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ABSTRACT

Flow measurement using the differential phase technique has shown some promise.
However, there are. certain problems that must be overcome in order for it to prove
viable. These are the inherent ambiguity in phase and the temperature dependence. In
theory, these problems can be overcome by using multiple frequencies. This inevitably
leads to the necessary use of broadband ultrasonic transducers over the conventional
narrowband ones.

A relatively new material that can provide a broadband response, is the piezoelec
tric film, polyvinylidene fluoride. The focus of this thesis is to look at the design,
construction, and testing of wetted transducers, using this piezoelectric film. The.
design stage looks at the theoretical response of a transducer pair, using a general
three port network model. The model provides a means of choosing suitable trans

ducer design parameters.
Construction of the transducers is then performed to confirm the validity of the

design. Several sets of transducers were constructed with different backing materials

having different acoustic properties. The measured responses of each of the sets were

compared to each other and to their models. From this, thefinal transducer design
was selected, resulting in a broadband wetted ultrasonic transducer, of relatively low
cost.

Finally, the transducers were tested in the differential phase flow measurement

system. The results showed some improvement over the previously used narrowband
transducers. Unfortunately, temperature compensation and the elimination of phase
ambiguity were not attempted, due to certain problems with the flow measurement

system.
.
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1. Introduction

1.1 Fundamentals of Flow Measurements

Measurement of the :flow of liquids and gases is essential in many industrial and

agricultural applications. In many operations it is desirable to obtain accurate :flow

measurements at a reasonable cost.

Liquid :flow rate through a pipe is affected by several factors. The :flow velocity,
the size of the pipe, the liquid's viscosity and density, and the friction of the liquid in

contact with the pipe all affect the liquid's :flow rate.

The basic relationship between the average :flow velocity and the liquid's :flow rate.

IS:

Q=vxA (1.1)

where Q is the liquid :flow rate through the pipe, v is the average velocity of the :flow,

and A is the cross-sectional area of the pipe. Since the cross-sectional area of the pipe
is known and remains constant, the average velocity is an indication of the :flow rate.

The performance of :flowmeters is also in:fluenced by the type of :flow. The type of

:flow is characterized by a dimensionless parameter called the Reynolds Number. It is

defined as the ratio of the liquid's inertial forces to its drag forces. The equation is:

R =

3160 x Q x Gt
Dxp (1.2)

where R == Reynolds number, Q = liquid's :flow rate, Gt = liquid's specific gravity, D

., ..
:'
...

1



Laminar Flow

Figure 1.1

2

Transitional Flow Turbulent Flow

Laminar, transitional, and turbulent How velo

city profiles

= inside pipe diameter, JJ = liquid's viscosity.
The How rate and the specific gravity are inertia forces, while the pipe diameter

and viscosity contribute to drag forces. In general, the pipe diameter and the fluid's

specific gravity will remain constant for most applications. At very low velocity or

high viscosity, R is small, and the fluid Hows in smooth layers with the highest velo

city at the center of the pipe and the lowest velocity near the pipe walls, where the

viscous forces restrain it. This type of How is called laminar How, and its R value is

approximately less than 2000. Most applications involve turbulent How with R values

above 3000. Turbulent How occurs at high velocities or low viscosities. The How is

broken up into turbulent eddies that How through the pipe with the same average velo

city. This results in a velocity profile which is more uniform. A transition zone exists

between laminar and turbulent Hows. The velocity profiles of laminar, transitional,
and turbulent flows are illustrated in Figure 1.1.

As an example, consider water at 20°C flowing through a pipe with an inside

diameter of 1 em. When the average How velocity, v, is less than 20 cm/s (0.016 liters

per second), it is a laminar How, when greater than 30 cm/s (0.024 liters per second),
it is a turbulent How.

1.2 Approaches to Flow Measurement

Measurement of How in a closed pipe can be accomplished in a number of ways.

Some of the devices presently available on the market today include those such as dif-
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ferential pressure flowmeters, electromagnetic flowmeters, ultrasonic type flowmeters,

and other special purpose flowmeters.

The method of flow measurement can fall into one of two categories, extractive

energy approach and additive energy approach. The first approach contains the head

class which includes differential pressure meters, and the pulse-producing class which

includes positive displacement type, current type, and fluid dynamic type. The second

approach contains those types which make use of magnetism, sound, and heat energy.

Figure 1.2 shows the family tree diagram of various types of flowmeters [1].
Most often, a liquid's flow rate is determined inferentially by measuring its velocity.

The velocity is dependent upon the pressure difference between the two ends of a

pipe or conduit. Liquid flows can be measured directly using positive displacement

flowmeters, where the flow is divided into equal volume segments as it passes through
the meter. The total flow rate is an accumulation of these segments, which can be

counted mechanically or electronically. Electromagnetic flowmeters use Faraday's
law of electromagnetic induction, which states that a voltage will be induced when a

conductor moves through a magnetic field; the magnetic field is produced by electrified

coils outside the flow tube. The flow rate is directly proportional to the amount of

voltage induced. Ultrasonic flowmeters make use of the different transit times with

and against the flow, or Doppler shift to indicate the flow velocity.

1.3 Ultrasonic Flowmeters

Ultrasonic flowmeters are a very attractive choice because of their non-invasive

nature resulting in no-pressure-drop, their simplicity, and reliability.
There are three basic types of ultrasonic flowmeters: transit time, also known �

time-of-flight, Doppler, and differential phase. For the transit timemeter, an ultrasonic

pulse alternately travels against the flow in the upstream direction and with the flow

in the downstream direction. The difference in transit time between the upstream

and downstream pulses is proportional to the fluid flow rate. Alternatively, with the



Flow Measurement

I

Extractive Energy Approacl Additive Energy Approach.

I
I '. I

Differential Mechanical Rotameters Electromagnetic Ultrasonic Thermal

Pressure Turbine Meters Flowmeters Flowmeters Flowmeters
Flowmeters Vortex Flowmeters

I
Orifice Plates Time-of-Flight Differential Doppler
Venturi Tubes (Transit Time) Phase

Nozzles

Figure 1.2 Family Tree of various approaches to flow meas

urement

�
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Doppler flow meter, a tone is projected into the fluid. Due to bubbles, particles, or

other discontinuities flowing with the fluid, some of the acoustic energy is reflected

backwards. Since the fluid causing the reflection is in relative motion compared with

the fixed ultrasonic transducer, the reflected acoustic signal will be received at a

different frequency than it was sent. The difference between the sent and received

frequencies is the Doppler shift and it is proportional to the fluid flow rate. Finally,
the differential phase flowmeter has a similar setup to the time-of-flight method. A

continuous wave signal is switched between the upstream and downstream directions.

The difference of the phase delays between the two opposite directions is proportional
to the flow velocity..

The three types have some area. of overlap, but in general they have very different

application profiles and performance specifications. The transit time and differential

phase meters must transmit sound through the fluid, with a component along an axis

parallel to its flow, from one point in the pipe to another. The liquidmust be sonically
conductive and relatively clean to minimize signal scattering and absorption. A good
transit time or differential phase flow meter is characterized by its ability to tolerate

certain levels of aeration or particles, and still function adequately.

.

Some transit time meters clamp on to the pipe, causing problems with signal
attenuation and distortion through the wall of the pipe. Since the signal is transmitted

in the form of pulses, this distortion can cause significant problems which can degrade
the performance of the system. This problem can be minimized by matching the

impedance of the transducers to that of the pipe wall. Differential phase meters,

however, are not subject to pulse transmission distortion through pipe walls, since

they use continuous wave signals.
The requirements of the Doppler flowmeter are quite different. Some amount of

aeration or particles is required within the fluid to reflect the injected acoustic tone. A

good Doppler flowmeter is characterized by its ability to tolerate cleaner or nonaerated
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liquids, and still perform. The performance of a Doppler flowmeter is dependent on the

concentration of particles within the flow stream, and unfortunately this concentration

is an uncontrolled parameter which greatly affects the reliability and accuracy of the

device. On heavily gritted or aerated liquids, where a transit time or differential phase
meter would fail to perform, a Doppler meter would perform adequately. Typically,

Doppler meters are of the clamp on type. Since they operate with a continuous tone

and not pulses, pipe wall distortion does not significantly affect system performance.

However, it is necessary to ensure that the transducers are acoustically coupled to the

wall of the pipe to provide a maximum transmission of the injected sound into the

fluid stream.

The price of a Doppler meter is approximately between $1,500 to $2,000 (US
dollars) in the commercial market, and transit time meters are approximately twice

the cost. Differential Phase meters, however, are estimated to be only a fraction of

the cost of a Doppler meter, but are not yet fully developed.

Our research interests focus on improving the differential phase technique previ

ously developed by Feng Gao [2]. A new transducer will be designed using a relatively.
new piezoelectric film known as KYNAR, which the manufacturer claims has more

linear properties, a much larger frequency bandwidth, and a greater signal sensitivity,

compared to conventional ceramic transducers. The larger frequency bandwidth will

enable the use of multiple frequencies to compensate for dependence on temperature,

and possibly the problem of phase ambiguity.

1.4 Research Objectives and Thesis Outline

This project is motivated by the need to continue the development of a low cost

ultrasonic flow measurement system. The differential phase technique developed by

Feng Gao has proven to be economically feasible but requires additional improvements.

Some of the problems she encountered included a· large signal loss, and the effect of

temperature on phase. The latter problem can be solved using multiple frequencies,
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so the narrowband ceramic transducers that she used will be discarded in favour of

broadband ones.

The focus of this research work is to redesign the transducers which should improve

signal reception, and in addition, to attempt to compensate for temperature effects

and phase ambiguity.
The thesis has been divided into seven chapters. The present chapter serves as

the introduction to the thesis topic. Some background information on ultrasonics will

be presented in chapter two. This will include the generation of ultrasound and its

propagation in liquids. The third chapter will describe some techniques of ultrasonic

flow measurement. Transducer modeling will be looked at in the fourth chapter, and

their construction and testing will be discussed in the fifth chapter. The experimental
results and their analysis are presented in the sixth chapter, and the final chapter
summarizes the research and offers some recommendations for future work.



2. Ultrasonic Background

2.1 Ultrasonic Generation and Detection

The human ear is sensitive to sounds with frequencies ranging from 20 Hz to 20

kHz. Sound waves with frequencies extending beyond the audible limit, above 20 kHz,
are defined as ultrasound.

Sound waves are generated or received by a transducer.. A transducer is any

device which converts energy of one form to that of another. Our concern is with

the transformation of ultrasonic energy to or from electrical energy. Piezoelectric

transducers are often employed as both transmitters and receivers of ultrasound. They
convert acoustical energy to or from electrical energy.

2.1.1 Piezoelectric Effect

The piezoelectric effect is the appearance of an electrical potential across certain

faces of a crystal when it is subjected to mechanical pressure. Conversely, when an

electrical potential is applied across certain faces of a crystal, an electrical field is

produced which results in mechanical distortion of the crystal [3].
These effects are associated with both compressions and shears, depending on the

orientation of the crystal. Figure 2.1 shows the piezoelectric effect operating as an

electrical to mechanical transducer and a mechanical to electrical transducer for both

the compression and shear modes. Consider a piezoelectric crystal, at a constant

temperature, having a cross sectional area, A, and thickness, t, with electrodes plated
on it's opposite faces. A voltage, V, is applied across the electrodes producing an

electric field, E = V/t, and a constant tensile stress, T, is applied to the surfaces. If

S is the resultant mechanical strain and, provided that the changes occur within the

8
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elastic limit, we have:

S=Ts+Ed

D = Td+f.E

(2.1)

(2.2)

where D is the electric displacement (G1m2), d is the piezoelectric strain constant

(mlVor GIN), e is the electric permittivity of the material (G2INm2), s is its elastic
constant (m2IN), and T is the tensile stress (N1m2) applied in the thickness direction

of the material. The piezoelectric strain constant, d, is defined as the charge density

output per unit applied stress under short circuit conditions (GIN), or alternatively
defined as the mechanical strain produced by unit applied field under conditions of no

load (mIV).
On short circuiting the electrodes, E = 0 and Equation 2.2 becomes

D=Td. (2.3)

Similarly, if the stress, T, is removed and a potential is applied across the electrodes,

Equation 2.1 becomes

S=Ed. (2.4)

Alternatively, in the absence of the piezoelectric effect, the d term disappearsfrom 2.1
.

and 2.2 and we have the well known relationships:

S=Ts

D = eE

(2.5)

(2.6)

While the following equations are not. referred to, they do provide valuable insight
into the workings of a piezoelectric material. Until now, the changes in E, T, S, and
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P were assumed to be in the thickness direction of the crystal. Generally, variations

may occur in any direction, and these must be accounted for, A stress applied to

a solid in a given direction can be resolved into six components. Three of these are

tensile stress T1, T2, and T3 along the x, y, and z axes respectively, and three of shear

stress, T4, T5, and T6, about those axes. The corresponding components of strain are

8}, 82, 83, 84, 85, and 86• In general

(2.7)

where Chk is the elastic modulus or stiffness constant, and h = 1,2,··· ,6.

For both E and D there are three components, E}, E2, E3 for the e, y, z com

ponents of the electric field, and D1, D2, D3 for the electric displacements in the x, y,

and z directions. Equations 2.3 and 2.4 are expressed in general form as:

6

o, � �dihTh
h=l

3

s, = �dihEi
i=l

(2.8)

(2.9)

where values of h run from 1 to 6, and values of i run from 1 to 3. There are 18 values

of d which are expressed as follows:

For compressions:

(2.10)
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For shears:

84 = d14E1 + d24� + d34Ea

8s = d1SE1 + d2SE2 + dasEa

86 = d16E1 + d26E2 + d36Ea

(2.11)

Equations 2.1 and 2.2 can be expressed in the following general form:

6 a

s, = 'E ShleTIe + 'E dihEi
1e=1 i=1

6 a

o, = 'E dihT" + 'E €i;E;
h=1 ;=1

(2.12)

(2.13)

where h = 1,2,··· ,6 and i = 1,2,3.

If the two linear equations 2.1 and 2.2 are combined to eliminate the variable T,
the result is:

D = Sd]« + fE(I- � /fS)
= 8d/s + fE(I- kl)

(2.14)

(2.15)

where kt = d/JfS is termed the electromechanical coupling factor and is a significant
index of the sensitivity of the piezoelectric effect in a material. The square of the.

electromechanical coupling factor, kl, is the ratio of the mechanical energy stored in

a piezoelectric transducer to the electrical energy supplied to it.

2.1.2 Piezoelectric Transducers

The piezoelectric effect is displayed by a large number of crystals, but due to

unsuitable chemical or physical properties, only a small number can be used for the

propagation of ultrasonic waves. Quartz is one of the few natural materials which is

suitable for such a purpose; however, there are many man-made ceramics which also
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exhibit strong piezoelectric properties. Many of these ceramics are initially isotropic,
.

but after being polarized above their Curie temperature by the application of a strong
electric field, they become anisotropic, resulting in strong piezoelectric properties,

Piezoelectric Film

Among the many artificial materials exhibiting the piezoelectric effect is polyvinyl
idene fluoride (PVDF) [4], also known by its trade name as KYNAR Piezo Film. The

material is constructed in a similar fashion to that described above. In its initial state,

it is composed of straight chains of carbon molecules, with fluorine and hydrogen
molecules randomly twisted around them, and has no piezoelectric properties. An

electric field is then induced in the film by the application of a voltage across the sheet.

The fluorine and hydrogen molecules, having opposite charge, arrange themselves in a

.

polarized structure, similar to that seen in quartz crystals, resulting in the film having

piezoelectric properties.
The film can be used effectively as both a transmitter and receiver of mechanical

vibration; however the properties in each of these modes are not Identical. Large

displacements or forces are not generally available from Piezo Film. This inhibits the

generation of high amplitude pressure pulses as low audio frequencies. However, this'

limitation does not apply to ultrasonic frequencies, where pressures of several MPa

may be generated over a small area.

The Piezo Film is a very sensitive receiver ofmechanical vibrations. It can produce

signals much greater than those from conventional transducers. This can eliminate the

need for expensive, high gain, amplifiers. Because of the greater signal sensitivity, the

frequency response is free from any limitations imposed by the need for high gains
and extends up to the wavelength limit of the transducer.
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2.2 Ultrasonic Propagation and Attenuation in Liquids
2.2.1 Wave velocity in Liquids

There is usually only one type of wave propagation that is possible in liquids, which

is longitudinal wave propagation. Longitudinal waves, also mown as compressional

waves, result when the vibration of particles in themedium take place in the direction

of wave propagation. A second type of propagation, known as transverse wave or

shear wave, is possible in very viscous liquids. For transverse waves, the vibration of

the particles in the medium occurs at right angles to the direction ofwave propagation.
These two types of modes are illustrated in Figure 2.2.

Liquids generally collapse under the action of shear stresses, except in extreme

cases where the liquid is thick enough (ie. high viscosity) to support the propagation
of shear waves. For liquids with low viscosities, such as water, the propagation of

shear waves is not possible, and longitudinal waves may be considered the only mode

of sound propagation.
The propagation velocity of sound waves in liquids is given by the formula:

(2.16)

where B is the bulk modulus of elasticity, and p is its density. The bulk modulus

is defined as the ratio of the change in pressure to the resulting fractional change in

volume, and has units of N/m2• As an example, the bulk modulus of elasticity for

water is 2.23 x 109 N/m2, its density is 997Kg/m3 at 25°C, resulting in a sound speed
of 1498m/s.

Since the density of a liquid is sensitive to the temperature, the speed of sound,

given by 2.16, is as well. Consider water at 25°C. For a 1°C change in temperature,

the corresponding velocity change is approximately 2.5 m/s. It should also be noted

that the bulk modulus can vary as well, having an additional affect.on the speed of

sound.



15

---->- Wave Velocity

longitudinal
displacement

Rarefaction

(a) Longitudinal Waves

---___,,;>� Wave Velocity

Transverse

Displacement

(b) Transverse Waves

Figure 2.2 Longitudinal and Transverse waves. (a) In Lon

gitudinal waves the displacement is in the same

direction as the velocity (e.g. spring). (b) In
Transverse waves the displacement is normal to
the wave velocity (e.g. string).



16

2.2.2 Attenuation

In an ideal environment, the intensity, I, of ultrasonic plane waves should remain

constant and be independent of the distance from the source. In reality, when ultra

sonic plane waves travel through any realmedium, such as liquids or solids, attenuation

occurs, decreasing the intensity of the ultrasonic waves as its distance from the source

increases. There are generally three sources of attenuation that are important: ab

sorption, scattering, and refraction. Absorption is the process where acoustic energy

is converted to heat energy, and scattering and refraction are where acoustic energy is

directed away from the transmission direction by inhomogeneities in the transmission

medium. Assuming that the diffraction effects are constant, Le., in either the near or

far field, the amplitude will decrease exponentially as the distance from the source is

increased, i.e.

(2.17)

where x is the radial distance from the source, Ao is the amplitude at x = 0, and b

is the exponential loss factor. The exponential loss factor, b, is usually expressed in

nepers per unit distance, but is also commonly expressed in decibels per unit distance.

It is directly related to the attenuation or absorption coefficient, a = lOb log f = 4.34b.

An expression for the attenuation coefficient of fresh water shows that it is depend

ent on the frequency, f.

a = 4.343b = 6.671 x 10-14r. dB[m (2.18)

As an example, ultrasound with a frequency of 1 MHz in water, has an attenuation

of 0.0667dB per meter.
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2.3 Acoustic Impedance Matching
2.3.1 Specific Acoustic Impedance

The specific acoustic impedance, Za" is defined as the ratio of acoustic pressure,

p, to particle velocity, e. The particle velocity is the velocity of the vibrating particles
in the medium and not the speed of sound in the medium.

(2.19)

This is analogous to electrical a.c. theory, where the electrical impedance is the ratio

of the electrical potential to electrical current.

The impedance is generally a complex quantity, but for plane progressive waves .

(i.e. plane waves not reflected to form standing (stationary) waves) in a non-absorbent

medium, there is no reactive component [3]. The real component is the product of the

density, p, and velocity of sound, c, in the medium, and is called the characteristic

impedance:

Ra. = pc (2.20)

The value of the characteristic impedance for any material can be seen to depend

only on its physical properties, and is thus independent of the wave characteristics

and frequency. For fresh water at room temperature, the characteristic impedance is

approximately 1.5 X 106 kgJ(m2 s). For PVDF film, the characteristic impedance is

3.9 x 106 kgJ(m2 s).

2.3.2 Impedance Matching
Impedance matching is familiar in optics and electrical engineering. In acoustics

and optics, the main purpose is to maximize the energy transfer into a medium.

Impedance matching also helps to eliminate echoes, and reduce resonance effects.

When acoustic energy reaches the boundary of a medium, some of the energy
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Incident Waves

Reflected Waves

Plane Boundary
Figure 2.3 Reflection and transmission for normal incidence

at a plane boundary.

penetrates the boundary and some is reflected back from the boundary as illustrated

in Figure 2.3. The amount of energy reflected and transmitted is dependent upon
the characteristic impedances of the materials on either side of the boundary, IT the

characteristic impedances of the two media are equal, all acoustic energy penetrates

into the second medium across the boundary. IT this is not the case, then some of

the acoustic energy is reflected and the amount is determined by the square of the

amplitude reflection coefficient [5],

(2.21)

where R1, R2 are the characteristic impedances of media 1 and 2 respectively. This

reflection coefficient represents the ratio of reflected pressure amplitude to incident

pressure amplitude, as an acoustic wave travels across the boundary from medium 1 to

medium 2. Similarly, the transmission coefficient is the ratio of transmitted pressure

amplitude to incident pressure amplitude as the wave travels from medium 1 to 2,

and is simply at = 1 - ar•

In order to reduce echoes between boundaries and to maximize signal transmission



across boundaries, impedance matching is necessary between any two media.
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3. Ultrasonic

Techniques

Flow Measurement

3.1 Introduction

There exists three different approaches to flow measurement using ultrasound, as

was briefly mentioned in the first chapter. They are the Doppler method, transit time,
and differential phase methods. The first two are proven methods, while the method of

differential phase is still under development. The principle of operation for the three

methods will be discussed in this chapter.

3.2 Doppler Method
The Doppler effect is experienced whenever there is relative motion between the

transmitter and the receiver. An upward shift in received frequency will occur when

the transmitter and receiver are moving towards one another, and similarly a down

ward shift occurs when they are moving away from each other. In the case of a fixed

transmitter and receiver measuring the speed of a moving object, a double Doppler
shift is experienced. Here, the moving object acts a reflector for the transmitted

waves.

For the measurement of fluid flow, Doppler flowmeters require the presence of

bubbles, particles or other discontinuities flowing within the fluid, to reflect some of

the acoustic energy to achieve the Doppler effect.

Most common Doppler flowmeters are of the clamp-on type, and can have several

transmitter configurations, two of which are shown in Figure 3.1.

In the above configurations, the frequency shift of the ultrasonic waves reflected

20



21

Transmitter Receiver

IZl0
,

Transmitter

1Z1
,

, \

,

'\ ,
,
" '0, \' ,
, ,

,\ "

Flow
•

,

,

:�Flow
..

,

,

,

N
Receiver

Figure 3.1 Doppler flowmeter with two transducer arrange
ments.

from the scatterers within the moving fluid is given by [6]

a/ =
2Vfo cos (J

,
c

(3.1)

where c is the speed of sound, V is the liquid velocity at the reflection point, /0 is

the transmitted frequency, and (J is the angle between the fluid and sound velocity,

which is assumed to be the same for both transmitted and received waves. From this

equation, it is observed that the frequency shift, A/, is directly proportional to the

fluid velocity, V.

This frequency shift is usually obtained by mixing the transmitted and received

frequencies, resulting in a beat frequency of value A/.
The difficultywith the Doppler approach arises when the concentration of scatterers

within the fluid varies. If the concentration is too large, the ultrasound will not

penetrate through the entire flow cross section, which results in velocity measurement

errors. On the other extreme, if the concentration is too low, there will be insufficient

scattering to produce a detectable signal. Needless to say, the effectiveness of a Doppler
flowmeter heavily depends upon a consistent concentration of disturbances within the

fluid.
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3.3 Transit Time Method

This method involves the measurement of transit times in the upstream and down

stream directions. Typically, two transducers are used which alternately transmit and

receive pulses in both directions to obtain the two. transit times. The difference in

these transit times is proportional to the fluid velocity.
The transducers can be mounted axially with the fluid flow, or at a diagonal

with the flow as shown in Figure 3.2. For simplicity, the axial configuration will be

considered. In this case, the upstream and downstream transit times, T" and Tel, are

given by

L
'T,,=--

c-V (3.2)

and

L
'TeI=

c+ V' (3.3)

where L is the distance between transducers, c is the speed of sound in the fluid, and V

is the velocity of the fluid. The difference between upstream and downstream transit

times is

(3.4)

Since the speed of sound, c, is much larger than the fluid velocity, V, Equation 3.4

simplifies to the following approximation where V can easily be isolated.

2LV
11+ = T" - 'Tel = --

c2 (3.5)

Unfortunately, since the fluid velocity depends upon the square of the speed of

sound, which is a function of temperature, any small variation in temperature can
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lead to a relatively large change in the measured fluid velocity. Unless the fractional

uncertainty in c is very small, V cannot be measured to 1% or better. To avoid this

problem, a different algorithm, one that does not contain the speed of sound as a

parameter, would have to be used.

One commonly used method is that of reciprocal transit time, also known as the

sing-around method. Here, transmission in either direction occurs at repetition fre

quencies that are inversely proportional to the corresponding transit times. From the

downstream traveling pulse frequency, Itt, and the upstream traveling pulse frequency,

lu, the frequency difference, til, is directly proportional to the fluid velocity, V.

1 1 2V
til=/d-!u= 1---1=-

Tei 'Tu L (3.6)

This is a very popular method due to the cancelation of the speed of sound.

However,. this method requires measuring a very small difference between two large

quantities, which can lead to a. considerable error. In addition, the transmitted pulses
. need to have a fairly large amplitude, which requires the use of power amplifiers,
. increasing both the complexity and cost.

3.4 Differential Phase Method

The differential phase technique was first proposed by Feng Gao [2] as an altern

ative to the conventional Doppler and transit time approaches. Since this method

employs the use of continuous waves (CW) as opposed to pulses, the required signal

amplitude need not be high, thus eliminating the need for expensive amplifiers.
This technique is essentially a variation of the conventional transit time approach

and provides an alternate way of measuring the transit time. A CW signal is altern

ately transmitted in the upstream and downstream directions. The phase between

the transmitted and received signals in a single direction depends upon the frequency
and the transit time. Taking the difference in phases between the two directions, or
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the differential phase, provides a method for determining the flow velocity.
The phase in the upstream and downstream directions is given as

21rIL<Pu = 21r ITu = -Vc- (3.7)

(3.8)

where I is the frequency of the OW waves, L is the distance between transducers, c

is the speed of sound, and V is the fluid velocity. The differential phase is given by

the difference between the above equations and is shown below.

(3.9)

Again for V « c, the V2 term in the denominator can be omitted without introducing

significant error. The expression becomes

(3.10)

which has the velocity of the fluid directly proportional to phase.
As with the transit time method, the fluid velocity depends on the square of the

speed of sound, and there is a definite need for either measuring or calculating the

speed of sound if the temperature of the fluid changes. A major advantage of this

method is that the phase difference is relatively easy to measure, compared to a very

small difference in time. One of the problems with using phase, is ambiguity caused by
its periodicity. There is no way of measuring the absolute phase difference, however

certain design restrictions can limit the phase difference to one or half a . period over

a specified flow range. Other than that, multiple frequencies can be used to extend

the range, but this adds to the complexity.
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3.4.1
. Temperature Compensation

The speed of sound, c, can be eliminated in the differential phase technique by

using two frequencies, and obtaining the phase difference between the two upstream

measurements, and again for the two downstream measurements.

The absolute phase difference between the transmitted and received signals for the

upstream and downstream directions, for both frequencies, is given by the following
set of equations:

4>2u =
21rhL
c-V

,,/..__ 21rhL
'I'ld -

c + V (3.11)

where the variables L, c, and V have the usual meaning, h and h are two different

frequencies, and the phase subscripts indicate corresponding frequency and direction,
i.e. upstream or downstream .:

If one direction, say the upstream, is considered, the differential phase between

two different frequencies is given by

A,,/.. _ -1.._ _,,/... _
21r(h - /I)L

L.1.'I'u - 'I'lu 'l'lu -

c-V (3.12)

and similarly for the downstream direction

(3.13)

In addition to this, one of the frequencies is used for the differential phase measurement

in opposing directions. If II is used, then the differential phase is found using Equation
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3.9.

. (3.14)

Combining Equations 3.12, 3.13, and 3.14, results in the following equation, which

is independent of the speed of sound and therefore also independent of the temperature.

v = 1r(12 - 11)2La4>l
11a4>da4>",

. (3.15)

It is possible to use an additional phase measurement, a4>2 from frequency 12, to

reduce the statistical error in the obtained velocity value. The velocity can then be

found by using,

(3.16)

The operating frequencies, 11 and 12, must be carefully chosen to avoid phase

ambiguities in all three of the differential phase measurements ..See Appendix A for

the determination of a suitable choice of frequencies, along with an estimate of the

error in the above velocity measurement (Equation 3.15).



4. Transducer Modeling

4.1 Sensor Model

Transducer modeling is beneficial in determining the best design parameters for

a particular transducer application. A transducer can be composed of several layers,
some of which are the backing, the sealant, and the active element or sensor. Several

sensor models have been developed which permit the one dimensional analysis of

piezoelectric transducers. Among them are the Mason and KLM 1 models [7], each of
which are named after their creators. A third model, is a general three port network,

represented by an electro-mechanical impedance matrix.

4.1.1 Mason's Model

Mason has derived lumped element equivalent circuits for piezoelectric transducers

which permit their one dimensional analysis. The equivalent circuit for the thickness

expander plate is shown in Figure 4.1. The values of the elements are given by the

following set of equations.

Co = AI(/3338l)

N = COh33

Xu. = -Zo csc(lwIVtD)
Xb = Zo tan(lwI2vtD)
VtD = (C33D Ip)1/2

(4.1)

Inamed after Krimholtz, R; Leedom, D.A; Mattaei, G.L.

28



29

!l.... -Co p
+. ! I�Vs lCo _)- •

p'---------..
I:N

Figure 4.1 Mason's equivalent circuit.

where

Zo =pAVtD

and A and 1 are the surface area.and thickness of the transducer respectively, as

illustrated in Figure 4.1. In equation 4.1, w is the angular frequency, p the density, f333.
is the dielectric permeability, C33D the elastic stiffness, VtD the acoustic wave velocity,

and . h33 is the piezoelectric constant. The notation used above, comes directly from

[7], and differs slightly to that introduced in chapter . .2. The particle velocities Uh

U2, and the forces FI, F2 exerted on the transducer faces are defined to be positive if

directed inward. At the acoustic ports 1 and 2 of the equivalent circuit, one volt is

understood to represent unit force, and one ampere is understood to represent unit

velocity. Therefore Vi = F1, \t2 = F2, II = UI, and 12 = U2•
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Figure 4.2 KLM equivalent circuit.

2'- +
\t2

4.1.2 KLM Model

In this model, Zo and V are the characteristic impedance and velocity, respectively,
of the acoustic transmission line. The length of the transmission line is equal to the

transducer thickness, l, in the direction of acoustic wave propagation. The model is

illustrated in Figure 4.2 and its elements are given by the following set of equations:

Co = A/({333lJl)
V = VtD = (C33D/p)1/2

Zo = pAVtD (4.2)
N = (112M) csc(lwI2VtD)
Xl = ZoM2 sin(lw/vtD)
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where

M = h33/(WZO)

The KLM model offers some simplification over the Mason model. By comparing
the open circuit impedance parameters of the KLM and Mason models, an exact

equivalence can be demonstrated between these two circuits. In order to demonstrate

the simplification offered by the KLM circuit, consider the effect of open-circuiting the

electrical port in Figure 4.1. The result is an impedance of zero across the transformer

primary. This results in the short of points P and P'. The result is a lumped element

T equivalent circuit of an acoustic transmission line with no electrical loading. The .

same result is immediately apparent in the KLM model of Figure 4.2.

It is possible to interpret the three elements on the secondary side ofMason's circuit

as an acoustic transmission line; however there is a problem in that the acoustic forces

VI. and lt2 are not developed across this transmission line alone but are developed

partly across the transmission line and partly across the secondary of the transformer.

On the other hand, in the KLM circuit, the acoustic forces are developed entirely
across the acoustic transmission line, which permits the Iumped element electrical

behavior to be clearly separated from the wave acoustic behavior of the transducer.

4.1.3 General Three-Port Model

A general characterization of a transducer is given by the three-port black box

shown in Figure 4.3. It consists of one electrical port and two acoustic ports.. The

electrical port has voltage lis across, and current 13 through the terminals of the piezo
electric element. The acoustic ports are mechanical ones describing the mechanical

quantities force, Pi, and displacement velocity, Ui, at the left and right surfaces of

the piezoelectric element. The electro-mechanical impedance matrix, ZT, relates the
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Figure 4.3 . General three-port black box representation of
ultrasonic transducers.

electrical and mechanical currents and voltages of the three port network.

Fl Zll Z12 ZlS o.

F2 - Z2l Z22 Z23 U2

Va Z3l ZS2 Z33· Is.

(4.3)

Elements of ZT are evaluated by solving the full acoustic and electric field problem
in the piezoelectric plate, and matching the boundary conditions to the independent

terminal variables in Equation 4.3. The dependent variables are then calculated from

the complete field solution. The derivation will not be included here, but can be found

in [8].
The electro-mechanical impedance matrix, ZT, for PVDF piezoelectric film, is

found in [9] and is inserted into Equation 4.3, resulting in the following.

Fl B cot "'(I Bcsc"'(l e o.toW

F2 =-3 Bcsc"'(l Bcot"'(l -.L U2 (4.4)tol'"

Va _e_ _e_ l±itan6s Istol'" toW "'Co
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where

B = Zo (1 + � (tan 6M + k: tan 6E)) Mechanical Impedance

"y = k (1 - � (tan 6M + k: tan 6E)) Propagation Constant

n fofS (1 + tan2 6E) A St t· C itvo =
I

a IC apaci y

The elements in ZT include piezoelectric charge-strain constant e, complex dielectric

constant l, angular frequency w, wavenumber k = io]» with wave velocity v, thick

ness I, surface area A, dielectric loss tangent tan6E, mechanical loss tangent tan6M,
electro-mechanical coupling coefficient kt, permittivity of free space £0, and relative

permittivity at constant .strain fS.

4.2 Transducer Model

From the three transducer models previously described, the general three-port net

work model was chosen for modeling the PVDF transducers. This model incorporates

many of the characterizing piezoelectric quantities. In addition, it is very simple to

use with the aid of any mathematical software package such as MAPLE.

Figure 4.4a shows the basic construction of a PVDF transducer. It consists of

the piezoelectric element with electrodes on either side, glued to a backing material,
and separated from the propagation medium by a protective layer. Quite often, the

acoustic backing is a highly absorbent material which eliminates or reduces acoustic

reflections.

The transducer configuration can be represented by a stack of piezoelectric and .

non-piezoelectric layers, mechanically connected in series. Each layer can be repres

ented by its density Pi, sound velocity Vi, acoustic impedance PiV., thickness I, and

mechanical impedance Zi = PiViAi, where Ai is the area of the corresponding element.

The transducer in Figure 4.4a is represented by two and three port network elements

as shown in Figure 4.4b.
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Figure 4.4 Basic construction and network representation of .

. a PVDF ultrasonic transducer.
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In this one-dimensional representation, each layer acts as an acoustic transmission

line with adjacent layers generally being mismatched to each other. The medium

of propagation and the backing material are represented only by their mechanical

impedances on the assumption that their lengths l. are large enough to eliminate any

reflections within them.

The electromechanical impedancematrix describing the three port network WPVDF

is given by Equations 4.3 and 4.4. For the electrodes, WE, and protective layer, WPL,

a two port representation must be used. The mechanical impedance matrix of the

two port network is simply the upper left 2 x 2 submatrix of that for the three port

network. The equations representing the two port networks WE and WPL are given

by

(4.5)

(4.6)

where

B=Zo=pvA
w

"'(=k=
v

and the remaining variables were previously defined and remain the same as those for

the three port network.

4.2.1 PVDF Transducer Calculations

For the purpose of simplifying the calculations, the effect of the electrodes and

the protective layers will be ignored in what follows. It will be shown later that the
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Figure 4.5 Transmitter equivalent circuit.

inclusion of these layers is not difficult.

Transmitter

The transducer is represented in one of two ways, either as a receiver or a trans

mitter. In the transmitting mode, a signal generator is placed across the electrica.l

terminals with amplitude, Yo, and source resistance, Rg. The impedance of the back

ing and the propagation medium are placed across the back and front acoustic ports

respectively. This is illustrated in Figure 4.5. The mechanical and electrical, currents

and voltages, are also illustrated with arrows indicating polarities.

To calculate the system response, it is desirable to determine the acoustic output,

F2, as a function of the electrica.l input, Yo. This is accomplished by using Equation
4.4 and eliminating the unwanted variables U1 and U2 with the aid of the following

relationships.
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After substitution of the above equations, Equation 4.4 becomes:

0 _Booh' +! _BCM!1' e FlZs i ZM ((Itw

0 =-) _BCM!1' _Boot" +! � F2Zs ZM i ((Itw

Yo __e_ e 1+,itan6s _ &. 13((IiwZS (QiwZM wCo i

H the elements in the above matrix are represented in the usual fashion as Xrc, where

r, c are row and column subscripts, then F2 as a function of the input voltage, Yo, is

given by

� �1
--=--��----------�----------------------�

Yo
X31 [(X12 - X�;'22) (�::=+) - (X12 - x¥;'1J )j.

(4.7)

Dividing the above equation by the surface area, A, of the transducer, gives the

transfer function in units of pascals per volt. This result is then plotted on a logar
ithmic scale (10 log I;vj� I), and shown in Figure 4.6. Three values of characteristic

backing impedance were chosen for comparison. The first value. was chosen to be

lower than the PVDF characteristic impedance, while the second and third were equal
to and greater than it, respectively. Comparing the magnitude responses of the differ

ing impedance values, indicates that a backing which is matched acoustically to the

PVDF film offers a flatter magnitude response relative to an acoustically mismatched

backing. An acoustically matched backing also provides a relatively linear phase re

sponse over the shown frequency range. The choice of the backing material is very

important in the design of a transducer.

Receiver

In receiving mode, the transducer is modeled in much the same fashion. In this

case, an acoustic signal generator is placed across the front acoustic port with amp

litude, Fo, and acoustic source impedance, ZM. The backing impedance, ZB, is placed
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Figure 4.6 Transmitting response of a 110 I'm PVDF film
for three values of ZB (in kg/m2s).
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Figure 4.7 Receiver equivalent circuit.

across the back acoustic port, while the load resistance, RL, is placed across the elec

trical port. This is illustrated in Figure 4.7.

In this case, we wish to determine the electrical output, Va, as a function of the

acoustic input, Fo. Again, Equation 4.4 is used and the unwanted variables U1 and

13 are eliminated using the following relationships.

After substituting the above relations into Equation 4.4, the result becomes:

0 _Boot" +! Bcsc'1l e FIZB j
-

(OlwRL

Fo =>i _BCSC1' Bcot'1l-� _--L- U2ZB J (O€WRL

0 e _e_ _1+itan61i + ! Va-

(O€WZB (Olw WCORL j

By eliminating the appropriate variables, the electrical output, Va, can be represen
ted as a function of the acoustic input, Fo. This result, multiplied by the surface area

of the transducer is plotted on a logarithmic scale (10 log I ��:: I) for three values of

characteristic backing impedance. This is illustrated in Figure 4.8. In the case where

the backing impedance is equal to that of the PVDF film, the magnitude response is
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Receiving Mode: Gain vs, Frequency
-105 - _;;:___-,----r-..----,r---,----,

-110

-115

Zs = 3.0 X 106 -
Zs = 3.9 X 106 ---
Zs = 1.7 X 101 ...

.. ..--
_

,
'.
'.

-,

-lb -120

wr,;; -125
[dB] -130

-135

-140

-145��---L--�--�--�--------�--._�
o

\
..
'.
'
.

.....
, .

2 4 6 8 10 12 14 16 18 20
Frequency [MHz]

(a) Magnitude response in dB (F�'A relative to 1 V/Pa).

Receiving Mode: Phase vs. Frequency
O�------------�--�--�--�--�--��

-20

-40

-60
Phase
[Deg.] -80

-100

-120

-140

-160 .....____.__...___'-----L_-'-_�_L._--L_...J

o

Zs =3.0 x 106-
Zs = 3.9 X 106 ---
Zs = 1.7 X 101 .

2 4 6 8 10 12 14 16 18 20.
Frequency [MHz]

(b) Phase Response.

Figure 4.8 Receiving response of a 110 pm PVDF film for
three values of Zs (in kg/m2s).
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Figure 4.9 Transmit and Receive equivalent circuit.

smooth and relatively fiat over a wide frequency range. The phase response, like that

of the transmitter, is relatively linear for the frequency range shown. In the two other

cases, where the backing impedance is mismatched to that of the film, the magnitude
response has relative maxima, and minima in a somewhat sinusoidal fashion.

Transmitter and Receiver

The transmitter and receiver can be combined and modeled as a single system.

The output of the transmitter is coupled to the input of the receiver through an

appropriate acoustic transmission medium. In this case, the medium is chosen to be

water, but could be anything. The model is shown in' Figure 4.9. The transmitter

appears on the right, and is driven by an applied voltage, Yo. The resulting acoustic

wave, F4, is passed through the transmission medium and picked up by the receiver

where it is converted to an electrical signal, Va. The response of the system is 'again
determined using MAPLE, arid this program listing is found in Appendix B. The

resulting system response is shown on a logarithmic scale (20 log I�I) in Figure 4.10.

The gain in this figure is in terms ofpower gain, while those in Figures 4.6 and 4.8

are not. If the individual transmit and receive gains are to be combined to obtain

the overall response, they must first be doubled in order to obtain the power gain,
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otherwise the result will be a. voltage gain.
Once again notice that the best response is offered by the characteristic impedance

value that is matched to that of the PVDF film, as its curve is relatively flat over a

wide frequency range.
It should be noted that this result is for the best case, as the attenuation resulting

from the protective layers, the electrodes, and the transmission medium has been

ignored.

Electrodes and Protective Layers

The electrodes and protective layers on a transducer can have a large impact on

the response of the system, and must be taken into account. The PVDF film that is

being used has silver ink electrodes on either side. These electrodes have a thickness

of 6 JIm and a characteristic impedance of approximately 3.80 x 101kg/m2s. The

protective layer is chosen to be a urethane which will separate the PVDF film from the

transmission medium of water. This material has an acoustic impedance which falls

in between that of its neighboring materials, and is approximately 1.74 x 106kg/m2s.
For the purpose of calculations, the layer is chosen to be 1.5 mm in thickness, which

is a relatively realistic value.

Figure 4.11 shows (a) the transmit-receive model including the electrodes, and (b)
the transmit-receive model which includes both the electrodes and protective layers.
The theoretical response of these two systems is compared to the system without

the influence of electrodes or protective layers. This comparison is illustrated in

Figure 4.12. Notice that the effect of the electrodes is a reduction in the system

magnitude response over a large portion of the frequency range shown. In some

cases this reduction is as much as 27 dB. In a small portion of the frequency range,

the effect is a small increase in the response by as much as 9 dB. The protective

layers also effect the response, but to a lesser degree than the electrodes. A small

superimposed sinusoidal fluctuation is the result of the protective layers.
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(a)

(b)
Figure 4.11 Network representation of PVDF transmit re

ceive pair with (a) electrodes and (b) electrodes
and protective layers.
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Overall, the addition of the electrodes and protective layers destroys the flatness

of the magnitude response that was offered by the PVDF alone. One way to reduce

the effects of the additional layers is to make them as thin as possible. One type of

PVDF film has electrodes which are made of a nickel-copper alloy and are extremely
thin.

There are additional layers that have not been included in the above analysis.
These are the adhesive layers which secure the PVDF film to the backing material. It

is difficult to obtain acoustic values for adhesives such as contact cement and hardware

store epoxy. It would be equally as difficult to control the thickness of the applied
adhesive. Therefore, the effect of these. adhesive layers is not included.



5. Transducer Construction and Test-
•

mg

5.1 Background
A very simple transducer design will be used. It consists of a housing which is

to contain the piezoelectric element, its backing, and the protective layer. A 3/4 inch

PVC plastic cap is used for this housing. It has a cavity with approximate dimensions

of 3/4 inch in diameter and 3/4 inch in depth. The exterior has threads for easy

connection to 3/4 inch pipe using angle or 'tee' connectors. Figure 5.1 illustrates the

basic transducer assembly.
From the previous chapter, the theoretical model predicted that the best response

is obtained when a backing material that is acoustically matched to the piezoelectric

film, is used in the transducer. There are many possible choices for such a backing
material. One of the problems is trying to find the values of acoustic properties for

many materials. This information is often difficult to find, and in some cases needs

protective layer

piezo film backing
with leads

Figure 5.1

PVC cap assembled

Cross section view of basic transducer assembly
in expanded and assembled forms.
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to be measured. An excellent, but somewhat dated, article [10] was found which lists

acoustic properties of many common materials including liquids, gases, plastics and

other solids. A sample of materials and their acoustic properties is listed in Appendix
C. This information was used as the basis for choosing a suitable backing material.

The acoustic impedance of the piezoelectric film is 3.9 X 106 kg/m2s� Therefore, it

is desirable to find a backing that has a relatively similar impedance and also a high
attenuation. The attenuation is important in reducing or eliminating reflections which

results in constructive and destructive interference at certain frequencies. Another

factor in choosing an appropriate 'material is its ability to bond to other materials.

Some polyethylene based plastics are very difficult to bond to other materials and

should be avoided. A final determining factor is whether the material is stocked by
our engineering machine shop, which will reduce costs and save time.

A suitable choice of a readily available material is gray PVC rod. It has an acoustic

impedance of 3.27 x 106kg/m2s, which yields a reflection coefficient of -0.09. It also

has an attenuation of 11.2 dB/em, which is very good for a backing material. It is

very easy to bond to other materials using either epoxy or special PVC adhesives,
both of which are available in most hardware stores. This material is carried in our

engineering machine shop; however the largest available rod size is 3/8 of an inch in

diameter. This diameter of rod, unfortunately, will only use twenty five percent of

the surface area available in the cavity of the PVC cap, and likely will not produce

optimal results.

It was decided to try the 3/8 inch gray PVC rod as a backing material, and if that

failed to produce reasonable results, an alternate backing would be chosen.

5.2 Construction

Construction of the transducers sta.rts with the preparation of the piezo film. Since

the film comes in rectangular sheets, it needs to be cut to the appropriate dimensions.

In this application, two disks of diameter 3/8 inch are required. With the advice
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of a technician from AMP, a sharp XACTO knife was used in an attempt to cut

the material. Since the required shape is small and circular, some difficulty was

encountered. A fair amount of pressure was required for the knife to cut the material,
and as a result it was difficult to cut in a continuous fashion. This led to a disk

with rough edges and in some cases the two sides became shorted together by thin

strands of metal from the electrodes. After four or five attempts, two usable disks

were produced.
With the. disks prepared, wires had to be attached to the electrodes on the front

and back of the piezo film, for the signal and ground respectively. The wire chosen for

this job was a 32 gauge stranded wire. Several methods were looked at for connecting
the wire, but the simplest was to use a conductive silver epoxy. This method enables

the attachment of the wires using a relatively small amount of the film's surface area.

After the electrodes were attached, the epoxy was allowed to cure for several hours.

After curing, the conductivity of the bond was tested to ensure a proper electrical

connection had been obtained.

The next step is the attachment of the piezoelectric film to the backing material.

This was accomplished using a general two part epoxy obtained from a local hardware

store. After the epoxy was mixed, and applied to the backing, the parts were placed

together and clamped for several hours. The clamps were then removed and the epoxy

allowed to cure overnight.
The piezoelectric film and backing assembly needs to then be secured into the PVC

housing. Since both the backing and housing are PVC material, special PVC primer
and solvent cement were used. A small hole was then drilled in the housing to pass

the wires through .

. The final step is the application of the protective layer. A special two part urethane,

called Flexane-80, was used for this purpose. Once. the two parts were mixed as .

described in Appendix D, the urethanewas poured into the housing to fill the remainder.



51

Figure 5.2 Components for 3/8 inch PVC backed trans

ducer.

of the cavity, with approximately a 1 to 2 mm layer covering the piezoelectric film.

The thickness of the covering is not critical but should be kept to a minimum to reduce

the signal attenuation. The urethane was allowedto set overnight, then was cured in

an oven at 150°F for 24 hours.

The components for this transducer, except for the urethane, are shown in Figure
5.2. The plastic cap is shown in two orientations to provide a better idea of its shape.

5.3 Testing
The transducers were placed in a transmit and receive configuration as shown

in Figure 5.3. The setup consists of a 3/4 inch steel pipe of length 19 inches. At

each end, a 3/4 inch tee connector is used for connection of the previously assembled

transducers and the water input and output. The resulting distance between sensors

is 21.5 inches. The transmitter is connected directly to a signal generator with a

source impedance of 50 ohms, and the receiver is directly connected to an analog
oscilloscope. The steel pipe is grounded to reduce any capacitive coupling effects

between the sensors, along the wall of the pipe. Water is then introduced into the

pipe and the static response of the system is determined with a zero flow rate. This

is accomplished by measuring the transmitted and received signal levels as a function
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inlet 3/4" tee

fittings

.

outlet

l3/4" threaded steel

pipe, 19" in length

from

signal
generator

Figure 5.S

-

- pipe is

grounded
to

oscill�

scope

The arrangement of the static test system, con
sisting of a 3/4 inch galvanized steel pipe, two
tee fittings and two transducers.

of frequency. The results are shown in Figure 5.4, where the gain is given in units of

decibels [i.e. 20*log(v"eceille /YtrlJn.mit».
These results are not as expected. The minimum attenuation is approximately 84

dB at a frequency of 1.92 MHz, while the maximum attenuation, within the measured

range, at 3.03 MHz is approximately 105 dB. This difference of 21 dB certainly in

dicates that the response over the measured interval is not flat, as was expected from

the theoretical models. Perhaps some explanation can be found for this discrepancy.
One possibility is the adhesive layer between the film and the backingmaterial. Epoxy
was used, having an unknown thickness and acoustic impedance. In addition, the way

the electrodes were attached, part of the backing. had to be filed away, for the film

to mount flat onto the backing. One or both of these factors may lead to an altered

response.

Due to the poor response of the previous transducers, it was deemed necessary to

improve on the transducer design. The backingmaterial and the surface area were the

two areas that needed to be improved. The surface area should be increased for higher
acoustic output, and an available backing with a suitable acoustic impedance should
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be chosen. In addition, a number of different backing materials will be experimented
with.

5.4 Refinements

Keeping in mind the problems encountered in the construction and testing of the

previous transducer set, several new sets were constructed. The first change was that

three transducers of each type were constructed, instead of just two. In this case, the

best two of the three transducers would be chosen, thus reducing problems associated

with fabrication errors, such as poor conductivity or short circuit conditions.

5.4.1 Acrylic Backing
The first set of three to be constructed, consisted of an acrylic backing with an

acoustic impedance of approximately 3.26 x 106kg/m2s and an attenuation of about 6

. dB/em. This is slightly less than the 3.9 x 106kg/m2s impedance of the piezoelectric
film and yields a reflection coefficient of -0.09.

The film was prepared in a slightly different manner than was done previously.



54

Due to the difficulty ofmounting the film onto the backing with the lead-film interface

in the way, it was decided not to place the join within the circular area. Instead, the

circular element was cut from the sheet with small tabs on the side for lead attachment.

A second improvement was in the cutting of the piezoelectric film from the sheets.

Short circuiting of the metal layers was a problem when using an XACTO knife.

Other cutting instruments such as a scalpel were experimented with, but the best

results were obtained by using a pair of sharp hair cutting scissors. These scissors

made it very easy to cut in a circular fashion without leaving stray strands of metal

from the top and bottom layers.
A third improvement was the increased diameter of the active element. The dia

meter was increased from 3/8 inch to 1/2 inch. This small increase in diameter

offered an increase in surface area of nearly 78 percent. This change in surface area

made it necessary to switch to an acrylic backing as opposed to the PVC· backing, as

the PVC was not available from our machine shop with a 1/2 inch diameter. This

change, however, should not pose any difficulties, as the acoustic properties of the two

materials are somewhat similar.

The transducer components are shown in Figure 5.5. The piezoelectric film on the

left is shown with the leads attached using the additional tab. The acrylic backing and

PVC housing are also shown. The three components are assembled using the general
two part epoxy, and again covered with a protective layer of Flexane-80 urethane. In

this case, however, the urethane is allowed to cure for seven days at room temperature,

instead of the previously used method of heating to 150°F for an accelerated cure in

24 hours. The reason for this is that a previous transducer that was not functioning

properly was disassembled, and it was found that the top metal layer had partially

separated from the piezo film. It was thought that this may have been a result of

the heating, and as a precaution, any subsequent transducers would be cured at room

temperature for the full seven days.



Figure 5.5 Components for 1/2 inch acrylic backed trans
ducer.

Testing of the three transducers will indicate which two of the three should be used

as a transmit-receive pair. Prior to the application of the protective layer, conductivity
of all the leads was measured and short circuit conditions were checked. All three had

good conductivity and no shorts between the upper and lower surfaces. A final test was

to measure the receiving response of each transducer using a fixed ceramic transmitter

with the same frequency, under similar conditions. Transducers Acr #2 and Acr #9
had a similar amplitude response, while Acr #1 had a response with approximately
half of the amplitude of the others. Consequently, transducersAcr #2 and Acr #9
were chosen as a transmit-receive pair.

The transmit-receive response of this pair was measured using the same method as

used in Section 5.3, with the setup illustrated in Figure 5.3. The attenuation through
the system as a function of frequency, is given in Figure 5.6, where the response is

measured in both directions. The forward response is where Acr #2 is the transmitter

and Acr #9 is the receiver. Similarly, the reverse response has Acr #9 transmitting to

Acr #2. As seen from the graph, the responses in the forward and reverse directions

are highly correlated, suggesting that reciprocity holds.

From the graph, it is observed that the best response is obtained at a frequency
near 2 MHz, where the attenuation is at its minimum of approximately 70 dB. This
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Figure 5.6 Frequency response of acrylic backed trans-·

ducers in both the forward and reverse directions.

is 14 dB better than the results obtained using the 3/8 inch PVC transducer pair.

Obviously, these changes made a significant improvement, with the most likely factor

being the large increase in surface area.

The forward frequency response was measured again on a different day under

similar conditions to test for repeatability. These result are shown in Figure 5.7, and

as hoped for, the response was similar. There was, however, a slight increase in signal
attenuation.

5.4.2 Mylar Backing
Mylar (polyester) was recommended as a backing material by an engineer at AMP.

It has a high attenuation and its impedance is very close to that of the piezo film.

However, a reasonable thickness of this material could not be obtained, so it was not

the first choice for a backing material.

Thin mylar sheets, with thickness of approximately 4 mil (1 mm = 39 mil), are
used for drafting and are readily available. Stacking several layers of this mylar film

would produce a thickness suitable for use.: Six squares with dimension of 5/8 x 5/8
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of an inch were cut from a mylar sheet and bonded together with a super glue. This

produced a large enough piece of mylar, with a thickness of 38 mil. This square was

then bonded, using an epoxy, to the top of a steel rod with diameter 1/2 inch. Once

the epoxy cured, the square edges of the mylar backing were sanded off, to conform to

the shape of the diameter of the rod. Once this was completed, the 1/2 inch diameter

of piezoelectric film was bonded to the mylar surface. Once again, this assembly is

placed in a PVC housing and sealed with a protective layer.
The acoustic properties of this backing would be close to that of mylar, but have

likely been altered with the use of the adhesive between the layers. The properties of

mylar are found in Appendix C.

Figure 5.8 shows the frequency response of mylar #1 transmitting to mylar #2.
The graph has a series of peaks and troughs which are a characteristic of constructive

and destructive interference respectively. The peaks occur at frequencies near 1.35,

2.49, 3.51, and 4.73 MHz, while the troughs are near 1.77, 2.88 and 3.95 MHz. The

probable cause of this response is the acoustic reflections within themylar. If themylar
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was thicker, the attenuation would be increased and the effect of multiple reflections

would be reduced. The lowest attenuation of 64 dB near 2.49 MHz, is the best of all

the transducer sets tested so far.

In the future, transducers with a thicker backing of mylar should seriously be

considered, as these transducers had a good amplitude response.

5.4.3 Aluminum Backing
A final set of transducers would be constructed with an aluminum backing. These

were constructed for comparison to the previously constructed sets. The aluminum

backing was chosen to observe the effect of a backing with a high acoustic impedance
relative to that of the piezoelectric film. The difficulty in using a material of a high
acoustic impedance such as aluminum, is that the attenuation is very low, This leads

to multiple reflections, which results in constructive and destructive interference. The

acoustic properties of aluminum are found in Appendix C. The acoustic impedance is

11.33 x 106kg/m2s, and the attenuation is not given but is very low.

Again, three of these transducers were constructed, Al #1, #2 and #9, as shown
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Figure 5.9 Aluminum backed transducer components.

in Figure 5.9 The first transducer had a very poor response, while the second and

third transducers had much more acceptable responses. Th�refore Al #2 and Al

#9 were used as the transmit-receive pair in this case. The amplitude response for

Al #9 transmitting to receiver Al #2 is shown in Figure 5.10. This response clearly

shows the constructive and destructive interference in the form of relative maxima and

minima respectively. The peak response within the measurement range is observed at

a frequency of 2.68 MHz with an attenuation of 66.7 dB. This result is 3.3 dB better

than that obtained using the acrylic backing. This makes sense if you consider that

the effect of constructive interference is an increase in the signal amplitude by a factor

of at most two at the harmonics. This translates into a maximum of 6 dB gain at the

harmonics, which is comparable to the observed increase of 3.3 dB. The reason it was

stated that the gain offered would be a maximum of 6 dB, is that there is generally
some attenuation of the reflected signal, resulting in somewhat less than a doubling of
the signal amplitude.

The relative maxima observed in Figure 5.10 occur at intervals of approximately
160 kHz. This can be compared with the expected value, by simply knowing the

dimensions of the aluminum backing rod, and the speed of sound within the rod.

Since the acoustic impedance of the aluminum rod is high, relative to that of its
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Figure 5.10 Frequency response of aluminum backed trans

ducers.

neighboring materials, the rod acts like a string fixed at both ends. Therefore, the rod

will support a fundamental frequency of

v

10=-2L (5.1)

where v is the speed of sound in the aluminum, and L is the length of the rod. The

frequency spacing between relative maxima, is given by the following formula.

fl.1 = 11 - 10 � ! - ...!.. = ...!..
L 2L 2L (5.2)

Given that the length of the rod, L, is 18.8 mm, and the speed of sound, v, in aluminum,
is 6.42 x lOS mIs, the frequency spacing between relative maxima is calculated to be

171 kHz. This compares favorably with the measured value of 160 kHz.

Although the aluminum transducers offer a relatively good peak response, they fail

to offer a flat broadband response. This would generally make them unsuitable for

most applications, including that of a flowmeter.



6. Data Acquisition and Analysis

6.1 The Flow Measurement Setup
The flow measurement setup consists of the transducer and pipe assembly (shown

in Figure 5.3), a water pump and tank, flow control valve, rotameter flowmeter, the

interconnecting pipe, and the electronics. The schematic diagram of this setup is

Pipe
,.

Flow Meters

Metal

Pipe
with

Transducers
Water

Tank

. Pump

..

Flow

Valve

t
Phase Output A
Phase Output B

(Outputs)

Direction Indicator

Frequency Indicator

Figure 6.1 The schematic of the flow measurement setup.
The pipe dimensions and transducer assembly
are shown in Figure 5.3.

61
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shown in Figure 6.1, and the electronics are described in Appendix E, however a brief

description will follow.

The two transducers are connected to a switch array which alternates them between

. the transmitter and receiver at a rate of 10 Hz. This basically alternates the ultrasonic

signal between the upstream and downstream directions. . The switch array has a

direction indicator signal, which allows the directions to be separated in the received

signal. The transmitter consists of a dual frequency source which multiplexes the

two frequencies, f1 and £2, at a rate of 30 Hz. It has a frequency indicator signal,
which allows the demultiplexing of the two frequencies in the received signal. Finally,
the phase outputs, A and B, have a voltage output between 0 and 5 volts which

is representative of the phase. The two phase outputs are offset by 180 degrees or

2.5 volts with respect to each other. The reason for this is to avoid ambiguities in

differential phase measurements. The two phase outputs each provide a signal with

up to four distinguishable voltage levels, depending on the flow conditions. These four

levels are for each of the frequency and direction combinations.

The indicator signals and phase outputs are each sampledand stored onto com

puter for analysis. A personal computer with a Datel PC-414A3 Data Acquisition

System is used for this purpose. This Data Acquisition system has four input chan

nels, two of which allow ±10V input and two which allow ± IV input. The phase

outputs A·and B are connected to the higher range inputs, while the indicator signals
are attenuated and input into the lower voltage inputs. The magnitude of the indic

ator signals is not important as long as there are two distinguishable voltage levels.

The resolution of the sampled phase signals is approximately 5mv, given the 12 bit

conversion and the 20V voltage range (± 10V).
The phase and indicator signals are each sampled at a rate of 5KHz,· over an

interval of 1 second. This sampling rate is sufficient considering the direction changes
at a rate of 10Hz, and the frequency changes at rate of 30Hz.
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A sample of the system output is shown in Figure 6.2. The input conditions

are a flow rate of approximately 2 gallons per minute, and a water temperature of

approximately 27 degrees Celsius.

Using MATLAB for the analysis of the signals, the four average phase values for

each of the phase detectors is determined. This is performed using the following

algorithm.

1. Convert the indicator signals to discrete 0,1 signals. This is done using the MAT

LAB expression: IS = (sign(IS-mean(IS))+I)/2.

2. For phase detector A, the signal is separated into the four components using the

following MATLAB equations:

Frequency 1, Direction 0: fldOA = A(d.*f).

Frequency 2, Direction 0: f2dOA = A(d.*("'f))

Frequency 1, Direction 1: fldlA = A((",d).*f)

Frequency 2, Direction 1: f2dlA = A( (",d).*("'f))

3. The median value of each sub-array is used as the voltage level representing phase
for that particular frequency and direction.

4e . Repeat steps 2 and 3 for phase detector B.

6.2 Compensation
Preliminary measurements indicated that the voltage output from the phase de

tectors is not a linear function of phase. One way to check for this, is to measure the

system outputs A and B as a function of time for a constant flow rate. The temperat

ure should increase over time as the pump heats the water, leading to a reduction of

the phase over the same period of time. This is made clear by looking at Equations.
3.7 and 3.8.
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outputs, while the bottom two are the direction
and frequency indicator signals.
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Figure 6.3 The phase measurement over time, for a constant
flow rate of 3.1 gpm.
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Differential phase vs time
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Figure 6.4 The upstream-downstream. phase differences for

frequencies f1 and f2, from phase detectors A and

B, as a function of time.

For a constant flow rate ofapproximately 3.1 gallons perminute, the system outputs

were sampled every two minutes for a period of six hours. Again, the samples were

acquired at a 5 kHz rate over a 1 second interval. The four phase values from each

phase detector were then extracted using the method described in the previous section.

These phase values were plotted against time and are shown in Figure 6.3. The first

observation is that the results definitely are not linear, but they do appear to be
.

consistent. Since we are mainly interested in the difference between the upstream

and downstream phase measurements, it is a good idea to also see how this difference

changes with time. Figure 6.4 shows this upstream-downstream phase difference for

the two different frequencies f1 and f2, for each of the two phase detectors A and B.

These results confirm that there is something wrong with the electronics, that either

needs to be fixed or compensated for. Compensation is the easiest solution, and the

route which was taken after many attempts to modify the electronics failed to provide
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Figure 6.5

acceptable results.

Since the output of the two phase detectors are offset by 180 degrees, they can be

combined by shifting them in multiples of ±2.5 volts. The combined phase outputs

are shown in Figure 6.5. In this figure the four separate sets ofpoints are again for the

two frequencies and directions. The following equation, which is a function of time, is

fitted to each set of points using the Levenberg-Marquardt method of nonlinear curve

fitting [11].

f(t) = ao + _ta_l_ell2 + a3
(6.1)

This equation was carefully chosen to represent the effect of an exponentially increas

ing temperature on the phase. The speed of sound, c, in Equation 3.7 is replaced by
ell2t and the remaining variables are replaced by constants to be determined by the

fitting routine. The fitted variables for the four sets of data are shown in Table 6.1.
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Table 6.1: Fitting Coefficients for Equation 6.1

Frequency/Direction Coefficient Value Error

ao -17.177417 5.56 x 10-6

fldO at 0.36108297 7.57 x 10-8

a2 0.0015848329 1.66 x 10-9

a3 -0.98901509 2.77 x 10-9

ao -5.6649986 5.46 x 1O�5

fldl at 21.432587 8.60 x 10-5

a2 0.25233743 2.56 x 10-6

a3 0.088366371 5.66 x 10-6

ao -23.841020 1.73 x 10-4

f2dO at 0.58124769 3.09 x 10-6

a2 0.0017042996 5.42 x 10-8

a3 -0.98493648 9.31 x 10-8

ao -6.5701882 1.76 x 10-5

f2dl at 18.197081 2.31 x 10-5

a2 0.21811756 7.41 x 10-1

a3 -0.086225982 1.51 x 10-6

The final step in the compensation is to try and find an equation which can predict
the difference between the fitted curves and the actual sets of data. With this inmind,
the difference between the fitted curves and the data sets is plotted against the voltage

representing phase for both the A and B phase detectors. This is shown in Figure 6.6.

Yet another equation is fitted to these two sets of data. These equations will provide
a means of correcting the measured.phase voltage for both of the phase detectors ..The
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Figure 6.6 The data points are the difference between the
fitted curves and the data sets for phase detectors
A and B. Functions are fitted to these- data and
are shown as the solid lines.
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equation chosen for fitting to the data is

e(v) = bo + blSin(�v + ba). (6.2)

Again, the Levenberg-Marquardt method was used for fitting, and the following coef

ficients were obtained for each of the phase detectors .

. Table 6.2: Fitting Coefficients for Equation 6.2

Phase Detector Coefficient Value Error

bo -0.038645942 3.89 x 10-5

A b1 -0.22462757 5.26 x 10-5

� 1.1619987 9.49 x 10-5

ba -0.045751948 2.57 x 10-4

bo -0.056164785 3.91 x 10-5

B b1 0.20131283 5.55 x 10-5

� 1.3757800 1.16 x 10-4

ba -0.72689627 2.74 x 10-4

The fit index, X2, for each set of data and its corresponding fitted curve, was also

calculated, and is useful in determining the mean error, X, between the data and the

fitted function. These values are XA = 0.06641 volts and XB = 0.06851 volts.

Finally, the compensation is applied to the original set of data from Figure 6.3.

This is done simply by adding the compensation function in Equation 6.2 to the

measured data. For example the compensated data will become

vcomp = V + bo + blsin(�v + ba).
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(b) Compensated output from phase detector B.

Figure 6.7 The compensated phase measurement over time,
for a constant flow rate of 3.1 gpm.
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Phase difference vs. time
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Figure 6.8 The compensated upstream-downstream phase
differences for frequencies fl and f2, from phase
detectors A and B, as a function of time.

The results are shown in Figure 6.7, and the phase difference is also shown in

Figure 6.8. Looking at the results, it is obvious that the compensation has had a

significant improvement. However, this improvement is likely not enough to provide
the accuracy required in the temperature compensated flow measurement, presented
in Section 3.4.1.
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6.3· Flow Calibration

Flow calibration is the final step in the analysis of the data. The calibration of any

instrument is the determination of the experimental relationship between the quantity

being measured and the output of the instrument measuring it. The quantity being
measured is determined using a recognized standard of the measurement [1].

Two recognized standards of liquid flow calibration are the weighing method and
.

the volumetric method. With the weighing method, the flow rate is determined by

measuring the mass of the liquid accumulated over a known time interval. Similarly,
with the volumetric method, the flow rate is determined by directing the flow into or

out of a calibrated volumetric tank, over a period of time. The volumetric tank may

be substituted by any reference meter based on the positive displacement principle.
The volumetricmethod is chosen for this application, and two rotameters with flow

ranges of 0.1 to 1.0 gpm and 0.5 to 3.5 gpm are used. The rotameters are connected

to the outlet side of the flow setup as shown in Figure 6.1. The flow rate is controlled

by a valve located at the inlet.

For three different temperatures, flow data is obtained for flow rates from 0 gpm

to 2.75 gpm in increments of 0.25 gpm, To test for repeatability, three to five meas

urement sets are obtained for each of the three temperatures. The flow data is then

processed in the same manner as described in Section 6.1, and the compensation from

the previous section is subsequently applied. After compensation, the average flow

velocity obtained from the two frequencies is found as follows, using Equation 3.10.

v _ �! [IlCPl + 1l4>2]41['L 2 It h

oc [f1CPl + 1l4>2]It h

.

Here, the differential phases, f1CPn, are measured in volts, and the frequencies,

In, are measured in cycles per second (Hz). The velocity measurement, given In
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Volts/Hz, is plotted against the flow rate in gallons per minute, and is shown in

Figures 6.9, 6.10, and 6.11. For each of the three temperatures, the best fit line is

calculated using the least squares method [12], and the squared correlation coefficients,

R2, are also determined, and are shown in each of the figures.
While the data for the three temperature sets appears to be linear, the error in the

velocity measurement can cause a significant error in the conversion to flow rate. Take

Figure 6.9 for example, and in particular the data points for flow rates of 0.5, .

0.75

and 1.0 gpm. The highest point for 0.5 gpm is nearly the same value as the lowest

point for 1.0 gpm and the average point for 0.75 gpm. This means that the error in

the flow rate is as high as ±0.25 gpm for that temperature range. This degree of error

may be quite unacceptable for many applications.



7. Conclusions and Recommendations

7.1 Conclusions

The differential phase technique of ultrasonic flow measurement, remains a prom

ising solution to the expensive alternatives of the doppler and transit time approaches.

H-owever, many improvements remain to be made, in order for the technique to become

a viable alternative.

The main part of this work has focused on the design, construction, and testing of

an alternative transducer. The transducer was based on a relatively new piezoelectric
material made of thin sheets of Polyvinyledene Fluoride (PVDF). The design stage

of the transducer looked at the theoretical response of a transducer pair for various

types of backing materials, the addition of the protective layer, and the effect of the

electrodes. These theoretical responses provided a method for choosing an acceptable

backing material, and the usable frequency range.
Several sets of transducers were constructed using various backingmaterials. Their

frequency response was experimentally determined using a transmit-receive pair of

each type. The results confirmed what the theoretical responses had predicted. That

being, that a backing material with an acoustic impedance matched to that of the

piezoelectric film, offered the best overall response. The backing material chosen was

clear acrylic.
The new transducers were then connected to the differential phase measurement

system which was previously designed. Some of the electronics were modified to be

compatible with the new transducers. The main change, however, was the addition

of the dual frequency transmitter, which was intended to be used for some form of

temperature compensation.
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Preliminary phase measurements indicated that the receiving electronics did not

provide a linear relationship between measured voltage and observed phase. Several

attempts to rectify this problem failed, and as a result, post measurement compensa
tion was used. The equipment problem likely exists in either the preamplifier or the

high speed comparator, since the phase detector appears to be working correctly, and

it is unlikely that the switch array would have such an effect.

Using the compensation, flow calibration was performed for three separate tem

peratures. Three to five measurement sets were obtained for each of the temperatures

to test for repeatability. The results clearly indicated a linear relationship between

the differential phase and the flow rate. However, the error in the obtained values is

too significant to attempt the dual frequency temperature compensation. Therefore

the temperature compensation was not performed.
In summary, the piezoelectric film transducers that were designed and construc

ted for the differential phase flow measurement system, had acceptable performance.

However, the pre-existing electronics that they interfaced with, still had some problems
that should be looked into.

7.2 Recommendations

Several recommendations for future improvements can be suggested. The first, is

that the modification of the receiving electronics is necessary to eliminate the need for

the post measurement compensation, and provide a more accurate voltage output. The

sections that require a closer look, are the preamplifier and the high speed comparator.
Once this problem is rectified, the temperature compensation can be attempted using
the dual frequency method that was outlined.

The next improvement should be a redesign of the switch array. The relays should

be replaced with solid state devices providing a suitable amount of off-isolation. These

relays would be impractical in a real application.
The above suggestions should be considered before any further development is
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attempted.
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A. Selection of Operating Frequencies

A.l Single Frequency Operation
In order to avoid the problems that result from the periodicity of phase, the oper

ating frequency must be carefully chosen. This choice of frequency is dependent on

the required limits of both the fluid temperature and velocity.
A suitable choice for the frequency can be found by using equation 3.9. In order

to avoid the phase ambiguity, the phase difference will be restricted to less than or

equal to 1r radians, as shown below.

Solving for frequency results in the following expression:
.

c2-V2
r« 4LV

The speed of sound limits are chosen to be from 1430 to 1503 mis, which approx

imately corresponds to a temperature range of 5 to 30°C for water. Similarly, the fluid

velocity range is chosen to be from 0 to O.B mis, which is equivalent to a flow rate

of 0 to 3.6 gpm through a 3/4 inch pipe. An upper limit on the frequency range can

be found by using the minimum sound velocity, the maximum fluid velocity, and the

distance L = 0.5m between the transducers.

f < (1430m/s)2 - (0.Bm/s)2 < 1.2BMHz
-

4(O.5m)(0.Bm/s)
-

A frequency of f = 1.25MHz is chosen as the operating frequency.
BO
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A.2 Dual Frequency Operation.'
.

As was mentioned in Section 3.4.1, two frequencies are required to eliminate the

dependence on the speed of sound, and hence the temperature. The upper limit on

the choice of the two frequencies remains the same as the above obtained value of

1.28MHz, In addition, a second restriction must be placed on the separation of the .

two frequencies, to again avoid the phase ambiguity. This restriction is found by

limiting the phase difference between the two frequencies to a range of 1r radians.

Using Equations 3.12 and 3.13, a suitable frequency difference can be found.

21r(h - II)L
_

21r(h - /I)L < 1r
Cmin - Vmaz Cmaa: - Vmaz

-

Solving for the frequency difference, results in the following relation:

h - II :5 [ 2L. _

2L ]
-I

Cmin - Vmaa: Cmaz - Vmaz

Substitution of the chosen limits provides the upper limit for the frequency difference.

h - II < [ 2 x 0.5m
_

2 x 0.5m ]-1-

1430m/s - 0.8m/s 1503m/s - 0.8m/s

:5 29.4KHz

Taking into consideration the available selection of crystal frequencies, the second

frequency, 12, is chosen to be 1.2670 MHz, providing an acceptable separation of 17.0

KHz.
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A.3 Velocity Error Estimate
The velocity error estimate for the dual frequency method, is obtained by differ

entiating Equation 3.15, which results in the following expression.

6V = 1rL{2(h
- h)(6h + 6h) d4>1

+ (12 - h)26/1 d4>1
11 d4>ud4>tl fl d4>ud4>tl

+
(12 - 11)2 [ 6d4>1

+
d4>16d4>u

+ d4>16d4>tlj}It d4>ud4>tl 1lt/i!.Il4>tl ll4>ud4>3

where the variables have their usual meanings, and the 6 prefix denotes the error in

the variable. Using the following values

It = 1.250000 ± 0.000005MHz

12 = 1.267200 ± 0.000005MHz

d4>1 = 1r ± 0.0021r (maximum value)

ll4>u = 1l.441r ± 0.0021r (from Equation 3.12)

d4>d = 1l.441r ± 0.OO21r (from Equation 3.13)

the resulting error estimate in the velocity is 6V = 0.004m/s. This estimate is perhaps
a bit optimistic, as there are quite likely other factors that will increase the errors in

the above variables.



B. MAPLE program listings

s.i Transmitter
Calculates the response for the model in Figure 4.5.

• Transmit characteristics of PVDF for three values
• of backing impedance.

j:=I;

• -------�- Piezo Layer Transmitter-----------
eq1:=F1=-j*(U1*Bl*cot(g1*ll) + U2*Bl*csc(g1*l1) + 13*C);
eq2:=F2=-j*(Ul*Bl*csc(gl*11) + U2*B1*cot(gl*ll) + 13*C);
eq3:-V3 =-j*(Ul*C + U2*C + 13*(1+j*0.02)/(w*Co»;

• --------- backing and load impedance ------
eq4:-Ul=-F1/Zb;
eq5:-V3=Vo-I3*Rg;
eq6:-U2=-F2/Zw;

eql:-subs({eq4,eq5,eq6},eq1);
eq2:-subs({eq4,eq5,eq6},eq2);
eq3:-subs({eq4,eq5,eq6},eq3);

• ------------------ Constants -----------------

A:-Pi*(12.7e-3A2)/4;
w:-2*Pi*f;
11:-110e-6;
B1:=(3.ge6)*A*(1+(j/2)*(0.10 + 0.25A2*0.02»;
g1:=(w/2200)*(1-(j/2)*(0.10 + 0.25A2*0.02»;
Co:=(106e-12)*(1+0.02A2)*A/11;
C:=(O.16)/«8.83e-12)*12*w);

Rg:=O;
Vo:-1;

Zw:=1.5e6*A;
.Zb:-3.0e6*A;
• ----------------End Constants ----------------
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sol:=solve({eq1,eq2,eq3},{F1,13,F2});
assign(sol);
f2(f,Zb):-10*log(abs(F2)/A/Vo);

f2a(f):=subs(Zb-3.0e6*A,f2(f,Zb»;
f2b(f):-subs(Zb=3.ge6*A,f2(f,Zb»;
f2c(f):-subs(Zba11e6*A,f2(f,Zb»;

plot({f2a(f),f2b(f),f2c(f)},f=O .. 20e6,font-[TlMES,ROMAN,12],
title-'Transmit Frequency Response for three

values of Zb'

) ;

writeto(transmit2.f2a); x1=plot(f2a(f),f-O .• 20e6);
writeto(transmit2.f2b); x2-plot(f2b(f),f=O •. 20e6);
writeto(transmit2.f2c); x3=plot(f2c(f),f-O .. 20e6);
writeto(terminal);

B.2 Receiver
Calculates the response for the model in Figure 4.7.

• Receive characteristics of PVDF for three
• values of backing impedance

j:=l;

• --------- Piezo Layer Receiver ------------
eq1:-F1=-j*(U1*B1*cot(g1*11) + U2*B1*csc(g1*11) + l3*C);
eq2:=F2--j*(U1*B1*csc(g1*11) + U2*B1*cot(g1*11) + l3*C);
eq3:-V3 =-j*(U1*C + U2*C + l3*(1+j*O.02)/(w*Co»;

• --------- backing and load impedance ------
eq4:=U1--Fi/Zb;
eq5 :.=13--V3/Rl ;
eq6:-F2=Fo-U2*Zw;

eq1:-subs({eq4,eq5,eq6},eq1);
eq2:-subs({eq4,eq5,eq6},eq2);
eq3:=subs({eq4,eq5,eq6},eq3);
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, ----�------------- Constants -------- _

A:=Pi*(12.7e-3A2)/4;
w:=2*Pi*f;
11 :=110e-6;
B1:-(3.ge6)*A*(1+(j/2)*(O.10 + O.25A2*O.02»;
g1:-(w/2200)*(1-(j/2)*{O.10 + O.25A2*O.02»;
Co:-(106e-12)*(1+0.02"'2)*A/l1;
C:=(O.16)/«8.83e-12)*12*w);
R1:-1e6;
Fo:-1;

Zw:-1.5e6*A;
.Zb:=3.0e6*A;
• ----------------End Constants ----------------

so1:=so1ve{{eq1,eq2,eq3},{F1,V3,U2});
assign(so1);
v3(f,Zb):-10*1og(abs(V3)*A/ko);

v3a(f):-subs(Zb=3.0e6*A,v3(f,Zb»;
v3b(f):=subs(Zb-3.ge6*A,v3(f,Zb»;
v3c(f):-subs(Zb-11e6*A,v3(f,Zb»;

p1ot({v3a(f),v3b(f),v3c(f)},f=O .• 20e6,font-[TlMES,ROMAN,12],
tit1e-'Receive Frequency Response for three

. values of Zb'

) ;

writeto(receive2.v3a); x1=p1ot(v3a(f),f=O .. 20e6);
writeto(receive2.v3b); x2=p1ot(v3b(f),f=O .. 20e6);
writeto(receive2.v3c); x3=plot(v3c(f),f=O .•20e6);
writeto(terminal)

B.3 Transmit-Receive Pair
Calculates the response for the model in Figure 4.9 .

• Frequency response for PVDF transmit-receive pair

j:=I;
# ------------ Transmitter -------------

# --Piezo Layer
eq1:=F4--j*(U4*B1*cot(g1*11) + U5*B1*csc(g1*l1) + 16*C);
eq2:=F5=-j*(U4*B1*csc(g1*11) + U5*B1*cot(g1*11) + 16*C);
eq3:=V6=-j*(U4*C + U5*C + 16*(1+j*O.02)/(w*Co»;
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# --backing and load impedance
eq4:=U5=-F5/Zb;
eq5:-V6=Vo-I6*Rg;
eq6:=U4=-F4/Zw;

eq1:=subs({eq4.eq5.eq6}.eq1);
eq2:-subs({eq4.eq5.eq6}.eq2);
eq3:=subs({eq4.eq5.eq6}.eq3);

# -------------- Receiver --------------

# --Piezo Layer
eq11:.Fl=-j*(U1*B1*cot(gh11) + U2*B1*csc(gl*ll) + 13*C);
eq12:.F2=-j*(U1*Bl*csc(gl*11) + U2*Bl*cot(gl*11) + 13*C);
eq13:.V3--j*(U1*C + U2*C + 13*(1+j*0.02)/(w*Co»;·

# --backing and load impedance
eq14:-13=-V3/R1;
eq15:=U1--Fl/Zb;
eq16:=F2=F4-U2*Zw;

eq11:.subs({eq14.eq15.eq16}.eq11);
eq12:.subs({eq14.eq15.eq16}.eq12);
eq13:-subs({eq14,eq15.eq16}.eq13);

# -------------- Constants ------------_

A:=Pi*(12.7e-3�2)/4;
w:=2*Pi*f;
11:=110e-6;
B1:-(3.ge6)*A*(1+(j/2)*(0.to + 0.12-2*0.02»;
gl:-(w/2200)*(1-(j/2)*(0.10 + 0.12�2*0.02»;
Co:-(106e-12)*(1+0.02-2)*A/11;
C:=(0.16)/«8.83e-12)*12*w);

Rg:-O;
Rl:=le6;
Vo:-l;

Zw:-1.5e6*A;
#Zb:=3.0e6*A;
• ----------- End Constants - _

sol:.solve({eql.eq2,eq3,eq1l,eq12.eq13}.{F4,I6,F5,Fl.U2.V3});
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assign(sol);
v3(f,Zb):-20*log(abs(V3»;

v3a(f):=subs(Zb=3.0e6*A,v3(f,Zb»;
v3b(f):=subs(Zb=3.ge6*A,v3(f,Zb»;
v3c(f):=subs(Zb-17e6*A,v3(f,Zb»;

plot({v3a(f),v3b(f),v3c(f)},f-O .. 20e6,font-[TIMES,ROMAN,12],
title-'Transmit-Receive Frequency Response for

three values of Zb'
);

#writeto(both110a); x1-plot(v3a(f),f-O •.20e6);
#writeto(both110b); x2-plot(v3b(f),f=O •. 20e6);
lwriteto(both110c); x3=plot(v3c(f),f-O •. 20e6);
'writeto(terminal)

B.4 Pair with Electrodes
Calculates the response for the model in Figure 4.11(a.).

• Frequency response for PVDV transmit-receive pair,
• with electrodes included.

j:-I;
• ---------- Transmitter ----------

• --electrodes

eq1:=F8=-j*Be*(-U8*cot(ge*le) + U10*csc(ge*le»;
eq2:=F10=-j*Be*(-U8*csc(ge*le) + U10*cot(ge*le»i
eq3:=U10=-F10/Zb;
eq1:=subs(eq3,eq1);
eq2:=subs(eq3,eq2);
sol:=solve({eq1,eq2},{F8,U8});
eq1:=simplify(sol[1],trig);
eq2:=simplify(sol[2],trig);
• --electrode

eq4:=F6--j*Be*{U6*cot(ge*le) - U7*csc{ge*le»;
eq5:=F7=-j*Be*(U6*csc(ge*le) - U7*cot(ge*le»;
eq6:=U6=-F6/Zm;
eq4:=subs(eq6,eq4);
eq5:=subs(eq6,eq5)i
sol:=solve({eq4,eq5},{F7,U7});
eq4:=simplify(sol[1],trig); .

eq5:=simplify(sol[2],trig);
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# --Piezo Layer
eq7:=F7--j*(U7*B*cot(g*1) + US*B*csc(g*l) + 19*C);
eqS:-FS--j*(U7*B*csc(g*l) + US*B*cot(g*l) + 19*C);
eq9:=V9--j*(U7*C + US*C ... 19*(1+j*O.02)I(w*Co»;
eql0:-V9=VO-19*Rg;
eq7:=subs({eql,eq2,eq4,&qS,eql0},eq7);
eqS:-subs({eql,eq2,eq4,&qS,eql0},eqS);
eq9:-subs({eql,eq2,eq4,&qS,eql0},eq9);

• --------�--- Receiver _

# --electrode

eql1:=F3=-j*Be*(-U3*cot(ge*le) + U5*csc(ge*le»;
eq12:-F5--j*Be*(-U3*csc(ge*le) + U5*cot(ge*le»;
eq13:=F5-F6-Zm*U5;
eql1:-subs(eq13,eql1);
eq12:-subs(eq13,eq12);
sol:=solve({eqll,eq12},{P3,U3});
eql1:.simplify(sol[l],trig);
eq12:-simplify(sol[2],trig);
# --electrode

eq14:-Fl=-j*Be*(Ul*cot(ge*le) - U2*csc(ge*le»;
eq15:=F2=-j*Be*(Ul*csc(ge*le) - U2*cot(ge*le»;
eq16:=Ul--Fl/Zb;
eq14:.subs(eq16,eq14);
eq15:=subs(eq16,eq15);
sol:=solve({eq14,eq15},{P2,U2});
eq14:=simplify(sol[l],trig);
eq15:=simplify(sol[2],trig);
# --Piezo Layer
eq17:=F2=-j*(U2*B*cot(g*1) + U3*B*csc(g*1) + 14*C);
eq18:=F3--j*(U2*B*csc(g*1) + U3*B*cot(g*1) + 14*C);
eq19:=V4·-j*(U2*C + U3*C + 14*(1+j*O.02)/(w*Co»;
eq20:=14=-V4/Rl;
eq17:-subs({eql1,eq12,eq14,eq15,eq20},eq17);
eqlS:=subs({eql1,eq12,eq14,eq15,eq20},eqlS);
eq19:=subs({eqll,eq12,eq14,eq15,eq20},eq19);

i ------------ Constants ----------

A:·Pi*(12.7e-3�2)/4;
w:-2*Pi*f;
1:=110e-6;
B:·(3.ge6)*A*(1+(j/2)*(O.10 + O.12�2*O.02»;
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g:-(w/2200)*(1-(j/2)*(O.10 + O.12�2*O.02»;
Co:-(106e-12)*(1+0.02A2)*A/1;
C:=(O.16)/«8.83e-12)*12*w);

1e:=6e-6;
Be:=(3.80e7)*A;
ge:=w/3600;

Rg:-O;
Rl:-le6;
VO:-l;

Zm:=1.5e6*A;
Zb:-3.ge6*A;
• ---------- End Constants --------

sol:=solve({eq7,eq8,eq9,eq17,eq18,eq19},{Fl0,I9,F6,U5,V4,Fl});
.

assign(sol);
v4(f):-20*log(abs(V4»;

plot({v4(f)},f=O •• 20e6,
font-[TlMES,ROMAN,12],
title-'Transmit-Receive Frequency Response

with Electrodes'
) ;

vriteto(overal12_39); xl-plot(v4(f),f-O .. 20e6);
vriteto(terminal);

B.S Pair with Electrodes and Protective Layers
Calculates the response for the model in Figure 4.11(b).

• This is the receive characteristics of PVDF

j:-I;

• --------- Transmitter --------

.--electrode

eql:=Fl0=-j*Be*(-Ul0*cot(ge*le) + U12*csc(ge*le»;
eq2:=F12=-j*Be*(-Ul0*csc(ge*le) + U12*cot(ge*le»;
eq3:=U12=-F12/Zb;

_.- ... _. -_._._._---------------------
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eql:=subs(eq3,eql);
eq2:-subs(eq3,eq2);
sol:-solve({eql,eq2}.{Fl0,Ul0});
eql:=simplify(sol[lJ,trig);
eq2:=simplify(sol[2J,trig);
'--protective layer
eq4:-F7=-j*Bp*(U7*cot(gp*lp) - ua*csc(gp*lp»;
eq5:-Fa--j*Bp*(U7*csc(gp*lp) - ua*cot(gp*lp»;
eq6: -U7--F7/'b4;
eq4:-subs(eq6,eq4);
eq5:-subs(eq6,eq5);
sol:-solve({eq4,eq5},{Fa,Ua});
eq4:-simplify(sol[1),trig);
eq5:=simplify(sol[2J,trig);
.--electrode

eq7:-Fa--j*Be*(Ua*cot(ge*le) - U9*csc(ge*le»;
eqa:=F9.-j*Be*(Ua*csc(ge*le) - U9*cot(ge*le»;
eq7:-subs({eq4,eq5},eq7);
eqa:=subs({eq4,eq5},eqa);
sol:-solve({eq7,eqa}..{F9,U9});
eq7:=simplify(sol[lJ.trig);
eqa:=simplify(sol[2),trig);

• Piezo Layer transmitter
eq9 :-F9 --j*(U9*B*cot(g*1) + Ul0*B*csc(g*1) + Ill*C);
eql0:-Fl0=-j*(U9*B*csc(g*1) + Ul0*B*cot(g*1) + Ill*C);
eqll:.Vll=-j*(U9*C + Ul0*C + Ill*(1+j*O.02)/(w*Co»;
eq12:-Vll=VO-Ill*Rg;
eq9 :-subs({eql,eq2,eq7,eqa,eq12},eq9);
eql0:=subs({eql,eq2,eq7,eqa,eq12},eql0);
eqll:=subs({eql,eq2,eq7,eqa,eq12},eqll);

• --------- Receiver ---------

'--protective layer
eq21:.F5=-j*Bp*(U5*cot(gp*lp) + U6*csc(gp*lp»;
eq22:=F6=-j*Bp*(U5*csc(gp*lp) + U6*cot(gp*lp»;
eq23:.F6=F7-'b4*U6;
eq21:=subs(eq23,eq21);
eq22:-subs(eq23,eq22);
sol:-solve({eq21,eq22},{F5,U5});

.

eq21:-simplify(sol[1],trig);
eq22:=simplify(sol[2J,trig);
'--electrode

eq24:=F3=-j*Be*(-U3*cot(ge*le) - U5*csc(ge*le»;
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eq25:.F5--j*Be*(-U3*csc(ge*le) - U5*cot(ge*le»;
eq24:=subs({eq21,eq22},eq24);
eq25:=subs({eq21,eq22},eq25);
sol:=solve({eq24,eq25},{F3,U3});
eq24:=simplify(sol[1],trig);
eq25:=simplify(sol[2],trig);
'--electrode

eq26:-F1=-j*Be*(U1*cot(ge*le) - U2*csc(ge*le»;
eq27:=F2--j*Be*(U1*csc(ge*le) - U2*cot(ge*le»j
eq28:·U1=-F1/Zb;
eq26:-subs(eq28,eq26);
eq27:=subs(eq28,eq27);
sol:-solve({eq26,eq27},{F2,U2});
eq26:.simplify(sol[1],trig)j
eq27:=simplify(sol[2],trig);

• Piezo Layer receiver
eq29:-F2=-j*(U2*B*cot(g*1) + U3*B*csc(g*1) + 14*C)j
eq30:-F3=-j*(U2*B*csc(g*1) + U3*B*cot(g*1) + 14*C)j
eq31:=V4=-j*(U2*C + U3*C + 14*(1+j*0.02)/(w*Co»;
eq32:=I4=-V4/Rl;
eq29:=subs({eq24,eq25,eq26,eq27,eq32},eq29)j
eq30:=subs({eq24,eq25,eq26,eq27,eq32},eq30)j
eq31:-subs({eq24,eq25,eq26,eq27,eq32},eq31)j

• ------------------ Constants -�---------------

A:-Pi*(12.7e-3"'2)/4j
.

w:=2*Pi*fj
1:=110e-6j
B:-(3.ge6)*A*(1+(j/2)*(0.10 + 0.12-2*0.02»;
g:=(w/2200)*(1-(j/2)*(0.10 + 0.12"'2*0.02»;
Co:=(106e-12)*(1+0.02"'2)*A/lj
C:=(0.16)/«8.83e-12)*12*w);

lp:=1.5e-3j
Bp:=1. 743e6*A;
gp:=w/1614.4j

le:=6e-6;
Be:=(3.80e7)*A;
ge:=w/3600;

Rg:=O;
Rl:-1e6j
VO:-1;



92

Zm:=1.5e6*A;
Zb:-3.ge6*A;
• -----------�---�End Constants ----------------

sol:-solve({eq9,eql0,eql1},{F12,Il1,F7});
assign(sol);
sol:=solve({eq29,sq30,eq31},{U6,V4,Fl});
assign(sol};
v4(f):-20*log(abs(V4»;

#plot({v4(f)},f-O .. 20e6,
• font=[TIMES,ROMAN,12],
# title-'Attenuation versus Frequency'
# );

writeto(elpr39); sl=plot(v4(f),f-O .• 20e6);
writeto(terminal);



c. Acoustic Properties of Materials

Table C.I: Acoustic properties of selected materials.

Material VLT pt ZLT O't Lossl
lOS 1.08
m/s g/em3 kg/m2s dB/em

Plastics

ABS, Beige 2.23 1.03 2.31 1l.I@S
ABS, Black, Injection molded 2.25 1.05 2.36 10.9@S
Grade T, Color #45.00, 'Cycolac'
ABS, Grey, Injection molded 2.17 1.07 2.32 1l.3@5
Grade T, Color #GSM 32627
Acrylic, Clear, Plexiglas G Safety Glazing 2.75 1.19 3.26 .0.4.0 6.4@5

Acrylic, Plexiglas MI-7 2.61 1.18 3.08 0.40 12.4@5
Bakelite 1.59 1.40 3.63
Cellulose Butyrate 2.14 1.19 2.56 21.9@5

Delrin, Black 2.43 1.42 3.45 30.3@5
Ethyl vinyl acetate, VE-630 (l8% Acetate) 1.8.0 0.94 1.69

Ethyl vinyl acetate, VE-634 (28% Acetate) 1.68 0.95 1.60

Kydex, PVC Acrylic Alloy Sheet 2.218 1.35 2.99

Lexan, Polycarbonate 2.30 1.20 2.75 23.2@5
Lustran, SAN 2.51 1.06 2.68 5.1@5
Mylar 2.54 1.18 3.00
Kodar PETG, 6763, Copolyester 2.34 1.27 2.97 2.O.0@5
Melopas 2.90 1.7 4.93 7.2@2.5
Nylon, 6/6 2.6 1.12 . 2.9 0.39 2.9@5
Nylon, Black, 6/6 2.77 1.14 3.15 16 . .O@5
Polycarbonate, Black, Injection molded 2.27 1.22 2.77 22.1@5 .

Grade 141R, Color No. 701 'Lexan'

Polycarbonate Blue, Injection molded 2.26 1.20 2.72 23.5@5
Grade M-4.O, color No. 8.067, 'Merion'
Polycarbonate, Clear, Sheet Material 2.27 1.18 2.69 24.9@5
Polyethelyne 1.95 0.9.0 1.76

Polyethelyne, high density, LB-861 2.43 0.96 2.33

Polyethelyne, low density, NA-117 1.95 0.92 1.79 .0.46 2.4@5

Polyethelyne oxide, WSR 301 2.25 1.21 2.72

Polypropylene, Profax 6432, Hercules 2.74 .0.88 2.4.0 5.1@5

Polypropylene, White, Sheet Material 2.66 .0.89 2.36 18.2@5
Polystyrene, 'Fostarene 50' 2.45 1.04
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Table C.1: Acoustic properties of selected materials.

Material VLT pT ZLT (Tt LossT
lOS 108
m/s g/em3 kg/m2s dB/em

Polystyrene, 'Lustrex', Injection molded 2.32 1.04 2.42 3.6@5
Resin #HF55-2020-347
Polystyrene, Styron 666 2.40 1.05 2.52 0.35 1.8@5

Polyvinyl butyral, Butacite, used to 2.35 1.1l 2.60 0.37
laminate safety glass together
PSO, Polysulfone 2.24 1.24 2.78 4.25@2
PVC, Grey, Rod Stock, Normal Impact Grade 2.38 1.38 3.27 1l.2@5

Styren� Butadiene, KR 05 NW 1.92 1.02 1.95 24.3@5
TPX-DX845, Dimethyl pentene polymer 2.22 0.83 1.84 3.8@1.3,

4.4@4

Valox, Black (glass filled nylon) 2.53 1.52 3.83 15.7@5
Vinyl, Rigid 2.23 1.33 2.96 12.8@5

Solids and Epoxies
Aluminum, rolled 6.42 2.70 17.33 0.355
Copper, rolled 5.01 8.93 44.6 0.37

E.pox.e glue, EPX-1 or EPX-2, 100phA of B 2.44 1.10 2.68 8.4@5
Silver 3.6 10.6 38.0 0.38
Silver epoxy. e-solder 3022 1.9 2.71 5.14 0.32 16@2
Steel, mild 5.9 7.80 46.0 0.29
Steel, stainless 347 5.79 7.89 45.7 0.30

Liquids
Water, heavy, D20 1.40 1.104 1.54

Water, liquid at 20C 1.48 1.00 1.483

Water, liquid at 25C 1.4967 0.998 1.494

Water, liquid at 30C 1.509 1.00 1.509

Water, liquid at 60C 1.55 1.00 1.55
Water, salt 10% 1.47

Water, salt 15% 1.53

Water, salt 20% 1.60

Water, sea, at 25C 1.531 1.025 1.569
Gases

Air, dry at OC 0.33145 0.59 1.293 0.4286
Air at 20C 0.344

tExplanation of column headings.
VL acoustic longitudinal wave velocity
p density
ZL acoustic impedance = p * VL
(T Poisson's ratio

Loss, or attenuation, is given in the following format. The number before the @
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symbol is the loss in dB/em, and the number after the @ symbol is the frequency at

which the attenuation was measured in MHz.

The above table is an excerpt from that in [10], where many more materials and

properties are listed.



D. Protective Layer Acoustic Proper
ties

D.I Protective Layer
The protective layers are required to separate the piezoelectric film from the trans

mission medium. A urethane called Flexane 80 is chosen for this purpose. It is a two

part urethane which consists of a resin and a curing agent, where the two parts need

to be combined at the proper ratios. In this case, the proper weight ratios are resin at

77% and curing agent at 23%, with a required accuracy of one percent. Once mixed,
the urethane requires seven days to cure at room temperature, or one day at 150°F.

There are three values required to represent a material acoustically. These are

density, speed of sound, and acoustic impedance. The latter is obtained directly from

the first two values. Therefore, the density and speed of sound need to be found.

The manufacturer of the urethane was only able to supply the density of the urethane,

and its value is given as p = 1.08 gjem3• The second requirement, speed of sound,
needed to be obtained by alternate means. Fortunately, the geology department at the

University of Saskatchewan routinely performs sound velocity measurements on rock

samples. They were more than willing to perform the measurement on a small sample
of urethane.

A polyethylene mould was used to make a urethane sample one inch in diameter

by 24.7 ± 0.1. mm in length. Once cured, the sound velocity measurement could be

performed.
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D.2 Sound Velocity Measurement

The instrument used by the geology department is capable of measuring both the

longitudinal and transverse sound velocities. In our case the longitudinal velocity is

required. The instrument consists of an ultrasonic transmitter and receiver, connected

to the appropriate instrumentation. The transit time between the transmitter and

receiver, through the sample, is the value being measured, which leads directly to

the speed of sound by knowing the distance traveled. A calibration measurement is

initially performed by placing the receiver in direct contact with the transmitter. This

transit time, dto, is then measured. The urethane sample is then placed between the

receiver and transmitter, and the transit time measurement is repeated to yield dt1•

From these two values, the transit time through only the sample. is determined by the

simple relation:

·dt = dt1 - dto.

From this, the speed of sound in the sample is directly determined by knowing the

sample thickness dx, and is given by:

v =

6.x
=

dx
.

dt dt1 - L\to

For the urethane sample, the measured values were

dto = 6.9 ± 0.1 p.s

dt1 = 22.2 ± 0.1 p.s

. Ax = 24.7 ± 0.11 mm
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resulting in the speed of sound

V = 1614 ± 11 mfs,

The acoustic impedance is easily found using the measured value of velocity and

knowing the density.

Z".=pV

= (1.08 g/cm3)(1614 m/s)
= 1.14 x 106kg/rn2s

This yields a reflection coefficient of -14.1 x 10-3 at the water side, and a reflection

coefficient of 0.383 at the piezoelectric film side.



E. Flow System Electronics

E.l Block Diagram
The electronics used in the flow measurement system are essentially the same

as those designed and used by Feng Gao [2]. Several modifications were necessary
.

for various reasons. What follows is a brief description of the components, while a

complete description and design parameters can be found in [2]. Figure E.1 shows

the overall block diagram of the flow measurement system. It is broken up into four

. major components: the transmitter, receiver, and switch array.

E.2 Transmitter

The transmitter, shown in Figure E.2, is composed of two frequency sources that

are multiplexed at a rate of approximately 30 Hz. Each of the frequency sources uses

a standard series resonant oscillator with common 74LS04 TTL inverters. The signals
are then divided by four using 74LS74 D-type flip flops. This provides two signals of

1.25000 MHz and 1.26700 MHz, which are then multiplexed using the 74LS244 tri

state octal line buffer/driver and the CD4047 astable multivibrator. The signal is then

fed into a transformer tuning circuit, which provides an amplified sinusoidal output of

approximately 20 volts peak to peak. In addition, there are two other output signals,
the raw TTL clock, and the frequency reference clock. The frequency reference clock

is used to demultiplex the output signal. When this clock is low, the output frequency
is 1.25000 MHz and is referred to as frequency fl, and when it is high, the output

frequency is 1.26700 MHz, and is referred to as.frequency £2.
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Figure E.3 The circuit schematic of the preamplifier with
high pass filter.
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E.3 Receiver

The receiver is further broken down into three sections: the preamplifier, the high

speed comparator, and the phase detector.

The two stage preamplifier, shown in Figure E.3, uses the MAX404 operational

amplifiers in the non-inverting configuration. The first stage has a gain of 6 dB and

is designed to buffer the input. It has an input resistance of 3 KO which is designed
to accommodate the high input impedance of the transducers. The second stage has

a gain of about 50 dB. The output is then fed through a high pass filter to remove

the de offset imposed by the amplifiers. The high pass filter is composed of a 4.7 nf

capacitor and a 100 0 resistor and has a cut off frequency of

11·
Ie = 21rRC

-

21r(1000)(4.7nF)
= 339KHz.

. The 100 0 output resistance of the preamplifier is designed for compatibilitywith the

comparator input.
The high speed comparator, shown in Figure E.4, is composed of the LM360,

and is configured with hysteresis feedback." The voltage divider R2/(R1 + R2) =

200/(220K + 200) � 0.9 X 10-3 determines the fraction of positive feedback; and

the voltage thresholds at which the output changes state. Since the TTL output
.

has a high state of 3.0 volts and a low state of 0.25 volts, the turn-on threshold

voltage will be 0.9 x 10-3 x 0.25V � 227pV, and the turn-off threshold voltage will

be 0.9 X 10-3 x 3V � 2.7mV. The hysteresis reduces false transitions that could be

caused by noisy signals. The comparator output now provides a digital signal which

is suitable for the input of the phase detector.

The final component of the receiver is the phase detector, and is shown in Figure
E.5. It compares the clock output of the transmitted signal, with that from previous

comparator stage. There are actually two phase detectors, one which is triggered from

the positive edge of the clock, and a second that is triggered from the negative edge .



106

of the clock. This is necessary to eliminate a false readout when taking the difference

between two values from a single phase detector. Each detector is composed of two

74aCT74 D type flip Hops, and a single 74HC132 nand schmitt trigger. The signal
is then buffered by a 74HCT04 inverter and low pass filtered to provide a voltage
level that is proportional to the phase difference between the transmitted and received

signals. The low pass filter has a cut off frequency of

1 1
Ie = 211'RC

= 211'6.8K047nF � 497Hz.

E.4 Switch Array
The switch may is used to change the propagation direction of the ultrasonic

waves in the pipe. Figure E.6 shows the switch array that was utilized. It consists

of four separate T-structure switches that are composed of relays and a 13 KO shunt

resistor. They provide a high degree of off-isolation of at least 84 dB. The transmit

ter and receiver are switched between the two transducers .using a CD4047 astable

multivibrator at a rate of about 10 Hz. A direction reference clock is provided to

demultiplex the final phase signal for each direction.
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F. Piezo Film Properties

Table F.1: Typical properties of piezo film

Propefty Symbols Values Units Conditions
Thickness t 9,28,52,110 pm
Piezo Strain Constant d31 23 x lO-u (m/m)/(V/m) laterally clamped

d32 3 x 10-12 or

daa -33 x 10-12
dt -22 X 10-12 (C/m2)/(V/m)

Piezo Stress Constant taa 216 x 10-" (C/m�)/(m/m)
or

(N/m2)/(V/m)
Piezo Voltage g31 216 x 10-" (V/m)/(N/m�)
Coefficient g32 19x 10-3 or laterally clamped

gaa -339 x 10-3 (m/m)/(C/m2)
gt -207 x 10-3

Electromechanical k31 10 % @ 100 Hz PVDF

Coupling Constant kt 25 % @ 100 Hz Copolymer
Permittivity e 106 x lO-u F/m @ 10 kHz
Relative Permittivity e/eo 12 @ 10 kHz

Capacitance C 379 x 10 u F/cm" 28 pm film
@ 10 kHz

Acoustic Impedance Za 3.9 x 10° kg/m�8 3 Direction
Zo 2.7 x 106 1 Direction

Speed of Sound v 2.2 x 1W m/8ec 3 Direction
v 1.5 x loa 1 Direction

Pyroelectric Coefficient p 30 x 10-0 C/(m�OK) @20°C
Volume Resistivity PII 1.5 x 101" Om @200 C
Surface Resistivity of R,q < 2.0 O/8quare Aluminum
Electrodes < 0.5 Silver
Dissipation Factor tanoe 0.015-0.02 e 1kHz
Mechanical Loss tanom· 75 V/pm in air

Tangent
Dielectric Strength EB 75 V/pm
Max. Operating Field Eo 10 V/pm @d.c.

30 V/pm @a.c
Density P 1.78 x 10" kg/m"
Water Absorption 0.02 % By Weight
Tensile Strength

.

T8 140 - 210 x 10° N/m� 1 Direction
at Break T8 30 -55 X 106 N/m' 2 Direction

108
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Table F.l: Typical properties of piezo film

Property Symbols Values Units Conditions
Yield Stress Til 455 x 10° N/m7. 1 Direction

Ttl 44 x 106 N/m2 2 Direction

Elongation at Break SB 27 % 1 Direction
SB 458 % 2 Direction

Elongation at Yield Sy 2-4 % 1 Direction
Sy 3 % 2 Direction

Young's Modulus Y 2.5 x 10� N/m7. 1 Direction
Y 0.22 x 109 N/m2 2 Direction

Elastic Stiffness Cas 8.6 x 1O� N/m7. 3 Direction
% Shrinkage at 800 C- 3.2 % 1 Direction
2 Hours 3.8 % 2 Direction

Table F.2: Comparison of Piezoelectric materials

Property Units PVDFFilm PZT BaTiOa
Density 103kg/mos 1.78 7.5 5.7
Relative Permittivin fIfO 12 1,200 1,700
d31 Constant (lO-U)C/N 23 110 78

g31 Constant (lO-OS)Vm/N 216 10 5
k31 Constant %atlkHz 12 30 21
Acoustic Impedance (lOO)kg/m7.s 2.7 30 30

Tables F.1 and F.2 are obtained from [4].
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