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Abstract 
In the extraction process of crude oil, large quantities of water are produced . Due to valves, pumps and 

other appendages the water is dispersed in the oil in the form of small droplets. This water has to be 

separated trom the oil. A common used separation method is gravity settling. This method is based on 

the difference in mass density between the water and the oil. The liquid with the highest density, usually 

water, will sink to the bottom and the liquid with the lowest density will rise to the top of the separation 

tank. An important parameter in the separation process is the size distribution of the droplets in the 

emulsion and the evolution over time of this distribution. Settling velocities and coalescence rate are 

highly dependent on this droplet size. To create a better understanding about the influence of the 

droplet sizes, these have to be measured accurately during the separation process in the lab and in the 

field. 

Difficulties in the measurement of these droplet sizes arise because of the large range of volume 

fractions of water that can be present in the oil and because of the tact that oil is opaque for visible light. 

Currently used methods to determine the droplet size are based on inserting a PVM-probe, which is 

essentially a video microscope. The main disadvantage of this method is the tact that the separation 

process is influenced by the separation of the probe. In addition, the method is also work-intensive. For 

an accurate determination, the droplets have to be sized and counted by hand. 

After a literature study ultrasonic spectroscopy was identified as a promising method. This method is 

based on the attenuation of an acoustic wave. An ultrasonic pulse is generated and sent through the 

emulsion. After passing through the sample the remaining wave is measured again. The signal loss in the 

emulsion is dependant of the droplet size distribution present in the emulsion. 

The advantages of this method are: 

• The measurement does not influence the separation process. 

• Measurements can be performed in rapid succession to track the changes in the emulsion. 

• The results can be easily processed once the software to do this is developed. 

• The volume fractions can be measured simultaneously. 

A measurement setup is developed to investigate the capabilities of the method . With this setup 

emulsions can be created and the droplet size distribution can be determined using the acoustic method. 

The results acquired with this method are compared to measurements performed with the PVM-probe 

and measurements are performed on PMMA-particles with a known size distribution. The ultrasonic 

measurements are in good agreement with the PVM-probe results. Also the size distribution measured 

in the suspension of PMMA particles is in good agreement with the size distribution delivered by the 

manutacturer. 

With ultrasonic spectroscopy it is possible to track the evolution of the volume fraction and the droplet 

size over the height of a separating emulsion and over time. This is shown in an experiment with an 

emulsion of water and n-dodecane. Finally a measurement is performed on a crude oil - brine system 

because this is the type of emulsion which is to be investigated. 
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Samenvatting 
Bij de winning van ruwe olie worden ook grote hoeveelheden water meegepomt. Door kleppen, pompen 

en andere appendages wordt het water gedispergeerd in de olie in de vorm van kleine druppels. Dit 

water moet gescheiden worden van de olie. Een veelgebruikte methode is gebaseerd op het verschil in 

soortelijke massa van het water en de olie. De vloeistof met de hoogste dichtheid, meestal water, zakt 

naar de bodem terwijl de vloeistof met de laagste dichtheid naar de top van de separatie tank stijgt. 

Een belangrijke parameter in de beschrijving van dit separatie proces is de druppelgrootteverdeling van 

de drupples in de emulsie en de evolutie over tijd van deze druppels. De uitzaksnelheid en de 

coalescentie zijn sterk afhankelijk van de druppelgrootte. Om beter begrip te krijgen van de invloed van 

de druppelgrootte is het gewenst deze nauwkeurig te kunnen meten tijdens het separatie proces zowel 

in het lab als onder veldcondities. 

Het meten van de druppelgrootte wordt bemoeilijkt doordat de volume fractie van het water in de olie 

hoog kan zijn en omdat olie ondoorzichtig is voor zichtbaar licht. Momenteel wordt de druppelgrootte 

gemeten met behulp van een PVM-probe die in de vloeistof geplaatst wordt, deze probe werkt als een 

microscoop. Het grootste nadeel van deze methode is dat het separatie proces beïnvloed wordt door 

deze probe. Daarnaast is deze methode erg arbeidsintensief. Voor een accurate meting moeten druppels 

met de hand gemeten en geteld worden. 

Uit een literatuurstudie kwam Ultrasonic Spectroscopy naar voren als een geschikte kandidaat voor een 

nieuwe meetmethode. Ultrasonic Spectroscopy is gebaseerd op de uitdoving van een acoustische golf. 

Een geluidsgolf is gegenereerd en wordt door de emulsie gestuurd. De resterende golf wordt vervolgens 

weer gemeten. De amplitudevermindering van de golf is afhankelijk van de druppelgrootteverdeling 

aanwizig in de emulsie. De voordelen van deze methoden zijn: 

• De meting beïnvloed het separatie process niet. 

• Metingen kunnen snel na elkaar uitgevoerd worden waardoor veranderingen in de emulsie goed 

geregistreerd kunnen worden. 

• De metingen kunnen makkelijk verwerkt worden met de juiste software. 

• De volumefractie wordt simultaan gemeten. 

Een meetopstelling is ontwikkeld om de capaciteiten van deze methode te onderzoeken. Met deze setup 

kunnen emulsies gemaakt worden en de druppelgrootteverdeling en de volumefractie kan gemeten 

worden met deze acoustische methode. Metingen uitgevoerd met deze methode zijn vergeleken met 

metingen gedaan met de PVM-probe en de methode is getest met PMMA-deeltjes van gekende grootte. 

De resultaten van beide referentiemetingen komen goed overeen. 

Met de ultrasone methode is het mogelijk om de veranderingen van de volume fractie en de 

druppelgrootte van een separerende emulsie te volgen, zowel over de hoogte van deze emulsie als in de 

tijd. Dit is aangetoond in een meting in een emulsie van n-dodecane en water. Als laatste is er een 

meting gedaan met ruwe olie en brine, omdat dit het type emulsie is dat uiteindelijk onderzocht dient te 

worden. 
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Nomenclature 
Symbol Description Unit 
Latin 

Ar(O) Forward scattered amplitude m 

Ab(rr) Backscattered amplitude m 

An Scattering coefficients -
Ar Archimedes number -
cfit Correction factor -
C Ultrasonic velocity m/s 

Cp Specific heat capacity at constant pressure J/(kg.K) 

Cv Specific heat capacity at constant volume J/(kg.K) 

Cw Droplet drag coefficient -

D Distance m 
d Diameter m 
F Force N 
f Frequency 1/s 

fc Frequency of collisions 1/s 
g Gravitational acceleration m/s2 

H Height m 

hn Spherical Hankel function of order n -
Ha Hamaker constant nm 

jn Spherical Bessel function of order n -
K Complex propagation constant 1/m 

KHR Hadamard-Rybczynski factor -
k Complex propagation constant of a phase 1/m 
L Subtracted fluid m/s 
m Droplet size parameter -

N Number density of particles or droplets 1/m3 

NR Droplet Reynolds number -

p Stacking parameter -
q Empirica! settling coefficient -
q3 Droplet density function -
r Droplet radius m 
Re Reynolds number -
SSD Sum of squared differences -
T Temperature K 
t Time s 
u Velocity mis 
ui Input velocity m/s 
V Volume m3 

V Velocity m/s 

X_q Mean droplet diameter m 

y Number of collisions 1/{m3.s) 
Greek 

a Acoustic attenuation Np/m, dB/m 
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a11M Modified Urick coefficient -

aurick Urick coefficient -

/3 Coefficient of volume expansion 1/K 

f3uM Modified Urick coefficient -

f3urick Urick coefficient -

/Je Experimental correction factor to Stokes' law -
y Ratio of specific heat -

Yo,Y1 Coefficient of the intrinsic attenuation -
L1 Difference -

Ót Thermal skin depth m 

Óv Viscous skin depth m 

E Electronic response time s 
K Adiabatic compressibility m

2
/N 

). Wave length m 

µ Dynamic viscosity Pa.s 
µ' Lamé constant of the material Pa 
ç Empirica! settling coefficient -

p Mass density kg/m 3 

(J Surface tension coefficient N/m 

(Jq Standard deviation -

Td Coalescence time s 

Tint lnteraction time s 
T Thermal conductivity W/(m.K) 

<p Volume fraction -

l/J Coalescence flux m/s 
w Angular frequency 1/s 

Subscripts Description 
0 Reference/ initia! situation 
3,2 Sauter mean diameter 
00 Single droplet case 
av Average droplet 
big Big droplet 
buoy Buoyancy 
CHO ChannelO 

CHl Channel 1 
cant Continuous phase 
cp Typical coalescence time 
disp Dispersed phase 
drag Drag 
exp Experimental value 
hindered Hindered settling 
1 lntrinsic 
m measured 
min minimum 
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max Maximum 

model Model 

new New situation 

nosett No settling layer 

oil Oil phase 

PM Pilhofer-Mewes 

pack Dense pack layer 

poly Polydisperse 

RZ Richardson-Zaki 

ref Reference case 

rel Relative velocity 

RW Recorded wave 

s Scattering 

sett Settling 

small Small droplet 

Stokes Stokes settling 

sw Sent wave 
T Thermal 

tot Total 

V Viscous 

X Unknown fluid 

water Water phase 

Superscript Description 

p particle 

X 



1. Introduction 

1.1 Background 
Large quantities of water are produced during the extraction of oil. This water has to be separated from 

the oil to meet the specifications for transport and further processing. The main separation is usually 

done using gravity settling. Gravity settling is based on the difference in mass density between the oil 

and the water phase. The liquid with the highest density, which is usually water, will sink to the bottom 

and the liquid with the lowest density will rise to the top of the separation tank. 

Figure 1 shows a schematic overview of the layout of a production facility. The mixture of oil, gas and 

water is pumped to the surface. In the bulk separator the gas and free water is separated from the oil 

and water mixture. A continuous flux of this mixture is fed into the gravity separation tank, where the 

water is separated from the oil. The separated pure water and pure oil are drained continuously. 

Contra! valve 

Ground level 

Oil well 

Pipe flow 

Gas processing 

Bulk separator 
(gas, free water) 

Separation tank 

Oil 

EnUlllan 

Water 

Figure 1: Schematic overview of the layout of an oil production facility 

Oil processing 

Water processing 

In principle this separation process is fairly simple. However, this separation process is complicated by 

emulsions. An emulsion is a mixture of two immiscible liquids, where one liquid is dispersed into the 

other. In the processing of the oil and water mixture inevitably an emulsion is created. The 

emulsification occurs during processes with high levels of mixing. Typically at large pressure drops over 

control valves or high shear in pumps. These processes can lead to stable emulsions with up to 60% 

water content. The water is dispersed in the oil in the form of small droplets. These small droplets are 

difficult to separate. 
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Currently, the design of separation facilities is done by calculating the separation flux with empirica! 

models. For sharper sizing of the separation facilities a better understanding of the separation process is 

required. With an improved model oversizing can be limited and the environmental footprint can be 

reduced. 

An important parameter in the separation process is the size distribution of the droplets in the emulsion 

and the evolution over time of th is distribution. Settling velocities and coalescence rate are highly 

dependent on this droplet size. To create a better understanding about the influence of the droplet sizes, 

these have to be measured accurately during the separation process in the lab and in the field. 

1.2 Project goal 
The main goal of this master graduation project is to find and implement a suitable measurement 

method for measuring the droplet size distribution and the volume fraction during the separation of 

water and oil in a laboratory test setup. 

The results of these measurements w ill be used to get a better understanding of the influence of the 

droplet size distribution on the separation process and to improve the current model for liquid-liquid 

separation. 

1.3 Overview 
First a description of the current separation model is given in chapter 2. The importance of the droplet 

size in separation becomes clear in this chapter. In chapter 3, the developed droplet sizing method, 

ultrasonic spectroscopy, is described . With this method it is possible to determine the volume fraction 

and the droplet size distribution of the emulsion from measurements of the sound speed in the emulsion 

and the attenuation caused by the emulsion. In chapter 4 the experimental setup designed to proof the 

principle and investigate the accuracy of the method is shown. The calibration of this setup is also given 

in this chapter. Experimental results, acquired with this setup, are shown in chapter 5. A final conclusion 

is drawn in chapter 6. 
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2. Description of the current separation model 
In this chapter a description of the current separation model is given. The description shows the 

relevance of droplet size for the separation process and the way it is currently modeled. 

Water droplets dispersed in oil will sink because the mass density of water is higher than the mass 

density of oil. At the bottom these droplets will form a layer of water, whereas at the top a layer of oil 

will form. The water droplets in the emulsion merge with each other and with the water layer at the 

bottom. This process is called coalescence. lf the coalescence is slow compared to the settling of the 

droplets, a layer with close packed droplets will form on top of the pure water layer. The separation 

process can be described with four layers. From top to bottom: 

• The pure oil layer, in this layer it is assumed that only pure oil is present 

• The settling layer, where the droplets can settle more or less freely 
• The dense pack layer, where the droplets are stacked upon each other 
• The pure water layer, in this layer it is assumed that only pure water is present 

A schematic representation of this process is given in Figure 2. The picture on the left represents the 

initia! mixture, the picture on the right shows the same mixture in which, the four layers have formed. 

Continuous 

Dispersed 

0 0 0 0 
0 0 0 

0 0 0 0 
0 0 0 

0 0 0 0 
0 0 0 

0 0 0 0 
0 0 0 

0 0 0 
0 0 0 

0 0 0 0 
0 0 0 

0 0 0 0 
0 0 0 

0 0 0 0 
0 0 0 

0 0 0 0 
0 0 

0 0 0 0 
0 0 0 

0 0 0 0 
0 0 0 

0 0 0 0 

0 0 0 0 
0 0 0 

0 0 0 0 
0 0 0 

0 0 0 0 
0 0 0 

0 0 0 0 
0 0 0 

0 0 0 0 
0 0 0 

Figure 2: Schematic representation of the gravity separation process. The figure on the left gives the 
initia/ homogeneous emulsion. The figure on the right shows the formation of the different layers after 
some time. 

The holdup or watercut is the volume fraction of water in the emulsion. The watercut <p can be described 
with equation 1: 

Vdisp 
<p=-----

vdisp + Vcont 
(1) 
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In which Vdisp and Vcont are the volume of the dispersed and continuous phase, respectively. For each of 

the tour layers a water fraction is assumed and a height is described, these are given in Table 1. 

Layer Height Water fraction 
Pure oil layer Hoit <p = 'Poil = 0 
Settling layer Hsett <p = 'Po 
Dense pack layer Hvack <p = 'Pvack 

Pure wa·ter layer Hwater <p = 'Pwater = 1 
Table 1: Height and water fraction of the layers 

lf there is no input of emulsion and no extraction of oil and water, the total height of the batch, H0 is 

constant in time: 

(2) 

The development in time of the layers is mainly dependent of the settling velocity and the coalescence 

rate. These principles will be explained in the next sections. 

2.1 Settling layer 
In the settling layer the dispersed droplets are more or less freely moving. The time rate of change of the 

height of the continuous zone H oil is given by: 

(3) 

The droplets settle with a velocity Udisp with respect toa fixed reference. Several models are available to 

describe this settling velocity of the droplets. Four of these models are described be low. 

2.1.1 Stokes settling 
For low droplet Reynolds numbers, which is typically the case tor small droplets in a liquid, the terminal 

velocity of the droplet can be described with Stokes' law. Stokes' law gives the velocity of the droplet 

compared to a fixed reference where the gravitational or buoyancy forces are in balance with the drag 

force of a sphere. (Ma nor and Chan 2009) These forces and the velocity following out of this balance are 

shown in equations (4)-(6). The upward direction is defined positive. 

f:.pgd2 
udisp = Ustokes = 18 

µcont 

(4) 

(5) 

(6) 

In which µcont is the dynamic viscosity of the continuous phase, d is the droplet diameter, g is the 

gravitational acceleration (g ::::: -9.8 m/ s2
) and Ilp = Pdisp - Pcont is the difference in mass density 

between the dispersed phase and the continuous phase and 
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2.1.2 Oseen correction 
lnertial terms are neglected in Stokes' calculations, if the droplet Reynolds NR number becomes higher, 

these terms are no longer negligible in the calculation of the drag force. A correction term to include 

these terms is developed by Oseen. The drag force on the droplet becomes: 

(7) 

In the case of water droplets in oil the droplet Reynolds number is low, therefore the correction factor is 

small. 

2.1.3 Hadamard-Rybczynski correction 
Stokes' law is valid for droplets with fully immobile behavior of the interface. lf this is not the case 

another correction factor has to be applied. This is the so-called Hadamard-Rybczynski factor, given 

below (Ma nor and Chan 2009). 

(8) 

lf the droplet viscosity is negligible compared to the viscosity of the continuous phase this factor 

approaches 1.5. For solid particles with infinite viscosity the factor equals unity. The settling velocity of 

the droplets becomes: 

!::.pgdz 
udisp,Khr = UstokesKHR = 18µ KHR 

cont (9) 

2.1.4 Hindered settling 
When the concentration of droplets increases, they start to interfere with each other. The settling 

velocity is reduced due to this interference. This phenomenon is called hindered settling. The same 

volume as in the settling water droplets is replaced by the continuous phase moving upward with 

velocity Ucont· This balance is shown in equation (10). 

<pUdisp + (1 - <p)Ucont = 0 (10) 

The relative velocity between the continuous and the dispersed phase can be denoted by: 

Urel = Ucont - udisp (11) 
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Figure 3: Schematic representation of the velocities in the emulsion 

The velocity of interest is the absolute velocity with which the dispersed phase is settling. Rewriting 

equations (10) and (11) gives: 

(12) 

(13) 

The easiest way to compensate tor this hindering effect is by taking the Stokes velocity as the relative 

velocity, Udisp then becomes: 

tJ.pgdz 
udisp,hinder ed = UstokesCl - <p)KHR = 18 (1 - <p)KHR 

µcont (14) 

In (Richardson and Zaki 1954) an extra experimentally determined correction factor /Je is introduced. A 

value of 4.65 is found to give good agreement with experiments tor solid spherical particles in a fluid . In 

an emulsion, deformation of the droplets will cause a deviation and a different value tor /Jemight give a 

better result. 

_ p _ tJ.pgd 2 
4.6s 

udisp,RZ - Ustokes(l - <p) eKHR - l8 (1 - <p) KHR 
µcont (15) 

2.1.5 Droplet swarm model by Pilhofer and Mewes 
The velocity of the droplets relative to the continuous phase can also be estimated with the droplet 

swarm model made by Pilhofer and Mewes, described in (Henschke, Schlieper et al. 2002) In this model 

the relative velocity is calculated using the Archimedes number and the empirica! Reynolds number tor 

the settling of a droplet swarm. The Archimedes number is the dimensionless ratio between gravity 

farces and viscous farces on a droplet. The model is different tor Archimedes numbers above and below 

unity. The Reynolds number is the dimensionless ratio between inertial farces and viscous farces. In the 

separation model this method is used to determine the settling velocity. 

In droplet swarm model, the Sauter Mean Diameter d3,2 is used. The Sauter Mean Diameter is defined as 

the diameter of a droplet which has the same ratio of volume to surface area as the entire ensemble. 

The Sauter Mean Diameter can be calculated with equation (16). 
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(16) 

The relative velocity can be written as: 

(17) 

The relative Reynolds number Reret is described with equation (19) if the Archimedes number is smaller 

than one and with equation (20) if the Archimedes is larger than one. 

For Ar< 1: 

For Ar> 1: 

Ar= Pcont lóplgd{ 2 
2 

µcont 

(1 - <p)ArKHR 
Rerel = ( 2 S ) 

l8 exp 1 - ·o.tl<p 

In which ç and q are empirica! constants described by equations (21) and (22) respectively: 

( = SK-3/2 _..,.,_ 
( 

m )0.45 
HR l - <{) 

1 - <p ( 2.B<p ) 
q =---exp 

2<pKHR l - 0.6l<p 

Cw is the drag coefficient given by equation (23) : 

Ar 3 
C =------

w 6Re~ KHRRe oo 

With Re00 the empirica! correlation for single droplets: 

P U d 
Reoo = cont set,oo 3,2 = 9.72[(1 + 0.01Ar)4/7 - 1] 

µcont 

The settling velocity according to Pilhofer-Mewes can be described with: 

U . _ -(l _ ) Rerelµcont 
dtsp ,PM - <{) p d 

cont 3,2 

(18) 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 
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2.1.6 Comparison between the models describing the setting velocity 
The settling velocities (Udisp ) determined with the four different methods as function of the water 

fraction are shown in Figure 4 as well as Stokes settl ing with the Hadamard-Rybczynski correction 

applied. The velocities are calculated for typical water droplets in oil (p = 917.82 kg/m 3
, µ = 0.063 Pas) 

with a diameter of 50 µm. lt can be seen that the settling velocity decreases rapidly if the watercut 

becomes more than 1%. Above this watercut Stokes settling is not valid anymore. Hindered settling 

described by Richardson and Zaki and the droplet swarm model by Pilhofer-Mewes are in good 

accordance with each other. The hindered settling described with a correction linear with watercut 

deviates a lot from these models. In the separation model the droplet swarm model described by 

Pilhofer-Mewes is used. The effect of the Hadamard-Rybczynski correction is small. 

U) 

---E 
c.. 
U) 

"U 

=> 

X 10-4 

1 1 1 1 

1 1 11 

1 1 1 1 

2 - - --- - ♦---~--~--~ -: - ~ -· ~~ - -----~ - --~ - - -

1 1 1 1 
1 1 1 1 

' ' ' ' 

---e- Pilhofer-Mewes 

-+- Riehardson-Zaki 

-+- Hindered 
--a- Stokes * Khr 

--stokes 

''' ''' 

'' 
'' 

- - - ·- - - •- - ► _.,. .,. _.,. 
' ' ' ' ' ' ' ' ' ' ' ' ' 

0 L...===:.::::::::::::.:::::.:=;:::::::.::;:::::;:::;:1::: _ _;___i__j_..i.........i....i....i....i.J..._ _ _j___j__i_...i.J!-~ 
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Watercut 

Figure 4: Settling velocity as function of the watercut determined with Stokes method, equations (6) and 
(9), hindered settling method equations {14) and (15} and the drop/et swarm model by Pilhofer and 
Mewes equation {25) for water drop/ets of 50 µmin oil. 

2.1.7 Multiple droplet sizes 
The method developed by Pilhofer and Mewes uses one Sauter Mean Diameter (d3,2 ) for the 

calculations. In reality a wide distribution of droplet sizes is present in the emulsion. Therefore a 

deviation between reality and the model is expected. This deviation is also shown in experiments (Mans 

2012). To reduce the deviation in the model, instead of one droplet size, three droplet diameters are 

specified. The droplets are divided in three groups, for each group, the Sauter mean diameter is 
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calculated and the relative velocity is calculated . To get one mean settling velocity the influence of each 

group is weighted with its volume fraction. 

U _ Urel,big(f)big + Urel,av (f)av + Urel,small(f)small 
rel -

(f) set t (26) 

The calculation of the settling velocity for each drop size class is similar to the procedure described in 

section 2.1.5. For the biggest droplets: 

U _ Rerelµ cont 
rel.big - d 

Pcon t 3,2big 

Ar= Pcontl.1plgdt2big 
2 

µ cont 

<pb ig = N d3 N d 3 N d3 
big big + av av + sm all small 

2.1.8 Drop-drop coalescence in the settling layer 

(27) 

(28) 

(29) 

The relative velocity Urel is dependant of the droplet size . To predict the relative velocity over time, the 

time evolution of the droplet sizes has to be predicted first. Therefore, the coalescence has to be 

accounted for. lf two drops in the settling zone collide there is a chance that actual coalescence occurs. 

This chance can be described with (Mans 2012): 

p = exp ( - Td ) 
Tint (30) 

In which Td is the typical time needed for two drops to coalesce through drainage of the continuous 

phase liquid film in between the drops and Tint is the interaction time of two drops du ring an encounter. 

Time Td is estimated with the thinning rate of the liquid film in between two approaching drops. 

(31) 

a is the surface tension coefficient of an interface between the two phases and Ha is the Hamaker 

constant which is about 10-20 nm for oil. 

In this model some assumptions are made: 

• lnertial effects are negligible (Charles and Mason 1960) 

• Dimple formation and asymmetrie coalescence are neglected. The flow and the coalescence 

model are essentially one-dimensional. 

Due to the different drop sizes there are differences in settling velocity. This velocity difference is 

relevant for the interaction time. The interaction time is estimated based on the largest relative velocity 
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difference of the three drop classes and the distance over which the droplets are in contact, the 

diameter of the droplet. 

d 3,2 
Tint = ------

Urel,big - Urel,small (32) 

To account for the assumptions made in calculating the drainage time and the interaction time, a 

correction factor Cfit is introduced. This factor Cfit is a constant correction factor which will be fitted to 

experimental data. The frequency of collisions is given by: 

(33) 

In which Vrel is the velocity difference of the droplets. Nsett is the number density of drops in the settling 

zone: 

6<() sett 
N seu(t) = d 3 (t) 

Tr sett (34) 

The number of coalescing drops per time y is the collision frequency times the chance of actual 

coalescence occurring. 

(35) 

For small M, the number of collisions followed by coalescence in time span M is given by equations (30)

(35), and can be written as: 

_ / ( ) 2 2 (-Td(Urel ,big - Urel,small)) 
Y - 2 3 cfit Urel,big - Urel,small VreldsettNsett exp d M (36) 

sett 

Because of volume conservation the new droplet diameter becomes: 

{
N }1/3 

dnew = d / ( N _ y) (37) 

2.2 Dense pack layer 
A dense pack layer is formed if the coalescence of droplets with the water layer is slow compared to the 

settling velocity of the droplets. The settling droplets are stacked upon each other on top of the water 

layer. The coalescence in this packed bed zone is completely different from the coalescence in the 

settling zone. 

Although the model only uses a volume-based mean droplet size in the packed bed zone, drop sizes and 

drop shapes actually vary with height in this zone. The drainage of liquid films between the droplets 

depends on the pressure differences occurring in the film . These pressure differences are dependant of 

the height of the packed bed zone above the drop. 
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The coalescence flux, the volume of water entering the bottom layer per second per square meter VJ can 

be calculated with (Jeelani, Panoussopoulos et al. 1999): 

VJ = 
213 

<fJpackdpack 

Tcp (38) 

In which Tcp is the interfacial coalescence time for droplets of diameter dpack at the coalescing interface. 

lt is assumed that this coalescing time Tcp increases with droplet size because the drainage length 

increases, and decreases as the force pressing on the draining film increases. This force depends on the 

height of the pack Hpack· Tcp can be described with: 

(39) 

With To, the coalescence time of a reference case with initial drop diameter d3,2 . The value of To is 

determined experimentally tor an initial drop diameter, d3,2,ref, and a fluid with dynamic viscosity of the 

continuous phase given by µcont,ref, yielding reference value Tref· Then, To for other fluids and/or other 

initial drop diameters follows trom: 

(40) 

Stacking parameter p and droplet size parameter m are constants, p can be approximated with 0.5 and 

m with 1 (Mans 2012). Form = 1, the coalescence flux is given by: 

,/, = 213 d <fJpack (Hpack)P 
..,, 3,2 T d 

0 3,2 
(41) 

Which implies that the coalescence flux is independent of dpack if mis 1. 

2.3 Time development of layer heights 
The time evolution of the layer heights can be described by a set of differential equations based on the 

descriptions discussed in sections 2.1 and 2.2 (Ten Bosch 2012). The set of equations given in (42)(a-d) is 

valid as long as the settling layer is present (t < tnosett). 

dHoil 
~ = -udisp-Lou 

dHsett _ . + 1 - <fJpack VJ+ U . <fJpack 

dt - Ui <fJpack - <{J disp <fJpack - <fJ 

dHpack 1 - <fJpack <fJ --- = --'---VJ - ----Udisp 
dt <fJpack - <fJ <fJpack - <fJ 

(42)(a-d) 

dHwater 
dt = VJ- Lwater 
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Loil and Lwater are the amounts of oil and water respectively that are extracted from the system. ui is 

the amount of fresh emulsion that enters the system. lt is assumed that the water fraction of the added 

emulsion, <fJui , is the same as the ratio between the subtracted water and oil. The settling velocity Udisp 

is given in equation (25) . The coalescence flux t/J is given in equation (38). 

Once the settling layer has disappeared (t > tnasett )a new set of equations is required. 

dHail = <fJpack - <fJ U · - 1 - <fJpack ,/, _ L _
1 d l 'f' O l 

t <fJpack <fJpack 

dHpack <p l 
---= --ui---t/J 

dt <()pack <()pack (43)(a-c) 

dHwater 
dt = t/J-Lwater 

The development of the layers is given in Figure 5. lt can be seen that initially the droplets settle and an 

oil layer is formed at the top. At the bottom the water droplets coalesce and forma water layer. Because 

this coalescence is slow compared to the settling of the water droplets a dense pack layer is formed. This 

behavior is described by the set of differential equations given in (42)(a-d). After some time the settling 

layer has disappeared and the separation can be described with the set of differential equations given in 

(43)(a-c). 

- Coalescence 
- Settling 

••••• •Densapack 

0 0 0 

0 0 0 

0 0 0 0 

0 0 0 I 
0 0 0 0 l: 

H settli 0 0 0 
Ol 
ë6 
:I: 

0 0 0 0 

0 0 0 

0 0 0 0 

0 0 0 

50 60 
Time [min) 

Figure 5: Typical development of the layer heights as described with the sets of differential equations 
given in 40 and 41. lt can be seen that the settling layer disappears after about 15 minutes (tnosett = 15 
minutes). 

The settling velocity Udisp and the coalescence flux t/J, are the driving farces of the separation process. 

The settling velocity is strongly dependent of the droplet size. lf the droplet size increases, the settling 

velocity increases as well, see section 2.1. The coalescence flux is assumed independent of dpack if the 
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droplet size parameter mis 1, see equation (41). However, this flux is dependent on the initia! drop size 

and the height of the packed layer which is dependent on the settling velocity. 

Therefore, the droplet size is an important parameter for the separation of water droplets from oil. lf the 

time development of the droplet size distribution can be measured accurately during the separation 

process, this can be used to improve the model of the separation process. Amore accurate model of the 

separation process allows sharper sizing of the separation facilities, reducing casts and the 

environmental footprint . 
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3. Ultrasonic spectroscopy 
As shown in chapter 2, the droplet size is an important parameter for the separation speed of water and 

oil. lf the time development of the droplet size distribution can be measured accurately during the 

separation process, this can be used to improve the model used to predict the separation. With a more 

accurate model oversizing of the separation facilities can be limited. 

Currently a Particle Video Microscope (PVM) probe is used to determine the droplet size distribution. A 

PVM-probe, which is essentially a video microscope, takes images of the droplets in the emulsion. The 

droplets can be measured and counted from the images semi-automatically with software packages 

based on image recognition(O'Rourke and Macloughlin 2004; Maa~, Wollny et al. 2010). 

Although the droplet size distribution can be determined fairly accurate with the PVM probe, there are 

some significant downsides to this method. The main problems with the PVM method are: 

• Images have to be taken intrusively 

• The amount of work that is required to determine the droplet size distribution. 

The droplets of interest are inside the bulk, the PVM method is only capable of measuring droplet sizes 

close to the measurement window. Therefore, the probe must be entered in the fluid. lnserting the 

probe influences the measured system, the flow is disturbed and this causes the results to deviate. The 

laborieus character is due to the fact that software is not capable to determine the droplet sizes accurate 

enough (Boxall, Koh et al. 2010; Khalil, Puel et al. 2010). As a result a great deal of work has to be done 

by hand. In addition, the PVM method is not capable of recognizing rapid changes in droplet size 

distribution, due to the limited amount of droplets recorded per second. (O'Rourke and Macloughlin 

2004) 

A literature study (Schout 2012) is performed to search for an alternative method without the problems 

present with the PVM-probe. From this study, ultrasonic spectroscopy carne forward as a suitable 

method for droplet sizing (McClements 1996; MingXu, XiaoShu et al. 2009) . Ultrasonic spectroscopy is 

capable of measuring droplet size distributions in the bulk of the emulsion in a non-invasive manner. 

Once the preparations for the measurement are done the method is capable of measuring droplet size 

distributions in rapid succession requiring only a small amount of work. This makes the method suitable 

to map the changes in droplet size distribution over time in an emulsion. In addition, ultrasonic 

spectroscopy is capable of measuring the volume fraction of the dispersed phase simultaneously. In this 

chapter the fundamentals of this method are described. 

The droplet sizing using ultrasound is based on the principle that the droplets present in an emulsion 

attenuate a sound wave which is sent through the emulsion. The magnitude of this attenuation is 

dependent on the size of the droplets in the emulsion and the volume fraction of the dispersed phase. 

With the thermodynamic properties of the emulsion and the dimensions of the test setup known, the 

droplet size distribution can be determined from the measured attenuation. A schematic overview of the 

measurement setup is shown in Figure 6. The complete design of the measurement setup and the 

calibration of this setup are discussed in chapter 4. 
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Figure 6: Measurement setup of ultrasonic spectroscopy. A sound wave is sent through a sample from the 
sending transducer (ST) and detected by a receiving transducer (RT). The amplitude of the wave is 
decreased by drop/ets in the sample. 

A wave of desired frequency and amplitude is generated by a wave generator, this electric wave is split. 

Part of the signal is sent directly to the digitizer as a reference wave. The other part of the signal is sent 

to an ultrasonic transducer (ST) where the electric wave is converted into an ultrasonic wave . This wave 

propagates through a sample which is contained in a suitable measurement cell to minimize reflections 

and echoes. After passing through the sample, the ultrasonic signal is received by another ultrasonic 

transducer (RT) and converted back to an electric wave which is finally received in the digitizer. 

The volume fraction can be determined from the ultrasonic velocity, which can be determined from the 

distance between the transducers and the time it takes for the sound wave to travel from one 

transducer to the other, the so-called time-of-flight (TOF). The attenuation a can be determined from 

the amplitudes measured in the digitizer. The sent and the received amplitude are related by: 

(44) 

With A1 the amplitude of the received signal, A 0 the amplitude of the sent signal and a the attenuation 

in Neper. This equation can be rewritten to: 

(45) 

In Figure 7 a schematic overview of the received signals and their relevant properties is given. 
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Figure 7: Schematic overview of the reference wave (blue line) and the wave which hos passed through 

the emulsion (red) line. The difference in time between the peaks of bath signals gives the time-of-flight 

and the attenuation can be calculated /rom the amplitudes of the signa Is. 

The determination of the droplet size distribution can be divided in five steps: 

1) In an experiment, the time-of-flight, the amplitude of the generated wave and the amplitude of 

the received wave are measured . 

2) The volume fraction is determined from the ultrasonic velocity as described in chapter 3.1. 

3) Theoretica! predictions are made for the attenuation of the emulsion. This can be done with 

several attenuation models. The predictions are made for given thermodynamic conditions over 

a range of droplet size distributions and frequencies. These models are described in chapter 3.2 

4) The attenuation of the sound wave due to the droplets in the emulsion is determined from the 

measurement of the generated and received amplitudes over a range of frequencies. 

5) The theoretica! predictions of the attenuation are fitted to the measured attenuation. A droplet 

size distribution for the emulsion follows from the best fit of the theoretica! prediction with the 

measured signal. Often a log-normal distribution is assumed, in that case only the mean size and 

standard deviation have to be fitted . The fitting procedure is given in chapter 3.3. 

3.1 Determination of the volume fraction 
The ultrasonic velocity in an emulsion is dependent of the properties of the fluids in the mixture and the 

volume fraction of the phases. lf the properties of the fluid are known the watercut can be determined 

from a measurement of the ultrasonic velocity. The required fluid properties are the mass density and 

the ultrasonic velocity as function of the temperature of the phases. The exact relation between the 

velocity and watercut is quite complex. However, in literature several good approximations of this 

relation are found . 
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3.1.1 Linear 
A first approximation of the watercut can be made by taking a linear relationship between the velocity 

and the watercut. In this approximation reflection and refraction effects are neglected. The volume 

fraction can be approached with (Meng, Jaworski et al. 2006) : 

(46) 

Where Cm is the measured ultrasonic velocity, and Ccont and cdisp are the speed of sound in the 

continuous and dispersed phase respectively. 

3.1.2 Urick equation 
A simple, often used expression is given by {Urick 1947). This expression is based on the assumption that 

the suspended particles are small compared to the wavelength and, accordingly, the effects of scattering 

on the sound velocity may be neglected. In that case the mixture behaves the same as an ideal solution 

of the two substances would which means both the density and the compressibility of the mixture are 

additive properties of the corresponding quantities of both phases, see equations (47){a,b). 

Pm = <fJPdisp + (1 - <p)Pcont 

Km = <fJKdisp + (1 - <fJ )Kcont (47)(a,b) 

In which p is the density and K is the adiabatic compressibility. The ultrasonic velocity in the mixture can 

be expressed with the Wood equation (Pinfield, Povey et al. 1995): 

1 1 
C -------;::=================== m - JPmKm -

(48) 

The Urick equation follows from combining equation (48) and the ultrasonic velocity of the continuous 
1 

phase Ccont = '✓=== 
PcontKcont 

2 
Ccont _ 2 
-2- - 1 + aurick<r + ~Urick<r 

Cm 

( 
.1p ) ( .1K ) 

aurick = -- + --
Pcont Kcont 

( 
.1p ) ( .1K ) 

Purick = -- --
Pcont Kcont 

In which .1p = Pdisp - Pcont and .1K = Kdisp - Kcont· 

(49) 

{50) 

(51) 

In principle the Urick equation is just the special case of multiple scattering theory for the limit of low 

frequency when thermal scattering is absent, however, in (Meng, Jaworski et al. 2006) it is shown that 

the Urick equation gives accurate results also in other regimes. Therefore this equation wil! be used in 
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further investigations. Descriptions of Urick equations modified to include thermal scattering are given in 

Appendix B. A comparison of these models is given in Figure 8. 
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Figure 8: Comparison of models for a mixture of water drop/ets (c = 1483 mis) in n-dodecane (c =1297 

mis). lt can be seen that the linear relationship gives a lower estimation of the water fraction. The Urick 

and modified Urick equation give similor results. The modified Urick equation overestimates the watercut 

at high velocities, for a watercut of 1 (i.e. pure water), the ultrasonic velocity should be that of pure 

water. 

The Urick equation is also used to determine the watercut with the Rhosonics setup present in the lab. In 

th is setup, the sound velocity of the mixture is determined by measuring the time it takes for an 

ultrasonic wave to travel from the emitting transducer to the receiving transducer. The distance over 

which the wave travels between these transducers is known. The sound velocity is measured over a 

range of heights, therefore the ratio between the fluids can be determined at each height and the 

location of interfaces can be determined . The accuracy of the setup is dependent of the difference 

between the sound velocities of the two liquids. For typical water in oil emulsions the accuracy is about 

±0.5% in watercut. 

A test with the Rhosonics ultrasonic scanner is performed using the following mixture: 
50 % Oil phase: n-decane 
50 % Alkali-surfactant solution : 92% H20 + 4% NaCI + 1% Na2CÜ3 + 2% 2-butanol + 1% Surfactants 

A photo of a fully separated sample of this mixture is shown on the right side of Figure 9. Full separation 

of this mixture takes several days. In the middle of the sample a stable microemulsion layer is visible. 

Due to the added surfactants, a microemulsion of very small droplets farms as a layer between the brine 

and oil phase because the surfactant is equally soluble in the brine and the oil. 
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The separation of this mixture is measured with the ultrasonic scanner. The results are shown in the left 

part of Figure 9. At the start of the experiment, the watercut is about 0.5 over the entire height. After a 

while, separate layers are starting to show. A pure n-decane layer is formed at the top which grows over 

time. At the bottom the watercut increases. Although there is not a pure water layer visible after 22 

hours, the watercut at the bottom of the measurement range has already increased to 0.8. lt should be 

kept in mind that at the bottom an area of a couple centimeters consists where the watercut is not 

measured. The watercut in this area will be similar or higher than the watercut measured at the lowest 

measurement position. 

300 0.9 

0.8 

250 
0.7 

_ 200 0.6 
E .s 
~ 0.5 

.fj 150 
a. 

0.4 

100 0.3 

0.2 

50 

0.1 

0 
0 2 4 6 8 10 12 14 16 18 20 

time[h] 

Figure 9: Watercut determined from the measured sound speed. lt can be seen that at the top of the 
mixture a pure n-decane layer is formed. After 22 hours, the watercut at the bottom of the measurement 
range is 0.8. On the right side a sample of a ful/y separated mixture is shown. Three separate layers are 
easily distinguishable. On the bottom there is a relatively pure brine layer, whereas on the top a pure n
decane layer is formed. In the middle a stable microemulsion phase is present. 

The setup measures the gain as well. The gain is the absolute value of the attenuation. This 

measurement, can give extra information. Figure 10 shows the measured attenuation in decibel (dB). 

The dB is just like the Neper a unit in logarithmic scale. The bel uses the decadic logarithm to compute 

ratios whereas the Neper uses the natural logarithm. From the measurement of the gain, the 

microemulsion layer becomes clearly visible. 
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Figure 10: Plot of the attenuation in dB, the microemulsion layer is clearly visible in this picture. 

To deduce the droplet size distribution from ultrasonic measurements, the attenuation has to be 

measured over a range of frequencies. The Rhosonics setup determines the volume fraction with 

measurements at a single frequency. An investigation is done to determine the working frequency. This 

frequency was found to be 4 MHz. This determination is given in 0. 

3.2 Modeling of the attenuation 
In ultrasonic spectroscopy the attenuation of ultrasonic sound waves by the emulsion is measured over a 

range of frequencies. To determine the droplet size distribution from this measurement the measured 

attenuation profile has to be compared to an attenuation profile predicted by a model. There are several 

models available, a number of these models are described in this chapter and a comparison is made 

between viable models. 

3.2.1 Mechanisms of sound loss 
There are six known loss mechanisms for the interaction of sound with a dispersed medium: lntrinsic, 

viscous, thermal, scattering, structural and electrokinetic. (Dukhin and Goetz 1996) 

1. The intrinsic loss of the acoustic energy occurs due to the interaction of the sound wave with the 

materials of the continuous and dispersed phase as homogeneous materials. This loss depends only 

on the material properties and the volume fraction, not on the droplet size. 

2. The viscous losses occur due to the shear wave generated by the particle oscillating in the acoustic 

pressure field. These shear waves appear because of the difference in the mass densities of the 

droplets and the continuous medium. 

3. Temperature gradients cause thermal losses near the droplet surface. These temperature gradients 

occur due to the thermodynamic coupling between pressure and temperature. 
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4. Elastic scattering (refraction, diffraction and reflection) does not produce dissipation of acoustic 

energy. However, the particles redirect the energy of the sound wave. Therefore, part of the sound 

energy simply does not reach the receiving sound transducer. 

5. Structural losses are caused by the oscillation of the network of interparticle links in structured 

systems. This mechanism is specific for structured systems. 

6. Electrokinetic losses are caused by the oscillation of charge particles. The oscillation of these 

particles in the acoustic field leads to the generation of an alternating electrical field resulting in an 

alternating electric current. A part of the acoustic energy transforms to electric energy and then 

irreversibly to heat. 

In most cases the contributions of the structural and electrokinetic losses to the sound attenuation are 

very small and can therefore be neglected (Dukhin, Goetz et al. 1998). Likewise, these effects will be 

neglected in this study. 

The intrinsic absorption is related to relaxation phenomena within the phases. lts magnitude is 

independent of the droplet size. The intrinsic absorption can be described with equation (52). 

(52) 

Where adisp and acont are the intrinsic attenuation of the dispersed and the continuous phase 

respectively. The intrinsic attenuation coefficient of each phase increases with frequency. This can be 

expressed as a power law function: a1 = y0 fY1 • For most liquids it scales with the square of the 

frequency (y1 = 2), therefore the intrinsic absorption becomes more significant at higher frequencies. 

Visco-inertial and thermal effects typically govern sound propagation in the long wavelength regime 

(LWR) (Richter, Voigt et al. 2007) . The LWR is val id if the product of the wave number k and the droplet 

radius r, given in equation (53) is much smaller than 1. 

2rrr 2rrr 
kr=-=--f 

À Ccont (53) 

Where Ccont is the sound speed in the continuous phase. 

This is the case when the droplet radius is much smaller than the wavelength. Viscous losses are typically 

dominant if the density contrast is high (/J.p/ p > l). Examples for this type of system are oxides and 

pigments. Thermal losses dominate in systems with low density contrast and flexible particles, such as 

emulsions and lattices (Dukhin and Goetz 1996). 

In the intermediate wavelength regime (IWR) elastic scattering dominates the propagation of sound, and 

the other mechanisms are less important (Richter, Voigt et al. 2007). The IWR is valid when the product 

kr described with equation (53) is close to unity. Because most emulsions fall either in the long or 

intermediate wavelength regime, the short wavelength regime (SWR) will not be discussed in this 

investigation. Figure 11 gives the different regimes in a monodisperse dispersion with water as the 

continuous phase (Ccont = 1500 m/s) as function of the droplet size and the frequency. 
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Figure 11 : Dependency of the long, intermediate and short wavelength regimes on the drop/et size and 
the frequency. For Ccont = 1500 m/s. lt is assumed that for the L WR, r < 0.1 À, for the IWR, 0.1 À < r < 10 À, 

and for the SWR r > 10 À. 

In Table 2 the mechanisms of sound loss and when they are dominant or negligible are summarized. 

Long wavelength regime (r « À) lntermediate wavelength regime (r ~ À) 
lntrinsic lncreases with frequency lncreases with frequency 
Viscous Dominating when density contrast is high Often negligible 
Thermal Dominating when density contrast is low Often negligible 
Scattering Often negligible Dominating 
Structural Always negligible Always negligible 
Electro-kinetic Always negligible Always negligible 
Table 2: Domination of loss mechanisms 

For many systems only the dominating loss mechanism has to be taken into account to give a good 

prediction of the sound loss. However, it is often the case that more than one loss mechanism has a 

significant contribution to the total attenuation and therefore multiple loss mechanisms have to be 

taken into account. 

There are several models for the acoustic attenuation available which all have their specific strong and 

weak points. Models of the behavior of acoustic waves in disperse media can be divided into two groups 

based on their approach: single-particle models and coupled-phase models. 

3.2.2 Single-particle models 
Single-particle models are based on the detailed description of the interaction of scattered, visco-inertial 

and thermal fields around a single particle. Conservation equations for mass, momentum and energy are 

set up for infinitesimal volume elements in the dispersion. All variables are treated as function of the 

position. With these equations complete three-dimensional profiles of temperature and velocities inside 

and around the particle are formed . The interphase fluxes are then computed. The heat flux across the 
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particle surface can be calculated from the temperature gradient using Fourier's law, and the 

momentum transfer from the velocity gradient (displacement gradient for solids) using a suitable stress

strain relation. A common simplification is to assume that the single particle has no neighbors but is 

immersed in an infinite reservoir of continuous phase. Single-particle models with this simplification 

applied are also called isolated particle models. (Hipp, Storti et al. 2002) 

ECAHmodel 
An aften used model of this kind is developed by Allegra and Hawley who extended the earlier work of 

Epstein and Carhart, this model is aften called the ECAH model (Epstein and Carhart 1953; Allegra and 

Hawley 1972). The wave equations for particle and surrounding fluid are derived from the equations of 

motion and the balance equations for heat and impulse. For each wave equation, scattering coefficient 

series are formed . From the conditions at the phase boundary between particle and fluid these series are 

then derived. Higher order coefficients are dropped to create an attenuation formulation. Based on this 

approach explicit relations exist for the attenuation by thermal and visco-inertial interaction of particle 

sound wave and surrounding fluid and scattering effects. (Richter, Babick et al. 2006) The derivation of 

this attenuation formulation is given in Appendix C. 

lf the system is either in the LWR or the IWR, simplifications on the model can be implied . Three 

simplified models based on the ECAH theory are considered. The first model is valid for the IWR, the 

second model is valid for the LWR. The third model is developed for dilute emulsions in the LWR. 

Therefore the usage of this model is limited, the emulsions expected in with water in crude oil have a 

higher watercut and larger droplets and the equations are therefore not valid for these systems. 

However, this model calculates the contributions of each loss source separately, giving very good insight 

in the importance of the different sources. 

A disadvantage of the ECAH theory is caused by the fact that it is developed for spherical particles. 

Particles with a different shape will cause deviations in the results. For an emulsion with a low volume 

fraction dispersed phase this effect is small. However, if the volume fraction increases the deviation will 

increase because the droplets are pressed against each other and deform. For solid particles this 

assumption can also cause large deviations. 

Another disadvantage of the ECAH model is that field interactions by neighboring particles are not 

reflected correctly. The behavior of a particle suspended in a medium with other particles is different 

than the behavior of a particle suspended in pure continuous phase. Logically, this deviation increases 

when the concentration of suspended particles increases. This effect limits the application of the original 

ECAH formulation to emulsions with fairly low concentrations. (Hipp, Storti et al. 2002) Several 

adaptations of the ECAH model are developed to compensate for the multiple particle effects which give 

reasonable predictions of the ultrasonic properties of certain systems up to fairly high droplet 

concentrations (McClements 1996; Hipp, Storti et al. 2002). Several of these methods will be discussed in 

section 3.2.5 and Appendix E. 

Perhaps the biggest disadvantage of the ECAH-model is that many thermophysical properties (listed in 

Table 3) of bath phases must be known beforehand. For many commonly used fluids these properties 
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can be found in literature. lf this is not the case, dedicated measurements are required to determine 

these properties. 

Quantity Unit Symbol 

Ultrasonic velocity m/s C 

lntrinsic attenuation Np/m a, 
Mass density kg/m 3 p 
Dynamic viscosity Pa.s µ 
Thermal conductivity W/(m.K) T 

Specific heat capacity J/(kg.K) Cv 

Ad iabatic compressibility m2/N K 

Coefficient of volume expansion 1/K p 
Table 3: Thermophysical properties required to calculate the velocity and attenuation spectra with the 
ECAH model. 

All of these properties are temperature dependant, for accurate results the temperature dependence of 

these properties needs to be known as well. Because of this temperature dependence, the temperature 

has to be measured and controlled accurately. Deviations in the temperature result in an error in the 

ultrasonic velocity and attenuation, which causes the measured droplet size distribution and watercut to 

deviate. 

Elastic scattering models 
Although the ECAH theory offers a solution for the whole wave regime, it is not always the best suited 

model. A large number of material properties must be known and the numerical calculation can take a 

long time. A large uncertainty can be created if these material properties are not fully known, and the 

result of the model is highly temperature dependant. lf only large particles in the intermediate 

wavelength regime are considered, a simpler solution, which requires less computational effort and 

fewer material properties is often preferable. (Richter, Voigt et al. 2007) 

lf only elastic scattering (diffraction, refraction and reflection) is assumed to govern the wave 

propagation, which is the case in the intermediate wave length regime, an elastic scattering model can 

be derived. A set of equations derived from boundary conditions (differing in their nature from the 

boundary conditions used in the ECAH theory) leads to the definition of scattering coefficients An. (Hay 

and Mercer 1985; Richter, Voigt et al. 2007) 

A theory solely based on elastic scattering is the model created by Anderson. Similar to the ECAH theory 

model, the model considers the scattered wave for a single fixed spherical object . The difference is that 

the viscous and thermal effects are neglected. This limits the applicability of the approach to the IWR. 

Another limitation is that the model only allows compressional wave propagation because the shear 

wave in the dispersed phase is neglected. In a solid shear waves occur in addition to the compressional 

waves, therefore the Anderson theory is not applicable if solid spheres are investigated. (Feuillade and 

Clay 1999; Richter, Voigt et al. 2007) 

Shear waves are incorporated in the model developed by Faran. The basic approach of the Faran model 

is similar to the Anderson model. Wave equations for the impacted and the scattered wave are 
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formulated and series developments for these wave farms are given. These series contain scattering 

coefficients, which are specified by a set of boundary conditions. 

As in the Anderson theory, the visco-inertial and thermal effects are neglected. However, an extension of 

Faran's model is created to include viscous coupling of the phases (Hay and Mercer 1985). The Faran 

model is the general approach for elastic scattering models (Richter, Voigt et al. 2007), therefore this 

model is investigated further. The derivations of the Faran model and the extended model which 

includes the viscous coupling are given in Appendix D. lf the shear wave is small, the Anderson theory is 

found to be numerically equivalent to the Faran model (Feuillade and Clay 1999). 

Elastic scattering of sound in suspensions differs from scattering in emulsions because shear waves are 

not transmitted in fluid scatterers. Richter et al. have investigated the elastic scattering model by Faran 

for emulsions. The sound speed of shear waves was set to values close to zero (10 m/s). This method 

was found to give good agreement with measurement results for the case of fluid scatterers having a 

diameter of around 100 µm. (Richter, Voigt et al. 2007) 

Just as the ECAH model, the elastic scattering models are created for spherical isolated particles. 

Therefore the same disadvantages are present. Non-spherical particles will cause deviations and the 

original models are only suitable for fairly low concentrations (Hipp, Storti et al. 2002). The incorporation 

of multiple particle effects will be described in section 3.2.5. 

The advantage of the elastic scattering models over the ECAH model is that less mate rial properties have 

to be known. The disadvantage of this simplification is that the model is only suitable if the effect of 

elastic scattering is the dominant sound loss mechanism. Therefore these models are limited to the IWR. 

3.2.3 Coupled-phase models 
Coupled-phase models are based on two separate perspectives, a macroscopie and a microscopie one. In 

the macroscopie perspective, the ensemble of all particles is defined as one imaginary "phase" and the 

continuous phase as another, both without spatial coordinates. Each phase is described by average 

properties. Global conservation equations are set up for each phase using these average quantities. Most 

coupled-phase models are focused on visco-inertial losses and are thus restricted to the conservation of 

mass and momentum. However, the conservation of energy can be incorporated as well to include the 

thermal losses. 

The microscopie perspective is used to compute the heat and momentum transfer between the two 

phases. Because the state of each phase (temperature, velocity, etc.) is known only by averages the 

gradients at the particle surface are not available. Therefore, these cannot be used to compute the heat 

and momentum fluxes as is done in the single-particle model. lnstead specific models are used to relate 

the fluxes to the differences of the average quantities such as Stokes' law, which relates the viscous drag 

to the velocity difference. The accuracy of the coupled-phase model is highly dependent on these 

models. (Hipp, Storti et al. 2002) 

The main disadvantage of the coupled-phase model is that the model is not capable of describing the 

redirection of waves. The absence of this ability limits the use of coupled-phase models to the LWR, 
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where the energy loss due to redirection of waves is negligible. The emulsions of interest are probably 

not limited to the LWR, therefore the coupled-phase model is not suited for this investigation. 

Another disadvantage is that the general description of the coupled-phase model is only valid for 

monodisperse particles in nonstructured systems. lt is possible to generalize the theory for a structured 

polydisperse system. However, this makes the model much more complicated. (Dukhin and Goetz 1996) 

Table 4 gives an overview of the conceptual differences between the single-particle and the coupled

phase models. 

Single-particle models Coupled-phase models 
State variables Functions of position Space average in each phase 
Conservation equations Enforced at each position Enforced at each phase 
Heat/momentum fluxes Evaluated from gradients at the Evaluated from differences 

particle boundary between average va lues 
Possible attenuation mechanisms Visco-inertial, thermal, scattering Visco-inertial, thermal (usually 

ignored) 
Tab/e 4: Conceptual differences between single-partic/e and coup/ed-phase models 

3.2.4 Comparison of the different models 
Several models are described above. All models have their strengths and limitations. In Table 5 the sound 

loss mechanisms that are incorporated and the systems for which the models were originally developed 

are summarized as well as their strengths and limitations. 

Theory Loss mechanisms Originally Strengths Limitations 
developed for 

ECAH - lntrinsic Monodisperse Describes the entire Large number of physical 
- Viscous systems with low wave regime properties required 
- Thermal volume fraction in Numerical solutions can 
- Scattering all wave regimes lead to blow-up 

Anderson - lntrinsic Monodisperse Less computational Only suitable for 
- Scattering emulsions with low effort emulsions in the IWR 

volume fraction in Fewer material 
the IWR properties required 

Faran - lntrinsic Monodisperse Less computational Only suitable in the IWR 
- Scattering suspensions with effort 
- Viscous low volume fraction Fewer material 

(optional) in the IWR properties required 
Coupled - lntrinsic Monodisperse Less computational Only suitable for LWR 
phase - Viscous systems with low effort 

- Thermal volume fraction in 
(optional) the LWR 

Table 5: Comparison of the previously described models 

The system to be investigated is an emulsion of water droplets in oil. The droplets are assumed to fall 

mainly in the intermediate wave length regime. The coupled phase models are therefore unsuitable. The 

Anderson and the Faran model are fairly similar. An advantage of the Faran model over the Anderson 

model is that viscous losses can be incorporated. Because the Faran model is the general approach and 
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because of the extension for the visco-inertial effects, the Faran model is investigated further. The ECAH 

theory is the most complete and commonly used model, therefore, this model will also be included in 

this investigation. In Table 6 the equations describing each model and the sections of this paper where 

they are introduced in this paper are listed. 

ECAH model ECAH model IWR ECAH model LWR Faran Faran including 
LWR dilute emulsion viscous effects 
Appendix C Appendix C Appendix C Appendix D Appendix D 
Equations Equations Equations Equations Equations 
{122)-(124) {121), {122) (129)-(132) {139)-(145) {139)-(143), 

(145),(155) 

Table 6: Location and equation numbers of the equations describing the compared models. 

With Matlab the attenuation as function of the frequency is modeled. In Figure 12 and Figure 13 a 

comparison is given between the ECAH-models for the LWR and the IWR and the Faran model for an 

emulsion of water droplets in n-dodecane. 
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Figure 12: Comparison of models in the LWR regime fora mixture of monodisperse water drop/ets with a 
radius of 1 µm in n-dodecane, the watercut is 0.1 . 

Figure 12 shows the modeled attenuation fora system which lies completely in the LWR. In Table 2 it is 

shown that in this regime thermal effects are dominating if the density contrast is low. The Faran model, 

which is not valid for this regime is not included in this figure. The ECAH-model for the IWR-regime, 

which assumes scattering to be dominant and thermal and viscous losses to be negligible, predicts the 

attenuation to be just slightly bigger than the intrinsic attenuation. This suggests the contribution of 
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scattering is small. The ECAH model for a dilute emulsion and the ECAH model for the LWR give 

comparable results. 
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Figure 13: Comparison of models in the IWR regime for a mixture of monodisperse water drop/ets with a 
radius of 100 µmin n-dodecane, the watercut is 0.1 . 

The system in Figure 13 lies completely in the IWR. In Table 2 it is shown that scattering effects are 

dominating in this regime. The model found in (McClements and Coupland 1996) is only valid for dilute 

emulsions in the LWR regime, therefore it is not included in the figure. The ECAH model for the LWR, 

which neglects scattering, gives an attenuation which is similar to the intrinsic attenuation. This suggests 

thermal and viscous effects are negligible. The attenuation predicted by the ECAH-model for the IWR and 

the Faran model are very similar. 

The volume fractions ofthe dispersed phase in the system can be fairly high and the system is likely to be 

polydisperse. These effects are not included in the original ECAH and Faran theory. Therefore 

adaptations have to be made. These will be discussed in the next sections. 

3.2.5 Incorporation of multiple particle effects 
lf the concentration of the suspended particles increases, the ECAH theory and the elastic scattering 

models are not capable anymore of giving an accurate description of the propagation of the acoustic 

waves. Two kinds of multiple-particle effects become significant at higher concentrations (Hipp, Storti et 

al. 2002) . 
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• The wave arriving at the particle changes. The redirection of the acoustic wave between the 

particles leads to multiple scattering. Each particle is no langer immersed in the undisturbed 

initial compressional wave, but in an overall field of primary and secondary waves. 

• The behavior of the individual particle is modified because of particle-particle interactions. The 

response of a particle to a certain excitation is different whether the particle is surrounded by an 

infinitely large homogeneous medium or by a medium containing other particles. 

Bath the ECAH theory and the Faran model are based on the wave equations for a single particle, thus 

the waves scattered from other particles are neglected. For low concentrations this assumption is valid, 

but for higher concentrations modifications have to be applied. To include the effects of multiple 

particles the ECAH model and the elastic scattering models have to be extended. The Waterman-Truell 

multiple scattering theory, which will be used to incorporate multiple scattering effects, is described 

below. Other models which can be used to incorporate multiple particle effects are given in Appendix E. 

Waterman and Truell multiple scattering theory 
One of the most comprehensive and widely used multiple scattering theories is the Waterman and Truell 

multiple scattering formalism (Waterman and Truell 1961; McClements 1996). In their paper Waterman 

and Truell derive the equations governing wave motion in a medium containing an array of finite 

scattering regions. In this theory some assumptions about the system are made: 

• The contribution of higher-order multiple scattering terms is negligible 

• The droplets are spherical (this is al ready assumed in the ECAH and elastic scattering models) 
• The droplets are randomly distributed in space 

• The droplets do not physically interact with each other 

The central result of their computation is given in equation (54) . 

(54) 

The behavior of the scattering medium , characterized by the complex propagation constant K, is 

specified explicitly in terms of the number density of scatterers N, given in equation (55), the forward 

scattering amplitude for a single scatterer A1(0) given in equation (56) and the backward scattering 

amplitude for a single scatterer Ab(rr) given in equation (57) (Waterman and Truell 1961). The terms 

containing N in equation (54) account for the single scattering effects, while those containing N 2 

account for the multiple scattering effect. As stated before, the contribution of higher order multiple 

scattering terms (N 3 etc.) is assumed to be negligible (McClements 1996). 

3<p 
N=--

4rrr3 

00 

A1(0) = i~i L (2n + l)An 
n=O 

(55) 

(56) 
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00 

Ab(n) = i~i _L (-l)n(2n + l)An 
n=O 

(57) 

The An terms are the scattering coefficients, which are computed using the appropriate model as 

described in this chapter. The derivation of these scattering coefficients is given in Appendix C for the 

ECAH theory and Appendix D for the Faran theory. 

The attenuation a in Np/m and the ultrasonic velocity c in m/s can be determined from: 

(58) 

a = lm(K) 
(59) 

Where wis the angular frequency (w = 2nf) . 

3.2.6 Polydispersity 
To account for the polydispersity of the system it is assumed that the contributions of the different 

particle sizes can be superimposed upon each other (Richter, Voigt et al. 2007). The total attenuation of 

a polydisperse system can be described with equation (60). 

(60) 

With drop let density function q3 (r). For ease of use, often a distribution of discrete size classes of width 

!J.Tj is used. The attenuation of a polydisperse system can then be approximated by: 

In which <p 1,<p2 , ••. , ({Jn are the volume fractions for each droplet size. The sum of these volume fractions 

is the total volume fraction of the dispersed phase: 

({J = (()1 + ({Jz + · · · + ({Jn (62) 

To incorporate polydispersity in the Waterman and Truell formulation, equation (54) has to be modified. 

The result is shown in equation (63) . 

(63) 

Where Nj is the number of droplets with a radius in the interval [Tj -½tJ.7î < rj < 1î + ½tJ.11], Ar .(0) 
J 

and Ab /n) are the far field scattering amplitudes fora droplet with radius rj. 
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3.3 Fitting procedure 
The droplet size distribution is determined by finding the distribution which gives the best fit between 

the experimental measurements and predictions made with one of the models described in this chapter 

section. The sum of the squares of the differences (SSD) is calculated as a function of frequency. 

SSD = ,L)amodetCfi) - aexp(fi)]2 
i 

(64) 

A mean droplet radius can be found by varying the droplet radius in the modeled attenuation until a 

minimum of the SSD is found . Often a droplet size distribution is present. In this case the total modeled 

attenuation can be described by the summation of the contributions of the separate droplet sizes 

according to equation (61) . Again a minimum of the SSD is searched for, this time by varying the volume 

fractions for the individual droplet sizes. To speed up the fitting procedure and to prevent strange 

distributions from appearing often a certain droplet size distribution is assumed. A representative 

distribution for most emulsions is the log-normal distribution (McClements 1996). The log-normal 

distribution can be described according to equation (65) . 

1 (ln
2

a9 ) ((lnr-lnx9 )2) P(r) = ----exp- -- exp -
x

9 
In a

9
v'zrr 2 2 ln 2 a9 (65) 

In which x9 is the mean droplet radius and a9 is the standard deviation. lf a log-normal distribution is 

assumed, the mean droplet radius and the standard deviation are varied until a minimum of the SSD is 

found. lnaccuracy may arise if the assumed model is nota good representation of the system. 
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4. Experimental setup 
As described in the previous chapters the volume fraction of the dispersed phase and the droplet size 

distribution of an emulsion can be determined using ultrasound. 

To determine the watercut, the time-of-flight, the time it takes for the wave to travel the distance 

between the two transducers, is measured. From the time-of-flight and the distance, the sound speed of 

the mixture is determined with equation (66). 

D 
c=-----

TOFsaund wave (66) 

The relation between the measured sound speed and the volume fraction is described with the Urick 

equation which is given in chapter 3.1. 

As described in chapter 3, the droplet size distribution can be determined from a comparison between 

the modeled attenuation and the attenuation measured in the emulsion. In chapter 3.2 the modeling of 

the attenuation profile is discussed. The attenuation of the emulsion is determined from the amplitudes 

of the wave generated by the sending transducer and the wave received at the receiving transducer. The 

attenuation in Neper per meter can be calculated with equation (67). 

(67) 

Where Dis the distance between the transducers and A0 and A1 are the amplitudes of the sent and the 

recorded sound wave respectively (see Figure 7). 

To investigate the potential and the accuracy of ultrasonic spectroscopy as a droplet sizing method an 

experimental setup is developed. The experimental setup has to fulfill several functions. First of all an 

emulsion must be made. To this end, droplets must be created and distributed over the test volume as 

homogeneous as possible. A sound wave of the desired amplitude and frequency must be created and 

send through the emulsion. After the wave has travelled through the emulsion it has to be recorded 

again. Because the material properties are highly temperature dependant, the temperature of the 

emulsion must be measured. Finally, the droplet size measured with the ultrasonic method must be 

compared to another method to validate the accuracy of the emulsion. Therefore, a reference 

measurement must be performed. A schematic overview of the setup is given in Figure 14, and Figure 15 

is a photograph of the setup. In the coming sections the parts of th is setup shown in these figures will be 

explained . 
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Figure 14: Schematic overview of the test-setup. A signa/ is generated in the function generator and sent 
to the sending transducer and to CHO of the digitizer as a reference signa/. A sound wave is emitted /rom 
the sending transducer to the receiving transducer over a distance D. The time-of-f/ight and the 
amplitudes of the sent and received wave are recorded by the digitizer. The drop/et sizes determined with 
the ultrasonic method can be compared with the images taken by the PVM-probe. Because the material 
properties are dependent of the temperature, the temperature is measured with a thermocouple. 

Figure 15: Photograph of the test setup. With the parts present in Figure 16 indicated. The PVM-probe is 

not visib/e in this photograph. 
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4.1 Creation of the emulsion 
The droplets are created using an Ultra-Turrax. In the head of the Ultra-Turrax, a rotor rotates within a 

stationary stator. Due to the high circumferential speed, the medium to be processed is drawn axially 

into the dispersion head and then forced radially through the slots in the rotor-stator arrangement. The 

high speed and the small gap between the rotor and the stator produces shear forces which results in 

the break-up of droplets. The head of the Ultra-Turrax is shown in Figure 17. lncreasing the rotational 

speed of the rotor increases the shear resulting droplets with a smaller radius. Once the droplets are 

created, the Ultra-Turrax is turned off and moved up, out of the path between the transducers. 

Figure 17: The head of the Ultra-Turrax 

To distribute the droplets evenly over the measurement volume a magnetic stirrer is placed at the 

bottom of the sample volume. A rotating magnetic field underneath the sample volume causes a 

magnetic bar immersed in the liquid to rotate, thereby stirring it. 

4.2 Ultrasonic measurement 
With the emulsion in place, a sound wave of the desired frequency and amplitude must be generated 

and sent through the emulsion. After this wave has traveled through the emulsion over a known distance 

this wave must be recorded again. The change in the amplitude and the time it takes for the wave to 

travel this distance has to be measured to determine the watercut and the attenuation. 

A waveform generator is used to create the desired signa!. The generator used in this setup is the NI PXl-

5412, 14-Bit lO0MS/s Arbitrary Waveform Generator. A sinusoidal wave is created with an amplitude of 

10 Vpp· The frequency is swept trom 3 MHz to 7 MHz. The signa! is split in a reference signa! going to 

channel 0 of the digitizer and a signa! send to the transducer emitting the sound wave. 

This transducer converts the electronic signa! into an acoustic wave. This wave travels through the 

emulsion where it is received by another transducer which converts the acoustic wave back into an 

electronic signa!. The transducers used are the IM-5-6-RHO12. These transducers have a nomina! 

frequency of 5 MHz and an active diameter of 6 mm. The further away from the nomina! frequency the 

weaker the sent and received signa! will be. The transducers are placed in a Rhosonics measurement 

cup. The cup is designed to align the transducers and to minimize the echo coming from the wall . 

The electronic signa! generated by the receiving transducer is recorded with a digitizer. The digitizer used 

is the NI PXle-5122, 14-Bit 100 MS/s Digitizer. In channel 0 the reference signa! emitted by the waveform 

generator is recorded. In channel 1 the signa! which has travelled over the transducers and through the 
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emulsion is recorded. For each frequency 10000 data points (0.1 ms) are captured in bath channels. The 

time-of-flight and the attenuation can be calculated from these two signals and the distance D (see 

Figure 7) . 

The sample rate of the signals is 100 MHz. The Nyquist sampling theorem states: A function x(t) can be 

perfectly reconstructed if the sampling rate is two times the maximum frequency in the function. Thus, 

with an input signal of maximum 7 MHz and a sampling rate of 100 MHz, this theorem is satisfied. 

Bath the waveform generator and the digitizer are mounted in a chassis. The chassis used is the NI PXle-

1073. This chassis is connected to a computer with LabVIEW. In LabVIEW a virtual instrument is created 

from which the waveform generator and the digitizer can be operated. 

The attenuation of the emulsion can be calculated from the amplitudes measured in channel 0 and 

channel 1 of the digitizer according to equation (67) . The volume fraction is determined by comparing 

the arrival time of a 4 MHz sound wave in channel O and channel 1. This is done by comparing the time of 

the peaks in the signals recorded in bath channels according to equation (68). 

LCtcH1,n - trno,n) . h O l N 
tmeasured = N wit n = , , ... , (68) 

with trno,n the time of the nth peak in channel 0, tcHi ,n the time of the nth peak in channel 1, and N the 

total number of peaks. 

4.3 Temperature control 
As stated before, the material properties are strongly temperature dependent. Therefore, the 

temperature of the emulsion is monitored with a type K thermocouple. A thermocouple creates a 

voltage which is dependent on the temperature. The thermocouple is connected to a Nl-9213 

thermocouple input module. This module has a built-in cold junction compensation. The thermocouple 

measures the temperature difference between the cold junction and the measurement setup. With the 

temperature of the cold junction known the absolute temperature can be determined. The input module 

is mounted in a Nl-cDAQ-9174 chassis. This chassis is connected to the computer where the temperature 

is read out with the virtual instrument created in LabVIEW. The thermocouple is placed in the emulsion 

at the same height as the transducers. In some experiments it is desired to keep the temperature 

constant at a set temperature. Therefore, the measurement volume is connected to a Lauda RC6 

thermostat. This thermostat is used to pump water of a set temperature through a tube spiraling in the 

measurement volume, heating up or cooling down the emulsion in the measurement cell to the desired 

temperature. 

4.4 Reference measurement 
To compare the droplet sizes measured with ultrasonic spectroscopy, a Lasentec V819 PVM probe is 

used (see Figure 14). The probe is inserted in the emulsion, the liquid is illuminated by a short flash of six 

laser diodes, which can be seen as the six light reflections in each bubble in Figure 18. The size of the 

droplets can be determined with the software delivered with the PVM-probe because the number of 
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pixels per unit length is known. The probe is placed at the same height as the transducers and the 

thermocouple. 

Figure 18: Picture of an emulsion of n-dodecane drop/ets in water taken with the PVM-probe 

4.5 Calibration 
With the measurement setup the time of the peaks and the amplitudes of the signa Is received in channel 

0 and channel 1 are measured. These values must be converted into the volume fraction and the droplet 

size distribution. However, this cannot be done directly. First the setup has to be calibrated. 

4.5.1 Sound speed measurement 
As described in chapter 4, the watercut can be calculated from the sound speed which can be 

determined by measuring the time-of-flight over a known distance according to equation (66). The t ime 

it takes for the wave to travel through the emulsion is determined by comparing the time of the peaks in 

channel 0 and channel 1 according to equation (68). These times are measured at the digitizer, therefore 

delays caused by the electronics connecting the wave generator with the digitizer will be included in the 

measured time. Thus, the time measured in experiments is a combination of the time-of-flight, and the 

response time of the electronics E. We assume that this response time is constant. 

tmeasured = TOFsound wave + E 

From equations (66) and (69), equation (70) follows. 

D 
tmeasured = - + E 

C 

(69) 

(70) 

The sound speed of pure water as function of temperature can be expressed with a power law found in 

literature: 

c(T) = 1402.736 + 50.3358T - 0.0579506T2 + 3.31636e-4 T3 - l.45262e-6 T4 + 3.0449e-6 T5 

with T the temperature in °C. 
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Thus by measuring the temperature of the pure water, the sound speed can be calculated . The distance 

and electronic response time can be calculated by entering this calculated sound speed and the 

measured time into equation (70). This is done for temperatures ranging from 15 °C to 70 °C. The 

measured time and temperature, and the sound speed corresponding to this temperature are given for 

several data points in Table 7. In Figure 19 the measured time is set out against the sound speed 

determined from the temperature. 

Measured time [µs] Temperature [0 C] Sound speed [m/s] 
43.606 15.015 1466.3 

43.120 20.021 1482.7 
42.713 25.021 1497.1 
42.372 30.003 1509.4 
41.820 40.046 1529.3 
41.454 49.991 1542.9 
41.214 60.109 1551.4 

41.098 70.061 1555.1 
Table 7: Measured times for water at various temperatures 
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Figure 19: Time-of-flight measured in water at different temperatures. The sound speed is a function of 
the temperature of the water. 

lt can be seen that the points lie on a straight line, this proves that the distance and electronic response 

time are indeed constant during the measurements at different temperatures. The mean and the 95% 

confidence interval for the distance and response time are determined from all the data points and are 

given below: 

D = 63.82 ± 0.08 mm 

E = 0.054 ± 0.04 µs 
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4.5.2 Attenuation measurement 
The amplitudes of the signals received in channel O and channel 1 of the digitizer are compared to 

determine the attenuation of the signa!. For the determination of the droplet size distribution, the 

attenuation caused by the emulsion ax is required. However, the signa! received in channel 1 is not only 

attenuated by the emulsion, but also by the transducers and other parts of the setup. To determine the 

attenuation of an emulsion from the measured attenuation, the loss caused by the other parts of the 

setup must be known. 

Determination of the attenuation 
The transducers are responsible for a large part of the loss. In the sending transducer a part of the 

energy of electric signa! is lost in the conversion from voltage to sound asr· In the receiving transducer 

there is also a loss of signa! in the backwards conversion from sound to voltage aRT· There are also some 

losses in the wave generator and scope itself (aFGEN and ascope). Finally, there is signa! loss in the 

elements connecting the parts of the setup aL. The attenuation of all these loss sources can be 

superimposed upon each other. 

The attenuation over channel O can be written as: 

(71) 

Whereas the attenuation measured over channel 1 can be written as: 

(72) 

Subtraction of the attenuation over these channels removes several attenuation sources from the 

equation: 

(73) 

The difference of the loss in the connecting elements (all - aw) is very small compared to the loss in 

the emulsion and therefore can be neglected, this is shown in Appendix F. Also, the contribution of the 

transducers can be combined into one term (ar = asr + aRT ). The attenuation over a channel can also 

be written in terms of the sent and received amplitude: 

A 
1 CH,x 

acH ,x = n-
Asent (74) 

With ACH,x the amplitude of the signa! received in the channel and Asent the amplitude of the sent 

signa 1. Subtraction of the attenuation over channel O fromchannel 1 gives: 

AcH1,x AcHo,x I AcH1,x 
acH1,x - acHo,x = In -A-- - In -A-- = n -A--

sent sent CHO,x (75) 

thus : 
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(76) 

The amplitudes are measured and ax is desired, leaving the attenuation caused by the transducers is still 

unknown. This attenuation can be determined with a measurement using a fluid for which the 

attenuation as function of frequency is well known. For example for water at 20°C the attenuation as 

function of the frequency can be described by, awater = -2.5 · 10-14
/

2 Np/m (Landolt and Börnstein 

1967). Equation (76) can then be rewritten by dividing over the distance between the transducers and 
. 1 

usingawater = Dax. 

1 1 AcH1 water 
D aT = D In ' - awater 

AcHO,water (77) 

The attenuation of the transducers is dependant of temperature and frequency. Therefore a calibration 

file must be created which covers the frequency and temperature range in which the measurements will 

take place. In Figure 20 this calibration file is shown. lt can be seen that there is a frequency around 5 

MHZ where the attenuation of the transducers is smallest. This is the nominal frequency of the 

transducer. 
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Figure 20: Attenuation caused by the transducers as function of the temperature and frequency. 

Now, with aT known, the attenuation in Np/m for an unknown emulsion can be determined from a 

measurement of the amplitudes in channel O and channel 1 with: 

1 AcH1,x 1 
ax =-ln-----aT 

D Arno,x D 
(78) 
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4.5.3 Thermal effects 
As stated before, the temperature has an influence on the material properties. Bath the sound speed 

and the attenuation are dependant of the temperature, therefore it is important to know the 

temperature at which the measurements are performed. In the experimental setup the temperature is 

measured with a type-K thermocouple. The systematic error of this thermocouple after calibration is ± 

0.3°C over a temperature range from 0°C to 100°C. In a smaller temperature range, this systematic error 

is smaller as well, over the temperature range from 0°C to 25°C this error is only 0.1 °C. The random error 

is about ± 0.05°C. In the next sections it is investigated if an accuracy of± 0.3°C is satisfactory to perform 

accurate measurements. 

lnjluence on volume fraction 
As shown in section 4.5.1, the sound speed is dependant of the temperature. For water around 20°C a 

deviation of ± 0.3°C leads to an error in sound speed of± 1 m/s. The accuracy of the volume fraction 

determination is dependent on the difference between the sound speeds of the continuous phase and 

the dispersed phase. lf this difference is small, a relatively large change in volume fraction is required to 

change the sound speed of the emulsion with 1 m/s. lf the sound speeds are far apart, only a small 

change in volume fraction is required to change the sound speed of the emulsion noticeably. 

The desired accuracy of the volume fraction determination is 1%. With an error in the sound speed 

determination of± 1 m/s, this means there is a distinguishable difference in the volume fraction if the 

measured sound speed is at least 2 m/s apart. Assuming a linear relation between the sound speed and 

the volume fraction, the difference in sound speed between the continuous and dispersed phase has to 

be at least 200 m/s to acquire this accuracy. lf the Urick equation applies, this difference must be slightly 

higher. 

Thermal expansion of the sample volume 
lf the temperature of the sample cup rises it expands. Due to this expansion, the distance between the 

transducers increases. The sample cup is made of aluminum which has a thermal expansion coefficient 

of 23.1 (10-6/°C) at 20°C. The temperature dependant distance between the transducers can be written 

as: D(T) = 0.06379 * (1 + 23.1 · 10-6 T). For normal use, the temperature differences in the 

measurement are small enough to neglect the influence of the thermal expansion of the sample volume. 

lnjluence on attenuation 
The loss term aT, the attenuation caused by the transducers is dependent on the temperature as well. 

Fora 5 MHz wave in water around 20°C, the temperature dependence of the attenuation caused by the 

transducers is about 0.005 Np/°C. With an error in temperature of 0.3°C and the distance between the 

transducers, this leads to a deviation in the attenuation of the emulsion of ±0.02 Np/m. The intrinsic 

attenuation of water at 5 MHz is 0.6 Np/m, thus the effect of the temperature error is small. 

lt can be concluded that an error in the measured temperature of 0.3°C is acceptable, provided that the 

difference in sound speed between the fluids is big enough. 
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5. Experimental results 
With the attenuation of the transducers and other parts of the setup known, a number of experiments 

are performed to investigate the accuracy of the method. The first tested system was a mixture of n

dodecane in water. The droplets are measured with the new-developed ultrasonic method and these 

results are compared with the droplet sizes determined from images taken by the PVM-probe. This 

experiment gives some basic insight in the capabilities of the setup. 

After the experiment with the emulsion, the accuracy of the ultrasonic setup is determined by measuring 

poly-methyl-methacrylate (PMMA) particles of a known size . 

To compare the droplet sizes with the separation-model, an experiment is performed where the droplet 

size is measured while scanning over the height of a separating emulsion. Finally the method is used to 

measure the droplet size of water droplets in crude oil. 

5.1 n-dodecane droplets in water 
The first test system used is an emulsion of n-dodecane droplets in demineralized water. The 

thermodynamic properties of these fluids are well known. Therefore, the attenuation by this system can 

be modeled accurately. The Ultra-Turrax is rotated at a set RPM. After a few minutes the system is 

assumed to be stable and the ultrasonic measurements are started . The ultrasonic velocity and 

attenuation are measured as described in the previous chapters. In Figure 21 the attenuation measured 

in six experiments is shown as function of the frequency. The Ultra-Turrax is set at three different 

rotating speeds to create three different droplet sizes. For each test case two measurements are shown. 
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Figure 21: Measured attenuation as function of the frequency in an emulsion of n-dodecane drop/ets in 

water about 5v%. IJ the RPM of the Ultra-Turrax is increased, the drop/et radius decreases. Large drop/ets 

attenuate the sound wave more than smaller drop/ets. 
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Figure 22 shows the attenuation measured with the Ultra-Turrax rotating at 4000 RPM (red crosses) and 

the attenuation modeled with the ECAH-IWR model for several droplet sizes and the volume fraction 

measured in the experiment. The volume fract ion determined from the time-of-flight measured in this 

experiment is 5.7%. 
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Figure 22: Attenuation measured with the Ultra-Turrax rotating at 4000 RPM compared with the 

modeled attenuation for different drop/et sizes and the volume fraction measured in the experiment. The 

red crosses correspond to the red line in Figure 21 . 

The modeled attenuation profiles are fitted to the experimental profile according to equation (64). The 

best fit is attained with a modeled droplet radius of 28 µm. Thus, the ultrasonic method gives a mean 

droplet radius of 28 µm. 

This result is compared to the droplet size measured with the PVM. During the experiment pictures of 

the droplets in the emulsion are taken with the PVM-probe. These droplets are sized with the software 

delivered with the probe. A circle is drawn around the edge of each droplet by hand. The software 

converts the pixels inside the circle to a droplet diameter in micrometer. An example of a sized picture is 

given in Figure 23. 
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Figure 23: Picture of the n-dodecane in water emulsion with the Ultra-Turrax rotating at 4000 RPM. 

From the droplet sizes measured with the PVM-probe a droplet size distribution can be calculated. The 

calculated size distribution for the experiment at 4000 RPM is shown in Figure 24. 

0.15 

droplet radius (micron) 

Figure 24: Drop/et size distribution of the n-dodecane in water emulsion with the Ultra-Turrax rotating at 

4000 RPM. The blue bars are acquired with the PVM-probe. The red line is the log normal distribution 

acquired with the ultrasonic method, this wil/ be described further on in this chapter. 
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lt is assumed that the attenuation is dominated by scattering. The scattering component of the 

attenuation goes with the third power of the droplet radius. Therefore a volumetrie mean is the best 

suited mean for this system. The volumetrie mean radius can be calculated according to equation (79) 

(79) 

The volumetrie mean droplet radius determined trom the size distribution measured with the PVM 

probe and shown in Figure 24 is 30.1 µm. In the separation model described in chapter 2 the Sauter 

mean diameter is used. The Sauter Mean Diameter can be calculated with equation (16). The Sauter 

Mean Diameter determined trom this distribution is 66 µm. 

The droplet sizes are determined for all the measurements shown in Figure 21. The results are given in 

Table 8. The time between two ultrasonic measurements at the same rotational speed of the Ultra

Turrax is about one minute. Therefore, it can be assumed that the changes in the emulsion are 

negligible. Comparing the results of the two measurements gives insight in the reproducibility of the 

droplet size determination. The droplet sizes acquired with the PVM-probe are determined once for each 

rotational speed of the Ultra-Turrax. 

Experiment Measured volume Droplet radius Volumetrie mean Sauter mean 
traction (ultrasonic method) droplet radius droplet radius 

(PVM) (PVM) 
4000 RPM (1) 5.7% 28 µm 30.1 µm 33.0 µm 
4000 RPM (2) 5.8% 27 µm 30.1 µm 33.0 µm 
6000 RPM (1) 4.4% 23 µm 20.3 µm 21.3 µm 
6000 RPM (2) 4.4% 21 µm 20.3 µm 21.3 µm 
8000 RPM (1) 4.4% 17 µm 15.9 µm 16.4 µm 
8000 RPM (2) 4.4% 17 µm 15.9 µm 16.4 µm 

Table 8: Drop/et sizes measured with the ultrasonic method and with the PVM-probe. Numbers printed 
bold correspond to the lines shown in Figure 21 . 

These measurements show that the mean droplet radius can be measured within 3 µm compared to the 

PVM-probe. Systems with a mean droplet radius 3 µm apart can easily be distinguished. From this it can 

be concluded that the absolute accuracy and the resolution of the measurement for this emulsion are 

similar to or even better than the PVM-probe. 

The mean droplet radius can be determined fairly accurate with the ultrasonic method. However, in 

reality a distribution of droplet sizes will be present in the emulsion. The accuracy of the separation 

model improves if this distribution is represented more closely. This is shown by (Mans 2012) where 

three droplet sizes are used instead of one. 

With the ultrasonic method it is possible to determine the droplet size distribution. In the determination 

of this distribution a log-normal distribution is assumed. This distribution is representative for most 

emulsions (McClements 1996). The log-normal distribution can be described according to equation (65). 

The mean droplet size x9 and the standard deviation a-9 are varied until a best fit is found between the 
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modeled and measured attenuation profile as described in section 3.3. The initia! guess used is the mean 

droplet radius, determined with the ultrasonic method, and a standard deviation of 1 µm. The variation 

in mean droplet size is bounded within ± 3 µmof the initia! guess. The standard deviation is va ried with a 

lower boundary of 0 and is unbounded above. The attenuation modeled with the distribution following 

from the fit function is shown in Figure 25. 
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Figure 25: Attenuation measured with the Ultra-Turrax rotating at 4000 RPM compared with the 

modeled attenuation for the best fitting mean drop/et size (green line) and for the best fitting drop/et size 

distribution {blue line). The red crosses correspond to the red line in Figure 21. 

lt can be seen that the trend of the modeled attenuation as function of frequency improves compared to 

the attenuation modeled with just a single droplet size. In Figure 24 the acquired log-normal distribution 

is compared to the distribution acquired with the PVM-probe. In this figure it can be seen that the log

normal distribution fitted from the ultrasonic measurements is an accurate representation of the droplet 

size distribution present in the emulsion. The acquired droplet size distribution acquired can be used as 

input for the separation model. The droplet size distribution is determined for all the experiments shown 

in Figure 21, the mean droplet radius and the standard deviation are given in Table 9. 

Experiment Monodisperse droplet Mean droplet radius x9 Standard deviation <Ig 

radius 
4000 RPM {1) 28 µm 25 µm 1.28 µm 

4000 RPM (2) 27 µm 24µm 1.29 µm 

6000 RPM (1) 23 µm 20 µm 1.28 µm 

6000 RPM (2) 21 µm 21 µm 1.03 µm 

8000 RPM (1) 17 µm 14µm 1.34 µm 

8000 RPM (2) 17 µm 17 µm 1.02 µm 

Table 9: Drop/et size distributions measured with the ultrasonic method. 
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5.2 PMMA particles in water 
Because the results of the PVM-probe can deviate as well the accuracy of the method is also investigated 

by determining the size distribution of particles with a known, narrow distribution. The particles used are 

made from Polymethylmethacrylaat (PMMA) and are sieved to create a narrow size distribution. The size 

distribution is measured by the manufacturer with a Beckman Coulter Multisizer. 

The determination of the volume fraction from the measured time-of-flight was problematic. The sound 

speed measured in the emulsion was lower than the sound speed of pure water, whereas the speed of 

sound in the particle is higher than pure water. The sound speed of a suspension should lie between the 

sound speeds of the pure phases. Possible explanations of this phenomenon could be: 

• The particles are encapsulated in a small air layer 

• The surface of particles is not smooth on a micro-scale, therefore the longitudinal wave is converted 

in a transversal wave. The transversal wave speed of PMMA is lower than the wave speed of pure 

water. 

Images of the particles are taken with the PVM-probe to determine if there is an air layer present around 

the particles. On these images no air layer is visible, making the first possible explanation unlikely. 

Because the particle sizing is of interest and due to limitations in time, the problem in determining the 

volume fraction is avoided by weighing the mass of the PMMA particles before they are added to the 

water. The volume fraction of the PMMA particles can then be determined from the masses of the 

particles and the water in the mixture and their mass densities. 

The values found in literature for the material properties of PMMA can vary quite a lot. Therefore, first 

an investigation is performed to find the best fitting material properties. The attenuation is measured in 

two suspensions of water with PMMA particles with a different mean diameter. The material properties 

in the modeled attenuation are varied within the minimum and maximum values found in literature until 

a set of material properties is found which gives good agreement between the measured particle size 

distribution and the distribution supplied by the manufacturer for bath particle size distributions. The 

comparison between the measured size distribution and the distribution supplied by the manufacturer 

to find the material properties to be used for modeling of the attenuation is given in Appendix G. These 

values are used to determine the size distribution for the final set of particles from the attenuation 

measurements. This distribution is also compared to the distribution provided by the manufacturer. 

In Figure 26 the measured distribution is shown as a volumetrie distribution. For the measurement with 

1 m% particles the resulting distribution is in fairly good agreement with the distribution supplied by the 

manufacturer, shown in Figure 27. An error is caused because the particles are sieved to be smaller than 

90 µm. Because of this the distribution of the particles is not really log-normal, whereas in the fitting 

procedure a log-normal distribution is assumed as described in section 3.3. Sieved particles might be 

sized more accurately by fitting the measurement data to a different size distribution. In their paper 

(Dukhin, Goetz et al. 1998), describe a modified log-normal distribution for an asymmetrical size 

distribution which might improve the acquired results. 
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The mean diameter x9 determined with the acoustic method varies between 72 and 76 µm, with a 

standard deviation rJ9 between 1.22 and 1.27 µm. According to the manufacturer, the mean diameter of 

the particles is 74.44 µm. For 2 m% particles, the error is larger. A possible cause for this is a deviation in 

the volume fraction. lf the mass fraction gets higher, it is harder to mix them properly. Therefore more 

particles will sink to the bottom of the measurement volume, causing a deviation in the volume fraction. 

An error in the volume fraction will also result in an error in the modeled attenuation. The measurement 

with a mass fraction of 2% gives a mean diameter x9 of 72 µmand a standard deviation rJ9 of 1.46 µm. 
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Figure 26: Measured size distribution of the particle with a mean diameter of 74.44 µm. 
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Figure 27: Size distribution of the portie/es with a mean diameter of 74.44 µm as supplied by the 

manufacturer, the distribution is measured with a Beckman Coulter Multisizer. 
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5.3 Measurement on a separating emulsion 
The newly developed acoustic measurement method is applied to investigate the separation of an 

emulsion. To this end the watercut and the droplet size are measured at different heights of the 

emulsion over a number of times. With the new method, not only the positions of the layers in the 

separation model described in chapter 2 can be tracked, but also the droplet sizes and the development 

of these droplet sizes in these layers can be measured . 

An emulsion is created by mixing 100 ml n-dodecane with 150 ml water. Because n-dodecane and water 

separate very fast, a surfactant is added to slow down the separation speed. To this end 800 PPM 

benzyldimethyldodecylammoniumbromide is added to the mixture. This mixture is emulsified with the 

Ultra-Turrax rotating at 3000 RPM. During the emulsification, the mixture is stirred using the magnetic 

stirrer to make the mixture as homogeneous as possible. 

A problem arises because the transducers are fixed in the sample cup at three cm above the bottom of 

the measurement volume. To investigate the separation of an emulsion it is required to measure the 

volume fraction and the droplet size at various heights of the emulsion. An alternative way to scan over 

the height is by subtracting some liquid from the bottom of the sample volume, this way the level will 

drop and the layers from the separating emulsion will pass the line of the transducers. This will cause 

some disturbance of the separating emulsion, but as a proof-of-principle this provides a suitable 

alternative. 

Four measurement series are performed. The first scan is taken directly after mixing. The time-of-flight 

and the amplitudes of the signals are measured at the initial height, three cm above the bottom of the 

sample cup. After this measurement some liquid is removed to drop the level five millimeter and the 

next measurement is performed. This procedure is repeated until the top of the sample volume is 

reached . The time between two measurements at different heights is about one minute. The second, 

third and fourth scans over the height are started after a waiting time of 5, 10 and 15 minutes 

respectively. The watercut measured at different heights and times following this procedure is shown in 

Figure 28. 
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Figure 28: Watercut measured during the separation of n-dodecane drop/ets in water. 

lt can be seen that the watercut at the bottom increases over time. Between 3.5 and 4 cm, the watercut 

decreases rapidly from 0.8 to 0.2. The dense pack layer of closely stacked n-dodecane droplets is 

probably formed over here. The volume fraction of the droplets in a dense pack layer can go up to 90%. 

lf the watercut drops below 0.1 a relatively pure n-dodecane layer is present with some water droplets in 

it. In this measurement, a watercut of 0.1 is reached somewhere between 5 and 5.5 cm. Therefore 

droplet radii are calculated up to this height. These calculated radii are shown in Figure 29. The figure 

indicates that the droplet size increases over time. At a height of 3 cm the largest droplets are present, 

this is at the bottom of the dense pack layer. 
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Figure 29: Drop/et radius measured during the separation of n-dodecane drop/ets in water. 
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5.4 Water droplets in crude oil 
The new method is also tested fora mixture of crude oil and brine, which is, in the end, the emulsion of 

interest. First the intrinsic attenuation and sound speed of the pure phases have to be measured. Du ring 

the measurement of the crude oil it turned out that the intrinsic attenuation of the crude oil is very high. 

At room temperature, this attenuation is so high, no distinguishable signal is detected in the receiving 

transducer. Therefore, the oil is heated to 6S°C to lower the intrinsic attenuation. The intrinsic 

attenuation of the crude oil and the brine at 6S°C and frequencies between 3 and 7 MHz can be 

described with : 

acrude = -18.25 · 10-61 + 39.5 Np/m 

aBrine = -4. 10-1412 Np/m 

An attempt is made to make a scan over the height for an emulsion of crude oil droplets in brine as well. 

However, at high volume fractions of the oil, the attenuation is toa high to detect a distinguishable 

signal. 

Although a complete scan over the height is not possible with this setup, the volume fractions and the 

droplets radius can be determined in the settling layer. The measured attenuation profiles for the 

various heights are shown in Figure 30. 
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Figure 30: Attenuation measured during the separation of crude oil drop/ets in water. 

In Table 10 the measured volume fraction and droplet radius at the different heights are shown. 

Height Volume fraction Droplet radius 

3cm 0.9% 30 µm 

3.5 cm 0.6% 28µm 

4cm 0.3% 32 µm 

Table 10: Measured volume fraction and size of the crude oil drop/ets in brine. 
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This measurement shows it is possible to measure the droplet sizes in an emulsion of crude oil and brine. 

Unfortunately the amplitude of the sent signa! is not high enough to penetrate through the dense pack 

layer. Possible solutions to solve this problem are decreasing the distance between the transducers, this 

way the attenuation caused by the emulsions is decreased. Another option is to increase the amplitude 

of the signa 1. This can be done either by taking a waveform generator capable of emitting a higher 

amplitude or by amplifying the generated signa! with an amplifier. 
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6. Conclusions 
The gravity based separation of a water and oil emulsion can be described using the four-layer 

separation model. The liquid with the highest mass density will sink to the bottom of the batch, whereas 

the liquid with the lowest mass density will rise to the top. Between these layers a settling layer is 

formed where the droplets can settle more or less freely and a dense pack layer where the droplets are 

stacked upon each other. The settling velocity and the coalescence rate are the driving farces of the 

separation process and are strongly dependent on the droplet size. Therefore, a new method is 

developed to determine the volume fraction and the droplet size distribution of a liquid dispersed in 

another liquid. 

The newly developed method uses ultrasound. The volume fraction is determined from a measurement 

of the time-of-flight, the time it takes for the sound wave to travel through the emulsion. The droplet 

size distribution is determined from the attenuation of this sound wave. The attenuation of the 

ultrasonic sound waves is measured over a range of frequencies. To determine the droplet size 

distribution from this measurement the measured attenuation profile is compared to a modeled 

attenuation profile. The attenuation is modeled using the ECAH model. With this model the attenuation 

caused by droplets of a specific radius is calculated with the material properties of bath phases. The 

advantages of ultrasonic spectroscopy as a droplet sizing method are: 

• The measurement does not influence the separation process. 

• The volume fractions can be measured simultaneously. 

• Measurements can be performed in rapid succession to track the changes in the volume fraction 

and the droplet size in the emulsion. 

• The results can be easily processed once the software to do this is developed. 

An experimental setup has been designed to test this measurement method. With this setup it is 

possible to create an emulsion and determine the volume fraction and the droplet size using the 

ultrasonic method. With this setup the capabilities and limitations of the method are investigated. 

Measurements of the droplet size of n-dodecane droplets in water are compared to measurements 

performed with a PVM-probe. The results were found to be in good agreement. The mean droplet radius 

determined with the ultrasonic method was within ± 3 µmof the mean droplet radius acquired with the 

PVM-probe. 

Another calibration of the sizing method is performed on PMMA-particles with a known size distribution. 

The volume fraction determination of the suspension proved to be difficult. This problem was avoided by 

weighing the mass fraction of the particles before mixing. 

With an accurate volume fraction determination, the measurements give good results even though the 

used log-normal distribution is not the best suited distribution for sieved particles. The mean particle 

diameter can determined with the ultrasonic method within ± 3 µm of the mean particle diameter 

supplied by the manufacturer. 

52 



An experiment is performed on a separating emulsion to map the evolution of the volume fraction and 

the droplet size over the height of the measurement volume and over time. This experiment shows the 

capability of ultrasonic spectroscopy as a method to track the volume fractions and droplet sizes present 

in the various layers of the separating system. 

Finally a measurement is performed on a crude oil - brine system because this is the type of emulsion 

which is to be investigated. In this experiment it was seen that it is capable to measure droplet sizes in 

this type of system. However, because the high attenuation of the crude oil, measurements with this 

setup are limited to low volume fractions of the crude oil. 

From the measurements performed with the experimental setup it can be concluded that ultrasonic 

spectroscopy is a suitable droplet sizing method capable of measuring the droplet size distribution and 

the volume fraction in the emulsions of interest. 

6.1 Recommendations 
Although the experimental setup gives good results, proving the principle of ultrasonic spectroscopy, 

some recommendations tor future work can be made. 

In emulsions of crude oil and brine the attenuation of the sound wave is too high to measure the 

attenuation and the time-of-flight at room temperature with the current setup. In the dense pack layer 

the current setup is also not capable of measuring at a temperature of 60°C. lt is desired to measure the 

droplet size and volume fraction also in the dense pack layer and at room temperature. Possible 

solutions to solve this problem are to decrease the attenuation caused by the emulsion. This can be done 

by decreasing the distance between the transducers. Another option is to increase the amplitude of the 

sent signa 1. This can be done either by taking a waveform generator with a higher output amplitude or by 

amplifying the signal with an amplifier. 

The volume fraction determination of a suspension with PMMA particles proved to be difficult. The 

sound speed measured in the emulsion was lower than the lowest sound speeds of both phases. This is 

not in accordance with the Urick equation used to determine the volume fraction from the sound speed. 

An investigation should be performed to find the reason of this behavior and to find a way to make an 

accurate measurement of the volume fraction in a suspension. 

The capability of the ultrasonic measurement method to make a scan over the height of a separating 

emulsion is proven by the measurement of the separating n-dodecane and water emulsion. However, 

the subtraction of the liquid is very invasive and influences the separation process. For a good settling 

experiment the setup should be altered in such a way that the transducers can move over the height of 

the sample volume. To prevent disturbances of the separation process, the moving transducers should 

be placed outside of the measurement volume. This has as a downside that the sound wave has to travel 

through a wall, however, it is possible to correct for this wall. In the Rhosonics this is al ready done. 

The software to process the measurements created in Matlab, is fairly rudimental. The focus was on 

gaining insight in the method, not on speed of calculation . lf the system is to be used as a setup to 

perform multiple measurements, this software could be improved to decrease the calculation time. In 
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the virtual instrument created in Labview there is some room for improvement as well. With some 

alterations the measurements can probably be done in a more rapid succession. That way the changes in 

an emulsion can be tracked even closer. 

The results acquired with ultrasonic spectroscopy can be implemented in the separation model. For 

example this can be done by modeling a droplet size distribution in the settling velocity instead of one 

(or three) droplet sizes. This distribution inputted in the separation model can also be made time

dependant. 

Finally, the influence of added surfactants or added polymer can be investigated using the newly 

developed ultrasonic method. This will give insight in the influence these additives have on the droplet 

size and the coalescence of droplets. 
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Appendix A. Working frequency of the Rhosonics system 
In the lab there is already an ultrasound measurement system present. The Rhosonics SUSS-2008; the 

Statie Ultrasonic Suspension Scanning system. With this setup the watercut of a sample emulsion can be 

determined at different heights. The system measures the ultrasonic velocity and determines the 

watercut from that measurement. 

The system is investigated to see if more information can be acquired from the measurements and to 

research the possibilities to increase the amount of data gathered with the system. A first test is to 

determine the frequency at which the system performs its measurements. 

To obtain the frequency a scope is connected to the leads going to and coming from the measurement 

probe. With this scope the emitted and received signal is measured. The signal coming from the emitting 

end is shown in Figure 31. 
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Figure 31: Signa/ sent to the ultrasonic sound wave generator. The pulse is sent at 900 ns, for further 
processing, the signa/ measured before that time is discarded as noise. 

The pulse to the wave generator is sent at 900 ns, the signal after that time is relevant for the frequency 

determination. With Matlab a Fourier transformation is performed. The result of this transformation is 

shown in Figure 32. 
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Figure 32: Frequency spectrum of the u/trasonic wave used by the Rhosonics system. The spectrum is 
determined from the signa/ shown in Figure 31. 

A clear peak in the frequency spectrum can be seen. This is the measurement frequency of the system. 

This frequency is around 4 MHz. Typical spectra used in ultrasonic spectroscopy are between 0.1 and 100 

MHz (McClements 1996). Thus 4 MHz is no surprising value. 
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Appendix B. Modified Urick equation 
In principle the Urick equation is just the special case of multiple scattering theory for the limit of low 

frequency when thermal scattering is absent. In (Pinfield, Povey et al. 1995) an equation to determine 

the water fraction is deduced from multiple scattering theory. lf attenuation can be neglected the 

velocity can be written in the form of equation (80). 

(80) 

The attenuation can be neglected if the imaginary part of the wave-number is much smaller than the real 

part. Thus: 

w (w)2 
k = 7 + ia, a 2 « 7 (81) 

In which k is the wave-number, w is the angular frequency and a is the attenuation. Equations (49) and 

(80) have very closely related farms and the scattering coefficients auM and fJuM can be thought of as 

effective Urick coefficients aurick and /Jurick· The Urick equation is expressed in terms of material 

parameters, the ultrasound velocity in scattering systems can be described in a similar way with effective 

va lues of these parameters. 

(82) 

LlPeff = auM (l _ 
Pcont 2 

(83) 

The multiple scattering coefficients y and 8 can be expressed in terms of the single particle scattering 

coefficients: 

((
Pcontkaisp 1) 3 ( Llp )) 

auM = 2 - + 
Pdispkcont Pcont + 2Pdisp 

(84) 

(85) 

(86) 

(87) 

(88) 
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((
Pconrkaisp ) ( .1p ) ( .1p )

2

) f3uM = 2 - 1 ----- + 2 
Pctispkcont Pcont + 2Pctisp Pcont + 2Pctisp (89) 

In Figure 8 this model is compared to the Urick equation and a linear relationship for ultrasonic velocity 

and watercut. 

Another modified version of the Urick equation is given in (Pinfield and Povey 1997): 

( 
.1p ) ( .1K ) a l = -- + -- + 8 

Pcont Kcont 

/31 = (-.1_p) (-.1_K + 0) + _2 (_.1_p )_2 
Pcont Kcont 3Pcon/ 

0 = (y _ l) PdispCp,disp R2 

PcontCp,cont 

R= 

Cp,cont 
y=--

Cv,cont 

[ 

/3disp f3cont l 
PdispCp,disp PcontCp,cont 

f3cont 

PcontCp,cont 

(90) 

(91) 

(92) 

(93) 

(94) 

(95) 

With Cp the specific heat at constant pressure, Cv is the specific heat at constant volume, /3 the 

coefficient of therm al volume expansion. 

lf the difference in densities of both phases is small the second order term in /31 can be neglected. For 

0 ➔ 0 the equation then reduces to the Urick equation. 
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Appendix C. ECAH theory 
The basis of the ECAH theory is the linearization of the equations for conservation of mass, momentum 

and internal energy given in equations (96)-(98). 

Conservation of 
a 
-p = - ('iJ. pv) 

(96) 
mass at 

Conservation of !_pv = -('iJ · pvv) - ('iJ • rd) - Vp+ pg 
(97) 

momentum at 

of 
a 

Conservation atpu = -('iJ · puv) - ('iJ · q) - p('iJ • v) + ('iJ: rdv) (98) 
internal energy 

With thermal and calorie equations of state, relating the density and the internal energy to pressure and 

temperature, the equations can be rewritten to obtain the set of acoustic wave equations. (Allegra and 

Hawley 1972) 

Compressional ('i/2 + kz)<t>c = 0 
(99) 

potential 

Thermal potential 
('i/2 + kf )<t>T = 0 

(100) 

Viscous potential 
('i/2 + k;)A = 0 

(101) 

With <Pc the compressional wave potential, <Pr the thermal wave potential, A the shear-wave potential 

A = [Ar A0 Aipf. The coefficients are: 

Compressional wave number (102) 

Thermal wave number ar= krr = (c1 + i).Jw/2a)r (103) 

Shear wave number (104) 

Using these equations, the problem of a plane wave encountering a sphere suspended in a liquid can be 

solved using spherical coordinates. The sphere generates a reflected compressional wave, a 

compressional wave inside the sphere and thermal and shear waves in- and outside of the sphere. 

The primary wave can be assumed to be planar, thus following the potential e i kcz , where z is the 

Cartesian coordinate of wave propagation. The time dependency e iwt is implicitly assumed in the wave 

equations and therefore dropped from the primary wave potential by convention . 

Equations(99)-(101) are partial differential Helmholtz equations, the general solution of this type of 

equation can be written as infinite series expansions (with z = r cos 0) . The compressional potential <t>c 

can be separated in a primary and a secondary compressional wave (<t>c = <t>co + <t>c1). Because there is 
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no flow in the direction of the angle t/J. lt can be shown that all but the t/J- component vanish (Hipp, 

Storti et al. 2002). 

00 

Primary <Pco = eikcrcos0 = L in(zn + l)jn(kcr)Pn(cos 0) 
(105) 

compressional wave n=O 

00 

Secondary <Pc1 = L in(zn + l)[Anhn(kcr) + Ä~n(kcr)]Pn(cos 0) 
(106) 

compressional wave n=O 

00 

Thermal wave 
<PT = L in(zn + l)[Bnhn(ktr) + B~nCktr)]Pn(cos 0) 

(107) 
n=O 

00 

Shear wave 
Al/J = L in(zn + l)[Cnhn(k5r) + ë~n(k5 r)] P; (cos 0) 

(108) 
n=O 

The solution of these wave equations is given by series expansions of spherical Bessel functions and 

spherical harmonies with six unknown scattering coefficients ( An, Bn, Cn, A~, B!, C!), in which the 

superscript p denotes the property inside the particle. These coefficients need to be determined to solve 

the complete acoustic field. Therefore six boundary equations are required: continuity of temperature, 

radial heat flux, radial and tangential stress and radial and tangential velocity at the surface of the 

particle. For axial symmetry the boundary conditions are given in Table 11. (Hipp, Storti et al. 2002) 

Boundary condition Particle H Continuous phase 
Temperature TP = T 
Radial heat flux q~ = qr 
Radial stress Tfr = Trr 
Tangential stress T~R = Tre 
Radial velocity vf = Vr 
Tangential velocity vg = v0 
Table 11: Boundary conditions in case of axia/ symmetry 

Applying these boundary cond itions gives a set of six linear equations trom which the six unknown 

scattering coefficients can be determined. (Cents 2003). 

(109) 

Continuity of tangential velocity: 

jn(ac) + Anhn(ac) + Bnhn(ay) - Cn(hn(a5 ) + a5 h~(a5 )) 

= A~n(an + B!jn(an - C~ (jn(an + afj~(an) (110) 
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Continuity of temperature: 

bc(jn(ac) + Anhn(ac)) + BnbTh~(ay) = A~b~jn(an + B!bf jn(a,;.) 
(111) 

Continuity of heat flux: 

(112) 

(114) 

jn and hn are spherical Bessel functions of order n and spherical Hankel functions of the first kind and 
order n respectively. Primed functions are first or second derivatives of these functions. The following 
abbreviations are used: 

(1 -y)w2 

be= f3c2 

iw . pep 
by=-= iw-

/3CF /3T 

(115) 

(116) 

(117) 

When n = 0, the equations for continuity of tangential velocity and continuity of tangential stress 

equation (110) and equation (114) are not valid and all terms containing Cnand C! vanish from the 

remaining equations. 

(McClements 1996)In case of a solid as the dispersed phase, the viscosity (ryP) has to be replaced with ~P 
lW 

where µP is the shear rigidity of the solid. bf then becomes (Cents 2003): 

(118) 

In this equation Ccont is the speed of sound for spherical compressional waves in an elastic isotropic 
solid . 
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Simplification for the IWR 
The equation describing the scattering coefficients for the IWR case can be derived from equations (110) 

and (114). In equation (110) the thermal and shear waves can be neglected. The continuity of tangential 

velocity then becomes: 

(119) 

Likewise, in the equation for continuity of tangential stress the thermal and shear waves can be 

neglected as well as terms with no significant contribution. The continuity of tangential stress becomes: 

(120) 

Combining these equations leads to equation (121) (Cents 2003). 

(121) 

In many cases only the coefficients of order 0, 1 and 2 are found to be significant (Holmes, Challis et al. 

1993). The attenuation is given by: 

00 

3<p I a = - - 2- 3 
(2n + 1) Re(An) 

2kcr 
n=O 

(122) 

Simplification for the LWR 
lf the emulsion falls in the LWR only the first two scattering coefficients are relevant. Explicit relations for 

these coefficients have been derived. (McClements 1996) 

ikfontT3 (Pcont - Pdisp)(l +Tv+ is) 
Ai=--- . 

9 (Pdisp + TvPcont + lSPcont) 

-1 

( 
1 •cont tanzdisp ) H= -----

(1 - izcont) •disp tanzdisp - zdisp 

T = _ + v,cont ; S = v,cont l + v,cont 1 98 98 ( 8 ) 
v 2 4r 4r r 

r ~• ffiµ Z = (1 + i) J:; 8t = --; 8v = -
ut pcpw pw 

(123) 

(124) 

(125) 

(126) (a-b) 

(127) (a-c) 

viii 



The terms 61 and Öv are the thermal and viscous skin depth in meter respectively i.e. the distance it takes 

the thermal and viscous waves to decrease in amplitude by a factor 1/e (McClements and Coupland 

1996). These equations are valid for solid particles, or if the densities of the continuous and dispersed 

phase are fairly similar. 

O. 7 < Pdisp < l.Z 
Pcont 

Simplification for dilute emulsions in the LWR 

(128) 

Analytica! expressions for the various sources of attenuation for dilute emulsions in the LWR are given in 

(McClements and Coupland 1996). With these equations the contributions of the various terms can be 

compared. However, these equations are only applicable fora limited range of droplet sizes and volume 

fractions. The emulsions expected in with water in crude oil have a higher watercut and larger droplets 

and the equations are therefore not va lid for these systems. 

lntrinsic attenuation: 

Losses due to scattering: 

Thermal losses: 

Viscous losses: 

1 <pk1s(pz - P1)2 

av = 2 (pz + Tp1)2 + s 2pf 

(129) 

(130) 

(131) 

(132) 
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Appendix D. Elastic scattering theory 

Inviscid case ( original Farao) 
Faran developed the theory of elastic scattering based upon an infinitely long cylinder of isotropic solid 

material. The same treatment can also be applied to spheres, for which the equations and boundary 

conditions are transformed into spherical coordinates. The development is based on the geometry of an 

axially symmetrie sound scatterer, which is subjected to an incident plane wave as shown in Figure 33 

(Richter, Voigt et al. 2007). 
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Figure 33: Geometry and coordinate definition of a spherical scatterer. 

The wave numbers in the inviscid case are be defined by: 

lncidental 
compressional wave 

Compressional wave 
in the scatterer 

Shear wave in the 
scatterer 

w 
X = kc,contr = --r 

Ccont 

w 
sP = ks,dispr = --r 

Cs,disp 

The wave approaching the polar axis can be expressed as: 

00 

Pi(r, 0) = Poei(xcosB-wt) = Po L Cir(2n + l)jn(x)Pn(cos 0) 

n=O 

(133) 

(134) 

(135) 

(136) 

Where pis the sound pressure and p0 represents the sound pressure amplitude factor, Pn (cos 0) stands 

for the Legendre polynomial. For the outgoing wave just outside the particle the following relation is 

assumed: 

00 

Pscat(r, 0) = L AnUn(x) + i · nn(x)]Pn(cos 0) (137) 
n=O 

X 



Where jn and nn are the spherical Bessel functions of the first and second kind. The term Andenotes the 

scattering coefficients. At large distances from the particle (R » r) the scattered wave takes on the 

form: 

00 

· , . Pn(cos0) 
Pscat(r, 0) = Poeix · L i(2n + 1) sin nne-111 x 

(138) 
n=O 

The An terms must be obtained with the boundary conditions. Within the elastic scattering approach it is 

assumed that (Richter, Voigt et al. 2007) : 

• The pressure in the surrounding fluid is equal to the normal component of stress r at the body 

surface 

• The normal components of displacement 8 for the fluid and the particle are equal at the body 

surface 

• The tangential component of the shear stress must be zero at the surface of the scatterer. This is 

one of the major deviations from the ECAH-approach 

From these equations an expression for the scattering coefficient An is derived. (Richter, Voigt et al. 

2007) 

-i tan J'Jn 
A =-----

n 1 + i tan J'Jn (139) 

The term J'Jn represents the phase shift of the nth scatterer wave and is defined by the boundary 

conditions as follows. 

With : 

tan an(x) + tan ct>n(xP,sP) 
tan r, = tan 8 (x)----------

n n tanPn(x)+tanct>n(xP,sP) 

X • j~(x) 
tanan(x) = - . ( ) 

Jn X 

x·n~(x) 
tanPn(x) = - ( ) 

nn x 

(140) 

(141) 

(142) 

(143) 

jn and nn are spherical Bessel functions of order n and spherical Neumann functions of order n 

respectively. Primed functions are first or second derivatives of these functions. The properties of the 

material affect the scattered pressure field solely through tan ct>n which is given in equation (144). 
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tan an(xP) n 2 + n 
1 + tan an (xP) sP 2 

5 P 2 n 2 +n-1- 2 +tanan(sP) 
tan <1->n = - -2 2 

sP 
n 2 + n - 2 + 2 tan an(xP) (n2 + n)(l + tan an(sP)) 

(144) 

1 + tan an(xP) 

The total attenuation is given by: 

00 

3<p I atotal = - - 2- 3 (2n + 1) Re(An) + background attenuation (
145

) 
2kcr 

n=O 

Viscous case 
The wave numbers in the viscous case are described with (Hay and Mercer 1985): 

lncidental w Same as inviscid case 
X = kccontr = --r 

com pressional ' Ccont (146) 
wave 

iWPcont 
New 

Viscous wave S = kv,cont r = r (147) µcont 

Compressional w Same as inviscid case 
xP = k c,dispr = --r 

wave in the Cdisp (148) 
scatterer 

. 2 Differs from inviscid case 
Shear wave in the sP = kv,dispr = PdispW 

' r (149) 
scatterer µ 

µ' is the Lamé constant of the material. These equations are fora solid scatterer, fora liquid droplet the 

viscous wave can be described with: 

Viscous wave in the 
scatterer 

iWPdisp 
1---'-r 

µdisp (150) 

Linear equations, similar to the Allegra-Hawley equations with the terms and boundary conditions 

involving heat conduction removed are determined (Hay and Mercer 1985). 

Continuity of radial velocity: 
xj~(x) + Anxh~(x) - Cnn(n + l)hn(s) 

= ( -iw) ( A~xP j~ (xP) - C! n(n + l)jn (sP)) (151) 
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No-slip condition: 

jn(x) + Anhn(x) - Cn[hn(s) + sh~(s)] 

= ( -iw) ( A!Jn (xP) - C! Ûn (sP) + sP j~ (sP))) (152) 

(153) 

(154) 

The scattering coefficients are determined with equation (139) . The calculation of the scattering 

coefficients is the same as in the inviscid case except for the tan <l>n term containing the mate rial 

properties. The equivalent of this term for the viscous case is the tan lJln, this term is given in equation 

(155). 

In which 

With 

((n2 + n) + b tanJ\n - /J((fn (s) + 1) tan (n 
tan lJln =----------------

1 + /3(2 tan J\n - tan (n) 

D-B 
tanJ\n = E - C 

CD-BE 
tançn = E _ C 

(n2 + n)(P(sP) - 0 
B=-------

Q(s') + /J(fn(s) 

_ 
2 

R(s') - /3((1 - is) 
C - (n + n) Q(s') + /J(fn(s) 

(155) 

(156) 

(157) 

(158) 

(159) 

(160) 
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2 
(n2 + n)(l - /J((l - is))- sz + 2 tanan(xP) 

(161) E= 
tan an(xP) + 1 - /J(fn(s) 

And 

p2 
b = PcontS + p(n2 + n)(l + ((1 - is)) 

(162) 2pdisp 

p2 p __ PcontS 
(163) - 2 

PdispS 

1 
( = 1 + is (164) 

1 
P(sP) -

- 1 - tan an(sP) (165) 

p) Q(sP) = P(sP) ( tan an(sP) + (n2 + n - 1) - \ (166) 

R(sP) = P(sP)(tanan(sP) + 1) 
(167) 

r n ( s) = ( n 2 + n - 1 - s2
2 

- is) (168) 
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Appendix E. Incorporation of multiple scattering effects 

Core- Shell model 
This model is based on the assumption that in the immediate vicinity of a particle, there is a zone where 

the presence of another particle is highly unlikely. The area around a particle is divided into two zones. 

The first zone is a shell around the particle, which has the same properties as the original pure 

continuous phase. The second zone is the environment, which is the outer region constituted by an 

effective medium representing the other particles. (H ipp, Storti et al. 2002) In Figure 34 it is shown how 

the multibody problem is reduced toa one-body problem. The properties of the inner shell are identical 

to those of the original continuous phase. The properties of the environment have to be chosen in such a 

way that they give a good representation of the surrounding dispersion. 

0 0 0 
0 

0 @ 0 
0 

Figure 34: Reducing the multibody problem to a one-body problem 

Sphere-in-a-Cell model 

pure medium 

envirnnment 

An alternative to the care-shell model is the sphere-in-a-cell model. Each particle is locked into a 

spherical cell. The primary wave acts on the cell and the particle as usual, but the cell boundary (dashed 

line in Figure 34) is impermeable to mass and heat transfer, while the shear stress is required to vanish at 

this cell boundary. Thermal effects are not considered in this model. Therefore, it is only suitable for 

cases where losses due to irreversible heat flow are insignificant. This behavior is typical for high-density

contrast suspensions. (Hipp, Storti et al. 2002) 

Symmetry model 
In the symmetry model it is assumed that each particle in the network creates an identical set of 

spherical symmetrie secondary waves. This implies that there is a line of symmetry in the middle of two 

particles where the waves sent out by one particle are compensated by an identical set of waves from 

the other. Temperature and other gradients vanish at this location. The symmetry lines are assumed to 

be spherical, corresponding to the dashed line in Figure 34 (Hipp, Storti et al. 2002) 
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Appendix F. Determination oflosses 
In section 4.5.2 it is assumed that some loss sources are constant and therefore can be cancelled out by 

comparing different measurements. In this appendix it is shown these assumptions are valid. 

Losses in the connecting elements 
In the parts connecting the wave generator and the digitizer losses are created. For the used setup these 

are leads, a connector piece and a splitter. These elements cause a loss of the signal. To investigate how 

big this loss is for each element the waveform generator and channel O of the digitizer are connected in a 

number of ways. 

1. Single lead 

2. Two leads and a connector piece 

3. Two leads and a splitter 

4. Two leads, a connector and a splitter 

For all of these setups the amplitude is measured in channel 0. By combining the measured amplitudes 

for the different cases, the attenuation of the parts can be determined. For example, the attenuation of 

the splitter is described by: 

Acase4 
asplitter = ln-A-

case2 (169) 

The results are shown in Figure 35. lt can be seen that the attenuation for the connector and the splitter 

is very small. The attenuation for the lead is a bit larger. This could be caused by the fact that the cable is 

not specifically matched to the high frequency behavior of the signal. However, the attenuation of the 

cable is still small compared to the attenuation of a liquid. For comparison the intrinsic attenuation of 

water as a pure liquid at 20°C is given as a black line. Because the attenuation caused by the connecting 

elements itself is very small , the difference between the losses in the connecting elements from the 

leading to channel O and channel 1 (all - aw) is very small as well. Therefore, the assumption that the 

difference between these losses can be neglected is va lid. 
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Figure 35: Attenuation caused by the connecting elements 
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Appendix G. Determination of the material properties of PMMA 
Because the material properties of the PMMA particles used are not fully known, and literature values 

for PMMA can vary quite a lot two experiments on particles with a different mean diameter are 

performed to find material properties which give a good fit of the measured size distribution and the 

distribution supplied by the manufacturer. These material properties are used to determine the size 

distribution of a third set of particles. This determination is given in section 5.2. 

In Figure 36 the measured particle size distribution is given for the particles with a mean diameter of 

102.2 µm. The distribution is in fairly good agreement with the distribution provided by the 

manufacturer shown in Figure 37. 
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Figure 36: Measured size distribution of the portie/es with a mean diameter of 102.2 µm. 
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Figure 37: Size distribution of the portie/es with a mean diameter of 102.2 µm as supplied by the 

manufacturer, the distribution is measured with a Beckman Coulter Multisizer. 

In Figure 38 the measured distribution is given for particles with a mean diameter of 126.8 µm. This 

distribution is also in good agreement with the distribution measured by the manufacturer shown in 

Figure 39. 
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Figure 38: Measured size distribution of the portie/es with a mean diameter of 126.8 µm. 
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Figure 39: Size distribution of the particles with a mean diameter of 126.8 µm as supp/ied by the 

manufacturer, the distribution is measured with a Beckman Coulter Multisizer. 

The material properties for PMMA are: 

Quantity Unit 
Longitudinal ultrasonic velocity 2300 m/s 
Transversal ultrasonic velocity 1000 m/s 
lntrinsic attenuation -3e·13 

[ 2 Np/m 
Mass density 1190 kg/m 3 

Lamé constant le-9 Pa 

Thermal conductivity 0.25 W/(m.K) 

Specific heat capacity 1670 J/(kg.K) 
Table 12: Thermophysica/ properties used to calculate the attenuation spectra of PMMA particles with 
the ECAH model. 
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Appendix H. Matlab M-files 

Calculation of watercut and attenuation /rom measurements 
c l ear al l 
c l ose al l 
c l c 

d = 0 . 06382 ; 

time_measurement 
cal_no = 6 ; 

[ o: 11 l ; 

te= 5 . 2e-8 ; % e l ectronic response time [s] 

% Densities 
rhoc 1000 ; 
rhod = 1190 ; 

%Specify measurement file di r ectory 
TOF_di r = ' C: \Apps\Experiments ultrasoni c 
spectroscopy\Measurement_processing\PMMA_l00\TOF ' ; 
l ist= searchfile_USS (TOF_dir , ' * . txt ', 1 ) ; 

% Read TOF files 
for n = 1 : length(list ) 

[N , F , T, time] = read_filesTOF (list (n ) , n ); 
Number = N (n , 50 ); 
FrequencyTOF( l ) = F (n , 50 ) ; 
Temperat u reTOF (n ) = T(n , 91 ); 
t ( n , : ) = time ( n, : ) ; 
TOF (n) = le-6*max( time (n, : ))-te ; 
cd (n ) = 2300 ; 
cc (n ) = 1402 . 736 + 5 . 03358*TemperatureTOF (n) -

0 . 0579506*TemperatureTOF(n) . A2 + 3 . 3 16 36*10A-4*Temperatur eTOF (n) . A3 -
l.4 5262* 10 A-6*TemperatureTOF (n ) .A4+ 3 . 0449*10A-9*TemperatureTOF (n ) . AS ; 

k c (n ) 1 / (rhoc*cc (n ) A2 ) ; 
kd(n) = 1/(rhod*cd (n ) A2 ) ; 

end 

c = d . /TOF 

a = (rhoc*kc - rhoc*kd - rhod*kc + rhod*kd) . *c . A2 ; 
b = (rhoc* kd + rhod *k c - 2*rhoc*kc ) . *c . A2 ; 
c l = c . A2 . *rhoc . *kc-1 ; 

i f cc< cd 
WC = (-b - sqrt (D)) . / ( 2*a ) ; 

else 
wc = (-b + sqrt (D)) . / (2*a) ; 

end 

f or n 1 : length (wc ) 

%Urick model 

%Urick model 
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end 

if wc (n) > 1.1 
wc(n) = NaN ; 

end 
if WC ( n) < -0 . 1 

wc(n) = NaN ; 
end 
if c (n ) > max (cd , cc ) +l0 

c (n ) = NaN ; 
end 
if c (n) < min(cd , cc ) -10 

c (n ) = NaN; 
end 

%Specify measurement file directory 
measurement_dir = ' C:\Apps\Experiments ultrasonic 
spectroscopy\Measurement_processing\PMMA_ l00\Amplitude '; 
l i st= search f ile_ USS (measurement_d i r , ' *.txt',1); 

% Read measurement files 
for n = 1: length (li st ) 

end 

[N, F, T, A0 , Al] = read_files (l ist (n ), n ); 
Number = N(n ,:); 
Frequency(l , :) = F (n , :); 
Temperature (n , :) = T (n , :); 
AmpCH0 (n,:) A0 (n ,:); 
AmpCHl (n ,:) = Al (n ,:); 

Ampch0 
Ampchl 

AmpCH0 ; 
AmpCHl ; 

for n = 
for 

end 
end 

2 :length (l ist ) 
m = 1 
if AmpCH0 (n , m) < 0 . 2 
Ampch0(n , m) = Ampch0(n-1 , m); 
end 
if AmpCHl (n , m) < 0 . 0045 
Ampchl(n , m) = Ampchl(n-1 , m) ; 
end 
alphaxm(n , m) = 1/d*log(Ampchl(n , m) . /Ampch0 (n , m) ); 

for n = 1 : length (l ist ) 

end 

f orm= 2 :length(Frequency) 
if AmpCH0(n , m) < 0 . 2 
Ampch0(n , m) AmpchO(n , m-1) ; 
Ampch l(n, m) = Ampchl(n , m-1); 
end 
alphaxm(n,m) = 1/d*log(Ampchl(n , m) . /Ampch0(n , m)) ; 

end 

load( ' ca l ibration . mat') ; 

for n = 1:length (list ) 
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form= 1 : length(Frequency) 
alphaT(n , m) = interpl(Temperatur ec (: , m) , a lphac (:,m) , Te mpe rature( n ,m)); 
end 

end 

alphax 
alphad 
alph aw 

a lphaxm-a lphaT ; 
-6 . 3e-14*f. "2 ; 
- 2 . 5e-14*f."2 ; 

% intrinsic attenuation 

filename = ['measured_ attenuation_profile . ma t ' ] ; 

[Np/m] 

save (fil ename , ' Frequency ', 'time_ me asuremen t ', ' Temperature ', ' alphax ', ' wc ' ) 

Modelling of the attenuation 
function [ a l pha f, alphaIWR , a l pha LWR) modelled_attenuation_profile (frequen cy ,r , wc ,T) 

f = frequency ; 
w = 2*pi*f ; 
phi = wc ; 

% frequency 
% angular frequen cy 
% water cut 

Te= T ; % Temperature [Cl 

% Thermodynamic properties of bath phases 
% 1 cont i nuous p hase 
% 2 = disp ersed phase 

[ 1 / s J 
[rad/s ) 
(-) 

% Thermodynami c properties water (J . N. Coupland et al 1997 ) 
rhol = ( 999 . 84+ 1 6 . 95*Tc-7 . 987e-3*Tc . "2-4.617e-5* Tc . "3+1 .05563e-7*Tc . " 4-2 . 80 54e-
10* Tc . "5 ) . / ( 1+1 . 687985e - 2*Tc ) ; % Density [kg/m" 3 ) 
taul = 0 . 57109+1.7625e-3*Tc-6 . 7036e-6*Tc."2 ; % Thermal condu ctivity 
betal = 2.57e-4 ; % Coeff i c i ent of vo lume 
cp l = 4178.5+0*Tc; % Specific heat 
c l= 1414. 9+4.390* Tc-0 . 0356*Tc."2 ; % ultrasonic ve loc i ty 
alphal = -2.5e-14*f . "2 ; % intrinsic attenuation 
if Te<= 20 ; 

[W / (m . K) J 
expansion (1/K ] 

[J/kg/K ) 
[m/s ) 
[Np/m] 

etal = 1301/ ( 9 . 98333e2+8 .1 8 55* (Tc-20 ) +5 . 85e-3* (Tc-20 ). "2 +1. 30233* (Tc-20) . " 3 ) -
1. 30233 ; 
else 

etal = exp ( (1. 3272* ( 20-Tc ) -l.053e-3* (20-Tc ) ."2)/(Tc+ l 05 )*log(B .4 239e-004 )); 
end 
kappal = 1 / (rhol.*cl . "2 ); % adiabatic compressibi li ty 

gamma= 1 . 1 ; 

% Thermodynami c 
rho2 = 1190; 
tau2 = 0.25; 

properties polyamide 
% Dens i ty 

beta2 = 9e -5; 
cp2 = 1670; 
eta2 = le-9 
c2 = 2300; 
cT = 1000 ; 
alpha2 -3e- 1 3*f . "2 ; 
kappa2 = 1/(rho2.*c2."2); 

gamma 1.1; 

form 1:length (f) 

% ECAH 

% Thermal conduct i vity 
% Coef fi c i ent o f volume expansion 
% Speci f ic heat capacity 
% Lame constant 
% ultrasonic velocity 

% intrinsic attenuation 
% adiabatic compress i bility 

[ kg /m"3] 
[ W/ (m . K)) 
(1/K] 
[J/kg/K] 
[N/m) 
[m/s) 

kl(m) w(m)/cl+i*alphal(m) ; % complex propagation constant of the cont inuous phase 
k2(m) = w(m)/c2+i*alpha2(m) ; % compl e x propagation constant of the dispersed phas e 
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xl (m) 
x2(m ) 

kl(m ) *r ; 
k2(m)*r ; 

% Faran 
kcl (m) = w(m ) /cl ; % velocity of the compress ional wave in the continuous phase 
kc2(m) = w(m)/c2 ; % velocity of the compres sional wave in the dispersed phase 
kT(m) = w(m)/cT; % Transversal wave 

xcl(m) = kcl(m)*r ; 
xc2(m) = kc2(m)*r ; 
xT(m) = kT(m)*r ; 

N = 3*phi/ (4*pi* rA3 ); % Number of droplets 
dtl(m) sqrt (2*taul/(rhol*cpl*w(m))) ; % thermal skin depth continuous phase 
dt2 (m) = sqrt(2*tau2/ (rho2*cp2*w(m) )) ; % thermal skin depth dispersed phase 

zl(m) = (l+i)*r/dtl(m) ; 
z2(m) = (l+i)*r/dt2(m) ; 
H(m) = 1/(1/(1-i*zl(m)) - taul/tau2* tan(z2(m))/(tan(z2(m))-z2(m))) ; 
dvl(m) = sqrt(2*etal/(rhol*w(m))) ; % viscous skin depth 
Tv(m) = 1/2 + 9*dvl(m)/4/r ; 
s (m) = 9*dvl(m) /4/r* (l+dvl (m) /r) ; 

alphaI(m) = phi*alpha2(m)+(l-phi)*alphal(m); 
alphaS(m) = -1/2*phi*kl(m)A4*rA3*(1/3*( (kappa2-kappal)/kappal)A2+( (rho2-

rhol)/(2*rho2+rhol) ) A2) ; 
a lphaT(m) = -i*3*phi*kl(m)*H(m)*(gamma-1)/(2*zl(m)A2)*(1-

beta2*rhol*cpl/(betal*rho2*cp2))A2 ; 
alphaV(m) = 1/2*phi*kl(m)*s(m)*(rho2-rhol)/( (rho2+Tv(m)*rhol)A2+s(m)A2*rho1A2); 

alphaLWR(m) = alphaI(m) + alphaS (m) + alphaT(m) + alphaV(m) ; 

o rder = 10 ; 

for n = 1 : order ; 
nu = (n-1) +l/2 ; 

% Spher ical Bessel functions 
j 1 ( n , m ) bes se l j ( nu , x 1 ( m) ) . * s q r t ( 0 . 5 *pi . / x 1 ( m) ) ; 
j2(n , m) besselj(nu , x2(m) ) .*sqrt(0 . 5*pi . /x2(m)); 
yl(n , m) bessely(nu , xl(m)) .*sqrt(O . S*pi . /x l(m)); 
hl(n , m) jl(n,m)+i*yl (n,m); 

jcl(n , m) 
jc2(n , m) 
jT(n , m) 
ycl(n , m) 
yc2(n , m) 
yT(n , m) 

besselj (nu, xcl (m)) . * sqrt ( 0 . S*pi . /xcl (m)) ; 
besselj (nu , xc2 (m)) . * sqrt ( 0 . S*pi . /xc2 (m)); 
besselj(nu , xT(m)) . *sqrt(O . S*pi . /xT(m)); 
besse ly (nu , xcl (m)) . * sqrt ( 0 . S*pi . /xcl (m)); 
besse l y ( nu , xc2 (m) ) . * sqrt ( 0. S*pi. / xc2 (m) ) ; 
bes se l y ( nu , x T ( m) ) . * s q r t ( 0 . 5 *pi . / x T ( m) ) ; 

% Derivatives of spherical Bessel functi ons 
djl(n , m) = sqrt(O . S*pi)*((-besselj(nu+l,xl(m)) + 

nu. /x l (m) . *besselj (nu , xl (m))) . *xl (m). A (-1/2 ) - 1/2*besselj (nu, x l (m) ) . *x l (m). A (-3 /2 )); 
dj2(n , m) = sqrt(O.S*pi)*( (-besselj(nu+l,x2(m)) + 

nu . / x 2 ( m) . *bes se l j (nu, x 2 ( m) ) ) . * x 2 ( m) . A ( -1 / 2 ) - 1 / 2 *bes se l j (nu, x 2 ( m) ) . * x 2 ( m) . A ( -3 / 2 ) ) ; 
dyl(n , m) = sqrt (O.S*pi)*( (-bessely(nu+l,xl(m) ) + 

nu . / x 1 ( m) . *bes se l y ( nu , x 1 ( m) ) ) . * x 1 ( m) . A ( - 1 / 2 ) - 1 / 2 *bes se l y ( nu , x 1 ( m) ) . * x 1 ( m) . A ( - 3 / 2 ) ) ; 
dy2(n , m) = sqrt(0.5*pi)*((-bessely(nu+l,x2(m)) + 

nu . / x 2 ( m) . *bes se l y (nu , x 2 ( m) ) ) . * x 2 ( m) . A ( -1 / 2 ) - 1 / 2 *bes se l y (nu , x 2 ( m) ) . * x 2 ( m) . A ( - 3 / 2 ) ) ; 
dhl(n , m) = djl(n ,m) +i*dyl(n,m) ; 
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djcl (n,m) = sqrt (O.S*pi ) * ( (-
besse l j (nu +l , xcl (m)) +nu. / xcl (m). *besselj (nu, xcl (m))) . *xcl (m) . A (-1/2) -
1 / 2*bessel j (nu , xcl (m)). *xcl (m). A (-3/2 )); 

djc2(n,m) = sqrt( O.S*pi ) * ((-
be s se l j ( nu+ 1 , x c 2 ( m) ) +nu . / x c 2 ( m) . *bes se l j ( nu, x c 2 ( m) ) ) . * x c 2 ( m) . A ( - 1 / 2 ) -
1 / 2 *bes se 1 j (nu , x c 2 ( m) ) . * x c 2 ( m) . A ( -3 / 2 ) ) ; 

djT(n,m) = sqr t(O.S*pi ) * (( -besse l j (nu+l , x T(m)) +nu . / xT(m) . *besselj (nu ,xT(m))) 
. *xT(m) . A( - 1 / 2 ) - 1 / 2*besselj(nu , xT(m )) . *xT(m) . A(-3/2 )); 

dycl(n,m) = sqrt (O.S*pi ) * (( -
bessely (nu+l, xcl (m)) +nu . / xcl (m) . *bessely (nu, xcl (m))) . *xcl (m). A ( - 1 /2 ) -
1 /2*bessely (nu, xcl (m)). *xcl (m). A (-3/2 )); 

a l phancl ( n ,m) 
a l phanc2 ( n , m) 
alphanT(n ,m) 
betan (n , m) 
deltan(n,m) 

-xcl(m)*djcl(n,m)/jcl(n,m) ; 
- xc2(m)*djc2(n,m)/jc2(n , m) ; 
-xT(m)*djT(n , m)/jT (n , m) ; 
- xl(m)*dycl(n,m)/ycl(n,m); 
- jcl (n,m) /ycl ( n , m); 

phin(n,m) = - xT (m) A2/2* .. . 
(alphanc2(n,m)/(l+alphanc2(n,m) )-(n A2+ n) /(nA2+n- 1 -

xT(m)A2/2+alphanT(n,m)) ) / ... 
( (n A2+n-xT (m) A2/2+2*alphan c2 (n , m) )/( l+a lphanc2 (n , m) ) 

(n A2+n )*( l+alphanT( n , m) ) / ( nA2 +n -1-xT(m) A2/2 +alphanT (n , m))) ; 

etan (n,m) = deltan (n ,m)*( alphancl (n,m) - rhol/ rho2*phin(n ,m)) / (betan (n ,m) 
rhol/rho2*phin ( n ,m)); 

% Scattering coeff i cients ECAH IWR 
A(n ,m) = (-

rhol*x2(m)*jl(n,m)*dj2(n,m)+rho2*xl(m)*j2(n,m)*djl(n,m) ) / (rho2*xl(m ) *j2 (n,m) *dhl(n , m)
rhol *x2 (m) *d j 2 (n, m) *hl (n, m) ); 

end 

end 

% Scattering coefficients Faran 
An(n ,m) = -i*etan ( n , m) / (l+ i*etan(n , m)); 

% Scattering amp l itudes 
fünme (n,m) = ( 2*(n - l ) +l) *A (n , m) ; 
fpinme(n,m) = (-l ) A(n-1 ) * ( 2* (n-l ) +l) *A (n,m); 

ReA(n,m) = (2* ( n - l ) +l ) *real (A (n,m)); 

% Scattering amp l itudes Faran 
fünmf(n,m) = (2*(n-l)+l)*An(n,m); 
fpinmf(n,m) = (- l ) A(n-1 ) * ( 2* (n-l) +l)* An (n ,m) ; 

ReAn(n ,m) = (2*(n-l)+l)*real(An(n , m)); 
AbsAn(n ,m) = (2*(n-l)+l)*(abs(An(n,m))A2) ; 

% ECAH model IWR 
alphaIWR (m) = - 3*phi/ (2*real(kl (m)) A2*rA3 )* sum(ReA(:,m)) ; 

% Faran model 
a lphaf (m) 3*phi / ( 2*kcl (m) A2*rA3 )* s um(ReAn(: , m)); 
alphas(m) -3*phi/( 2* kcl (m) A2*rA3 )*sum(AbsAn(: , m)); 
a lphav (m) 3*phi/( 2* kcl(m) A2*rA3 )*sum(AbsAn(: , m)+ReAn( :, m)) ; 

Fitting ofmodeled and measured attenuation profiles 
c lear a ll 
c l ose all 
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c l c 

% Load rneasurernent data 
load ('rneasured_attenuation_profile . rnat '); 

frequency = Frequency*le6 ; % frequency range 

alphaw 
alphad 

-2 . 5e-14*frequency . A2 ; 
-3e-13*frequency . A2 ; 

for exp_no = 7 : 12 ; 

phi = wc (exp_no ); 

% Intrinsic attenuation 
a lphaI = phi*alphad+ (l -phi )* a lphaw; 

T (exp_ no ) = rnean(Ternperature(exp_no , :)); 

rfit = [90 : 1 :1 25]* 1e-6 ; 

for n = 1 : length(rfit) 
[alphaf(n , :), alphaIWR (n, :), alphaLWR(n , :) ] 

rnodelled_attenuation(frequency , rfit (n),phi,T( exp_n o )); 
a l pharn (n ,:) = alphaIWR (n ,:); 

end 

filenarne = [ ' rnodeled_attenuation_profile . rnat ' J ; 
save (f i l enarne , ' Frequency ', ' alphaIWR ', ' alphaf ') 

% Monodisperse fitting step 
[abs ind ] = SSD (a lpharn , alphax (exp_no , :), rfit) ; 
radius(exp_no) = rfit(ind)*le6 ; 

xO = [rfit(ind) ; 0 .1]; 

xdata 
ydata 

a l pharn (:, 30 : 80 ); 
alphax( exp_no , 30 : 80 )-alphaI (l, 30 : 80 ); 

% Distribution fitting step 
[x , resnorrn , residual , exitflag] = lsqcurvefit(@(x ,xdata) 

distr i bution_fit (x,xdata , rfit , frequency) , x0 , xdata, ydata , [x 0 ( l )-l 0e - 6 0 ], 
[x 0 (l)+ l0e-6 inf] ); 

rnean_radius(exp_n o ) x(l)*le6; 
sigrna(exp_no) = x(2) ; 

end 

SSD.m 
function [abs ind] = SSD (alpharn,alphax,r) 

for n = 1: length (r ) 
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for l 

end 

30 : 80 
diff(n,1-29) 

diff(isnan(diff)) = 0 ; 

(( real (alph am (n , 1 )) -alphax (l ))) . A2 ; 

S S D ( n ) = s urn ( d i f f ( n , : ) ' ) ; 
end 

[abs ind] = min(real(SSD)); 

Distribution_fit.m 
fu nct i on alphamtot 

xg = x(l)*le6 ; 
sigmag = x(2)*1e6 
r = rfit*le6 ; 
for n = 1: length (r ) 

distribution_fit (x,xdata , rfit , f) 

Pxg (n) = 1 / (xg * l og (sigmag )* sqrt ( 2*pi)) *exp(-(log(sigmag)A2/2) ) .* e xp(
((log ( r (n)) - l og (xg )) .A2)/(2*log(sigmag)A 2 )); 
end 

for m= 1:length (Pxg ) 
for n = 1:51 
f rac (m, n ) = Pxg(m) . *xdata (m,n); 
e nd 

end 

fra c ; 
alph amtot sum (frac ); 
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