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ABSTRACT

The development of a novel combined "ultrasonic/thermal” with "ultrasonic multiple

reflections" clamp-on meter for measuring a wide flowrate range of clean liquids in
small diameter pipes is presented. Current existing flowmeters based on ultrasound
cannot measure very low flowrates for single phase liquids. The ultrasonic/thermal
technique can measure single phase flows in the range 0 to 0.6 m s in pipes with

diameters as small as 15 mm. It can also detect and measure reverse flows. The
minimum flowrate for the ultrasonic multiple reflection technique is about 0.55 m s”,
and theoretically, the measurement accuracy increases with increased flow velocity.

The ultrasonic/thermal technique is based on a heating element and transducer pair(s)
which can be clamped to the outside of a pipe. With the heaters switched on, the
changes in the temperature of the pipe and the liquid inside it result in changes in
transit time. The flowrate can be therefore estimated by either the transit time difference
across the pipe at the two symmetric locations with respect to the heater centre, or at
one location with a heater off/on comparison. The latter approach was felt to be the
promising for low flowrate measurements and therefore selected for the numerical and
the experimental investigations. The multiple reflection technique was developed based
on the conventional transit time flowmeter. This technique extended the measuring
range of the flowmeter and provided cross calibration for the ultrasonic/thermal
technique. A computer model was developed for the ultrasonic multiple reflection
technique. However, there was insufficient experimental data to confirm the computer
prediction.,

Results from computational fluid dynamics (CFD) analysis of the meter are presented.
For vertical pipes an axisymmetric model was used, but the presence of buoyancy
forces required the use of a 3-D model for horizontal pipes. Temperature and velocity
distributions and ultrasonic transit times have been computed and are presented.

In order to overcome the problem of mode conversion and refraction at the pipe
wall/transducer mounting interface, novel transducers and mounting blocks are
presented. A prototype heater and ultrasonic transducer system together with electronics
for signal generation and transit time measurement have been designed and constructed.

A hydraulic system has also been designed and constructed for testing the developed
clamp-



on flowmeter. Experimental results from this apparatus are presented and compared
with the CFD predictions, and a technique for compensating for variations in inlet
temperature is described. The full scale difference between the computed values and
experimental results of the meter for low flowrate measurement was about 3.5%.
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- time of flight of ultrasound beam, s

- transit time across the pipe for transducer positioned
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- transit time of N reflections, s

- time delay of measurement system in multiple
reflection technique, s

- steady state heating time, S
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- Stefan constant,
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1. INTRODUCTION AND LITERATURE REVIEW

1.1, Introdﬁction

This research work presents the development of a clamp-on flowmeter which can be

used as a calibrator for the flowmeters currently used by water industry.

The principle design requirement put forward are listed below:

fluid: clean water

flowrate range: 1.0 - 5600 ml s™

pipe material: copper

pipe diameter: 15 - 40 mm

accuracy: error < 2.0% at high flowrate

error < 5.0% at low flowrate

For the form of the flowmeter, the main requirements are:

clamp-on meter
portable

The flowmeter was designed and constructed based on above requirements together with
the consideration of capability to extend its application to other measurement areas.

Ultrasonics is currently the technique commonly available for clamp-on flow
measurement. Existing clamp-on flowmeters based on ultrasound use time-of-flight,
Doppler, or cross-correlation techniques all of which have some drawback - especially
for small pipes and low flowrates. Time-of-flight methods are unable to measure very
low flowrates because of the very small time differences [Pedersen and Lynnworth,
1973]. Doppler meters generally require scatterers in the flow. These are not always
present and may not be moving at the same speed as the liquid to be measured

[Chappell, 1978]. Cross-correlation meters cannot measure very low flowrates as the
delay time becomes too large and the correlation between the signals may drop. They
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also require disturbances in the flow to alter the ultrasonic signal [Karras, Tornberg, and
Harkonen, 1985]. Experimental measurements taken within the department reveal that
for a 15 mm pipe current commercially available clamp-on ultrasonic flowmeters give
typical errors of + 22% {Guilbert and Law, 1990]. The meter presented in this thesis
addresses these problems, being able to measure low flowrates in small diameter pipe
without the need for scatterers or other disturbances and with considerably better

accuracy, the full scale difference between the computed values and the experiment
results being + 3.5%.

In the next Section, a review of the currently available commercial flowmeters is given.

1.2 Literature Review
1.2.1. General Review of Flowmeters

In this Section, a brief review of the most common flowmeter type is given. The aim

is to select suitable techniques for use in designing a flowmeter which meets the
requirements listed in Section 1.1.

Table 1.2.1 lists the main types of flowmeters [Baker, 1989], which are commercially
available. For convenience they are subdivided into three groups: momentum, volume

and mass meters.

The momentum flowmeters measure flowrates by sensing the momentum change of the
flow passed through the flowmeter. The differential pressure devices are simple to

construct, but these meters must be installed in the flow stream (intrusive), and hence

are not suitable for a clamp-on flowmeter.

In the volumetric flowmeter group, the positive displacement, the turbine and the
oscillatory meters can only sense the flow if the meters are installed in the flow stream,

therefore these techniques cannot be applied to clamp-on flow measurement. The
principle of electromagnetic flowmeters is that when a fluid flows through a non-
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magnetic tube in a transverse magnetic field, voltage and current are generated in the
fluid due to the motion. If the voltage is measured between two electrodes in the pipe
wall it will provide an indication of the volumetric flowrate in the pipe.

Electromagnetic flowmeters can be used as clamp-on device but are only applicable to
electrically conducting liquid flows through a non-magnetic pipe. Ultrasonic flowmeters
fall into three categories or models of operation: ultrasonic transit time, ultrasonic cross
correlation and ultrasonic doppler flowmeter (see Section 1.2.2.3 for detail of these

flowmeters). With the capability of penetrating through materials, ultrasonics has the
potential for designing clamp-on flowmeters.

In the mass flowmeter group, apart from the thermal mass flowmeter, the other mass
flowmeters listed in Table 1.2.1 can only be used in an intrusive manner, i.e. the
flowmeter needs to be installed inside the pipe. Thermal flowmeters can be used as
clamp-on devices. If a heat source 1s applied to the pipe wall, heat is transferred to the
fluid passing through a tube so that the temperature rises. This rise is proportional to
the mass flow rate for a particular fluid and is measured by two thermocouples. The
temperature rise, assuming that all this heat is transferred, is also proportional to the
heat capacity of the fluid [Komiya, Higuchi and Ohtani, 1988]. The device is likely to
be affected by heat transfer rate, and this will be affected, in turn, by the nature of the
fluid plus the condition of the pipe. If the device operates in the laminar regime, then
turbulence effects will not be present [Bobrovnikov and Novozhilov, 1989]. The thermal
flowmeter is suitable for measuring slow flowrates in very small diameter pipes and can
measure flowrates from outside of the pipe. Effects such as the condition of the pipe
(roughness, thickness), flow profile sensitivity and space sensitivity can be reduced by
monitoring the temperature changes in cross section of the pipe (which includes the pipe
wall and the liquid flow inside the pipe) instead of only the pipe wall temperature. A

combination of thermal and ultrasonic techniques was considered as suitable for this
application.

In addition to the common type flowmeters listed in Table 1.2.1 clamp-on optical
instruments exist. The basic principle of these techniques is to shine incident light onto
or through the surface of the object to be investigated. The most advantage of the
optical methods i1s the freedom from electromagnetic interference. The optical
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instruments are in general expensive and may be particularly useful in areas of high

hazard.

In the next section, a review of the ultrasonic measurement techniques and clamp-on

ultrasonic flowmeters is given.

1.2.2. Review of Ultrasonic Flow Measurement Techniques

1.2.2.1. Fundamentals of Ultrasound

Ultrasound travels with the speed of sound relative to the medium. In liquids and gases

it exists as a compressive wave in which there are regions of high and low pressure as
shown in Fig 1.2.1. The wave length, and frequency of ultrasound are related by
[Nelkon and Parker, 1977]

C

A=
f

where % is the wave length, C, is the velocity of sound in liquid, f is the frequency.

Ultrasound in a solid, as shown in Fig 1.2.2, may be transmitted either as a longitudinal
wave in which the motion of the particles is in the same direction as the propagation

of the sound beam, or as a transverse wave in which the motion of the particles is
orthogonal to the direction of propagation of the sound beam. The velocity of the

transverse wave is lower than that of the longitudinal wave. In a liquid, only
longitudinal wave can propagate [Sanderson, 1990].

When an ultrasonic beam is incident on the interface between two materials (solid and

liquid or, liquid and solid), the incident wave undergoes reflection and refraction as
shown in Fig 1.2.3 [Sanderson, 1990]. The incident transverse wave 1 gives rise to the
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two reflected waves 3 and 4. The wave 3 1s a transverse wave and the wave 4 18 a

longitudinal wave. In the liquid only the longitudinal wave can propagate. At the second
interface the longitudinal wave in the liquid gives rise to both longitudinal and
transverse waves in the solid. The relationships of the angles between the beams and
normal to the boundary surfaces are given by Snell’s Law which states that [Nelkon and
Parker, 1977}

Cy - C,
sing ,, sing,
- C
or ¢, = sin™'( CL sind )
W

where 0., ¢, are the angles between the beam and the normal to the interface and

Cw and C; are the sound speeds in the solid and liquid respectively.

In next two sections, the application of ultrasound to non invasive flow measurement
will be discussed.

1.2.2.2. Introduction to clamp-on flow measurements

Clamp-on or non-intrusive measurements implies that the probe or sensing means is
either radiations (including heat, light, electromagnetic, radio waves or nucleonic
radiations) or sound, all of which have been used. Developments have accelerated

rapidly with the introduction of microchips and computers. Ultrasound seems to have
the best potential for improvements in non-invasive measurement science.

Clamp-on ultrasonic flowmeters promise very attractive advantages by being non-
invasive, they do not upset what one is measuring, and sensitivity is not limited by
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friction and inertia effects. Although flowmeters are not necessarily inexpensive to

purchase, their installed cost is low, because the instruments can be readily attached to
the outside of existing pipes. The economic advantage over conventional flowmeters

increases with pipe size.

Recent accounts of ultrasonic flowmeters, usually concentrate on either transit time or
Doppler type. Although these are the most common types in use today, a few other
types exist. Fig 1.2.4 shows the range of use of ultrasonics in flow measurements
[Lynnworth, 1981].

Time of flight flowmeters use the transit time difference between ultrasonic beams
transmitted upstream and downstream in the flowing medium, which is proportional to

flow velocity.

Doppler type flowmeters use the frequency shift of ultrasound scattered from particles

or air bubbles in the flow.

Correlation flowmeters use the ultrasound as the mechanism for detecting disturbances
in the flow in the form of a second phase or eddies in the field.

Beam shifting in which the direction of an ultrasonic beam is modified by the flow of
the fluid can be used as a measurement technique. The degree of beam shift can be

used by setting two receivers side by side on the wall of the flowmeter and measuring
the relative intensity of their received signals.

In vortex shedding detection the ultrasound from a transmitter is modulated by the

vortices shed from the bluff body. a receiver detects this amplitude modulation and
extracts the frequency of the modulation.

Open channel flow measurement using ultrasonics is a commonly used technique. These

devices depend for their operation on the measurement of the transit time through the

air path. Such devices usually incorporate a linearization routine for the particular notch
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or weir being employed in order to be able to compute flow from height. Compensation
for air temperature is also required.

Prior to any great detail about the development and construction of the proposed
flowmeter, a review of previous research work in non-invasive ultrasonic and non-
invasive thermal flow measurement techniques was undertaken. The Fluidex,
Comspendex, Inspec, Chemical Engineering Abstracts and DELFT HYDRO on-line
databases were used as an initial basis for a search through the literature on non-
invasive ultrasonic and thermal flowmeters dating back to 1928.

1.2.2.3. Review of non-invasive ultrasonic flowmeters

A vast number of schemes were found in the scientific literature and in patents whereby
ultrasonics was employed to measure flowrates.

a. Ultrasonic flowmeters before 1960

The earliest reference to the use of sound to measure fluid flow in pipe appears to be
a German patent [Rutten, 1928]. This scheme necessitated the transducers being in the
fluid. Three transducers were used, the central one was the driver, and the two receivers
were located equidistantly on opposite sides of the driver on a line parallel to the fluid

flow. The difference in travel time to the two receivers was then a measure of fluid
flow.

The next proposal 1s found in a U. S. patent [Gray, 1945]. This is an apparatus for
measuring airspeed and requires two sound receivers, one located upwind and one
downwind of a centrally interposed sound transmitter. The principle of the technique
is similar to that of the conventional transit time flowmeter, It would appear that the

sound velocity in the medium, or specifically, changes in sound velocity, do not affect
the accuracy of the meter indication, also, the indiction should be linear.
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[Sproule, 1949] presents a British patent entitled "Improvements in and relating to
electric oscillator generators”. Either temperature, pressure, distance sound velocity, or
liquid flow may supposedly be measured by his technique. Essentially he employs two
distinct sound paths with four transducers located in the liquid, one transmitter and
receiver pair transmits in the direction of flow and the other pair transmits against the
flow. The carrier frequency i1s modulated, and after transmission through the fluid the
modulation is fed back to the modulator. The frequency of the modulation will adjust
itself until the fed-back modulation is in phase with the output of the modulator. The
difference frequency between the two modulation frequencies is thus an indication of
flow independent of properties of the fluid such as temperature and pressure. It is stated
in the patent that with one set of transducers the temperature of a liquid may be
determined, with no excess pressure and no flow, even through the walls of a container
or pipe. It is not readily apparent that the multiple echoes between transducers even
without walls, and the multiple echoes within the walls if the transducers are located
outside a pipe, are not a complicating factor affection the phase of the received signal
in this modulated continuous-wave system. It would appear that, with the transducers
in direct contact with the liquid, this is a promising scheme.

A flowmeter with two transducers and an interchange of functions between transmitting

and receiving was reported [Hess, Swengel, and Waldorf, 1950]. The sound elements
were located inside and diagonally across a rectangular pipe. The fluid velocity is
expressed as a function of velocity of sound, the frequency and projection of transducer
spacing on the axis of flow, and the phase difference between the signals received
alternately on each crystal. In 1954, the authors improved this scheme, showing that it

is possible to eliminate the sound velocity dependent of the flow [Swengel, Hess and
Waldorf, 1954].

In 1952, a U.S. patent [Kalmus, 1952] presented an apparatus for measuring flow from
outside of plastic tubes. The main feature of this invention would seem to be improved
switch for interchanging the functions of the two transducers. In this scheme, the
transducers were fixed on a line parallel to the axis of the tubing on the outside wall.
The attenuation of sound in the plastic tube was sufficiently high to minimize acoustic
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energy leakage via the wall. In this scheme, the flow indication is dependent on the

sound velocity in the fluid.

A current meter for water application was reported [Stull, 1955]. Two transducers with
a separation were used, their axes lining up in the direction of flow by means of a
streamlined mount. An interchange of functions (difference in wave length) was used
for estimating flow but the flow indication was obviously still dependent on sound

speed.

A commercial Fischer and Porter-Maxson flowmeter was described in [Kritz, 1955].
The principle appears to be similar to that of 4-crystal scheme in [Sproule, 1949], the
difference being the degree of modulation. The Kritz flowmeter allows a frequency to
be developed by turning the transmitter off during the time sound is impinging on the
respective receiving crystals. The frequency difference between the two sets of
transducers is then directly related to flow, and independent of found speed. It is not
apparent how this scheme eliminates the difficulties attendant with multiple reflections
between crystals, much less how it could be adapted to transmission through pipe walls.

In 1957, the feasibility of using wholly external ultrasonics to measure fluid flow within

thick wall metal pipe was reported in [Grosso, and Spurlock, 1957). The scheme was
developed for large diameter pipes (11.19 inches). It might be possible that this method
may be rcédily adopted to other pipe dimensions but limited amount of theoretical and
experimental work were not enough to confirm this.

b. Non-invasive ultrasonic flowmeters reported in the 60s

Most of the methods discussed so far have been based on measuring effect of the flow

on velocity of sound. A new clamp-on ultrasonic flowmeter which operates on the

principle of beam deflection using an amplitude sensing system for flowrate
measurement was reported in [Dalke and Welkowitz, 1960], this idea was first patented

in USA [Petermann, 1957]. With this type of design, the flowmeter suitable for
measuring all type of liquids and independent on speed of sound. However, Phase-shift
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decreases with decreases in flowrates.This puts a lower limit to the flowmeter.This

flowmeter was suitable only for higher flowrate measurement.

In 1962, the phase-comparison version of clamp-on ultrasonic flowmeter was presented
in [Fischbacher, 1962]. For this technique, maximum accuracy of detection the phase
difference should be as large as possible but not exceed 360°. This puts an limit to the
performance of flowmeters operated at high and low flowrates measurements. The
author stated that, the flowmeter was suitable for measuring flowrates at about 200 inch®
s! in a two inch inner diameter pipe. Little experimental detail was reported in this

paper.

c. Non-invasive ultrasonic flowmeters reported in the 70s

Cross-correlation flowmeter

In 1970s, more papers relating to clamp-on ultrasonic flowmeters were published.

[Coulthard, 1973] presented an ultrasonic cross-correlation flowmeter for measuring
flows of liquids and gases. The measurement accuracy is in principle independent of
the velocity of sound in the fluid and there is no restriction to the flow. The techmque
is advanced in the sense that the processing signal units combines the amplitude
modulation with the phase-modulation. The amplitude modulation technique may be
used when the acoustic standing waves do not exist or do not cause phase differences
between the two received signals, phase-modulation technique would be employed other
wise. With: this design, the flowmeter was stated to be suitable for all types of fluids.

In [Bazerghi and Serdula, 1977] a scheme for a clamp-on ultrasonic cross-correlation
flowmeter is proposed. The basic approach involves monitoring random variation in
some properties of the flowstream. For single phase flow measurements, the meter is

suitable only for measuring turbulent flow. The calibration results shower that the meter
has an absolute error of about 3.0%

Transit time and Doppler ultrasonic flowmeters
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A non-invasive transit time (phase comparison) flowmeter for measuring liquids 1S
presented in [Pedersen and Lynnworth, 1973]. In this flowmeter, the choice of obliquely
incident shear waves, instead of obliquely incident longitudinal waves, typically doubles
the solid/liquid energy transmission and doubles the refracted angle in the liquid.Two
pairs of ultrasonic transducers were used and the electronic measuring system employed
two different frequencies (each near 1 MHz). These frequencies were transmitted
continuously, one upstream and the other downstream, over a common path. The
frequencies were servoed such that the phase in each direction in maintained constant.
By means of subtracting the two voltages comresponding to the two frequency
deviations, an output signal was produced which was proportional only to fluid velocity
and was independent of variation in sound speed. The flowmeter was designed for large
diameter pipe (300 mm) and higher flowrate (greater than 0.2 m’ s™').

A vessel diameter independent volume flow measurement using ultrasound is presented
in [Drost, 1978]. the principle is much the same as the transit time (phase shift)
flowmeters. In this flowmeter, a rectangular beam of ultrasound, uniform in intensity
across its surface was used to produce the desired volumetric output. This design could
eliminated the flow profile effects. No experimental results concerning the measurement

range were presented but the theory shows that this flowmeter is suitable for measuring
higher flowrates.

An ultrasonic transit time difference current flowmeter is proposed in [Audunson and
McClimans, 1975}, which is useful for measurements of velocity fluctuations in a
strongly stratified estuary. A comparison of velocity spectra above and below the
density jump shows the utility of the meter in evaluating the energetics of the

entrainment progress. The meter shows great promises for water quality investigations.

[Chappell, 1978] proposed an ultrasonic flowmeter,which measures two-phase flow with
Doppler effect ultrasonic techniques. This ultrasonic flowmeter utilizes the Doppler
principle for velocity measurements in lines of various materials and sizes in which the
flowing liquid contains suspended solids or small entrained bubbles of air or gas. A

single sensing transducer, containing two crystals, one is a transmitter and the other is
a receiver, 1s held on to the pipe for transmitting and receiving signals. The test results
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for water based liquids, with sufficient suspended solids or bubbles of air or gas were

presented, the meter is capable of measurement to within 2% error or better. This
flowmeter is not suitable for single phase flow measurements.

d. Non-invasive ultrasonic flowmeters reported in the 80s

In the early 1970s, clamp-on ultrasonic flowmeters completed their ’introductory’
period. Since then, the clamp-on ultrasonic flowmeter has been continually developed
and widely used in industry in 1980s and 1990s. With the advent of the microprocessor,
it was then possible for ultrasonic flowmeter suitable for industrial applications to be
designed and constructed. Various developments of the ultrasonic flowmeters were

reported in 1980s

Cross-correlation flowmeter

A few scheme using the cross-correlation technique were found in 1980s. An accurate
microprocessor-based peak-seeking correlator possessing good resolution, a large range,
and fast response is described in [Leitner, 1980]. It consists of two separate correlators
operating in parallel. The first microprocessor correlator evaluates the cross-correlation
function at a number of equally spaced points over the range of delay of interest and
finds the approximate position of the main correlation peak. The resolution of this
correlator is poor, and its response is slow. It therefore directs the two-point difference
correlator to the approximate peak position by controlling the clock rate of the delay
lines. The latter correlator has good resolution and can lock onto, and track the
correlation peak. It was established by the experimental results that, the correlator can
locate a correlation peak with an accuracy of £ 0.2%. The reproducibility was checked
at a number of time delays and a reproducibility of better than + 0.1% was achieved
at all delay settings.

[Sheen and Raptis, 1983] proposed a technique applied to flow velocity measurement
in a coal/liquid slurry. The active acoustic cross-correlation system, consists of two
pairs of transducers, a signal demodulation system, and a cross-correlator. The
demodulation system uses a balanced mixer followed by a low-pass filter. The mixer
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mainly multiplies the driving and received signals and the filter cuts off the carrier
frequency. Demodulated signals are then fed into a cross-correlator, to calculate the
cross-correlation function. By permitting variation of transducer separation together
with demodulated the signals (by the demodulation system), the accuracy of the cross-
correlation technique is increased. The cross-correlation technique can measure particle

velocity within 5% error.

A modified cross-correlation flowmeter for measuring velocity of water is presented in
[Tahkola and Karras, 1984]. The ultrasonic cross-correlation flow measurement system,
consists of an adjustable signal generator, two pairs of wideband ultrasonic transducers
with a centre frequency of 2 MHz, a phase demodulation unit, a correlator and a
recorder. The coherence of the signals depends on the turbulence intensity and on the
flow model stability. So in practice the flowmeter is not suitable for measuring flow

velocity in transit region and laminar flows,

Another ultrasonic cross-correlation coal-slurry flowmeter for high temperature
application is presented by [Sheen, Bobis, Raptis and Turgeon, 1987]. This flowmeter
uses the combined technique presented in [Sheen and Raptis, 1983] and [Tahkola and
Karras, 1984). The cross-correlation flowmeter uses two sets of ultrasonic transducers.
To isolate the transducers from the hot surface of the pipe, the flowmeter includes
transducer standoffs. The transducers fixed onto the standoffs are clamped directly onto
the pipe, separated by a distance. In each set, one transducer is excited by a continuous
wave and transmits ultrasonic waves through the pipe wall and the flow medium. In the
presence of flow disturbances or inhomogeneities, the interrogating ultrasonic wave is
modulated before being received by the other transducers across the pipe. The flow
modulation can consist of amplitude and phase modulations. A demodulator is needed
to extract the modulation signals that are used for cross-correlation.

The ultrasonic inferential mass flowmeter for solids carried by the pulp suspension

measurements is given in [Karras, Tornberg, and Harkonen, 1985). The developed meter
combines the cross-correlation ultrasonic flowmeter and the ultrasonic densitometer

based on the attenuation of the transmitted beam. The transit time of the flow between
the beams is determined by the cross-correlation of the intensity modulation of the
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reflected amplitudes. The attenuation of the transmitted intensity can be measured as

a ratio of the consecutive amplitudes and its logarithm is found to be linearly
proportional to the consistency.

The cross-correlation flowmeter described in [Keech and Coulthard, 1985] is based
upon a microprocessor-controlled multichannel correlation signal processor. In its
present form it is a general purpose instrument intended for use in many different
applications. Cross-correlation theory normally assumes that the processed data is
statistically stationary, i.c., the statistical properties of the signal do not vary with time.
However, when the velocity is changing, the data is non-stationary so that the basic
cross-correlation principle is inapplicable. Another problem is that when the signal
spectrum is not very wide, for example at low velocities, the time taken for a
correlation peak to emerge can be too long particularly if the instrument forms part of
a control feedback loop. There 1s no advantage in increasing the sampling rate but each
of these problems can be largely overcome by the multichannel principle which allows
increased data acquisition by using additional data sensing transducers detecting
statistically independent data of the same event, The additional data is combined
internally. The experimental results showed that when this technique is applied to single
phase flow measurement, the meter is flow profile sensitive and with increased errors
at low velocity, correspond to a gradual decrease in the correlation coefficient as the
mean flow velocity decreases. This puts limit on the flowmeter accuracy at low flowrate

measurements.

Transit time and Doppler ultrasonic flowmeters

A few ultrasonic transit time flowmeters (time of flight, phase shift) for clean fluid
application were reported in 1980s. A multichannel ultrasonic flowmeter which can
overcome the hydromechanical errors which are due to the different between the
measured velocity and the mean flow velocity is given in [Antonov,Borisevich, and et
al., 1980]. The theory for this flowmeter was considered by the author in 1976 and
subsequently developed. Having many acoustic channels (the transducer pairs located

in a plane that intersects the pipe at certain angle), the ultrasonic flowmeter, in
principle, measures the averaged local flow velocity along each acoustic channel and
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sums them according to the pipe section of the flow transducer. This design and
operating principle avoid the need to take weighting factor into account. The accuracy
of the flowmeter is increased by this design but accuracy of 0.5% could be obtained for
an ultrasonic transit time flowmeter is rather high to be believed. This flowmeter is
suitable for higher flow ranges.

[Baird, 1983] proposes an improved type of noninvasive ultrasonic phase-shift
flowmeter which was claimed to be operated with virtually all liquids regardless of their
amount of suspended solids. The Doppler-Type Flowmeter, was selected as the initial
approach for design purposes. The first improvement was to eliminate the requirement
for suspended solids or bubbles as reflectors. This was accomplished by using the

normal turbulence of flow as a sound reflector and by measuring the phase shift of
ultrasonic sound waves reflected from the turbulence of flow. The discontinuities

formed by small masses of swirling liquid cause local pressure gradients which present
a higher impedance to the ultrasonic wave, causing refraction. To reduce the effects of
varying amounts of solids, a second transducer was mounted 180° apart and used as a
receiver. The Noninvasive Ultrasonic Phase-shift flowmeter, as developed, appears to
provide accuracies within a 1% - 2% range or better for liquids bearing less than 2%
of suspended solids. For clean liquids, flow turbulence provides energy for reliable

operation.

A Transit time ultrasonic flowmeter for pressurized water power plant applications is
presented in [lkenaga, Matsumoto, Takahashi and et al.,, 1983]. The ultrasonic
flowmeter utilizes the principle that the propagation velocity of ultrasound varies
depending on the flow velocity of the medium through which the ultrasound travels.
The ultrasonic flowmeter directly measures the transit times of the upstream and
downstream ultrasonic pulses and the transit time difference between them. Successive
switchings of the two pairs of transducers (fitted at the end of the guide rods which
keep the transducers away from the fluid heat) between upstream and downstream and
averaging the transit time differences over a number of switchings, which can cancel

out the imbalance effect, if any, due to the differences of the lengths and temperature

distributions among the four guide rods. The author emphasized the importance of
sound velocity compensation for this meter and claimed that, there is a built-in
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compensation for the ultrasound velocity dependency on the water temperature without
knowledge of the temperature and pressure but the author did not record in the paper
how this compensation procedure was actually achieved. An accuracy of about £ 0.6%,

stated by the author was rather high to be believed. This flowmeter is only applicable
to higher flowrate measurements.

The flowmeter presented in [Kelley, and Bau, 1985] is essentially a transit time
measurement device measuring flowrate in thermal convection loops. The instrument
typically transmits pulses upstream, and then downstream and the difference in the
measured transmission time 1s used to calculated the flowrate. The ultrasonic flowmeter

is a viable solution only flowrate measurement in cases involving average velocities
above 3.0 cm s and moderate heating conditions.

A self calibrating clamp-on transit time ultrasonic flowmeter is presented in [Sanderson
and Torley, 1985]. The paper describes a new clamp-on ultrasonic flowmeter system
which provides self calibration in terms of pipe size and liquid being monitored. The
microprocessor based flowmeter employs two additional ultrasonic transducers to
measure the pipe wall thickness and the velocity of sound in the liquid. The
measurements from these transducers are used to place the conventional transducers at
optimum separation and to calibrate the flow measurement under operating conditions.
The test results shows that, the accuracy of the meter is high (error is always less than

2.0%). Again as with other transit time flowmeters, this flowmeter cannot measure
small flowrates.

e. Non-invasive ultrasonic flowmeters reported in the 90s

Cross-correlation flowmeter

Various developments of clamp-on ultrasonic flowmeters were reported in early 1990s.
[Byrne, Coulthard and Yong Yan, 1990] describes a clamp-on flowmeter which is
suitable for solid-liquid mixture measurement applications. The instruments combines

the conventional cross-correlation ultrasonic technique with the gamma ray attenuation
techniques to enable the flowmeter to make simultancous measurement of instantaneous
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fluid density and flow velocity, the product of the two being taken as the mass flow
rate. Flow velocity is measured by cross-correlation and density by gamma ray
attenuation or by a measure of capacitance/charge. This flowmeter is not suitable for

single phase measurement applications.

Transit time and Doppler_ultrasonic flowmeters

A noninvasive flowmeter for medical application is proposed in [Dymling, Persson and
Hertz, 1991]. The method utilize a nondirectional continuous wave Doppler flowmeter.
The instrumentation consists of an oscillator to produce a sinusoidal waveform which

is amplified and used to drive the transmitting transducer, a pair of ultrasonic
transducers for transmitting and receiving ultrasonic signals, and a pre-amplifier for
amplifying the received low level signals. The mixer makes a frequency transformation
with an amount determined by the reference signal coming from the oscillator. In this
way it is possible to eliminate the constant frequency term so that the Doppler
difference signal is found at the output of the mixer, i.e., the Doppler shift is obtained.
After further amplification in a low-frequency amplifier, the output signal from the
mixer is analyzed by an analyzer which can rapidly measure the spectral distribution
of a low-frequency signal. Finally the analyzer is connected to a computer which can
access the Doppler spectrum in the analyzer. This flowmeter can measure flow speed
of as low as Imm s, but is suitable only for measuring flow with scatters.

[Szebeszczyk and Pietraszek, 1991] proposed a clamp-on transit time ultrasonic
flowmeter for homogeneous liquid applications. The sing-around method of transit time
measurement has been applied. Control functions, data processing, results presentation
and communication with the external devices are performed by a single chip
rnicroprocéssor. The calibration results proved that, the error of the flowmeter 1s about
than 1%. this flowmeter is suitable for water measurement, but it cannot measure very

low flowrates.

Conclusions
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Various developments of the non-invasive ultrasonic flowmeters have been reviewed.
The review considered the historical background and present developed clamp-on
ultrasonic flowmeters. A fair number of clamp-on ultrasonic flowmeters were reported
in the literature but none seems applicable to the flowrate specification of this work:
measurement of single phase liquid with slow flowrate in small diameter pipe (see
Section 1.1 for detail).

In the next section review of the thermal measurement technique will be given.

1.2.3. Review of thermal flow measurement techniques

1.2.3.1. Fundamentals of thermal flow measurements

For the thermal mass flow measurement techniques, heat is supplied to the fluid passing
through a tube so that the temperature rises. This temperature rise is inversely
proportional to the mass flowrate for a particular fluid and is measured by, for example,
thermocouples [Baker, 1989] and [Harrison, 1981} or by some other means [Hummel,
Ohlmer and Chenneaux, 1991]. The temperature rise, assuming that all this heat is
transferred, is also inversely proportional to the specific heat capacity of the fluid. The
specific heat capacity of the liquid varies with temperature changing but by a very small
amount [Kaye and Laby, 1973].

The thermal mass flow measurement technique is dependent on the heat transfer rate
and this will be affected in turn by the nature of the fluid plus the condition of the pipe
[Bobrovnikov and Novozhilov, 1979]. Heat transfer in laminar flow is different from
that in turbulent flow. If the device operates in the laminar flow region, turbulence

effects will not present. [Hemp, 1993] discussed a technique for calculating velocity
profile effects for laminar flow in thermal flowmeters.

In application, the thermal mass flowmeter which is based directly on the output of the
temperature sensors [Baker, 1989] and is suitable for low flowrate measurements in
small diameter tubes. For this type of design, the temperature difference between the
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sensors is too small at very low flowrates and is also insignificant at high flowrates, this
put limit on the flowmeter. The measurement range can be extended by combining the
thermal technique with some other technique such as ultrasonic [Guilbert, Law and
Sanderson, 1993] or temperature correlation (Hummel, Ohlmer and Chenneenx, 1991].
Section 1.2.3.2 describes various techniques which have applied the heat transfer

principle to flow measurement.

In the mathematical aspect of the thermal mass flowmeter, a basic energy equation
which can be used to estimate the average temperature rise for a flowrate Q passed

through a heater of a power P is given by [Nelkon and Parker, 1977) and [Baker, 1989],

P = QC,AT (1.3.4)

where AT is the average temperature rise in the fluid and G, is the heat capacity per

unit volume of the fluid at constant pressure.

Although Equation (1.3.4) is simple to compute, the changes of fluid properties (such
as density and viscosity) with temperature, flow profile and the efficiency of heat
transfer from the heater (through the pipe wall) to the fluid are not included. The
equations governing fluid motion and energy transfer in laminar pipe flow with heat
source clamped on the outside of the pipe wall can be found in [Geankoplis, 1978].
These equations include the variation of fluid properties with temperature and pressure
changes. The equation governing heat transfer in the pipe wall is purely heat conduction
[Irons,1987]). Refer to chapter 3 for detail of these equations.

Heat transfer in turbulent flow is expected to be different from that in laminar flow due

to the turbulence of the fluid motion which results in an improved heat transfer rate.
Equations governing heat transfer are therefore required to predict temperature

distribution for turbulent flow. It is not intended to present here a great detail of
numerical techniques for turbulent flow heat transfer. The governing equations together
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with suggested computation techniques for simulation can be found in [Yan and Lin,
1991].

If the thermal technique is combined with an ultrasonic technique [Guilbert, Law and
Sanderson, 1993] then estimation of speed of sound and hence the transit time for
ultrasound across the pipe is required. Once the temperature of the fluid is accurately
known, the speed of sound can be estimated. For water, the temperature coefficient
close to standard temperature pressure is of the order of about 0.2% per degree
[Homans, 1982], 1.e.

C.(T) = C, + 0.002C(T - Tg,0) (1.3.5)

It should be noticed that the relationship between the sound speed and liquid
temperature is not perfectly linear, and Equation (1.3.5) should be used only for
estimation. More accurate reference relating to sound speed changes with temperature
can be found in standard physical tables, such as [Kaye and Laby, 1973].

In the next section, a review of thermal flowmeters is presented.

1.2.3.2. Review of the non-invasive thermal flowmeters

A non-invasive gas flow monitoring technique applicable to metal pipe with low
thermal conductivity and high electrical resistivity is reported in [Harrison, 1981]. The
rate of flow of gas can be measured by heating a short length of the pipe externally (the
operational temperature range of a pipe in this system is typically between 70°C and
200°C and detecting the resulting temperature change by measuring the change in the
pipe’s electrical resistance between two externally applied electrodes. For a constant
heater power the temperature of the pipe and hence the resistance, decreases with
increasing flowrate. This flowmeter is not suitable for water measurement applications
as tap water is an electrically conducting fluid. Added to that, to maintain the pipe wall
temperature range from 70°C to 200°C for the pipe size and flowrate defined in Section
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1.2 would require a very high heater power input and multi-phase flow would created
due to the boiling point of water being 100°C.

The heat flowmeter presented in [Kuchnir, Gonezy and Tague, 1985] is not suitable for

clamp-on measurement applications. However, the paper contains some material which

is relevant for temperature measurement. This heat flowmeter is a device based on the
thermal conductivity measuring technique. It consists of a thermally conducting body
between two thermometers, with provisions for thermal connections and calibration.
Instead of the traditional methods for measuring enthalpy change [Schwab, Greiner and
Winter, 1990], this meter measures the thermal conductance of the thermometers. The
advantages of this technique are higher sensitivity, better accuracy, shorter waiting times

and a dependence on only electrical measuring equipment. The higher sensitivity results
from the use of resistance thermometers (platinum, carbon or germanium), while the

better accuracy comes from the direct comparison with electrically generated heat,
which can be accurately measured. The shorter waiting times are a result of the

technique depending only on the temperature of the cold liquid reservoir, not on the
steadiness of the object being tested.

A thermal gas flowmeter is described in [Komiya, Higuchi and Ohtani, 1988]. The
operating principle of this method is based on the heat transfer between the tube and
the flowing fluid within the tube, and the measured quantity is the temperature
difference of two points along the pipe wall. The temperature differences between the
points on the pipe are the outputs for predicting flowrates, The flowrate decreases, the
temperature difference between the two sensors also decreases, this puts a lower bound
on the range of measurement. Furthermore, for relatively high flowrate, the temperature
rise 18 insignificant and hence the magnitude of temperature difference is also too small
to be measured accurately. This type of technique is therefore not suitable for very low
or relatively high flowrate measurement applications. The author tested the flowmeter

for several gases but did not specify the suitable application range and the accuracy of
this flowmeter.

An integrated sensor for non-invasive monitoring of flow in low thermally conducting
pipes is given in [Oudheusden and Bruijn, et al., 1989). Flow detection is based on the



22

measurement of a temperature difference of an integrated circuit chip, which is heated
with respect to the flow. The device 1s direction sensitive and has a zero output in the
absence of flow. The sensor 1s small (4 x 4 x 0.3 mm); simple to construct, and easy
to assemble (bonded onto the pipe by adhesive). The sensors contain resistors for
heating and at least one transistor for the measurement of the chip temperature. The on-
chip temperature difference is measured either by means of a differential transistor pair,
or by using an integrated thermopile. The device i1s not intended for accurate flow rate
measurements, but for indicative results, such as the presence of flow and its direction.
Good results have been obtained for pipe materials with low thermal conductivity such
as PVC and perspex. In the case of highly-conductive metals, such as aluminium, brass
and copper, the method is not effective.

The basic principle of the pipe flow enthalpy difference meter presented in [Schwab,
Greiner and Winter, 1990] is similar to the thermal mass flowmeter presented in [Baker,
1989]. The intensity of the output signals is increased by using a thermopile (composed
of 40 Cu/CuNi thermocouples connected in series and the output is the sum of
thermocouples readings). This design resolved the difficulty of measuring small
temperature outputs. The calibration results shows that, this flowmeter could detect a
temperature difference of 1 K with an accuracy of + 1%. However, the flowmeter
needed to be installed in the flowstream for measurement application

A flow velocity measurement system based on temperature noise correlation is given
in [Hummel, Ohlmer and Chenneaux, 1991]. The TK instrument comprises essentially
four parts, the sensor or TK-probe, the electronic signal conditioner, a signal correlator

and a personal computer (PC) for the data handling and for the system control via an
IEEE-Bus. The principle of this flowmeter is similar to the ultrasonic cross correlation

technique except that the signals from the temperature sensors are used for cross
correlating. The advantage of using the signal from the temperature sensor is that,
temperature differences as low as 0.01 K still provide useful signals. This flowmeter is
able only to measure thermally hydraulic fluids flows. The method is suitable for
velocity in the range of about 0.01 to 10 m s, The typical error is in the order of a
few percent of reading. For optimal conditions, the error can be better than 1%.
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1.2.4. Conclusion

Various developments of the non-invasive ultrasonic and thermal flowmeters have been
reviewed. The review considered the historical background and present developed
clamp-on flowmeters. A fair number of clamp-on ultrasonic flowmeters and thermal
flowmeters were reported in the literature but none seems applicable to the flowrate
specification of this work: measurement of single phase liquid with flowrate range as
low as 0.5 mm s to as high as 3.8 m s in a 15 mm diameter pipe. A new flowmeter
which combines the ultrasonic/thermal technique with ultrasonic multiple reflection 1s

proposed for this application. The ultrasonic/thermal technique was considered for low
flowrate measurement and the ultrasonic multiple reflection (time-of-flight) technique

was proposed for higher flowrate measurement applications. Over a defined flowrate
range both can operate.

In the next section, concept of the proposed flowmeter will be given.

1.3. The Proposed Flowmeter

1.3.1. System Configurations

The proposed flowmeter is essentially a combined ultrasonic transit time flowmeter with
thermal measurement device, its configuration is shown in Fig 1.3.1. For low flowrate
measurement, the ultrasonic/thermal technique is used. The ultrasonic multiple reflection
technique is designed for higher flowrate measurement, Over a limited range of flow,

both these techniques are employed which enable the flowmeter to perform cross
checks.

There are several components required in the ultrasonic/thermal technique. A heat
supply unit, a clamp-on heater with an automatic switch and an adjustable DC power
supply, are needed to create a temperature difference in the flowing fluid. A signal
generator is needed to generate sine wave signals. Direct beam transducers are essential
for transmitting and receiving ultrasonic signals. Time measurement units are required
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to measure the transit time for ultrasound to travel across the pipe. a data acquisition

system is necessary to compute and output measurement results

The elements required for the ultrasonic multiple reflection techniques are: a signal
generator, a pair of angled beam transducers to transmit and receive ultrasound signals,
a multiplexer to alternate the function of the transducer pair (i.e. transmitter to receiver,
and vice versa), and time measurement units. Elements such as the signal generator,

electronics and computation system could be shared between the two techniques.

In both techniques, the transit time from the transmitter to the receiver is measured, and
used for estimating the flowrates.

1.3.2. Basic Theory of the ultrasonic/thermal Technique

The proposed ultrasonic/thermal meter is based on a heater which is clamped onto the
outside of the pipe. Ultrasonic transmit-receive transducer pairs are also clamped onto

the pipe a short distance from the heater. With the heater switched on, heat propagates
both upstream and downstream in the pipe and the liquid by conduction. When the
liquid is flowing, heat convection by the flow results in a change in the heat distribution
within the meter area. This change results in a variation in the speed of sound which

18 detected by the transmit-receive transducer pairs which send and detect ultrasonic
bursts whose propagation time is measured.

Two transducer configurations (two transducer pair configurations and a single
transducer pair configuration) have been proposed which results in different modes of
operation and performances. One configuration uses two pairs of ultrasonic transducers -

on¢ pair upstream and the other downstream - and the other has a single pair of
transducers mounted downstream of the heater.

In the two transducer pair configuration (Fig 1.3.2a) the asymmetry due to flow between
the heat distribution upstream and downstream of the heater is determined by measuring
the difference in ultrasonic transit times between the transducer pairs. Reverse flows are
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automatically detected and measured by this form of the meter as the transducer pair
downstream of the heater will always measure a shorter transit time than pair upstream.
(Speed of sound increasing with temperature). If the flow reverses, the transducer pair
measuring the shorter transit time will change. As the flowrate decreases, the difference
in transit ﬁmc will also decrease. This puts a lower bound on the range of this

configuration of the meter.

The single transducer pair configuration overcomes the problem of low flow inaccuracy.
However, it is unable to measure reverse flows. In this form the meter has a single pair
of transducers mounted downstream of the heater (Fig 1.3.2b). As with the two pair
configuration, these transducers determine ultrasonic transit time which is related to
average temperature across the measurement path, The transit time is measured with the
heater switched on and off periodically. The difference in transit times is then used to
determine flowrate. When the heater is off the transit time gives a measure of the
temperature of the fluid entering the meter and so can be used to compensate for inlet
temperature variations. Because the difference in transit times is greater at lower
flowrates, this configuration becomes more accurate as the flowrate decreases and so
has a lower minimum flowrate. However, the transit time needs to be measured at
steady state (after transients due to switching the heater on or off have decayed). This
reduces the response time of the meter - especially at low flowrates when the heat 1s
not convected away as quickly. Nevertheless, this configuration was felt to be the more

promising and was selected for the numerical and experimental investigations.

The basic equations for single transducer pair configuration can be outlined as follows:

When the heater 1s on, the transit time for an ultrasound beam to travel across the pipe
diameter (Referring to Fig 1.3.3. for definition of coordinate system and dimensions)

is given by

d D-24 D
dr dr dr
At = + —— el 1.3.1
R ;!‘ Cw(t) -[ CL(t) DL C. (1) ( )
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where Az, is the transit time for ultrasound to travel across the pipe, Cy/(t) and C,(t)

are speed of sound in copper pipe wall and liquid respectively which are temperature
and position dependent (1.e. dependent on both the heater power and the coordinates (x,

r, ¢ ) of the pipe).

When the heater is off, the transit time for an ultrasound beam to travel across the pipe

diameter is equal to

2d D - 2d (1.3.2)

where Ay is the transit time for ultrasound to travel across the pipe, Cy, and C, are

speed of sound in copper pipe wall and liquid respectively at a reference temperature.

For a given heater power, the transit time for ultrasound across the pipe diameter is a
function of flowrate only, and hence the flowrate Q can be estimated by the transit time
difference between the heater off and on, which is defined as

At = At - As,

ie. Q= F(A) (1.3.3)

1.3.3. Basic Theory of the ultrasonic multiple Reflection
Technique
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As flowrate increases, the temperature rise in the liquid decreases, which results in an
insignificant change in the transit time difference. An alternative approach was therefore
required for measuring higher flowrates. This was based on a pair of angled beam
transducer clamped onto the outside of the pipe (Fig 1.3.2¢). In this technique, the
transit time difference between ultrasonic beams transmitted upstream and downstream

in the flowing medium is proportional to flow velocity, and is therefore used to predict

flow velocity.

The ultrasonic transit time method consists basically of sending two ultrasonic pulses
at an angle across the pipe, one i1n the direction of flow and the other in opposite
direction. The pulses emitted in the direction of the flow will travel the distance
between the two transducers in a shorter time than the pulses travelling against the flow.

If the fluid in Fig 1.3.4 is moving with velocity V at a angle ¢ . to the ultrasound

beam in a fluid for which the velocity of sound beam is C;, then the transit time for
ultrasound beams to travel from transducer 1 to transducer 2, and from transducer 2 to
transducer 1 respectively are

ND - 24) (1.3.6a)

+'Cd

{ ettt —
* sing,(C + Vcoso,)

= ND -2 1.3.6b
' " pC  Veos) 00

where t,, is the transit time from transducer 1 to transducer 2, t,, is the transit time from
transducer 2 to transducer 1. (D-2d) is the inner diameter of the pipe, N is number of

reflections and T, 1s the delay time of the transducers and electronics.
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The transit time difference, Ay 3 1s obtained by subtracting t,, from t,,,

_ 2N(D - 2d)cotd,

m V (1.3.7a)

At,g =, — ¢

since in general, C2? » VZcos% L Equation (1.3.7a) can be simplified to

2N(D - 2d)cotd,

4 (1.3.7b)

Aty =t — 1,

The difference in transit time of the two ultrasonic signals At,, is a measure of the

flowrate.

1.4. Thesis Layout

Following the introduction into the field of non-invasive measurement technologies
given in Chapter 1, in Chapter 2, management aspects of the project are given.

Chapter 3 describes the mathematical modelling and integration of the mathematical
model into computer models for the heat transfer from the heater clamped outside the
pipe to the fluid flow inside the pipe, and hence speed of sound in the pipe wall and

the fluid could be predicted, which are essential for designing the ultrasonic/thermal
flowmeter.
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In Chapter 4, theoretical aspects of the flowmeter are examined in detail. Component

requirements of the flowmeter and the operating principle are given in Chapter 5.
Chapter 6 presents the design, construction and preliminary tests of the developed

flowmeter. In Chapter 7, the design and construction of a refined hydraulic test facility
with a computer data acquisition system for calibration of the proposed clamp-on
flowmeter is described in detail. In Chapter 8, various experiments for testing the
performance of the proposed flowmeter are presented. The experimental results are

discussed and analyzed in Chapter 9. Finally, the conclusions drawn from this work
together with the suggestions for further research are stated in Chapter 10.
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2. MANAGEMENT ASPECTS

2.1. Introduction

In this Chapter, the management of the research work for developing a clamp-on

flowmeter is considered together with the benefit analysis. In the first section, the
planning and controlling of the major activities that make up the technical content are
discussed. The target is to break the overall task down into a series of steps, taking care

to consolidate each step before progressing to the next. In the second section, the

problems associated with invasive domestic flowmetering and the benefits of the clamp-

on flowmetering are given. The installation costs analysis for the domestic flowmeter

is discussed. The calculation was based on the realistic values reported in the National

metering trials report conducted by various Water Service plc’s and Companies

involved.

2.2. Applving the Principle of Project management for Planning the Research

2.2.1. Management of the Research Work

It has been proved in the past that, whatever the end product, the method of
successfully completing a project (or research work) can be best achieved by good

management. An innovation case study given in [Bradnam, 1992] is an example
showing that project management is the most effective way to execute a complex multi-

discipline task.

The characteristics, advantages and phases of the project management system could be
found in [Ritchie, 1992]. One of the important characteristics of a project is that
generally, it goes through a series of phases. Sometime the phases are carried out
sequently, but very often they overlap to a large extent. The phases that are usually

included are: conceptual study; feasibility study; planning; basic design; detailed design;
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procurement and commission. The advantage of breaking the overall task down into a

number of phases is to study each in depth before progressing to the next.

The phases for the Ph.D. research work are illustrated in Fig. 2.2.1. The Conceptual

study would be a study to examine the basic ideas of the flowmeter to be developed.
The advantages that would be gained by proceeding with the research work and to give
a very general indication of the cost and the overall economics of the venture were
carried out by members of the client organisation (Severn Trent water company) and
members of the department (Dept. of Fluid Engineering & Instrumentations, Cranfield
University). The contents of the Feasibility study would include an exact description of
the flowmeter including: size; flowmeter type; technologies to be used; equipment that
needed to be purchased and personnel required to perform part of the work (such as
electronic expertise and laboratory assistance). Again, the estimated running costs were
considered by a different group of people. During the Planning phase a list of activities
of the research work were outlined and they will be asked to prequalify for the work.
There are two important factors that have been considered in the planning of this
research work: personnel to provide assistance on part of the work and resources
available (such as equipment, space and services). Whilst the project planning is being
carried out the basic design documents can be prepared. This defines in sufficient detail
the actual scope of the work which was chosen during the feasibility study. Sufficient
technical information is generated so that more accurate assessment of the schedule can
be made and the quality of the flowmeter can be defined. By this time, a very clear idea
of the flowmeter (its size, flowmeter type, quality and work schedule) can be defined.
In the engineering and procurement phase the detailed drawings are prepared, matenals
and equipments are specified and purchased. The Construction phase is to construct the
clamp-on flowmeter in accordance with the design documents. The final phase of the

research work is the Commissioning phase, where the developed flowmeter 1s
thoroughly tested and brought to full working order.

In the next section, the principle of project control and its application to the research
work will be discussed.
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2.2.2. Project Control

The project control is to ensuring that meticulous attention is paid to essential activities

of the research work. It should be noted that there are five elements of this research

work that need to be controlled: Scope; quality; schedule; personnel and resource; and

costs. The project control should be executed in parallel with each phase of the Ph.D.
which was discussed in section 2.2.1.

Controlling the scope of the research work 1s to define exactly the final form of the
flowmeter this is to ensured that, start designing and constructing the flowmeter for

which the basic concept is firm. work breakdown structure have been adopted for
defining scope of the Ph.D. work (see section 2.2.3 for detail). When, and only when
the scope is fully defined should a plan be prepared. Once the plan has been agreed, the
detailed planning can start. A master project schedule can be prepared to accomplish
the objective laid down in the plan. This is a schedule for the whole job from basic

engineering to completion showing only the major activities. Quality assurance/Quality
control is vitally important because delays can be caused by poor quality engineering.

A comprehensive quality assurance procedure has been prepared to advice all the people
involved in the work of the level of quality that must be maintained. Attention was also
paid to purchase suitable materials and equipment for constructing and testing of the
flowmeter. In personnel control, 1t is vital that, the personnel involved in the work are
fully motivated and productive. The people involved in this research work are the
author, the supervisors, electronic experts, laboratory assistants and the client who
provide financial support for this work. An effective way for the members in the team
to communicate 1S to use the one leader task force given in [Ritchie, 1992]. Meeting
have been organized quarterly, at which all senior members of the team including the

client are present. From the meeting the personnel involved received up to date
information and also the schedule for the next phase of work.

In the next section, use of the work breakdown structures for defining the scope of the
Ph.D. thesis will be discussed.



33
2.2.3 Work BreakDown Structures

A work breakdown structure is a formal and systematic way of defining the scope of

a project (or research work). Of equal importance, the process helps to identify missing

scope items and areas of 1gnorance.

The work breakdown structure 1s developed by exploding the research work into its
component parts and services required. The packages of work so formed must be clearly
distinguishable from all other work packages. Each package is further subdivided into

lower level elements of work representing units of work at a level where the work is

to be performed. This process of breaking down the work is continued until the research
project is fully defined in terms of "WHAT" is to be done to complete the Ph.D. A
work breakdown structure for the Ph.D. is illustrated in Fig. 2.2.2 to Fig. 2.2.6. This
work breakdown structure divides the work of the Ph.D. research into manageable units
for which individual responsibility can be assigned and work schedule together with the

resources required for completing a particular unit of the work can be planned.

2.3. Cost And Benefit Analysis

2.3.1. Introduction

In order to achieve a sensible cost for widespread metering of water in the future (from
1 April 2000), 1t would be necessary to select flowmeters which are inexpensive,
accurate, and have low installation and maintenance costs. Flowmeters which possess
less problems and whose repair cost 1s low could reduces maintenance cost. The
intrusive domestic flowmeters currently used by the water companies are inexpensive
to purchase but possess problems and the repair cost is high. The unit cost for clamp-on

flowmeter 1s higher than that of the domestic flowmeter but installation and

maintenance cost are low, which would maintain the cost advantage in the long term

plan. Clamp-on flowmeters might be a sensible choice for use as a calibrator for

calibrating 1nstalled domestic flowmeters and can also be installed in properties for
metering water.
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In this section, the problems associated with the intrusive domestic flowmeters will be
examined in detail. The intention is to show the benefits of the clamp-on flowmeter and
that the use of the clamp-on flowmeter type would maintain the cost advantage in the

long term plan. The cost analysis for the domestic flowmeter is also discussed.

The facts and values used in this work are the results of metering tnals which were
conducted by the Water service plc’s companies, the Water Research Centre and

Department of Environment for a widely different range of customers from Northumbria

to the Isle of Wight. Fig. 2.3.1 shows the locations and Table 2.3.1 listed number of
properties.

In the next section, the problem associated with the domestic flowmeter will be given.

2.3.2. Problem with the Domestic Flowmeters and

Advantages of Clamp-on Flowmeters

To understand the benefits which could be gained by using the clamp-on flowmeter 1n
water industry, one must first understand the problems associated with the domestic
flowmeters. There are two approaches which were adopted for domestic flowmeter
installation, internal metering (domestic flowmeter is installed inside of the property)
and external metering (domestic flowmeter is located immediately outside of the
property boundary, which in most case has been in the public footpath). Typical

practical problems experienced were: customers complaints; electrical earthing; leakage;
and most serious of all is the poor performance of the metering equipment.

Most of the complaints where internal meters were installed stem from accidental

damage to a customers property (eg. rectifying damage to carpet, wallpaper and paint
work; removing dirty marks and stains). Most of the complaints about external
installation were that customers complained about the inconvenience of having their
garden, pathway or drive dug up and about the mismatch of the final resurfaced

appearance. Where compensation has been agreeded, it has generally been paid by the
water company involved.
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Another problem was the affect the installation of an external meter (which has a
predominance of plastic components) or the replacement of a metal service pipe with
a plastic one might have on the effectiveness of the electrical earth of property. As can

be seen in later section, the cost for solving the electrical earthing problem would be
about £5.70 per property.

The problems caused by the poor performance of the metering equipment are of more
significance and are harder to resolve. The most common problems encountered are
summarised as follows: meters have been found to leak from the joints; meters reported
by customers as jammed or failing to record; condensation on the meter display/body;
broken seals; and reported problem concerned with meter box mainly difficulty 1n
removing the box lids (which tend to fit very tightly and the disintegration of insulating
material), quality control during box assembly and the durability of box components.
The main problems found with the metering equipment at each trial site and the repair
expenses are presented in Table 2.3.2 and Table 2.3.3. As can be seen from the values
recorded in these Tables, installation and maintenance cost for the domestic flowmeters
are high. Most of the problems identified for domestic flowmeters would not occur with

clamp-on flowmeter installations.

Meter accuracy checks are high for domestic flowmeters, due to the labour required to
remove and install flowmeters into the pipeline. However, the cost of confidence checks
on the accuracy of the domestic flowmeter could be reduced by the use of a clamp-on
flowmeter as a calibrator for calibrating the domestic flowmeter. Accuracy checks could

be done without the need to remove the flowmeter.

In next Section the cost analysis for domestic flowmeter installation will be given.

2.3.3 Domestic Flowmeter Installation Cost Analysis

In this Section, the cost analysis for domestic flowmeter installation will be discussed.

The calculation 1s based on the realistic values reported in the watering meter trials



36

(referring to Fig. 2.3.1 for trial site locations and Table 2.3.1 for information about the

trail sites properties).

The main types of expenditure involved in the installation of a straight forward or

standard meter installation are identified as: basic installation cost; leakage repair;

electrical earthing; survey costs; management and supervision costs; and outreader

system 1installation costs.

A complete cost analysis should also included the long term maintenance costs. As the
values for long term maintenance costs are not available, a full costs and benefits
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