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ABSTRACT

Emulsions are ubiquitously found in numerous applications of engineering interest. A
frequently encountered class of emulsions that are of more contemporary interest in the upstream
petroleum industry are highly stable concentrated oil-water (O/W) emulsions of crude. Owing to
the stability of such emulsions, traditional gravity separators used for effecting separation of oil
and water phases are now superseded by newer technologies. Due to the processing of large
volumes of such emulsions, it is often argued that shear induced coalescence is one of the
economically viable and attractive options for destabilization. However, the role of shear in the
separation of concentrated emulsions, where a population of drops interacts, is still not known.
Thus, the motivation of the present work was to investigate shear and gravity induced coalescence

in stable emulsions.

The first part of the present study deals with a situation where gravity is the primary driver
of separation. Here, the effect of volume fraction and surfactant concentration on the evolving drop
size distribution was investigated. With the aid of spatial and temporal variations in drop size
distribution measurements at the early stages of destabilization, some novel phenomena were
explored. It is reported that, for the higher volume fraction of dispersed phase, even though the

rate of coalescence increased, the actual separation of distinct oil phase was delayed.

Another major contribution of the current work lies on studies of shear-driven coalescence.
This study revealed that the drop size distribution of dispersed phase (resembling moderately
heavy crude) exhibit the kinetics of coalescence as a function of shear rate, volume fraction, and
viscosity ratio of dispersed to the continuous phase. When the viscosity ratio was less than unity,

shearing yielded bimodal distributions at low volume fractions. However, for higher volume



fractions, drop size distributions show multimodal nature. On the contrary, when this viscosity
ratio was greater than unity, a reduced rate of coalescence was observed. Nevertheless, it was

shown that there exists a range of shear rates within which the rate of coalescence enhanced.

A theoretical prediction of the time evolution of drop size distributions for shear-driven
coalescence was implemented through Population Balance Modeling. When dispersed phase
volume fraction was low, an existing diameter based coalescence efficiency equation could
emulate the bimodal distributions as observed in experiments. However, its predictions deviated
at higher volume fractions. In order to explain a possible multiple drop interaction at the higher
volume fractions, a Multi Drop Coalescence (MDC) model was proposed. Upon its integration
with the Population Balance Equation, the MDC model was extensively validated for a wide range
of reported experimental data in the open literature. Further, it was also employed to determine
transient drop size distribution as measured in the present study and was shown to be valid for

emulsion systems with both low as well as the high volume fraction of the dispersed phase.

Finally, the inferences from above studies were extended to report destabilization of Kuwaiti
crude oil-water emulsions. This effort explored the behavior of such emulsions both in the presence
as well as in the absence of surfactant, under the influence of shear. Furthermore, the transient

drop size distributions were predicted through the MDC model.

In conclusion, the observations of all the above-mentioned studies have been integrated to
propose a guideline on the nature of destabilization of crude oil-water emulsions. The work
reported herein will form a foundation for further research in this field and would aid in designing

of efficient industrial scale coalescers using the minimalist approach.
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experimental data, while the solid lines represent corresponding model
predictions)

Variation of normalized volume average diameters with respect to time for
a system with pa/pe=2.2. (The markers show the experimental data, while
the solid lines represent corresponding model predictions)

Transient evolution of drop size distribution for a system with pa/pc=3.1 and
7=20s" (a) ¢=10%, (b) #=20% and (c) ¢=40%. (The markers show the
experimental data, while the solid lines represent corresponding model
predictions)

Variation of normalized volume average diameters with respect to time for
a system with pda/pHc=3.1. (The error bars represent standard deviation in
measurements over the three repeated runs)

Transient drop size distribution for a system with ¢=10% andy of 35 s for

a) Md/pe=1.1 b) Md/pc=2.2 and c) Hd/Hc=3.1. (The markers show the
experimental data, while the solid lines represent corresponding model
predictions)

Variations of normalized volume average diameters with respect to time for
the system of constant volume fraction and shear rate and varying viscosity
ratios for ¢= 10% and 7 =35 s. (The error bars represent standard
deviation in measurements over the three repeated runs)

Transient drop size distribution for a system with ¢=20% and 7/ =35 s for

a) Md/pe=1.1 b) pda/pc=2.2 and c) Hd/Hc=3.1. (The markers show the
experimental data, while the solid lines represent corresponding model
predictions)

Variations of normalized volume average diameters with respect to time for
the system of constant volume fraction and shear rate and varying viscosity
ratios at ¢=20 % and 7 =35 L. (The error bars represent standard deviation
in measurements over the three repeated runs)

Transient drop size distribution for a system with ¢=40% at y of 20 s* for

a) Md/pe=1.1 b) Mda/pc=2.2 and c) Hd/Hec=3.1. (The markers show the
experimental data, while the solid lines represent corresponding model
predictions)

Variations of normalized volume average diameters with respect to time for
the system of constant volume fraction and shear rate and varying viscosity
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ratios at g=40% and y =20 s’*. (The error bars represent standard deviation
in measurements over the three repeated runs)

Transient drop size distribution for a system with ¢=40% aty=35s? at a)

Md/pc=1.1 b) Md/pMc=2.2 and c) Md/Hc=3.1. (The markers show the
experimental data, while the solid lines represent corresponding model
predictions)

Variations of normalized volume average diameters with respect to time for
the system of constant volume fraction and shear rate and varying viscosity

ratios at ¢=40% and 7 of 35 s (The error bars represent standard
deviation in measurements over the three repeated runs)

Effect of variations in the parameter m on the evolution of the distributions
Effect of variations in the parameter m1 on the evolution of the distributions
Effect of variations in the parameter rc on the evolution of the distributions
Effect of variations in the parameter rc1 on the evolution of the distributions

Initial drop size distribution of dispersed phase a) of water/crude oil and b)
of crude oil/water emulsion

Transient evolution of DSD for a system W/O emulsion a) ¢=10% and J =
355 b) $=30% and ¥ = 355" ¢) $=50% and J = 35s"!

Image of sample for ¢=50% andﬂ} = 355! drawn from a) bottom of the

Couette apparatus showing the separated water with a few oil drops b) the
flow domain c) the top vent of the Couette apparatus showing the separated
oil with a few water drops

Transient evolution of DSD for a system W/O emulsion a) ¢#=30% and
7 =655 b) $=30% and 7 =105s*

Transient evolution of DSD for a system W/O emulsion a) #=50% and
7 =655 b) $=50% and } =105s

Transient evolution of DSD for a system O/W emulsion a) ¢=10% and

-1

7=35s" b) ¢=30% and=35s"! ¢) $=50% and y=35s

Transient evolution of DSD for a system O/W emulsion a) ¢#=30% and
7 =65s1 b) $=30% and y =105s*

Transient evolution of DSD for a system O/W emulsion a) ¢=50% and
7=65s7 b) $=50% and y =105s*

(a) Response of viscosity to change in temperature for some Alberta oils
(Raicar and Procter, 1984) (b) Reduction of viscosities of heavy crude oils
and bitumen by conversion to oil-in-water emulsions (Gerez and Pick, 1996)
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format to be exported to Excel®

Exporting table to Excel®

Exported Excel® file

Macro implementation in NIS-element
Flow chart for Individual Volume method
Flow chart for Method of Classes

Xiv

217

218
219

220

221

221
221
222
222
223
223
224
224

225
225
226
232
233



Table
No.

2.1
2.2
3.1
3.2

3.3
3.4

3.5

3.6

3.7

3.8

3.9

4.1
4.2
4.3
4.4
5.1
5.2
5.3
5.4
6.1
6.2
6.3

LIST OF TABLES

Title

Summary of literature on gravity separation

Summary of literature on shear induced coalescence
Details of homogenization for gravity experiments
Mean and standard deviation of drop size distributions

Experimental matrix for gravity separation

Material balance for 5% volume fraction of the dispersed phase and a
surfactant concentration of 0.4% (by wt.)

Material balance for 20% volume fraction of the dispersed phase and a
surfactant concentration of 0.4% (by wt.)

Material balance for 40% volume fraction of DP and surfactant concentration
of 0.4% (by wt.)

Material balance for 5% volume fraction of DP and surfactant concentration
of 1.6% (by wt.)

Material balance for 20% volume fraction of DP and surfactant concentration
of 1.6% (by wt.)

Material balance for 40% volume fraction of DP and surfactant concentration
of 1.6% (by wt.)

Details of homogenization for shearing experiments

Kernels considered for comparison (Scott, 1968)

Comparison of measured and predicted modes at respective time

Details of Model Parameters for the systems with pa/plc <1

Composition of dispersed and continuous phase for all cases of viscosity ratio
Values of Parameters kept constant

Variation in all the parameters

Details of Model Parameters for all viscosity ratios

Characterization of Kuwait crude oil

Numerical values of the parameters in the model

Range of shear rate and respective percentage of volume of dispersed phase
above a certain diameter

XV

Page

20
28
35
36

40
41

41

42

42

43

43

75

86
109
113
125
151
151
167
174
177
195



NOMENCLATURE

n Number density distribution, m® (um®)

U,V Volumes of colliding drop, m® (um?®)

fc Coalescence frequency (m®s™)

M Number of grid points

N(i) Number density of the i grid point, m= (um)

fu(D) volume distribution of drop sizes, m™ (um™)

<D> Volume average diameter, m (um)

<Do> Initial volume average diameter, m (um)

Nt Total number concentration of drops at time t, m™ (um)

No Total number concentration of drops at t=0, m= (um=)

ao Model Parameter (Eq. 4.23)

t time, s (h)

k coalescence coefficient when W is constant, s

W Stability ratio, (-)

Jij Collision rate per unit volume between drops i and j, m3s? (um3s?)

J% Smoluchowski’s collision rate per unit volume between drops i and j, m3s?
(um™ s

ts time interval, s

td drainage time, s (ms)

Nerit critical thickness of thin film, m (nm)

ho thickness of draining thin film at t=0, m (nm)

F viscous force, N

coalescence coefficient when W is not constant, s*

Co constant in the equation of K, (-)
aij ratio of size of colliding drops, (-)
r radius of drop, m

m Model Parameter (Eq. 4.23)

ml Model Parameter (Eq. 4.23)

re Model Parameter (Eq. 4.23)

re1 Model Parameter (Eq. 4.23)
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Greek letters
Shear rate, s*

¢ Volume fraction of dispersed phase

Md Viscosity of dispersed phase, mPas

e Viscosity of continuous phase, mPas

o Coalescence efficiency, (-)

o Coalescence efficiency constant, (-)

Wi mean of i Gaussian distribution, m (um)
o interfacial tension, mN/m

B Coalescence kernel, m® s (um?® s?)

Abbreviations

DP Dispersed Phase

CP Continuous Phase

VAD Volume Average Diameter, m (um)
DSD Drop Size Distribution

NIS Nikon Imaging System

AR Advanced Research

RPM Revolutions Per Minute

PBE Population Balance Equation

PBM Population Balance Model

MDC Multi-Drop Coalescence
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