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Abstract

This paper presents an experimental study to investigate the suitability of thick-film ultrasonic transducers for composition measurements in
heterogeneous mixtures. Following on from earlier developments [G. Meng, A.J. Jaworski, T. Dyakowski, J.M. Hale, N.M. White, Design and
testing of a thick-film dual-modality sensor for composition measurements in heterogeneous mixtures, Meas. Sci. Technol. 16(4) (2005) 942–954],
focused on the design and preliminary testing of the transducers for mixtures of vegetable oil and salty water, the current paper looks in more
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etail into their application to industrially relevant fluids, namely crude oil and process water, which are common in oil and gas extra
etrochemical industries. The measurements are based on the time-of-flight of the ultrasonic pressure wave in order to obtain the spe
he results, showing the variation of the speed of sound with the volume fraction of crude oil, for three different temperatures, are com
ve theoretical models available in the existing literature. It is shown that the models proposed by Urick [R.J. Urick, A sound velocity m
etermining the compressibility of finely divided substances, J. Appl. Phys. 18 (1947) 983–987] and by Kuster and Toksöz [G.T. Kuster, M.N
oks̈oz, Velocity and attenuation of seismic waves in two-phase media. Part I. Theoretical formulations, Geophysics 39 (1974) 587–60
relatively accurate prediction for the speed of sound in the media studied. Interestingly, the model developed by Povey andco-workers [V.J
infield, M.J.W. Povey,Thermal scattering must be accounted for in the determination of adiabatic compressibility, J. Phys. Chem. B 1
110–1112] only agrees with experiment when its thermal scattering features are neglected. Overall, the results obtained demons
lim-line and compact thick-film transducers can be considered as a viable means for the composition measurements in the process
2005 Elsevier B.V. All rights reserved.
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. Introduction and literature review

A reliable measurement of the composition of oil–water
ixtures and emulsions within the process environment is one
f the challenging problems in the oil and gas extraction and
etrochemical industries. It is important for reasons which,
mong others, include monitoring of the inventory and quality
f petroleum products, ensuring the desired operating regime
f the process plant, which may depend on spatial and tempo-
al distribution of phases in the mixed state, or identifying the
nvironmental hazards such as discharge of oily water into the
nvironment. As an example, a detailed discussion of the needs

or identification of the oil–water phase content in the primary

∗ Corresponding author. Tel.: +44 161 275 4352; fax: +44 870 130 7474.
E-mail address: artur.jaworski@manchester.ac.uk (A.J. Jaworski).

separation systems, common within oil and gas extraction in
try, is given in Ref.[5].

There are a number of techniques available to measur
phase content of oil–water mixtures. These vary from relat
simple off-line methods of sampling and establishing the
umetric content by gravity or centrifugal separation, to m
sophisticated on-line and in situ methods relying on the i
action of particular “sensing fields” (such as ultrasonic, opt
electrical, microwave, X-ray or gamma-radiation, etc.) with m
ter, which allows to deduce the phase content indirectly. S
more detailed discussions of these methods can be fou
edited works such as Refs.[6,7].

The ultrasonic measurement technique has been widely
for characterising heterogeneous mixtures in industrial
cesses. Its main advantage lies in the ability to rapidly
non-destructively analyse the mixtures that are optically op
and unlike X-ray or gamma-ray densitometry does not pose

255-2701/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.cep.2005.10.004
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to human health. A brief history of the applications and theo-
retical developments of ultrasonics is given in Ref.[1]. In the
context of ultrasonic composition measurements in oil–water
mixtures, it is perhaps worth mentioning Tavlarides and co-
workers[8,9], who conducted investigations into monitoring the
dispersed volume fraction, in liquid–liquid column extractors
and stirred vessels and developed a modified time-average model
for the volume fraction calculations.1 Chanamai et al.[10] inves-
tigated the influence of temperature on the ultrasonic properties
of oil-in-water emulsions. Nounah et al.[11] developed a low-
frequency, near-field method for characterisation of mixtures of
non-miscible liquids. More recently, Carlson[12]2 developed
an ultrasonic attenuation measurement technique for measuring
solids mass fraction in solids–liquid flow by using ultrasonic
attenuation technique and by applying an array of transmitters
and receivers. Perhaps the most extensive use of ultrasonic meth-
ods has been reported in the applications related to food industry,
notably by the group of Prof. Povey at the University of Leeds
[13,14].

2. Background of the current work

The measurements described in the current paper utilise a
well-proven technique of ultrasonic time-of-flight. The novelty
of the work, however, lies in the application of the custom
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current investigation was narrowed down to focus on ultrasonic
measurements.

The paper is divided into two main sections: experimental,
and results and discussion. The latter contains a comparison
between the experimental results obtained (presented in terms
of the speed of sound as a function of the oil volume fraction
for three temperatures considered) and several literature models
that predict the speed of sound within heterogeneous mixtures.
This is followed by some general conclusions regarding the
application of thick-film ultrasonic transducers for composition
measurements. It is hoped that the work presented here will be
of benefit to practising process and chemical engineers by high-
lighting the potential of this new sensor technology.

3. Experimental

3.1. Thick-film sensor and experimental setup

In brief, the fabrication of thick-film sensors involves succes-
sive screen-printing and high temperature firing of thick-film
pastes[1]. These form a multilayer sandwich of two metal-
lic electrodes (each around 10�m thick) with piezo-ceramic
material (about 50�m thick) placed in between the electrodes,
deposited on an alumina substrate. The overall structure acts
as an ultrasonic transducer. During the earlier studies, a num-
b m for
p r

Fig. 1. Thick-film transducers used in the study: (a) ultrasonic transducer and
(b) transducer variation enabling ultrasonic and electrical measurements.
ade thick-film ultrasonic transducers having a layer th
ess of around 50–100�m and a typical aperture area
0 mm× 10 mm, deposited onto a 635�m thick alumina sub
trate. It is believed that the size and the material characte
f such sensors may be beneficial for constructing slim
nd robust probes, or sensors which can be potentially e
mbedded and distributed within the process environmen
articular, within the oil and gas extraction plant, which
nvisaged as the main application area. The design philos
ehind these sensors and the detailed design and fabri
rocedures were already reported in[1] and will not be repeate
ere.

However, the sensors developed for the study under
nly preliminary tests in the mixtures of vegetable oil
alty water (with the NaCl content of 20% by weight
igh “contrast”), which are far from being representative m

or any practical applications. This is why it has now b
ecided to conduct additional testing for more industrially
vant media: namely, the mixtures of crude oil and pro
ater. In addition, previous work focused on the construc
“dual-modality” sensor, which enables both the electrica
ltrasonic characterisation of the mixtures. It became appa
owever that, while being generally useful, the electrical c
cterisation of the mixed fluids was far more difficult and
eliable and repeatable than the measurements provided
ltrasonic measurement modality of the sensors. Therefor

1 See also the prior references by Tavlarides and co-workers cited in Re[8]
nd[9].
2 The doctoral thesis contains a number of papers (not cited here sepa

hat arose during the work conducted.
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ure ultrasonic measurements (Fig. 1a), some of them fo
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combined ultrasonic and electrical measurements (Fig. 1b). Of
course, from the ultrasonic measurement viewpoint these are
functionally identical, as it is the middle part, approximately
10 mm× 10 mm, containing piezo-ceramic material, which is
responsible for generation and detection of an ultrasonic pulse
used for speed of sound measurements.

The experimental setup is similar to that described in Ref.
[1], except that the LCR meter for electrical measurements was
not used, and there was no need to use surfactants to stabilise the
mixtures. A pair of ultrasonic sensors was incorporated into a
small measurement “cell” comprising two identical transducers
(one “sender”, one “receiver”) facing one another and located
at a distance of 12 mm. Although such a small distance has
adverse effects on accuracy of measurements, as discussed in
what follows, it was dictated by potential applications, which
may require compactly designed probes to fit small process
fittings (e.g. in the range below 1 in. diameter). During the mea-
surements, the cell was inserted into a 500 ml beaker containing
the oil–water mixtures with oil content between 0 and 100% in
10% intervals, prepared using a high-shear homogeniser. The
measurements were performed at 25, 40 and 55◦C to cover a
similar range as before.

A Malvern Mastersizer with 630 nm helium/neon laser (with
a working range between 0.1 and 1000�m) was used to measure
the drop size distribution. In the current study, the measurements
could not be as detailed and accurate as reported previously in
[ ore,
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Fig. 2. Sample measurements of the drop size distribution in the samples con-
taining 10% (a) and 1% (b) of crude oil.

water with concentration of 75 kg/m3. Table 1lists some prop-
erties of the two fluids used, as a function of temperature, which
will be useful in theoretical formulae used later.

The density,ρ, was both calculated from the polynomial
formula supplied with the media and measured (the difference
between measured and calculated values was negligible):

ρwater = −7.95613× 10−5T 3 + 3.29456× 10−3T 2

− 3.00872× 10−1T + 1.4210× 103

ρoil = 3.37694× 10−4T 2 − 7.06892× 10−1T

+ 8.80964× 102

where temperature,T, must be expressed in◦C in order to obtain
the density in kg/m3. The thermal expansion coefficient,β, was
calculated from the definition as:

β = −1

ρ

(
∂ρ

∂T

)
P

(1)

The adiabatic compressibility,κ, was calculated from the
basic physics by using measured values of the speed of sound,
v, as:

κ = 1

v2ρ
(2)

-of-
fl data
1] due to the fact that crude oil is optically opaque. Theref
t was difficult to measure the size distribution for realistic
oncentrations due to the high “optical obscuration”.Fig. 2a
nd b shows two selected measurements for oil concentra
f 10 and 1%, respectively. For 10% case the obscuration
as 99.0%, which makes the measurement suspicious. F
ase (10-fold diluted sample, which produced obscuratio
nly 48.9%) the drop size distribution is different (with the p
round 80�m). However, it is not clear as to what extent the d

ion itself and the subsequent circulation of the sample w
he measurement loop distorts the actual size distribution.
ng from Fig. 2, it is perhaps safe to assume that the dro
izes broadly fall into the region between a few and up to
hundred micrometers, which should ensure that the sc

ng models referred to later are used within the limits of t
pplicability[1].

.2. Media properties, calibration procedures and accuracy

The emphasis of the current work was placed on the a
ation of as representative process fluids as possible, in
o qualify the thick-film transducers for composition meas
ents. To this end, a sample of crude oil was obtained

he National Engineering Laboratory (TUV NEL Ltd.), in Gla
ow. This was a mixture of Forties and Beryl crude oil, top

o remove light ends and increase the flashpoint to 75◦C, with
erosene added to restore original viscosity[15]. The proces
ater, which typically contains mixtures of salts of heavy m
ls, was replaced in this study, for health and safety reason
imulated water, in accordance with NEL guidelines[15]. This
as a solution of magnesium sulphate MgSO4·7H2O in distilled
The speed of sound itself was calculated from the time
ight of the ultrasonic pulse, but corrected using the known
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Table 1
Selected properties of media used in the experiments

Temperature,T (◦C) Density,ρ (kg/m3) Thermal expansion coefficient,β (K−1) Adiabatic compressibility,κ (N/m2) Speed of sound,v (m/s)

Crude oil
25 863.50 7.9908× 10−4 5.8582× 10−10 1406.0
40 853.23 7.9683× 10−4 6.4061× 10−10 1352.6
55 843.11 7.9438× 10−4 7.0671× 10−10 1295.5

Process water
25 1035.39 2.7557× 10−4 4.1199× 10−10 1531.1
40 1030.24 4.0690× 10−4 3.9580× 10−10 1566.0
55 1022.28 6.4609× 10−4 3.8524× 10−10 1593.5

Table 2
Speed of sound for distilled water[17]

Temperature,T (◦C) Speed of sound in distilled water,vdist (m/s)

25 1496.7
40 1528.9
55 1547.4

for distilled water (shown inTable 2) using the following formula
[16]:

v = vdist
tdist

t
(3)

wherev is the calibrated velocity,vdist is the speed of sound in
distilled water, whiletdist andt are the measured time-of-flight
in distilled water and tested fluids, measured by the pair of thick-
film sensors.

The detailed discussion regarding the accuracy of the speed
of sound measurements using the experimental setup adopted
in this study is given in Ref.[1]. It is worth repeating here
that the measurements using thick-film sensors do not use the
method of multiple echoes, which can improve the measurement
accuracy by the order of magnitude, due to the fact that a rela-
tively weak signal rapidly attenuates within the mixtures under
investigation.3 Instead they rely on a straightforward “pitch-
and-catch” technique. In Ref.[1], the measurement error was
estimated as±2 m/s for the sensor spacing of the order of 20 mm
and it is reasonable to expect the accuracy of the order of±4 m/s
for the reduced spacing used in the current study. The main dif
ference in expressing the speed of sound data, compared to t
previous work, is the application of Eq.(3) to re-calculate the
measurements in accordance to the known speeds of sound f
distilled water, which of course does not directly affect the mea-
surement accuracy. As an independent check of the combine
m ents
t Stan
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w
T
r s to
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4. Results and discussion

Fig. 3shows the summary of the results obtained during the
experimental work. The speed of sound is shown as a function
of the oil concentration for three selected temperatures. Error
bars corresponding to the estimated error of±0.3% are shown
for each data point. As can be seen, the speed of sound falls
monotonically with increasing oil concentration, and, for each
temperature, forms a “calibration line”, which can be used for
predicting the mixture concentration from the ultrasonic propa-
gation data. Of course, due to the fact that the speed of sound for
water increases with temperature, while the speed of sound in oil
decreases with temperature, the three lines shown inFig. 3cross
within the range of oil concentrations between 15 and 40%. This
behaviour is similar in character to that described by Chanamai
et al.[10] for corn oil and distilled water mixtures.

Further work was undertaken to investigate whether the data
obtained can be used for validation of some theoretical models
of ultrasound propagation, available in the existing literature.
These included: (i) time-average model, which is simply equiv-
alent to the sound propagating through a layered arrangement of
media, (ii) modified time-average model developed by Tavlar-
ides and co-workers[8,9], (iii) Urick model [2], (iv) model of
Kuster and Toks̈oz[3] and (v) modified Urick model[4]. Table 3

F 0 and
5

easurement accuracy and repeatability, three measurem
he speed of sound were taken over a period of 3 months.
ard deviation from the mean value of the speed of sound�v,
as calculated and the combined error was estimated as±3�v.
his was found to be of within a band of±0.3%, which for the
ange of speeds between 1300 and 1600 m/s correspond
rror of±3.9− 4.8 m/s, congruent with the previous estima

3 Only for the pure substances it is possible to obtain 4–5 “echoes”, wh
ourse has a direct impact on improving speed of sound measurements
xpressed inTable 1, making the error within±1 m/s or better.
-
he

or

d
of
-

an

asig. 3. Measured speed of sound as a function of oil content for 25, 4
5◦C.
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Table 3
Summary of theoretical models used in this study

Model Equations defining the model Main assumptions and/or comments

(i) Time-average model φ = (t* − tc)/(td − tc) Reflection and refraction effects are neglected

(ii) Modified time-average model,
Tavlarides and co-workers[8,9]

φ = t∗ − tc

gdtd − gctc
; γ = speed of sound in dispersed phase

speed of sound in continuous phase
Reflection and refraction effects are taken into account.
Choice of coefficientsgd andgc depends on the ratioγ
and subsequently the model produces two “branches”
depending on phase continuity

Forγ ≤ 1 : gc = 1 + 1
γ3 [1 − (1 − γ2)

3/2
] − 3

5γ3 [1 −
(1 − γ2)

5/2
] − 2

5γ2, gd = 1
γ2 [1 − (1 − γ2)

3/2
]

Forγ ≥ 1 : gc = 1 + 2
5γ3 − γ2

[
1 −

(
1 − 1

γ2

)3/2
]

+

3
5γ2

[
1 −

(
1 − 1

γ2

)5/2
]

−
(

1 − 1
γ2

)3/2

, gd = 1
γ2

(iii) Urick model [2] v = 1√
ρmκm

; ρm = φρd + (1 − φ)ρc;

κm = φκd + (1 − φ)κc

The suspended particles are infinitesimally small com-
pared to the wavelength of the sound, and the effects of
scattering on the sound velocity may be neglected. Den-
sity and compressibility are taken as averages weighted
by the phase concentration

(iv) Model of Kuster and Toks̈oz [3] v = 1√
ρ∗κm

;
ρc − ρ∗

ρc + 2ρ∗ = φ
ρc − ρd

ρc + 2ρd
;

κm = φκd + (1 − φ)κc

The dispersed particles are solid and spherical; the con-
tinuous phase is non-viscous fluid. The wavelengths are
much longer than the size of the dispersed particles and
multiple scattering effects are negligible. The model pro-
duces two “branches” depending on phase continuity

(v) Modified Urick model[4]
1

v2
= 1

v2
c

(1 + αφ + δφ2);

α =
(

κd − κc

κc
+ θ + ρd − ρc

ρc

)
;

δ =
(

κd − κc

κc
+ θ

)(
ρd − ρc

ρc

)
+ 2(ρd − ρc)2

3ρ2
c

;

θ = (µ − 1)
ρdCpd

ρcCpc
R2;

R =
(

βd

ρdCpd
− βc

ρcCpc

)
/

βc

ρcCpc

Model accounts for the thermal scattering but the long
wavelength limit applies. The model produces two
“branches” depending on phase continuity

Symbols—ρm: the mean density of mixtures;ρ* : the effective inertial density of the mixture;ρc, ρd: the density of continuous and dispersed phase, respectively;
κm: the mean adiabatic compressibility of the mixture;κc, κd: the adiabatic compressibility of continuous and dispersed phase, respectively;φ: the concentration
of the dispersed phase;µ: the ratio of the specific heats of continuous phase (Cpc/Cvc); βc, βd: the volume thermal expansivity of continuous and dispersed phase,
respectively;Cpc, Cpd: the specific heat at constant pressure of continuous and dispersed phase, respectively;t* , tc, td: time of sound travel in the mixture, continuous
phase and dispersed phase, respectively;γ: the ratio of the speed of sound in the dispersed phase to the speed of sound in the continuous phase.

summarises models (i)–(v), listing the relevant formulae, sym-
bols and the main assumptions made during the derivation.

Fig. 4 shows the comparison of the experimental data with
models (i)–(iv), for the three temperatures considered in this
study. Judging from the graphs, it is difficult to select one model
that would fit the experimental data best consistently for all
temperatures considered. Clearly, model (i) based on the time-
average approach is inadequate for modelling the behaviour of
oil–water mixtures studied here. This is expected, because it does
not consider any scattering effects, which must be significant
in highly dispersed media of high concentration of inclusions
(droplets). Out of the remaining models, model (iii), also referred
to as Urick model[2], and model (iv), developed by Kuster and
Toks̈oz[3] seem to match the experimental data most closely. It
is worth pointing out that when plotting the models that produce
two separate branches for oil-continuous and water-continuous
mixtures, it was tacitly assumed that the phase inversion takes
place at the oil content of 50%. This may not be generally true;
it is known that mixtures of crude oil and water may undergo
such phase inversion between oil content values of 30–70% and

that such inversion is a function of thermodynamic conditions.
These phenomena could explain the point inFig. 4c (for oil con-
tent 40%) which is clearly well outside of models (iii) and (iv)
but seems to coincide with model (ii).

The application of model (v), as described in Ref.[4],
to the current work is somewhat more involved. The model
takes into account the effects of thermal scattering and requires
thermal–fluid data including thermal expansivity,β, and specific
heat capacities,Cp andCv, for both the continuous and dispersed
phases (seeTable 3). The calculation of thermal expansivity is
straightforward (seeTable 1), but unfortunately the heat capaci-
ties are not available for an arbitrary medium and strictly need to
be measured using calorimetric methods. These were not avail-
able to the authors, however, it was decided instead to perform a
parametric analysis using the widely available data for water and
a range of heavier hydrocarbons in order to ascertain whether or
not model (v) could give better results than models (i)–(iv).

Table 4contains the values of specific heat capacities for
selected hydrocarbons obtained from Refs.[17–20]and for dis-
tilled water [17], at pressure 0.1 MPa. Crude oil such as used
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Fig. 4. Comparison between experimental results and models (i)–(iv) for 25◦C
(a), 40◦C (b) and 55◦C (c).

in the experiments reported here is usually a mixture of various
hydrocarbons and it is expected that its properties will be broadly
similar. It can be seen fromTable 4thatCp for hydrocarbons is
typically in the range of 2.2–2.4 kJ kg−1 K−1 while the ratio of
the specific heat capacities,µ, is typically in the range 1.18–1.30.

Table 4
Numerical values of specific heat capacities for selected hydrocarbons[17–20]
and distilled water[17], at pressure 0.1 MPa

Medium T (◦C) Cp (kJ kg−1 K−1) Cv (kJ kg−1 K−1) µ = Cp/Cv

Hexane[17] 25 2.2518 1.7436 1.2915
40 2.3170 1.7998 1.2874
55 2.3860 1.8580 1.2842

Heptane[17] 25 2.2405 1.7751 1.2622
40 2.2990 1.8288 1.2571
55 2.3610 1.8847 1.2527

n-Pentadecane
[18]

30 2.214 1.867 1.1859
50 2.276 1.918 1.1867
70 2.348 1.981 1.1853

n-Tetradecane
[19]

20 2.198 1.842 1.1933
40 2.247 1.884 1.1927
60 2.304 1.937 1.1895

n-Dodecane
[20]

20 2.192 1.820 1.2044
40 2.253 1.872 1.2035
60 2.318 1.931 1.2004

Distilled water
[17]

25 4.1813 4.1376 1.0106
40 4.1794 4.0734 1.0260
55 4.1830 4.0016 1.0453

The latter is significant from the viewpoint of model (v) because
the magnitude of parameterθ (seeTable 3) depends on the mag-
nitude of factor (µ − 1), which is relatively small for fluids such
as distilled water but becomes very large for hydrocarbons dis-
cussed here.Fig. 5shows the experimental data compared with
the predictions of model (v) obtained from a parametric study
which included values ofCp,oil 2.20, 2.30 and 2.40 kJ kg−1 K−1

and values ofµoil 1.0, 1.1, 1.2 and 1.3, in order to cover a range
indicated inTable 4. Cp,waterandµwater were those for distilled
water and appropriate values were used for each of the three
temperatures. However, an additional calculation was made at
each temperature forµwater= 1 for comparisons.

FromFig. 5, the following observations can be made. Firstly,
for the water-continuous mixtures (left hand side of the graphs)
the predicted speed of sound is close to the experimental data
for µwater= 1 and departs form the experimental results when the
actual value forµwateris used (the only exception is temperature
55◦C where the experimental data and the model prediction are
quite close to one another). In addition, whenµwater> 1 there is
some sensitivity observed to the change ofCp,oil, but it does not
seem to be very significant. Secondly, for the oil-continuous mix-
tures (right hand side of the graphs) the model also agrees very
well with the experimental results forµoil = 1, but forµoil > 1
it rapidly departs from the experimental data. Increase inµoil
leads to theoretical predictions which are progressively lower
than experimental results, with some visible effect of the value
o di-
c e
p
T n the
m way
t cat-
t sy to
f Cp,oil whenµoil is kept constant (in the graphs an arrow in
ates the direction of increasingCp). However, it needs to b
ointed out that mathematically, forµ = 1, the parameterθ in
able 3becomes zero and the model itself depends only o
edia densities and compressibilities (albeit in a different

han in any of the models (i)–(iv)) and thus the thermal s
ering aspect of the theoretical approach is lost. It is ea
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Fig. 5. Results of the parametric study of model (v) involving change ofCp to
include values 2.2, 2.3 and 2.4 kJ kg−1 K−1 andµ to include values 1.0, 1.1, 1.2
and 1.3. Graphs (a–c) correspond to temperatures 25, 40 and 55◦C, respectively.
Arrow indicates increase in the value ofCp.

show that for such a “simplified” model (v) the only difference
between model (v) and model (iii) is the appearance of the term
2((ρd − ρc)2/3ρ2

c)φ2 in the equation for (1/v2).4

4 SeeAppendix Afor the detailed derivation.

Fig. 6. Illustration of the discrepancy between the experimental data and the
theoretical predictions for various models considered at 25, 40 and 55◦C.

To provide a brief summary of the suitability of different
models to predict the speed of sound within oil–water mixtures
studied in this work,Fig. 6 plots one of the possible measures
of the discrepancy between experimental data and theoretical
predictions. It is defined here as follows:

ε =
∑ |vexp − vtheor|

vmean
× 100% (4)

where:

vmean= vwater+ voil

2
(5)

The summation in Eq.(4) is carried out over all experimental
points considered, i.e. between 0 and 100% oil content in 10%
steps. The value ofε is calculated separately for each model and
each temperature and plotted inFig. 6. It is worth pointing out
that when model (v) is simplified to include the values ofµ = 1,
it seems to predict the speed of sound with accuracy comparable
with models (iii) and (iv).

5. Conclusion

This paper presents an experimental study, based on the
ultrasonic time-of-flight principle, carried out to characterise
heterogeneous mixtures (emulsions) of crude oil and process
w . The
r simple
a stri-
a vides
a rop-
a sonic
s own
t rick
[ nd
w

, it
i ithin
m ange
a of the
ater, using purpose made thick-film ultrasonic transducers
esults demonstrate that these sensors can be used as a
nd reliable method of measuring the composition of indu
lly relevant heterogeneous mixtures. The paper also pro
short review of the theoretical models of the ultrasonic p
gation and studies their relevance to predicting the ultra
peed of sound for the media under investigation. It is sh
hat, out of five models considered, models proposed by U
2] and Kuster and Toks̈oz[3] seem to predict the speed of sou
ith the best accuracy.
Future work will include two strands of research. Firstly

s intended to study a wider selection of process media, w
uch wider process conditions, especially temperature r
nd pressures. Secondly, it needs to address the transfer
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measurement technologies developed into the process environ-
ment. The latter could, for example, include not only application
of various coatings on the sensor surfaces (including glassy sub-
stances) for hygienic and longevity reasons, but also needs to
include the basic engineering work to enable construction of
industrially acceptable probes that could be reliably fitted into
the process vessels.
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v2 = 1
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c

(
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φ
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(A.3)

or more simply (introducingα1 andδ1 as coefficients in front of
φ andφ2 terms, respectively):

1

v2 = 1

v2
c

(
1 + α1φ + δ1φ

2
)

(A.4)

Modified Urick equation (v), on the other hand, is expressed as
follows:

1

v2 = 1

v2
c

(
1 + αφ + δφ2

)
(A.5)

whereα andδ are defined inTable 3. By looking at the form of
these coefficients it is clear that whenµ = 1, θ becomes zero.
Subsequently,α =α1 while δ = δ1 + 2((ρd − ρc)2/3ρc

2) which
completes the proof.
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