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Preface

Thesis’ abstract

The purpose of the research described herein has been to improve the accuracy,
precision and reliability of an ultrasonic densitometer for liquids in general.
Its practical application is a stand-alone device or, in combination with an ul-
trasonic volumetric flow meter, an all-ultrasonic mass flow meter. The work
shows that the densitometer is reliable at different though steady temperatures.
Changes in temperature alter the characteristics of the densitometer. Recog-
nition of one of these alterations enables one to compensate for the thermal
influence. The presence of thermal gradients in the densitometer due to ther-
mal transients can be recognized and handled properly.

A simulation tool is refined to aid in the design of the densitometer to include
spectral and thermal dependencies of the sensor materials. The model described
by the simulation tool is compared successfully with actual ultrasonic systems.
The simulation tool is used to predict the received electrical signal of a two-
transducer ultrasonic mass flow meter. The simulation tool is also used to
investigate the effects of transducer variations on flow measurement errors in a
volumetric flow meter. When the two transducers are not identical, there is a
difference in the times of flight of the ultrasonic pulses used to calculate the flow
velocity, which should not occur when the fluid is stationary. The simulation
tool is based on the electronic simulation software SPICE, which aids in the
design of the associated electronics.

To incorporate the spectral and thermal dependencies of polymers used in
the densitometer into the simulation tool, their characteristics have been ex-
plored. The superposition of frequency and temperature of their characteristics
is used and parametric surfaces are proposed. The problem however is that those
characteristics are not commonly found for most polymers. Signal processing
techniques are applied to two densitometers for solids to illustrate the extrac-
tion of information from the measured signals as well as their drawbacks. The
same signal processing methods provide the densitometer for liquids a means to
achieve better accuracy, precision and reliability.
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Thesis’ aims

The aims of the thesis remain the same as those set for of my licentiate thesis.

• Meeting the degree’s requirements.
• In Part I of the thesis, the goal is to present the material in a comprehen-
sible way without requiring prior knowledge on the different topics. The
chapters are independent of each other, as far as possible. For this reason,
there are some repetitions, which are kept to a minimum. In an attempt
to keep the reading more interesting, a more casual style of writing has
been chosen.

• In Part II, a collection of published or presented articles is there to guar-
anty a quality of an international level as the journal articles have been
peer reviewed.
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General discussion
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Chapter 1

Justifications and means

1.1 Aspirations

At the outset, it is important to both motivate the investment in this research
to develop an ultrasonic mass flow meter, and to justify the time the reader is
about to spend reviewing the thesis. From different points of views, one sees
benefits.

From a user point of view, the use of a mass flow meter for liquids lowers
errors in cost estimates as well as improving product quality. The following
representative examples and the future applications make the point more vivid.

1.1.1 Overpaying for fuel

This example illustrates custody transfer or billing and the potential errors in
cost estimates.

The price of gasoline seems to be continuously rising. Taking this as a fact
of life, one should ask:“am I really getting what I am paying for?” One should
be aware that the amount of fuel per liter can change by about 6% between
winter and summer in regions surrounding International Falls in Minnesota or
Lule̊a in northern Sweden. This change is due to thermal expansion [4, 22]. The
point is that one gets more fuel per liter in winter than in summer. To be fair,
one should pay for the amount of energy one gets and not for the space the fuel
takes. Correcting the volume of pumped fuel by its density or measuring its
mass flow is the answer.

The above point is most noticeable at a gas station where the fuel is kept
above ground as in figure 1.1. The situation of a standard gas station where
the fuel is kept under ground adds an additional variable: the underground
temperature might be warmer than that of the outside. A second question is:
“what is the error of the flow measurement when the flow meter is located near
the pump hose?” That is the flow meter is kept at a lower temperature, and
all of a sudden, a pumped flow of warmer fuel heats it up. This is a common
situation in which one can obtain surprising results.

3
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Figure 1.1: An unattended gas station with its external gas tank.

1.1.2 Fresh breath

This example illustrates an application in the process industry.
Procter & Gamble produces a mouthwash called Scope which “gets your

breath Clean and Fresh so you have the confidence to get close”[51]. Scope
is produced in different flavors among which are the original mint and the cool
peppermint. Their three main ingredients are water, glycerin and alcohol. 19.4%
of the original mint’s volume is alcohol while the cool peppermint has 17.1% of
its volume as alcohol. The alcohol is necessary to kill any bacteria in an opened
bottle as well as providing a refreshing feeling in the mouth. The glycerin adds
body to the solution and help moisten the mouth which helps fight the return
of bacteria. The water dilutes the solution to its optimized effectiveness. The
other minor ingredients act as buffers, taste and coloring additives.

To keep a high and consistent quality, the amounts of each ingredient have
to be continuously monitored to be properly balanced. Monitoring the mixing
process with volumetric flow meters will lead to errors. Any error in a flow
meter prior to the mixing will not be detected by a volumetric flow meter after
the mixing. This effect is compounded if the glycerin or alcohol have absorbed
moisture. By measuring the mass flow after mixing, one can detect the errors
and therewith insure a better control on quality and profits. Measuring mass
flow in pre and post mixing stages further reduces errors or variations in the
product by adding a balance check [9].

The same type of monitoring is applicable to sweet drinks, soups and even
dish washing liquids to name a few.

1.1.3 Standalone densitometers

Standalone ultrasonic densitometers will find many applications once they be-
come more widely available. Here are two potential applications.
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Figure 1.2: Sketch of a desktop ultrasonic densitometer with a computer. Pic-
tured on screen is the analog peak detector circuit board developed for an ul-
trasonic densitometer by Leppin [36]. The simulation tool presented in chapter
4, papers C and D was used during the design.

Dr. Jekel, in his chemistry lab, wears a white lab coat and fashionable safety
goggles. His objective is to measure the density of a purple liquid which is at
a temperature of 60◦C. If he uses a standard pycnometer, its volume calibrated
at 20◦C would be incorrect due to the thermal expansion of the glass. He must
then compensate for it. Had he an ultrasonic desktop densitometer (figure 1.2),
he could just pour the liquid into it and immediately obtain the density mea-
surement. Connected to the serial port of his computer, he could additionally
obtain the liquid’s density, its viscosity and the speed of sound through the
liquid as a function of temperature.

In another type of application, Dr. Jekel is invited to Lule̊a University of
Technology in the middle of winter. For some strange reason, he finds himself
driving there with his brand new car. The cold winter weather in Lule̊a raises
functional concerns. If the concentration of antifreeze in the car’s cooling system
is too low, the coolant will freeze and crack the engine block. However, with a
small ultrasonic densitometer integrated into the cooling system, the informa-
tion about the percentage of glycol in the cooling system can provide the driver
with the coolant’s freezing point. A similar problem occurs with car batteries.
When insufficiently charged, they begin to freeze at -11◦C [6]. An incorporated
ultrasonic densitometer could provide the charge state. The application is also
valuable in tropical regions where the distilled water tends to evaporate even in
maintenance free batteries.
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1.2 Goals

The general desire is to promote the availability of ultrasonic mass flow meters
where the mass flow meters available today are unsuitable due to their cost
or characteristics in certain applications. The objective of the research is to
develop an ultrasonic densitometer that is

• accurate: the densitometer’s estimates of the liquid’s density must be close
to the true value,

• precise: the spread of the densitometer’s estimates of the liquid’s density
must be small,

• reliable: the densitometer’s estimates of the liquid’s density must be ac-
curate and precise in any conditions (i.e. in the laboratory and in the
field).

In order to achieve the stated goals, ultrasonic densitometers must

• be easily incorporated into a volumetric ultrasonic flow meter to obtain a
mass flow meter,

• reject or recognize and compensate for environmental disturbances such
as temperature,

• have the most suitable materials for the application.

1.3 Strategy

After stating the goal, the thesis’ thread goes on to ultrasonic densitometers.
Different methods with which one can measure the density of a liquid with ul-
trasound are presented. The densitometer concept, which can be easily inserted
in an ultrasonic flow meter, is examined. The major sources of inaccuracy and
reliability problems are presented with their solutions.

The thread of the thesis then loops around mass flow meters. Methods used
to measure mass flow are sketched. The concept of a two transducer ultrasonic
mass flow meter is introduced. Since it is not yet built, its performance is
simulated to provide a feel for its output.

The thread then goes briefly through the simulation tools. Simulation tools
are necessary to improve and ease design as well as investigate performance
issues. However, the simulation tools need to be fed with the proper charac-
teristics of the ultrasonic systems’ components in order to be useful. Those
characteristics include the material densities, the speed of sound through them,
and the rate of acoustic energy absorption among others. Those characteristics
may vary with temperature and frequencies. As polymers involve a large part
of the meters, their characteristics are of special interest.
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Finally and before concluding the thesis, methods to treat the received sig-
nals are discussed. The signals measured from the transducers are really the
only new data. The way the information is extracted from the raw data will
directly impact the accuracy, precision and reliability of the sensors.
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Chapter 2

Ultrasonic Densitometers

2.1 Density measurements

Density describes the concentration of mass per unit volume. Interesting on its
own, this information becomes useful when related to another density. Ice floats
on water because it has a lower density. In the production of a liquid, density
becomes a specification, as the given product must have a desired density within
a fixed tolerance. In property transfer, as in Archimedes’ story, density reveals
the real amount of a substance. Its value can then be based on its amount
rather than its apparent size.

There are many different ways to measure density, from Archimedes’ prin-
ciple to the attenuation of gamma rays traveling through a medium [40, 53].
All have their advantages and disadvantages, which include accuracy (higher
or lower), location (inline, online, offline), sensitivity to environmental influ-
ence (vibration, temperature and corrosion) and cost (purchase, installation and
maintenance). The challenge for the design engineer is to find the most suitable
method or device for the application in which the measurement is needed. Ul-
trasonic devices offer, in general, advantages among which are being inline, free
from radioactive radiation, insensitive to vibrations, non-intrusive. On the other
hand, they have their disadvantages and weaknesses. Those weaknesses result
in a loss of accuracy and warrant the research towards more reliable devices.

This chapter reviews ultrasonic densitometers based on several different con-
cepts and converges on the type that uses a pulse-echo or reflective technique.
The reason for choosing the reflective-type densitometer is that a volumetric
flow meter can metamorphose into an ultrasonic mass flow meter by simply
extending the encapsulation of one of its ultrasonic sensors. With the densit-
ometer concept chosen and having established that the goal of the research is
to improve the accuracy and reliability of the sensor, it is time to address the
various design problems and their engineering solutions. First, comes the need
of a reference and the different methods of providing it. Next, it is the tem-
perature issue that dominates. The thermostatic and dynamic performances

9
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of a densitometer are addressed. The issues of pressure and fouling are then
introduced.

2.2 Non-reflecting ultrasonic densitometers

The following ultrasonic densitometers are able to measure a liquid’s density
but are not central to the research. If added to a flow meter, the combination
provides a mass flow meter. The first two densitometers are intrusive as they
need to be immersed into the flowing liquid while the two other are placed on
the sidewall of the pipe.

2.2.1 Intrusive densitometer

2.2.1.1 Slow torsional wave densitometer

Lynnworth [39, 40] holds a patent for a torsional ultrasonic densitometer. It
consists of a non-circular rod immersed in a liquid whose density influences the
propagation speed of a torsional pulse1. A circular rod connects the transducer2

to the non-circular rod (fig. 2.1). The transducer receives two echoes: one from
the connection between the two rods and one second from the end of the non-
circular rod. The density of the liquid ρl influences the time between the two
echoes as [59]

ts =
2ls
cs
+
2ls
csl
ρl. (2.1)

The first term is the time necessary for the wave to travel when the sensor is
in a vacuum. The speed of propagation cs depends on the rod’s shear elastic
modulus, its density, the polar second moment of the rod’s area as well as
its cross-sectional profile. The profile is, for example, rectangular or elliptical.
The density of the liquid directly influences the second term. The propagation
constant csl needs the additional parameter of the polar second moment with
the interaction of the rod and the liquid.

Lynnworth [39] points out a large selection of potential applications for the
probe. Besides density measurement, it can measure liquid levels, gas and
manometer pressures, viscosity, kinematic viscosity and Reynolds number when
combined with fluid velocimeter.

2.2.1.2 Vibrating plate

In the early 1970’s, ITT-Barton produced a vibrating plate densitometer with a
precision of 0.1% of full-scale [41]. The plate is placed parallel to the fluid flow

1Analogy: as a chill down a person’s back, the shear pulse is sent down its length which
returns when it reaches the end of the rod.

2A transducer is the device which translates a mechanical signal into an electrical one.
Sometimes it is bi-directional. The meaning of a transducer varies from the whole sensor
down to only the active element.
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Figure 2.1: Lattice diagram of a slow torsional densitometer.

in the middle of the pipe. It is driven magnetostrictively by a core attached to
the pipe. It provides a simple harmonic motion at a resonant frequency directly
influenced by the density of the liquid3. A sensor on the plate provides the
oscillation feedback to the driving system. The density of the liquid ρ is related
to the frequency f as

ρ =
A

f2
+ C, (2.2)

where A and C are calibration constants.

2.2.2 Non-intrusive methods

Similar to the situation of the vibrating plate, the density of a liquid press-
ing against an acoustic element affects its resonant frequency and electrical
impedance across it.

In the 1950’s, Kritz [30, 31] was awarded patents for ultrasonic mass flow
meters consisting of three ultrasonic transducers. Two are dedicated to the
volumetric flow meter and a third provides part of the liquid density information.
The latter has the ultrasonic crystal in contact with the liquid on the side of the
flow and oscillates continuously. The principle of operation relies on the fact
that the electrical impedance across the crystal is dependent on the acoustic
impedance4 of the liquid, zl, in contact with the crystal. The density of the

3Analogy: the concept is similar to the response of a light pick up truck or a car to bumps
in the road. They bounce differently when they are lightly loaded or at gross vehicle weight.
Measuring the system’s natural frequency or the resistance to oscillate provides the desired
information of the loading mass per volume.

4The specific acoustic impedance relates the pressure of the acoustic wave to the particle
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liquid is simply the ratio zl/cl where the celerity of sound in the liquid cl is a
byproduct of the volumetric flow meter section.

Sukatskas et al. [61] present a closely related acoustic impedance meter by
spectrally sweeping the ultrasonic sensor. On either side of the liquid, two
ultrasonic transducers are used to obtain the acoustic impedance and density
of the liquid. The first one is excited by a short burst (e.g. 10 cycles) of a
given frequency. The second transducer listens for the burst and records its
amplitude and time of arrival. The frequency within the burst is incremented
and the process is repeated. The amplitude of the received pulses versus their
frequency content reaches a maximum at the resonant frequency of the emitter.
The resonant frequency f0 and bandwidth5 ∆F are correlated to the liquid’s
characteristic impedance as

zl =
2π∆Fzs
f0

. (2.3)

where zs is the known acoustic impedance of the resonator.
The time of arrival provides the velocity of sound through the liquid cl since

the distance separating the transducers is fixed. The density of the liquid is the
ratio zl/cl.

Sukatskas indicates that the crystal does not need to be in direct contact
with the liquid and the resonating element can then be the intermediate layer
separating the liquid and the crystal. This arrangement is appealing when
considering higher pressures and corrosive environments.

If the axis between the two transducers is turned from perpendicular to
somewhat parallel to the flow, the device could also be used as a transit time
flow meter by reversing the transducers’ roles. However, the influence of the
flowing fluid on the center frequency and bandwidth of the resonator is not
clear.

2.3 The reflection technique

The idea is to send a pulse towards the liquid and to obtain the acoustic
impedance of the liquid from the returning echo6.

In 1973, Lynnworth [38] reported the development of an ultrasonic mass flow
meter for an aircraft engine application. The meter consists of a volumetric flow

velocity of the medium. For progressive plane waves, it is the characteristic acoustic impedance
or the product ρc with ρ representing the density of the medium and c the bulk speed of sound
through the medium [26].

5The bandwidth is the frequency interval where the frequency dependent amplitude is at
least 60% the maximum amplitude.

6Analogy: to extend the use of sonic reflection to estimate the characteristics of a substance
should not be difficult to grasp. For those who have been blessed with the gift of hearing,
it is a common experience. To illustrate the concept, one needs only to imagine a cathedral
with its heavy walls of stone and a comfortable living room with its soft curtains and plush
carpets. If one is blindfolded and another person yells “Ah!”, the blindfolded listener should
be able to tell if he is in the cathedral or in the living room. In the cathedral, one hears a
crisp loud echo while in the living room one hears a muffled echo.
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Figure 2.2: Lattice diagram of a pulse-echo reflectometer.

meter and a pulse-echo acoustic impedance meter. The flow meter provides the
speed of sound through the liquid cl as well as the average flow velocity umean.
The acoustic impedance meter contributes the liquid’s acoustic impedance zl.
With the cross-sectional area of the meter A, the mass flow is

ṁ = umeanA
zl
cl
. (2.4)

By simply adding a reflector in the liquid, the acoustic impedance meter
becomes a pulse echo reflectometer that functions as a densitometer. Figure
2.2 shows the idea behind of a pulse echo reflectometer with the help of its
associated lattice diagram. At time t0, a sound pulse with an amplitude A0

is emitted by a piezoelectric element7 within the device. The sound travels
through a buffer rod to the liquid, and at that interface part of the sound is
returned8 as an echo. It is received by the piezoelectric element at time t1.
The amplitude A1 of the echo carries some information about the properties of
the reflecting medium, specifically the acoustic impedance of the medium. At
the probe-liquid interface, the amplitude ratio of the reflected echo A′

1 to the
incident pulse A′

0 is
A′

1

A′
0

=
zl − zp
zp + zl

, (2.5)

7A common way to generate ultrasonic signals is to use a piezoelectric element. A piezo-
electric element converts a mechanical deformation into a electrical potential and vice versa.
It behaves like a speaker when emitting a acoustic pulse and like a microphone when it listens
for echoes.

8The interface has to be flat and perpendicular to the acoustic propagation for echo to
bounce straight back to the emitter
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where zp is the known acoustic impedance of the probe. The apostrophes refer
to the amplitudes at the interface because the amplitude of the pulse and echo
decay exponentially over the traveled distance to and from the transducer. The
amplitude ratio is also known as the coefficient of reflection. Assuming that A0

and A1 are known and measured respectively, then one can compute the liquid’s
acoustic impedance zl.

The speed of sound through the liquid cl is obtained from the part of pulse
that was transmitted into the liquid. From the reflector, located at a known
distance d3 within the liquid comes a second echo. This second echo arrives at
time t2. The speed of sound cl is the distance traveled (twice the depth of the
reflectometer d3) divided by the time between the echoes (t2 − t1). The density
of the liquid is then

ρl = zl
t2 − t1
2d3

. (2.6)

With this theory and setup, one can easily measure the density of a liquid in a
laboratory.

When leaving the safety of the laboratories for the field, there are two major
inherent problems that appear with this concept: the indeterminate amplitude
of the original pulse9 and the alteration of the probe’s characteristics due to
temperature. To improve the densitometer’s reliability, these problems must be
resolved before proceeding on to smaller issues. The first issue is resolved by
providing a reference.

2.4 Obtaining a reference

Reasons for the uncertainty of the initial pulse’s amplitude are for instance drifts
in the associated electronics, the aging of the piezoelectric element and the in-
fluence of temperature on all parts of the system. The associated electronics
gives an electrical impulse to the piezoelectric element, which transforms it into
an acoustic pulse. Temperature, for example, can affect the behavior of the
circuitry and therefore the amplitude of this electrical impulse. The charac-
teristics of the piezoelectric element can change with time and temperature to
become more or less efficient. Published thesis and papers present different so-
lutions to the indeterminate amplitude problem. Solutions reviewed below are
of the following type: frontal partial reflection, rear total reflection, in acoustic
path PVDF receiver film, combination of frontal partial and total reflection and
finally a vanishing wall.

9Analogy: returning to the cathedral/living room metaphor can clarify the first issue. If
the listener’s ears were covered while the speaker pronounces “Ah” and uncovered just before
the echo came back, then there could be some confusion. What if the “Ah” is whispered in the
cathedral or yelled loudly in the living room? The identification of the locale by the listener
could very well be wrong.
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Figure 2.3: Lattice diagram of the “Delsing” densitometer.

2.4.1 Frontal partial reflection

The idea is to put a partial mirror in the sound path in between the piezoelectric
element and the liquid10. Delsing [11], in his 1988 Ph.D. thesis, adds an extra
interface in between the piezoelectric element and the liquid to achieve this
partial reflection. Placing a new buffer between the existing one and the crystal
introduces this interface. At the new interface, part of the sound is reflected to
the piezoelectric element and the rest transmitted towards the liquid. Figure
2.3 shows the lattice diagram of the design. There the first echo with amplitude
Aref becomes a reference or estimate of the initial amplitude since the acoustic
impedances of the two buffer rods are known.

The liquid’s acoustic impedance zl is computed as

zl = z2
(4Arefz1z2e

−2d2α2 −A2(z21 − z22))
(4Arefz1z2e−2d2α2 +A2(z21 − z22))

, (2.7)

where Aref and A2 are the amplitude of the reference and measurement echoes
respectively. z1 is the acoustic impedance of the first buffer rod and z2 is that
of the second buffer rod. α2 is the coefficient of acoustic attenuation in the
buffer rod 2 while d2 is its thickness. In this equation, the attenuation in the
first buffer rod cancels out since both echo undergo the same attenuation while
traveling through it11.

10Analogy: this is like looking outside at night through a window with a flashlight. One
sees the reflection of the flashlight in the window but also anything the light strikes outside.

11More technical presentations of this probe are given in papers A and B on pages 75 and
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Figure 2.4: Lattice diagram of the “Püttmer” densitometer.

The densitometer in Lynnworth’s mass flow meter incorporates an idea along
the same line [38]. The buffer rod has a step down. That is it becomes nar-
rower with sharp step and remains concentric. When the acoustic beam (pulse)
encounters this step, the outer ring is reflected while the center disc travels
towards the liquid12.

2.4.2 Rear total reflection

Püttmer [53] proposed this solution in his 1998 Ph.D. thesis. When the piezo-
electric element transforms the electrical impulse into an acoustical pulse, it
sends a pulse both in front and in back of itself. Usually, one does not want to
know about what is behind. To kill the potential interference of echoes coming
from the rear, an absorbing backing layer is tacked on. Püttmer’s densitometer
makes use of this back echo by placing the same material in front and in back
of the piezoelectric element13. The front pulse travels to the liquid under inves-
tigation and the back pulse travels to meet an interface with air. The reflection

83 respectively.
12Analogy: returning to the flashlight analogy (fnote. 10), onto a total mirror with a hole

one can shine the flashlight. When it is aimed properly, the reference is a ring reflecting from
the mirror while the center beam goes to the target.

13Analogy: It is similar to a surround sound system where one gets additional information
from the back.
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Figure 2.5: Lattice diagram of the “Adamowski” densitometer.

at the interface with air is a quasi-total reflection and thus a good reference to
the initial pulse. Figure 2.4 shows the lattice diagram for this design.

2.4.3 Reference from a PVDF film

Adamowski [1, 2], whose Ph.D. thesis also deals with ultrasonic density mea-
surements for liquids, proposes in 1995 another method to obtain a reference on
the initial pulse. He places a thin PVDF (polyvinylidene fluoride) membrane
in the sound path towards the liquid. The PVDF membrane is a 52 µm thick
plastic film, covered by electrodes, across which an electric potential is formed
when mechanically stressed. It functions as a receiver that measures the initial
pulse and the returning echoes passing through it. Figure 2.5 shows the lattice
diagram for this design.

2.4.4 Combination of frontal partial and total reflection

This design is really part of a mass flow meter[18]. The mass flow meter consists
of four piezoelectric elements. Two are for the volumetric flow and two are for
the density measurement. Referring to figure 2.6, the fluid flows into the cell
through port 1, fills the first cavity, overflows the divider into the second cavity,
fills it and flows out port 2. The third cavity is filled with a vacuum or a gas to
provide a total or an almost total reflection of sound. In a stereophonic style,
both transducers emit a pulse into the cell and receive two echoes from each
side of the divider.
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Figure 2.6: Lattice diagram of the “Guilbert and Sanderson” densitometer.

The acoustic impedance of the liquid is calculated as

zl = zd

(
1− A12A21

A11A22

)
(
1 + A12A21

A11A22

) (2.8)

where Axy is the amplitude of the yth echo received by the xth transducer. zd
is the known acoustic impedance of the divider.

2.4.5 Vanishing wall

To be more sensitive to small variations of the liquid’s density, Hirnschrodt et
al. [21] chose a probe reference material whose acoustic impedance is as close as
possible to that of the test liquid. What better choice than a liquid? They are
separated by a thin wall and are referred to as the reference liquid and the test
liquid. Instead of a pulse-echo technique, they use a burst-echo technique. The
advantage is that if the frequency f within the burst is selected properly, the
wall vanishes and the coefficient of reflection (cf. eq. 2.5) consists of the acoustic
impedance of the liquids only. The frequency f is the frequency at which the
acoustic wavelength λ in the wall is twice the length of the wall’s thickness.
At that frequency, the echoes returning from both sides of the wall interfere
destructively.

The reference information is obtained at the beginning of the echoed burst.
At that point, the echo comes only from the reference liquid-wall interface. Soon
after, the echo diminishes to its steady state where the wall has vanished.
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2.4.6 Referral solution

Different ingenious solutions are able to provide a reference echo to estimate the
amplitude of the initial pulse A0 needed to estimate the liquid’s density and all
of which have about the same accuracy of about 1%.

The next hurdle for the densitometers to overcome is temperature. The
pulse-echo technique assumes or requires that the characteristics of the probe
be known. The characteristics of interest here are the density, speed of sound,
their product the acoustic impedance and the rate of acoustic attenuation. They
all vary with temperature changes.

2.5 Performance at different but constant tem-
peratures

Solids become softer at higher temperatures so the speed of sound through
them decreases. Due to thermal expansion, their volumes increase with rising
temperatures and their density decreases. The combination of those two effects
is amplified in the acoustic impedance (z = ρc). The estimation of liquid’s
acoustic impedance becomes unreliable when the acoustic impedances of the
probe are incorrect (cf. eqn. 2.5 → 2.8).

A change in temperature modifies the rate at which acoustic energy is ab-
sorbed within the probe. The amplitude of the received echo is also influenced
by other factors than the change of acoustic impedances at the interfaces. This
has to be compensated for to keep the liquid’s density estimate trustworthy.

A variation in temperature influences the efficiency of the piezoelectric el-
ement and the associated electronics. However, this issue has been already
addressed with the provision of a reference echo.

To address the influence of temperature inside the passive layers of the probe,
one has simply to recognize it. This becomes obvious once stated. Adding
a thermometer to the probe is one solution. However, it carries with itself
many issues such as location, accuracy, precision, static and dynamic sensitivity.
Another solution is to use the probe itself as a thermometer. The fact that
temperature shows itself by influencing the speed of sound through the probe
can be used. The time of flight of the sound pulse through the probe increases
with increasing temperature and therefore indicates the temperature. A key
issue is the accuracy and precision of the time of flight measurements. The
better they are, the better is the temperature estimate, which impacts directly
the accuracy and precision of the densitometer.

To illustrate this, a “Delsing” densitometer is used (cf. sec. 2.4.1, papers A
& B). The densitometer has a 2 MHz piezoceramic disk with a 18 mm thick
PEEK (Polyetheretherketone) layer as buffer rod 1 and a 20 mm thick PMMA
(Polymethyl mehtarcilate or Plexiglas) layer as buffer rod 2. Figure 2.7 shows
the relationship between temperature and the speed of sound in the PEEK
and PMMA as well as the acoustic attenuation in PMMA. With the correct
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Figure 2.7: The acoustic characteristics of the densitometer’s polymers at 2
MHz.

thermal estimate, the appropriate values for can be used in equation 2.7 to
obtain the density of the liquid. Experimental results are shown in figure 2.8
versus tabulated densities of glycerin, water and ethyl alcohol as a function of
temperature [15, 24]. The 95% confidence interval of precision uncertainty is
about 0.6% and is in agreement with the error analysis presented in paper B.
Improving the resolution of the temperature estimates will reduce its effects.
However, the 95% confidence of the systematic uncertainty is about 2% of the
published density values. The accuracy of the estimates oscillates over the
references.

This S-shape is inferred to a memory effect of the glued reference interface.
The reference interface between the PEEK and the PMMA layers remembers
at which temperature it was glued. The glued interface must deform to accom-
modate the different rates of expansion or contraction of the two materials as
temperature changes. This effect could be included into equation 2.7 but the
memory of the interface fades with time due to viscoelastic creeping. Solutions
to this issue could be to try to find two different polymers with the same coef-
ficient of thermal expansion14 or to use a design similar to Lynnworth’s design
[38]. With this design, there is no glued interface and the reference comes from
a reflection with air. In any case, the experiments show that using the densit-
ometer as its own thermometer allows the device to be reliable at different but

14Adamowski et al. [2] report with their estimation at different temperature no oscillation.
Both of their buffer rods on either side of the PVDF membrane are made of PMMA.
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steady temperatures.

2.6 Thermal gradients and dynamics

The fact that the densitometer is operational at different temperatures does not
assure that it is reliable while the temperature is changing with time or if there
is a temperature difference between the liquid and the external environment.
Figure 2.9 shows that the estimated density is off by 20% off for a small thermal
change of 5◦C. The figure shows the density estimation of ethyl alcohol during
a thermal transient from 20 to 25◦C.

There are many points that need to be addressed. The most obvious ones
are:

1. the thermal gradient developed across the probe,

2. the accuracy and resolution of the temperature estimates,

3. and the acoustic absorption of the glued interface during thermal changes.

The thermal gradient causes the acoustic impedance to change throughout
each layer. The acoustic impedances on either sides of the PMMA buffer rod are
not the same. Recognizing the correct temperature at each interface corrects
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the error due to the thermal gradient. Naming z2a the acoustic impedance of
PMMA buffer rod at the PEEK-PMMA interface and z2b the impedance at the
PMMA-liquid interface, the density of the liquid ρl is reckoned as

ρl =
z2b

cl

(4Arefz1z2ae
−2d2α2 −A2(z21 − z22a))

(4Arefz1z2ae−2d2α2 +A2(z21 − z22a))
(2.9)

Applying this new model with the same data reduces the error to about 5% (fig.
2.9).

The time of flight is accurate to ±2.5 ns because of the digitizer’s limited
sampling frequency of 200 MHz. The thermal resolution of the probe layers
is then of about 0.3◦C. When the temperature increases, so does the time of
flight but the change is not recorded until it has increased by 5 ns with respect
to its last change. During this delay, the changes in the probes characteristics
remain unaccounted for and the density drifts upward. Once the change in
time of flight is noticed, the estimated density drops 1% to a more appropriate
value. The external thermometer used to monitor the liquid temperature has a
thermal accuracy of 0.01◦C. Using its data recorded during the test simulates
a higher thermal resolution. The characteristics of the probe can be estimated
with a better accuracy. The result is the smoothest curve in figure 2.9. Chapter
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6 demonstrates the signal processing techniques which are expected to improve
the thermal estimate from the received signal.

The third point then is the deviation during the initial thermal change in
figure 2.9. It is believed to be caused by absorption in the glue layer at the
reference interface since it has not reached a constant state during the first
half hour. Paper B shows that the liquid impedance measurement echo (the
second echo) is much more attenuated during this initial phase than it should be.
Adamowski et al. [2] do not estimate liquid densities during thermal transients
but do report on the echo attenuation during thermal transients. They show the
same type of very fast attenuation that soon settles down. This requires further
research to examine the behavior of glued interfaces during thermal transients.

By recognizing the temperatures throughout the probe from the times sep-
arating the echoes, the density of the liquid can be estimated accurately with a
properly designed probe. With this big hurdle passed, smaller ones come to the
surface that include the influence of the pressure of the liquid in pressured sys-
tem or the fouling of the probe’s surface due to impurities in the liquid. These
issues do not belong to the desktop densitometers15 but rather to densitometers
in pipes.

2.7 Liquid pressure influence

Like temperature, the pressure necessary to get the liquid to flow in a pipe could
affect the characteristics of the probe material. The increase in pressure would
compress the buffer rods. These effects could be minimized in the design of the
probes attachment as Löfqvist [37] has done with in the design of the reflective
measurement cell to reject the influence of temperature across the cell16. Asay
et al. [3] reported the influence of temperature, pressure and frequency on the
speed of sound and acoustic attenuation in PMMA. The pressure range extented
to 10 kbar. They fitted their data with a least square cubic fit for the relative
changed in times of flight such that

τ0
τ

− 1 = aP + bP 2 + cP 3, (2.10)

where τ0 is the nominal time of flight and P is the pressure in psi. At 25◦C are a,
b and c are 6.6526 ·106, −2.9125 ·1011 and 7.0729 ·1017 respectively. The uncer-
tainties are reported at a 68% confidence level. In most industrial applications
where the inline pressure is kept below 20 bar, this change is negligible.

15The desktop densitometer remains at atmospheric pressure and can be wiped clean.
16As the depth of the cell increases with a raise in temperature, the probe expands into the

cell to keep the depth constant
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2.8 Interface fouling

With issue temperature addressed, fouling becomes the issue that will take time
to address. Caused by the deposit of impurities on the surface of the probe, it
changes the coefficient of reflection used to determine the acoustic impedance
of the liquid under investigation. Püttmer et al. [54] reports experiments and
simulations showing that fouling is a problem. Metallic deposits are worse than
non-metallic ones. There are at least two different ways of dealing with their
effects. The first is to recognize their presence in the received signal. The
second is to coat the transducer with a non-stick and non-absorbing substance
like Teflon.

2.9 Conclusion

The idea of measuring the density of a fluid by means of ultrasound is not new at
all. Half a century ago patents for mass flow meter using ultrasonic transducers
were already being awarded. However, they are still not common devices today.
One of the major issues has been the influence of changing temperature on the
accuracy of the density measurements. The work presented here shows that in
thermostatic and dynamic situations, the issue is resolved by assessing correctly
the acoustic impedances and attenuations within the probe. The research needs
to turn its attention to issues of the influence of pressurized systems on the
density estimation and the fouling of the sensor’s surface.



Chapter 3

Mass flow meters

3.1 Measuring the mass of a flow

When stopping to ask why one should measure mass flow, one inevitably asks
why measure any flow at all. To this philosophical question, only three root
answers could be found. The first one is just for the pleasure of knowing. The
two last ones are related to the concept of profit or fairness as flow measurement
can be used to control or improve a product and as well as for proper exchange
of goods. To any of these cases, the conversion from volumetric flow to mass
flow is a small step. The difference between flow measurement and mass flow
measurement is the information of the flow’s density. This additional informa-
tion is not free. If the need for this information is justified, then it is just to be
obtained in any affordable way possible

The chapter begins with a presentation of the most common methods to
measure mass flow directly. This is in opposition to the indirect approach,
which infers the mass flow by combining density, and volumetric flow measure-
ments. It is to this second group that the ultrasonic mass flow meter belongs.
A detour to visit ultrasonic volumetric flow meters is required. The different
methods to obtain the flow velocity using ultrasound are introduced with some
reliability issues. Finally, the mass flow meter is presented. A mass flow meter
has regrettably not been built during the research period of the thesis. Prior
to an actual construction of the meter, simulations are desirable. A simulation
of a two transducer transit time ultrasonic mass flow meter shows the received
electrical signals measured at the output of the transducers.

3.2 Direct mass flow meters

3.2.1 Weighing a flow

The most obvious way to measure mass flow is to weigh the liquid flow. This is
done in calibration facilities as the measurement is based on the first principles

25
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Figure 3.1: Schematic of Lule̊aUniversity of Technology’s flow meter calibration
facility (from [7]).

of mass and time measurements. The liquid flows steadily into a tank whose
weight is being measured. From the mass and time measurement, in-line mass
flow meters can be calibrated as well as volumetric flow meters when the mass
is transformed into volume with knowledge of the liquid’s density.

Measuring mass flow by weighing a tank is clearly not practical. However,
the method is justified as it enables accurate calibration and verification of
the performance of a flow meter. The measurement can be done statically
or dynamically; both methods give an absolute accuracy of 0.1% at a 95%
confidence level [7]. Pöschel and Engle [50] described the plans of a calibration
rig accurate down to 0.02% with the same confidence level. In the case of static
measurement, the tank is weighed before and after the steady flow test. To
minimize errors during the start and stop of the flow, a diverter is used to toggle
the flow in and out of the weighing tank [4]. In dynamic weighing, the mass
of the tank is continuously measured. At steady flow rates, the performance of
the flow meter can easily be compared to the facility’s measurements [4, 7, 19].
Figure 3.1 shows the flow meter calibration at Lule̊a University of Technology.
There are three differently sized weighing tanks to accommodate different flow
ranges. A three tank heating system allows calibration with water from 20 to
80◦C.
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3.2.2 Thermal mass flow meters

A thermal mass flow meter can measure mass flow ṁ of a fluid directly by
heating the fluid and measuring its change in temperature. The concept relies
on the following equation

Ė = ṁcp∆T, (3.1)

where Ė is the rate at which the energy must be added to the fluid to raise its
temperature by ∆T . cp is the specific heat of the fluid at constant pressure.
The temperature of the fluid is measured both upstream and downstream of
the heating element. The extra energy is added along the meter body [60,
14]. Refinements of this design have two heating elements that simultaneously
measure the temperature of the fluid [62]. When the fluid is flowing, the second
element measures a higher temperature. Some of those meters are in-line or on-
line, others can be inserted into the pipe where the fluid flows [34]. They hang
at the end of a rod in the middle of the pipe. The accuracy expected of thermal
mass flow meter is in the vicinity of 1% of the measured value depending of
application [60, 34]. Although in principle it is applicable to liquids, most all
applications of this device are used to monitor gas flow [60].

3.2.3 Coriolis mass flow meters

The Coriolis mass flow meter determines mass flow by measuring the deforma-
tion of a pipe through which a fluid flows when the pipe is accelerated in a
direction other than that of the flow. Figure 3.2 illustrates the idea. The pipe
takes a hairpin turn before returning to its normal course. If a force pushes up or
down this tubular hairpin, it imposes an acceleration on the liquid as expected
by Newton’s second law. If the fluid in it is not moving, the hairpin remains
flat, and on the same plane defined by the pipe axis. When the fluid is moving,
the hairpin will twist due to the Coriolis force. This twisting of the hairpin is
related to the mass flow as mass is related to force by its acceleration1. The
hairpin shape is not a necessity, straight tube Coriolis mass flow meters do exist.
The deformation of the tube by the flowing fluid is only harder to measure but
possible.

The Coriolis mass flow meter is also able to measure the density of the
fluid. When oscillating the hairpin at its natural frequency, one can determine
the mass of the filled hairpin, and knowing the volume of the pipe within the
hairpin, the density can be calculated [60]. The natural frequency of the hairpin
is approximately the frequency at which it would oscillate when it is plucked
like a guitar string.

Coriolis mass flow meters can attain the high accuracy of 0.5% with a 95%
confidence level of the measured value depending on the application [60, 32].

1Experiment: One can experience this idea while taking a shower if this one has a telephone
type showerhead. Making a U-tube with the hose forms the hairpin section. Swinging it back
and forth gives the necessary force. When there is no flow, the U-tube will remain flat. When
increasing the flow, the U-tube will also begin to twist increasingly as it swings.
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Figure 3.2: Coriolis mass flow meter with a hairpin configuration. The pipe
twists due to the Coriolis force.

This is associated with a high initial cost that can be justified by its important
benefits. To maintain a higher accuracy, the temperature of the meter needs
to be monitored since the stiffness and dimensions of the tubular hairpin are
thermally affected [60]. This is done with the help of a thermometer glued to
the meter.

3.2.4 Other direct mass flow meters

On the commercial market, one can easily find Coriolis mass flow meters and
the thermal flow meters. There are others however which are less common and
are very briefly mentioned here.

3.2.4.1 Axial flow transverse momentum flow meters

Within the pipe, a small motor drives a drum with an angular velocity ω. The
drum, in turn, drives a multi-vane impeller by way of a torsional spring [4]. As
new liquid enters the impeller, it lags behind the drum by an angle θ. This
lag is caused by the angular momentum of the fluid. With the torsional spring
constant and from θ, the torque T causing the lag can be obtained. The torque
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is related to the mass flow ṁ as

ṁ =
T

ωk2
, (3.2)

where k is the radius of gyration shape of the liquid being rotated. Benard [4]
states that they can measure fuel flows from 2 to 350 kg/min with a repeatability
of ±2.5% at 95% confidence level.

3.2.4.2 Wheatstone bridge mass flow meter

A mass flow meter able to measure very small flow rates down to 500 g/h is the
wheatstone one [4, 47]. The wheatstone bridge mass flow meter is an equivalent
to the electrical circuit one. There are four legs with their resistive elements.
Small orifices for the hydraulic case mimic the resistors of the electrical one. A
pump provides the source potential or hydraulic pressure over the bridge. The
output of the bridge is the pressure differential across the bridge, but this is
where the analogy stops. In the electrical case, the measured system affects the
resistors. In the hydraulic case, the orifices are not altered, but the pressure
differential is directly proportional to the mass flow traveling through the bridge.

Due to its larger size, this meter is usually used for calibration or verification
of mass flows. An illustrative example of its application is the measurement of
mass fuel in the development of internal combustion engines.

3.3 Indirect mass flow meters

Indirect mass flow meters combine density measurements with volumetric flow
measrurements such that

ṁ = uρA (3.3)

where the mass flow ṁ is the product of the liquid density ρ with the volumetric
flow rate. This latter can be obtained from the flow velocity u and the flow
meter’s cross sectional area A. Combining any volumetric flow-measuring device
with any densitometer will provide the desired mass flow information. There
are different methods and meters to estimate volumetric flow and so are there
for the measurement of density. Some might have a better accuracy but are
not fitting for a given application due to some physical limitation or excessive
costs. The challenge again is to find the best meter combination for the intended
purpose. Among the flow meters are the ultrasonic flow meters. When combined
with an ultrasonic densitometer, one obtains a complete ultrasonic mass flow
meter. [18, 21, 30, 38, 53] describe or report of such mass flow meters by adding
a reflection type acoustic impedance meter. Delsing goes a little further and
replaces one of the flow meter’s transducers with a densitometer. This results in
an all-ultrasonic mass flow meter without adding any new active elements. The
following sections present ultrasonic flow meters and the results of simulations
of an ultrasonic mass flow meter when a densitometer is incorporated in the
meter.
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3.4 Ultrasonic flow meters

There are several ways to use ultrasonic to measure fluid flows [41]. The concepts
include Doppler, transit time, vortex shedding and tagged correlations. To each
concepts, variations exist. The flow meters in which the densitometer can easily
replace one transducer are the Doppler and the transit time types.

3.4.1 Doppler flow meters

The ultrasonic Doppler flow meter would be a good candidate since it itself
uses a reflective technique. The sound it emits is reflected back by particles or
bubbles in the flow. When the flow is moving, the frequency of the received
echoes has been shifted due to the relative velocity of the particles or bubbles.
However, any accumulation of particles or bubbles on the surface of the sensor
would alter the amplitude of the echo used to determine the acoustic impedance
of the liquid (cf. sec. 2.8). Moreover, the Doppler method requires that the speed
of sound in the liquid is known2 [41, 65]. The Doppler type ultrasonic flow meter
is therefore not suitable.

3.4.2 Transit time flow meters

The transit time ultrasonic flow meter relies on the fact that sound needs a
medium through which to travel. If this medium is moving with respect to the
sound source and receiver, the velocity of sound will be superimposed onto that
of the medium’s. The flow meter has two ultrasonic transducers (figure 3.3).
One sits downstream of the other, each facing the other, and are separated by
a distance d. One transducer will send a sound pulse while the other will wait
to receive it. The acoustic pulse’s time of travel or time of flight is recorded.
Reversing their roles, they repeat the exercise. If the fluid is stationary, the two
times of flight should be the same3 and equal to the ratio of the distance d to the
speed of sound c in the fluid. If the fluid is moving then the downstream time
td will be shorter than the upstream one tu, such that the measured averaged
fluid velocity is

umean =
d

2 cosα

(
1
tu

− 1
td

)
(3.4)

where α is the angle between the sound beam and the flow direction4. Multiply-
ing umean by the cross sectional area of the meter gives the volumetric flow rate

2The speckle tracking method does not require the knowledge of speed of sound in the
liquid [41], but the densitometer does.

3Identical up and downstream times of flight at zero flow are more of a concept than a
reality. When diving into details, additional considerations have to be taken into account.
The last paper in the thesis discusses manufacturing causes for which the times of flight are
not identical at zero flow.

4Analogy: When crossing a flowing river with a canoe, the canoe will drift with the flow.
If this is done at an angle instead of a perpendicular to the flow direction, the downstream
trip is much easier and faster than upstream
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Figure 3.3: Cutaway of a transit time ultrasonic flow meter.

Q. The accuracy of the ultrasonic volumetric flow meter is 1% of the measured
value with a 95% confidence level, again depending on its application [60, 33].

3.5 Ultrasonic mass flow meters

By removing one of the ultrasonic transducers from the flow meter, and replac-
ing it with a reflective type ultrasonic densitometer, one gets an ultrasonic mass
flow meter. Building a simulation model of such a system enables one to predict
the received signals. The simulation tool used is introduced in the next chap-
ter. Figure 3.4 shows the received electrical signal of a transit time ultrasonic
mass flow meter (The signals have an offset for illustrative purposes only). Both
transducers are fired at the same time and their transmitted pulses are received
at the same time. The top signal is received by the densitometer. The first echo
is the reference echo. The measurement echo follows (at the probe-liquid inter-
face). At last, the pulse transmitted by the “normal” transducer is received.
At the same time, the normal transducer receives the pulse emitted by the den-
sitometer. Both transducers have 0.5 mm thick PZ-27 piezoceramic disks, 5
MPA·s/m absorbing backings in back and 174 µm thick EPS glue layer in front.
The normal transducer has a PEEK (Polyetheretherketone) encapsulation with
a thickness of 495 µm. The densitometer has a 7 mm PEEK layer followed by
a 5 mm PMMA (Polymethylmethacrialte) layer. The two polymers are glued
together with a 30 µm cyanocrylate layer. Some very low multiple reflection
echoes within the densitometer are visible. Had the acoustic impedance mis-
match between the different media been larger, the multiple reflection echoes
might be picked up as an echo. Had the mismatch been lower, the amplitudes
of the echoes would be quite different from each other lowering the quality of
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Figure 3.4: Electrical signals received from a simulated two-transducer transit
time ultrasonic mass flow meter. The signals have offsets of ±0.5 V for clari-
fication. The top signal is from the densitometer while the lower is from the
traditional transducer.

the signal.

3.6 Conclusion

Mass flow measurements can be obtained either directly or indirectly. The en-
gineering challenge is develop and produce an accurate mass flow meter for
different types of applications, all the while keeping in mind that market pene-
tration will depend on their cost versus their accuracy.

The work in this thesis aims towards an accurate, precise and reliable ultra-
sonic mass flow meter using only two transducers. Simulations show that it is
possible to be implemented.

Once implemented, the effects of the flowing fluid’s dynamics are to be looked
at with anticipation, as they cannot be simulated with the current simulation
tool. As the fluid begins to flow at higher speeds, potential circulations or
cavitations might develop in front of the impedance meter transducer affecting
the density measurement.



Chapter 4

Simulations

4.1 Simulation and modeling

Ultimately simulations are used to predict the response of a system without
having to build it. From a management point of view, it is done to save time
and money as preliminary designs have flaws. If it is not feasible to have a
scaled model1, a mathematical model should lead to the right direction. In the
case of ultrasound, a mathematical model makes much more sense. Different
models are discussed in section 4.3. Initially, it can be argued that a simulation
validates the model which impersonate reality or the true system as in paper D.

In the next section, the design of a densitometer is used to illustrate the
need of simulations.

4.2 Blueprint for a densitometer

When designing a ultrasonic densitometer, the proper selection of materials for
the different layers and their sizing is crucial to achieve the best performance
of the meter. Reviewing two of the criteria of the “Delsing” densitometer as
presented in chapter 2 illustrates the demands.

• The echoes may not overlap in time. The information of amplitude and
time of flight measurements require this separation of the reflection from
the respective interfaces.

• The second criterion wants the amplitude of the echoes to be of the same
magnitude to minimize the error from the digitization. That is if an 8-bit
analog to digital converter is used, the least significant is 1/256 or about
4% of the full range. ±2% is the best bias uncertainty the converter can
have [9]. If one echo is one fifth the amplitude of the other and the range

1A scaled down model is, for example, a small car or plane to be placed in a wind tunnel.
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is set to fit the largest, then the one bit error becomes 5 times larger with
respect to the smaller echo.

Having these two criteria, one can attempt to design a “Delsing” densitome-
ter. The length of the two buffer rods can be adjusted such that the ringing of
the echoes die out before the reception of the following echoes. Increasing the
acoustic impedance of the transducer backing material shortens the ringing of
the echoes but this is at the cost of decreasing echo amplitudes.

The material can be selected such that the coefficients of reflection (material
densities and speeds of sound through each medium) provide an echo of proper
amplitude. This is without saying, one must also account for the acoustic at-
tenuation. The attenuation being distance dependent is tied to the thickness of
the layer that was adjusted to separate the echoes.

If an optimized solution is achieved, the issue of temperature and the acoustic
impedance of the different liquids can be added to confuse everything. Looking
at two cases of real signals, figure 4.1 shows the received signals with alcohol at
0◦C and glycerin at 40◦C. The design is a compromise that fits best the criteria.

Simulations help the designer test different parameters and see their influence
on the received signals. Once satisfied with the blueprint, a prototype can be
manufactured. A simulation of the “Delsing” densitometer as part of a mass
flow meter is presented in section 3.5.

4.3 Stand-ins

In the place of a real ultrasonic probe, a stand in model takes its place and the
responses or outputs to different inputs are obtained. They are compared to the
specifications of the probe’s performance and accepted if they match or altered
towards a better design.

The stand in models are generally mathematical models, which describe how
dependent variables respond to controlling variables. Willatzen [63] presents a
concise tutorial of the mathematical model relating all the variables in 3 dimen-
sions. Simplifying them to 1 dimension, he implements different ultrasonic flow
meters to show the received signal from the receiving transducer. These models
have the advantage to describe physical parameters or variables (e.g. pressure
and particle velocities). Kino [25] presents the same equations relating the vari-
ables but uses them in a three-port network (one electrical and two mechanical
ones). The acoustic wave propagations are compared to other propagation of
waves, more specifically, the propagation of electrical signals in transmission
lines. This method has the advantage of assimilation into the bigger picture of
a complete electro-mechanical system. With such a system, the associated elec-
tronics can also be simulated to ease and improve the design of the electronics.

One approach is not better than the other rather they are more complimen-
tary to each other. For example, the simulations implemented by Willatzen nat-
urally incorporate the effect of diffraction or beam spreading but the implemen-
tation of electronic circuits are more difficult. On the other hand, simulations
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using electrical equivalent circuits make up the implementation of diffraction
more difficult but the development of the electronics easier [23, 36]. Moreover,
it is not because a simulation approach gives a result that its output resembles
reality. If different approaches provide similar results, a higher level of confi-
dence can be achieved. In other words, the differences between the simulation
tools make their strengths when embraced together.

4.4 A harsh reality

Having different means to simulate a system is not enough, a harsh reality re-
mains. All those simulation tools demand to have information about the char-
acteristics of the systems. Specifically in the current applications, the density
of the materials involved, the speeds of sound and coefficients of attenuation
through the media. All these characteristics are temperature dependent and
the two later ones are frequency dependent as well. This information is not
readily available. When these characteristics along with their dependencies are
available, paper D shows that accurate simulations results are obtained at differ-
ent temperatures and frequencies. The following chapter discusses the influence
of temperature and frequencies on polymers and is followed on a chapter that
discusses methods to reap the necessary information.

4.5 Conclusion

Simulations of ultrasonic systems based on mathematical models can predict the
response of the systems to different inputs. These models can also take the form
of an analogous or equivalent electrical systems because they also emulate wave
propagations. The work presented in paper D shows the success of simulations
compared to reality. This permits the designer to have a good idea of the
performance of the probe under evaluation.

In an upward spiral, the development of computer hardware and software
improves the capabilities of simulations to account for more and more aspects
of the real systems. The incorporation of thermal and spectral dependencies are
presented in paper D.



Chapter 5

Polymers

5.1 Uh... Which one?

When trying to design an ultrasonic densitometer, one quickly faces the ques-
tion: “which materials are best suited for the application?” Polymers have two
characteristics that are appealing when compared to glass, ceramics or met-
als. Those are shorter probes and the avoidance of multiple internal echoes.
Due to their lower acoustic propagation speeds, the thickness of the layers in
the densitometer can be smaller while separating the echoes adequately1. The
characteristic acoustic impedance of the polymer is also closer to the liquids,
which is attractive because this results in an increased sensitivity to changes of
the measured liquid’s density2 (cf. eq. 2.5).

Nevertheless, focusing on polymers is not sufficient. There are extended fam-
ilies of polymers. Categorized with terms such as amorphous, semi-crystalline,
crystalline, or thermoplastics and resins, one quickly gets confused. On the
other hand, for the design of the densitometer, only three parameters are nec-
essary: the density of the material, the speed and the coefficient of attenuation
of sound through the medium. The first one is available as well as its associ-
ated coefficient of thermal expansion. Together, the density as a function of
temperature is known. The latter two parameters, speed of sound and attenu-
ation, are rarely available and to makes things worse they are temperature and
frequency dependent. These parameters are crucial to the probe designer who
finds himself in a difficult situation when trying to select the best polymers for
the application.

It is to address this situation that this chapter finds itself as part of the the-
sis since a better design leads to a better precision. The next section discusses,

1Echoes separation in time is one of the densitometer’s design criteria put forward in the
previous chapter.

2The other advantages being that the echo will not reflect many times within the probe
but dissipate after its first capture. Concurrently, the transmitted signal into the liquid will
carry more energy.
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in a very general sense3, the relationship between mechanical and acoustical
characteristics in order to estimate the needed parameters from the potentially
available information. It is followed by approaches to make available the neces-
sary information.

5.2 Mechanical information

The speed of sound in a medium is related to density of the material being
displaced by the acoustic wave and the restoring force of the medium trying
to reposition the displaced material. The restoring force is due to the elastic
or Young’s modulus (E), the shear modulus (G) or their combination the bulk
modulus. These moduli relate stress (force per area) to strain (deformation).

Kinsler et al. [26], from a phenomenological point of view, explain attenu-
ation to be caused by the time-delayed relationship between the stress and the
strain. The time constant τ of this delayed response is called the relaxation
time.

In other words, the two critical parameters for the design of the densitometer,
which are hard to obtain, are based on the relationship between strain and stress
and their change with time. Polymers are described as viscoelastic materials
because under a constant stress, they immediately deform like a metal but then
slowly continue their deformation to another level.

Creeping is this slow deformation when the polymer is under constant stress.
Its reverse is stress-relaxation when the polymer is placed under constant strain
[56]. With time, its desire to return to its original form diminishes.

The good news is that the specifications of a polymer have the density and
the coefficient of thermal expansion. And one can usually also find the elastic
and shear modulus, Poisson’s ratio4 and the creep or stress-relaxation. As
soon as this information is provided, the speed of sound and attenuation are
calculable.

The bad news is that frequency and temperature influence greatly the moduli
and the creep rates. Frequency appears when the rate of the stress application
is taken into account. To keep things simple, the stress can be applied and
removed in sinusoidal fashion. Figure 5.1 shows the elastic and shear modulus
as a function of frequency at a temperature of 25◦C. The loss tangent tan δ is
also shown. δ is the lag of the stress to the strain at a given frequency. The
remaining issue being the influence of temperature. Should there be a graph for
each temperature?

3A deeper discussion is presented in paper D
4For the densitometer, it is the bulk modulus that is of interest and can be obtained from

the elastic and shear moduli and Poisson’s ratio.
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Figure 5.1: Dynamic data of PMMA as a function of frequency from [13, 27].

5.3 Master curves

There is an equivalence between temperature and frequency that can be used
to make the information available in a concise form. It relates a characteristic
at lower temperature as equivalent to a characteristic at a higher frequency.
It can be mathematically viewed as the product ωτ(T ) as being a constant
[20]. Where ω is the angular frequency (2πf) and T is temperature. The
idea is called the time-temperature superposition principle or the frequency-
temperature equivalence. A change in temperature shifts the frequency axis
with respect to the curves in figure 5.1. The WLF equation [13] provides the
necessary amount of shift aT associated with a temperature change such that

log aT =
−c1(T − T0)
c2 + T − T0

, (5.1)

where T0 is the reference temperature, T is the new temperature, and c1 and c2
are polymer specific constants. The speed of sound and acoustic attenuation in
PMMA are successfully estimated with the modulus information of figure 5.1
at different frequencies and temperatures in paper D. Figure 5.1 is referred to
as a master curve [56]. It is to be noted that the coefficients c1 and c2 are not
commonly available.

Hartman [20] reports that the WLF applies in general to polymers above
their glass transition temperature5 and that the Arrhenius equation

log aT =
∆H
R

(
1
T

− 1
T0

)
(5.2)

is more suitable below the glass transition temperature. ∆H is the activation
energy and R is the gas constant.

5The temperature at which large changes in the characteristics of the polymer occur.
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Figure 5.2: Velocity of sound in PEEK as a function of temperature and fre-
quency.

5.4 Parametric surfaces

Paper D shows that the above method works to predict the speed of sound
and acoustic attenuation through the polymers described. However what is not
shown is that the method is very sensitive or fragile. Consider the loss tangent at
5 MHz; there tan δ = 0.0085. Amplified by π and the number of wavelength per
meter gives the coefficient of attenuation of 50 Np/m. Any error in estimating
the loss tangent will also be amplified to an undesirable amount.

Stepping back for a moment and contemplating the real need or purpose and
history can point to alternative approaches.

At the frequencies of interest, the characteristics of polymers are measured
by wave propagation (among other methods) [45]. If this is the case, keeping the
information in that form allows one to obtain the mechanical information at any
time later. The issues then become how the information should be obtained,
how should it be stored and who could obtain it.

Measuring the speed of sound through a polymer sample and the acoustic
coefficient of attenuation at single frequencies can be tedious. The next chap-
ter discusses how the information can be obtained over the bandwidth of the
transducers used by means of the pulse-echo method and Fourier transforms.
Repeating the measurements at different temperatures provide the thermal de-
pendencies. Figure 5.2 shows the speed of sound in PEEK (Polyehteretherke-
tone) as a function of frequency and temperature.
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Reading the values from three-dimensional plots is unpractical as is a col-
lection of two-dimensional plots to make up the third dimension. The use of
master curves presented earlier is clearly advantageous. The use of functions is
also charming. Fitting a surface to the acquired data might have been difficult
prior to the computer age. It is quite easy nowadays, especially considering
that the data is acquired, digitized, processed and stored on a computer. With
a least square fit, the speed of sound in PEEK can be described by

cpeek = a0 + a1f + a2T, (5.3)

where a0, a1 and a2 are 2592.25 m/s, 885.95·10−9 m/s·Hz and -1.5132 m/s·◦C
respectively. These coefficients are valid for figure 5.2’s frequency and temper-
ature ranges. Higher order fits can be used to account for non-linearity (cf.
fig. 5.1). Combining the uncertainty of the fit to the real data with the uncer-
tainty of the measurement gives a total uncertainty at a confidence level for the
characteristics of the polymer in question.

The least scientific issue is who should obtain information. Finding funding
for a research institution to measure the characteristics of polymers should work
initially. In view of long term, research should find a solution that benefits all.
If research could find a method to assess the quality of a polymer using non-
destructive ultrasonic measurements then a quality certified (e.g. ISO 9001)
supplier would be interested in the method. This would profit the supplier, the
purchaser as well as the craving ultrasonic community.

5.5 Conclusion

There is an unanswered need of characteristics of polymers. These characteris-
tics are essential in the selection of polymers. Potential reasons for this lack of
information are

1. they might be difficult to obtain,

2. they might be difficult to make available,

3. the people who might provide them with the greatest ease might not have
an interest in obtaining them.

To the last point, there is no clear answer (in this thesis). To the second point,
figure 5.2 and equation 5.3 show that nowadays this is not the case anymore.
And to the first point, the next chapter discusses how the frequency dependent
speeds of sound and acoustic coefficients of attenuation of properly prepared
polymer samples can be obtained simply with a pulse-echo method over the
bandwidth of the ultrasonic transducers used.

For the polymers whose characteristics are known today, the WLF and Ar-
rhenius equations provide a means to take advantage of the frequency-temperature
equivalence in polymers.
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Chapter 6

Signal processing

6.1 Learning to read

With the flow meter, the densitometer or any such acoustic device, the only thing
one really obtains is a signal. This signal is full of information but one has to
know how to read from it. From the time the acoustic impulse is transmitted
over the time the signal is received, the captured packets of acoustic energy have
been modified by processes that have left their signature within. The signal can
tell through which medium the acoustic echoes traveled, their temperatures,
densities, and much more.

In line with the aim of accuracy, precision and reliability of the densitometer,
this chapter discusses diverse methods to obtain the desired information at
different complexity levels. The writing style switches between textbook and
experiments to illustrate the methods and their shortcomings as the amount
of information extracted from the received signal increases. The illustrating
experiments are two densitometers for solids, which can be used to provide the
necessary data to describe polymers presented in the previous chapter.

For a better perspective, the chapter starts with the life of the traveling
waves and relates them to the received signal.

6.2 The received signal

Traditionally, the study of acoustics begins with the analysis of mechanical waves
[26, 65]. This quickly leads to the wave equation, which relates the motion of
particles in time and space. Soon after, to account for losses, a lossy wave
equation1 is derived. One of the solutions for this differential equation is, for
harmonic plane waves,

u(x, t) = ae−αxej(ωt−ωx/c) + beαxej(ωt+ωx/c), (6.1)
1One way to obtain the lossy wave equation is presented in paper D and another is presented

by Kinsler et al.[26]
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where u is the particle displacement and ω is the angular frequency (2πf). The
first term of the solution describes a wave progressing at a velocity c in the
positive x direction with an initial amplitude a which attenuates exponentially
at a rate α per meter. The second term of the solution describes a wave with
an initial amplitude b traveling in the other direction with the same speed c
and decaying at the rate α per meter. The coefficient a and b depend on the
boundary and initial conditions within a single medium.

The above solution is for a single frequency (i.e. monochromatic) and most
of the densitometers presented in chapter 2 use a pulse. This can be perceived
as a problem because a pulse contains several signals of various frequencies2 and
to obtain the desired information, it has to be mathematically modeled.

One way to view the pulse is as

u(x, t) = A(t)e−αxej(ωt−ωx/c). (6.2)

where the A, α and c are frequency dependent. In the first half of the chapter,
these values are measured in the time domain, while in the second half they
will be measured in the frequency domain. This will show the strength and
weaknesses of the methods.

As a final step, the electro-acoustic relationship is reiterated. A piezoelectric
element picks up the acoustic echo as it passes through and transforms it into
an electrical signal. This piezoelectric element is a point of reference where x
finds a home and can be set as the origin (x = 0). The received electrical signal
can then be modeled as

u(t) = A(t)e−αxrej(ωt−ωxr/c), (6.3)

where xr is the distance traveled by the pulse. Since this refers to a pulse-echo
setup, the echo comes from a reflection located at xr/2.

6.3 Immersion setup

The first setup used to describe the signal processing methods is the immersion
of a polymer sample in water (fig. 6.1)3. The transducer is aimed downwards in
the water towards the sample. The sample has smooth, flat and parallel surfaces
and a thickness dp. It is located at a distance of dw from the transducer.
The surfaces of the sample are perpendicular to the sound beam axis of the
transducer. The subscript w refers to the water medium and p to the polymer
sample.

2A pulse is also viewed as a low frequency disturbance modulated or convoluted by the
carrying and resonant frequency of the ultrasonic transducer. For example, a gaussian pulse
will occur at t0 with u(t) = e−(t−t0)/T cos(ωt), where ω is the carrying frequency and T
widens the pulse.

3The figure is distorted. The speed of sound in water is lower than in a polymer and the
slope should have been much flatter in water.
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Figure 6.1: Lattice diagram of the immersion setup.

At time t1, an echo from the water-polymer interface is received. It has an
amplitude |E1| which is related to that of the original pulse A0, sent out at time
t0, as

|E1| = |A0|Rwpe
−2αwdw (6.4)

such that the received signal can be described as

e1(t) = A0Rwpe
−2αwdwejω(t−2dw/cw). (6.5)

The signal is attenuated exponentially over the back and forth distance traveled
by the pulse (2dw) at a rate of αw, the acoustic coefficient of attenuation in
water. cw is the speed of sound in water. Presenting τw as the time needed for
the pulse’s round trip in water: τw = t1 − t0 = 2dw/cw. The above equation
reduces to

e1(t) = A0Rwpe
−2αwdwejω(t−τw). (6.6)

The coefficient of reflection Rwp for a plane wave front parallel with the sample’s
surface is

Rwp =
zp − zw
zw + zp

(6.7)

where zw and zp are the specific acoustic impedances of water and the sample
respectively. The coefficient of transmission is related to the amount of energy
that was not reflected but transmitted into the polymer such that

Twp = 2
zp

zw + zp
= 1 +Rwp. (6.8)

Rwp is self subtracting from the original pulse (1) as it returns towards its source.
The second echo with an amplitude |E2| arrives at time t2. |E2|’s relation

to |A0| is
|E2| = |A0|TwpRpwTpwe

−2αwdwe−2αpdp (6.9)

and the gated4 signal e2(t) (fig. 6.2) is

e2(t) = A0TwpRpwTpwe
−2αwdw−2αpdpejω(t−τw−τp) (6.10)

4A gated signal is obtained by allowing the signal through only during a timed interval.
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Figure 6.2: The gated three first echoes signals e1(t), e2(t) and e3(t) vertically
shifted respectively by 0.1, 0.0 and -0.1 for clarification.

where τp is the time delay necessary for the sound to travel back and forth
through the polymer sample. With cp as the speed of sound through the poly-
mer,

τp = t2 − t1 = 2dp/cp. (6.11)

αp is the coefficient of acoustic attenuation in the polymer.
e2(t) can also be written in terms of e1(t)

e2(t) = −TwpTpwe1(t)e−2αpdpejω(−τp). (6.12)

The negation sign flips amplitude-wise one signal with respect to the other. This
is noticeable in figures 6.1 and 6.2. There is a 180◦ phase shift when an echo
reflects of a medium with a lower acoustic impedance as is the case with Rpw.

The signal of the gated third echo (fig. 6.2) is

e3(t) = A0TwpR
3
pwTpwe

−2αwdw−4αpdpejω(t−τw−2τp) (6.13)

and its amplitude is

|E3| = |A0|TwpR
3
pwTpwe

−2αwdw−4αpdp . (6.14)

The information sought after are the speeds of sound c’s, the coefficients of
attenuation α’s and the acoustic impedances z’s. Those values are more or less
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frequency dependent and depend on the media’s composition and state. Those
values can be obtained in the time domain in the following manner.

6.4 Amplitudes and times of flight in the time
realm

Using an oscilloscope to measure the maximum amplitude of each echo and the
time separating them is probably the best place to start. A good estimate of
the amplitudes can be obtained. A good estimate of the time separating the
echoes can also be obtained. One can also always amplify the amplitude and
time resolution to improve the measurements. The following manipulations lead
to the desired information.

Most of the densitometers presented in chapter 2 use such amplitude mea-
surements to obtain the density of the liquids under investigation. The measure-
ment methods are reviewed by utilizing the densitometer for solids introduced
in the previous section. In this case, two amplitude ratios are needed:

q1 =
|E1|
|E2| = − (zw + zp)

2e2αpdp

4zwzp
(6.15)

and

q2 =
|E2|
|E3| =

(zw + zp)2e2αpdp

(−zw + zp)2 (6.16)

Since water is one of the most studied materials in the acoustic world, its acoustic
impedance zw is well known. Using a micrometer or a caliper, one can measure
easily dp leaving only two unknowns for the two equations. The two unknowns
are the polymer’s coefficient of attenuation αp and acoustic impedance zp. Solv-
ing for them,

αp =
1
2dp

ln
(
− q1q2
q2 − q1

)
(6.17)

and
zp = zw

(
1− 2q + 2

√
q2 − q

)
(6.18)

where q is the ratio q2/q1.
With the estimate of the time τp separating the first and second echo or the

second and third echo, the speed of sound cp is calculable per equation 6.11.
The density of the polymer ρp is simply

ρp =
zp
cp

(6.19)

and its bulk modulus Bp

Bp = c2pρp. (6.20)
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The bulk modulus is a parameter of interest in the characterization of polymers
(cf. chap. 5). Spending enough time on the oscilloscope can give adequate
results.

Considering an in-line and real time densitometer application, this is not an
acceptable solution. Since accuracy and precision are goals of the densitometer,
several signals need to be processed in order to have an estimate of the average
and spread of the data. Computer aided analysis and full automation is then
the wishful concept. Two problems quickly appear with this concept: locating
the echoes and estimating the correct time between the echoes. Referring to the
acquired signals of figure 4.1 (p. 35), one can easily see that the echoes shift in
time due to changes in temperature and liquids. Using a set of semi-intelligent
rules, a computer can locate the echoes5. However, the second problem, esti-
mating the time separating the echoes, is even harder. For a computer to locate
the beginning of an echo is not an easy task, especially when considering in-
verted reflections and the presence of noise. Matching the zero crossings of the
subsequent echoes is ambiguous since there are several zero crossings in each
echo. Matching peaks might seem more appropriate. However, the case of two
or three subsequent peaks with very similar amplitudes occurs often enough
that the method is not reliable. It is easy to make a wrong estimate and have
times that clearly vary by half or full oscillations. To address this type of issue,
the densitometer software of paper A uses a cross-correlation method to obtain
much better time estimates.

6.5 The cross-correlation method

The cross-correlation method is selected to estimate the time between the echoes
with a better accuracy. It uses the gated signals (cf. fig. 6.2). One gated signal
is shifted in time until the echoes overlap each other. The amount of time shift
is the time separating the echoes.

Mathematically, the cross-correlation is defined6 as

x(τ) =
∫ ∞

−∞
e1(t)e2(t− τ) dt (6.21)

which gives a time varying signal [43]. The cross-correlation reaches its absolute
maximum7 when they match best as it is shown in figure 6.3. The maximum
then occurs when τ = τ1. With the actual measurement of the sample thickness,
the group velocity cp can be calculated.

cp =
2dp

τ1
(6.22)

5The densitometer software developed for paper A can locate echoes and discriminate them
from noise.

6The presented operations are given for continuous signals even if the processed signals of
the current work are digitized. This is done to promote the concepts more than the algorithms.

7The absolute maximum refers to the largest value which can be positive or negative (i.e.
when one of the echoes has been inverted).
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Figure 6.3: Cross-corelation of e1(t) with e2(t) (cf. fig. 6.2).

The cross-correlation technique is used in the densitometer for the results
presented in papers A and B . It provides times of flight that have the accuracy
to the resolution of the digitizer equipment (5ns). This is a clear improvement
over the half and full oscillations of the piezoelectric disk initially encountered
in the research (a 2MHz transducer used has a full oscillation of 500ns).

One implementation problem is to estimate the time of flight between the
emission of the pulse and the first echo. This time of flight is necessary to
estimate the temperature of the first buffer rod (cf. sec. 2.5). The excitation
pulse and its clipped ring down (cf. fig. 4.1) is not an echo, and therefore time
shifting the gated excitation-ring down over the first echo will not give any
good results. Instead, the first echo is compared to another first echo which was
saved from a calibration measurement at 20◦C. There, the cross-correlation is
performed with the measured first echo and the saved reference one.

A limitation of the cross-correlation becomes obvious with the performance
of the densitometer under thermal transients (cf. sec. 2.6 and paper B). The
time resolution of 5 ns (the time resolution of the 200 MHz digitizer used) leads
to an uncertainty of about 10 kg/m3. The error analysis of paper B points to the
same thing and suggests to use a digitizer with a higher time resolution or other
signal processing techniques to improve the precision of the densitometer. It is
towards this aims that the following signal processing techniques are discussed.
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This discussion begins on the topic of spectral amplitude measurement8.

6.6 Traveling to the frequency dimension

Accurate estimations of some material characteristics is not as straight forward
as measuring the peak amplitude of the echoes in influencing conditions like
temperature. A pulse and any of its echoes are in reality a bunch of harmonic
signals of different frequencies combined together. At each frequency, the acous-
tic signal has its own coefficient of attenuation and speed of sound. Moreover,
there is the presence of noise that can corrupt the signal. Satisfying oneself with
peak amplitudes of a pulse or echo is limiting the potential of the measurement
and the device in question.

The solution to this is to decompose the signals into each frequency sepa-
rately by entering the frequency domain and using the information there.

6.7 Uniqueness and the inverse Fourier trans-
form

First and foremost, it should be clear that each signal is a unique combination
of harmonic waves. A signal at one frequency cannot be implemented with any
combination of signals at any other frequencies. Any attempt to do that would
have the same results as an alchemist trying to make gold out of copper.

Since the systems dealt within here are assumed to be linear, the signals
can be added together or superimposed on each other to form a combined sig-
nal. Gathering harmonic waves of different frequencies and amplitudes together
breeds a unique time varying signal such as e1(t) of figure 6.2. At times, the
superposition of all those harmonic waves cancel each other such that the result-
ing signal is silent. At other times, they do not cancel each other as exemplified
by the occurrence of the echo. Combining harmonic waves with their respective
magnitudes as those depicted by highest curve of figure 6.4 results in a signal
similar to e1(t).

The time when the echo occurs can be shifted if the harmonic waves are
slightly delayed with respect to each other or a common origin. For the echo to
occur at the right time, a unique combination of time shifts is required. This
information can be stored with the amplitudes such as |A0|. Combining the

8During the review of the thesis the following simple remedy was suggested: interpolate the
cross-correlation function around its maximum using for example a second order polynomial.
This should increase the accuracy by a factor of 5 to 10. This has not been verified. It should
be noted that the cross-correlation method expects signals that are alike. This is not the
case as the frequency dependent attenuation and dispersion cause the signal to be distorted.
Paper B suggest the use of a time sub-sampling method [17], the implementation of which did
not work well between echoes because they have different center frequencies. This is a place
where the false assumption made in section 6.2 becomes obvious. The assumption holds only
for low accuracy estimations.
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Figure 6.4: The magnitude spectrum |E1(ω)|, |E2(ω)| and |E3(ω)| normalized
to |E1(ω)| of e1(t), e2(t) and e3(t) respectively.

frequency dependent magnitudes and time or phase shifts φ bestows the Fourier
transform. Then, for example

A0(ω) = |A0(ω)| ejφ(ω) = a0(ω)ejφ(ω). (6.23)

These complex values can also be represented by

A0(ω) = xa0(ω) + jya0(ω) (6.24)

by using Euler’s equation such that

a0(ω) =
√
x2

a0
(ω) + y2a0

(ω) (6.25)

and

φ(ω) = arctan
ya0(ω)
xao

(ω)
= � A0(ω). (6.26)

The combination of the harmonic waves is represented by the inverse Fourier
transform [28]

e1(t) =
1√
2π

∫ ∞

−∞
E1(ω)ejωt dω (6.27)

where the harmonic waves ejωt with unit amplitude are amplified to their spec-
trally respective magnitude of |E1| and shifted by their spectrally respective
phases � E1(ω).
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6.8 The Fourier transform

The Fourier transform is defined as [28]

E1(ω) =
1√
2π

∫ ∞

−∞
e1(t)e−jωt dt. (6.28)

This equation is similar to the cross-correlation equation (eq. 6.21). At a given
angular frequency ω, the multiplication of the two time signals will give the
amplitude of the harmonic wave in the signal e1(t). If the frequency of the
harmonic wave is not present in e1 then the sum of the products over time is
negligible9.

The above equation results in a complex variable in terms of ω. The two
components are the amplitude and the phase. To make this simpler to grasp,
the application of the Euler’s equation allows it to be broken into two exciting
harmonic signals 90◦ out of phase

E1(ω) =
1√
2π

∫ ∞

−∞
e1(t)(cosωt− j sinωt) dt (6.29)

such that
xE1(ω) =

1√
2π

∫ ∞

−∞
e1(t) cosωt dt (6.30)

and
yE1(ω) =

−1√
2π

∫ ∞

−∞
e1(t) sinωt dt. (6.31)

The magnitude of E1(ω) is

|E1(ω)| =
√
x2

E1
(ω) + y2E1

(ω), (6.32)

and its phase is

φ(ω) = arctan
yE1(ω)
xE1(ω)

. (6.33)

These concepts can be evaluated on the immersion setup with which the three
gated signals of figure 6.2 were obtained.

6.9 Frequency dependent ratios and delays

In equation 6.12, the time signal e2(t) is given in terms of the measured signal
e1(t). Making use of this relationship in the Fourier transform, one obtains

E2(ω) =
1√
2π

∫ ∞

−∞
−TwpTpwe1(t)e−2αpdpe−jωτpe−jωt dt. (6.34)

9Analogy: taking the piezoelectric disk as an equivalence to the signal e1(t) and ejωt as the
excitation signal, the oscillation of the object under investigation is very small when excited
with a harmonic signal whose frequency is not near the natural frequency of the object itself.
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Figure 6.5: Phase delays of the complex ratios τ1 and τ2 and group delay τg
obtained from the cross-correlation (fig. 6.3). The useful information is between
2 and 9 MHz.

Moving the time independent variables out of the integral leads to

E2(ω) = −TwpTpwe
−2αpdpe−jωτp

1√
2π

∫ ∞

−∞
e1(t)e−jωt dt. (6.35)

The integral at the end of equation 6.35 is the Fourier transform E1(ω) of e1(t)
(cf. eq. 6.28) such that

E2(ω) = −TwpTpwe
−2αpdpe−jωτpE1(ω). (6.36)

Taking the ratio Q1 of E1 and E2 gives the complex function

Q1(ω) =
E1(ω)
E2(ω)

= − (zw + zp)
2e2αpdp

4zwzp
ejωτ1 , (6.37)

where τ1 is τp for the time between the first and second echoes.
Repeating this with the gated signal e3(t) in terms of e2(t) (cf. eq. 6.13), the

ratio of E2 and E3 is

Q2(ω) =
E2(ω)
E3(ω)

=
(zw + zp)2e2αpdp

(zp − zw)2 ejωτ2 . (6.38)



54

2 3 4 5 6 7 8 9

x 10
6

3.62

3.625

3.63

3.635

3.64

3.645

3.65

3.655

3.66

3.665

Frequency (Hz)

P
ha

se
 d

el
ay

 (
µs

)

τ
1
(ω)

τ
2
(ω)

τ
g

Figure 6.6: Detailed phase delays τ1 and τ2 (oscillating) and the group delay τg
(horizontal line) obtained from the cross-correlation (fig. 6.3).

τ2 is τp for the time between the second and third echoes. These complex ratios
have a magnitude and a phase. Their magnitude has the same form as the
equations of the time domain (eq. 6.15 and 6.16) resulting in a q1 and q2. The
difference is that there is a value associated with each frequency. The phases of
the complex ratios give a frequency dependent phase delay. Figures 6.510 and
6.6 display this. The horizontal line is the group delay calculated with the cross
correlation method (cf. fig. 6.3). Figure 6.6 is an enlarged view of the previous
figure over the bandwidth of the 5 MHz transducer used.

It is now time to tie this theory to other parts of the thesis. In the simula-
tions of ultrasonic system (cf. chap. 4), the information of speed of sound and
attenuation in each medium are required. Depending on the method used, three
different level of information can be reached. Using the pulse-echo setup, one
can obtain the speed of sound in the medium (cf. eq. 6.22) and the coefficient
of attenuation (cf. eq. 6.17) in the time domain. In the case of the pulse-echo
system, those values are roughly around the center frequency of the transducer.
A burst-echo system11 provides information at the frequency of the burst. Self-

10The region carrying information of interest is over the bandwidth of the transducer (i.e.
from 2 to 9 MHz). The rest is simply noise.

11There is no change to the physical set up but in the excitation of the emitted wave. A
burst of a pure sinusoidal wave is used instead of an impulse.
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Figure 6.7: Detailed phase velocities, c1 and c2, and the group velocity cg based
on the cross-correlation (fig. 6.3).

ridge [58] provides acoustic information on many materials using the burst-echo
method at a single frequency. Those values are more or less frequency depen-
dent (more in the case of polymers than water) and can be erroneous at other
frequencies. Returning to the pulse-echo method and decomposing the echoes
using the Fourier transform, the information is obtained for each frequency over
the bandwidth of the transducer as depicted in figures 6.7 (speed of sound) and
6.8 (coefficient of attenuation). There is an increase in information obtained by
using this signal processing technique without having changed anything to the
system or to the way the signal is acquired.

Using the magnitude of the complex ratios and the phase velocities, one can
obtain frequency dependent coefficients of attenuation (fig. 6.8) and the sample’s
density (fig. 6.9) with the use of equations 6.17, 6.18 and 6.19. It is clear that
these equations become functions of the angular frequencies, as are the complex
ratios Q1(ω) and Q2(ω).

The frequency decomposition by the Fourier transform also supports the
goals of increased accuracy, precision and reliable of the densitometer. Since
the acoustic attenuation is frequency dependent, the center frequency of the
echoes changes12, the coefficient of attenuation must take this into account13.

12The shift in center frequency is easily seen in figure 6.12 and harder to see in figure 6.4.
13This is done naturally during the calibration of the probe versus temperature in the time
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Figure 6.8: Overestimated acoustic attenuation in the polymer sample.

With the help of the Fourier transform, papers A and B successfully use the
magnitude of the echoes at 2.0 MHz to calculate the acoustic impedance of the
liquid. However, the estimation can be further improved by making use of the
information over the whole bandwidth of the transducer. At each frequency, a
density estimate can be made with associated spectral coefficient of attenuation
and acoustic impedance. With this idea, several measurements can be made
with a single acquisition providing an average and a precision uncertainty.

Along the same lines, the temperature of the different layers of the densit-
ometer can be estimated with a better resolution and therefore reducing the
precision uncertainty. The group delay is a single value and is not sensitive
enough to small thermal changes. The phase delays or the phase velocities offer
the potential to improve the temperature estimate of the liquid densitometer.
By minimizing the error of a curve fit over the region of information, a much
higher sensitivity to thermal changes can be achieved.

Embracing those appealing techniques should be done however with care as
a pretty picture does not always show the lack of quality around the corner.

domain.
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Figure 6.9: Incorrect density of the polymer sample.

6.10 Quality assurance

The fact that a measurement is obtained does not guaranty its accuracy or
quality14. Using the immersion setup, the theory presented is illustrated with
a polymer plate. The polymer sample is a 5.04 mm thick PMMA sample (poly-
methyl methacrylate or simply Plexiglass). Figure 6.7 shows the group and
phase velocities. The group velocity obtained using the cross correlation is also
shown (cf. fig. 6.3). The phase velocity c2(ω) (based on the time between the
second and third ehco, fig. 6.7) begins to oscillate as the signal to noise ratio is
quite small in e3(t) (fig. 6.2).

Nevertheless, all is not perfect. The attenuation shown here is higher than
that reported by Kline [27] or in papers A and B. The density is also wrong:
too low (fig. 6.9). It should however be noted that it is constant over the
bandwidth of the transducer. The dissipation of acoustic energy is balanced
between the energy absorbed by the medium15 and that which is transmitted
back into the surrounding fluid. The error in this case is due to a misalignment
of the transducer to the normal of the sample and the insufficient flatness of

14The same problem exists with the results of simulations: convergence to a result does not
necessarily reflect reality (cf. chap. 4).

15All the media in the thesis are homogeneous and isotropic so that scattering can be
neglected. Diffraction or beam spreading in the present chapter can also be neglected due to
the frequencies, transducer, set up dimensions and media used [25, 57].
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Figure 6.10: Lattice diagram of the airborne densitometer for solids.

the sample. Since the acoustic attenuation is much harder to measure than
density, the density measurement can serve as a balance and quality check to
the accuracy of the measurement.

Other weaknesses exist, such as a lack of robustness in the frequency domain
and the influence of dispersion in the time domain. They are made visible using
yet another densitometer.

6.11 Airborne setup

A second type of densitometer for solids does not require the sample to be
immersed in a liquid. Instead, the sensing probe is in contact with sample (fig.
6.10). A polymer buffer rod replaces the water separating the piezoelectric disk
and the sample. A very thin coupling layer is used at the interfaces to insure
good acoustic conduction. Air backs the sample and provides an almost total
refection of the acoustic energy. Similar to the densitometers of chapter 2, this
densitometer has a need of an acoustic emission reference. This reference is
obtained by measuring without the sample, in air, prior to the measurement
with the sample16. The gated echoes from the sample and the reference p(t) are

16However, using the probe patented by Püttmer (fig. 2.4), one would only need to make a
single measurement.
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Figure 6.11: The gated first three echoes signal and the reference with offsets.

shown in figure 6.11.
Letting P (ω) be the spectral representation of p(t), then due to an almost

total reflection with air during the reference measurement

Rbp(ω) =
E1(ω)
P (ω)

(6.39)

where the subscript b refers to the buffer rod and p continues to refer to the
polymer sample. The coefficient of attenuation in the polymer is

αp(ω) =
1
2dp

ln

(
|Q1(ω)|(1−R2

bp)
Rbp

)
(6.40)

and the polymer’s acoustic impedance is

zp = zb
1 +Rbp

1−Rbp
. (6.41)

Figure 6.12 shows the spectral magnitudes of the three signals received from
the sample. An apparent shift of the center frequency of the second echo (high-
est) with respect to the first (middle) is noticeable. This is due to the frequency
dependent attenuation, which increases with frequency.
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to |E1(ω)| of e1(t), e2(t) and e3(t) respectively for the air setup densitometer.
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Figure 6.14: Acoustic attenuation in the polymer sample.
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The next figure shows the phase and group velocities c1(ω), c2(ω) and c1, c2
respectively. The group velocities differ by 0.2%. This difference is acceptable
considering the shift of the center frequency of the echo. With a lower average
frequency, the third echo travels slower. However, the phase velocity c2(ω) is
way off compared to the group velocity even if the same signals are used by the
cross-correlation method. This shows that the cross-correlation is a much more
robust method to measure delays but carries less information. These values are
also lower than the one reported by the immersion method. This difference is
due to a better sample preparation in the later case.

Better values for the coefficient of attenuation are plotted in figure 6.14.
Those values are in agreement with those of Kline, papers A and B. Although
successful here, this method is not the preferred one since the thickness of the
coupling layers are hard to control. Thin coupling layers are not insignificant.
Paper C and Kinsler et al. [26], Willatzen [63] among many others show that a
coupling layer does influence the coefficient of reflection in the measurements.

Accordingly to the attenuation measurement, the density estimated with the
method agrees with specifications of PMMA. The point of interest here is that it
is not constant over the frequency range as estimated with the immersion setup.
In both cases, the acoustic impedance of the liquid zw (eq. 6.18) or buffer rod
zb (eq. 6.41) is given as a fixed value. The difference there is that water is a
non-dispersive media (at least comparatively) and polymer buffer rod is. The
speed of sound’s dependency on frequency in the buffering medium needs to be
accounted for, especially in dispersive polymers.

6.12 Conclusions

Two different problems are addressed in this chapter,

1. any simulation tool for ultrasonic systems craves information about the
different media it is supposed to imitate. Using setups like the two den-
sitometers for solids, electrical signals of the echoes are recorded. Signal
processing techniques are able to extract the desired information form the
received signal when a sample medium is being questioned. Using a pulse-
echo method the group information can be obtained at approximately
the center frequency of the ultrasonic transducer or at the frequency of
a burst in a burst-echo system. Much more efficient in terms of informa-
tion extraction is the Fourier transform of the pulse-echo system. With
it, frequency dependent information can be obtained over the bandwidth
of the transducer. One method to verify the quality of the measurements
is shown.

2. to reduce the uncertainty of the estimation of a liquid’s density, the tem-
perature in the different layers of the sensor has to be know with the
highest possible resolution and accuracy. This is because many of the un-
certainties within the densitometer are correlated with temperature. The
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Fourier transforms of the received gated signals provide a potential solu-
tion. The frequency dependent phase delays between two echoes provide
much information over the bandwidth of the transducer. The more robust
cross-correlation provide a safety check of the delay estimation. Similar to
the increased amount of information concerning the phase delays, many
frequency dependent amplitudes are measured with a single pulse.

Whether it is for material characterization or sensor accuracy, prediction and
reliability, signal processing is a requirement. Each method presented here has
its advantages and disadvantages. The aim is to use their advantages together
for the better.
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Chapter 7

Conclusions

This thesis describes a journey started long ago, the destination of which has
been the realization of a complete ultrasonic mass flow meter. The waypoints
of the thesis describe the attempt to improve the determination of the measure-
ment of the density of liquids using ultrasonic techniques. The direction of the
improvement can be described-in general-to be aimed towards enhancing accu-
racy, precision and reliability. The two first terms often guarantee the latter.
But, no matter how accurate and precise it behaves in some conditions, the
ultrasonic densitometer does not maintain its performance in all conditions.

The inaudible ultrasonic waves travel within different media to collect infor-
mation about the materials through which they pass. This information is coded
in the electrical signal transmitted by the ultrasonic transducer. The signal
processing methods, presented in chapter 6, translate the received data to the
necessary information. These methods are used in two different applications. In
the first application, the densitometer, they uphold the goals of accuracy, pre-
cision and reliability. In the second application, they are used to characterize
different materials to be selected for the design of the ultrasonic sensors.

The materials of specific interest for the densitometer are polymers. They
are discussed in chapter 5 and paper D. Among solids, their appeal is that their
low acoustic celerity keep the sensors small when separated echoes are desired.
They are also attractive because their acoustic impedance is lower than that
of metals or glasses, increasing the sensors’ sensitivity to changes in the liquid
densities, again supporting the three goals. The fact that their characteristics
are sensitive to temperature and acoustic frequency makes their use challenging.

The characterizations of polymers are important in their selection during
the ultrasonic sensor design process. Choosing the right material for a given
application optimizes the performance of the sensor. However, selecting and
dimensioning a transducer by building a multitude of layers is not necessarily
the most efficient method. Computer simulations allow the sensor designer to
tune the design towards the goals of accuracy, precision and reliability without
ever building a transducer. Chapter 4 and papers C and D cover this area of the
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research. Of special interest in the simulation is the dependence of the system
to the acoustical frequency and temperature.

The use of the ultrasonic simulation tools is not limited to the densitometer
but can be applied to any ultrasonic system. Applications of the tools are
the ultrasonic mass flow meter presented in chapter 3 or the development of
the associated electronic referred to in chapter 1. The simulation tools enable
one to study of performance anomalies. Paper E investigates the influence of
variations between the two ultrasonic transducers on the erroneous estimation
of the liquid flow. These variations indicate a need for a zero-flow calibration,
which explains easily why a zero-flow calibrations changes with temperature.

The other part of the ultrasonic mass flow meter is, of course, the densit-
ometer. Over the years, many designs have been explored. The path followed
in this thesis relies on the measurement of acoustic impedance of the liquid by
listening to an echo from the sensor-liquid interface. The method requires the
speed of sound in the liquid to be known or estimated. The latter is obtained as
a byproduct of the volumetric flow meter or from a reflector within the liquid
in the case a stand-alone densitometer. In the evolution of the ultrasonic den-
sitometer, a crucial issue has been neglected: temperature. When it changes, it
greatly influences the accuracy of the device. As described in chapter 2, paper A
and paper B, this issue is successfully addressed by recognizing its influence on
the sensor. The density of liquids from 750 to 1300 kg over a temperature range
of 0 to 40 ◦C has been estimated with an overall uncertainty of 2% but a random
uncertainty of only 0.6%, both at a 95% confidence level. The work extends to
address thermal transients, that is the estimation of the liquid’s density while
the temperature is changing. This situation causes a thermal gradient to be
present within the probe whose characteristics change accordingly. One of the
issues remaining is the low time resolution of the 200 MHz digitizer. Chapter 6
illustrates methods to improve this.

At the end of this thesis, the work has by no means reach the destination
of an accurate, precise and reliable ultrasonic mass flow meter. It has however,
brought the development forward by addressing many of the issues encountered
at its beginning.
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Paper A

An Ultrasonic Density

Probe

The intent of this conference paper is to verify that a densitometer can correctly
estimate the density of water at different temperatures.
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An Ultrasonic Density Probe
Jan van Deventer and Jerker Delsing

Luleå University of Technology, S-971 87 Luleå, Sweden

Abstract:  An ultrasonic density probe for liquids
using a single transducer is developed, as a first
step in the design of an ultrasonic mass flowmeter.
The probe is based on the reflection of sound at the
probe’s interface with the fluid. The amplitude of
the echo from that interface indicates the charac-
teristic acoustic impedance of the liquid. The liq-
uid’s density is the ratio of its acoustic impedance
to the speed of sound through it. The latter is ob-
tained by measuring the time necessary for the
transmitted sound pulse to be echoed back from a
reflector located at a known distance in the fluid.
The probe consists of two buffer rods in series be-
hind which sits a transducer. This arrangement
removes any dependence on the amplitude of the
initial pulse. The effects of temperature on the
buffer rods’ characteristics are numerically com-
pensated for by the dependence of the measured
speeds of sound on the temperature of the traveled
media. Results show an accuracy of better than
1% with a 95% confidence level for water at tem-
peratures ranging from 2 to 40ºC.

I. INTRODUCTION

In the process and energy industries, mass flowme-
tering is preferred over volumetric flowmetering as
variations in the density of the measured liquid have a
significant impact on product quality or cost assess-
ment. Transit time ultrasonic volumetric flowme-
ters—which calculate the flow speed from the change
in the speed of sound through a liquid flowing be-
tween two ultrasonic transducers—have been in use
for several years. The ultimate goal of the research is
to transform a transit time flowmeter into a mass
flowmeter by examining the liquid’s density informa-
tion. The current work presents an accurate ultrasonic
density probe, which could easily become part of an
ultrasonic flowmeter.
The operating principle of the ultrasonic density
probe is based on the reflection of sound at the inter-
face between the probe and the liquid. When an
acoustic wave traveling through a medium encounters
a boundary to a new medium, part of its energy is
transmitted while the rest is reflected. The distribution
of the reflected and transmitted energies can be esti-
mated by examining the bulk properties of the media
and the boundary conditions. If the boundary is

smooth and perpendicular to the assumed planar
acoustic wave, the coefficients of reflection and
transmission depend on the characteristics of the me-
dium, namely the characteristic acoustic impedance of
each material. The acoustic impedance z can be ex-
pressed mathematically as z=ρc with ρ representing
the density and c the bulk speed of sound. For an
acoustic wave traveling from the probe p to the liquid
l, the coefficient of reflection is:
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pl
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zz
R

+
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R is calculated as the ratio of the amplitudes of the
reflected and incident waves, and zl can be resolved
since the probe’s acoustic impedance zp is known. The
speed of sound through the liquid can be calculated
from the time required for the part of the pulse which
was transmitted in the liquid to be echoed back from
the other side of the liquid container located at a
known distance. The density of the fluid can thus be
resolved by dividing the characteristic acoustic im-
pedance of the liquid by the speed of sound through it.
This simple concept is quickly complicated by the
realization that electronic and environmental varia-
tions affect the probe greatly. The amplitude of the
initial pulse is dependent on the stability of the asso-
ciated electronics, while changes in temperature will
alter the probe’s material characteristics such as sound
attenuation thereby modifying the amplitudes of both
the incident and reflected pulses. To address the
problem of variations in the amplitude of the initial
pulse, different schemes have been investigated. One
solution has been the introduction of a receiver in the
probe’s buffer rod [1]. A thin PVDF plastic mem-
brane covered by electrodes on each side is inserted in
the buffer rod perpendicular to the sound propagation.
It picks up planar acoustic waves to provide the initial
pulse as a reference as well as the subsequent echoes.
Another solution involves the addition of a second
transducer in parallel [2]. Both transducers emit a
pulse of similar amplitude into the measured liquid.
The second transducer provides the reference as its
pulse travels through less liquid and is almost totally
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reflected when it encounters air. A third scheme in-
serts a new buffer rod between the probe’s buffer rod
and the transducer [3]. The present research focuses
on this design for it provides an easy transformation
from a transit time ultrasonic flowmeter into a mass
flowmeter. The problem of temperature is addressed
by recognizing its effect on the speed of sound in the
probe. Tests are conducted at various temperatures to
verify the operation and accuracy of the probe.

Fig. 1  The probe.

II. PROBE

A. Probe design
The introduction of a new buffer rod (buffer rod 1,
BR1) between the transducer and the buffer rod in
contact with the fluid (buffer rod 2, BR2) presents a
new interface. This interface will reflect part of the
initial pulse’s energy which the transducer receives as
the first echo. The amplitudes of the incident pulse
and its transmitted pulses can be quantified since the
acoustic impedances of the two buffer rods and, ac-
cordingly, the coefficients of reflection and transmis-
sion at that interface are known.
Sound attenuation, which has been omitted thus far,
plays a major role in the calculations of the liquid
density. There are many causes for this attenuation
such as diffraction (beam spreading) [4] and thermal
conductivity [5], but a detailed understanding of these
is not necessary as they can be lumped together. The
issues remaining are the dependency of the acoustic
attenuation on frequency and temperature. The fre-
quency dependent attenuation is addressed by ana-
lyzing amplitudes at a single frequency while the
speed of sound in each buffer rod discloses a corre-
sponding temperature and attenuation

B. Probe model
Referring to fig. 2, at t0, the transducer emits a broad-
band pulse with an amplitude A0. The pulse propa-
gates through the first buffer rod with speed c1 but is

exponentially attenuated with respect to the traveled
distance d1. It is echoed back at the interface with

Fig. 2  Lattice diagram with received signal.

buffer rod 2 and again it is exponentially attenuated.
At time t1, the received echo has an amplitude

112
2,101

adeRAA −= (1)

where a is the attenuation per meter in the medium
referred to by its index, namely buffer rod 1, over the
thickness of the buffer rod’s thickness d.  The factor
of 2 accounts for the back and forth propagation of
the pulse. The indices of the reflection coefficient
refer to the media on either side of the interface so
that in general, an acoustic wave propagating from
medium i to medium j will have the following coeffi-
cients of reflection and transmission
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At time t2, the echo from the interface between buffer
rod 2 and the liquid is received by the transducer.  Its
amplitude can be modeled as
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The unmeasured A0 is eliminated with the use of
equation 1 and solving for the characteristic acoustic
impedance of the liquid z3 generates the following
equation:
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The attenuation of sound d1a1 disappears because both
echoes undergo the same decay through buffer rod 1.
The speed of sound through the liquid is
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A variation in temperature changes the dimensions
(thus density), speed of sound and attenuation in both
buffer rods. Determining the time of flight in the two
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buffer rods allows for recognition of the changes in
the speed of sound. From calibration, the relation of
the speed of sound to the dimensions and attenuation
changes can be established (fig. 3). This calibration
data is used to correct the characteristic acoustic im-
pedances z1 and z2 and the attenuation factor a2 (eqn.
4). It should be noted here that the distance to the re-
flector d3 is assumed to be constant regardless of the
temperature, creating a density error of the liquid in
the order of 3x10-16 kg/m3ºC.

C. Design constraints
Some dimensional and material constraints have
been placed on the design of the probe. In order to
maximize the resolution of the echoes’ amplitude,
they must be of similar magnitude when received by
the transducer. The characteristic acoustic imped-
ances of the buffer rods should be chosen carefully
without overlooking the attenuation effect in buffer
rod 2 such that

222
1,23,22,12,1

adeTRTR −≈ (6)

The reflection from the first interface is smaller than
the one from the probe-liquid interface, as the latter is
attenuated in buffer rod 2. The length of buffer rod 2
is adjusted to properly reduce the second echo.
Buffer rod 1 must be long enough to allow the initial
ringing of the transducer to settle down before the
first echo comes back.  Additionally, to prevent any
interference between the echoes, the time necessary
for the acoustic pulse to travel in one medium must
different than the one in the other medium. This is
achieved by having one buffer rod longer than the
other. Finally, to avoid any reflection by the spreading
sound beam from the side walls, the diameter of the
buffer rods are much larger than the diameter of the
transducer.
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Fig.3.  The probe's acoustic characteristics versus temperature

D. Probe construction
The exoskeleton of the probe is made of polymethyl-
methylacrylate plastic (fig. 1). Its front is buffer rod 2
with a diameter of 40 mm and a length of 20 mm.
Inserted in it, first comes buffer rod 1 composed of
polyether sulfones plastic. Its diameter is 26 mm with
a length of 15 mm. On the other side of buffer rod 1 is
a 10 mm unfocused narrowband piezoelectric trans-
ducer with a center frequency of 3.7 MHz.
Panametrics coupling fluid B, which is glycerin
based, acoustically connects the probe’s components.
The acoustic impedance of buffer rod 1 and buffer rod
2 are 3.07x106 and 3.23x106 Pa s/m respectively.

III. SIGNAL PROCESSING

A. Frequency dependent amplitudes
The three echoes are located with a trigger level, ex-
tracted and centered into 512 data point long win-
dows. A Fast Fourier Transform algorithm [4] pro-
vides a discrete frequency spectrum of each echo. The
amplitude of the echoes A1 and A2 are calculated at the
peak frequency of the discrete spectrum of second
echo.

B. Times of flight
The time of flight through each medium is first ap-
proximated by the difference between the start of two
successive windows. The cross correlation method
fine tunes this estimate by correcting it with the lead
or lag time of the first echo versus the second within
the 512 point windows.
The correlation scheme shifts the first echo g in time
by τ samples, multiply each of its element with the
next echo h‘s corresponding element and summing
the elements of the product vector.

∑
−

=
+≡

1

0

),(
N

k
kk hghgCorr ττ (7)

This sum will reach an absolute maximum when the
first signal has been shifted by the correct time. The
absolute values of the sums are taken to cover the
case when the following echo undergoes a 180º phase
change by bouncing off a material with a higher
acoustic impedance (eqn.. 2). To improve processing
speed, the cross correlation is executed in the fre-
quency domain by convoluting the first echo by the
complex conjugate of the second echo

*),( kk HGhgCorr ⇔τ (8)

0-7803-4153-8/97/$10.00 (c) 1997 IEEE. 1997 IEEE ULTRASONICS SYMPOSIUM



The discrete Fourier transformed echoes were calcu-
lated earlier for the amplitude determination and the
inverse FFT will lead back to the time domain. The
absolute value of the maximum will point to the cor-
rect time shift.
The time of flight through buffer rod 1 can not be
measured by the above method because the excitation
spike and the first echo are too dissimilar.
The solution to this is, in a calibration situation, to
introduce an additional buffer rod BR0 between
buffer rod 1 and the transducer. By then applying the
above given technique, the time of flight in buffer rod
1, ∆tref, can be measured at a reference temperature.
Returning to the original configuration, a reference
signal is recorded at the reference temperature. Re-
membering that the acquisition started at t0, the start
of the reference’s first echo is not correct and needs a
correction factor δ added to it such that

δ+=∆ startechorefref tt .1. (9)

Subsequent acquisitions are compared to this refer-
ence echo

)1.,1(.11 echorefechoCorrtt startechoflight −+= δ (10)

The cross correlation (eqn. 7) between the two echoes
corrects for any time variation in the start of the ech-
oes.

IV. EXPERIMENTS AND RESULTS

A. Experimental setup
The probe is fastened horizontally to the measurement
cell. The measurement cell consists of two stainless
steel plates separated by two 30 mm brass bars, all of
which sits on a plexiglas bottom. The rear stainless
steel plate faces the probe with its polished surface
while the back side is rough and angled to dissipate
any transmitted energy.
A Heraeus HT4010 temperature test chamber houses
the measurement cell and probe. The transducer is
connected to a Panametrics Pulser-receiver Model
5072PR located outside the chamber. The received
analog signal is sampled at 200MHz by a Sony-
Tektronix RTD 710 digitizer with a resolution of 10
bits.  Averaged 32 times, the digitized waveform is
transferred to a workstation via a GPIB interface.
There, a program reduces the signal to a density
measurement. A Systemteknik S2541 thermolyzer,
accurate to 0.01ºC, monitors the temperatures of the
liquid sample and the measurement cell’s environ-
ment using two PT100 probes. Every two seconds, an

RS232 connection updates the workstation with the
temperature information.

B. Calibrations
Before any ultrasonic measurements are made, the
dimensional variations of the probe are measured as a
function of temperature. Next, the time of flight
through each buffer rod as a function of temperature
is measured as well as the coefficient of attenuation in
buffer rod 2. These relationships are linear in the
range of operation. Figure 3 shows the speed of sound
corrected for thermal expansion in both buffer rod and
the attenuation in buffer rod 2.
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Fig. 4 Density measurements versus temperature

C. Density measurements
Density measurements are made at three different
temperatures. The means show a bias error of 1 kg/m3

or 0.1% with respect to tabulated data [7]. The preci-
sion index is 4.8 kg/m3 or 0.48%. Any increase in the
latter is due to thermal variations in the temperature
test chamber.
The error analysis of the probe, based on equation 4,
showed that the critical measurements belonged to the
speed of sound calculations. The time of flight being
the most sensitive followed by the length measure-
ments.  Cross correlation offers a good way to obtain
the time of flight down to the sampling resolution of
the digitizer.
Two types of error were not considered in the error
analysis were the flatness of the buffer rods and the
couplants between the buffer rods. If the buffer rods
are not flat, the beam is either focused or dispersed.
This type of error is absorbed in the overall attenua-
tion since no specific cause is addressed. The acoustic
coupling between the probe’s components is ensured
by a liquid couplant. Permanent bonding has been

0-7803-4153-8/97/$10.00 (c) 1997 IEEE. 1997 IEEE ULTRASONICS SYMPOSIUM



avoided to enable the easy evaluation of different
materials. However, the drawback of temporary
bonding or coupling is the alterations of the charac-
teristics of the couplant with time modifies the at-
tenuation in the probe.

V. CONCLUSION

Transforming a transit-time volumetric flowmeter
into an accurate ultrasonic mass flowmeter without
additional transducers is feasible. This paper presents
a single transducer liquid density probe. It shows its
capability for high accuracy measurements with a true
bias error of 0.1%. The design of the probe over-
comes instability in the associated electronics and
transducer long term characteristics with the intro-
duction of a new buffer rod. The change of the speed
of sound through each buffer rod provides a good
estimation of their temperature, which is used to
compensate for changes in acoustic attenuation and
volumetric variables. Future works will investigate
the side wall effects as the buffer rods’ diameters are
reduced.
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Paper B

Thermostatic & dynamic

performance of an

ultrasonic density probe

The purpose of this article is to verify that an ultrasonic transducer perform
over a certain temperature range, and for an assortment of liquids with different
densities.

The influence of thermal transients and gradients is introduced, and it shown
that it possible to recognize and correct for them.
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Thermostatic and Dynamic Performance of an
Ultrasonic Density Probe
Jan van Deventer and Jerker Delsing, Member, IEEE

Abstract—The thermally static and dynamic perfor-
mance of an ultrasonic density probe for liquids is inves-
tigated in the density range of 750 to 1300 kg/m3 at tem-
perature ranging from 0 to 40�C. The single transducer
probe uses a pulse echo technique to obtain the character-
istic acoustic impedance of the liquid and, subsequently, the
speed of sound through the liquid to obtain the density of
the liquid. Variations in the initial sound amplitude are ad-
dressed by the design of a layered two material probe. It
is shown that it is possible to obtain an accuracy of 0.4%
in the experiments carried out. For changing temperature,
the probe exhibits large errors because of problems in es-
timating the temperatures in certain regions of the probe.

I. Introduction

Unmonitored fluctuations in the density of a flowing
liquid can adversely affect both product quality and

cost assessment in industry. Consider the energy industry,
where energy is being transferred via a liquid. This liquid
can be a fuel or simply hot water as in a district heating
system. Measurement of the amount of liquid transferred
in terms of volume is erroneous when the density of the
liquid changes. In this case, the measurement of mass flow
is more appropriate than that of volumetric flow. Varia-
tions in liquid densities arise from thermal expansion or
changes in the liquid’s constituent parts. Inaccurate cost
assessment caused by improper flow measurement results
in very large sums for the industries, costs that are ulti-
mately born by the end users.
There are different methods of measuring mass flow,

but the use of ultrasonic instruments can offer the best so-
lution in certain applications. Compared with direct mass
flow measuring devices, an ultrasonic mass flow meter is
insensitive to the vibrations that affect a Coriolis mass
flow meter and is generally better suited for use with liq-
uids than is a thermal mass flow meter [1]. The ultrasonic
mass flow meter belongs to the category of indirect mass
flow meters. In this category, one measures volumetric flow
and density separately and combines the results to obtain
a mass flow estimate. Ultrasonic systems have the advan-
tage of being online, non-intrusive, non-radioactive, and
potentially lower in cost for an equivalent accuracy.
Complete ultrasonic mass flow measurement systems re-

quire an ultrasonic volumetric flow meter and an ultra-
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sonic densitometer. The former has been in use for several
decades. It calculates the fluid flow velocity from the dif-
ference between the up and downstream times of flight of
acoustic pulses traveling between two ultrasonic transduc-
ers [1]. From the two times of flight, one can addition-
ally calculate the bulk speed of sound through the liquid.
The non-intrusive ultrasonic densitometer measures the
characteristic acoustic impedance of the liquid. The spe-
cific acoustic impedance relates the pressure of the acous-
tic wave to the particle velocity of the medium. For pro-
gressive plane waves, it is then the characteristic acoustic
impedance or the product ρc (with ρ representing the den-
sity of the medium and c the bulk speed of sound through
the medium) [2]. The density of the liquid is obtained by
dividing the measured characteristic impedance by c, the
by-product of the volumetric flow meter.
Ultrasonic densitometers based on the idea of measur-

ing the characteristic acoustic impedance are not new and
their fundamental concepts are interestingly different. In
the 1950s, Kritz was awarded patents for ultrasonic mass
flow meters that use a continuously oscillating ultrasonic
crystal in contact with the liquid to measure acoustic
impedance [3], [4]. The principle of operation relies on the
fact that the electrical impedance across the crystal is de-
pendent on the acoustic impedance of the liquid in contact
with the crystal. Sukatskas presents a closely related acous-
tic impedance meter by spectrally sweeping the ultrasonic
crystal [5]. The resonant frequency and bandwidth of the
crystal are correlated to the contacting liquid’s character-
istic impedance. Sukatskas also shows that the crystal does
not need to be in direct contact with the liquid, and the
resonating element can then be the intermediate layer sep-
arating the liquid and the crystal.
The pulse-echo technique offers a different method to

obtain the liquid’s acoustic impedance. An acoustic pulse
is emitted from an ultrasonic crystal into an intermediate
layer toward the liquid. As the acoustic pulse enters the
liquid from the intermediate layer, part of its energy is re-
flected as an echo to the crystal by an amount related to
the acoustic impedance of the liquid (Fig. 1). The ampli-
tude ratio R of the echo to the incident pulse normal to
the flat interface is

R12 =
z2 − z1

z1 + z2
(1)

where z is the characteristic impedance of the medium
referred to by each of the subscripts. With the amplitude
of the incident acoustic pulse, the characteristic impedance
of the intermediate layer known, and the amplitude of the
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Fig. 1. Reflection and transmission of sound at the interface between
two media with different acoustic impedances.

reflected echo measured, one calculates the characteristic
impedance of the liquid. This is the method pursued here,
as it permits the incorporation of the densitometer into one
of the volumetric flow meter’s two ultrasonic transducers.
Instruments whose construction is based on the theory

presented here function well in a laboratory setting. How-
ever, two major problems have slowed the introduction of
ultrasonic mass flow meters to the field. The first one has
to do with the fact that the amplitude of the emitted pulse
can vary. Amplitude variations may be caused by changes
in the associated excitation electronics or the aging of the
probe’s components. If one assumes that the amplitude of
the incident pulse is constant, and it is not monitored, then
the calculation of the liquid’s acoustic impedance might
be incorrect. Investigations addressing this issue are pre-
sented in the following paragraph. The second problem
has to do with the great influence of temperature on many
of the probe’s characteristics. Characteristic impedance;
acoustic attenuation; physical dimensions; and, therefore,
the density of the probe are all temperature-dependent.
Again, assuming them to be constant leads to an incorrect
estimation. The current work concentrates on this issue.
Different schemes have been investigated to monitor the

amplitude of the initial pulse. One solution has been the in-
troduction of a receiver in the probe’s intermediate layer or
buffer rod [6]. A thin PVDF plastic membrane covered by
electrodes on each side is inserted into the buffer rod, per-
pendicular to the direction of sound propagation. It senses
the passing planar acoustic waves to determine the ampli-
tude of the initial pulse as a reference as well as the ampli-
tude of subsequent echoes. Another solution involves the
addition of a second transducer in parallel [7]. Both trans-
ducers emit an acoustic pulse into the measured liquid,
which contains a divider. As the sound enters the divider,
an echo is reflected back to each transducer. When leaving
the divider, the pulse from the first transducer enters the
liquid, whereas the pulse from the second transducer en-
counters air. The latter provides an almost total reflection;
the former does not. Based on the amplitude of the four
received echoes, one calculates the acoustic impedance of
the liquid. A third scheme uses the same probe material
in front and in back of the ultrasonic crystal [8]. The back
buffer rod, which is terminated in air, provides a nearly

Fig. 2. Cutaway of the ultrasonic density probe.

complete reflection and, thus, a reference echo. Yet an-
other concept involves the insertion of a new buffer rod
between the probe’s buffer rod and the transducer [9]. The
additional interface between two known media provides a
reference echo. The present research focuses on this de-
sign as an extension of work presented earlier [10]. It is
also chosen to support future research in view of its po-
tential in the construction of a compact probe with echoes
overlapping in time.
Following this introduction, the probe is described in

detail. A section on the signal processing used to extract
the necessary information from the recorded sound suc-
ceeds the introduction. The focus of the present paper is
on the thermal performance of an ultrasonic density probe.
The density probe is evaluated in uniform temperatures in
the range of 0 to 40◦C and against liquids with a density of
700 to 1300 kg/m3. The performance of the densitometer
is also investigated while the temperature is changing. In
this setting, the thermodynamic and thermal gradient of
the probe are presented.

II. Probe

The amplitude variation issue of the emitted pulse is
addressed by measuring the amplitude of a reference echo.
The reference echo is a reflection from an interface separat-
ing two known media. Measurement of the echo’s ampli-
tude and knowledge of the characteristic impedance of the
two media allow the calculation of the emitted pulse’s am-
plitude with the use of (1). The introduction of the new
buffer rod (buffer rod 1 or BR1) between the ultrasonic
crystal and the buffer rod in contact with the fluid (buffer
rod 2 or BR2) presents the needed interface (Fig. 2).
The lattice diagram (Fig. 3) gives a perspective of the

sound propagation in space and time. The received signal
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Fig. 3. Lattice diagram with scaled echoes in the received signal.

is shown below the diagram, where each echo is scaled to
clarify the figure. The transducer emits a pulse with an
amplitude A0 at time t0. The pulse propagates through
BR1 with speed c1. It is exponentially attenuated with re-
spect to the distance traveled d1 at the rate α1/m. It is
echoed back at the interface with BR2 and is again ex-
ponentially attenuated. At time t1, the reference echo is
received with an amplitude

A1 = A0R12e
−2d1α1 . (2)

The factor of 2 in the exponential decay term accounts for
the back and forth propagation of the pulse. The indices
of the coefficient of reflection R refer to the media of BR1
and BR2.
The energy of the pulse not reflected is transmitted into

BR2. There, the pulse travels with a speed c2 toward the
probe liquid interface, where it will be partly reflected. At
time t2, the echo from that interface is received by the
transducer with an amplitude

A2 = A0T12R23T21e
−2d1α1e−2d2α2 (3)

where α2 is the coefficient of attenuation in BR2, and
the index 3 refers to the liquid medium. The coefficient
of transmission T is the amplitude ratio of the transmit-
ted pulse to the incident pulse. The first index refers to
the transmitting side of the interface; the second refers to
the receiving side. In terms of characteristic impedance,

Tij =
2zj

zi + zj
(4)

with, again, the requirements of progressive plane waves
incident normal to a smooth and flat interface.
The measured amplitude A1 can replace the unknown

amplitude A0 in (3) with the use of (2). Solving for the
liquid’s characteristic acoustic impedance z3 from (3), one
obtains

Fig. 4. The acoustic characteristics of the probe’s polymers at
2.0 MHz.

z3 = z2
(4A1z1z2e

−2d2α2 − A2(z2
1 − z2

2))
(4A1z1z2e−2d2α2 +A2(z2

1 − z2
2))

. (5)

The bulk speed of sound c3 in the liquid remains to
be determined to compute the liquid’s density. To study
the densitometer’s performance, the flow meter section de-
scribed in the introduction has been removed. The densit-
ometer instead listens for an echo of the pulse transmitted
in the liquid. The echo comes from a reflector located at
a known distance within the fluid. The speed of sound
through the liquid is calculated with the time of flight be-
tween the second and third echoes:

c3 =
2d3

(t3 − t2)
. (6)

With a similar densitometer, Delsing [9] reported a per-
formance with an uncertainty of 0.6% at a 95% confidence
level. The liquid density ranged from 800 to 1200 kg/m3 at
a constant temperature of 24.0 ± 0.5◦C. The current probe
matches this performance. If the temperature is not taken
into account, the error increases to 3% when the measure-
ment is done 1◦C away from the calibration’s tempera-
ture. Any variation in temperature alters the dimensions,
and thus the density, speed of sound, and attenuation, in
all media. The change in speed of sound, perceptible in
the measured time of flight through each medium, is used
to estimate the temperature of each buffer rod. The re-
lationships between the speed of sound and the probe’s
dimensional changes and attenuation as a function of tem-
perature can be established (Fig. 4). In other words, from
the times of flight, the temperature of each buffer rod can
be estimated and, accordingly, so can the characteristic
impedance z1 and z2 and the attenuation factor α2.
The attenuation of sound in BR1, α1, does not appear

in (5). The fact that any echo returning to the trans-
ducer through BR1 undergoes the same exponential de-
cay explains its absence. The sound attenuation α2 in
BR2 (Fig. 4) has a higher value than the attenuation of
sound caused by viscoelasticity in that polymer. It in-
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cludes the frequency-dependent diffraction and the influ-
ence of the coupling layer between the two buffer rods.
This layer, whose thickness amounts to only a few mi-
crons, influences the amplitude measurement of the prop-
agating wave. The cumulative coefficient of attenuation α2
is both temperature- and frequency-dependent. All ampli-
tude measurements are done at one frequency to exclude
the latter dependency.

A. Probe Construction

From the associated electronics, the electrical leads are
soldered to each side of a 10-mm PZ-27 piezoceramic disc
manufactured by Ferroperm (Denmark). With a thickness
of 1 mm, it has a fundamental frequency of 2 MHz. It
is permanently glued to a PEEK (polyetheretherketone)
buffer rod (BR1) (Fig. 2) and backed with an acousti-
cally absorbing epoxy. The backing epoxy has a charac-
teristic acoustic impedance of 4.58 MPa·s/m and a den-
sity of 1600 kg/m3. The PEEK buffer rod has a diameter
of 18 mm and a length of 25 mm. The long ring down
of the transducer requires such length to distinctly sep-
arate the echoes in time. BR2, made of PMMA (poly-
methyl methacrylate), has a diameter of 40 mm and a
length of 20 mm. The two buffer rods are permanently
bonded with a cyanoacrylate adhesive because temporary
couplants change their characteristics after days of use.
The two polymers were glued together at a temperature
between 20 and 25◦C. The PEEK plastic has an acoustic
characteristic impedance of 3.20 MPa·s/m, and PMMA
has one of 3.19 MPa·s/m. Their thermal coefficients of ex-
pansion are 47·10−6 and 60·10−6/K, respectively. All of
the values given here are referenced to 20◦C.

III. Signal Processing

The piezoceramic disk receives the acoustic signal and
transforms it into an electrical one. This electric signal
goes through amplification and digitization to enable a
computer to process it and draw out the needed informa-
tion. To satisfy (5), two types of information are desired
from it: the amplitude of each echo and the times separat-
ing them. From the complete signal, the three echoes are
located with a trigger level, extracted, and centered into
2048 data point long windows.

A. Frequency Dependent Amplitudes

Because acoustic attenuation is frequency-dependent,
the amplitudes of the echoes are measured in the frequency
domain at a single frequency. A fast Fourier transform al-
gorithm (FFT) [11] provides a discrete frequency spectrum
of each echo in its respective window. The magnitudes A1
and A2 of the first two echoes are measured at 2.0 MHz,
the resonant frequency of the transducer.
The relative phase of A1 and A2 influence the use of (5).

A reflected echo has a 180◦ phase shift with its incident

and transmitted pulse if the reflecting medium has a lower
characteristic impedance as indicated by (1). With the
present probe, both R12 and R23 are negative and in phase
with each other. Therefore, there is no need to negate ei-
ther A1 or A2.

B. Times of Flight

The time of flight through each medium is first approxi-
mated by the difference between the start of two successive
windows. Because the location of the echoes is based on
a trigger level, the times of flight are usually accurate to
only one oscillation. Locating the occurrence of the maxi-
mum value of a cross-correlation between the two windows
provides a lead or lag time of the echoes with respect to
the windows. Correcting the approximate time of flight by
this lead or lag time provides a time of flight accurate to
a sampling period.

These cross-correlations are performed in the frequency
domain with the discrete Fourier-transformed echoes cal-
culated earlier for the amplitude determination. The in-
verse FFT will lead back to the time domain. A search
for the absolute maximum will indicate the correct time
shift. Because the pulse distortion caused by the frequency-
dependent attenuation is minimal, the cross-correlation
method is suitable.

The previously mentioned method cannot measure the
time of flight through BR1 because the excitation spike
with its ring down and the first echo are too dissimilar.
During the probe’s design phase, an intermediate buffer
rod was placed between the transducer and PEEK sam-
ples. The speed of sound through PEEK was measured
using the described method. With the actual probe, the
time of flight is first estimated as the beginning of the first
window tw1. The time of the excitation spike is t0 = 0. This
time is shorter because the echo occurs within the window.
To obtain a more appropriate estimate, a temperature-
independent correction factor δ is added to that time. This
estimate can easily vary by at least a half period because
of the trigger level detection mechanism. Using the cross-
correlation method with a reference signal offers a solution.
At a reference temperature of 20◦C, a signal is acquired.
Its first window is saved as a reference, and the correc-
tion factor δ is correctly set to provide the correct time of
flight for the temperature and dimension of the buffer rod.
For any subsequently acquired signal, the time of flight
through BR1 is obtained by adding δ to the start of the
first new window. Performing a cross-correlation of the
new first window and the reference window and locating
the occurrence of its maximum puts forth a lead or a lag
time τ . τ refines the time of flight estimate to a sampling
period such that

t1 = tw1 + δ − τ. (7)
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Fig. 5. Experimental setup.

IV. Experiments and Results

A. Experimental Setup

The probe is fastened horizontally to the measurement
cell. The measurement cell consists of two stainless steel
plates separated by two 30-mm brass bars, all of which
stands on a Plexiglas bottom (Fig. 5). The back stainless
steel plate has a polished surface facing the probe, which
acts as a reflector. Its outer surface is rough and angled to
dissipate any transmitted energy.
A Heraeus HT4010 temperature test chamber houses

the measurement cell and probe. The transducer is con-
nected to a Panametrics 5072PR pulser-receiver located
outside the chamber. Amplified by the pulser-receiver, the
received analog signal is sampled at 200 MHz by a Sony-
Tektronix RTD 710 digitizer with a 10-bit resolution. Av-
eraged 32 times, the digitized waveform is transferred to
a workstation via a GPIB (general purpose interface bus).
There, a program reduces the signal to a density mea-
surement. A Systemteknik S2541 thermolyzer, accurate to
0.01◦C, monitors the temperatures of the liquid sample
and the measurement cell’s environment using two PT100
probes. Every 2 s, the workstation receives new tempera-
ture information via an RS232 connection.

B. Calibration

During the design phase, the thermal expansions of the
two polymers were verified on buffer rods. At the same
time, the speed of sound in both materials was measured
as a function of temperature. These relationships are lin-
ear in the range of operation for the PEEK plastic. The
speed of sound in PMMA has a slight curvature above
25◦C (Fig. 4). With the probe assembled, the attenuation
in BR2 was measured with both air and water as samples.
α2 was estimated using (5) and the known densities of the
samples. Fig. 4 shows the linear cumulative attenuation α2
at 2.0 MHz over the temperature range investigated.

Fig. 6. Calculated densities of three liquids versus tabulated data.
The 95% confidence intervals are indicated for all measured values.

C. Thermal Steady State

1. Density Measurements: After a minimum of 3 h at a
constant temperature, the system reaches a state at which
its temperature varies no more than 0.2◦C. One hundred
measurements are taken over a 15-min interval at each
temperature step. The temperature ranges are between 0
and 40◦C for 99% pure ethyl alcohol; 2 and 40◦C for de-
gassed, purified water; and 15 and 40◦C for 99.5% water-
free glycerin. The temperature steps are 5◦C. The lower
limit for water is set to prevent freezing. A loss of sig-
nal imposes the lower limit for glycerin. Below 15◦C, the
acoustic attenuation in glycerin becomes so large that the
third echo becomes undifferentiable from noise, thus ren-
dering the bulk speed of sound in glycerin unobtainable.
Fig. 6 depicts the average of the measurements at each

temperature. The solid curves, used as reference, are tab-
ulated values from [12] for water and from [13] for alcohol
and glycerin. Two types of errors are distinguishable: a
random error around the set averages and a fixed and repli-
cable error between the averages and the references. The
error bars around each measurement show that, in general,
the random uncertainty is less than 0.5%. The following
error analysis section discusses this uncertainty. The sec-
ond part of the error analysis section covers the oscillating
pattern of the fixed error, which reaches a maximum value
of 2%.

2. Error Analysis: The uncertainty analysis of the den-
sitometer system provides a picture of which measurement
contributes the most to the uncertainty of the density es-
timation. A general uncertainty analysis is chosen for the
following two reasons. First, the operating ranges of tem-
peratures and liquid densities are wide, such that the bias
or fixed error at each operating point becomes random
over the whole ranges of densities and temperatures. For
example, consider the acoustic attenuation in BR2. The
amplitude of the second echo changes drastically from 0
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Fig. 7. Normalized amplitude of the received echoes during the ther-
mal step change of 20 to 25◦C.

Fig. 8. Calculated densities of alcohol from 20 to 25◦C corrected for
a thermal gradient across BR2.

and 40◦C because of a near doubling of the attenuation
coefficient (Figs. 4 and 7). Secondly, the major correlation
between the measurements is temperature, as is shown in
the thermal transient section (Fig. 8).
The general uncertainty analysis is based on (5), and

the probe is as described earlier. The uncertainty Uρ3 of
the liquid’s density is calculated as

Uρ3 =

[
11∑

i=1

(
∂ρ3

∂xi
Uxi

)2
] 1

2

(8)

where xi refers to the variables needed to calculate the
density ρ3. The partial derivatives ∂ρ3/∂xi provide the
sensitivity of the density calculation to the respective vari-
ables. Table I lists the variables involved, the sensitivity of
ρ3 to each of them, the estimated uncertainty with a 95%

TABLE I
Uncertainty Analysis of the Probe with Water.

xi ∂ρ3/∂xi Uxi |(∂ρ3/∂xi) Uxi |
ρ1 −11.29 0.060 kg/m3 0.68
d1 −595.91·103 1 µm 0.60
t1 388.57·106 5 ns 1.94
ρ2 13.59 0.050 kg/m3 0.68
d2 717.19·103 1 µm 0.72
t2 −553.93·106 5 ns 2.77
α2 −34.46 0.1 Np/m 3.45
d3 −33.48·103 1 µm 0.07
t3 12.41·106 5 ns 0.06
A1 0.046·106 50 µV 2.31
A2 −0.023·106 150 µV 3.50
ρ3 - 6.49 kg/m3 -

Fig. 9. Measured (solid) and anticipated amplitude of the reference
echo at 2 MHz as a function of temperature.

confidence level associated with each variable, and the ab-
solute value of their product. The liquid chosen was water
at a temperature of 20◦C.
The analysis indicates that an accuracy 0.65% is achiev-

able. By reducing the sampling delay to 1 ns, which is
readily achievable with today’s electronics, and with it the
uncertainty of the other thermally associated variables, an
accuracy of 0.4% is attainable. This is confirmed by the
uncertainty around the mean of each of the hundred mea-
surement sets. It should be noted here that the distance
to the reflector d3 is assumed to be constant, regardless of
the temperature, creating a maximum bias error of 0.1%
in the calculation of the speed of sound in the liquid.
To better understand the oscillating fixed error around

the reference curves (Fig. 6), all the variables involved in
the estimation of ρ3 were analyzed. The amplitude A1 ver-
sus temperature shows an unexpected change of slope at
room temperature (Fig. 9). Using the reference density
data along with the other measured values at the various
temperatures, a theoretically anticipated amplitude A1 is
derived using (5). In Fig. 9, the measured amplitude A1 is
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Fig. 10. Measured temperature of the environment and the alcohol.
Estimated temperatures of BR1 and BR2.

compared with the anticipated amplitude A1. The figure
reveals that the coefficient of reflection at that interface
deviates from the proposed theory. The received echoes
are smaller than the anticipated ones at lower tempera-
tures and larger at higher temperatures. This is potentially
caused by the different coefficients of thermal expansion
for the two buffer rods and the cyanoacrylate layer and is
a violation of the requirement of set by (1) and (4) of a
flat interface. This effect can be masked by a non-linear
coefficient of attenuation α2 with respect to temperature.

D. Thermal Transient

Density measurements of liquids taken while the tem-
perature is changing show some interesting characteristics
of the probe. The temperature sweep forms a thermal gra-
dient that alters the material properties along the probe
and highlights the limitation of the device caused by an
insufficient sampling rate.
Fig. 10 shows the measured and estimated temperatures

during a thermal step change from 20 to 25◦C. The tem-
peratures of the chamber’s air and liquid are measured
using the PT100 probes. The two stair-step-like temper-
ature curves depict the estimated temperature based on
speed of sound in BR1 and BR2. The temperature is held
constant until the change in time of flight is detected. As
the sampling period is 5 ns, the temperature estimate is
limited to a resolution of about one-third of a degree.
With a thermal gradient, the acoustic impedances vary

throughout the buffer rods, and (5) needs to be revised to
account for this. Introducing z2a and z2b as the acoustic
impedances of PMMA at the BR1-BR2 interface and at
the BR2-liquid interface, respectively, (5) becomes

ρ3 =
z2b

c3

(4A1z1z2ae−2d2α2 − A2(z2
1 − z2

2a))
(4A1z1z2ae−2d2α2 +A2(z2

1 − z2
2a))

. (9)

Fig. 11. Calculated density of alcohol from 20 to 25◦C with thermal
gradient correction and high resolution thermal measurements.

The acoustic impedances and acoustic attenuation of this
new equation need the correct temperature estimate. Re-
ferring to Fig. 10, it is clear that the temperature of BR2
follows the liquid’s temperature with a minor phase delay.
The BR2-estimated temperature is a good candidate to
calculate the correct acoustic impedance z2b at the BR2-
liquid interface. Fig. 7 traces the amplitude of the first two
echoes A1 and A2 measured during the thermal transient.
Comparing Fig. 7 and 10, the amplitude A1 emulates the
temperature of BR1. This presents the temperature esti-
mated from the speed of sound in BR1 as an obvious choice
to obtain the correct acoustic impedances at the BR1-BR2
interface (z1 and z2a). The attenuation α2 uses the ther-
mal estimate of BR2 as it is based on the average speed of
sound through BR2. Fig. 8 shows the density calculations
of alcohol during a thermal change from 20 to 25◦C. If
the presence of the thermal gradient is not taken into ac-
count, the error reaches 20% during this small temperature
change.
A saw tooth pattern appears in Fig. 8. The sharp correc-

tions to the density measurement (1% per correction) cor-
respond to step increases in the estimated temperature of
BR2 (Fig. 10). As with the uncertainty analysis, it is clear
that the sampling time of 5 ns is not sufficient. This is solv-
able by using high-speed acquisition equipment or a sub-
sampling estimation technique as proposed by Grennberg
and Sandell [14]. To simulate a higher resolution of temper-
ature estimation, the measured temperature of the liquid
is used instead of the estimate from BR2. The resulting
density measurements (Fig. 11) form a smoother transi-
tion from 20 to 25◦C.
The density measurement deviates during the first half

hour of thermal transient from a straight line connecting
the start and end points (Fig. 11). Analysis of the mea-
sured signals reveals a potential origin. The amplitude of
the second echo, A2, decreases very rapidly at the begin-
ning of the thermal step change (Fig. 7), much faster than
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the increase of the estimated temperature of BR2. After
the first half hour, the amplitude A2 holds constant un-
til it catches up with the loss associated with α2 as a
function of the estimated temperature in BR2. It is now
speculated, without proof, to be related to the coupling
cyanoacrylate layer between the two buffer rods. This spec-
ulation is based on the fact that the anomaly in A2 dis-
appears when the temperature of the reference interface
stabilizes (Fig. 10).

V. Conclusion

The study presents a density probe capable of measur-
ing liquid densities of 750 to 1300 kg/m3 at constant tem-
peratures ranging from 0 to 40◦C. The uncertainty with a
95% confidence level is 2.5% for those measurements done
in a thermally static environment. As much as 1.0% is due
to an insufficient time resolution in the speed of sound
measurement. The error analysis shows that a density mea-
surement of 0.4% accuracy is possible.
During thermal transients, a thermal gradient is devel-

oped along the probe, which directly influences the char-
acteristic impedances throughout the probe. This issue is
handled by correctly assessing the temperature at each in-
terface.
Both in thermally static and thermally dynamic situa-

tions, the interface between the two buffer rods seems to
influence the accuracy of the probe. The different thermal
expansion of the polymer and thermodynamics of the thin
glue layer may play a role that needs to be included in the
model. Further investigations are necessary to develop a
better understanding.
Returning to the industrial perspective of the intro-

duction, the current probe is inadequate to track thermal
changes in normal liquids. However, the probe is suitable
for the process industry if the thermal changes are slow.
Examples include the mixing of water and glycerin or the
fermenting of a fruit juice in which 10 to 12% of its volume
turns to alcohol.
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Paper C

Modeling an ultrasonic

transducer with SPICE

The aim of this conference paper is to present the ideas of simulations of an
ultrasonic system as a part of an electrical system towards a general public.
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Modeling an Ultrasonic Transducer with SPICE
Jan van Deventer

Abstract|To address the need to simulate ultrasonic sys-

tems, a model of an ultrasonic transducer using electri-

cal components such as transmission lines and controlled

sources is presented. The advantage gained by using elec-

trical components is that the associated electronics can be

designed with greater ease. The analogy of wave propaga-

tion in acoustic media and transmission lines is described

as well as the electrical-mechanical transduction in piezo-

electric material. The model is validated by comparing its

received signal to that of an actual experiment in the time

domain.

I. Introduction

T
HERE might be many use of ultrasound [1] but a com-

mon one is its application to non destructive evalua-

tion (NDE). In such evaluation, one tries to obtain infor-

mation about the inner parts of an ensemble without dis-

mantling it. Examples include an ultrasonic scan of a live

fetus in a mother's womb or a scan of an airplane structure

in search of fatigue cracks.

Given an NDE application, the designer of an ultrasonic

transducer must select the materials best suited for the

application such that from the received signal the needed

information can be extracted. The aim of this paper is to

present a tool which provides a simulation of the received

signal prior to construction.

Of the di�erent ways to model the electro-acoustic sys-

tem , a total electrical simulation tool is used for the fol-

lowing two reasons. First, the modeling of the acoustic

wave propagation in one dimension by electrical lines can

be handled with a certain ease; second the associated elec-

tronics used to excite, receive, amplify and process the sig-

nals can be designed to meet the application's speci�cations

prior to building anything. The electronic software simu-

lation package used is SPICE (Simulation Program with

Integrated Circuit Emphasis) [2].

Following the current introduction, the theory which al-

lows one to map the acoustic system to an electrical one

is reviewed. This include wave propagation in both me-

dia and the electro-mechanical transduction. This theory

is put to the test in a validation section where an actual

ultrasonic system is modeled and the received signals of

both systems are compared in the time domain.

II. Theory

A. The assumptions

In order to keep things at a manageable level, the follow-

ing simpli�cations and assumptions are made. The acous-

tic propagation travels along one direction and consist of

planar longitudinal waves which are normal to the direc-

tion of propagation. The amplitudes are small enough to

keep things in the linear regions of the devices such that

the principle of superposition is not violated. The energy

dissipation along the propagation is expected to be small

such that a low loss approximation can be used.

B. The wave propagation

An ultrasonic pulse travels through a medium with a

�nite speed c (m/s). This pulse can be pictured as a dis-

turbance to which the medium reacts to. In the case of a

longitudinal wave, the disturbance is a compression or rar-

efaction of matter which the medium displaces to return

to its equilibrium or normal state. The compression and

rarefaction within the medium is related to its density �

(kg/m3), and the restoring force is related to the medium's

bulk modulus M (Pa) [3]. Their relationship to the speed

of sound is

c =

s
M

�
(1)

Similarly, in an electrical transmission line (a wire pair

in its simplest form) an electrical pulse can travel. To grasp

this, one should picture a telegraph line where at one end

a telegraphist sends a Morse message of long and short

pulses. These pulses are received at the other end of the

line after a very short but �nite time. The pulses travel at

a velocity cel (m/s). Similar to the acoustic case, the pulses

are concentrations and rarefaction of electrons within the

transmission line [4]. This propagation velocity cel is a

function of the series line inductance L per unit length

(H/m) and the shunt capacitance C per unit length (F/m)

between the two conductors and is computed as

cel =
1

p
LC

(2)

In order to unify the two theories, an impedance type

analogy is chosen where mechanical force is represented by

voltage and particle velocity is represent by current. In

doing so the following relationships can be assigned.

L j= �A (3)

C j=
1

c2�A
(4)

where A (m2) is the cross sectional area of the acoustic

beam. It is the proportionality constant between the acous-

tic pressure and the force modeled by the voltage.

C. The attenuation

In both type of wave propagation, the energy of the

pulses is exponentially dissipated with distance. So the

line resistance R per unit length (
/m) of the transmis-

sion line can model the attenuation of the acoustic pulse,

such that

R j= 2�cA� (5)

where � (Np/m) is the acoustic coeÆcient of attenuation.
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D. The transduction

One way ultrasounds are generated and recieved is with
the use of piezoelectric material. An interesting property
of piezoelectric material is that they mechanically deform
when placed in an electrical �eld. Inversely, they develop
a potential di�erence across themselves when mechanically
strained. This special property of piezoelectric material is
due to the fact that the positive center of their crystal lat-
tice does not coincide with its negative center. Deforming
the crystal alters the charge distribution across the crys-
tal. This behavior can be summerized by the piezoelectric
constitutive relations [5]

D = �SE + eS (6)

T = cES + eE (7)

where T and S are the total stress and macroscopic strain
respectively. D is the total current displacement and E

is the electrical �eld. �S is the permitivity with zero or
constant strain (C2/Nm2), e is the piezoelectric stress con-
stant (C/m2) and cE is the elastic constant in the presence
of constant or zero E �eld (Pa). Like any other material,
the stress T is related to the strain S by the elastic modulus
but the electrical �eld E adds to the stress (eq. 7). Like-
wise with any other dielectical material, the electrical �eld
set up a total current displacement D however in the piezo-
electric material the strain add to the current displacement
(eq. 6).

E. The capacitance

Two electrodes separated by a dielectric material de-
scribes a capacitor. So the piezoelectric crystal covered by
two electrodes has all the features of a capacitor which has
to be included in the model. The value of the capcitance
is

C0 =
�SA

d
(8)

where d is the thickness of the piezoelectric crystal (m), A
is the surface of the electrode (m2) and is also the cross
sectional area of the acoustical beam.

F. The resonance

The thickness d of the piezoelectric crystal has a very
large inuence on the crystal's resonant frequency f (Hz).
Considering a guitar string should help enlighten the idea.
When plocked, the guitar string will ring at its resonant
frequency or note. Three parameters a�ect this frequency:
its linear density, its tension and its length [10]. The �rst
two parameters decide the wave propagation speed in the
same way the density and bulk modulus in equation 1.
If these �rst two parameters are �xed then the resonant
frequency f is controlled by the length of the string which
the guitarist alters by placing a �nger on the string along
the guitar's neck. In the case of the crystal, its thickness
has the same e�ect such that.

f =
c

2d
(9)

-
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Fig. 1. The Leach model of a piezoelectric crystal.

It should be noted that the ends of the crystal are not
completely �xed for the reason that its adjacent layers will
allow some small movement. This causes a negligible shift
in f .

G. The Q factor

The mechanical Q factor how \pure" the resonant fre-
quency is. With higher Q factors, the resonant frequency
clearly dominates while with lower values the resonant fre-
quency is more accompanied by its surrounding frequen-
cies. The Q factor is related to dissipating mechanisms
such that the losses in the piezoelectric crystal's modeled
by [6]

R j=
2�L

Q
(10)

H. Model by Leach

Over the years, di�erent models have been develop to
model piezoelectric crystals. Among those using transmis-
sion lines are the Redwood implantation of Mason's model
[7], the KLM model [8] and the Leach model [9]. Each
has its advantages and disadvantages. The Leach model
(�g. 1) is presented here because it is easier to follow the
concepts of the bidirectional transduction.

The mechanical and electrical sections interact with two
current controlled sources. Controlled sources are voltage
or current sources whose output are functions of a current
or voltage elsewhere in the circuit. From the mechanical
side (i.e. the transmission line), the deformation itself is
not measurable but the current representing the rate of
deformation is. The di�erence between the velocity of each
surface normal to the propagation path, represented by the
currents u1 and u2, is the rate of deformation. This current
(u1 � u2) controls the current source F1. It has a gain
equal to the product of the transmitting constant h (C/N)
and the capacitance C0. h is the ratio of the piezoelectric
stress constant e in the direction of propagation and the
permittivity with zero or constant strain �S [5].

h =
e

�S
(11)

This source's output is in parallel with the capacitor C0.
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Fig. 2. Experimental set up.

The result is a potential di�erence across the capacitor

which is proportional to the deformation.

In the electrical section, the current to the capacitor C0

controls the current source F2. The gain for this second

current source is h. Its output needs to be integrated to

obtain the total charge on the electrodes which proportion-

ally deforms the transducer. The integration is performed

by the capacitor C1. The voltage controlled voltage source

E1 with unity gain is a one way isolation for the integrator.

III. Validation

To evaluate the model, a set up similar to an actual ex-

periment is build in SPICE. The received signals are com-

pared in the time domain.

A. The experimental setup

The description of the experimental set up (�g. 2) can

begin with the pulser/receiver unit. The pulser sends a

voltage spike to \pluck" a 5 MHz ultrasonic transducer

which in turn emits an acoustic pulse. The transducer's

piezoelectric element has a diameter of half an inch. The

acoustic pulse will travel through 6 mm of plexiglas and

then through 30 mm of water before reaching a stainless

steel reector. At each interface, an echo is returned to

the transducer. The received signal with its echoes is sent

back to the pulser/receiver, ampli�ed, and passed on to a

Sony/Tektronix RTD 710 digitizer. The digitizer samples

the analog signal with a 5 ns sampling time and the dig-

itized sample is then transferred to a workstation over a

GPIB interface for subsequent signal processing.

B. The SPICE setup

The analogous circuit set up is described in �gure 3 with

the transducer sub-circuit shown in �gure 1. SPICE uses a

text �le, given in the appendix, to describe the circuit. To

obtain the proper values for the transmission lines which

model the plexiglas and water, the following parameters are

needed. Plexiglass at 20ÆC has a speed of sound of 2775

m/s, a density if 1190 kg/m3 and a coeÆcient of attenua-

tion of 49.5 Np/m at 5 MHz. At the same temperature and

frequency, water has a density of 998.2 g/m3 and an atten-

uation of 0.205 Np/m. The speed of sound through water
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Transducer
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+

-
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0 00 0

00
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Fig. 3. SPICE set up.

TABLE I

Physical properties of PZT-5A

Parameter PZT-5A

�
�
kg=m3

�
7750

Q 75

c (m=s) 4350

�S
�
C2=Nm2

�
7:35 � 10�9

e33
�
C=m2

�
15.8

is 1477.81 [11]. The acoustic impedance of steel reector

47 MPas/m is [3].

B.1 The pulser-receiver

The associated electronics of an ultrasonic pulser/receiver

are an important part of the system. Since the scope of

this paper is restricted to the simulation of ultrasonic wave

propagation, the pulser circuitry is kept simple. The pulser

circuitry, shown in �gure 3, consists of a pulse generator

(Vin) followed by a 2 nF capacitor (C1). The pulse starts
at 500 V and decays to 0 V in 50 ns. The output of the ca-

pacitor is connected to the electrical port of the transducer

and a parallel damping resistor (Rdamp). It is at this port
that the signal will be measured (V(2)) and sampled every

5ns. No e�orts have been made to implement the receiving

and amplifying electronics.

B.2 The transducer

The piezoelectric material PZT-5A, whose material data

is obtained from Kino [5], was chosen and given in table I.

For simplicity, the front wear plate is omitted, and to re-

duce the ringing of the echoes a backing material is selected

with a characteristic acoustic impedance of 15:8 MPas/m.

The backing impedance is achievable with a tungsten �lled

epoxy [5]. The thickness of the backing layer should be se-

lected such that no echoes return from it. This fact permits

us to model the backing layer with a resistor (Rb = 2k
).

C. Comparison

Superposing the two received signals provides the nec-

essary time domain comparison. Figure 4 shows the �rst

60 �s of both received signals. The measured signal is the
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Fig. 5. Focus on the �rst received echoes. Actual (solid) and simu-
lated (dashed).

solid line while the dashed one is from the simulation. The

�rst echo is reected from the plexiglas water interface and

received at about 15 �s. At 30 �s, a tiny echo is visible.

It is the �rst echo which had returned from the transducer

and back from the plexiglas-water interface. The last echo

arriving at 55 �s is the initial pulse being reected from

the water-steel interface. Since the simulated circuit does

not include an ampli�er, the signal was ampli�ed such that

the �rst echoes are normalized. Focus on the �rst echoes

is given in �gure 5 while �gure 6 looks at the last echoes.

The shape of the simulated echo is very much like the mea-

sured one, except that it rings for a slightly longer period

of time. Variations between two real similar transducers

can very well have such a di�erence. It should also be re-

membered that the simulated signal did not go through the

analog ampli�cation and �ltering electronics of the pulser-

receiver.

IV. Conclusion

The analogy between acoustic media and transmission

lines is reviewed and an analogous electrical model of an

ultrasonic transducer using controlled sources is discussed.

A SPICE model of a complete ultrasonic system is pre-

sented. The received signal from the simulation is com-

pared to that of an actual measurement in the time domain.
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Fig. 6. Focus on the last received echoes. Actual (solid) and simu-
lated (dashed).

The results show that time of ights and echo amplitudes

are in excellent agreement. The simulation tool therefore

provides a way to predict the received signal before any-

thing is built. Furthermore, the use of an ultrasonic simu-

lation package allows for the development of the associated

electronics to amplify and process the received ultrasonic

signals.
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VI. Appendix

The following is the input �le to SPICE. It describes the

simulation circuit with a water sample at 20ÆC and a 5

MHz transducer. The input �le can be divided in three



5

sections. The �rst section describes the circuit as is shown

in �gure 3. The second section, the sub-circuit, describes

Leach's piezoelectric transducer as is depicted in �gure 1.

The last section sets up the transient simulation to 60 �s

and sampling at node 2.

Water @ 20C with 5MHz PZT-5A

Vin 1 0 Pulse(500,0,0,50n)

C1 1 2 2n R1 2 0 18

X1 2 3 4 Transducer

Rb 3 0 2k

Tplex 4 0 5 0 len=20.11m R=41.5k L=150.7m G=0

C=861.4n

Twat 5 0 6 0 len=30m R=76.5 L=126m G=0 C=3621n

RFe 6 0 6k

*Thickness mode 5meg transducer subcircuit

.SUBCKT Transducer E F B

T1 B 1 F 1 len=435u R=411k L=982m G=0 C=53.8n

V1 1 2

E1 2 0 4 0 1

V2 E 3

C0 3 0 2140p

F1 0 3 V1 4.60

F2 0 4 V2 2.15e9

R1 4 0 1k

C1 4 0 1

.EndS

.Tran 5n 60u 0n 10n

.Print Tran V(2)

.End





Paper D

PSpice simulation of

ultrasonic systems

The goal of this article is to develop a tool that enables a designer to foretell the
received signal of an ultrasonic system at different frequencies and temperatures
without having to build anything. The selection of an electrical simulation tool
permits the development of both the electronic and the mechanical parts of the
system.
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PSpice Simulation of Ultrasonic Systems
Jan van Deventer, Torbjörn Löfqvist, Member, IEEE, and Jerker Delsing, Member, IEEE

Abstract—The usage of electrical analogies for the sim-
ulation of wave generation and propagation in ultrasound
transducers is well established. In this paper a PSpice ap-
proach that includes the temperature and frequency depen-
dency of the transducer performance is proposed. The anal-
ogy between acoustic wave propagation and wave propaga-
tion in an electric transmission line is given. Further ways
to deduce temperature and frequency dependencies are dis-
cussed. The simulation approach is applied to a pulse-echo
setup for the determination of speed of sound and attenua-
tion in liquids and solids. Experiments and simulations are
made for three temperatures and in the frequency range 1-
12 MHz using water, glycerine, and polymers (PMMA and
PEEK) as test samples. Comparison shows a good agree-
ment between simulation and experiments. Results for glyc-
erine indicates that the available attenuation models for
high viscosity liquids is inappropriate.

I. Introduction

An ultrasonic system, or transducer, consists of a
collection of material layers. The design and optimiza-

tion of a multilayered transducer is a complicated engineer-
ing task that involves a knowledge of physical acoustics,
analog electronics, and the acoustical properties of the ma-
terials involved. This task is made even more difficult by
the lack of available information about frequency and ther-
mal dependencies of these materials’ characteristics. The
optimal combination of suitable materials can be found by
trial and error, but not without considerable time and cost,
both of which can be minimized through the use of simu-
lations. This paper presents a simulation solution to ease
the selection process. Such a solution is based on mechan-
ical and electrical analogies, enabling the use of standard
electrical simulation tools such as SPICE or PSpice1 [1].
The use of SPICE provides an opportunity to simulate the
complex set of excitation electronics, the ultrasonic trans-
ducer, the material under investigation, and the receiving
electronics.

Electrical analogies of one-dimensional acoustic phe-
nomenons have evolved over the years. In 1942 Mason
[2] modeled electromechanical transducers with a lumped
equivalent circuit. In 1961, Redwood [3] incorporated a
transmission line into Mason’s model to obtain useful in-
formation about the transient response of a piezoelectric
transducer. With the transmission line, one can repre-
sent the time delay necessary for a mechanical signal to

Manuscript received June 2, 1999; accepted January 18, 2000.
The authors are with the Department of Computer Science and

Electrical Engineering, Lule̊a University of Technology, S-971 87
Lule̊a, Sweden (e-mail: deventer@sm.luth.se).

1PSpice is a product of OrCAD, Inc., Beaverton, OR, homepage
at http://www.orcad.com.

travel from one side of the transducer to the other. In the
case of a plate transducer, the derivation of both models
includes a negative capacitor. Using SPICE and an equiv-
alent circuit approximating the negative capacitor, Morris
and Hutchens [4] simulated Redwood’s implementation of
Mason’s model. In 1970, Krimholtz et al. [5] presented an-
other equivalent circuit: the KLM model. This analogous
circuit consists of a frequency-dependent network, includ-
ing a transformer, connected to the middle of a transmis-
sion line. This design is advantageous in certain applica-
tions such as acoustically cascaded ones. In 1994, Leach
[6] used controlled current and voltage sources instead of
transformers. The advantage of the controlled sources over
a transformer is the disappearance of the negative capac-
itor, as in Mason’s model, and the frequency-dependent
transformer, as in the KLM model. Leach mathematically
derives his model by adding terms equal to zero in one
of the device’s electromechanical equations to obtain the
form of the telegraphist’s equation. Püttmer et al. [7], in
1996, used a lossy transmission line in Leach’s model to
account for acoustical attenuation.

The current work applies the approach of Püttmer et
al. [7] to liquids, polymers, and piezoelectric materials to
obtain an electrical analogue of one-dimensional, acoustic
wave propagation through such materials. Under the lim-
iting assumption of plane longitudinal waves, temperature
and frequency dependencies are introduced into the model
equations. From available material data, such as the mod-
ulus of elasticity and Poisson’s ratio, the necessary elec-
trical parameters are deduced. Validation of the theory is
achieved by comparing experimental data obtained from
different liquids and polymers at different frequencies and
temperatures.

II. Wave theory

To model a multilayered ultrasonic transducer, the
piezoelectric phenomena is modelled using controlled volt-
age and current sources according to [6] (Fig. 1), and all
parts with acoustic wave propagations are modeled as lossy
transmission lines (Fig. 2).

A comparison of wave propagation in electrical trans-
mission lines and acoustical media will allow us to assign
the proper parameter values in the simulations. In a trans-
mission line, the interaction of the potential differences and
the current between the two conductors is described by the

0885–3010/$10.00 c© 2000 IEEE
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Fig. 1. The Leach model, emulating a piezoceramic disc, with a trans-
mission line, two current controlled current sources and a capacitor.

Fig. 2. Lumped representation of a distributed network of a trans-
mission line.

telegraphist’s equations:

− ∂v (x, t)
∂x

= Ri (x, t) + L
∂i (x, t)

∂t
(1)

− ∂i(x, t)
∂x

= Gv (x, t) + C
∂v (x, t)

∂t
(2)

where x is the axis of propagation [8]. They are obtained by
applying Kirchhoff’s voltage and current laws to Fig. 2 as
the length dx goes to zero. Letting v and i be the product
of a temporal and a spacial function such that

v(x, t) = real
[
V (x) ejωt

]
, (3)

i (x, t) = real[I(x)ejωt], (4)

where ω is the angular frequency, then (1) and (2) can be
rewritten as:

−dV (x)
dx

= (R+ jωL)I (x) , (5)

−dI(x)
dx

= (G+ jωC)V (x) . (6)

These coupled ordinary differential equations can be
used to obtain two linear differential equations in terms

of I(x) and V (x) by differentiating them with respect to
x such that:

d2V (x)
dx2 − γ2V (x) = 0, (7)

d2I(x)
dx2 − γ2I(x) = 0 . (8)

γ is the propagation constant, comprised of an attenuation
constant α (Np/m) and a phase constant β (rad/m). γ can
be written as:

γ = α+ jβ =
√

(R+ jωL)(G+ jωC). (9)

The general solution to the differential equation (7) is:

V (x) = Ae−(α+jβ)x +Be(α+jβ)x (10)

and (8)’s solution has the same form. Multiplying by ejωt

reintroduces the time dependence into the equation:

v(x, t) = V (x)ejωt = Ae−αxej(ωt−βx) +Beαxej(ωt+βx).
(11)

This solution describes two traveling waves; one travel-
ing in the positive x direction with an amplitude A which
decays at a rate α while the other with an amplitude B
travels in the opposite direction with the same rate of de-
cay.

The propagation of an acoustical wave is governed by
the same type of differential equations. In the case of har-
monic waves, corresponding to (7) and (8), we have the
lossy linearized acoustic plane wave equations:

∂2p(x, t)
∂x2 + k2

cp(x, t) = 0, (12)

∂2u(x, t)
∂x2 + k2

c u(x, t) = 0, (13)

where p(x, t) (Pa) is the pressure and u(x, t) (m/s) is
the particle velocity [9]. Equivalent to γ, kc is the com-
plex wave number composed of an attenuation constant α
(Np/m) and a wave number k (rad/m). The general solu-
tion of the wave (12) is:

p(x, t) = Ae−αxej(ωt−kx) +Beαxej(ωt+kx)

(14)

and is identical to the transmission line’s solution (11).
(13) has a solution of the same form.

With

kc =
ω

c

1√
1 + jωτ

(15)

we can solve for:

α =
ω

c

1√
2

[√
1 + (ωτ)2 − 1
1 + (ωτ)2

] 1
2

(16)

and

k =
ω

c

1√
2

[√
1 + (ωτ)2 + 1
1 + (ωτ)2

] 1
2

(17)
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where τ is the relaxation time [9]. Phenomenologically, τ
is the time for the pressure or displacement to reach the
value 1/e of its initial value when subjected to a sudden
step change.

At any point along the propagation path, the charac-
teristic impedance relates pressure to particle velocity in
the acoustic case as potential difference to current in a
transmission line. The characteristic impedance becomes
important at the boundaries because there the continu-
ity conditions have to be satisfied. Pressure and normal
particle velocity must be continuous at the boundaries as
voltage and current must be continuous at connections.

For the lossy transmission line [8], the characteristic
impedance Zel is:

Zel =

√
R+ jωL

G+ jωC
(18)

and for the lossy acoustic medium [9], the characteristic
acoustic impedance Za is:

Za = ρc
√

1 + jωτ (19)

where ρ is the medium’s density (kg/m3).
Hence, we have two sets of equations (9) and (18) and

(15) and (19), which enables us to map an acoustic wave
propagation onto an electrical description.

A. Low-loss Approximations

We now consider small but non-negligible losses where
R � ωL, G � ωC and ωτ � 1. The transmission line’s
characteristic impedance and propagation constant can be
approximated by keeping the low order terms when ex-
panding (18) and (9) [8]. They become respectively:

Zel
∼=

√
L

C

[
1 +

1
2jω

(
R

L
− G

C

)]
(20)

γ ∼=
1
2

√
LC

(
R

L
+

G

C

)
+ jω

√
LC. (21)

With these assumptions, the second term of (20) is
negligible, leaving the characteristic impedance as

√
L/C.

Similarly, from (19), the low loss acoustical characteristic
impedance can be approximated as ρc. To correlate the
two characteristic impedances, we choose an impedance-
type analogy (Fig. 1), in which the force, and not pres-
sure, is represented by voltage and the particle velocity is
represented by current. The equivalence between the two
systems is:

Zel ≡ ZaA (22)

where A is the cross-sectional area of the acoustic beam.
Again, using the low loss approximation, the wave num-

ber k (17) and its electrical counterpart the phase constant
β (21) become ω/c and ω

√
LC, respectively. If the waves’

speed of propagation is to be the same, then c = 1/
√
LC.

Assisted with the definition of the low loss characteristic
impedances (22) we can assign the following relationships:

L ≡ Aρ, (23)

C ≡ 1
Aρc2

. (24)

The real part of (21) is the attenuation constant

α =
1
2

√
LC

(
R

L

)
+

1
2

√
LC

(
G

C

)
. (25)

Drawing a parallel with the classical theory of acoustic
attenuation,

αclassical = αv + αtc (26)

where αv is the coefficient of attenuation due to viscous
losses, and αtc is the coefficient of attenuation due to ther-
mal conduction. Having determined L and C, we can solve
for R or G to model the attenuations:

R ≡ 2ρcAαv, (27)

G ≡ 2
ρcA

αtc. (28)

Because the material layers used in this paper have a low
heat conductance, the loss due to thermal conduction is
negligible, and we let the conductance G = 0. With this,
we discard the subscripts and α represents only attenua-
tions due to viscous losses.

B. Simulations Requirements

To model a lossy acoustic layer as an electrical trans-
mission line, we need the following material data: [cf. (23),
(24), (27) and (28)] the acoustic beam’s cross-sectional
area A(m2), the density ρ(kg/m), the speed of sound
c(m/s), and the attenuation constant α(Np/m) at the cho-
sen frequency and temperature.

III. Material Theory

To obtain the needed material characteristics and their
dependencies on temperature and frequency, we consider
liquids, polymers, and piezoceramic materials.

A. Liquids

The speed of sound in a liquid is often written as:

c(T ) =

√
Ks(T )
ρ(T )

(29)

where Ks is the adiabatic bulk modulus [10]. For most
liquids, we can find the density ρ, but Ks is most often
difficult to find. The normal way to determine Ks is from
the speed of sound, c. Thus, we most often need to obtain
measured data of c(T ), where T is the temperature.
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Starting with the Navier-Stokes equation, Kinsler et al.
[9] derive the following model for the coefficient of atten-
uation due to viscosity:

α(T ) =
2ω2

3ρ(T )c3(T )
η(T ) (30)

where η(T ) is the viscosity. One of the assumptions made
in this derivation is that the bulk viscosity is negligible.

Parameters that are temperature sensitive, like viscos-
ity, need to be obtained at the desired temperature for
single temperature simulation or as a function of temper-
ature for parametric simulation over a temperature range.

B. Polymers

For polymers, we get expressions different from those
for liquids. The lossless bulk speed of sound in solids can
be written as [3]:

c(T ) =

√
λ(T ) + 2µ(T )

ρ(T )
(31)

where λ and µ are Lamé’s constants defined as Eν/(1 +
ν)(1−2ν) and E/2(1+ν), respectively [11]. E is the mod-
ulus of elasticity, and ν is Poisson’s ratio. µ also is known
as the shear modulus G. Following the discussion on at-
tenuation in polymers, we shall show that E, G, and ν are
frequency dependent as well.

Unlike metals, polymers exhibit a viscoelastic behavior.
For example, under a step change in load, a polymer will
exponentially creep to its final dimension or strain. How-
ever, in response to a step change in strain ε0, the stress
σ(t) will exponentially decay to a new equilibrium value
σ0 as:

σ(t) = Eε0e
−t/τ . (32)

with τ being the relaxation time [12]. If we allow the stress
σ to oscillate with angular frequency ω, the strain also will
oscillate with the same frequency but with a phase lag δ
such that σ = σ0e

jωt and ε = ε0e
jωt−δ. Relating the stress

to the strain, we obtain:

σ =
(
σ0

ε0
cos δ + j

σ0

ε0
sin δ

)
ε. (33)

Introducing the complex dynamic modulus E∗, (33) can
be rewritten as:

σ = E∗ε0e
jωt = (E′ + jE′′)ε (34)

where E′ is the storage modulus and E′′ is the loss mod-
ulus. The same relationship exists for the shear modulus
G∗ = G′ + jG′′.

The ratio of dissipated energy to stored potential energy
per cycle is the mechanical loss tangent:

tan δ =
E′′

E′ . (35)

Fig. 3. Dynamic data of PMMA with the storage extension modulus
E’, storage shear modulus G’ and their loss tangent.

It represents a measure of internal friction in solids. The
acoustic attenuation per wavelength thus becomes [13]:

αλ = π tan δ. (36)

Fig. 3 shows both E′ and G′, along with their loss tan-
gent, as a function of frequency. The lower frequency range
was published by Ferry [14], and the upper frequency range
was derived from Kline [15]. It shows that there is not a
single relaxation time but rather a continuous distribution
of relaxation times τ .

Temperature influences these relaxation times (Fig. 3).
Looking at a specific time τp, we can define a ratio aT [14]
of τp at a temperature T and τp at an arbitrary reference
temperature T0 such that:

aT =
[τp]T
[τp]T0

. (37)

In 1955, [14] presented the WLF equation:

log10 aT =
−c1(T − T0)
c2 + T − T0

(38)

which relates aT to temperature as the basic effect of tem-
perature on viscoelastic properties. The constants c1 and
c2 are polymer specific. For some polymers, c1 and c2 were
published by Ferry [14]. He also states that, in the situation
in which no information is available, the values c1 = 8.86
and c2 = 101.6 can be used with the reference temperature
being the potential adjustable parameter. With this infor-
mation, it is possible to obtain viscoelastic properties at
different temperatures. For example, the storage modulus
E′ measured at a temperature T and angular frequency ω
is equivalent to the E′ at T0 and ωaT such as

E′(ωaT , T0) =
T0ρ0

Tρ
E′(ω, T ) (39)

and similarly:

E′′(ωaT , T0) =
T0ρ0

Tρ
E′′(ω, T ). (40)
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Fig. 4. PSpice subcircuit of Leach’s piezoelectric transducer model.

The ratio of T0ρ0/Tρ compensates for thermal expansion.
Looking at the ratio of (39) and (40):

tan δ(ωaT , T0) = tan δ(ω, T ). (41)

Fig. 3 is comprised of measurements made at differ-
ent temperatures and frequencies and combined using the
above technique. The procedure is reversed to obtain the
loss tangent for the simulations at the desired frequencies
and temperatures.

It should be noted here that the physical properties of
polymer materials are not easily available; but once ob-
tained, they provide a powerful tool to predict the behavior
of polymers over different frequencies and temperatures.
Also, because the time history of the load is important,
the data needed for the calculation of c in (31) is also fre-
quency dependent as can be seen in Fig. 3 and (39).

C. Piezoelectric Material

The heart of an ultrasonic probe is the bi-directional
transduction of mechanical to electrical energy. As pre-
sented in the Introduction, different models have been
developed over the years to simulate these transducers.
Leach [6] presented a conversion model that uses controlled
sources instead of a transformer. Controlled sources mea-
sure voltage or current at some point in the circuit and
modify the measured signal according to a function, and
output the results as a current or a voltage source. They
form the connections between the mechanical and electri-
cal sections of the model. It is this model that is presented
here.

Mechanically, a transmission line T1 of length len (m)
represents the acoustical layer (Fig. 4). The length, len, is
selected to achieve the desired center frequency f (Hz) of
the transducer. With fixed or free ends, the piezoelectric
plate has a fundamental resonant frequency:

f =
c(T )
2 len

, (42)

with c being the speed of sound through it. One should
be aware that a change in the acoustical load on each side
of the transducer renders a shift in f slightly. With (23),

(24), and the piezoceramic’s density ρ, one can calculate
the transmission line’s L and C respectively.

The mechanical Qm factor describes the shape of the
resonance peak in the frequency domain. It also relates the
angular frequency ω, the inductance L and the resistance
R as follow [7]:

Qm(T ) =
ωL

R
. (43)

Accepting this as modelling all losses, we set the conduc-
tance G = 0.

In the electrical section, the static capacitance C0 is
calculable as:

C0(T ) =
εS(T )A
len

(44)

where εS
(
C2/Nm2

)
is the permittivity with zero or con-

stant strain (clamped) [16]. The latter is related to the
permittivity with zero or constant stress (free) εT as:

εT (T )
εS(T )

=
1

1 − k2(T )
(45)

with k defined as the piezoelectric coupling constant [16].
The mechanical and electrical sections interact with two

current controlled sources. From the mechanical side, the
deformation itself is not measurable, but the current repre-
senting the rate of deformation is. The difference between
the velocity of each surface normal to the propagation
path, represented by the currents u1 and u2, is the rate
of deformation. This current (u1 − u2) controls the cur-
rent source F1. It has a gain equal to the product of the
transmitting constant h (N/C), and the capacitance C0.
h is the ratio of the piezoelectric stress constant e

(
C/m2

)
in the direction of propagation and the permittivity with
zero or constant strain εS . In the thickness mode it is [16]:

h(T ) =
e33(T )
εS(T )

. (46)

This source’s output is in parallel with the capacitor C0.
The result is a potential difference across the capacitor
that is proportional to the deformation.

In the electrical section, the current to the capacitor C0
controls the current source F2. The gain for this second
current source is h. Its output needs to be integrated to
obtain the total charge on the electrodes that proportion-
ally deforms the transducer. The integration is performed
by the capacitor C1. The voltage controlled voltage source
E1 with unity gain is a one-way isolation for the integrator.

IV. Experiment Versus Simulation

To verify the analogies described above, experimental
validations for solids and liquids are performed. The ex-
periments are conducted on two polymers and two liq-
uids at three temperatures, 20, 30, and 40◦C, in the fre-
quency range 1-12 MHz. The polymers chosen in this
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TABLE I
Table of Performed Experiments.

Exp. Int. Layer Sample

1 PMMA (20.11 mm) Water (30.0 mm)
2 PMMA (55.98 mm) Glycerine (30.0 mm)
3 PEEK (12.08 mm) PMMA (6.43 mm)
4 PMMA (12.17 mm) PEEK (6.48 mm)

Fig. 5. Block diagram of experimental setup.

study are PMMA (polymethylmetaacrylate) and PEEK
(polyetheretherketone). The liquids used are distilled, de-
gassed water and laboratory grade, water free, glycerine.
The samples used, and the intermediary layer between the
transducers and the sample, are given in Table I. The re-
ceived signals are compared to the simulations in the time
domain. Measured and predicted attenuations are com-
pared with respect to frequencies and temperatures.

A. Experimental Setup

A Panametrics pulser/receiver 5072PR emits a broad-
band pulse to one of two ultrasonic transducers. The
transducer sends an acoustic pulse into the intermediate
layer and awaits any echoes. The received echoes are sent
back to the pulser/receiver, amplified, and passed on to a
Sony/Tektronix RTD 710 digitizer. The digitizer samples
the analog signal with a 5-ns sampling time, and the digi-
tized sample then was transferred to a workstation over a
GPIB interface for subsequent signal processing. For each
measurement, 100 waveforms were sampled and averaged
using a method proposed by Grennberg and Sandell [17]
to reduce small timing differences between the waveforms.

The two transducers are Panametrics Videoscan V3456
and V311 transducers with center frequencies 5 MHz and
10 MHz, respectively. Both transducers are unfocused,
broadbanded and have an element diameter of 12.5 mm.

The liquid samples were contained in a measure-
ment cell into which the intermediate PMMA layer was
mounted (Fig. 6). The PMMA layer has a diameter of
40 mm. The thickness of the sample chamber is d =

Fig. 6. Probe layout for liquid samples.

Fig. 7. Probe layout for solid sample experiments.

30 mm. A more detailed description of the measurement
cell, its operating principle, and the signal processing may
be found in [18].

The solid samples are cylindrical specimens of PMMA
and PEEK. Three cylindrical samples were made from
each polymer. Each sample has a diameter of 26 mm and
a thickness of 6 mm. The surfaces normal to the direction
of sound propagation in the intermediate layers and the
samples were machined to a high degree of parallelism and
flatness, and subsequently polished to a mirror-like surface
quality. The transducers and samples were coupled using a
propylene glycol-based fluid, Couplant A, from Panamet-
rics Inc., to a 12-mm long intermediate layer of PEEK, for
the PMMA samples, and a 12-mm long PMMA interme-
diate layer for the PEEK samples (Fig. 7).

To control the temperature, the assemblies were housed
in a Heraeus HT4010 temperature-control chamber in
which the experiments were conducted at the constant
temperatures 20, 30, and 40 ± 0.5◦C. The temperature
of the chamber was monitored by a Systemteknik S2541
Thermolyzer equipped with PT100 probes and accurate to
0.01◦C.

B. PSpice Setup

The analogous circuit setup is described in Fig. 8 with
the transducer subcircuit shown in Fig. 4. PSpice uses a
text file, an example of which is given in the Appendix, to
describe the circuit.
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Fig. 8. PSpice circuit of the experimental setup.

TABLE II
Physical Properties of PZT-5A.

Parameter PZT-5A

ρ(kg/m3) 7750
Qm 75
c (m/s) 4350
εS (C2/Nm2) 7.35 · 10−9

e33 (C/m2) 15.8

1. The Pulser-receiver: The associated electronics of
an ultrasonic pulser/receiver are an important part of the
system. Because the schematic diagrams for the pulser are
available from its manufacturer, it also could be modelled
using the simulation tool, SPICE. However, because the
scope of this paper is restricted to the simulation of ultra-
sonic wave propagation, the pulser circuitry in PSpice is
kept simple. The pulser circuitry, shown in figure Fig. 8,
consists of a pulse generator (Vin) followed by a 2nF ca-
pacitor (C1). The pulse starts at 500 V and decays to 0 V
in 50 ns. The output of the capacitor is connected to the
electrical port of the transducer and a parallel damping
resistor (Rdamp). It is at this port that the echoes will be
measured (V(2)) and sampled every 5 ns. No efforts have
been made to implement the receiving and amplifying elec-
tronics.

2. The Transducers: The design of the Panametrics
transducers is proprietary, making it necessary to design
a transducer with similar characteristics. Following Morris
and Hutchens [4], and Leach [6] the piezoceramic PZT-5A,
with material data obtained from Kino [16], was chosen
and listed in Table II. The temperature dependencies of
the piezoceramic material data may be obtained from the
manufacturers, but in this study, they are kept constant
in the simulations.

For simplicity, we omit the front wear plate and, to
reduce the ringing, we chose a backing material with
sufficiently high characteristic acoustic impedance. The
high backing impedance is achieved by a tungsten-filled

Fig. 9. Echo from a PMMA-water interface received by 5 MHz trans-
ducers at 20◦C. The measured signal is the solid line; the dashed line
is from simulation.

TABLE III
Temperature-Dependent Physical Properties for Water.

Temperature (◦C) 20 30 40

ρ (kg/m3) 998.20 995.64 992.21
KT (GPa) 2.18 2.23 2.29
η (mPas) 1.002 0.7973 0.6526

epoxy that has a characteristic acoustic impedance of
15.8 MPas/m [16]. The thickness of the backing layer
should be selected such that no echoes return from it. This
fact permits us to model the backing layer with a resistor
(Rb = 2kΩ) (Fig. 8). Fig. 9 shows the echo received by
the 5 MHz transducers from a PMMA-water interface at
20◦C. The PMMA layer is 20.11-mm thick. The shape of
the simulated echo is very much like the measured one,
except that it rings for a slightly longer period of time.
Variations between two real similar transducers can very
well have such a difference. It should also be remembered
that the simulated signal did not go through the analog
amplification and filtering electronics of the receiver.

3. The Liquid Samples: Water, with well-known acous-
tical properties, is a good test subject for comparing the
experimental versus simulated results. The data in Ta-
ble III was obtained from standard references [19], [20].
Only the isothermal, and not the adiabatic bulk modulus
was available. This introduces a slight error that is not
corrected for.

Glycerine, for which acoustic information is scarce, is an
interesting liquid because it points out a potential pitfall.
For liquids with high viscosity, the modeling (31) overes-
timates the acoustic attenuation [13], resulting in faulty
simulations. The data for glycerine listed in Table IV is
from two sources. We obtain the density at 20◦C and all
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TABLE IV
Temperature-Dependent Physical Properties for Glycerine.

Temperature (◦C) 20 30 40

ρ (kg/m3) 1258.8 1255.3 1249.1
c (m/s) 1923 1905 1886.5

η (mPas) 1146 498 234

TABLE V
Temperature-Dependent Physical Properties for PMMA.

Temperature (◦C) 20 30 40

ρ (kg/m3) 1190 1188 1185
c (m/s) 2775 2750 2720

aT 1.62 0.64 0.28
tan δ @ 5 MHz 0.0085 0.0109 0.0135
tan δ @ 10 MHz 0.0071 0.0091 0.0113

the viscosities from [20] and the other parameters from
the glycerine manufacturer (Sakamoto Yakuhin Kogyo Co.
Ltd., Osaka, Japan).

4. The Solid Samples and the Couplant: PMMA, a well-
known polymer, offers a good benchmark against which to
test the simulation theory. From Kline [15], we obtain a
loss tangent of 0.0108 at 2 MHz and 0.0073 at 9 MHz
at 20◦C. His data is mostly linear with a slight deviation
at 5 MHz. For the constants c1 and c2 of the WLF equa-
tion, we rely on published data from Ferry [14], with the
values of c1 = 7 and c2 = 173, at a reference temper-
ature of 25◦C. The density at 20◦C is 1190 kg/m3 with
linear thermal expansion of 7 · 10−5 1/K [22]. The speed
of sound varies from 2775 m/s at 20◦C down to 2720 m/s
at 40◦C [23]. The material properties for PMMA is given
in Table V.

PEEK is a newer polymer for which little acoustical
data is available. Based on the mechanical properties ob-
tained from its manufacturer (Victrex Co., Cleveleys, UK),
we can obtain the necessary information for the simula-
tion, with the exception of the loss tangent. Theoretically,
it could be obtained from the available creep data [14].
However, this information, having been obtained from a
time scale many decades away from the frequencies of in-
terest, is unreliable. From measurements, we obtained a
loss tangent of 0.0078 at 1 MHz and 0.0086 at 10 MHz at
25◦C. In the WLF (38), the default values of c1 = 8.86 and
c2 = 101.6 are used to obtain the frequency gain aT with
a reference temperature of 25◦C. The Poisson’s ratio is 0.4
and the linear thermal expansion 4.7·10−5 1/K. The mate-
rial properties for PEEK is given in Table VI. The length
of all polymers were corrected for thermal expansion in the
simulations.

The fact that a couplant is required between the inter-
mediate layer and sample implies that its effects cannot
be neglected. Even though it does not contribute substan-
tially to the time of flight of the pulse, it does alter the coef-
ficient of reflection at that interface. Thus, this layer has to

TABLE VI
Temperature Dependent Physical Properties for PEEK.

Temperature (◦C) 20 30 40

ρ (kg/m3) 1260 1258 1256
E (G Pa) 4.10 4.09 4.08

aT 2.87 0.38 0.07
tan δ @ 5 MHz 0.0087 0.0080 0.0075
tan δ @ 10 MHz 0.0090 0.0082 0.0077

be part of the simulation. The couplant, Panametrics’ cou-
plant A, has an acoustic impedance of 1.61 MPas/m and
a speed of sound of 1570 m/s. No details were available on
the effect of temperature on the couplant, so those values
are kept for all temperatures. The thickness of this layer
is estimated thermally dependent with 15 µm at 20◦C,
12.5 µm at 30◦C, and 10 µm at 40◦C. Because the layer
is thin, it is assumed that its contribution to the total at-
tenuation is insignificant and, therefore, is neglected, thus
R = G = 0 for the coupling layer.

C. Comparisons

1. Time Domain: We now compare the received sig-
nals from experiments and simulations in the time domain.
Starting with liquid samples, Fig. 10 shows the first 60 µs
received by the 5 MHz transducers with a water sample
at 20◦C. The signal acquisition is triggered by the excita-
tion pulse. The amplitude of the signals are adjusted so
the first echoes have a peak amplitude of unity. A close-up
view of the first echo is given in Fig. 9. Fig. 11 shows the
echoes received from the water-steel interface at the rear of
the measurement cell at different temperatures. The gain
necessary to normalize the first echo is shown in the lower
right corner of each window. Fig. 12 shows the echoes re-
ceived from the same interface using the 10 MHz trans-
ducers. The simulated transducer rings a little longer. In
all those examples, it is clear that the real attenuation is
slightly larger than the predicted one which accounts only
for viscous attenuation.

We do not report any comparison from the glycer-
ine samples because the simulations failed. Although the
echoes from the glycerine-steel interface are measurable,
they do not appear in simulation. As Bhatia [13] points
out, the attenuation model described by (30) is inadequate
for fluids of high viscosity.

Turning our attention to the polymer samples, Figs. 13
and 14 show the received echoes for sample-air interfaces
for PMMA and PEEK. The same normalization on the
first echo is done here. The amplitude ratio of the second
echo to the first is given along the vertical axis. When,
in the simulation, the thin couplant layer is omitted, this
amplitude ratio is about 10 times larger. Looking at the
acoustic impedance of the two solids, the coefficient of re-
flection of the two solids should be much smaller than ex-
perimentally measured. The thickness of the coupling layer
alters the coefficient of reflection at the interface where it
is present. The simulations’ couplant thickness is the same
with both samples.
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Fig. 10. Complete transients received by 5 MHz transducers at 20◦C.
The sample is water. The measured signal is the solid line; the dashed
line is from simulation.

Fig. 11. Echoes from a water-steel interface received by 5 MHz trans-
ducers. The measured signal is the solid line; the dashed line is from
simulation.

Experimentally, at the higher frequency of 10 MHz, the
amplitude ratios of the first two echoes vary between the
three samples of each polymer. Without better control
on the couplant thickness, any comparison would be un-
fair. We do note, however, that the ratio of amplitudes is
smaller in the simulations.

2. Attenuation in Polymers: We now compare mea-
sured versus calculated attenuations. Experimentally, the
attenuation in each sample is based on two measurements:
one measurement is done without the sample to determine
the energy emitted by the transducer, and one is done with
the sample present. The same procedure can be applied to
the simulation, Figs. 15 and 16 show the predicted and ex-

Fig. 12. Echoes from the water-steel interface received by 10 MHz
transducers. The measured signal is the solid line; the dashed line is
from simulation.

Fig. 13. Echoes from a PMMA-air interface received by 5 MHz trans-
ducers at 20◦C. The measured signal is the solid line; the dashed line
is from simulation.

perimental acoustic attenuation with their dependencies
on frequency and temperature. For PMMA, Figs. 15 and
16 show a good correlation between experimentally and
theoretically obtained attenuations. The predicted atten-
uations are consistently higher, indicating a difference be-
tween the samples used by Kline [15] and those used here.
For PEEK, the comparison at 10 MHz shows very good
results. This is primarily because those points were used
to obtain the needed information of the loss tangent. With
the three measurements done at 10 MHz, we were able to
estimate the attenuation at 5 MHz for the temperatures
of 20, 30, and 40◦C, as shown in Fig. 15. Those predicted
attenuations agreed well to the measured ones.
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Fig. 14. Echoes from the PEEK-air interface received by 5 MHz trans-
ducers. The measured signal is the solid line; the dashed line is from
simulation.

Fig. 15. Theoretical and experimental acoustic attenuation in poly-
mers versus frequency.

Fig. 16. Theoretical and experimental acoustic attenuation in poly-
mers versus temperature.

3. Beam Area: An assumption made in this study was
that the acoustic beam area A remains constant. Due to
diffraction, this assumption is limited to the near zone.
Beyond the Fresnel limit, the attenuation has to be cor-
rected for beam spreading. Experiments conducted with
PMMA rods of different thicknesses showed that standard
corrections for diffraction would yield the best results. We
were not able to develop a good model for diffraction that
could be inserted into (27) due to the dependency on the
dimensions and locations of each layer within the system.

V. Conclusion

In this paper electrical analogies for the simulation of
wave generation and propagation in ultrasound transduc-
ers were demonstrated. Based on the work of others, the
models used were extended to include temperature and fre-
quency dependencies of the acoustic wave propagation in
the involved materials. Methods of determining tempera-
ture and frequency dependencies of liquids, polymers, and
piezoelectric materials were discussed.

The comparison of simulated and experimental data
clearly shows that temperature and frequency dependen-
cies of parameters of relevance to acoustic wave propa-
gation can be modelled. The feasibility has been demon-
strated in an ultrasound transducer set up for material
property investigations. Comparisons were made for in-
vestigation of attenuation and speed of sound dependen-
cies with temperature and frequency for water, glycerine,
PMMA, and PEEK. For water, PMMA, and PEEK, the
agreement is good. For glycerine we found differences be-
tween simulated and measured data. This probably has its
origin in neglecting the bulk viscosity in the modelling of
attenuation in liquids and has to be investigated further.

The results clearly indicate that the simulation of an
ultrasound sensing device, including both electronics and
transducers is, possible using PSpice. The major obstacle
in applying this as a general method for ultrasound trans-
ducer prediction is the lack of appropriate material data.
This is especially pronounced when looking for tempera-
ture and frequency dependencies of these data.
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Appendix A

The following is the input file to PSpice. It describes
the simulation circuit with a water sample at 20◦C and
a 5 MHz transducer. The complete transient is shown in
Fig. 10 with special focus on the first echo in Fig. 9 and
the last echo in Fig. 11.

The input file can be divided in three sections. The first
section describes the circuit as is shown in Fig. 8. The sec-
ond section, the subcircuit, describes Leach’s piezoelectric
transducer as depicted in Fig. 4. The last section sets up
the transient simulation to 60 µs and sampling at node 2.

Water @ 20◦C with 5MHz PZT-5A
Vin 1 0 Pulse(500,0,0,50n)
C1 1 2 2n
Rdamp 2 0 18
X1 2 3 4 Transducer
Rb 3 0 2k
Tplex 4 0 5 0 len=20.11m R=64.5k L=150.7m
+ G=0 C=861.4n
Twat 5 0 6 0 len=30m R=76.5 L=126m G=0 C=3621n

RFe 6 0 6k
*Thickness mode of 5MHz transducer subcircuit
.SUBCKT Transducer E F B
T1 B 1 F 1 len=435u R=411k L=982m G=0 C=53.8n
V1 1 2
E1 2 0 4 0 1
V2 E 3
C0 3 0 2140p
F1 0 3 V1 4.60
F2 0 4 V2 2.15e9
R1 4 0 1k
C1 4 0 1
.EndS
.Tran 5n 60u 0n 10n
.Probe
.Print Tran V(2)
.End
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Abstract

This paper investigates the effects of non-identical ultrasonic transducers on reci-
procity and zero-flow calibration in transit time flow meters. According to the the-
orem of reciprocity, there should not be any difference between the up and down-
stream acoustic times of flight in a zero flow situation. This would thus eliminate
zero-flow estimation drifts. The flow meter is modeled as a 1 dimensional system
with equivalent electrical circuits and simulated with SPICE. The work shows that
variations between the two transducers cause false estimates of flow and indicate
which parameters have the largest influence. It indicates that reciprocity holds only
for identical transducers.

Key words: Ultrasonic flow meter, simulation, SPICE, reciprocity.

1 Introduction

A transit time ultrasonic flow meter estimates the flow velocity by transmitting
acoustic pulses up- and downstream with respect to the direction of the flow.
From the time of the pulses’ flight, the direction of the flow, its velocity and
the velocity of sound in the fluid can be estimated [1]. Figure 1 shows a cross-
section of such a meter.

When the fluid is not moving, the up and down times of flight should be
the same. If they are not, the meter detects it as a false flow. Hemp [2] shows
that this error vanishes when applying the theorem of reciprocity. Willatzen [3]
recently published a tutorial on transducer modeling with a general theory and
applications to ultrasound reciprocal systems. He also relies on the fact that
the transmitter and the receiver are identical for the system to be reciprocal.

To literally quote Pierce [4], reciprocity refers to the situation for which a
magnitude associated with an “effect” at a point is unchanged when the loca-

Preprint submitted to Elsevier Science 30 June 2001
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Fig. 2. Schematic representation of the SPICE model.

tion of “cause” and “point of observation” are interchanged. The current work
shows that reciprocity does hold when the two transducers are identical. It ad-
ditionally shows that some measurement violations exist with small variations
of the transducers. These variations are due to the manufacturing process of
the transducers. In the next section, we present the simulation tool used to
evaluate small changes of properties or dimensions in each of the layers of one
of the two transducers as well as its wiring.

2 Simulation tool

We use the electronics simulation package named SPICE (Simulation Pro-
gram with Integrated Circuits Emphasis) to simulate an ultrasonic system.
The analogous system has the passive layers of the flow meter modeled by
transmission lines [5]. The active elements, the piezoelectric disks, use an elec-
trically equivalent circuit developed by Leach [6].

2
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Fig. 3. The received pulses from a simulated flow meter.

Figure 2 shows the schematics of the flow meter’s equivalent electrical cir-
cuit. The electrical pulses are generated by a pulsed voltage sources or pulsers
(pSource). The pulses rise from 0 to 24 V in 100 ns and falls half of a res-
onant period later at the same rate. The resonant period is the time of one
complete cycle of the resonant frequency of the disk. Following the pulsed
excitation, the voltage sources are disconnected via a switch from the piezo-
electric element (Venable, top of Fig. 2). This provides a higher impedance to
measure any incoming acoustic signal (done at output of the pulsers). Two 30
cm long 50 Ω coaxial cables connect the pulsers to the piezoelectric disks of
the transducers. The modeled piezoelectric disks are 0.5 mm thick Pz27 disks
from Ferroperm, Denmark. They have a 10 mm diameter. The piezoelectric
disks are allowed to discharge through a 100 Ω resistor in the pulsers. The
piezoelectric disks are backed by a tungsten filled epoxy with a 5 MPa·s/m
acoustic impedance. The front of the piezoelectric disks are glued with an
epoxy to the PEEK (polyetheretherketone) encapsulation. The epoxy layer is
one-quarter of a wavelength thick while the PEEK layer is three-quarters of a
wavelength thick. In between the two facing transducers, the liquid medium is
20 mm long. Figure 3 shows the pulses received by the two transducers where
the second transducer has a 10% thinner PEEK thickness.

3 Simulation results

The advantage of using simulations is that the influence of one parameter at
the time can be studied. The individually varied parameters are the thick-
ness of the PEEK encapsulation, the thickness of the glue layer, the acoustic

3
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Variations→ -10.0% -7.5% -5.0% -2.5% -0.0% 2.5% 5.0% 7.5% 10.0%

Parameters↓ . . . . . . . . .

PEEK thickness -0.25 -0.97 0.16 0.19 -1.13 -0.14 -0.22 -0.20 0.21

Glue thickness 9.8 5.6 4.8 2.8 0.0 -1.5 -6.0 -6.0 -7.7

Back. acoust. imp. 56.0 41.6 27.6 13.6 0.0 -13.9 -27.5 -41.1 -54.8

Coax cable len. 187.9 148.4 101.7 52.1 0.0 -53.0 -105.1 -155.1 -199.8

Disk thickness -546.1 -446.7 -330.1 -148.0 0.0 200.3 332.3 542.6 673.1

Disk permittivity 1890.5 1400.2 934.7 444.0 0.0 -453.0 -836.2 -1147.5 -1580.2

Table 1
Time differences in picoseconds due to variations in one transducer.

impedance of the backing layer, the length of the coaxial cable, the thickness
and permittivity of the piezoelectric disk. The results are given in figure 4
and tabulated in table 1. The parameters of only the second transducer are
varied from -10% to +10% of their nominal values. This range covers the man-
ufacturer’s electrical tolerances of the piezoelectric disks. The results of the
simulations are the time difference between the up and downstream times of
flight. These times of flight are defined from the start of the excitation to the
first (negative) zero crossing of the received pulse.

The values in table 1 obtained for the variations of the PEEK thickness are
numerical residuals. Forcing the simulations time steps to a smaller value will
reduce them. However, this is at the cost of much longer simulations.

As opposed to Hemp [2], Johansson [7] points out that the time delay and
amplitude variations caused by the coaxial cable should not be overlooked.
With the permittivity being -10% on one of the transducers, the time difference
is 1.5 ns without the coaxial cable and 1.9 ns with. Thus, variations in the
characteristics of the cable do introduce zero flow errors and promote any
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others present.

Variations in the associated electronics are not studied here. Although toler-
ances in electronic components do create a difference in time of flights, those
are nowadays minimized due to the use of ASICs (application-specific inte-
grated circuits). Matching between transistors can be achieved with a high
degree of precision within a silicon chip [8].

It could be easily argued that the measurement method is at fault. A cross
correlation method of the two received signals will also introduce errors, as
two non-identical transducers will have different responses. The real issue is
that non-identical transducers will have different responses to inputs.

4 Conclusion

Using simulations, we have shown that if the two ultrasonic transducers in a
transit time flow meter are not identical then there is a time difference between
the up and downstream times of flights. Due to the different response of non-
identical transducers, reciprocity across the transit time ultrasonic flow meter
does not hold. Because it is only possible to manufacture identical transducers
within a certain tolerance range, zero-flow calibration is necessary. A design
strategy can be developed to counter the influence of a property variation by
sizing another accordingly.

Future works are clearly laid out. First, the simulation results need to be
validated with actual experiments. The actual electrical properties of paired
transducers can be measured using a network analyzer. With those values and
the measured dimensions of the transducers in the model, simulation results
will be compared to measurements. In a second stage, the research will focus
on ways to minimize this need for a zero calibration.

References

[1] L.C. Lynnworth, Ultrasonic measurements for process control: theory,
techniques, applications, Academic Press, Inc., Boston, MA, 1989.

[2] J. Hemp, Theory of transit time ultrasonic flowmeters, Journal of sound and
vibration, 84 (1) (1982) 133-147.

[3] M. Willatzen, Ultrasound transducer modeling - General theory and
applications to ultrasound reciprocal systems, IEEE Trans. Ultrason.,
Ferroelec., Freq. Contr., 48 (1) (2001) 100-112.

5



[4] A.D. Pierce, Acoustics: an introduction to its physical principles and
applications, 1989 ed. Woodbury, NY, Acoustical Society of America (sec. 4.9,
p. 195).
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