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Abstract

This paper presents an experimental study to investigate the suitability of thick-film ultrasonic transducers for composition measurement:
heterogeneous mixtures. Following on from earlier developments [G. Meng, A.J. Jaworski, T. Dyakowski, J.M. Hale, N.M. White, Design ar
testing of a thick-film dual-modality sensor for composition measurements in heterogeneous mixtures, Meas. Sci. Technol. 16(4) (2005) 942—-9
focused on the design and preliminary testing of the transducers for mixtures of vegetable oil and salty water, the current paper looks in m
detail into their application to industrially relevant fluids, namely crude oil and process water, which are common in oil and gas extraction ai
petrochemical industries. The measurements are based on the time-of-flight of the ultrasonic pressure wave in order to obtain the speed of st
The results, showing the variation of the speed of sound with the volume fraction of crude oil, for three different temperatures, are compared v
five theoretical models available in the existing literature. It is shown that the models proposed by Urick [R.J. Urick, A sound velocity method fc
determining the compressibility of finely divided substances, J. Appl. Phys. 18 (1947) 983-987] and by Kuster and@dkKuster, M.N.
Toksdz, Velocity and attenuation of seismic waves in two-phase media. Part |. Theoretical formulations, Geophysics 39 (1974) 587—-606] prov
a relatively accurate prediction for the speed of sound in the media studied. Interestingly, the model develapasy lan@co-workers [V.J.
Pinfield, M.J.W. Bvey, Thermal scattering must be accounted for in the determination of adiabatic compressibility, J. Phys. Chem. B 101 (199’
1110-1112] only agrees with experiment when its thermal scattering features are neglected. Overall, the results obtained demonstrate the
slim-line and compact thick-film transducers can be considered as a viable means for the composition measurements in the process conditiol
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and literature review separation systems, common within oil and gas extraction indus-
try, is given in Ref[5].

A reliable measurement of the composition of oil-water There are a number of techniques available to measure the
mixtures and emulsions within the process environment is onphase content of oil-water mixtures. These vary from relatively
of the challenging problems in the oil and gas extraction angimple off-line methods of sampling and establishing the vol-
petrochemical industries. It is important for reasons whichumetric content by gravity or centrifugal separation, to more
among others, include monitoring of the inventory and qualitysophisticated on-line and in situ methods relying on the inter-
of petroleum products, ensuring the desired operating regimaction of particular “sensing fields” (such as ultrasonic, optical,
of the process plant, which may depend on spatial and tempe@lectrical, microwave, X-ray or gamma-radiation, etc.) with mat-
ral distribution of phases in the mixed state, or identifying theter, which allows to deduce the phase content indirectly. Some
environmental hazards such as discharge of oily water into thmore detailed discussions of these methods can be found in
environment. As an example, a detailed discussion of the needslited works such as Ref§,7].
for identification of the oil-water phase content in the primary  The ultrasonic measurement technique has been widely used

for characterising heterogeneous mixtures in industrial pro-
cesses. Its main advantage lies in the ability to rapidly and

* Corresponding author. Tel.: +44 161 275 4352; fax: +44 870 130 7474, non'de_StrUCtively analyse the mixtur_es that are optically Opaque
E-mail address: artur.jaworski@manchester.ac.uk (A.J. Jaworski). and unlike X-ray or gamma-ray densitometry does not pose risks
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to human health. A brief history of the applications and theo-current investigation was narrowed down to focus on ultrasonic

retical developments of ultrasonics is given in R&f. In the  measurements.

context of ultrasonic composition measurements in oil-water The paper is divided into two main sections: experimental,

mixtures, it is perhaps worth mentioning Tavlarides and co-and results and discussion. The latter contains a comparison

workerg[8,9], who conducted investigations into monitoring the between the experimental results obtained (presented in terms

dispersed volume fraction, in liquid-liquid column extractorsof the speed of sound as a function of the oil volume fraction

and stirred vessels and developed a modified time-average model three temperatures considered) and several literature models

for the volume fraction calculatiodsChanamai et aJ10]inves-  that predict the speed of sound within heterogeneous mixtures.

tigated the influence of temperature on the ultrasonic propertiehis is followed by some general conclusions regarding the

of oil-in-water emulsions. Nounah et #1.1] developed a low- application of thick-film ultrasonic transducers for composition

frequency, near-field method for characterisation of mixtures omeasurements. It is hoped that the work presented here will be

non-miscible liquids. More recently, Carls¢h2]? developed of benefit to practising process and chemical engineers by high-

an ultrasonic attenuation measurement technique for measuritighting the potential of this new sensor technology.

solids mass fraction in solids—liquid flow by using ultrasonic

attenuation technique and by applying an array of transmitter3, Experimental

and receivers. Perhaps the most extensive use of ultrasonic meth-

ods has beenreported in the applications related to food industry. . Thick-film sensor and experimental setup

notably by the group of Prof.d®ey at the Uniersity of Leeds

[13,14] 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 Wbn thick) with piezo-ceramic
The measurements described in the current paper utilise gateri_al (about 5pm thiCk) placed in between the electrodes,

well-proven technique of ultrasonic time-of-flight. The novelty eposited on an alumina substrfate. The ov_erall structure acts

of the work, however, lies in the application of the custom?@s an ultrasonic tranS(_jucer. During the earlier studies, a num-

made thick-film ultrasonic transducers having a layer thick-2€" Of ransducer designs were developed, some of them for

ness of around 50-1G0m and a typical aperture area of pure ultrasonic measurementsig. 1a), some of them for
10 mmx 10 mm, deposited onto a 633n thick alumina sub-
strate. It is believed that the size and the material characteristics
of such sensors may be beneficial for constructing slim-line
and robust probes, or sensors which can be potentially easily
embedded and distributed within the process environment—in
particular, within the oil and gas extraction plant, which was
envisaged as the main application area. The design philosophy
behind these sensors and the detailed design and fabricatiol
procedures were already reportedlihand will not be repeated
here.

However, the sensors developed for the study underwent
only preliminary tests in the mixtures of vegetable oil and
salty water (with the NaCl content of 20% by weight for
high “contrast”), which are far from being representative media (a)
for any practical applications. This is why it has now been
decided to conduct additional testing for more industrially rel-
evant media: namely, the mixtures of crude oil and process
water. In addition, previous work focused on the construction
a “dual-modality” sensor, which enables both the electrical and
ultrasonic characterisation of the mixtures. It became apparent,
however that, while being generally useful, the electrical char-
acterisation of the mixed fluids was far more difficult and less
reliable and repeatable than the measurements provided by th
ultrasonic measurement modality of the sensors. Therefore, the

2. Background of the current work

Bottom layer:golden electrode
(obscured) and terminal

Mid layer: piezo-ceramic material

Top layer: golden electrode and
terminal

Ceramic tile (substrate)

1 See also the prior references by Tavlarides and co-workers cited in[efs. (b)
and[9].

2 The doctoral thesis contains a number of papers (not cited here separateliflg. 1. Thick-film transducers used in the study: (a) ultrasonic transducer and
that arose during the work conducted. (b) transducer variation enabling ultrasonic and electrical measurements.
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combined ultrasonic and electrical measuremefrit. (b). Of 100 10
course, from the ultrasonic measurement viewpoint these are
functionally identical, as it is the middle part, approximately
10 mmx 10 mm, containing piezo-ceramic material, which is
responsible for generation and detection of an ultrasonic pulse
used for speed of sound measurements. % 50
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 th
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 0 '
at a distance of 12mm. Although such a small distance has (a)
adverse effects on accuracy of measurements, as discussed il 100 - 10
what follows, it was dictated by potential applications, which A
may require compactly designed probes to fit small process /
fittings (e.qg. in the range below 1in. 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 antiCof cover a
similar range as before.

A Malvern Mastersizer with 630 nm helium/neon laser (with
aworking range between 0.1 and 1Q0f) 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) Particle size (uv). k] |
[1] due to the fact that crude oil is optically opaque. Therefore,
it was difficult to measure the size distribution for realistic oil Fig..z. Sample measurements of the_drop size distribution in the samples con-
concentrations due to the high “optical obscuratiofriy. 2a taining 10% (a) and 1% (b) of crude oil
and b shows two selected measurements for oil concentrations

of 10 and 1%, respectively. For 10% case the obscuration Iev<¥Ya,ter with concent.rat|on of 75 kgﬁnTgbIe Llists some prop- )
was 99.0%, which makes the measurement suspicious. For 164t1es ofthe two fluids u_sed, as a function of temperature, which
case (10-fold diluted sample, which produced obscuration oW'” be useful in theoretical formulae used later.

only 48.9%) the drop size distribution is different (with the peakf Th? densiT_y,;é, V‘,"f‘ r?Oth cde}lculaéed from tr(;e Eol;(;gf(f)mial
around 8Qum). However, itis not clear as to what extent the dilu- ormula supplied with the media and measured (the difference

tion itself and the subsequent circulation of the sample withirPetWeen measured and calculated values was negligible):

the measurement loop distorts the actual size distribution. Judgy, ... = —7.95613x 10°73 + 3.29456x 10372
ing from Fig. 2, it is perhaps safe to assume that the droplet 4

sizes broadly fall into the region between a few and up to over —3.00872x 1017 + 1.4210x 10°

a hundred micrometers, which should ensure that the scatter-

ing models referred to later are used within the limits of theirpyj = 3.37694x 10 472 — 7.06892x 107 1T

applicability[1]. +8.80964x 107

% 50

3.2. Media properties, calibration procedures and accuracy where temperaturé, must be expressed i in order to obtain
the density in kg/r. The thermal expansion coefficiegt,was
The emphasis of the current work was placed on the applicalculated from the definition as:
cation of as representative process fluids as possible, in order 1/
— 1
(&), @

to qualify the thick-film transducers for composition measure-8 = ——

ments. To this end, a sample of crude oil was obtained from P

the National Engineering Laboratory (TUV NEL Ltd.),in Glas-  The adiabatic compressibility;, was calculated from the
gow. This was a mixture of Forties and Beryl crude oil, toppedbasic physics by using measured values of the speed of sound,
to remove light ends and increase the flashpoint toéZ5vith v, as:

kerosene added to restore original visco$ity]. The process

water, which typically contains mixtures of salts of heavy met-x = —— 2
als, was replaced in this study, for health and safety reasons, by V"*
simulated water, in accordance with NEL guidelifigs]. This The speed of sound itself was calculated from the time-of-

was a solution of magnesium sulphate MgS@®,0 in distilled  flight of the ultrasonic pulse, but corrected using the known data
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Table 1
Selected properties of media used in the experiments

TemperatureT (°C) Density,p (kg/m?) Thermal expansion coefficierg,(K 1) Adiabatic compressibilityy (N/m?2) Speed of sound; (m/s)

Crude oil

25 863.50 7.990% 10~ 5.8582x 10710 1406.0

40 853.23 7.968% 104 6.4061x 1010 1352.6

55 843.11 7.9438% 104 7.0671x 1010 1295.5
Process water

25 1035.39 2.755% 104 4.1199x 10°10 1531.1

40 1030.24 4.069¢ 104 3.9580% 10710 1566.0

55 1022.28 6.4609 104 3.8524x 10710 1593.5
Table 2 4. Results and discussion
Speed of sound for distilled watgt7]
TemperatureT (°C) Speed of sound in distilled wateg;s; (m/s) Fig. 3shows the summary of the results obtained during the
25 1496.7 experimental work. The speed of sound is shown as a function
40 1528.9 of the oil concentration for three selected temperatures. Error
55 1547.4 bars corresponding to the estimated errof-6£3% are shown

for each data point. As can be seen, the speed of sound falls

for distilled water (shown ifable 2 using the following formula monotonically with increasing oil concentration, and, for each

[16]: temperature, forms a “calibration line”, which can be used for
predicting the mixture concentration from the ultrasonic propa-
V= v dist@ 3) gation.data. Of course, due to the fact_that the speed of sound fqr
t water increases with temperature, while the speed of sound in oil

whereu is the calibrated velocitygist is the speed of sound in  decreases with temperature, the three lines shoWigirBcross
distilled water, whilergist andr are the measured time-of-flight within the range of oil concentrations between 15 and 40%. This

in distilled water and tested fluids, measured by the pair of thickP&haviour is similar in character to that described by Chanamai
film sensors. et al.[10] for corn oil and distilled water mixtures.

The detailed discussion regarding the accuracy of the speed Further work was undertaken to investigate whether the data
of sound measurements using the experimental setup adopteftained can be used for validation of some theoretical models
in this study is given in Ref[1]. It is worth repeating here Of ultrasound propagation, available in the existing literature.
that the measurements using thick-film sensors do not use th"ese included: (i) time-average model, which is simply equiv-
method of multiple echoes, which canimprove the measureme{€nt to the sound propagating through a layered arrangement of
accuracy by the order of magnitude, due to the fact that a reldn"€dia, (ii) modified time-average model developed by Tavlar-
tively weak signal rapidly attenuates within the mixtures undefdes and CO'WQerrE3,9], (iii) Urick model [2], (iv) model of
investigatior? Instead they rely on a straightforward “pitch- Kuster and Toksz[3] and (v) modified Urick modg#]. Table 3
and-catch” technique. In Refl], the measurement error was
estimated as-2 m/s for the sensor spacing of the order of 20 mm

and itis reasonable to expect the accuracy of the ordedah/s 1650 l = l .
for the reduced spacing used in the current study. The main dif- 1690 DO d:zc_
ference in expressing the speed of sound data, compared to th % —a—55deg O
previous work, is the application of E¢3) to re-calculate the = 1550 A
measurements in accordance to the known speeds of sound fog N
distilled water, which of course does not directly affect the mea- & 3% 3
surement accuracy. As an independent check of the combinec§ 1250 I .
measurement accuracy and repeatability, three measurements (g \ :_::i—-_ﬁ____*
the speed of sound were taken over a period of 3 months. Stang 1490 ] \1  ——
dard deviation from the mean value of the speed of sonnd, a T L\zz\g

. . w \i'
was calculated and the combined error was estimatecBasuv. 1350 k\i
This was found to be of within a band &f0.3%, which for the *\}\
range of speeds between 1300 and 1600 m/s correspondstoa 130 <
error of £3.9— 4.8 m/s, congruent with the previous estimates. 1250

0 10 20 30 40 50 60 70 80 90 100

e eE— Oil content [%)]
3 Only for the pure substances it is possible to obtain 4-5 “echoes”, which of

course has a direct impact on improving speed of sound measurements suchfdg. 3. Measured speed of sound as a function of oil content for 25, 40 and
expressed iffable 1 making the error withint1 m/s or better. 55°C.
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Summary of theoretical models used in this study

Model

Equations defining the model

Main assumptions and/or comments

(i) Time-average model

(i) Modified time-average model,
Tavlarides and co-workef8,9]

¢=(" —tc)l(ta—tc)
=1 _ speed of soundin dispersed phase

v= speed of sound in continuous phase

3/2 3
1- gl -

gdfd — gctc’

Fory < 1ige=1+ 5[1—(1-»?)

Reflection and refraction effects are neglected

Reflection and refraction effects are taken into account.
Choice of coefficientgg andg. depends on the ratip
and subsequently the model produces two “branches”

depending on phase continuity
5/2 3/2
Q-7 - 8% ga= 21 -0-1H"]

32
Fory > 1:gc:1+5—§3— 2[1—(1—:2) }4—

5/2 32
2l (1-3) |- (1-2) w-

(iii) Urick model [2] v= = pm=dpd + (1 )oc;

lw
Tl

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
"

) N 1 - - . ) . ’
(iv) Model of Kuster and Tokiz [3] V= —; pe 2p - = pe 2,0d ; The dispersed particles are solid and spherical; the con-
p :V¢/”(dKT_ - ¢/)); +2p pe+ 2pd tinuous phase is non-viscous fluid. The wavelengths are
m ¢ 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
o . 1 1 ]

(v) Modified Urick model[4] - = —2(1 + agp + 5¢°); Model accounts for the thermal scattering but the long
v ZC e i p wavelength limit applies. The model produces two
a= ( . + 6+ d C) ; “branches” depending on phase continuity

Kc Pc
_ _ 2(04 — 00)?
5 (Kd Kc+6) (,Od pc)+ (pd 2/0(:) ;
K¢ Pc 3/)(;
C
6= (u— 1) g2,
0cCpe

R = Bd _ Bc / Be
Pded pCC])C pCCpC

Symbols—pm: the mean density of mixtureg! : the effective inertial density of the mixturgg, pq: the density of continuous and dispersed phase, respectively;
km: the mean adiabatic compressibility of the mixtueg, xq: the adiabatic compressibility of continuous and dispersed phase, respeaivitlg; concentration

of the dispersed phasg; the ratio of the specific heats of continuous phagg/C.c); Bc, Bd: the volume thermal expansivity of continuous and dispersed phase,
respectivelyCyc, Cpd: the specific heat at constant pressure of continuous and dispersed phase, respéctivelytime of sound travel in the mixture, continuous
phase and dispersed phase, respectiyelthe ratio of the speed of sound in the dispersed phase to the speed of sound in the continuous phase.

summarises models (i)—(Vv), listing the relevant formulae, symthat such inversion is a function of thermodynamic conditions.
bols and the main assumptions made during the derivation. These phenomena could explain the poirfim 4c (for oil con-

Fig. 4 shows the comparison of the experimental data withtent 40%) which is clearly well outside of models (iii) and (iv)
models (i)—(iv), for the three temperatures considered in thidbut seems to coincide with model (ii).
study. Judging from the graphs, it is difficult to select one model The application of model (v), as described in REf],
that would fit the experimental data best consistently for alto the current work is somewhat more involved. The model
temperatures considered. Clearly, model (i) based on the timéakes into account the effects of thermal scattering and requires
average approach is inadequate for modelling the behaviour diermal—fluid data including thermal expansivityand specific
oil-water mixtures studied here. Thisis expected, because it doéegat capacities;, andC,, for both the continuous and dispersed
not consider any scattering effects, which must be significanphases (se@able 3. The calculation of thermal expansivity is
in highly dispersed media of high concentration of inclusionsstraightforward (se@able J), but unfortunately the heat capaci-
(droplets). Out of the remaining models, model (iii), also referredies are not available for an arbitrary medium and strictly need to
to as Urick mode|2], and model (iv), developed by Kuster and be measured using calorimetric methods. These were not avail-
Toks3z[3] seem to match the experimental data most closely. lable to the authors, however, it was decided instead to perform a
is worth pointing out that when plotting the models that produceparametric analysis using the widely available data for water and
two separate branches for oil-continuous and water-continuowsrange of heavier hydrocarbons in order to ascertain whether or
mixtures, it was tacitly assumed that the phase inversion takest model (v) could give better results than models (i)—(iv).
place at the oil content of 50%. This may not be generally true; Table 4contains the values of specific heat capacities for
it is known that mixtures of crude oil and water may undergoselected hydrocarbons obtained from REf—20]and for dis-
such phase inversion between oil content values of 30-70% aridled water[17], at pressure 0.1 MPa. Crude oil such as used
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Table 4

Numerical values of specific heat capacities for selected hydrocafbdn20]

and distilled watef17], at pressure 0.1 MPa

Medium T(C) C, kIkgtK™Yy ¢, (KIkgIK™) wu=cylC,
Hexang17] 25 2.2518 1.7436 1.2915
40 2.3170 1.7998 1.2874

55 2.3860 1.8580 1.2842

Heptang17] 25 2.2405 1.7751 1.2622
40 2.2990 1.8288 1.2571

55 2.3610 1.8847 1.2527

n-Pentadecane 30 2.214 1.867 1.1859
[18] 50 2.276 1.918 1.1867
70 2.348 1.981 1.1853

n-Tetradecane 20 2.198 1.842 1.1933
[19] 40 2.247 1.884 1.1927
60 2.304 1.937 1.1895

n-Dodecane 20 2.192 1.820 1.2044
[20] 40 2.253 1.872 1.2035
60 2.318 1.931 1.2004

Distilled water 25 4.1813 4.1376 1.0106
[17] 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 paramet@fseeTable 3 depends on the mag-
nitude of factor (t — 1), which is relatively small for fluids such

as distilled water but becomes very large for hydrocarbons dis-
cussed herérig. 5shows the experimental data compared with
the predictions of model (v) obtained from a parametric study
which included values of), o 2.20, 2.30 and 2.40kJ kg K1

and values ofioj 1.0, 1.1, 1.2 and 1.3, in order to cover a range
indicated inTable 4 C, waterand uwater 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 f@tyater= 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 uwater= 1 and departs form the experimental results when the
actual value fopwateris used (the only exception is temperature
55°C where the experimental data and the model prediction are
quite close to one another). In addition, whegaer> 1 there is
some sensitivity observed to the chang€pg, but it does not
seemto 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 fore; =1, but for ey >1
it rapidly departs from the experimental data. Increasgdin
leads to theoretical predictions which are progressively lower
than experimental results, with some visible effect of the value
of Cp, oil Whenij is kept constant (in the graphs an arrow indi-
cates the direction of increasing,). However, it needs to be

in the experiments reported here is usually a mixture of varioupointed out that mathematically, far=1, the parametef in
hydrocarbons and itis expected that its properties will be broadlyfable 3becomes zero and the model itself depends only on the

similar. It can be seen frofable 4thatC, for hydrocarbons is
typically in the range of 2.2—2.4 kJ kg K~ while the ratio of

media densities and compressibilities (albeit in a different way
than in any of the models (i)—(iv)) and thus the thermal scat-

the specific heat capacitigs,is typicallyintherange 1.18-1.30. tering aspect of the theoretical approach is lost. It is easy to



Speed of sound [m/s]

Speed of sound [m/s]

z

Speed of sound [m/s]

(c)

Fig. 5. Results of the parametric study of model (v) involving chang€,db
include values 2.2, 2.3 and 2.4 kJ®g< ~ andy to include values 1.0, 1.1, 1.2
and 1.3. Graphs (a—c) correspond to temperatures 25, 40 & &spectively.

1600

1550

1500

1450

1400

1350

1300

1250

1200
0

1600

1550

1500

1450

1400

1350

1300

1250

1200

1600

1550
1500
1450
1400 -
1350
1300
1250

1200
0

G. Meng et al. / Chemical Engineering and Processing 45 (2006) 383-391

2

~—

. !
\ s
0106 —

Uvater=1

T=25°C

tvater=1.0

A

Cp.oit
Hei=1.1

doi=1.2

Hoi=1.3

10

20 30 40 50 60 70 80 90
Qil content [%]

{ivate=1.0260

T=40°C

C p.oil

poi=1.1
Hoi=1.2

uei=1.3

CD‘GIF

10

Hate=1.0453

10

20 30 40 50 60 70 80 90
Qil content [%]

100

T=55°C

twate=1.0

Cp.oit
nei=1.1

toi=1.2

poi=1.3

20 30 40 50 60 70 80 90
Qil content [%]

Arrow indicates increase in the value Gf.

389

16

25°C
m 40°C
W 55°C

14 |

12 |

10 f
e[%] f

@® (i) (iii) (iv) v)
simplified
Model

Fig. 6. lllustration of the discrepancy between the experimental data and the
theoretical predictions for various models considered at 25, 40 an@.55

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

> |Vexp — Vtheor

g = &0 Theol o 100% (4)
Umean

where:

Vmean= Uwater2+ Voil )

The summation in Eq4) is carried out over all experimental
points considered, i.e. between 0 and 100% oil content in 10%
steps. The value afis calculated separately for each model and
each temperature and plottedRig. 6. It is worth pointing out
that when model (v) is simplified to include the valuegcf 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
water, using purpose made thick-film ultrasonic transducers. The
results demonstrate that these sensors can be used as a simple
and reliable method of measuring the composition of industri-
ally relevant heterogeneous mixtures. The paper also provides
a short review of the theoretical models of the ultrasonic prop-
agation and studies their relevance to predicting the ultrasonic
speed of sound for the media under investigation. It is shown
that, out of five models considered, models proposed by Urick

show that for such a “simplified” model (v) the only difference [2] and Kuster and ToKez[3] seem to predict the speed of sound
between model (v) and model (iii) is the appearance of the terrwith the best accuracy.
2((od — pc)?I3p2)¢? in the equation for (1?).*

4 SeeAppendix Afor the detailed derivation.

Future work will include two strands of research. Firstly, it
is intended to study a wider selection of process media, within
much wider process conditions, especially temperature range
and pressures. Secondly, it needs to address the transfer of the
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measurement technologies developed into the process enviroHence
ment. The latter could, for example, include not only application ¢ 1 (
v

of various coatings on the sensor surfaces (including glassy subs = — +

i ; v Ke Pc
stances) for hygienic and longevity reasons, but also needs to
include the basic engineering work to enable construction of Kkd — K¢ od — Pc 2
industrially acceptable probes that could be reliably fitted into Oc

the process vessels. or more simply (introducing1 ands; as coefficients in front of
¢ and¢? terms, respectively):

= (1 s+ 519?) (A4)
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