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- A puke echo ulnosonic drnsiromner can measure the acoustic 
impedance of a liquid by listening to fhe echo of an acousticpulse refrrfed 
from Be dcnsironeterpmbe and liquid inlrrface The densify of Ihc liquid 
is obtained by dividing the acoustic impedance of Ihr liquid and lhe speed of 
sound through Ihc liquid Howewr, thin layer deposit, ais0 known lls foul- 
ing, on theprobe at fhc liqaid inferfacc introduce errors in fhe msessmcnf 
of Ihe liquid’s oeovstic impedance and hence in Ihc densify eslimotion ln 
Ihispaper, wesimulatethesiruatim wirh differmtrypes of eonfaminotions at 
different fouling lcyer lhickmss and show Ihet when pcrforminp 0 dis&efe 
Fovrier fmansfom O F T )  om the echo, the presence of Ihe contantinoting 
layer can be detected while the coned  liquid densify c m  be estimated 

I. INTRODUCTION 
The density of liquids used in certain industrial processes is 

important information to assure the quality of the end prod- 
uct. Let us for example consider mouthwash. Pakicular 
mouthwashes consist of water, glycerin and alcohol in specific 
amount. Mixing them by volume might lead to improper mix- 
ing since, for instance, water might already have been absorbed 
by the alcohol and glycerin prior to the mixing. Measurement 
of the liquids’ density along with volumetric flow or simply 
mass flow resolves the issue. Additionally to minimize the 
total uncertainty in the process, a balance check can be per- 
formed subsequently to mixing using mass flow information 
[ 11. Measuring the mass flow or the combination of volumetric 
flow and density of the flowing liquids is hence important to 
some industrial applications. 

There are several meter types capable of estimating mass 
flow, each with its own advantages and weaknesses. One type 
is an ultrasonic mass flow meter which combines a standard ul- 
trasonic flow meter and an ultrasonic densitometer [Z]. The ul- 
trasonic densitometer can be incorporated into one of the flow 
meter’s transducers, thus not adding any additional transduc- 
ers. Although one can find patents for ultrasonic mass flow 
meter dating from the 1950’s, they are not a production item. 
Several issues have afflicted the ultrasonic densitometers. This 
paper presents the theory behind the pulse echo ultrasonic den- 
sitometer and follows with its drawbacks. The published so- 
lutions to some of those drawbacks are discussed. The foul- 
ing issue is presented and a solution introduced. A simulation 
setup reveals the problem and supports the proposed solution. 

The concept behind the pulse-echo ultrasonic densitometer 
relies on the reflection of sound from the interface that joins 
the probe and tbe liquid. The coefficient of reflection R is the 

Fig. 1. Experimental setup and lattice diagram 

ratio of the amplitude of the reflected wave A, at the interface 
to the amplitude of incident wave Ai such that R = A,/A;. R, 
for normally incident ultrasonic pulse, is also 

where tp and zi are the characteristic acoustic impedance of 
the probe and liquid respectively [3]. The acoustic impedance 
for progressive plane waves is defined as the product pc with 
p being the density of the medium and c the speed of sound 
through the medium. This model is for continuous waves but 
has been used in pulse-echo techniques [4-71. If A; and zp 
are previously known while A, is measured then the acoustic 
impedance of the liquid zl can be calculated. The density of the 
liquid p1 is simply zr/cl.  q, the speed of sound in the liquid, 
is obtained by placing a reflector within the liquid at a known 
distance d. The part of the pulse transmitted into the liquid 
reflects back from the reflector and c1 is the ratio 2d to the time 
separating the two echoes. Fig.] shows an illustration of this 
setup with its lattice diagram and the received signal. 

Beyond this simple idea, there are issues that have slowed 
the introduction of the ultrasonic densitometer into the field. 
The amplitude of the emitted pulse A; can vary, influencing 
directly the amplitude of the echo A,. This can occur with a 
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setting change in the exciting electronics or aging of the ac- 
tive element. To address this, different solutions have been 
proposed to obtain a reference of Ai from an echo. These so- 
lutions include a partial total reflection from a step down along 
the probz [4],the introduction of an intermediate interface [5], 
the introduction of an intermediate film receiver [6] or a total 
rear reflection [7]. Temperature changes have also been prob- 
lematic as they alter the material properties of the probe that 
are assumed to he known (i.e. the acoustic impedance rp and 
the acoustic attenuation through the probe are temperamre de- 
pendent). This issue has been addressed by recognizing the 
effect of temperature on the speed of sound through the probe 
and correcting the acoustic impedance and attenuation [2]. 

One ofthe major remaining difficulties with the device is the 
fact that during the service life of the densitometer deposits of 
fine particles or bubbles might cover the surface of the,pmbe. 
This modifies the transmission and reflection of sound. This 
is similar to optical lenses where very thin lens coatings affect 
the transmission and reflection of light. In this situation, the 
modeling equation (1) does not hold for pulses. This has been 
simulated and experimentally confirmed by Puttmer et al. [SI. 
Hoppe et al. proposed a recognition method based on the speed 
of sound through the probe [9]. 

In the cment  paper,.we use the same simulation tool 'as 
Pumner and keep the analogous model simple. We show that 
the amplitude. of the echo in the time domain is affected by 
the contaminating layer. We also show that when performing a 
discrete Fourier transform (DFT) on the echo, we can separate 
the correct liquid density estimation at the lower frequencies 
of the transducer while an error appears at the higher frequen- 
cies. It is by the emergence of this disagreement between low 
and high frequencies that the presence of the contaminating 
layer is deduced. Further simulations studying the influence of 
fouling thickness and acoustic impedances indicate that more 
experimental work is required to improve this solution. 

11. EXPERIMENTAL SETUP, MODELLING AND 
SIMULATIONS 

A. Simulated experimental setup 
The simulated experimental setup consists of a simple 

pulser-receiver which excites the piezoelectric disk within the 
densitometer probe. The received signal is sampled at 200 
MHz. Fig. 1 depicts the mechanical part of the setup. The 
piezoelectric disk is a Pz27 disk form Ferroperm, Denmark 
with a thickness of 0.5 mm and a natural frequency of 4 MHz. 
On the back side of the piezoelectric disk is a backing layer 
with an acoustic impedance of 5 M P a d n .  On the front side of 
the piezoelecbic disk is a 45 mm long buffer rod of polymethyl 
methacrylate (or Plexiglas) (pp=1260 kg/m3, c,=2641 d s ) .  In 
front ofthe probe is water (pr=998 kg/m3, cl=1481 d s ) .  In the 
case of a contaminated sensor, a thin layer of 2bm is placed be- 
tween the probe and water media. Its given density and acous- 
tic velocity are respectively p,=1500 kg/m3, c,=3000 d s .  We 
keep things simple by considering only the measurement of 
the acoustic impedance of water since the measured speed of 
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Fig. 2. Schematic diagram of the analogous circuit 

sound though it remains unaltered by the fouling layer. This 
setup is modeled as an electrical analogous system and simu- 
lated. 
B. Analogous model 

The simulations are based on an electrical analogy of the 
propagation of sound in the media [IO]. The media are mod- 
eled by electrical transmission lines. The current through the 
transmission lines is analogous to particle displacement while 
the electrical potential across the transmission line is equiva- 
lent to the force or the acoustic pressure over an area. Fig. 
2 illustrates a schematic version of this system. The model 
of the piezoelectric has been developed by Leach [ I  I]. We 
use the simulation software PSpice from Cadence Design Sys- 
tems. The advantage with this approach is that it simulates 
both the mechanical and the electronics parts simultaneously. 
The performance of this model and simulation tools as been 
experimentally verified [7, 10, 1 I]. 

111. SIGNAL ANALYSIS 

A .  lime domain 

Fig. 3 shows the received echoes from the clean and the 
contaminated probes. It is clear that there is a difference be- 
tween the two echoes amplitude. Calibrating for the incident 
amplitude A, with the echo from the clean probe, we obtain 

(2) 
A, 
R Ai = - = -0.229V. 

Here R is based on the known material properties of Plexiglas 
and water. The negative sign indicates that there has been a 
180' phase change between the incident wave and the reflected 
one. The attenuation of sound through the Plexiglas is ignored 
in (2) since it is constant in all the present cases (fixed tempera- 
ture and length). In the case of the contaminated probe, we use 
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Fig. 5. Normalized amplitude spectrum with different thickness layers of 
fouling. 
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Fig. 3. Echoes f“ the probe-water interface with a clem surface (thin) and 
B contaminated surface (thick). Their difference is plotted along the center 

line. 

Fig. 4. Magnitude spectra of  the echoes from Fig. 1. 

the same incident amplitude Ai because nothing in its emis- 
sion has changed. Based on the initial argument, the estimated 
acoustic impedance of the water is 

and therefore the density would be estimated as 1086 kg/m3. 
Comparing with the value given in section A for water, this is 
an error of 8.8%. It is difficult to justify the use of a densito- 
meter if it is so erroneous. 
B. Frequency domain 

When looking at the magnitude of the DFT of the echoes 
from the clean densitometer and the contaminated densitome- 

ter, we see that they are the same at the center frequency of 
the piezoelectric disk (Fig. 4). However they are different at 
higher frequencies. At those higher frequencies the amplitudes 
are lower with the contaminated probe. The remaining reason- 
ing is simple. 

1. Use the amplitude at lower frequencies to estimate the 
density of the liquid. Estimating several values at those 
frequencies (each with their respective coefficient of at- 
tenuation) will reduce the uncertainty of the estimation 
P I .  

2. Repeat the calculation of the liquid density at higher fre- 
quencies, if it is different from those estimated at low fre- 
quencies, then the system can diagnose this as a condition 
as a contaminated system. It is clear that the correct co- 
efficients of acoustic attenuation are used since they are 
frequency dependent. 

IV TYPES AND AMOUNTS OF FOULING 
This might seem to be a very promising method but further 

simulations indicate a weakness that must be resolved, at least 
experimentally. We now consider the influence of the fouling 
layer thickness and its acoustic impedance. Fig. 5 shows the 
spechum of the received echoes around 12 MHz for thickness 
layers of O S ,  1.0 and the original 2.0 pm. The amplitude dif- 
ferences between the different thicknesses is very small com- 
pared to the difference with respect to the clean densitometer. 
This can indicate either a simulation inconsistency or the fact 
that once there is fouling layer, its thichess does not matter 
as much. The latter is not in accordance with the works of 
Piithner and Hoppe. A simulation which models water as a 
transmission line is included in the figure. It shows a slightly 
different value but it requires the full version of PSpice versus 
the free version used elsewhere in the present simulations. 

Similarly, the speed of sound and the density of the fouling 
layer can he vaned for different thicknesses. Fig. 6 displays the 
DFT magnitudes around 12 MHz with fouling thicknesses of 
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Fig. 6. Normalized amplitude spectrum with different fouling material 
characteristics and thicknesses. 

1 and 2 pm having the following paired characteristics (c=750 
m/s, p 1 5 0 0  kg/m3) and (c=3000 m/s, p 6 0 0 0  kg/m3). The 
difference between them is again very small in comparison 
with the clean case. 

V. CONCLUSIONS 

The sensitivity of pulse-echo ultrasonic densitometers to 
fouling is illustrated here. In the time domain, using the am- 
plitude information the wrong density is estimated. In the fre- 
quency domain however the correct acoustic impedance of the 
liquid can be estimated while the presence of the fouling layer 
can be detected. The coefficient of reflection R is a function of 
frequency for thin inter-mcdia layers [3], and will be reduced 
for some frequencies but not for others. This difference is a 
manifestation of the fouling layer and the echo in the time do- 
main will have a different amplitude when the fouling layer 
is present. This solution requires the densitometer to have a 
large bandwidth. A large bandwidth will allow correct density 
calculations to be made from the low frequencies and the high 
frequencies allow the detection of the fouling layer. 

Experimental verification of this concept are necessary 
since there is an inconsistency with the current simulations. 
There is a large signal difference when a fouling layer is 
present versus when it is absent. Once present, the charac- 
teristics ofthe fouling layer has a small influence. 

REFERENCES 
[I] H. Coleman and W. Steele, Experimentation and uncertoinry onolysir/or 

engineers, 2nd ed., 1. Wile) & Sons, New York, NY, 1999. 
(21 J. van Deventer, and I.  Delsing, “Thermostatic and dynamic performance 

ofan ultrasonic density probe, IEEE Trans. Ultrason.. Femeleet., Freq. 
Contr,vol.48,May2001. 

131 L.E. Kinder, A.R. Frey, A.R. Coppens, and J.V. Sanders, Fundamentals 
o/Acouslics, 3rd edition, John Wiley & Sons, New York, NY, 1982. 

(41 L. C. Lynnworth, N. E. Pedersen, E. N. Camevale, “Ultrasonic Moss 
Flowmeter/or Army Ai?wJ Engine Diagnostics”, National Technical 
Information Service, Springfield, VA, 1973. 

651 


