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ABSTRACT

The design, development and calibration of three flow sensors to measure the speed and
direction of fluid flow is presented in this thesis. The force exerted by the fluid flow on
the sensors are measured using strain gauges. Multidirectional fluid flow measurement
has been made possible by vectorial addition of the orthogonal flow components. The
fluid speed and direction are generated irrespective of each other.

Electrical resistance strain gauges are used as the force measuring device for the first
version of the flow meter. These strain gauges are bonded to the four longitudinal
surfaces of a square-sectioned, elastic, rubber cantilever having a drag element attached
to its free end. An attempt has been made to optimise the shape and dimensions of the
elastic beam to obtain a constant drag co-efficient over a wide flow range. Calibration of
the electrical strain gauge flow sensor has been performed in a wind tunnel to measure
air flow. The sensor has a repeatability of 0.02%, linearity within 2% and a resolution of
0.43 m/s. The most noteworthy feature of the flow sensor is its quick response time of
50 milliseconds. The sensor is able to generate a measurement of flow direction in two
dimensions with a resolution of 3.6°. Preliminary measurements in a water tank enabled

the speed of water to be measured with a resolution of 0.02 m/s over a range from 0 to
0.4 m/s.

An optical fibre strain sensor has been designed and developed by inserting grooves into
a multimode plastic optical fibre. As the fibre bends, the variation in the angle of the
grooves causes an intensity modulation of the light transmitted through the fibre. A

mathematical model has been developed which has been experimentally verified in the
laboratory.

The electrical strain gauge was replaced by the fibre optic strain gauge in the second
version of the flow sensor. Two dimensional flow measurement was made possible by
attaching two such optical fibre strain gauges on the adjacent sides of the square-
sectioned rubber beam. The optical fibre flow sensor was successfully calibrated in a
wind tunnel to generate both the magnitude and direction of the velocity of air. The flow
sensor had a repeatability of 0.3% and measured the wind velocity up to 30 m/s with a
magnitude resolution of 1.3 m/s and a direction resolution of 5.9°.

The third version of the flow sensor has used the grooved oiptical fibre strain sensor by
itself without the rubber beam to measure the fluid flow. Wind tunnel calibration has

been performed to measure two dimensional wind flow up to 35 m/s with a resolution of
0.96 m/s.
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INTRODUCTION

INTRODUCTION

The measurement of fluid flow is vital for a wide range of industrial processes and
environmental applications. Looking at the history of flowmeters, one can learn that 1t is
only in the past twenty years that some techniques have been perfected while others are
showing significant promise for the future. This thesis describes the design, development
and calibration of three flow sensors, all of which are based on the principle of cantilever
beam deflection. The first flow sensor has used conventional resistance strain gauges
while the latter two have used optical fibre strain gauges to sense the deflection. These

sensors were specifically designed to measure fluid flow in the natural environment and

in industry.

Conventional electrical resistance strain gauges have been in the market for the last five
decades. Continuous commercial development, and extensive industrial and research
investigations, have resulted in excellent performance characteristics particularly 1n
stability, temperature compensation, and creep. Such advantages in turn has led to the
resistance strain gauge becoming the basic sensing element of very high precision load
transducers and weighing systems. In this project the resistance strain gauge has been
used to sense the deflection of a rubber cantilever due to force exerted by fluid flow. The
combination of the two have led to the development of the resistance strain gauge target

flow sensor to measure the speed and direction of two dimensional fluid flow.

A novel method to measure strain using plastic optical fibres will be discussed in this
thesis. While resistance strain gauges are one of the few accurate, sensitive, versatile and
easy-to-use sensors available today, they have problems in hazardous environments. The
optical fibre strain gauge that has been developed, optimised and calibrated in this
project could be used in such hostile areas and where there is a need for immunity to
electromagnetic interference or corrosion. The fibre optic strain gauge has been used to
measure fluid flow by attaching it to the surface of a rubber cantilever. The deflection of
the rubber cantilever produces a change in the intensity of light transmitted through the
optical fibre which can be related to the velocity of the fluid. The measurement of two
dimensional fluid flow has been made possible by attaching two such fibres on the two

adjacent sides of the rubber beam. This has enabled the speed and direction of the fluid
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flow to be measured. The third flow sensor that has been developed and calibrated, has
used the above mentioned optical fibre strain gauge itself as the drag element, by

completely removing the rubber beam. This configuration of the optical fibre flow sensor

has better performance characteristics than the optical fibre flow sensor with the rubber

cantilever.
The structure of the thesis is as follows:

Chapter One reviews the flow measurement techniques where a background of concepts
1s built up from first principles, which may be utilised in the application of fluid dynamics
to problems in different fields of engineering. This chapter also reviews the various
flowmeters that have been in the market with a brief description of their working

principle. In particular, a literature review on the target flow sensors has been discussed.

Chapter Two discusses the resistance strain gauges that have been in use since 1940. In

this chapter, the operating principle, installation and instrumentation used by the strain

gauges are reviewed.

The choice of a suitable material for the sensing beam of the flow sensor described in this
thesis was an important aspect in the design of the flow sensor. Chapter Three assesses
the suitability of rubber as the material for the sensing beam. Compared to other
materials, rubbers offer the most useful range of moduli and many different types are
available. The unique combinations of useful properties which rubbers exhibit make them

the ideal material for the sensing beam of these flow sensors.

Chapter Four describes the design, development and calibration runs of the resistance
strain gauge flow sensor to measure one and two dimensional air flow, which in tumn
measures the speed and direction of wind velocity. The results of the experiments
performed in a wind tunnel and preliminary experiments in a water tank to measure one

dimensional water speed are presented.

Chapter Five investigates the performance characteristics of the resistance strain gauge

target flow sensor to evaluate both the static and dynamic characteristics of this flow

SENSOr,

Chapter Six reviews the optical fibre sensor development with particular attention to the

optical fibre flow sensors that have been in the market. Some of these optical fibre flow
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sensors are based on the existing conventional techniques of flow measurement

discussed in Chapter One.

Chapter Seven investigates the construction and optimisation of a fibre optic strain
gauge where a novel intensity based sensor using a plastic optical fibre has been
developed. A mathematical theory has been postulated which has been confirmed by

experiments performed in the lab.

Chapter Eight evaluates the design and operation of two optical fibre flow sensors, both
of which have used the optical fibre strain sensor described in the previous chapter. The
first optical fibre flow sensor has sensed the deflection caused by the fluid using the
rubber cantilever on which the strain sensor is attached. The second flow sensor has used

unsupported sensitised Imm diameter plastic optical fibre sans the rubber beam to

measure the fluid induced deflection.

Finally, in Chapter Nine, the novel features and application areas of these flow sensors

are discussed.
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CHAPTER 1
TECHNIQUES OF FLOW MEASUREMENT

1.1 INTRODUCTION

Flow measurement is important to the economy of any business where fluids of all types
are bought and sold. There is an ever increasing need for accurate and reliable flow
measurement at realistic cost. The importance of measuring the flow of fluid 1s apparent
in some areas, such as oil and gas, but there are many other less obvious ones where it 1s
equally important, such as power generation and the chemical and process industrnes.
The impact of flow measurement is universal. At one end of the scale, it challenges us in
spacecraft, not only in ensuring correct fuelling of the thruster motors but also 1n
accurately ventilating the spacesuits of the occupants. In more mundane affairs, 1t has a

widespread use on land and on sea; so much so that flow and its measurement form part

of our daily lives.

In any assessment the form taken by the fluid also assumes an important part. We have
purely liquid and purely gas states at a variety of pressures and temperatures. To these
multi-phase versions must be added, some being liquids or gases containing particulate
solids or liquids containing gases, gases with traces of liquid, or mixtures of liquids or
gases, etc. All this adds to the complexity of the operational procedures and
computational techniques which must be applied in a specific situation, whether in an
open channel or a closed duct. Now, more than ever, the need for the conservation and
the efficient utilisation of the reserves of energy existing on this planet are coming to be

realised. Once again flow measurement is to be found on the forefront as an essential

constituent in metering consumption.

This introductory chapter deals initially with the fluid flow theory, where a background
of concepts is built up from first principles, which may be utilised in the application of
flurd dynamics to problems in different fields of engineering. This is followed by a review
of the different flowmeters which have been in use over the past century, with a brief

description of their theory along with their advantages and disadvantages in industry.
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Finally this chapter will focus on the target flow sensor by presenting a literature review

on the different drag-force sensing techniques that have been published.

1.2 FLUID FLOW THEORY

1.2.1 Properties of fluids

The science of fluid dynamics concerns itself with the determination of the characteristics
of the flow past bodies of various shapes. Before proceeding with the analysis of flow
problems, it is necessary to have an understanding of the fluid medium with which we are
dealing. Fluids are of two types, liquid and gaseous. In this project, we are concerned

with a gaseous fluid, air, but many of the concepts apply equally well to the flow of

liquids.

1.2.1.1 Real and perfect fluids

Most theoretical investigations in the field of fluid dynamics are based on the concept of
a perfect, i.e. frictionless and incompressible, fluid. In the motion of such a perfect fluid,
two contacting layers experience no tangential forces (shearing stresses) but act on each
other with normal forces (pressures) only. This is equivalent to stating that a perfect fluid
offers no internal resistance to a change in shape. The theory describing the motion of a
perfect fluid is mathematically very far developed and supplies in many cases a
satisfactory description of real motions, such as the motion of surface waves or the
formation of liquid jets. On the other hand the theory of perfect fluids fails completely to
account for the drag of a body. In this connection it leads to the statement that a body
which moves uniformly through a fluid which extends to infinity, experiences no drag
(d’Alembert’s paradox). [1.1] This unacceptable result of the theory of a perfect fluid
can be traced to the fact that the inner layers of a real fluid transmit tangential as well as
normal stresses, this being also the case near a solid wall wetted by a fluid. These

tangential or friction forces in a real fluid are connected with a property which is called

the viscosity of the fluid.

Because of the absence of tangential forces, on the boundary between a perfect fluid and
a solid wall there exists, in general, a difference in relative tangential velocities, 1.e. there
18 slip. On the other hand, in real fluids the existence of intermolecular attractions causes

the fluid to adhere to a solid wall and this gives rise to shearing stresses [1.1].
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The existence of tangential (shearing) stresses and the condition of no slip near solid
walls constitute the essential differences between a perfect and a real fluid. Fluids like
water and air, which are of great practical importance, have very small coefficients of
viscosity, but unlike in perfect fluids, the condition of no slip near a solid boundary
prevails. A perfect fluid may be defined as non-viscous or inviscid; thus no shear stresses

exist for this fluid when it is in motion.

1.2.1.2 Viscosity

The viscosity of a fluid is a measure of its resistance to flow. It is this property of all real
fluids that distinguishes them from ideal or non-viscous fluids. A gas consists of a large
number of molecules each of which has a random motion. If a gas is in motion with a
velocity ‘v’, then each molecule has in addition to its random speed ‘c’ an ordered
velocity ‘v’. The concept of viscosity has meaning only for gases that have an ordered
velocity. The viscosity of a fluid is manifested itself by its tendency to adhere to a
surface. [1.1] The nature of viscosity can best be visualised with the aid of the following
experiment: Consider the motion of a fluid held captive between two very long, parallel
plate; one at rest, the other moving with a constant velocity parallel to itself as shown in

Figure 1.1. Let the distance between the plates be ‘h’, the pressure being constant
throughout the fluid.

Figure 1.1 : Velocity distribution in a viscous fluid between two parallel flat walls
(Couette flow)

Experiment [1.1] teaches that the fluid adheres to both walls, so that its velocity at the
lower plate is zero, and that at the upper plate is equal to the velocity of the plate, U.
Furthermore, the velocity distribution in the fluid between the plates is linear, so that the

fluid velocity is proportional the distance ‘y” from the lower plate, and we have
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u(y) = =-U (1.1)

In order to support the motion it is necessary to apply a tangential force to the upper

plate, the force being in equilibrium with the frictional forces in the fluid. This force,
frictional shearing stress, T, resists the motion of the upper plate and is proportional to
the velocity U of the upper plate, and inversely proportional to the distance ‘h’, which in

general can be substituted by du/dy, the velocity gradient. Therefore,

T=|1 — (1.2)

where W is a factor of proportionality known as dynamic viscosity which depends on the
nature of the fluid. The dimensions of p, the dynamic viscosity are ML™'T™ and its units
in the SI system of units is Ns/m® and in the cgs system, the poise [0.1 Ns/m?]. The
dynamic viscosity of water at 20°C is approximately 1.002 x 10™ Ns/m” and that of air at
20°C is 18.2 x 10° Ns/m’. It was Newton who postulated that the shear stress, T, is
proportional to the velocity gradient and consequently Equation 1.2 is referred to as

Newton'’s law of friction, and the fluids that conform to this law are considered to be

Newtonian fluids.[1.1]

In all fluid motions in which frictional and inertial forces interact, it i1s important to
consider the ratio of the viscosity,, to the density,p , known as the kinematic viscosity,

V.
_ M
v=L 1.3
p (1.3)

The dimensions of the kinematic viscosity are LT and the units are m%s. Water, air and

gas are essentially Newtonian fluids because linearity exists between shear stress, T and

velocity gradient.

1.2.2 Reynolds number

A very important dimensionless parameter used to define the regions within the
operating flow range of a meter, where the meter performance is sensitive or insensitive
to fluid parameters, is the Reynolds number. The Reynolds number is a ratio of the

Inertial force to the viscous force acting on the body. The viscous force is that needed to
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maintain motion through the fluid. The inertial force is the force that would be needed to

stop the body which is moving along steadily with its own inertia. [1.2]

The inertial force (Fy)of a parcel of air or water is proportional to the square of its speed,
U?, divided by its length scale, d. The frictional or viscous force(Fy) working on an

object of diameter d moving through a fluid at speed U is given as

FV —_ (14)

F,=— (1.5)

The ratio of these forces , Re, is a dimensionless parameter given by
Re =Ud/v (1.6)

Two flow regimes are considered identical if they have the same Reynolds number. This

allows the flow around an obstacle to be modelled in a tank or tunnel simply by choosing

U, d and v so that Re is the same as in the atmosphere or ocean.

1.2.3 Types of flow

Experimental observations have shown that two distinct types of flow can exist; the

laminar or streamline flow and turbulent flow.

1.2.3.1 Laminar and turbulent flows

The first type of flow is laminar or streamline or viscous flow. Laminar flow is defined
as flow under conditions where forces due to viscosity are more significant than forces
due to mnertia. This is shown for a circular pipe in Figure 1.2. This type of flow has the
characteristic of having adjacent fluid particles move along essentially parallel paths in a
highly ordered manner. Thus laminar flow in a circular pipe can be considered as a
number of annular layers: the velocity of these layers increases from zero at the pipe wall
to maximum at the pipe centre with significant viscous shear stresses between each layer.
Figure 1.2 shows the resulting velocity profile; a graph of layer velocity, v, versus

distance, r, of layer from centre, which is parabolic in shape.
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L.

v

Figure 1.2 :  Velocity profile of laminar flow in a circular pipe

Measurements show that the type of motion through a circular pipe in which the velocity
distribution is parabolic exists only at low and moderate Reynolds number. The second
type of flow, turbulent flow, is shown in Figure 1.3. This is highly disordered, each
particle moves randomly in three dimensions and occupies different relative positions 1n
successive cross sections. As a result, the velocity and pressure at a given point in the
pipe are both subject to small random fluctuations with time about their mean values.

The viscous friction forces which cause the ordered motion in laminar flow are much

smaller in turbulent flow.

Figure 1.3 : Velocity profile of turbulent flow in a circular pipe

O.Reynolds (1842-1912) demonstrated in his classic paper, that this characteristic of the
motion can be made clearly visible by introducing a dye into the stream and by
discharging it through a thin tube[1.3]. At the moderate Reynolds number associated
with laminar flow, the dye is visible in the form of a clearly defined thread extending over
the whole length of the pipe. By increasing the flow velocity, it is possible to reach a
stage when the fluid particles cease to move along straight lines and the regularity of the
motion breaks down. The coloured thread becomes mixed with the fluid, its sharp
outline becomes blurred and eventually the whole cross section becomes coloured. There

are now superimposed irregular radial fluctuations which effect the mixing. Such a flow
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pattern is called turbulent. Reynolds ascertained that the transition from the laminar to

turbulent type of motion takes place at a definite value of the Reynolds number called the

critical Reynolds number.

The actual value of the critical Reynolds number depends further on the details of the
experimental arrangement, in particular on the amount of disturbance suffered by the
fluid before entering the pipe. With an arrangement that is as free from disturbances as
possible, a critical Reynolds number exceeding 10* can be attained. With a sharp edged

entrance the critical Reynolds number becomes approximately

R crit — ('E—q-) ~ 2300 (pipe) (1 -7)
crit

V

where u denotes the mean velocity averaged over the cross-sectional area.

This value can be regarded as the lower limit for the critical Reynolds number below
which even strong disturbances do not cause the flow to become turbulent. Accordingly,
flows for which the Reynolds number Re < R are supposed to be laminar, and flows
for which Re > R.;; are expected to be turbulent. The numerical value of the cntical
Reynolds number depends very strongly on the conditions which prevail in the initial pipe

length as well as in the approach to it. Reynolds postulated that the critical Reynolds

number increases as the disturbances in the flow before the pipe are decreased. This fact
was confirmed experimentally by Barnes [1.4] and later by Schiller [1.5] who obtained
critical values of the Reynolds number of up to 20,000. Ekman [1.6] succeeded in

maintaining laminar flow up to a critical Reynolds number of 40,0000 by providing an
inlet which was made exceptionally free from disturbances. The upper limit to which the

critical Reynolds number can be driven, if extreme care is taken to free the inlet from the

disturbances, is not known at present.

Experiments [1.7] show that it is possible to maintain laminar flow to very high Reynolds
numbers if care is taken to increase the flow gradually, but normally the slightest
disturbance will destroy the laminar boundary layer if the value of Reynolds number is
greater than 4000. Similarly, flow initially turbulent can be maintained with care to very
low Reynolds numbers, but the slightest upset will result in laminar flow if the Reynolds

number 1s less than 2000. The Reynolds number range between 2000 and 4000 1s known

10
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as the critical zone. Flow in the zone is unstable, and designers of piping systems must

take this into account.[1.7].

1.2.3.2 QOther classifications of flow

Various types of flow can be distinguished. For example, flow may be steady, unsteady

or pulsating, compressible or incompressible and subsonic or supersonic.

Flow is steady when conditions do not vary in time, or when, in the case of turbulent
flow, the statistical parameters (mean value and standard deviation) do not vary in time.
The steady flows observed in pipes are, in practice, flows in which quantities (such as
velocity, pressure, mass, density and temperature) vary in time about mean values which

are independent of time; these are actually “statistically steady flows”.

Unsteady flow, on the other hand, is a flow in which the flow rate fluctuates randomly

with time and for which the mean value is not constant.

Pulsating flow is defined as having a flow rate that varies with time, but for which the

mean flow rate is constant when obtained over a sufficiently long period of time.

Flow is incompressible if there are no or negligible density changes. Compressible

eflects can occur in gas flows at high velocities.

Subsonic flows involves flow with velocity less than sound. (Sonic speeds in air at STP
1s 330 m/s. Mach number(M) is a dimensionless quantity used to define if the flow 1s
subsonic or supersonic. It is the ratio of the fluid speed to the local speed of sound.

When M<]1, the flow is subsonic and if M>1, the flow is supersonic. For M<0.3, the

flow is incompressible.

1.2.4 Fluid forces on a body

A body in the flow experiences a fluid force when there is a relative motion between the

fluid and the body. Relative motion means that there exists a velocity difference between
the body and the fluid; i.e. the body may be at rest or moving at a velocity lower or
higher than that of the flow. The fluid force acting in the direction of the motion of the

body is known as the drag force. The fluid force acting normal to the direction of motion
of the body is called the lift force. Theoretical determination of the fluid forces is

not yet possible. The usual approach is to determine the fluid forces via

11
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the introduction of the drag and lift coefficients (Cp and C;), which are determined
experimentally. Since the flow around a body may be in the laminar, turbulent or
transitional regime, the fluid forces (or better the drag and lift coefficient ) are strongly
related to the type of flow which is characterised by the Reynolds number (Re). Thus
Cp and C, are functions of Re. Cp, the drag coefficient, depends on:

1. the shape of the body

2.  the roughness of the body surface

3.  the type of flow characterised by the Reynolds number.

Figure 1.4 shows the experimentally determined drag coefficients, as a function of Re,

for smooth bodies of different shapes.
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Figure 1.4 :  Drag coefficient of smooth bodies. (Courtesy Delft Hydraulics, 1981)
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1.3 REVIEW OF THE FLOWMETERS IN CLOSED CONDUIT SYSTEMS

A flow meter is a device for measuring the quantity or rate of flow of a moving fluid in a
pipe or open channel. It may consist of a primary device and a secondary device. The
primary device generates a signal responding to the flow from which the flow rate may
be inferred. A secondary device receives a signal from the primary device and displays,
records, and/or transmits the signal as a measure of the flow rate. In most cases, the
primary device is wetted by the fluid and the secondary device is outside the process.
This section is a critical review of the major types of pipe-mounted flowmeters in current
use In closed conduit systems; most of the details taken from references from Brain
(1982)[1.8] and Furness (1986)[1.9]. For each flowrate sensing element considered,

physical descriptions are presented together with the flow meter’s operating principles

and their theoretical derivation. Measurements of both liquid and gas flowrates are
considered and for each meter, guidelines are offered giving typical accuracies attainable

and pointing out their advantages and pitfalls.

In Table 1.1, an attempt has been made to list the more widely available flow meters in
their respective groups. These groups fall conveniently into two basic categories, those
which extract energy from and those which add energy to the fluid being metered. The
extractive approach involves the placing of an obstruction into the flow. This obstruction

may be a rotor, a bluff body or merely a change of section. The potential energy of the
stream 1s converted into kinetic energy and this is used to infer flow. In the additive
approach, the addition could be in the form of a magnetic field, ultrasound or light. The

flowing fluid acts on this addition and any change from the input value is used to infer

flowrate.

13
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Iable 1.1: Flow meter classification

Group 1: Volume flow meters

la: Vanable area meters 1b: Pressure difference meters
la: (1) Tapered tube and Float meter 1b:(1) Orifice plate

(2) Nozzles

(3) Ventun tube

(4) Elbow meter
Group 2: Mass flow meters
2a: True mass flow meters 2b: Inferential mass flow meters
(1) Full momentum mass meters (1) Coriolis mass meters

Group 3: Velocity flow meters

3a: Point velocity meters 3b: Full flow velocity meters
(1) Pitot tube (1) Electromagnetic flow meters

(2) Turbine flow meters
(3) Vortex-shedding flow meters

(4) Ultrasonic flow meters

(5) Target flow meters

1.3.1 Volume flow meters

The main methods of measuring the volumetric flow rate of liquids can be divided under

the headings ‘variable area’ and ‘pressure difference’.

1.3.1.1 Variable area meters

In Figure 1.5 the more widely used form of variable area meter is shown. In this tapered

tube and float meter, the fluid flows upwards in a vertical tube which tapers downwards.

14
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The flow supports a float, which is often provided with slots that cause the float to
rotate in order to give it central stability. Since the tube is tapered, at a given flowrate
the velocity of the fluid varies along the length of the tube, and the float assumes an
equilibrium position, at a height within the tube dependant on the rate of flow. If the tube
1s made of a transparent material, such as glass, the equilibrium position of the float can
be observed directly against a scale. Since the variable area meters give a direct
indication of the rate of flow at the instant of observation, they are well suited for
process control applications. The flow measurement accuracy claimed for such meters 1s
usually within +2% of full scale reading. They cover flowrates which range from near

zero to 0.5 m*/s for gases and 0.1 m¥/s for liquids.

1.3.1.2 Pressure difference meters

To meter flow using a pressure difference method, a constriction is introduced to the
flow, causing the velocity of the fluid to increase as it passes through the constriction.
Owing to this increase in velocity, the static pressure of the fluid decreases as the fluid
stream contracts and a pressure difference is created between the pressure upstream of
the contracting fluid and the pressure at the constriction. Flowrate is determined by
measuring this pressure difference as well as the density and static pressure of the

flowing liquid. The pressure difference meters are nozzles, orifice plates and ventun

tubes.

A nozzle 1s a pressure difference device with a shaped convergent entry, which is often
followed by a short cylindrical throat. The pressure difference across the nozzle is

measured using pressure tappings and the volume/ unit time is given by Equation 1.8.

Orfice plate: A restricted opening through which fluid flows is known as an orifice. An

orifice meter consists of a plate with a sharp edged circular hole that is inserted between
two flanges of a piping system. Figure 1.6 shows a typical arrangement for an orifice

plate. The volume/ unit time, Q is given by Equation 1.8.

Q=Ci—22 AP = py) (1.8)
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where Cyis the discharge coefficient, A; and A, are the cross sectional area of tlow, p,

and p; are the pressures where A and A, are measured and p is the fluid density.

Cd _ Qacrual

cheoreti cal

(1.9)

A standard venturi tube is shown in Figure 1.7 where it can be seen that the pressure
difference is determined using tappings at the inlet and throat. Since this device has a
diffuser section at its exit, it allows the fluid pressure to recover smoothly and hence it
gives excellent pressure recovery when compared with orifice plates or nozzles, which

cause substantial pressure head loss.

1.3.2 Mass flow meters

Mass flow meters can be divided into two main groups: true mass flow meters and
inferential mass flow meters. A true mass flow meter is one in which the reaction of the
basic sensing element is dependant on the mass flow of liquid through the dewvice. In
inferential mass meters, volumetric fluid flowrate and density at line conditions are

measured and by multiplying flowrate by density, mass flowrate is obtained.

1.3.2.1 True mass flow meters

In this review we will restrict our attention to the main types of true mass flow meters in
current use - fluid momentum meters. An example of this category is the Axial flow
transverse momentum mass flow meter. The basic principle of this flow meter, first
introduced by Orlando and Jennings (1954) [1.10] can be described with the assistance
of Figure 1.8, where it can be seen that the main components are a constant speed
motor, an impeller and a turbine arranged as shown. The fluid enters the annular space of
the impeller, and the fluid is given an angular momentum by an impeller driven at
constant speed and then its rotational velocity is brought to zero by a second rotor
whose movement is restrained by a spring. The mass flowrate is measured by the angular
displacement of the second rotor. These meters give a direct indication of the mass
flowrate, provided they are operated within the density ranges specified by the

manufacturers. However, their construction is rather complex, they tend to be expensive

to buy and are suscéptible to wear, also they require rotating seals as well as an accurate

18
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Figure 1.9: Coriolis mass flow meter (Furness and Heritage: 1986)
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constant speed driving motor. These meters can be used for both gases and liquids and

accuracies of better than £1% of reading can be achieved over a 10 to 1 flow range.

1.3.2.2 Inferential mass flow meter

An example of the inferential mass flow meter is the Coriolis mass flow meter, shown 1n
Figure 1.9. In Coriolis mass flow meters, measurement of the torque required to give the

fluid stream a Coriolis acceleration gives a measure of the mass flowrate of the fluid.

The fluid is passed through a U-shaped tube which is mounted so that the tube can be
vibrated at its resonant frequency. At zero flow the two legs of the U-shaped tube
remain parallel but owing to the coriolis component the legs depart from parallelism by
an amount dependant on the mass flow through them. The subsequent angular vibration

1s measured by two optical sensors, whose output is processed electronically to generate

a mass flow signal.

These meters have not yet been developed successfully for gas measurements but they
can be used to meter liquids (single and multi-phase), slurries and solid particle/liquid
mixtures. Accuracies of within 0.4% of reading are claimed and each meter has a

rangeability of approximately 25 to 1.

1.3.3 Velocity meters

1.3.3.1 Point velocity meter : The pitot tube

The pitot tube primary element is simply a tube having a short section of one end bent
toward the flow direction, thereby allowing the flow to impact the tube opening as
shown in Figure 1.10. In operation, the differential pressure between the stagnation or
impact pressure and the static pressure at the wall of the closed conduit is measured. The
secondary element employed to measure the differential pressure may be simply a U-tube
manometer or any one of the various forms of differential pressure measuring

instruments. The differential pressure is proportional to the square of the velocity. A
device of this type is normally employed in large conduits. Advantages of the pitot tube
over other forms of flow meter used for this application are its low cost and 1ts slim

form, which allows insertion into the conduit through a small opening. Disadvantages
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Figure 1.10 A basic Pitot or impact tube (Escudier M P: 1983)

rigure 1.11: Flow-Direction measuring Pitot Probe (De Carlo: 1984)
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are 1ts ability to measure the flowrate only at a point (the impact pressure point), its
susceptibility to clogging in dirty fluids, and its sensitivity to the relative direction of
flow. To overcome the disadvantage of a single point measurement, several ports are
placed along a tube in an attempt to measure an average impact pressure. Although
devices of this type are reported to be flow-rate averaging devices, they are affected by

nonsymmetrical flow velocity profiles.

Pitot static tubes are used for flow direction measurement as well as flow rate
magnitude. A simple, rugged, two dimensional direction probe configuration 1s
comprised of a cylinder inserted normal to the plane of the angle measurement. As seen
in Figure 1.11, the three-hole direction probe is constructed with a stagnation pressure
tap between the two direction taps. To provide for maximum sensitivity, the direction
taps are located at 45° on either side of the stagnation-pressure tap. If the probe is
rotated 1n the fluid stream until the pressure difference between the two direction taps is
zero, the bisector of the angle between the holes gives the flow direction and the
stagnation pressure tap gives the true impact pressure. The differential pressure between
the impact pressure and the static pressure, as measured by one of the directional taps,
provides the true velocity measurement. The device has been useful for measurements to

within 0.1° at velocities over 33 m/s.

The velocity using the pressure measurements taken with a pitot or pitot-static tube is

V)= FP"P' (1.10)
P1

where V, is the velocity of the fluid stream at the location of the probe tip, P, is the

stagnation or impact pressure measured at the probe tip, P; is the static pressure and p1 1s

the density of the fluid at the location of the static pressure.

1.3.3.2 Full flow velocity meter: Electromagnetic meter

These meters utilise the principle of induction discovered by Michael Faraday in 1832.
When an electrically conducting fluid flows through a magnetic field, a voltage is
induced in the axis perpendicular to the axis of the flow direction and magnetic field. The

strength of the induced voltage, which is proportional to the flowrate is measured
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using the electrodes on the pipe wall. This type of meter (Figure 1.12) is non-invasive
and is used extensively on large water flows, slurries and corrosive liquids. Another
advantage is the wide size range available (2.5mm to >3000mm). The problems
associated with this flow meter are the possibility of polarisation at, or corrosion or
erosion of the electrodes. A novel development is a meter with contactless electrodes
(Al-Khazraji, 1979) [1.11] i.e. the electrodes are physically isolated from the fluid being
metered. This design of the meter is, however, more sensitive than others to external

interference effects because of the high source impedance feature. The electromagnetic

flow meter is relatively expensive in the larger sizes. Typical accuracies are 1% of full
scale flow for more conventional AC types and approximately half that for DC versions.

Flow rangeability is typically 10 to 1 for each velocity range setting.

1.3.3.3 Full flow velocity meter: Turbine meter

The turbine meter is a first choice meter in batching, blending and bottling applications
for liquids[1.8]. From Figure 1.13 it will be seen that a turbine rotor is mounted
centrally in the fluid stream in the pipeline to act as the transducing element of the meter.
Rotary motion takes place through the fluid stream impinging upon the blades of the
rotor and thus producing an equivalent angular velocity. The rotational speed of the
turbine is proportional to the fluid velocity over a wide range of volumetric flowrates.

An externally mounted pick-off unit senses this rotational speed as the meter output

signal. Functionally, the pick-off arrangement may be electro-magnetic, RF type or opto-

electronic.

One manufacturer quotes the flow range of his production range as between 9 to 1 and
27 to 1 depending on meter size. In calibration, repeatabilities of around +0.1% are not

uncommon and accuracies of 10.5% of actual flow over the normal operating range of

the meter are typical in modern equipment.

1.3.3.4 Full flow velocity meter: Vortex shedding meters

The vortex-shedding flow meter [1.8] is a modern practical application of a natural
phenomenon which has been known to man for centuries. The meter relies on the

principle (Figure 1.14) that when a bluff (non-streamlined) body is located in a fluid

stream, vortex shedding occurs. As the flow round the body separates from its surface,
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circular eddies are set up and under favourable conditions a pressure feedback system
results in synchronising these eddies and producing a regular shedding pattern from
alternate sides of the body. This alternating, contra-rotational pattern is known as a Von
Karman vortex street. Vortex shedding is generally characterised by the Strouhal
number, S = fd/v, where f is the shedding frequency, d a representative dimension of the
bluff body and v the fluid velocity. Many experiments have been carried out to procure
the optimum shape of the bluff body, to give a relatively constant value of Strouhal
number over a wide range of Reynolds numbers. This means that the flow meter exhibits
a linear relationship between shedding frequency and fluid velocity. At low Reynolds
number, there is a cut off point below which the vortex shedding frequency becomes
irregular and therefore, unreliable, for metering purposes. Mechanical, electrical or

thermal sensors are among the options available for frequency sensing. The electrical
method is the capacitive pick-up system. Mechanical devices are based on pressure
sensing strain gauges, since the formation of the vortices is accomplished by a series of
pressure pulses resulting from high and low pressures alternating on either side of the

body. The thermal sensors are described in Section 1.3.4.1.

The repeatability of vortex shedding flow meters is generally good( 0.1%) and a

representative accuracy is $0.5% of point for a frequency output system. A flow

rangeability of up to 15 to 1 has been quoted.

1.3.3.5 Full flow velocity meter: Ultrasonic meters

The most commonly encountered types in this group are the Doppler meter and the
transit time meter. The transit time method of measurement is based on the time it takes
for sound to travel between two transducers. (Figure 1.15). The transit times are
dependant on whether the sound is travelling with or against the direction of the flow

and the difference between these is used to calculate the velocity of the fluid. [1.9].
If to is the time for signal to travel distance L at speed c, then
to=L/c (1.11)
If fluid is flowing at velocity V in the direction of sound travel, time for signal to travel

t=L/(c+V) =~ L/c(1-V/c) (1.12)
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Hence
At=t-to= LV/c* o V (1.13)

Transit times are suitable for clean liquids and although they are susceptible to distorted
velocity profiles this effect can be reduced by using two or more acoustic paths (1.e.

multi-beam systems). Accuracies can be around 0.5% of reading with the sophisticated

multi-channel systems.

Doppler types depend on the change in frequency caused when sound is reflected by a
moving object in the fluid. (Figure 1.16). The frequency change is approximately 2{V/c,
where f is the frequency of the incident beam and V is the velocity of the scattering
centre. The frequency shift is related to the velocity of the object and therefore 1s a
measure of the fluid velocity if they are both moving at the same speed. Doppler devices

are usually clamp-on and they are inherently much less accurate than transit time meters,

their accuracy being typically 5-10% of rate devices.

1.3.4 Miscellaneous flow metering techniques

1.3.4.1 Thermal flow meters

The hot wire and hot film anemometers are the two major sensors belonging to the
category of the thermal flow sensors [1.12]. The hot wire anemometers (Figure 1.17)
commonly are made in two basic forms: the constant current type and the constant
temperature type. Both utilise the same physical principle but in different ways. In the
constant-current type, a fine resistance wire carrying a fixed current is exposed to the
flow velocity. The wire attains an equilibrium temperature when the i’R heat generated in
it is just balanced by the convective heat loss from its surface. Since the convection film
coeflicient 1s a function of flow velocity, the equilibrium wire temperature is a measure
of velocity. The wire temperature can be measured in terms of its electrical resistance. In
the constant-temperature type, the current through the wire is adjusted to keep the wire
temperature (as measured by its resistance) constant. The current required to do this

then becomes a measure of flow velocity.

For equilibrium conditions, the energy balance for a hot wire can be written as

'R =h A (T.T) (1.14)
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Figure 1.18: Schematic of the Laser Doppler Anemometer (Escudier M P: 1983)
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where I is the wire current, R,, is the wire resistance, Ty, is the wire temperature, Tt is the

temperature of the flowing fluid, h is the film coefficient of heat transfer and A is the heat

transfer area. For a given fluid density h is mainly a function of flow velocity. This

function (called King’s law) has the general form
h=Co+CiV (1.15)

So I’R is a function of vV, V being the fluid velocity.

Hot wire sensors are fabricated from platinum, platinum coated tungsten or a platinum-
iridium alloy. Since the wire sensor is extremely fragile, hot wire anemometers are

usually used only for clean air or glass applications.

A variation of the hot-wire anemometer, intended to extend its utility, is the hot-film
transducer [1.12]. Here, the resistance element is a thin film of platinum deposited on a
glass base. The film takes the place of the hot wire. The film transducers have greater

mechanical strength and may be used at very high temperatures by constructing them

with internal cooling-water passages.

1.3.4.2 Laser Doppler Anemometer

The hot wire anemometer first came into use in the 1920s and is now a standard
laboratory instrument. In contrast, the laser Doppler anemometer was first applied to
flow measurement only in the early 1960s [1.13]. A schematic diagram of a typical dual-
beam forward scatter LDA system is shown in Figure 1.18. Low power (SmW) Helium-
Neon lasers are commonly used as the coherent light source, although some systems,
especially those designed for the simultaneous measurement of two velocity components,
use high power (SW) Argon-ion lasers which have the useful property of roughly equal
power at two different wavelengths (488.0 nm-blue and 514.5 nm-green). For a given
velocity component, the laser beam is split into two parallel beams which are then

brought to a common focus. Particles passing through the region where the two beams

cross scatter light as they cross the light interference fringes in that region. The scattered

light is focused on to a photodetector. The fringe spacing, & is given by Equation 1.16.

5 A

-m (1.16)
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where A is the wavelength of the laser light, and o is the angle between the two beams 1n

the flowing medium. The beat frequency of the scattered light is then

_ sin(a /2)

f
A

(1.17)

where V is the component of the particle velocity orthogonal to the fringes.

Evident advantages of the LDA over the hot-wire anemometer, are that it is an absolute
measuring instrument requiring no calibration and is a non intrusive device producing
virtually no disturbance to the flow. A drawback is that access is often difficult and in

most practical applications limited to one side so that the instrument must be used in the

back-scatter mode.

1.4 TARGET FLOW SENSORS

Since the work undertaken for this project involves a category of target flow sensors, an
entire section has been devoted to describe this type of flow sensor in greater detail.
Since its introduction several decades ago, the target flowmeter has proven to be one of
the most reliable, versatile and easy to use flowmeters [1.14]. The inherent flexibility of
the target flowmeter provides many advantages to the user when compared to the other
types of flowmeters. Certain types of target flowmeters can handle wide temperature and

pressure ranges. They also can use special alloy materials compatible with almost any

fluid, and can be easily field calibrated.

1.4.1 Principle of operation of target flow sensors

The target flowmeter utilises the principle of fluid drag on a three-dimensional body.
[1.14]. The total drag on any three-dimensional body suspended in a fluid stream, gas or

liquid is the sum of the friction drag and the pressure drag.
FD=FF+FP (118)

The friction drag is due to the shearing stresses in the thin layer of fluid near the surface

of the body called the boundary layer. The pressure drag or form drag is due to the
disturbance of the flow stream as it passes the body, creating a turbulent wake. The
characteristics of the disturbance are dependant on the form of the body and sometimes

on the Reynolds number of flow and the roughness of the surface. The pressure drag T
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therefore equal to the integration of the components in the direction of motion of all the
pressure forces acting on the body’s surface. For different shapes the distribution of the
total drag between friction drag and pressure drag varies widely. For a flat plate or
cylinder placed perpendicular to the flow, pressure drag produces nearly all the drag. For
a well-streamlined shape, friction becomes more significant. When considering an
equation to describe the response of the target flowmeter, only the total drag is of
interest, which in this case is the pressure drag and the equation becomes,
VZ
FD=CDPA—2- (1.19)

where Cp is the overall drag coefficient, p is the fluid density, V is the fluid’s velocity at
the point of measurement, and A is the projected area of the body normal to flow. In
addition to the form of the body, three other parameters have an effect on the pressure
drag coefficient and hence on the overall drag coefficient. These are the Reynolds
number, the surface roughness of the body, and the degree of turbulence in the free fluid
stream. [1.15] Effects of variation in Reynolds number on drag coefficient are small for
Reynolds number greater than 10,000. [1.16] Effects of variation in Mach number are
also small for Mach numbers less than 0.75. [1.16] However, at transonic Mach
numbers, variations in drag coefficient are not negligible and cause a non-linear relation
between drag force and velocity. The drag coefficient is relatively insensitive to flow

angle for angles to within 20° of normal to the beam surface. [1.17] The overall drag

coeflicient is determined by empirical data.

For very low flow rates i.e. for Reynolds numbers less than 1.0, the drag 1s almost

entirely due to friction and so the drag becomes a function of viscosity and is described

by Stoke’s law,
Fp=3nu DV (1.20)

where p is the dynamic viscosity and D is the body’s diameter. If Equation 1.20 is

expressed in the form involving a drag coefficient, the resulting value of Cp is gtven as

_ 2

C.=
P Re

(1.21)
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This plots as a straight line at the left of Figure 1.4. During this linear portion of the
curve, the boundary layer becomes attached to the body and very little turbulent wake 1s
produced. As the Reynolds number increases, separation occurs and pressure drag
becomes more significant. Those shapes which have sharp edges always cause the
boundary layer to separate at the same place. [1.15] Therefore, the drag coefficient for

these shapes, and hence for the beam used in this project is nearly independent of the

Reynolds number.

1.4.2 Literature review of target flow sensors

The target flowmeter is a force transducer since the drag is essentially a force. Three
primary transducers have been used to measure the force or the deflection that occurs to

the target body during flow [1.14]. They are:
e measurement of the displacement of the body immersed in the fluid,
e measurement of the balance force, and

e measurement of the strain produced in the sensing element.

The simplest form of the target flow sensor is the vane meter which utilises the first
method of measurement of the physical displacement that the body undergoes. A linear
variable differential transformer (LVDT) is used to measure this small deflection. The
limitation to this approach is the required sensitivity to very small displacements, and the
requirement for ac excitation which does not lend itself to two-wire direct current loops.
De Carlo[1.18] describes a simple form of this type of meter called the vane-type
flowmeter shown in Figure 1.19. Fluid flowing through the device causes a plate to
swing outward, away from the fluid jet. At no flow, the plate rests against the end
section of the meter. In its simplest form, the device is used as a flow indicator only and
no flow scale is provided. However, the meter may be provided with a scale for the

determination of flow rate, where the scale might be the angle through which the target

Or vane swings.

In the force balance approach, the target is returned to its original position. This

restoring force is the measurand of the force balance system. A feedback force is
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Figure 1.19: Vane type flowmeter (De Carlo: 1984)
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Figure 1.20: Force balance target flowmeter (De Carlo: 1984)
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applied and senses the equilibrium position. A literature search on this approach has once
more pointed to De Carlo [1.18] where a target or disk is mounted perpendicular to the
flow direction and a secondary element measures the force on the target by means of the
force balance system (Figure 1.20). An annular orifice configuration is formed by
the disk shaped target in the circular pipe and the target is fixed to a rod which transters

the force to the force balance mechanism.

De Carlo emphasises the point that target flow sensors were ‘explored for application on
dirty, sediment-laden and high melting point liquids that could not be measured by other
head-class devices, like the orifice plate’. He also mentions that at that time (1984) it
was the known meter to be specified when difficult applications arise and when
repeatability or precision is the main concern rather than absolute accuracy. However, he
decided that with proper calibration and installation, the device provided accuracies

comparable to other head class flowmeters.

Although, there are many applications where the force balance and LVDT approaches
will work satisfactorily, the strain measuring approach is by far the most versatile and
reliable. Waldron et al [1.19] used a semi-conductor strain gauge as a sensing element to
provide a quantitative measure of turbulent velocity fluctuations in a marine water
column. The noise performance of the instrument was poorer than that of contemporary

instruments using ultrasonics, hot film anemometry and doppler scatter techniques.

A strain gauge target flow meter [1.14] was developed to meter the production of heavy
water where high strength materials were used for the target rod and sensing tube. This
meter was used to measure bi-directional fluid flow in one dimension. The sensor has a
number of noteworthy performance characte.ristics like a rapid response time making i1t
possible to throttle a pulse as small as 10 milliseconds, extreme accuracy and
repeatability over a wide flow range, long term reliability and stability and ability to

handle temperature ranges of -320" F to 650° F with a high degree of reliability.

Krause and Fralick [1.17] describes a drag-force anemometer which measures unsteady
as well as steady state velocity head. This sensor also measures the flow angle in the inlet

of a turbofan engine during transient flow conditions for which two beams are required.

The various force and strain measurement techniques for target flowmeters have been

reviewed in this chapter to give the reader a better understanding of the novelty of the
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target flow sensors that have been developed in this PhD project and discussed in
Chapters 4 to 8 of the thesis. The flow meters that have been developed by the author
measures two dimensional wind and water flow with successful calibration performed
for two dimensional air flow measurement and one dimensional water flow measurement.
An advantage of the instruments is that they can be made to generate a measurement of
flow direction in two dimensions, or even in three dimensions. Provided that the
deflecting forces are independent in the sensing directions, the resulting outputs can be
added vectorially to generate values for speed and direction of fluid flow which are
independent of each other. This approach of vectorially adding the fluid components to
generate both the speed and direction is a novel drag-force sensing technique when

compared to the existing techniques used in target flow sensors [1.14 - 1.19].
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CHAPTER 2
ELECTRICAL STRAIN MEASUREMENT

2.1 INTRODUCTION

The bonded electrical resistance strain gauge has been the most powerful single tool in
the field of experimental stress analysis since 1940. It is one of the most accurate,
sensitive, versatile and easy-to-use sensors available. The strain gauge is relatively low 1n
cost, 1s linear in output, is easily installed, and is available in a broad variety of

configurations, sizes and materials, to meet a very large spectrum of measurement

requirements.

The strain gauge has become the basic sensing element of very high precision load
transducers because of its exceptional performance characteristics particularly in stability,
temperature compensation, and creep. In spite of the relative ease with which strain
gauges can be employed, the proper and effective use of them requires a thorough
understanding of their characteristics and performance, and of application techniques and
assoclated instrumentation. This chapter is devoted to those features which affect the

behaviour of the resistance strain gauge, the adhesives, installation and protection

techniques and instrumentation.

It is essential to record the following definitions from the British Standards [2.1] before
proceeding further: Strain is the change in length per unit length in a specified direction
of a specimen of a material, i.e. dL/L, where L is the initial length in the specified

direction and dL is the dimensional change in that direction. Strain is normally expressed

In micrometers per meter colloquially known as microstrain (ue).

The bonded electrical resistance strain gauge is a device which when strained after

bonding to a surface gives a change in electrical resistance proportional to change in the
length.
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2.2 BRIEF HISTORY

The electrical resistance strain gauge is based on principles established by Lord Kelvin

[2.2] in a classic series of experiments conducted in 1856. In these experiments, Lord

Kelvin proved that :

1.Wires subjected to loads and/or strains change resistance.
2.Wires fabricated from different materials exhibit different strain sensitivities.

3. Resistance changes in the wires resulting from the imposed strains are small,

but they can be accurately measured with a Wheatstone bndge.

The bonded electrical resistance strain gauge was first used in the USA in 1938.

Simmons at the California Institute of Technology and Ruge at the Massachusetts
Institute of Technology both discovered that small diameter wires made of electrical

resistance alloys, such as copper-nickel, could be adhesively bonded to a structure to

measure surface strain.

The strain sensitivity of resistance wires was first utilised some years prior to this in the
unbonded wire strain gauge. This consisted of an arrangement of wire, wound around a
series of pins actuated by linkages, any movement of which stretched the wire and
changed its resistance. [2.3] This was essentially an electrical extensometer, and the

principle is still used today in some special types of transducers.

Following the development of the techniques for bonding resistance wires to structures,
discovered by Simmons and Ruge, strain gauge measurements were adopted for
structural testing during the rapidly growing aircraft development programmes of World
War II. Metal-foil strain gauges were first developed by Saunders and Roe in England 1n
1952 as the requirements of the aircraft industry increased. At that time, printed circuit
techniques were appearing, and Saunders-Roe developed the idea of making a strain
gauge by etching the grid from a thin foil of the appropriate resistance material. This

permits miniaturisation of the grids, versatility of the grid configuration, economies of

production, and enhanced control of quality of the gauge.

Semiconductor strain_gauges were developed as a by-product of research at Bell

Telephone Labs. The characterisation of semiconducting silicon and germanium
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provided the foundations for the commercial development of piezoresistive strain gauges

that became available in the 1960s.

The metal alloys used in the production of metal-foil electrical resistance strain gauges
have maximum strain limits of approximately +5%. For very-large-strain applications

where specimen elongations of 100% may be encountered,_liquid-metal strain gauges

which is made of a rubber tube filled with mercury or a gallium-indium-tin alloy have

been developed.

2.3 BASIC OPERATING PRINCIPLE

Lord Kelvin [2.2] first observed that a change in the strain imposed on a wire is
accompanied by a change in resistance AR of the wire. The relationship between

resistance change AR and strain € can be derived by considering a uniform conductor of

length L, cross-sectional area A, and specific resistance p. The resistance R of such a

conductor is given by the expression

R= 2L (2.1)

Differentiation of Equation (2.1) and division of the result by R gives

R _dp dL _dA (2.2)
R p L A
However, as indicated in Equation A-4 in the Appendix,
dA _ . dL 2(dL)2
=2 =0ovEE V& .
TV VT (2.2a)

where v is the Poisson’s ratio of the metal used for the conductor, provided that the
deformation of the conductor is elastic. All electrically conductive materials possess a

strain sensitivity S, defined as the ratio of the relative electrical resistance change of the

conductor to the relative change in its length.

S, = dR/R
A_
dL/L

(2.3)

Substituting Equations. (2.2) and (2.2a) into Equation. (2.3) yields
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=9/p 4149y 2(9&.) 2.4
Sa T/L lZva (2.4)

The last three terms in Equation. (2.4) are due to the dimensional changes in the
conductor (dL and dA). The first term is due to the change in the specific resistance with
strain. The change in specific resistance is due to variations in the number of electrons
and their increased mobility with applied strain. From Equation. (2.1) and (2.3), the basic
strain sensitivity can be established due to the dimensional changes, assuming that the
resistivity remains constant. If the conductor is stretched elastically, for a given change in
length (AL) there will be an associated reduction in cross-sectional area due to the
Poisson effect. These two effects are additive in increasing the resistance of the

conductor, and assuming a Poisson’s ratio of 0.3 ( which is approximately the same for

most resistance materials) the sensitivity factor (Sa) is about 1.6, i.e. (1 +2v =1.60). The
last term is usually neglected for elastic strains in metals since it is small (<0.1 €)

compared to the two middle terms (1 + 2v =1.60). Therefore,

=9p/p 44
SA T 7L 1+2v (2.5)

Tests on various resistance materials [2.3] have shown that they exhibit widely different
values of strain sensitivity (Table 2.1). These variations indicate that the specific
resistivity (p) of the materials must be affected by strain, or perhaps more directly by the
associated internal stress in the material. Strain sensitivity is, therefore, a combination of

the effects of geometric changes plus a resistivity change due to changing internal

stresses.(Equation 2.5)

Beyond the elastic limit of the material, however the change in internal stress approaches
zero, and Poisson’s ratio approaches 0.5. In this case, resistance changes due to strain
are primarily due to dimensional changes and the strain sensitivity (Sa = 1+2v)
approaches 2.0. This means that materials which have a strain sensitivity appreciably
different from 2.0 in the elastic range will have values approaching 2.0 in the plastic
range, with the associated non-linearity which this variation implies. So only those alloys
which have a sensitivity of approximately 2.0 in the elastic range will remain essentially
linear over a wide strain range, and this is generally true of the most commonly used

strain gauge materials. Some materials which have an attractively high sensitivity in the
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elastic range are in fact highly non-linear, which means that the sensitivity varies with

strain, rendering them undesirable for strain gauge purposes.

Table 2.1: Strain sensitivity of various materials
(Courtesy of Window A L & Holister G §)

“ o

Copper-nickel (55-45) Constantan
Nickel-chromium(80-20) Nichrome V

Typical strain

sensitivity

+2.2

+2.1

Nickel-chromium(75-20) + iron and aluminium | Karma +2.1
Iron-chromium-aluminium(70-20-10) Armour D +2.2
Nickel-chromium-iron-molybdenum Isoelastic +3.5

(36-8-55.5-0.5)

2.4 THE BONDED ELECTRICAL RESISTANCE STRAIN GAUGE

+0.6

+
~
I |

The bonded electrical resistance strain gauge in its present form consists of a strain
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