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Preface 

Thesis' abstract 

Towards the aim of being an integral part of an ultrasonic mass flow meter, 
an accurate ultrasonic  densitometer  is developed. 

The  densitometer  uses a pulse echo reflection technique. An acoustic pulse 
is emitted within the  densitometer  probe towards the liquid. At the  probe-
liquid  interface, part of the pulse is reflected while the rest is transmitted 
into the fluid. The reflected part provides the information concerning the 
acoustic impedance of the liquid. The part that was transmitted into the 
liquid is reflected back to the probe by a reflector located at a known distance 
within the liquid. The information given by this second echo is the speed 
of sound in the liquid. The density of the liquid is the ratio of its acoustic 
impedance and speed of sound through it. 

The accuracy of the technique is sensitive to disturbance such as temper-
ature. To address variations in the initial pulse, an extra interface is added 
within the probe, which provides a measure of the initial pulse with an ad-
ditional echo. Variations in material properties due to temperature changes 
are recognized by analyzing the speed of sound in each material layers within 
the probe. Any such variations can then be corrected for. With the exper-
imental setup used, the  densitometer  has an accuracy of 0.65% for liquids 
in the range of 750 to 1300 kg/m3  over temperature span of 0 to 40°C. The 
uncertainty analysis discloses that an accuracy of 0.4% is achievable when 
the signal is sampled at 1GHz. 

In order to utilize computer simulation to the predict response of an ultra-
sonic sensor, it is necessary to provide acoustic parameters of each acoustic 
layer. These parameters vary with the acoustic frequency and temperature. 
Due to a large information lack concerning those parameters, models are 
proposed to provide the needed parameters based on standard mechanical 
properties. Those models are validated by comparing simulations results to 
experiments. The comparison reveal the success of the modeled simulations 
as they match the received experimental signals for liquids with low viscosity, 
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polymers and piezoelectric material. 
The simulation tool used is the electronic simulation software PSpice. In 

order to use it to model a mechanical wave, the electrical analogy to acoustic 
mediums is reviewed. 
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Introduction 

1.1 	The start of the annual migration 

It is late June, a season during which the sun never sets in this part of 
Sweden. The air temperature can stretch to the mid-twenties. It is also 
the season for the families migration southward to visit relatives, friends and 
warmer lands which were not deep frozen during winter. We too shall embark 
on this ritual. However, to address the dreaded clogging of the traffic arteries, 
an early bird strategy is used. 

Early on Friday morning we hop in the Volvo and on the way to the 
E4 motorway, drive to the local Shell station. All fluids are at the desired 
levels and the tire pressures meet the load conditions. The Volvo demands 
only to have its 60 liter belly filled up, which begins eroding our budget by 
an equivalent of US$ 60. On the E4, the flow of vehicle is as smooth as one 
would wish for. 

By noon, with only two short pit stops, we reach Sundsvall, 500 km south. 
The gas gauge's needle indicates that a fuel fill up is now an obligation. 
Strangely enough, the same car with a similar load was able to drive 50 km 
further during last year's Christmas vacation. The difference represents 10% 
of the current distance! Has the car become so inefficient? 

Nonetheless, it is lunch time. Fast food sounds like the right menu for an 
eat-n-ran kind of meal. McDonald's is in order as Sweden's most northern 
coastal franchises are in Sundsvall. We opt for sitting in versus the drive-
thru. This gives us a chance to stretch and limit spills in the car. With 
the original Big Mac and fries, I get a large Coke. The Big Mac is still the 
same and brings back many fond memories. On the other hand, the Coke is 
a disappointment: it tastes like carbonated water with a little sugar and it is 
not even that dark. 

Twenty minutes later, the Volvo glides southward again where it can find 
a sunset to ride into. 
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INTRODUCTION 

1.2 The plan 

This thesis, compliant to the licentiate degree, presents the research towards 
the development of an ultrasonic density measurement technique. It consists 
of three scientific papers or articles and this introduction. A less formal 
style of writing was chosen for the introduction to make it, hopefully, more 
interesting. Its purpose is to present the need for the current research and 
the future activities to develop an ultrasonic mass flow meter. 

A mass flow meter? What is it and who needs one? To answer these 
questions, without too much philosophy, the above story is told to show 
how in a day to day life, mass flow meters could bring some technological 
improvement. In the next section, the story presents the need of mass flow 
meters for billing purposes as well as process control. To understand how this 
need has been answered, different types of mass flow meters are reviewed, 
the last of which is the ultrasonic mass flow meter. This meter includes a 
volumetric flow meter and a  densitometer.  The ultrasonic  densitometer  takes 
the center stage, as it is the focus of the thesis. It measures the density of 
a liquid by bouncing sound onto this latter. Because the accuracy of this 
method is prone to be influenced by disturbances, the discussion describes 
solutions, which allow the meter more reliable. 

The discussion goes on to the design of such an ultrasonic sensor There, 
the topic of computer simulations is approached. 

Before the conclusion of the chapter, a resume of each of the subsequent 
scientific papers is given. 

1.3 From heptane to soft drinks 

One of the points of the introductory narration is that in winter one gets 
more mileage out of a liter of gasoline. To reach this goal, let us refer to 
normal heptane, which is a reference gasoline. Heptane has a density of 684 
kg/m3  at 20°C [14] and we can make the assumption that it has a constant 
thermal coefficient of expansion of 150.10-5/°C. The temperatures in north-
ern Sweden can reach -40°C in winter and +25  °C  or more in summer. So the 
mass difference between summer and winter for a liter of heptane is about 
9%. Had gas stations mass flow meters instead of volumetric flow meters, one 
would pay for the amount of fuel obtained. Even with the acknowledgment 
that automobile fuels are an agglomeration of hydrocarbons and additives 
with seasonal constitutions, the need for fair billing remains. 

Looking at the tasteless and faded Coke, we can see another need for 
mass flow meters. Fast food and other restaurants often serve soft drinks 



1.4. MASS FLOW METERS 	 3 

by the glass instead of the bottled variety because it lowers their costs and 
reduces the needed amount of storage space. The soft drinks are mixed on 
location from tap water and a syrup while being fizzed up with carbonation. 
Sometimes, the taste of chlorine in the water system shows through. When 
the syrup and water are not mixed in the proper amount, the drink is either 
too sugary or not sweet enough. If we suggest monitoring the mass flow of the 
two liquids prior to carbonization, it is clear that improper mixtures would 
be detected. The point being that this type of device is essential to quality 
control for the manufacture of many products. Proposing that restaurants 
should be equipped with mass flow meters is asking too much for the resulting 
benefits. However, the beverage industry does use mass flow meters in their 
normal production [21]. 

These two examples can be generalized to most custody transfer and 
process control applications. In those applications the benefits provided by 
a mass flow meter over a volumetric flow meters must outweigh the cost 
increase in order to be chosen. These benefits are directly related to the 
accuracy of the measurement. Efforts in the development of mass flow meters 
therefore strive to improve accuracy or lower the cost, if not both. 

1.4 Mass flow meters 

The engineering challenge is develop and produce accurate mass flow meter 
for different types of applications, all the while keeping in mind that market 
penetration will depend on their cost. 

One reference system for mass flow metering is the weighing of a flowing 
fluid. A tank standing on scales is weighed as the fluid flows into it. The 
accuracy achieved by this measuring technique is 0.15% or better of the mea-
sured value [3, 21]. This type of device is not suitable for most applications 
and is therefore reserved to experimental and national standard laboratories. 
In the recent decades, the metering industry has developed different types 
of meters to measure mass flow rates. They are based on different princi-
ples: thermodynamics, Coriolis forces, and a combination of volumetric and 
density metering. 

1.4.1 Thermal mass flow meters 

A thermal mass flow can measure mass flow  rh,  of a fluid directly by heating 
the fluid and measuring the change in temperature. The concept relies on 
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Figure 1.1: Coriolis mass flow meter with a hairpin configuration. The pipe 
twisting due to the Corilis force. 

the following equation 

= rhcpAT 	 (1.1) 

where  E  is the rate at which the energy must be added to the fluid to raise its 
temperature by AT.  cp  is the specific heat of the fluid. The temperature of 
the fluid is measured both upstream and downstream of the heating element. 
The extra energy is added along the meter body [37, 9]. Refinements of this 
design uses two sets of heating element, which simultaneously measure the 
temperature of the fluid [39]. While some of those meters are in line, others 
can be inserted into the pipe guiding the fluid [23]. The accuracy expected 
of thermal mass flow meter is in the vicinity of 1% of the measured value 
depending of application [37, 23]. Although in principle it is applicable to 
liquids, most applications of this device are used to monitor gas flow [37]. 

1.4.2 Coriolis mass flow meters 

The coriolis mass flow meter shows its beauty through its concept. It de-
termines mass flow by measuring the deformation of a pipe through which 
a fluid flows when the pipe is accelerated in a direction other than that of 
the flow. To better understand the idea, let us look at figure 1.1. We see a 
pipe which takes a hair pin turn before returning on its normal course. If 
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we push up or down this tubular hairpin, we impose on it some acceleration 
due to the force 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. 
A simple way to understand this is that when the new fluid coming into the 
hairpin, it needs time to reach the velocity that the pipe would have if the 
fluid were not flowing. This tends to retard the first section of the hairpin 
with respect to the direction of the acceleration. In the final section of the 
hairpin, the effect is the opposite. The fluid, which had acquired momentum 
in the direction of the applied force, has now to slow down to return to the 
fixed pipe. This tends to push the trailing part of the hairpin in the direction 
of the applied force. This twisting of the hairpin is related to the mass flow 
as mass is related to force by its acceleration. 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. For a more analytical explanation of this phenomena, on can refer 
to [37, 9]. 

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 [37]. The natural frequency of the 
hairpin is approximately the frequency at which it would oscillate when it is 
plucked like a guitar string. 

In both measurements, 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 [37]. 

Coriolis mass flow meters can attain the high accuracy of 0.5% of the 
measured value depending on the application [37, 21]. This is associated to 
a high initial cost that can be justified by its important benefits [37]. The 
coriolis mass flow meter is now in service in the chemical, petrochemical, 
paper, pharmaceutical, food and beverage industries [21] 

1.4.3 Ultrasonic //MSS flow meters 

An ultrasonic mass flow meter belongs to a different class of meter because it 
is not directly influenced by mass flow. Instead, it calculates mass flow from 
a volumetric flow  Q  (m3/s) and a density  p  (kg/m3). There are many ways 
to measure both, but ultrasonic meters have their advantages. Among these 
advantages, the ultrasonic meters do not obstruct flow and do not contain 
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Figure 1.2: Cutaway of an ultrasonic volumetric flow meter. 

moving or vibrating parts. Their manufacture costs are of relatively low. To 
develop an understanding of its principle, the standard ultrasonic volumetric 
flow meter is introduced before modifying it to become an ultrasonic mass 
flow meter. 

The concept of the 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 su-
perimposed onto that of the medium's. The flow meter has two ultrasonic 
transducers (figure 1.2). 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 are the same and 
equal to the ratio of the distance  d  to the speed of sound 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  

d 	( 1 
U — 

z cos a Vu  td 	
(1.2) 

 

where a is the angle between the sound beam and the flow direction. Mul-
tiplying ü by the cross sectional area of the meter gives the volumetric flow 
rate  Q.  The accuracy of the ultrasonic volumetric flow meter is 1% of the 
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measured value, again depending on its application [37, 22]. 
To develop a mass flow meter, one needs to add the information of the 

density of the liquid. In 1959, Kritz was awarded two patents for ultrasonic 
mass flow meters, which were filed several years earlier [19, 20]. In addition to 
the volumetric flow meter, a continuously oscillating transducer is in contact 
with the liquid. The electrical impedance across the transducer is propor-
tional to the acoustic impedance of the liquid zi. The acoustic impedance 
of a medium is the mathematical product of its density  p  and the speed of 
sound  c  through it. In a volumetric flow meter, the liquid speed of sound ci  
is given by 

-  
2d 

(1.3) 
+ td 

The objective of measuring density with ultrasound with higher accuracy 
for diverse applications is still being pursued. Besides the oscillating trans-
ducers, a distributed spring-mass vibration  densitometer  has been produced 
by ITT-Barton [26]. It has a metal tube immersed in the fluid and the square 
of its resonant frequency is inversely proportional to the density of the liquid. 
Another type of  densitometer,  developed by Lynnworth [27], uses the speed 
of torsional waves in non circular rods immersed in the liquid. The fractional 
speed reduction is approximately proportional to the density of the liquid. 
But the idea of reflection technique to measure the acoustic impedance of 
the liquid has received much attention for several reasons. One being that 
one of the volumetric flow meter's transducer could additionally calculate 
the density of the flowing liquid. This is the technique investigated in the 
current research. 

1.5 Ultrasonic  Densitometer  

To project the idea of sonic reflection to estimate the characteristics of a 
substance should not be difficult. For most of us, who have been blessed with 
the gift of hearing, it is a common experience. To illustrate the concept, let 
us imagine a cathedral with its heavy stone walls and a comfortable living 
room with its lighter curtains and soft carpets. If you were blindfolded and 
I yelled  "Ah!"  I would expect you to be able to tell me if you are in the 
cathedral or in the comfortable living room. In the cathedral, one hears a 
crisp loud echo while in the living room, if any echo were present, it would 
be quite a muffled one. The concept of ultrasonic density measurement used 
here is based on the reflection of sound. 
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In 1973, Lynnworth reported the development of an ultrasonic mass flow 
meter for an aircraft engine application [26]. The meter consists of a volu-
metric flow meter and a  densitometer.  The  densitometer  can be categorized 
as a pulse echo reflectometer. Figure 1.3 shows the concept of a pulse echo 
reflectometer with its associated lattice diagram. At time to, a sound pulse 
with an amplitude Ao  is emitted by a piezoelectric element' within the device. 
The sound travels through a buffer rod to the liquid, and at that interface 
part of the sound is reflected back. It is received at time t1. The amplitude 
Al  of the echo carries some information about the properties of the reflect-
ing medium, specifically the acoustic impedance of it. At the probe-liquid 
interface, the amplitude ratio of the reflected pulse and the incident one is 

— zp  
(1.4) 

A10 	zp  + 

where zp  is the known acoustic impedance of the probe. The apostrophes 
refer to the amplitudes at the interface such that we can differ to later discus-
sions on acoustic losses. Assuming that Ao  and A1  are known and measured 
respectively, then we can solve for the liquid's acoustic impedance z1. From 
the part of pulse that was transmitted into the liquid, we can calculate the 
speed of sound c1  through the liquid. The piezoelectric element keeps waiting 
for it to be reflected from the back of the back of the measurement cell or 
reflector. The speed of sound c1  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 

t2  — ti 
p1 =zl 	 

2d3  
(1.5) 

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 pulse and the alteration of the probe's characteris-
tics due to temperature. Let us return to the cathedral/living room metaphor 
to clarify the first issue. If the listener's ears were covered while I screamed  
"Ah"  and uncovered just before the echo came back, then there could be 
some confusion. What If I whispered in the cathedral or yelled loudly in the 
living room. The identification of the walls by the listener could very well be 
wrong. For the  densitometer,  any error in the determination of the acoustic 
impedance results in loss of accuracy. 

'A piezoelectric or piezoceramic 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. 
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Figure 1.3: Lattice diagram of a pulse-echo reflectometer. 

As for the temperature issue, solids tend to become softer at higher tem-
peratures, so the speed of sound through them decreases along with their 
density, which changes their acoustic impedance. We need to be able to 
estimate the change with the acoustic impedance zp  to use equation (1.4). 
Intertwined with the thermal issue is the attenuation of the acoustic pulse as 
it travels through the buffer rod. In other words, the relation between A0  and 
A'0  changes substantially with temperature. Thus unaccounted temperature 
changes cause large losses of accuracy. 

Others have already addressed the first issue, which we now examine. The 
current thesis addresses the second issue by presenting density measurements 
from 0 to 40°C of different liquids. As those major issues are addressed and 
the accuracy is more reliable, new issues surface with the potential promise 
of further improvements. 

Reasons for the uncertainty of the initial pulse's amplitude include the 
associated electronics, the aging of the piezoelectric element and the influ-
ence of temperature on all parts of the system. The associated electronics 
gives an electrical jolt 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 jolt. The character-
istics of the piezoelectric element can change with time and temperature to 
become more or less efficient. Thus the problem is similar to asking yourself 
if you look good. You can either look at your reflection in the mirror or ask 
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Figure 1.4: Lattice diagram of the "Delsing"  densitometer.  

an honest friend to do the evaluation for you. Published thesis and papers 
present different solutions to indeterminate amplitude problem. Solutions 
presented here are of the following type: frontal partial reflection, rear to-
tal reflection, measurement including a PVDF film layer and combination of 
frontal partial and total reflection. 

1.5.1 Frontal partial reflection 

The idea is to put a partial mirror in the sound path in between the piezo-
electric element and the liquid. This is like looking outside, at night, through 
a window with a flashlight. You can see the reflection of the flashlight in the 
window but also anything the light strikes outside.  Jerker  Delsing, in his 
1988 Ph.D. thesis, proposed to add an extra interface in between the piezo-
electric element and the liquid [6]. Adding a new buffer rod does this. At the 
new interface, part of the sound is reflected to the piezoelectric element and 
the rest transmitted towards the liquid. Figure 1.4 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 impedance of the two 
buffer rods are known. 

The  densitometer  in Lynnworth's mass flow meter incorporates an idea 
along the same line [26]. The buffer rod has a step down. That is it becomes 
narrower with sharp step and remains concentric. When the acoustic beam 
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-s- 

Figure 1.5: Lattice diagram of the "Püttmer"  densitometer.  

(pulse) encounters this step, the outer ring is reflected while the center disc 
travels towards the liquid. 

1.5.2 Rear total reflection 

Püttmer proposed this solution in his 1998 Ph.D. thesis [34]. Having trouble 
finding an analogy for it so it is only described it as it is. When the piezoelec-
tric element transforms the electrical jolt into an acoustical pulse, it sends 
a pulse in front and in back of itself. Usually, one does not want to know 
about what is behind, and to kill the potential distraction of echoes coming 
from the rear, an absorbing backing layer is tacked on. Püttmer decided 
to make use of this back echo by placing the same material in front and in 
back of the piezoelectric element. The front pulse travels to the liquid under 
investigation and the back pulse travels to meet an interface with air. The 
reflection at the interface with air is almost a total reflection and thus a good 
reference to the initial pulse. Figure 1.5 shows the lattice diagram for this 
design. 

1.5.3 Measurement including a PVDF film layer 

Adamowski, whose Ph.D. thesis is also on ultrasonic density measurements 
for liquids, proposes in 1995 another method to obtain a reference on the 
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Figure 1.6: Lattice diagram of the "Adamowski"  densitometer.  
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initial pulse [1]. He places a thin PVDF membrane in the sound path towards 
the liquid. The PVDF (polyvinylidene fluoride) membrane is a plastic film 
across which an electric potential is formed when it is under mechanical 
stress. It is a receiver which measures the initial pulse as the latter passes 
through it. It also measures the amplitude of the returning echoes. Figure 
1.6 shows the lattice diagram for this design. 

1.5.4 Combination of frontal partial and total reflec-
tion 

This design is really part of a mass flow meter[13]. The mass flow meter 
consists of four piezoelectric elements. Two are for the volumetric flow and 
two are for the density measurement. Since the concept is a little harder to 
grasp, let's refer to figure 1.7. The fluid flows into the cell though port 1, fills 
the first cavity, overflows over the divider into the second cavity, fills it and 
flows out port 2. The third cavity is filled with a vacuum or a gas providing 
a total or an almost total reflection of sound. Both transducers emit a pulse 
into the cell and receive two echoes from either side of the divider. 
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Backing 

Figure 1.7: Lattice diagram of the "Guilbert and Sanderson"  densitometer.  

The acoustic impedance of the liquid is calculated as 

(1 	A
A 
 z
i
A
A

2
2 
  ) 

Zi—Zd, 	  
(1  ± tt)  

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

1.5.5 Formulation 
Other designs to obtain a reference on the initial echo do exist. Addressing 
specific issues, they are variations of the concepts presented here. But if 
one were to invest time and money into building an ultrasonic  densitometer,  
which design would suit better for the intended application? Which material 
should be selected and what should be their dimensions? 

The question really is: can we simulate the system such in such a way that 
the received signal is apprehended before building the probe? For example, 
a density probe can be build such that the received signal looks like the one 
in figure 1.5. However, Püttmer reports of a probe built such that multiple 
echoes exist [34]. That is the front and back pulses will travel back and forth 
through the probe for a while before they disappear. The first two received 
are received as expected but are repeated over time. This causes the third 

(1.6) 
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echo not to be recognized. Not a problem in that specific case because there 
is a another piezoelectric element in the reflector as there would be in two 
transducer mass flow meter. This second piezoelectric element captures the 
pulse on the other side of the liquid. 

As a second example, it is desired to optimize the "Delsing"  densitometer  
with the following criteria: 

• The echoes cannot overlap one another. 
• The amplitude of the echoes should be about the same magnitude. 
• There may not be any multiple reflections until the third echo is received. 
The first criterion says that the echoes should be distinguishable. One 

cannot listen to ones own echo while speaking, or listen to two echoes and 
provide specific information about where they originated. The second crite-
rion tells us that to improve the amplitude reading of the echoes, they should 
be about the same magnitude. As an illustration, one would not try to weigh 
a 100 gram letter with the scale he just used to weight himself. If he did 
so, he would probably get the wrong postage on the envelope. The third 
criterion is discussed above. 

So the first echo must come back only after the initial ring down of the 
piezoelectric element has died out. Consider a large gong as an analogy, and 
strike it. It rings on for a few moments, more and more softly until it is 
silent. After the electrical hit, the piezoelectric element will ring down. In 
the ultrasonic probe, adjusting the length  dl  of the first buffer rod allows to 
separate the ring down from the first echo. 

Next, the amplitudes of the next echoes are the products of material se-
lection. The amplitude of the echoes is governed by the acoustic impedance 
mismatch (cf eqn (1.4)). But one must not forget that the sound attenuates 
exponentially with the distance covered. So to satisfy the second criterion, 
the impedance mismatch at the first interface must be smaller that the mis-
match at the probe/liquid interface, which is reduced by the losses in the 
second buffer rod. The length of the second buffer rod must be sufficiently 
long to separate the two echoes and adequately long to attenuate the echo 
from the larger second mismatch. 

The third criterion asks the acoustic mismatches are small enough that 
the received echoes die out before being rebounded and received back again 

Pushing the specifications of the design further. The probe is not being 
designed for one liquid but a whole range such that the acoustic impedance 
of the liquid will vary. To this we can add that all these interrelationships 
can change severely with frequency and temperature. In short, the design or 
material selection of such a probe is quite complex. One way to deal with it 
is to try different polymer samples until we are satisfied. But this takes a lot 
of time and money, as the samples must be obtained, machined to precise 
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dimensions with polished parallel surfaces. Another solution is again to run 
computer simulations of the whole system before building anything. 

1.6 Modeling for simulations 

Computer programs to simulate ultrasonic systems do exist. The one chosen 
here is SPICE. SPICE stands for Simulation Program with Integrated Circuit 
Emphasis, in short an electronic simulation program [38].  P  Spice is the 
PC version of this package. One might find it strange to use an electronic 
simulation program to simulate a mechanical system. There are at least two 
good reasons to use SPICE as a simulation tool to an ultrasonic system. The 
first one is more obvious. The electro-mechanical system is connected to some 
associated electronics and they too need to be simulated or be part of the 
simulation. The other reason for choosing SPICE has to do with the manner 
in which an electromagnetic wave propagates through a transmission line. 
If the idea of electromagnetic waves is hard to consider, one can picture an 
increase and decrease of the electrons density along long wires, as the source 
is rapidly varied. A typical example would be to send the word (• • ./. — 

-/-/— • —1) across a large desert with a telegraph. 
Because of the second reason, people have started to model parts of the 

probe, namely the piezoelectric elements, long before the birth of SPICE. 
Mason in the 1940s, while working at Bell laboratories where he used them 
as filters, modelled them as RLC circuits coupled with electrical transformers 
[28]. In 1961, Redwood replaced the section representing the mechanical 
part with a transmission line [35]. This step made it simpler to predict 
the mechanical and electrical step responses of the transductive element. In 
1970, Krimholtz, Leedom, and Matthei proposed the  KLM  model [18], which 
made things easier when cascading different elements but this at the cost of 
a frequency dependent transformer. In 1994, Leach, using PSpice, presented 
a model, in which the transformers are replaced by voltage or current sources 
that are controlled by the voltage or current somewhere else in the circuit 
[24]. In 1996, Püttmer modified this latter model to include acoustic losses 
by using lossy transmission lines [33]. The other acoustic layers being also 
modeled with lossy transmission lines, it was then possible to model the 
whole ultrasonic system. Püttmer's paper shows the simulation of his probe 
with multiple reflection. 

However, when trying to implement those models, one crucial issue jumps 
out: "what are the acoustic characteristics of a certain material?" If any of 

2 A transmission line is a pair of wire like the one used for the telegraph or the cable to 
my desk lamp. It can be also a co-axial cable, which is the symbol used in PSpice. 
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those can be found, it is usually at one frequency and one temperature. So 
the challenge is to find models to find the needed acoustical characteristics 
based on more common material properties. For example: what is the speed 
of sound in newer plastics such as PEEK at a temperature of 20°C when 
the only available information on PEEK is its mechanical properties suchlike 
density, flexural modulus and Poisson's ratio. The last section of the thesis 
provides models, which permit to obtain the necessary acoustic parameters. 
The models are validated by comparing simulations against real experiments. 

1.7 Articles 

1.7.1 Paper 1 
This paper presents the first performance results of the probe at different 
temperatures. A special focus is given to the signal processing of the received 
signal. The density measurements presented are repeated in the second paper 
over the same temperature range. Not obvious by themselves are two issues: 
the optimization of the probe and the coupling layer. Those two issues will 
resurface throughout the rest of the thesis. The first one is address by the 
third paper and the second one is left for future work. 

1.7.2 Paper 2 
When performing the experiments reported in the first paper, one problem 
dominated. It originated with the temporary coupling layer between the two 
buffer rods. This layer is necessary to transmit the acoustic energy from one 
buffer rod to the next even if they are fiat and polished. This temporary 
layer changes its characteristics with time such that the performance of the 
probe would drift. For the experiments reported in this second paper, all the 
components are permanently bonded with a cyanoacrylate adhesive 

The density of three different liquids, water, alcohol and glycerin, are 
measured over a temperature range from 0 to 40PC. The error analysis shows 
that the current design is able to achieve an accuracy of 0.4% if the sampling 
time is reduced to 1 nanosecond. 

The paper also presents measurement done while the temperature is 
changing. The thermal gradient generated across the probe is addressed 
by correctly estimating the temperatures throughout the material layers and 
their interfaces. A solution and simulation concerning the error introduced 
by the quantization of the temperature estimation are presented. The quan-
tization originates with the time of flight measurement limited to a resolution 



1.8. CONCLUSION 
	

17 

of 5 nanoseconds. 

1.7.3 Paper 3 

A review of the analogy between the electrical and acoustical wave propaga-
tion and attenuation begins the topic. This is followed by the modeling of 
acoustical characteristics based on material properties to obtain the needed 
parameters for the PSpice simulations. The models take into account the 
influence of frequency and temperature. The media of interest are liquids, 
polymers and piezoelectric elements. 

The simulations of the ultrasonic systems are compared to experiments 
done at different temperatures and frequencies. 

1.8 Conclusion 
There is a need for mass flow meters and their provided benefits must surpass 
their cost. Ultrasonic mass flow meters can fill this need for certain applica-
tions. As a part of this meter, the ultrasonic  densitometer  needs to be reliably 
accurate. The following two scientific papers report density measurements 
of liquids using an ultrasonic reflection technique with a possible accuracy 
of 0.4% for liquids in the density range of 750 to 1300 kg/m3  performed at 
temperature between 0 and 40°C. In the future, these ranges should be ex-
pended to verify the design as they are applied for example for aircraft and 
automobile fuels. The integration of the ultrasonic  densitometer  into a vol-
umetric flow meter is strongly desired as its success would substantiate the 
current research efforts. 

There is a need for computer simulations of ultrasonic systems. As they 
apply theory, they can predict the behavior of a system before its construc-
tion, which in this case include both electronics and mechanical parts. One 
apparent problem is the lack of information concerning the acoustic parame-
ters of the mechanical components needed for the simulation. This informa-
tion holds the speed and attenuation of sound as a function of frequency and 
temperature in the different media. The last paper in this thesis addresses 
this issue for liquids, polymers and piezoelectric media. Future research on 
this topic should address highly viscous liquids or coupling layers, because of 
their importance in the field of ultrasonics. 
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An Ultrasonic Density Probe 

Abstract An ultrasonic density probe for liquids using a single transducer 

is developed, as a first step in the design is 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 characteristic acoustic 
impedance of the liquid. The liquid's density is the ratio of its acoustic impedance 
to the speed of sound through it. The latter is obtained 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 
behind which sits a transducer. This arrangement removes any dependence on 
the amplitude of the initial pulse. The temperature effects on the buffer rods' 
characteristics are numerically compensated by the dependence of the measured 
speeds of sound in temperature of the traveled media. Results show an accuracy 
of better than 1% with a 95% confidence level for water at temperatures ranging 
from 2 to 40°C. 

2.1 Introduction 

In the process and energy industries, mass flowmetering is preferred over 
volumetric flowmetering as variations in the density of the measured liquid 
have a significant impact on product quality or cost assessment. Transit 
time ultrasonic volumetric flowmeters—which calculate the flow speed from 
the change in the speed of sound through a liquid flowing between two ul-
trasonic 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 information. 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 interface 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 
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distribution of the reflected and transmitted energies can be estimated by ex-
amining 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 medium, namely the characteristic acoustic impedance of each material. 
The acoustic impedance z can be expressed mathematically as z = pc with  
p  representing the density and  c  the bulk speed of sound. For an acoustic 
wave traveling from the probe  p  to the liquid 1, the coefficient of reflection is:  

R = 
(zi  — zp) 
(zi  + zp)•  

(2.1)  

R  is calculated as the ratio of the amplitude of the reflected wave to the am-
plitude of the incident wave and zi  can be resolved since the probe's acoustic 
impedance zp  is known. The speed of sound through the liquid can be cal-
culated from the time required for the transmitted part of the pulse 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 impedance of the liquid by the speed of sound 
through it. 

This simple concept is quickly complicated by the realization that elec-
tronic and environmental variations affect the probe greatly. The amplitude 
of the initial pulse is dependent on the stability of the associated electronics, 
while changes in temperature will alter the probe's material characteristics 
such as sound attenuation thereby modifying the amplitudes of both the in-
cident and reflected pulses. To address the problem of 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 plas-
tic membrane 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 [13]. 
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 reflected when it encounters air. A third scheme 
inserts a new buffer rod between the probe's buffer rod and the transducer 
[6]. The present research focuses on this design for it provides an easy trans-
formation 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. 
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(Buffer rod 1, BR1) 

ransducer  

(Buffer rod 2, BR2) 

Figure 2.1: The probe 

2.2 Probe 

2.2.1 Probe design 

The introduction of the 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 buffers rods and, accordingly, the coefficients 
of reflection and transmission 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 atten-
uation such as diffraction (beam spreading) [30] and thermal conductivity 
[2], 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 frequency dependent atten-
uation is addressed by analyzing amplitudes at a single frequency while the 
speed of sound in each buffer rod divulges a corresponding temperature and 
attenuation. 

2.2.2 Probe model 

Referring to fig. 2.2, at to, the transducer emits a broadband pulse with an 
amplitude Ao. The pulse propagates through the first buffer rod with speed 
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Figure 2.2: Sound travels and received echoes versus time for the proposed 
density probe (not scaled)  

cl  but is exponentially attenuated with respect to the traveled distance di. It 
is echoed back at the interface with buffer rod 2 and again it is exponentially 
attenuated. At time t1, the received echo has an amplitude 

A1  = A0R1,2e-2d1" 	 (2.2) 

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 coefficient of reflection 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 coefficients of reflection and transmission 

Z — Z• 3 	Z  

7
•  Tt-,3 = 

2zi 	 (2.3) 

	

z, + zi 	zi  + zi  

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 

A2 = A0T1,2R2,3T2,1e-2 	
e-2d2a2 

 

The unmeasured Ao  is eliminated with the use of equation 2.2 and solv-
ing for the characteristic acoustic impedance of the liquid z3  generates the 

3 

2 



(2.6) —2d2a2  
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following equation: 

p3c3  =--- Z2 
(4ii 

, 
(4Aiziz2e-2d2a2  — A2(z7 — 4))  

iZiZ2e-2d2a2  A2(4.  — 4)) 

	 (2.4) 

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 

c3= (t3 — t2) . 
	 (2.5) 

An variation in temperature changes dimensions (thus density), speed of 
sound and attenuation in both buffer rods. Determining the time of flight 
in the two 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. ??). This calibration data 
is used to correct the characteristic acoustic impedances z1  and z2  and the 
attenuation factor a2  (eqn. 2.4). It should be noted here that the distance to 
the reflector  ds  is assumed constant regardless of the temperature creating 
an density error of the liquid in the order of 3x10-mkg/°C. 

2.2.3 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 char-
acteristic acoustic impedances of the buffer rods should be chosen carefully 
without overlooking the attenuation effect in buffer rod 2 such that 

R1,2 22  T1,2R2,372,1e 

The reflection from the fist interface is smaller that 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 l's 
length 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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Temperature  (°C) 

Figure 2.3: Probe' s acoutic characteristics versus temperature. 

2.2.4 Probe construction 

The exoskeleton of the probe is made of polymethylmethylacrylate plastic 
(fig. 2.1). Its front is buffer rod 2 with a diameter of 40 mm and a length of 
20 rmn. 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 rmfocused narrowband piezoelectric transducer 
with a center frequency of 3.7 MHz. Panametrics coupling fluid  B,  which is 
glycerin based, acoustically connects the probe's components together. The 
acoustic impedance of buffer rod 1 and buffer rod 2 are respectively 3.07x106  
and 3.23x106  Pa s/m. t 

2.3 Signal Processing 

2.3.1 Frequency dependent amplitudes 

The three echoes are located with a trigger level, extracted and centered 
into 512 data point long windows. A Fast Fourier Transform algorithm [32] 
provides a discrete frequency spectrum of each echo. The amplitude of the 
echoes A1  and A2 are calculated at the peak frequency of the discrete spec-
trum of second echo. 
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2.3.2 Times of flight 
The time of flight through each medium is first approximated by the dif-
ference 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 T samples, mul-
tiply each of its element with the next echo  h  's corresponding element and 
summing the elements of the product vector. 

N-1 
Corr(g,h),  9,-+khk (2.7) 

k=0 

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 180° phase change by 
bouncing off a material with a higher acoustic impedance (eqn.. 2.3). To 
improve processing speed, the cross correlation is executed in the frequency 
domain by convoluting the first echo by the complex conjugate of the second 
echo. 

Corr(g,h), <=>GkH 	 (2.8) 

The discrete Fourier transformed echoes were calculated earlier for the 
amplitude determination and the inverse FFT will lead back to the time 
domain. A search for the absolute maximum will point to the correct 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 to in a calibration situation introduce an additional 
buffer rod  BRO  between buffer rod 1 and the transducer. By then applying 
the above given technique, the time of flight in buffer rod 1 At „f  can be 
measured at a reference temperature. Returning to the original configuration, 
a reference signal is recorded at 20°C. Remembering that the acquisition 
started at to, the start of the reference' s first echo is not correct and needs 
a correction factor 6.  added to it such that 

Atref  = trefechol.start ± 
	

(2.9) 

Subsequent acquisitions are compared to this reference echo 

tfughti = techol.start 6 — Corr(echol,refechol)) 
	

(2.10) 

The cross correlation (eqn. 2.8) between the two echoes corrects for any 
time variation in the start of the echoes. 
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2.4 Experiments and Results 

2.4.1 Experimental setup 

The probe is fastened horizontally to the measurement cell. The measure-
ment 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-Tektronics 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 
0.01°C, monitors the temperatures of the liquid sample and the measurement 
cell's environment using two PT100 probes. Every two seconds, an RS232 
connection updates the workstation with the temperature informations. 

2.4.2 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 2.3 shows the corrected for thermal 
expansion speed of sounds in both buffer rod and the attenuation in buffer 
rod 2. 

2.4.3 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 [14]. 
The precision index is 4.8kg/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 2.4, showed that the 
critical measurements belonged to the speed of sound calculations. The time 
of flight being the most sensitive followed by the length measurements. Cross 
correlation offers a good way to obtain the time of flight down to the sampling 
resolution of the digitizer. 



50 10 	20 	30 	40  

2.5. CONCLUSION 

1.01 

101 

100 

100 

995 

990 

985 
0 

D
e
n
s
it

le
k
g
/
m 3
)
  

27 

Temperatur C) 

Figure 2.4: Density measurements and tabulated data versus temperature. 

Two types of error which 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 attenuation since no specific cause is 
addressed. Acoustic coupling between the probe's components is ensured by 
a liquid. Permanent bonding has been avoided to enable the easy evaluation 
of different materials. However, the drawback of temporary bounding or 
coupling is their alterations with time which modifies the attenuation in the 
probe. 

2.5 Conclusion 

Transforming a transit-time volumetric flowmeter into an accurate ultrasonic 
mass flowmeter without additional transducers is at hands reach. 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 overcomes instability in the associated electronics and transducer long 
term characteristics with the introduction 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' di-
ameters are reduced. 
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Thermostatic and Dynamic 
Performance 

Abstract An ultrasonic density probe for liquids using a single transducer is 

developed. The probe is based on the measurement of the reflection coefficient at 
the probe-fluid interface. From this the fluid density is obtained. Variations of the 
initial sound amplitude are addressed by the design of a two material probe. The 
thermally static and dynamic performance is investigated in the density range 
of 750 to 1300 kg/m3  at temperature ranging from 0 to 40°C. It is shown that 
an accuracy of 0.4% is possible to obtain. For changing temperature, the probe 
exhibits large errors due to problems in estimating the temperature within certain 
regions of the probe. 

3.1 Introduction 

In the process and energy industries, mass flowmetering is preferred over 
volumetric flowmetering as variations in the density of the measured liquid 
have a significant impact on product quality and cost assessment. Ultrasonic 
volumetric flowmeters have been in use for several years. They calculate the 
flow velocity from the difference between the up and downstream time of 
flight of acoustic pulses travelling between two ultrasonic transducers. The 
ultimate goal of the research is to transform an ultrasonic flowmeter into a 
mass flowmeter by also determining the liquid's density. The current work 
presents an accurate ultrasonic density probe which could become part of an 
ultrasonic flowmeter by replacing one of its transducers. 

The operating principle of this ultrasonic density probe is based on the re-
flection of sound at the interface between the probe and the liquid (fig. 3.1). 
From it, one obtains the characteristic acoustic impedance of the liquid. 
The characteristic acoustic impedance z, which relates the acoustic pressure 
wave and the particle velocity, is generally approximated as the product pc 
with  p  representing the density and  c  the bulk speed of sound through the 
medium. When an acoustic wave traveling through the probe encounters a 
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Probe 	Liquid 

Figure 3.1: Reflection and transmission of sound at the interface between 
two media with different acoustic impedances. 

liquid boundary, part of its energy is transmitted and the rest reflected. The 
distribution of the reflected and transmitted energies can be estimated by 
examining the bulk properties of the media and the boundary conditions. 
If the boundary is smooth and perpendicular to the propagation of the as-
sumed planar acoustic wave, the ratio between the pressure amplitude of the 
reflected pulse to that of the incident one depends on the properties of the 
medium, primarily the characteristic impedance of each material. This ratio 
is the coefficient of reflection  R  expressed as  

R = Z1 - Zp 

Zj + Zp 
(3.1) 

where the subscript of the impedances refer to the liquid, I, and the probe,  p.  
The impedance z1  can be determined since the probe's acoustic impedance 
z is known.  P  

The density of the fluid can thus be resolved by dividing the characteristic 
acoustic impedance of the liquid by the speed of sound through it. The latter 
can be calculated from the time required for the transmitted part of the pulse 
in the liquid to be echoed back from a reflector located at a known distance 
within the liquid. 

This simple idea is quickly complicated by the realization that electronic 
and environmental variations affect the probe greatly. The amplitude of 
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the initial pulse depends on the stability of the associated electronics, while 
changes in temperature alter the probe's material properties, such as the 
characteristic impedance and the acoustic attenuation, thereby modifying 
the amplitudes of both the incident and reflected pulses. To address the 
problem of variation 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 membrane covered by 
electrodes on each side is inserted into the buffer rod perpendicular to the 
sound propagation. It senses the passing planar acoustic waves to provide 
the amplitude of the initial pulse to be used as a reference as well as the 
amplitude of subsequent echoes. Another solution involves the addition of a 
second transducer in parallel [13]. 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 reflected 
when it encounters air. A third scheme uses the same probe material in front 
and in back of the transducer [34]. The back buffer rod terminated in air 
provides a quasi complete reflection and thus a reference. Yet another idea 
involves the insertion of a new buffer rod between the probe's buffer rod 
and the transducer [6]. The present research focuses on this design as an 
extension of work presented earlier [7]. The issue of different temperatures 
is addressed by recognizing its effect on the speed of sound in the probe. 
Tests were conducted at various temperatures to verify the operation and 
accuracy of the probe. Issues of thermal gradients and thermal dynamics are 
also presented. 

3.2 Probe 

3.2.1 Reference echo 

The introduction of the new buffer rod (buffer rod 1 or BR1) (fig. 3.2) be-
tween the transducer and the buffer rod in contact with the fluid (buffer rod 
2 or BR2) presents a new interface. This interface will reflect part of the ini-
tial pulse's energy which the transducer receives as a first echo (fig. 3.3). The 
amplitudes of the incident pulse and its transmitted pulses can be quantified 
since the acoustic impedances of the two buffers rods are known and, accord-
ingly, so are the coefficients of reflection and transmission at that interface. 
Thus with this first echo we can estimate the amplitude of the initial pulse 
and the portion of it that was transmitted into the remainder of the probe. 
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Figure 3.2: Cutaway of the ultrasonic density probe. 

3.2.2 Probe model 

Referring to figure 3.3, at time to  the transducer emits a broadband pulse 
with an amplitude Ao. The pulse propagates through the first buffer rod with 
speed c1  but is exponentially attenuated with respect to the distance traveled, 
d1. It is echoed back at the interface with BR2 and is again exponentially 
attenuated. At time t1, the received echo has an amplitude 

	

A1 = AoRi2e-26111. 	 (3.2) 

a is the attenuation per meter in the medium referred to by its index, namely 
BR1, 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 
coefficient of reflection 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 coefficients of reflection and transmission 

- 
Z3  - 	

Til 
	2z3  

R23 	 (3.3) 
z, + 	z ,, 

At time t2, the echo from the interface between BR2 and the liquid is 
received by the transducer. Its amplitude can be 
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Figure 3.3: Lattice diagram with the received echoes. 

The unmeasured Ao  is eliminated by means of equation (3.2) and solv-
ing for the characteristic acoustic impedance of the liquid z3  results in the 
following equation: 

(4Alziz2e-2d202  A2 (z?  — 4))  
Z2 

with index 3 referring to the liquid. 
The attenuation of sound in BR1 cancels out of the equation because both 

echoes undergo the same decay through BR1. The speed of sound through 
the liquid is calculated with the time of flight between the second and third 
echoes as 

2d3  
C3 

	

	 (3.6) 
(t3  — 1.2) 

Any variation in temperature alters the dimensions (and thus the density), 
speed of sound and attenuation in all media involved. The change in speed of 
sound, perceptible by way of the measured time of flight through the medium, 
is used to estimate the temperature of each buffer rod. From calibration, 
both the relationship of the speed of sound to the dimensional changes in 
the probe, and attenuation as a function of temperature can be established 
(flg. 3.4). This calibration data is used to correct the characteristic acoustic 
impedances z1  and z2  and the attenuation factor a2  in equation (3.5). The 

(4Aiziz2e-2d2a2 + A2(zi — zi))  
(3.5) 



PMMA 

PMMA  

	  30 
0 	5 	10 	15 	20 	25 	30 	35 	40 	45 

Temperature CC) 

2850 

2800  

c 2750 
0 

-0  2700 

2650 

2600 

2550 

60  

E 
50 Z 

a 
0 

1r- 

c 

40 

34 	 THERMOSTATIC AND DYNAMIC PERFORMANCE 

Figure 3.4: The acoustic characteristics of the probe's polymers. 

attenuation factor a2  encompasses all forms of acoustic attenuation including 
diffraction and viscoelastic losses. 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. 

3.2.3 Probe construction 

The electrical leads are soldered to each side of a 10 min 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 buffer 
rod (BR1) (flg.3.2) and backed with an acoustically absorbing epoxy. The 
backing epoxy has an acoustic impedance of 4.58 MPa s / m and a density of 
1600 kg / m3. The PEEK buffer rod has a diameter of 18 mm and a length 
of 25 mm, necessary for the long ring down of the transducer. BR2, made of 
PMMA, has a diameter of 40 mm and a length of 20mm. 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 which was between 20 and 25°C. The 
PEEK plastic has an acoustic characteristic impedance of 3.2 MPas / m while 
the PMMA has one of 3.19 MPa s / m. Their thermal coefficients of expansion 
are 47 • 10-6/°C and 60 10-6/°C respectively. All values are referenced to 
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20°C. 

3.3 Signal Processing 

The acoustic signal is transformed into an electrical one by the piezocerarnic 
disk, amplified and digitized to be processed by a computer. To satisfy 
equation (3.5) two types of information are desired from it: the amplitude of 
each echo and the time separating them. 

3.3.1 Frequency dependent amplitudes 

Because acoustic attenuation is frequency dependent, it is preferable to ob-
tain amplitude measurements in the frequency domain. The three echoes 
are located with a trigger level, extracted and centered into 2048 data point 
long windows. A Fast Fourier Transform algorithm [32] provides a discrete 
frequency spectrum of each echo. The amplitude of the echoes A1  and A2 
are measured at 2 MHz. 

Not relevant to the present probe is the phase shift of the echoes. R12 
and R23 from equation (3.3) are negative indicating a 180° phase shift with 
the incident and transmitted echoes. Had they been different or changing, 
equation (3.5) would have to be revised or the phase shift tracked. 

3.3.2 Times of flight 

The time of flight through each medium is first approximated by the differ-
ence between the start of two successive windows. Since the location of the 
echoes is based on a trigger level, the times of flight are usually accurate 
to only one oscillation. Performing a cross correlation on the two windows 
provides a lead or lag time of the echoes within the window. Correcting the 
approximation by this lead or lag time gives a time of flight with an accuracy 
of the sampling time. 

These cross correlations are performed in the frequency domain with the 
discrete Fourier transformed echoes calculated earlier for the amplitude de-
termination. The inverse FFT will lead back to the time domain. A search 
for the absolute maximum will indicate the correct time shift. 

The time of flight through BR1 can not be measured by the above method 
because the excitation spike with its ring down and the first echo are too 
dissimilar. The solution to this is to use a reference. During calibration, we 
introduce an additional buffer rod  BRO  between BR1 and the transducer. By 
then applying the above given technique, the time of flight in BR1, Atref ,  , can 
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Figure 3.5: Experimental setup. 

be measured at a reference temperature of 20°C. Returning to the original 
configuration, a reference signal is recorded at 20°C. To the time between 
the sending of the excitation pulse (to  -= 0) and the start of the first window 
a correction factor (5 needs to be added such that  

Afret  = tre f .echol. start + 8. (3.7) 

This window with its 6 becomes the reference. With subsequent acquisitions, 
the time of flight through BR1 is obtained by adding 6 to the start of the 
first new window and correcting it with the cross correlation of the new first 
window and the reference window. Mathematically, 

tflightl = t echo'. start + 8 -  C  orr (echol, ref .echol)). 	(3.8) 

3.4 Experiments and Results 

3.4.1 Experimental setup 
The probe is fastened horizontally to the measurement cell. The measure-
ment cell consists of two stainless steel plates separated by two 30 mm brass 
bars, all of which stands on a  plexiglas  bottom (fig. 3.5). The polished 
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surface of the stainless steel reflector plate faces the probe; it's 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 5072PR  pulser-
receiver located outside the chamber. The received analog signal is sampled 
at 200MHz by a Sony-Tektronix RTD 710 digitizer with a 10 bit resolution. 
Averaged 32 times, the digitized waveform is transferred to a workstation via 
a GPM interface. There, a program reduces the signal to a density measure-
ment. 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 two seconds, the workstation receives new 
temperature information via an RS232 connection. 

3.4.2 Calibration 
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 BR2 (fig. 3.4). These relationships are 
linear in the range of operation for the PEEK plastic. The speed of sound 
in PMMA has a slight curvature above 25°C and its acoustic attenuation is 
linear with respect to temperature. 

3.4.3 Thermal steady state 
3.4.3.1 Density measurements 

After a minimum of three hours 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 15 minutes at each temperature step 
between 0 and 40°C for 99% pure alcohol, 2 to 40°C for degassed, purified 
water and 15 to 40°C for 99.5% water free glycerin. The temperature steps 
are 5°C. The lower limit for water is set to prevent freezing. Below 15°C, 
the acoustic attenuation in glycerin becomes so large that no measurements 
are possible. Figure 3.6 depicts the average of the measurements at each 
temperature. The solid curves, used as reference, are tabulated values from 
[14] for water and from [10] for alcohol and glycerin. The error bars around 
each measurement show that the random uncertainty is less than 0.5%. How-
ever, when comparing the measurements to the tabulated data, the error is 
in order of 2% with an oscillating pattern around the tabulated data. This 
pattern is discussed in the second part of the following error analysis. 
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Figure 3.6: Calculated densities of 3 liquids versus tabulated data. The 95% 
confidence intervals are indicated for all measured values. 

3.4.3.2 Error Analysis 

A general uncertainty analysis based on equation (3.5) and the probe as 
described earlier was performed. The uncertainty Up3  of the liquid's density 
is calculated as 

1 
2] 2 

UP3 = [E ±)3-a ux. 
L1 

jj 

( 	) 
\aXi 

 

(3.9) 

where xi  refers to the variables needed to calculate the density p3. The partial 
derivatives ap3/0x, provides the sensitivity of the density calculation to the 
respective variables. Table 1 lists the variables involved, the sensitivity of p3  
to each of them, the estimated 95% uncertainty of each variable and their 
product. The liquid chosen was water at a temperature of 20°C. It is clear 
that the times of flight with their high sensitivity are critical to the total 
=certainty. 

The analysis indicates that an accuracy 0.65% is achievable. By reducing 
the sampling delay to 1  ns,  which is readily achievable with today's electron-
ics, 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 measurements sets. 

In figure 3.6, we find that the measured values oscillate around the ref- 
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Uncertainty analysis of the probe with water 
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Pi  —11.29 0.060 kg / 0.68 
dl  —595.91 • 103  1 pm 0.60 
ti  388.57 • 106  Sns 1.94 
P2 13.59 0.050 kg / m3  0.68 
d2  717.19 • 103  1pm 0.72 
t2  —553.93 • 106  5 ns 2.77 
a2 —34.46 0.1 Np/m 3.45 
c13  —33.48 • 103  1 pm 0.07 
t3  12.41 • 106  5 ns 0.06 
Ai 0.046 50 f.tV 2.31 
A2 —0.023 150 p,V 3.50 
P3 6.49kg/ m3  

erence data. Our analysis of the measured data leads us to investigate the 
interface between the two buffer rods. This interface includes a cyanoacry-
late layer, the thickness of which is only a few microns. From a time of flight 
point of view it can be neglected. But the amplitude of the reflected pulse is 
clearly influenced. This is attributed to a situation where multiple reflections 
occur. The consequence of this is a rather complex coefficient of reflection 
[16] which is frequency, temperature and thickness dependent. 

Using the reference density data along with the other measured values 
at the various temperatures, we obtain a theoretically anticipated amplitude 
A1  derived from equation (3.5). In figure 3.7, the measured amplitude Ai  is 
compared to the anticipated amplitude Ai. It reveals that the coefficient of 
refection at that interface deviates from the proposed theory. The received 
echoes are smaller at lower temperatures and larger at higher temperatures. 
This can potentially be caused by the different coefficients of thermal ex-
pansion for the two buffer rods and the cyanoacrylate layer. One way to 
compensate for this in the current design is to introduce a correction to the 
attenuation a2  of BR2. Allowing a2  to be nonlinear with respect to temper-
ature reduces the oscillation pattern of figure 3.6 so that it is smaller than 
the measured 95% confidence interval. Thus by using a correction scheme, it 
is possible to obtain a density measurement with the proposed approach to 
an accuracy of 0.65% or better as shown by the error analysis. 
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Figure 3.7: Measured (solid) and anticipated amplitude of the reference echo 
at 2 MHz as a function of temperature. 

3.4.4 Thermal transient 
Density measurements of liquids taken while the temperature is changing 
show some interesting characteristics of the probe. The temperature sweep 
sets up a thermal gradient which varies the material properties across the 
probe and highlights the limitation of the device due to an insufficient sam-
pling rate. 

Figure 3.8 shows the measured and estimated temperatures during a ther-
mal step change from 20 to 25°C. The temperatures of the chamber's air and 
liquid are measured using the PT100 probes. The two stair-step like temper-
ature curves represent the estimated temperature based on speed of sound 
in BR1 and BR2. The speed of sound being derived from a time resolution 
of 5  ns  results in a temperature estimate which is limited to a resolution of 
about a third of a degree. With a thermal gradient, the acoustic impedances 
are not the same at each end of the buffer rods and equation (3.5) needs to 
be revised. If we introduce z2c, and z2b to represent the acoustic impedances 
of PMMA at the PEEK-PMMA interface and at the PMMA-liquid interface 
respectively, we obtain 

— Z2b (4241Z1Z2ae-2`12*2  — A2 (Z? — 40)  
P3 	 3 

C3 (4Aiziz2ae-2(12'2  + A2 (Z? — 4 	
( .10) 

a)) • 

The correct temperature at each interface is needed to make proper use of 
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Figure 3.9: Normalized amplitude of the received echoes during the thermal 
step change of 20 to 25  °C  . 
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this new equation. Referring to figure 3.8, it is clear that the temperature 
of BR2 follows that of the liquid with a minor phase delay. The BR2 es-
timated temperature is a good candidate to calculate the correct acoustic 
impedance z2b  at the BR2-liquid interface. In figure 3.9, the amplitude of 
the first two echoes A1  and A2 are shown as measured during the thermal 
transient. By comparing figures 3.8 and 3.9, it is clear that the amplitude 
A1  stabilizes at the same rate as does the temperature of BR1. This presents 
the temperature estimated from the speed of sound in BR1 as an obvious 
choice to obtain the correct acoustic impedances at the BR1-BR2 interface. 
The attenuation a2  uses the average thermal estimate of BR2 as it is based 
on the average acoustic velocities. Figure 3.10 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 account, the error reaches 20% during this 
temperature change. 

A saw tooth pattern is noticeable in figure 3.10. The sharp corrections 
to the density measurement correspond to step increases in the estimated 
temperature of BR2 (fig. 3.8). From the general uncertainty analysis it is 
clear that the sampling time of 5ns is not sufficient. This is solvable by using 
high speed acquisition equipment or sub-sampling estimation techniques as 
proposed by Grennb erg and Sandell [12]. To simulate a higher resolution of 
temperature estimation, in place of the temperature estimate of BR2, the 
measured temperature of the liquid is used. The resulting density measure-
ments shown in figure 3.11 form a smoother transition from 20 to 25°C which 
deviates only in the first half hour of the experiment. 

One source of error, which remains unexplained, is the one which occurs 
during the first half hour of the density measurement of figure 3.11. An-
alyzing the measured signal reveals a potential explanation. In figure 3.9, 
the amplitude of the second echo A2 decreases very rapidly at the beginning 
of the thermal step change; much faster than the increase of the estimated 
temperature of BR2. After the first half hour, the amplitude A2 holds con-
stant until it catches up with the loss associated with a2  as a function of 
the estimated temperature in BR2. Only further research will clarify this 
problem and it is now speculated without proof to be related to the coupling 
cyanoacrylate. This speculation is based on the fact that the anomaly in A2 

disappears when the temperature of the reference interface stabilizes. 

3.5 Conclusion 

We have shown that the proposed density probe is capable of measuring 
liquid densities of 750 to 1300 kg / m3  at constant temperatures ranging from 
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0 to 40°C. The uncertainty in those measurements in a thermally static 
environment is 2%. As much as 1.0% is due to insufficient time resolution in 
the speed of sound measurement. In total, the error analysis shows that a 
density measurement of 0.4% accuracy is possible. 

During thermal transients, a thermal gradient is developed across the 
probe which directly influences the characteristic impedances through the 
probe. This issue is handled by correctly assessing the temperature at each 
of its interfaces. 

Both in thermally static and thermally dynamic situations, it is indicated 
that the thin glue layer between the two buffer rods has an influence on 
the accuracy of the probe. However, further investigations are necessary to 
develop a better understanding of it. 



PSpice Simulation of Ultrasonic 
Systems 

Abstract The usage of electrical analogies for the simulation of wave generation 

and propagation in ultrasound transducers is well established. In this paper a 
PSpice approach that includes the temperature and frequency dependency of the 
transducer performance is proposed. The analogy between acoustic wave propaga-
tion and wave propagation in an electric transmission line is given. Further ways 
to deduce temperature and frequency dependencies are discussed. The simulation 
approach is applied to a pulse-echo set up for the determination of speed of sound 
and attenuation 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 
agreement between simulation and experiments. Results for glycerine indicates 
that the available attenuation models for high viscosity liquids is inappropriate. 

4.1 Introduction 

An ultrasonic system, or transducer, consists of a collection of material layers. 
The design and optimization of a multilayered transducer is a complicated 
engineering task that involves a knowledge of physical acoustics, analog elec-
tronics and the acoustical properties of the materials involved. This task 
is made even more difficult by the lack of available information about fre-
quency and thermal 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 simulations. This paper presents a simulation solution 
to ease the selection process. Such a solution is based on mechanical and 
electrical analogies, enabling the use of standard electrical simulation tools 
such as SPICE or PSpice [38]. The use of SPICE provides an opportunity to 
simulate the complex set of excitation electronics, the ultrasonic transducer, 
the material under investigation and the receiving electronics. 

45 
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Electrical analogies of one-dimensional acoustic phenomenons have evolved 
over the years. In 1942 Mason [28] modeled electromechanical transducers 
with a lumped equivalent circuit. In 1961, Redwood [35] incorporated a 
transmission line into Mason's model to obtain useful information about the 
transient response of a piezoelectric transducer. With the transmission line, 
one can represent the time delay necessary for a mechanical signal to travel 
from one side of the transducer to the other. In the case of a plate trans-
ducer, the derivation of both models include a negative capacitor. Using 
SPICE and an equivalent circuit approximating the negative capacitor, Mor-
ris and Hutchens simulated Redwood's implementation of Mason's model 
[29]. In 1970, Krimholtz, Leedom and Matthei [18] presented another equiv-
alent circuit: the  KLM  model. This analogous circuit consists of a frequency 
dependent network, including a transformer, connected to the middle of a 
transmission line. This design is advantageous in certain applications such 
as acoustically cascaded ones. In 1994, Leach [24] used controlled current 
and voltage sources instead of transformers. The advantage of the controlled 
sources over a transformer is the disappearance of the negative capacitor, 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. [33], 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. to liquids, 
polymers and piezoelectric materials to obtain an electrical analogue of one-
dimensional, acoustic wave propagation through such materials. Under the 
limiting assumption of plane longitudinal waves, temperature and frequency 
dependencies are introduced into the model equations. From available mate-
rial data, such as the modulus of elasticity and Poisson's ratio, the necessary 
electrical parameters are deduced. Validation of the theory is achieved with 
comparison to experimental data with different liquids and polymers at dif-
ferent frequencies and temperatures. 

4.2 Wave theory 

To model a multilayered ultrasonic transducer, the piezoelectric phenomena 
is modelled using controlled voltage and current sources according to Leach 
(figure 4.1) and all parts with acoustic wave propagations are modeled as 
lossy transmission lines (figure 4.2). 

A comparison of wave propagation in electrical transmission lines and 
acoustical mediums will allow us to assign the proper parameter values in the 
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Figure 4.1: The Leach model, emulating a piezoceramic disc, with a trans-
mission line, two current controlled current sources and a capacitor. 

dx  

Figure 4.2: Lumped representation of a distributed network of a transmission 
line. 



48 	 PSPICE SIMULATION OF ULTRASONIC SYSTEMS 

simulations. In a transmission line, the interaction of the potential differences 
and the current between the two conductors is described by the telegraphist's 
equations  

av  (x, t) 	Ri 	ai  (x,t) t) + L  at  Ox  
at, (x,t)  ai(x,t) =__ Gv ( x, t) + C at  ax  

where  x  is the axis of propagation [4]. They are obtained by applying Kirch-
hoff's voltage and current laws to figure 4.2 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) 	, 	 (4.3)  

i  (x,  t) = real[/(x)ejwt], 	 (4.4) 

where u.) is the angular frequency, then equations (4.1) and (4.2) can be 
rewritten as 

dx 	
=  (R  + jwL)I  (x)  , 	 (4.5) 

dI(x) 
dx 	

=  (G  + jwC)V  (x)  . 	 (4.6) 

This 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) 	2  

dx
2 

	

d2I (x) 	„y2i. (x) 	
0. 

 
dx2  

'y  is the propagation constant, comprised of an attenuation constant a (Np/m) 
and a phase constant 0 (rad/m).  -y  can be written as  

-y  = a +  j  = 	+ jwL)  (G  + jwC) 	 (4.9) 

The general solution to the differential equation (4.7) is 

V  (x)  = Ae-(a+iß)s Be' 
	

(4.10) 

and equation (4.8)'s solution has the same form. Multiplying by e3wt  reintro-
duces the time dependence into the equation 

v  (x  ,t) = V(x)&)t =  Ae-ar  exwt-ox) Beax exwt+ox) 	(4.11) 

(4.1) 

(4.2) 

dV(x) 

(4.7) 

(4.8)  
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This solution describes two travelling waves; one traveling in the positive  x  
direction with an amplitude A which decays at a rate a while the other with 
an amplitude  B  travels in the opposite direction with the same rate of decay. 

The propagation of an acoustical wave is governed by the same type of 
differential equations. In the case of harmonic waves, corresponding to the 
equations (4.7) and (4.8), we have the lossy linearized acoustic plane wave 
equations 

02P (XI t) 	2 + k, p (x,t) =0, ax2 
02u (x, t) 	2  

U (X, t) = ax2 

where  p (x,  t) (Pa) is the pressure and u  (x,  t)  (m/s)  is the particle velocity 
[16]. Equivalent to  'y, k,  is the complex wave number composed of an at-
tenuation constant a (Np/m) and a wave number  k  (rad/m). The general 
solution the wave equation (4.12) is  

p (x

, 

 t) 	Ae.. CrXej(WtkX) 	BeCiZe3(Lat+kX) 	 (4.14) 

and is identical to the transmission line's solution (4.11). Equation (4.13) 
has a solution of the same form. 

With 

w 	
 1 

kc  — 	 (4.15) 
c -V1 +3wr 

we can solve for 

w 1 	[  \/1  + (w7)2  — 112  

1+ (wr)2  

k = 
c‘) 1 [O.+ (w'r)-  +11 

where 7 is the relaxation time [16]. Phenomenologically, 7 is the time con-
stant necessary for a mechanical medium to reach a new equilibrium upon a 
sudden change in pressure. 

At any point along the propagation path, the characteristic impedance 
relates pressure to particle velocity in the acoustic case as potential difference 

(4.12) 

(4.13) 

and 

(4.16) 

(4.17) 
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to current in a transmission line. The characteristic impedance becomes 
important at the boundaries because the continuity 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 [4], the characteristic impedance 41  is 

Zel =  
R + juiL  

G+ jwC  
(4.18) 

and for the lossy acoustic medium [16], the characteristic acoustic impedance 
Za  is 

Za  = pc/1+ jwr 	 (4.19) 

Hence, we have two sets of equations (9), (18) and (15), (19) which enables 
us to map an acoustic wave propagation onto an electrical description. 

4.2.1 Low-loss approximations 

We now consider small but non-negligible losses where  R  < wL,  G  < wC 
and WI-  « 1. The transmission line's characteristic impedance and propa-
gation constant can be approximated by keeping the low order terms when 
expanding equations (4.18) and (4.9) [4]. They become respectively 

lfRG zei  \F
L  ri+ 
c 	2jw 	C  ) 

2 	C 
 + jwff-ä. 	 (4.21) 

With the above assumptions, the second term  of equation (4.20) is negli-
gible, leaving the characteristic impedance as \A/C. Similarly, from equa-
tion (4.19), the low loss acoustical characteristic impedance can be approx-
imated as pc. To correlate the two characteristic impedances, we choose an 
impedance type analogy (fig. 4.1), where the force, and not pressure, is rep-
resented by voltage and the particle velocity is represented by current. The 
equivalence between the two systems is 

Zei  Za A 	 (4.22) 

where A is the cross-sectional area of the acoustic beam. 
Again, using the low loss approximation, the wave number  k  (eq. 4.17) 

and its electrical counterpart the phase constant 3 (eq. 4.21) become  w/c  

(4.20) 
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and w•ViLZ respectively. If the waves' speed of propagation is to be the same, 
then  c  = 1/-ViLC. Assisted with the definition of the low loss characteristic 
impedances (eq. 4.22), we can assign the following relationships 

L a  Ap, 	 (4.23) 
1  

C  = 

	

	 (4.24) 
Apc2.  

The real part of equation (4.21) is the attenuation constant 

(4.25) 

Drawing a parallel with the classical theory of acoustic attenuation, 

adassical =  Cev atc  (4.26) 

where at, is the coefficient of attenuation due to viscous losses and atc  is the 
coefficient of attenuation due to thermal conduction. Having determined L 
and  C  we can solve for  R  or  G  to model the attenuations  

R  2pcAcx1,, 	 (4.27) 
2  

G  —pcAatc. 	 (4.28) 

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 a represents only attenua-
tions due to viscous losses. 

4.2.2 Simulations requirements 
To model a lossy acoustic layer as an electrical transmission line, we need the 
following material data: (cf. eq. (4.23), (4.24), (4.27) and (4.28)) the acoustic 
beam's cross sectional area A (m2), the density  p  (kg / m), the speed of sound  
c  (m / s), and the attenuation constant a (Np/m) at the chosen frequency 
and temperature. 

4.3 Material theory 

To obtain the needed material characteristics and their dependencies on tem-
perature and frequency, we consider liquids, polymers and finally piezoce-
ramic materials. 



52 	 PSPICE SIMULATION OF ULTRASONIC SYSTEMS 

4.3.1 Liquids 
The speed of sound in a liquid is defined as  

K,  (T) 
p(T) 

where  K,  is the adiabatic bulk modulus [31]. For most liquids, we can find 
the density  p,  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). 

Starting with the Navier-Stokes equation, Kinsler and Frey [16] derive 
the following model coefficient of attenuation due to viscosity 

2w2  
a (7') = 3p (T) c3  (T) 77 (T) 	 (4.30) 

where 77 (T) is the viscosity. One of the assumptions made in this derivation 
is that the bulk viscosity is negligible. 

Parameters which are temperature sensitive, like viscosity, need to be 
obtained at the desired temperature for single temperature simulation or 
as a function of temperature for parametric simulation over a temperature 
range. 

4.3.2 Polymers 
For polymers, we get different expressions than those for liquids. The lossless 
bulk speed of sound in solids can be written as [35]  

A (T) + 2i (T) 
p(T) 

where A and ii, are Lame's constants defined as  Ev/  (1 + v) (1 — 2v) and 
E/2 (1 + v) respectively [11].  E  is the modulus of elasticity and v is Poisson's 
ratio.  g  is also known as the shear modulus  G.  Following the discussion 
on attenuation in polymers, we shall show that  E, G,  and v 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. On the other hand, in response to a step change in 
strain eo, the stress a (t) will exponentially decay to a new equilibrium value 
0-0 as 

a (t) --= Ecoe-tir . 	 (4.32) 

c (T) = (4.29) 

c (T) = (4.31) 
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with being the relaxation time [36]. If we allow the stress a to oscillate with 
angular frequency w, the strain will also oscillate with the same frequency 
but with a phase lag 5 such that a =. croe3' and  c  =- coel's. Relating the 
stress to the strain, we obtain 

ao 	ao 
= (— cos +  j•—  6) E. 

€0 	go 

Introducing the complex dynamic modulus  E*,  the above equation can be 
rewritten as 

= E* €0e3wt  = (E' + j E") e 	 (4.34)  

where  E'  is the storage modulus and  E"  is the loss modulus. The same 
relationships exists for the shear modulus  G*  =  G'  + jG" 

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

E" 
tan o = — 

E' 

It represents a measure of internal friction in solids. The acoustic attenuation 
per wavelength thus becomes [2] 

= 7r tan 6. 	 (4.36) 

Figure 4.3 shows both  E'  and  C',  along with their loss tangent, as a 
function of frequency. The lower frequency range was published by Ferry [8] 
while the upper frequency range was derived from Kline [17]. It shows that 
there is not a single relaxation time but rather a continuous distribution of 
relaxation times 'T. 

Temperature influences these relaxation times (fig. 4.3). Looking at a 
specific time  ri,,  we can define a ratio aT  [8] of 7.1, at a temperature T and rp 

at an arbitrary reference temperature To  such that 

[722]  
arr = 

In 1955, William, Landel, and Ferry presented the WLF equation 

log10 aT =_ 
—ci (T — To)  

(4.33) 

(4.35) 

c2 + T — To  

E Pl T• 0  • 
(4.37) 

(4.38) 
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Figure 4.3: Dynamic data of PMMA with the storage extension modulus  E',  
storage shear modulus  G'  and their loss tangent. 

which relates aT  to temperature as the basic effect of temperature on vis-
coelastic properties. The constants c1  and c2  are polymer specific. For some 
polymers, c1  and c2  were published by Ferry [8] . He also states that in the sit-
uation where no information is available, the values c1  = 8.86 and c2  =- 101.6 
can be used with the reference temperature being the potential adjustable pa-
rameter. With this information, it is possible to obtain viscoelastic properties 
at different temperatures. For example, the storage modulus  E'  measured at 
a temperature T and angular frequency  c..)  is equivalent to the  E'  at To  and 
waT  such as 

E' (waT,T0) =  
Tp  

and similarly  

E ft (waT,T0)  = TEA (w, T).  
Tp 

The ratio of Topo /lp compensates for thermal expansion. Looking at the 
ratio of the above two equations, 

tan 6(waT,To) = tan S(w, T). 	 (4.41) 

Figure 4.3 is comprised of measurements made at different temperatures 
and frequencies and combined using the above technique. The procedure is 

(4.39) 

(4.40) 
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Figure 4.4: pSpice sub-circuit of Leach's piezoelectric transducer model. 

reversed to obtain the loss tangent for the simulations at the desired frequen-
cies and temperatures. 

It should be noted here that the physical properties of materials are not 
easily available, but once obtained, it provides a powerful tool to predict the 
behavior of polymers over different frequencies and temperatures. Secondly, 
since the time history of the load is important, the data needed for the 
calculation of  c  in equation (4.31) is also frequency dependent as can be seen 
in figure 4.3 and equation (4.39). 

4.3.3 Piezoelectric material 

The heart of an ultrasonic probe is the bi-directional transduction of mechan-
ical to electrical energy. As presented in the introduction, different models 
have been developed over the years to simulate these transducers. Leach 
[24] presented a conversion model which uses controlled sources instead of a 
transformer. Controlled sources measure voltage or current at some point in 
the circuit and modify the measured signal according to a function, and out-
put the results as a current or a voltage source. They form the connections 
between the mechanical and the electrical sections of the model. It is this 
model which is presented here. 

Mechanically, a transmission line T1  of length  len  (m) represents the 
acoustical layer (fig. 4.4). 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 

— 
c  (T)  

f  2 len' 
(4.42) 
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with  c  being the speed of sound through it. One should be aware that 
the acoustical load on each side of the transducer shifts f slightly. With 
equations (4.23), (4.24) and the piezoceramic's density  p,  one can calculate 
transmission line's L and  C  respectively. 

The mechanical  Qm  factor describes shape of the resonance peak in the 
frequency domain. It also relates the angular frequency w, the inductance L 
and the resistance  R  as follow [33]  

c,)  L  

	

Qm  (T) =  —R 	
(4.43) 

Accepting this as modeling all loses, we set the conductance  G  = 0. 
In the electrical section, the static capacitance Co  is calculable as 

ES (T) A  

	

Co (T) =\
en 	

(4.44) 

where Es (02  /  N  m2)is the permittivity with zero or constant strain (clamped) 
[15]. The latter is related to the permittivity with zero or constant stress 
(free) eT as 

ET  (T) 	1 
(T) 	1 — k2  (T) 

with  k  defined as the piezoelectric coupling constant [15]. 
The mechanical and electrical sections interact with two current con-

trolled sources. From the mechanical side, the deformation itself is not mea-
surable but the current representing the rate of deformation is. The difference 
between the velocity of each surface normal to the propagation path, repre-
sented 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 Co.  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 Es. In the thickness mode 
it is [15] 

e33(T)  
h  (T) =  

E  (T) 	
(4.46) 

This source's output is in parallel with the capacitor Co. The result is a 
potential difference across the capacitor which is proportional to the defor-
mation. 

In the electrical section, the current to the capacitor Co  controls the 
current source F2. The gain for this second current source is  h.  Its output 

(4.45) 
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Table 4.2: Table of performed experiments  
Exp. 	Int.  Layer 	 Sample 

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

needs to be integrated to obtain the total charge on the electrodes which 
proportionally deforms the transducer. The integration is performed by the 
capacitor C1. The voltage controlled voltage source El with unity gain is a 
one way isolation for the integrator. 

4.4 Experiment versus simulation 

To verify the analogies described above, experimental validations for solids 
and liquids are performed. The experiments are conducted on two poly-
mers and two liquids at three temperatures, 20, 30, and 40°C, in the fre-
quency range 1-12 MHz. The polymers chosen in this study are PMMA 
(polymethylmetaacrylate) and PEEK (polyetheretherketone). The liquids 
used are distilled, degassed water and laboratory grade, water free, glycer-
ine. The samples used, and the intermediary layer between the transducers 
and the sample, are listed below. The received signals are compared to the 
simulations in the time domain. Measured and predicted attenuations are 
compared with respect to frequencies and temperature. 

4.4.1 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 
intermediary 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 5ns sampling 
time and the digitized sample is then transferred to a workstation over a 
GPIB interface for subsequent signal processing. For each measurement, 100 
waveforms are sampled and averaged using a method proposed by Grennberg 
and Sandell [12], to reduce small timing differences between the waveforms. 
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Figure 4.5: Block diagram of experimental setup. 

Figure 4.6: Probe layuot for solid sample experiments. 
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Figure 4.7: Probe layout for liquid samples. 

The two transducers are Panametrics Videoscan V3456 and V311 trans-
ducers with center frequencies 5 MHz and 10 MHz respectively. Both trans-
ducers are unfocused, have an element diameter of 12.5 mm and are manu-
factured by Panametrics Inc., Waltham, MA, USA. 

The liquid samples are contained in a measurement cell into which the 
intermediate PMMA layer is mounted (fig. 4.7). The PMMA layer has a 
diameter of 40 mm. The thickness of the sample chamber is  d  = 30 mm. 
A more detailed description of the measurement cell, its operating principle 
and the signal processing may be found in [25]. 

The solid samples are cylindrical specimens of PMMA and PEEK. Three 
cylindrical samples are 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 are machined 
to a high degree of parallelism and flatness, and subsequently polished to 
a mirrorlike surface quality. The transducers and samples are coupled using 
a propylene glycol based fluid, Couplant A, from Panametrics Inc., to a 12 
mm long intermediate layer of PEEK, for the PMMA samples, and a 12 mm 
long PMMA intermediate layer for the PEEK samples (fig. 4.6). 

To control the temperature, the assemblies are housed in a Heraeus 
HT4010 temperature control chamber where the experiments are 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. 
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Figure 4.8: PSpice sub-circuit of Leach's piezoelectric transducer model. 

4.4.2 PSpice setup 
The analogous circuit set up is described in figure 4.8 with the transducer 
sub-circuit shown in figure 4.4. PSpice uses a text file, an example of which 
is given in Appendix A, to describe the circuit. 

4.4.2.1 The  pulser-receiver 

The associated electronics of an ultrasonic pulser/receiver are an important 
part of the system. Since the schematic diagrams for the  pulser  are available 
from its manufacturer, it could also be modelled using the simulation tool, 
SPICE. However, since the scope of this paper is restricted to the simulation 
of ultrasonic wave propagation, the  pulser  circuitry in PSpice is kept simple. 
The  pulser  circuitry, shown in figure 4.8, consists of a pulse generator  (Vin)  
followed by a 2 nF capacitor  (Cl).  The pulse starts at 500 V and decays to 
0V 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 electronics. 

4.4.2.2 The transducers 

The design of the Panametrics transducers is proprietary making it necessary 
to design a transducer with similar characteristics. Following Morris and 
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Table 4.3: Physical properties of PZT-5A 
Parameter PZT-5A  
p (kg / m3) 7750 

75 
c (m/s) 4350 
es (C2  / N m2) 7.35 • 10-9  
e33  (C/m2) 15.8  

Hutchens [29], and Leach [24] the piezoceramic PZT-5A, whose material 
data is obtained from  Kino  [15], was chosen. 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 
select a backing material with a characteristic acoustic impedance of 15.8 
MPa s / m. The backing impedance is achievable with a tungsten filled epoxy 
[15]. 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 = 18 S2) (fig. 4.8)). Figure 4.9 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. 

4.4.2.3 The liquid samples 

Water, with well known acoustical properties, is a good test subject for the 
experimental versus simulated results comparisons. The data in table 3 is 
obtained from standard references [5, 14]. Only the isothermal and not the 
adiabatic bulk modulus was available. This introduces a slight error which 
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 equation (31) overestimates the acoustic attenuation [2] resulting 
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Figure 4.9: Echo from a PMMA-water interface received by 5 MHz Trans-
ducers at 20°C. The measured signal is the solid line while the dashed one 
is from simulation. 

Table 4.4: Temperature dependent physical properties for water 
Temperature  (°C)  20 30 40  

p  (kg / m3) 998.20 995.64 992.21 
KT  (G  Pa) 2.18 2.23 2.29 
17 (m Pa s) 1.002 0.7973 0.6526 
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Table 4.5: Temperature dependent physical properties for glycerine 
Temperature  (°C)  20 30 40  

p  (kg / m3) 1258.8 1255.3 1249.1  
c (m/s)  1923 1905 1886.5 
(mPas) 1146 498 234 

Table 4.6: Temperature dependent physical properties for PMMA 
Temperature  (°C)  20 30 40  

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

aT  1.62 0.64 0.28 
tan @ 5 MHz 0.0085 0.0109 0.0135 
tan 6 @ 10 MHz 0.0071 0.0091 0.0113 

in faulty simulations. The following data is from two sources. We obtain the 
density at 20°C and all the viscosities from [14] and the other parameters 
from the glycerine manufacturer Sakamoto Yakuhin Kogyo Co. Ldt., Japan. 

4.4.2.4 The solid samples and the couplant 

PMMA, a well known polymer, offers a good benchmark against to test the 
simulation theory. From Kline [17], we obtain a loss tangent of 0.0108 at 
2MHz and 0.0073 at 9 MHz at 20°C. His data is mostly linear with a slight 
deviation at 5MHz. For the constants c1  and c2  of the WLF equation, we 
rely on published data from Ferry [8], with the values of  cl  = 7 and c2  = 173, 
at a reference temperature of 25°C. The density at 20°C is 1190 kg/m3  with 
linear thermal expansion of 7 .10-5  1/K [40]. The speed of sound varies from 
2775  m/s  at 20°C down to 2720  m/s  at 40°C [7]. 

PEEK is a newer polymer for which little acoustical data is available. 
Based on the mechanical properties obtained from its manufacturer, Victrex 
Co., UK, we can obtain the necessary information for the simulation with 
the exception of the loss tangent. It could theoretically be obtained from 
the available creep data [8]. However, this information having been obtained 
from a time scale many decades away from the frequencies of interest is 
unreliable. From measurements, we obtain a loss tangent of 0.0078 at 1 MHz 
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Table 4.7: Temperature dependent physical properties for PEEK 
Temperature  (°C)  20 30 40  

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

aT 2.87 0.38 0.07 
tan 6 @ 5 MHz 0.0087 0.0080 0.0075 
tan 6 @ 10 MHz 0.0090 0.0082 0.0077 

and 0.0086 at 10 MHz at 25°C. In the WLF equation (eq. 4.38), 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 Poison's ratio is 0.4 and the linear 
thermal expansion 4.7 • 10-5  1/K. The length of all polymers were corrected 
for thermal expansion in the simulations. 

The fact that a couplant is required between the intermediate layer and 
sample implies that its effects cannot be neglected. Even though it does 
not contribute substantially to the time of flight of the pulse, it does alter 
the coefficient of reflection at that interface. Thus, this layer has to be part 
of the simulation. The couplant, Panametrics' couplant A, has an acoustic 
impedance of 1.61 MPa s / m and a speed of sound of 1570  m/s.  No details 
were available on the effect of temperature on the couplant and so those 
values are kept for all temperatures. The thickness of this layer is estimated 
thermally dependent with 15 gm at 20°C, 12.5 gm at 30°C and 10 gm at 
40°C. Since the layer is thin, it is assumed that its contribution to the total 
attenuation is insignificant and is therefore neglected, thus  R  =  G  = 0 for 
the coupling layer. 

4.4.3 Comparisons 
4.4.3.1 Time Domain 

We now compare the received signals from experiments and simulations in 
the time domain. Starting with liquid samples, figure 4.10 shows the first 
60 is received by the 5 MHz transducers with a water sample at 20°C. The 
signal acquisition is triggered by the excitation pulse. The amplitude of the 
signals are adjusted such that the first echoes have a peak amplitude of unity. 
A close up view of the first echo is given in figure 4.9. Figure 4.11 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 
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Figure 4.10: Complete transients received by 5 MHz Transducers at 20°C. 
The sample is water. The measured signal is the solid line while the dashed 
one is from simulation. 

echo is shown in the lower right corner of each window. Figure 4.12 shows 
the echoes received from the same interface using the 10 MHz transducers. 
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 glycerine samples because the 
simulations failed. Although the echoes from the glycerine-steel interface are 
measurable, they do not appear in simulation. As Bhatia [2] points out, the 
attenuation model described by equation (4.30) is inadequate for fluids of 
high viscosity. 

Turning our attention to the polymer samples, figures 4.13 and 4.14 show 
the received echoes 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 simula-
tion, 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 reflection of the two solids should be much smaller than experimentally 
measured. The thickness of the coupling layer alters the coefficient of reflec- 
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Figure 4.11: Echoes from a water-steel interface received by 5 MHz Trans-
ducers. The measured signal is the solid line while the dashed one is from 
simulation. 
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Figure 4.12: Echoes from the water-steel interface received by 10 MHz Trans-
ducers. The measured signal is the solid line while the dashed one is from 
simulation. 
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Figure 4.13: Echoes from a PMMA air interface received by 5 MHz Trans-
ducers at 20°C. The measured signal is the solid line while the dashed one 
is from simulation. 

tion at the interface where it is present. The simulations' couplant thickness 
is the same with both samples. 

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 
unfair. We do note however that the ratio of amplitudes is smaller in the 
simulations. 

4.4.3.2 Attenuation in polymers 

We now compare the attenuation measured in the conducted experiment and 
the calculated attenuation as presented. Experimentally, the attenuation in 
each sample is based on two measurements. One measurement is done with-
out the sample to determine the energy emitted by the transducer and one 
with the sample present. The same method can be applied to the simulation, 
the result reflecting correctly the value used in the simulation. Figures 4.15 
and 4.16 show the predicted and experimental acoustic attenuation with their 
dependencies on frequency and temperature. For PMMA, the figures show 
a good dependency on the controlling variables. The predicted attenuations 
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Figure 4.14: Echoes from the PEEK-air interface received by 5 MHz Trans-
ducers. The measured signal is the solid line while the dashed one is from 
simulation. 
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Figure 4.16: Theoretical and experimental acoustic attenuation in polymers 
versus temperature. 

are consistently higher indicating a variation between the samples used by 
Kline [17] and those used here. For PEEK, the comparison at 10 MHz shows 
very good results. That is primarily because those points were used to obtain 
the needed information of the loss tangent. At 5MHz, the predicted attenu-
ation is very close to measured one. With only three measurements done at 
10 MHz, we were able to estimate the attenuation at another frequency over 
different temperatures. 

4.4.3.3 Beam area 

A clear assumption made here has been that the acoustic beam A remains 
constant. Due to diffraction, this assumption is limited to the near zone. 
Beyond the Fresnel limit, the attenuation has to be corrected. 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 which could be inserted into equation 
(4.27) due to the dependency on the dimensions and locations of each layer 
within the system. 
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4.5 Conclusion 

In this paper electrical analogies for the simulation of wave generation and 
propagation in ultrasound transducers is demonstrated. Based on the work of 
others, the models used are extended to include temperature and frequency 
dependencies of the acoustic wave propagation in the involved materials. 
Methods of determining temperature and frequency dependencies of liquids, 
polymers and piezoelectric materials are discussed. 

The comparison of simulated and experimental data clearly shows that 
temperature and frequency dependencies of parameters of relevance to acous-
tic wave propagation can be modelled. The feasibility has been demonstrated 
in an ultrasound transducer set up for material property investigations. Com-
parisons are made for investigation of attenuation and speed of sound depen-
dencies with temperature and frequency for water, glycerine, PMMA and 
PEEK. For water, PMMA and PEEK the agreement is good. For glycerine 
we find differences between 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 the simulation of an ultrasound sensing device 
including both electronics and transducers is possible using PSpice. The ma-
jor obstacle in applying this as a general method for ultrasound transducer 
prediction is the lack of appropriate material data. This is especially pro-
nounced when looking for temperature and frequency dependencies of these 
data. 

4.6 Appendix 

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 figure 4.10 with special focus on the first echo in figure 4.9 and 
the last echo in figure 4.11. 

The input file can be divided in three sections. The first section describes 
the circuit as is shown in figure 4.8. The second section, the sub-circuit, 
describes Leach's piezoelectric transducer as is depicted in figure 4.4. The 
last section sets up the transient simulation to 60 gs and sampling at node 2. 

Water @ 20°C with 5MHz PZT-5A  

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

Cl  1 2 2n 

Rdamp 2 0 18 
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X1 2 3 4 Transducer 

Rb 3 0 2k 

Tplex 4 0 5 0 len=20.11m R=64.5k L=150.7m 
± 0=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  
T1B1Fllen=435u R=411k L=982m 0=0 C=53.8n 
V1 1 2 
El 2 0 4 0 1 
V2  E  3 
CO 3 0 2140p 
Fl 0 3 V1 4.60 

F2 0 4 V2 2.15e9 
R1 4 0 lk  
Cl  4 0 1 

.EndS  

.Tran  5n 60u On 10n 

.Probe 

.Print  Tran  V(2) 

.End 
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