between a predicted set of values and the measured set of values.

11. Apparatus as claimed in paragraph 8, 9 or 10 wherein the first model comprises a set of
non-linear functions.

12. Apparatus as claimed in any preceding paragraph wherein the first model is a reverse
model of flow conditions relative to potential set of values provided by the electrodes.

13. Apparatus as claimed in any preceding paragraph wherein the second model is a forward
model of measured electrode capacitance values relative to flow conditions.

14. Apparatus as claimed in any preceding paragraph wherein the electrodes are disposed
either side of a constriction in the flow.

15. Apparatus as claimed in any preceding paragraph wherein the electrodes are provided,
at least in part, on a restriction placed in the flow.

16. Apparatus as claimed in paragraph 15 wherein the electrodes are provided on a
restriction in the form of an annulus.

17. Apparatus as claimed in paragraph 16 wherein the electrodes are arranged as segments
of at least one side of the annulus.

18. Apparatus as claimed in any paragraph wherein the electrodes are provided internally of
a means for directing the fluid flow.

19. Apparatus as claimed in any preceding paragraph wherein the electrodes are provided
externally of a means for directing the fluid flow.

20. Apparatus as claimed in any preceding paragraph wherein means for directing the fluid
flow comprises a pipe.

21. Apparatus substantially as herein before described with reference to an as illustrated by
the drawing.

22. An arrangement of electrodes and a means for directing a fluid flow for use in an
apparatus as claimed in any preceding claim.

23. A method for determining the density of two phases in a multiphase flow by:
providing an arrangement of electrodes to, in use, be exposed to a fluid flow;
providing the fluid flow;
measuring a set of capacitances or resistance values from the set of electrodes;
generating a set of probability density functions for the measured capacitances;
deriving the density or other physical or chemical property of the two fluids from
the probability density function.
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24. The method as claimed in paragraph 23 applied to measure the density of gas and liquid
in a closed vessel containing moving fluids.

25. The method as claimed in paragraph 23 or 24 to measure properties of contents of a
propellant vessel in a vehicle.

26. The method as claimed in paragraph 25 wherein the measured properties are compared
with those detected by a sensor and a calibration of the sensor being carried out

accordingly.

27. A method as claimed in any preceding paragraph comprising providing means to
generate a pressure drop in the flow.

28. Apparatus as claimed in any preceding paragraph further comprising means to create a
pressure drop in the flow.

29. Apparatus as claimed in paragraph 28 wherein the means comprise an orifice.

30. Apparatus as claimed in paragraph 29 wherein the orifice further comprises at least
some of the set of electrodes.

31. Apparatus as claimed in paragraph 30 wherein the set of electrodes are distributed as
segments of a disc forming the orifice.

32. Apparatus as claimed in any preceding paragraph wherein the flow is contained in a tube
and the electrodes are arranged about or within a periphery of the tube.

33. Apparatus as claimed in paragraph 32 wherein the tube and electrodes are separated by
an electrically insulating material.

34. Apparatus as claimed in paragraph 33 wherein the tube is formed at least in part by the
electrically insulating material.

35. Apparatus as claimed in paragraph 34 wherein the electrically insulating material is
provided as a layer disposed between the electrodes and the tube.
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Claims

1. A method for determining the density of two phases in a multiphase flow by:
providing an arrangement of electrodes to, in use, be exposed to a fluid flow;
providing the fluid flow;
measuring a set of capacitances from the set of electrodes;
deriving or generating a set of probability density functions from the
measured capacitances or from a set of pixelated values;
deriving the density of the two fluids from the probability density functions.

2. The method as claimed in claim 1 applied to measure the density of gas and liquid
in a closed vessel containing moving fluids.

3. The method as claimed in claim 1 or 2 applied to measure properties of contents of a
propellant vessel in a vehicle.

4. The method as claimed in claim 3 wherein the measured properties are compared
with those detected by a sensor and a calibration of the sensor being carried out
accordingly.

5. Amethod as claimed in any one of claims 1 to 4 comprising providing means to
generate a pressure drop in the flow.

6. A method as claimed in claim 5 comprising providing an orifice to create the
pressure drop in the flow.

7. A method as claimed in claim 6 comprising providing a set of electrodes
distributed as segments of a disc forming the orifice.

8. A method as claimed in anyone of claims 1 to 7 comprising a step of deriving
from the set of capacitances at least one tomographic images.

9. Apparatus for determining the density of two phases in a multiphase flow
comprising:

an arrangement of electrodes exposed in use to the flow;

measurement means for determining from outputs of the electrodes a set of
capacitances or a set of pixelated values;

means for deriving from the set of capacitances or set of pixelated values a set
of probability functions;

means to derive from the set of probability functions the density of the two
phases in the flow.

10.  Apparatus as claimed in claim 9 further comprising an orifice located within the
fluid flow to create a pressure drop in the flow.

11. Apparatus as claimed in claim 10 wherein the electrodes are configured to form
the orifice.

12.  Apparatus as claimed in claim 9 to 11 in combination with a propellant fluid
containing vessel to determine the density of the propellant in the vessel.
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