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Abstract

Transport and interactions of colloidal particles and biomolecules in microchannels are of
great importance to many microfluidic applications, such as drug delivery in life science,
microscale heat exchangers in electronic cooling, food processing industry etc. The phenomenon
that particles suspended in liquid are captured by a solid surface (e.g. microchannel wall) is
referred to as particle deposition. Particle deposition plays a crucial role in numerous practical
applications, and is also of fundamental interest to the field of colloid science. This thesis presents
studies of the thermal effects on particle deposition in microchannels, which has been a frequently
“ignored” but is an important factor for thermal driven particle deposition processes at elevated
temperatures. In the present study, both experimental investigation and theoretical modelling are
carried out to characterise the thermal effects, including the effects of bulk solution temperature
and temperature gradient in a microfluidic system. To the best knowledge of the author, this is the

first attempt to investigate the thermal effect on particle deposition in microchannels.

The effects of bulk solution temperature on particle deposition are investigated in a
thermostatic microfluidic chip, consisting of one deposition microchannel and two minichannels
used for heating from both sides of the deposition channel. This microfluidic chip provides a
well-controlled bulk temperature with a good uniformity for the particle suspension (diameter:
930 nm), and allows a direct visualisation of the dynamic process of particle deposition at
elevated temperatures with aid of a microscope. Experimental measurements were conducted to
obtain the number of deposited particles onto the microchannel surface at various bulk solution
temperatures. The experimental results show that the particle deposition rate, which is
characterised by the Sherwood number, is increased by 265% with increase of the bulk solution
temperature from room temperature (297.25 K) to 339.25 K. A theoretical model was derived
based on the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. This model simplifies the

three-dimensional particle transport phenomenon in a microchannel to a one-dimensional mass
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transport problem, taking into account of temperature dependence of physicochemical parameters
involved in the particle deposition process. The numerically solved particle deposition rates from
the one-dimensional mass transfer model agree reasonably with the experimental measurements.
The model provides the interaction potential curves to describe the interactions between a
microparticle and the microchannel at different temperatures. These curves show that the
enhanced particle deposition observed in experiments is caused by the increased attractive
interactions (van der Waals force and gravity) and the reduced repulsive interactions (electric
double layer force) when increasing the bulk solution temperature. Therefore, it leads to reduced
energy barriers for particle deposition at elevated temperatures. Besides, the effect of electrolyte
concentration was further investigated for the particle deposition processes at elevated

temperatures.

The effects of temperature gradient on particle deposition were studied in a microfluidic
device. The device consists of a PDMS microchannel for easy observation, an Indium tin oxide
(ITO) coated glass for heating and a thermoelectric (TEC) unit for cooling to form a stable and
adjustable temperature gradient across the channel. This design enables the dynamic particle
deposition processes to be directly observed along the direction of the applied temperature
gradient, thereby providing an effective microfluidic platform for investigating the particle-
surface interaction phenomena under non-equilibrium thermal environment. Both experimental
and numerical studies were carried out to examine the particle deposition under different
temperature gradients. The experimental results show that the particle deposition rate (Sherwood
number) is reduced by 56% when the temperature gradient inside the microchannel was increased
by three orders from 78.9 K/m to 6846.9 K/m. The numerical results of particle deposition rate
agree reasonably with the experimental measurements. The interaction potential curves from the
numerical model suggest that the particles could experience larger resistance arising from the
increased thermophoretic force in the presence of the temperature gradient, at large particle-wall

distance fewer particles are transported from the bulk solution to the near-wall region. In addition,



the particles need to overcome a higher energy barrier caused by the reduced bulk solution
temperature in the vicinity of the channel surface, leading to the reduced particle deposition rate
under a temperature gradient. Besides, for a given thermal condition, the particle deposition was
observed to be further enhanced when the electrolyte concentration of the particle suspension is

increased.

The effects of hydrodynamic flow on the particle deposition at elevated temperatures were
investigated by applying a steady flow and a pulsatile flow in the microchannel. For the steady
flow, the Sherwood number is reduced with increasing the Reynolds number of the hydrodynamic
flow. The reduction of particle deposition rate with Reynolds number is attributed to the increased
hydrodynamic lift force which hinders the transport of particles from the bulk solution to the
near-wall region. For the pulsatile flow which is generated by a specially designed pulsation
generation unit, an oscillatory flow component is superimposed onto the steady flow of the
particle suspension. Experiments were conducted to investigate the effect of the pulsatile flow on
the particle deposition rate at different flow oscillation frequencies. The results show that the
particle deposition rate can be reduced by 50% with increasing the flow oscillation frequency

from 0 Hz to 1 Hz at elevated temperatures with the steady flow component being fixed at 1 mL/h.
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fluid. Data are calculated based on Eq. (3.18) for fluorescent polystyrene particles dispersed in DI
water and NaCl solution (stationary fluid). The solution temperature is kept at 324.85 K. The
dotted square SEM indicates the secondary energy minimum region, and the dotted square PEM
indicates the primary energy minimumM FEJION. ......c.cccveiiiiiiiieieieee e 98

Figure 5.1 Schematic of the microfluidic system used for the direct observation of the particle
deposition kinetics along the direction of applied temperature gradient. Two thermocouples (TC 1,
TC 2) are used to measure the temperatures on the top surface of the PDMS block and bottom
surface of the ITO coated glass slide (Figure is not drawn to SCale)...........ccoovvvvireieieiciinnns 101

Figure 5.2 Schematic of the temperature-gradient microchip, consisting of the PDMS
microchannle, the glass slide coated with ITO film and the TEC unit. Various temperature
gradients can be achieved by cooling the top surface of the microchip with the TEC unit and
heating the bottom surface with the ITO film heater. (a) Isometric view, (b) Cross sectiction view,
(c) A picture of the integrated temperature-gradient microchip and top view of the PDMS
microchannel bonded with the ITO coated glass slide. (Figure is for not drawn to scale) .......... 104

Figure 5.3 (a) Temperatures (T_ITO, T_TEC) and temperature differences (AT) measured by two
thermocouples at various power inputs to TEC cooling unit (P_TEC) and ITO film heater
(P_ITO). (b) Schematic of the temperature measurement in the experiment. The empty triangles
indicate the temperature (T_ITO) measured on the bottom surface of the ITO film heater in
Figure 5.2. The empty circles indicate the temperature (T_TEC) measured on the top surface of
the PDMS block in Figure 5.2. The empty squares indicate the temperature difference (AT
=T_ITO-T_TEC) between the top surface of the PDMS block and the bottom surface of the ITO
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Figure 5.4 (a) The numerical model consisting of the microchannel and the PDMS block and the
glass slide. (b) Temperature gradient (-[1-) along the centreline (CD shown in Section A-A) of
the microchannel and bulk temperature (-H-) in the observation region versus the power inputs to
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dimensional simulation with boundary conditions: The surface temperature covered by TEC unit
is set as constant (T = T_TEC), Constant surface heat source is applied onto the ITO film heater
(Q = P_ITO), and convective heat transfer (h = 30 W/m? K for bottom surface and 5 W/m? K for
side and top surfaces of the PDMS block) is set between the chip and the ambient air to account
for heat loss, a hydrodynamic flow with constant flow rate (0.1 mL/h) and inlet temperature
(25 C) is applied inside the MICrOChANNEL. ...........c..ovuevveveeeeeeieie e 108

Figure 5.5 Videomicroscopic images of 0.93 pm polystyrene particles captured using 10X
objective lens under temperature gradient maintained at 6846.9 K/m (0.1 mL/h, NaCl: 5 x 10™
M)at Omin, 20min, 40min and 60min. Particles are shown as black dots..............cccccvevvviviiinnns 110

Figure 5.6 Number of deposited particles per unit area versus deposition time for four different
temperature gradients at 78.9 K/m, 2136.5 K/m, 5516.1 K/m and 6846.9 K/m. Data are for
fluorescent polystyrene particles dispersed in a NaCl solution (5 x 10 M). The sample flow rate
is fixed at 0.1 mL/h. Sample solution is supplied to the microchannel after a stable temperature
gradient is formed inside the microchannel. ..o 114

Figure 5.7 Dimensionless static deposition rate (Sherwood number) as a function of the
temperature gradients at 78.9 K/m, 2136.5 K/m, 3385.7 K/m, 5516.1 K/m and 6846.9 K/m. Solid
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and empty squares (1) show the calculated Sherwood number Sh,, by Eq. (5.4) from modelling.
The dotted line shows the least-square fitting line. Data are for fluorescent polystyrene particles
dispersed in a NaCl solution (5 x 10™* M) with fixed flow rate 0.1 ML/h......cccooovvrrvrerrrerrirennnns 115

Figure 5.8 (a) Dimensionless particle-microchannel interaction potential V versus the
dimensionless separation distance H for different temperature gradients. (b) The energy barrier
(shown by —M-) and the interaction potential at H = 10 (shown by —[1-) as a function of the
temperature gradient. Data are calculated based on Eq. (3.18) for fluorescent polystyrene particles
dispersed in a NaCl solution (5 x 10* M) with a fixed sample flow rate 0.1 mL/h. The dotted
square SEM indicates the secondary energy minimum region, and the dotted square PEM
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Figure 5.9 Number of deposited particles per unit area versus deposition time at different
electrolyte concentrations with fixed temperature gradient at 6846.9 K/m and constant sample
flow rate at 0.1 mL/h. Data are for fluorescent polystyrene particles dispersed in DI water and
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Figure 5.10 Dimensionless static deposition rate (Sherwood number) versus the electrolyte
concentration for DI water, 5 x 10 M and 5 x 10® M. Solid symbols indicate the measured
Sherwood number She, shown in Eq. (5.1) from experiments, and empty symbols show the
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Figure 5.11 (a) Dimensionless particle-microchannel interaction potential V versus the
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5x10M under different temperature gradients (1: 78.9 K/m, 2: 3385.7 K/m, 3: 6846.9 K/m),
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Figure 6.1 Characteristics of steady flow and pulsatile flow. (a) and (b) Schematics of axial
velocity profiles across channels, (¢) and (d) Schematics of flow rate versus time for steady flow
and pulsatile flow, respectively. Area filled by colour indicates the volume of fluid moved during
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Are NOL AraWN 10 SCAIE). ...ttt 127

Figure 6.2 The layout of the microfluidic system. (a) Schematic of the microfluidic system with
pulsatile flow for the direct observation of the particle deposition kinetics in microchannels. Inset:
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Chapter 1
Introduction

In this chapter, the background and motivation of this study are briefly introduced. The
research objective and scope are also stated to give an overall view of this research. Finally, the

outline of this thesis is presented.

1.1 BACKGROUND AND MOTIVATION

Deposition of colloid particles is a common and crucial phenomenon in numerous natural
and practical processes, such as water filtration (Wang and Keller 2009), drug delivery
(Sabirianov et al. 2011), and heat exchangers for dairy or semiconductors applications (Perry and
Kandlikar 2008, Tuckerman et al. 2011). Due to accumulation of the deposited particles on solid
surfaces, particulate fouling would occur and become a major challenge in these processes.
Serious particulate fouling would reduce the effectiveness and increase the energy consumptions,
even damage the relevant equipment and thus affect whole process. In addition to the practical
aspects, fundamental understanding the deposition mechanism of colloidal particles is of great
interest to colloidal science. Useful information can be extracted from the kinetics of various
particle deposition processes for developing the colloidal deposition theories. Because of its
importance, particle deposition has been extensively investigated both experimentally and
theoretically. A significant number of researches has been conducted on various parameters, such
as particle size, pH of solution, surface properties etc. (Elimelech et al. 1995, Song and Elimelech
1995, Yang et al. 1998, Unni and Yang 2009). However, previous research works on the
deposition of micro/nano particles are mainly concentrated on studies under room temperature
condition. Studies of thermal effect on particle deposition are rare, including the influences of
bulk temperature and temperature gradient. Thermal effects are particularly important to
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thermally driven particle deposition processes because the temperature-dependent thermophysical
and electric properties would be very different from those at room temperature.

On the other hand, microfluidic systems have received considerable attention due to their
high throughput, low energy consumption, compact size and most importantly controllable and
well-defined physical and chemical conditions in the past two decades. Microfluidic systems have
been intensively studied for thermal management of high-power microelectronic devices (Park
and Thome 2010, Marcinichen et al. 2013). It was reported that microchannel cooling can
successfully dissipate waste heat with a heat flux up to 1000 W/cm? (Incropera and Dewitt 2002).
To further improve its heat performance for the rapid development of microelectronic chips in the
future, nanofluids are proposed to be a promising option. Superior thermal performance can be
further improved by suspending nanoparticles in microfluidic flows, because the nanoparticles
can improve the thermal conductivity of heat transfer fluids (Lee et al. 1999). However, the
abrasive nanoparticles may induce erosion and clogging in fine microchannels under elevated
temperatures. This would result in prohibitively large pressure drop across channels and
deteriorate overall performance of the device. Recently, microchannel systems have also been
employed for the high-temperature short-time (HTST) milk pasteurization in dairy industry
(Tuckerman et al. 2011). The microscale ultrahigh temperature pasteurizer has successfully
demonstrated an advantageous high efficiency of the energy consumption compared with the
conventional bulky milk pasteurizer. However, the milk fouling in microchannel became a big
challenge for reliable and long-term performance of the pasteurization process. This further
emphasizes the needs for investigating the particle deposition in a microfluidic device at elevated
temperatures.

Therefore, it would be meaningful and imperative to conduct fundamental researches on the
kinetics of the particle deposition at elevated temperatures while microfluidic devices can provide

effective platforms for well-defined model systems.
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1.2 OBJECTIVE AND SCOPE

Motivated by the fundamental and practical demands of the particle deposition in
microchannels, this study is to investigate the interaction between micro/nano particles and
microchannel wall, so as to achieve a better understanding of the thermal effects on particle
deposition. It consists of the following two parts:

1) To develop microfluidic systems for direct observation of micro/nano particle
deposition in microchannels under controllable thermal environments for different
bulk temperatures and temperature gradients.

2) To theoretically model and analyse the thermal effect on particle deposition in
microchannels, including elevated bulk temperature and temperature gradient.

3) To explore an approach for mitigating particle deposition in microchannels at
elevated temperatures by manipulating hydrodynamic flows.

The detailed research scope of this study is shown as follows:

1) Perform theoretical modelling of the thermal effects on particle deposition in
microchannels at elevated temperatures by considering temperature-dependent
parameters based on the framework of the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory.

2) Design and fabricate microfluidic devices with capability of providing various bulk
temperatures in microchannels. Carry out experiments to measure the particle
deposition rate at different temperatures.

3) Design and fabricate microfluidic devices with capability of providing various
temperature gradients in microchannels. Carry out experiments to measure the
particle deposition rate at different temperature gradients.

4) Design and fabricate microfluidic devices with capability of providing various

hydrodynamic flows in microchannels, including steady flow and pulsatile flow.
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Conduct experiments to examine the mitigation performances of different flow

conditions for the particle deposition at elevated temperatures.

1.3 OUTLINE OF REPORT

The dissertation consists of the following chapters: The preceding section of Chapter
1 introduces the background of this study. The motivation of this research is to gain
fundamental understanding of the thermal effects on particle deposition in microchannels
at elevated temperatures. The objective and scope of this research are also stated. Chapter
2 presents an extensive literature review on particle deposition and fouling and other
issues associated with the present study. In Chapter 3, a theoretical model for particle
deposition is developed with consideration of the bulk temperature and the temperature
gradient based on the framework of the DLVO theory. Chapter 4 presents an
experimental investigation of the bulk temperature on the particle deposition with dilute
hydrophobic polystyrene particles (930 nm) in DI water and NaCl electrolyte solutions.
The details of the designed microfluidic device for controlling the bulk temperature and
measurements are introduced. Then the experimental results are analysed by
implementing the proposed model. Chapter 5 reports both experimental and numerical
studies on the effect of the temperature gradients. The details of a new microchip for
generating temperature gradient are described. The proposed model is used to analyse the
experimental results. Chapter 6 reports the effect of hydrodynamic flow on particle
deposition at elevated temperatures, including both steady and pulsatile flows. The
mitigation performance for particle deposition is reported by comparing the results of two
different flows. Chapter 7 concludes the major experimental and numerical simulation

results from the present study, where recommendations for future work are also included.
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Chapter 2
Literature Review

Due to its importance in filtration, food process and heat exchanger, particle deposition has
been investigated extensively by researchers. This chapter summarizes research works on fouling

and colloidal particle depositions in various environments based on the available publications.

2.1 TYPES OF FOULING

Fouling was first used in the oil and gas industry and started to be widely used to describe
any undesirable deposit which resulted in increased thermal resistance of heat exchanger or flow
resistance of fluid pipes (Liu, 1999). Most of available literatures on fouling are concentrated on
macro-scale phenomena and results, such as change of thermal resistance and hydraulic
performances. Generally, fouling can be categorised into various types according to different
causes of formation (Bott 1995).

(1) Particulate fouling

Particulate fouling refers to that finely suspended solid particles accumulate onto solid
surfaces. The particles are usually with diameters less than microns. Normally, the deposit formed
by particulate fouling is thin and easily removed unless accompanied by some other mechanisms
which have the particles firmly attached onto the solid surface.

(2) Crystallization fouling or scale formation

Crystallization fouling is deposit of salt crystal onto the heat transfer surface due to the fact
that the solubility of the dissolved ions changes with temperature in salt solution. Scale formation
could occur when supersaturation of the depositing species in solution is present near the heat
transfer surface.

(3) Chemical reaction fouling
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Chemical reaction fouling is the deposition formed on the heat transfer surface due to
chemical reactions in which solid phases are produced and the surface material is not a reactant.
The temperature range for chemical fouling is wide from ambient temperature up to combustion
temperature of 2000K. Moreover, it is usually more remarkable at higher temperature range.

(4) Corrosion fouling

Corrosion fouling is the deposits accumulate on the surface in a corrosive way when the heat
transfer material is chemically attacked by the working fluid. A common example of corrosion
fouling is formation of an iron oxide or oxyhydroxide deposit from corrosion of the carbon steel
in electrolyte solutions.

(5) Biological fouling

Biological fouling usually involves the attachment and subsequent growth of both macro-
organisms (e.g. mussels, barnacles and vegetation) and micro-organisms (e.g. bacteria, fungi,
algae) onto the heat transfer surface. Because it deals with living matter, the temperature range is
limited. Typically, it is between 0 and 90 degree Celsius for biological fouling (Bott, 1995).

(6) Solidification fouling

Solidification fouling refers to a pure liquid or one component from a liquid phase frozen
onto a subcooled surface. The temperature of the heat transfer surface needs to be lower than the
solidification point of the foulant.

(7) Mixed fouling

Mixed fouling occurs when two or more of the above fouling mechanisms work
simultaneously. During the process, the multiple foulants or fouling mechanisms could interact
with each other. This synergistic fouling cannot be simply treated as arithmetic sum of the
individual components.

In this report, the author will concentrate on the study on particulate fouling which is relevant

to microfluidic applications.
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2.2 PARTICLE DEPOSITION

Particulate fouling arises from particle deposition onto the collector/solid surface, which is a
complex process influenced by diffusion, convection, colloidal and external interaction forces. To
facilitate understanding of the physical process of particle deposition, it can be conceptually
divided into three steps (Yang et al. 1998):

(1) Particle transport/diffusion

When particles are at large distances from the collector surface, the particles are transported
from the bulk fluid to the collector by diffusion, flow convection and migration due to external
forces. Particle concentration gradients usually exist between the bulk fluids to the collector
surfaces, and drive the suspended particles approaching the collector surfaces. Flow convection,
especially in turbulent flow, could give particles momentum to move across the bulk fluid
towards the collector surface. Besides, particles would migrate to the collector when they are
affected by external fields, such as gravity filed and electric field.

(2) Particle-wall hydrodynamic interaction

When particles get close to the collector within a distance comparable to the particle radius,
the motion of the fluid between the particle surface and the collector surface becomes much more
difficult compared to the scenario at large distances. It is because that the particles need to
experience additional hydrodynamic drag caused by the presence of the collector surface. Thus,
the reduction of particle mobility is commonly attributed to the particle-wall hydrodynamic
interaction.

(3) Particle adhesion

As particles approach the collector at even closer distances, typically less than 100 nm, the
motion of the particles is influenced by colloidal forces besides the hydrodynamic interaction.
Within such extremely short distance, the influences of the colloidal forces are overwhelmingly
stronger than those of external forces. Thus, the particle adhesion onto the collector is mainly

determined by the competition of the attractive and repulsive colloidal forces. The colloidal
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forces consist of the universal van der Waals (VDW) force and the electric double layer (EDL)
force. These two interaction forces form the basis of the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory of colloidal chemistry. The van der Waals force originates from spontaneous
electrical and magnetic polarizations, which generate a fluctuating electromagnetic field within
the particle and the collector as well as in the gap between them. Solid surfaces in agqueous media
(electrolyte solution) are always charged because of the dissociation of ionisable surface sites or
the adsorption of ionic surface active sites. As a result, electric double layers are formed in the
vicinity of both the particle and the collector surfaces. When these two charged surfaces approach
each other in the electrolyte solution, two electric double layers overlap and a repulsive
interaction is developed in this region if the particle and the collector carry the same sign of
charge. This repulsive interaction is known as the electric double layer force. In addition, other
non-DLVO colloidal interactions might affect the particle deposition in short ranges (0.5 — 5 nm)

under certain physicochemical conditions.

2.3 THEORY OF SURFACE FORCES

Particulate fouling or particle deposition are determined by the interaction forces that is
exerted on colloidal particles suspended in aqueous media. It is because that the behaviours of
particles are dependent on the magnitude and range of the interaction forces between particles and
solid sufaces (Liang et al. 2007). In this section, the colloidal forces between particles and
surfaces are briefly reviewed. The most familiar colloidal interaction forces are van der Waals
attraction force and electrical double layer repulsion force. These two forces form the basis of the
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, which were independently developed by
Derjaguin and Landau (1941) from Soviet/Russian and Verwey and Overbeek (1948) from
Netherlands. Other than DLVO forces, there are several non-DLVO forces invoked in particle
deposition and aggregation, such as hydrophobic forces, steric forces, solvation forces or polymer
bridging.
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2.3.1 DERJAGUIN-LANDAU-VERWEY-OVERBEEK (DLVO)

THEORY

The DLVO theory proposed that van der Waals attraction and electrostatic repulsion can
describe the dominant interactions between two charged lyophobic or hydrophobic particles in
electrolyte solution. Besides, it is assumed that the total interaction between particles and solid
sufaces in a liquid can be treated as the sum of the two interactions. This is the first theory
enabling to explain and predict the experimental data of particle deposition and aggregation in a
guantitative way. The van der Waals force is caused by the electromagnetic effects of the
molecules composing the particles while the electric double layer force arises from the
overlapping of the electric double layer in an aqueous medium. Normally, the former is always
attractive and the latter is always repulsive, depending on the material properties (Liang et al.

2007).
2.2.1.1 VAN DER WAALS FORCE

The van der Walls force, also known as London-van der Waals force, originates from the
spontaneous magnetic and electrical polarisation which generates a fluctuating electromagnetic
field in particles and between particle and solid surface. The van der Waals force can be either
attractive or repulsive depending on the material property, and is always attractive between
identical materials. A number of methods have been proposed to calculate the van der Waals
interaction energy (Hamaker 1937, Dzyaloshinskii et al. 1961, Ninham and Parsegian 1970,
Hough and White 1980, Bowen and Jenner 1995).Generally, there are two kinds of methods to
calculate the van der Waals interaction: the microscopic and the macroscopic.

For the microscopic methods, Wang (1927) and London (1930) initially used the perturbation
theory to solve the Schrodinger equation for the interactions between two hydrogen atoms at a
large separation distance, and took consideration of the interactions between the protons and
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electrons of the two atoms. Their works provide a basis of quantum-mechanical analysis of the
interaction between two non-polar molecules. Thereafter, Margenau (1931) improved the analysis
by considering higher moments, and Casimir and Polder (1948) investigated the retardation effect
for the interactions with extremely short separation distance shorter than the characteristic
wavelength of radiation. Subsequently, Hamaker (1937) proposed a simplified microscopic
approximation that the interaction is pair-wise additive. If one simply sums the force over all
pairs of atoms in both solids, the total interaction force can be obtained. However, Hamker’s
microscopic theory neglects many-body interactions and retardation. Especially for condensed
media such as liquid, the influence of neighbouring atoms cannot be ignored. Moreover, the pair
additivity is normally difficult to be implemented for bodies interacting in an aqueous medium.

A more rigorous approach accounting for the aforementioned challenges is called the
“macroscopic theory”. Dzyaloshinskii et al. (1961) proposed a so-called Lifshitz theory to avoid
the problem of additivity encountered in the microscopic methods. In their theory, large subjects
are taken as continuous media without considering the atomic structure and the interaction forces
are calculated based on the bulk material properties, such as refractive indeces and dielectric
constants. The retardation is implicitly included in the full Lifshitz treatment, but it is fairly easy
to modify the Hamaker constant to take account of the effect. The Hamaker constant can be
calculated in various approaches and details can be found in the literatures (Gregory 1970,
Israelachvili 1972, Horn and Israelachvili 1981, Prieve and Russel 1988).

Hamaker constants are most accurately calculated by Lifshitz theory, which determines the
magnitude of interaction through the frequency dependent dielectric properties of the intervening
media (Dzyaloshinskii et al. 1961, Horn and Israelachvili 1981). The Hamaker constant is
estimated from the frequency dependent dielectric properties of the individual materials

comprising the system as
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Israelachvili (1992) proposed a simplified expression for the function 5(ivj)based on the

refractive index and the absorption frequency of materials.

n?—1 (2.2)

V2

g(ivj)=1+

The main drawback of this expression is the difficulty to obtain all the parameters used in it,
mainly the absorption frequency. Assuming the absorption frequencies of the three media are the
same, the Tabor-Winterton (TW) expression was developed to overcome the difficulties, shown

as (Tabor and Winterton 1969)

A, ~3kBT[51‘53J(52‘53j 3hv, (nf —ng)(n; —n¢) (2.3)
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where the zero frequency term &; and refractie index n; are the temperature-dependent
contributions to van der Waals interaction. Because water has a dielectric constant of about 80 at
room temperature and non-polar media have values in the range 2-3, the zero frequency term for
most of aqueous colloids is about equal to 3kT/4 or around 3 x 107%4J.

Suzuki and Higuchi (1969) proposed an expression to approximate the van der Waals
interaction potential between sphere and plate with retardation effect, shown as

A, 2 (/T + 22.232H) (2.4)
™ BKT H2(7+11.116H)’

where A3, is the Hamaker constant between particles ‘1’ and the plate ‘3’ in medium ‘2°, and is
a measure of the magnitude of interaction between two surfaces; A denotes the characteristic
wavelength of the interaction which has value of about 100 nm for most materials. As shown in

Figure 2.1, h is the minimum surface-to-surface separation between sphere and plate, a is the radii

27



of particle, 1 (A/a) and H (h/a) are the dimensionless characteristic wavelength and separation

distance between the sphere and plate surface.

a.

Sphere

X Plate ’ h

L

Figure 2.1 Interaction between sphere and plate

2.2.1.2 ELECTROSTATIC DOUBLE-LAYER FORCE

Particle can be well dispersed in liquids other than aggregate together because of the electric
double layer (EDL) force. This force originates from the fact that particles and solid surfaces
immersed in liquids of high dielectric constants are always charged and the charges form a so-
called electric double layer around the particles and the solid surfaces. The charging mechanism
of a solid surface in a liquid can be categorised into two: (1) dissociation or ionization of surface
groups for the solid surface, (2) binding or adsorption of ions from electrolyte solution onto an
originally uncharged solid surface or surface with oppositely charged sites. As shown in Figure
2.2-3, for a single particle immersed in a liquid, the particle is surrounded by the electric double
layer. Considering the finite size of ions, Stern (1924) proposed an electric double layer model in
which one layer of ions is absorbed and immobilized onto the particle surface and the other layer
consists of diffusive space charge from the liquid (Figure 2.2). The former layer is called as Stern

layer and the latter layer is termed as Gouy or diffuse layer.
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Figure 2.2 Schematic of a diffuse double layer of (a) a charged particle, (b) a charged particle in the
vicinity of a charged solid/wall surface.

Because of the distribution of charges around the solid surface, potential decays gradualy

with increasing the separation distance from the solid surface to the bulk liquid phase. Various
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potentials are proposed in the electric double layer model, such as surface potential on the solid
surface, Stern potential at the Stern layer and zeta potential () at slipping plane. The electric
potential and the average charge distribution in the diffuse layer of the electric double layer is
normally calculated by the non-linear Poisson-Boltzmann equation (PBE) with assumption of the
average surface charge over the whole solid surface and ions of identical property as (Anderson

1991)

Ep€ i B

; s (2.5)
Viy= —12 n?zieexp[;'—(_al_wj

where y denotes the electric potential, i represents the component i, & is the permittivity of
vacuum, ¢ is the static dielectric constant, n® is the number density of ions in bulk, z and e are the
valence and the elementary electric charge, and kg and T are Boltzman’s constant and the absolute
temperature.

When two charged particles approach each other or a particle approaches a solid surface in an
electrolyte solution, diffuse layers of these two particles would overlap with reducing the
separation distance between the two surfaces as shown in Figure 2.2-b. EDL force is repulsive for
two surfaces with charges of same sign, while it is attractive for two particles with charges of
opposite sign. Various factors affect the accuracy of calculating the EDL interaction. Two
important assumptions are made for simplification of calculation, interaction with constant
surface potential and constant surface charge density. Case of constant surface potential
corresponds to that surface-chemical equilibrium is maintained when two particles are
approaching with a very short time of encountering. It may not be realistic assumption for some
practical cases (Frens and Overbeek 1972). Interaction with constant surface charge assumes that
two particles have fixed surface charge density during approach. These considerations apply to
the potential and charge at the particle surface, however, the interaction between electrical double
layers is determined by the potential at the stern plane which may behave differently during the
approach. Recently, Barisik et al. (2014) and Zhao et al. (2015) have implemented a complex

charge regulation as boundary conditions to calculate the EDL interactions in nanoscale.
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The EDL interaction energy can be calculated by two methods. One method is to directly
solve the Poisson-Boltzmann equation for the system under consideration. Usually, simple
analytical solutions cannot be obtained by this method. The other method is to construct the
formula from known expressions for each of the surfaces involved without effects of the other
surfaces. The approximations obtained in this way are often more important for practical uses
which require simplicity and fairy accuracy (Elimelech et al. 1995).

Sphere-plate double layer interactions

Derjaguin (1934) proposed the integration method to calculate the sphere-sphere double layer
interactions in a dilute suspension. It has been a commonly used method adopted by researchers
since then. The EDL interaction energy between two spheres with overlapping electric double

layers can be calculated as

_ 27a,a, o (2.6)

[ vedh
a +a, y
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where h denotes the minimum separation distance between two sphere surfaces, a; and a, are the
radii of two spheres. The EDL interaction force can be obtained by differentiating the interaction

energy, Veq, with the separation distance, h, as

edl
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_ T, (h
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It should be noted that the above expressions only are applicable for cases in which xa, >5and
h << a, are valid. The sphere-plate interactions can be derived from sphere-sphere interactions by
allowing one of the radii to approach infinity. A constant potential expression to calculate EDL

interaction energy and force between a sphere and a plane is developed by Hogg et al. (1966) as

(2.8)
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The electrical double layer (EDL) interaction force can be obtained by differentiating

electrical double layer interaction energy with separation between two surfaces.
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where {, and ¢, denote the zeta potentials of colloid particle and channel wall, respectively. g, and
g represent the permittivity of vacuum and relative permittivity, respectively. The EDL thickness,
also known as Debye length, ™ is defined as

o [ 2e%z°n,, )0'5 (2.10)

ek T

where n,, denotes the bulk number density of ions, z is the valance of ions and e represents the
electron charge. These expressions can be applied for cases of small potential when the conditions
of xa, >> 1 and h << a, are satisfied. Alternatively, the EDL interaction can be quantified by
using either the complete numerical solution of the nonlinear Poisson-Boltzmann equation or the
linear superposition method (Adamczyk and Warszynski 1996). Moreover, a complex statistical
mechanical model accounting for ion-ion interactions can be applied for calculating the EDL
interaction using the thermodynamic entropy and Helmholtz free energy approach with different
boundary conditions, such as constant surface charge density and charge regulation (Kralj-Igli¢
and Igli¢ 1996, Briscoe and Attard 2002, Barisik et al. 2014).

The total interaction energy, V, in DLVO theory is obtained by the summation of the
electrostatic and van der Waals contributions as illustrated in Figure 2.3. With the electronic
double layer potential and van der Waals potential described under previous mentioned
assumptions, the total interaction is calculated as

V =V, +Va (2.11)

Equation 2.11 gives both a theoretical frame work to predict and compare experimentally

measured colloidal interactions, and knowledge of how surface interactions can be controlled.
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Figure 2.3 Example diagram of potential energy vs separation distance (Perry and Kandlikar 2008)

2.3.2 NON-DLVO FORCES

The classical DLVO theory has demonstrated the importance of van der Waals and electrical
double layer interactions and successfully explained a large number of experimental observation
However, there are situations where combination of van der Waals force and electrical double
layer force alone cannot achieve satisfactory agreement with experimental results (Verwey and
Overbeek 1948, Elimelech 1994). For example, the separation distance between two surfaces is
shorter than a few nanometres, and the theories of van der Waals and electric double layer
interactions fail in such short distance which are based on continuum theories and described by
bulk material properties (e.g. dielectric constant, density, refractive index). For these cases, some
type of additional non-DLVO forces are required to be introduced into the DLVO theory, such as
polymer bridging (Healy and La Mer 1964), Born repulsion (Ruckenstein and Prieve 1976),
hydration forces (Pashley and Israelachvili 1984), hydrophobic interaction (Claesson and
Christenson 1988), and steric interaction (Tipping 1988). In this section, a brief introduction for
non-DLVO forces is provided and more details can be found in a comprehensive review by Liang

et al. (2007).
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Polymer bridging theory applies to polymer flocculation. It is postulated that polymer bridges
are built between neighbouring solid particles in a suspension in order to form a loose porous 3D
network of solid particles (i.e. floc). Elimelech et al. (1995) suggested that it is usually more
convenient to resort the microscopically averaged Born repulsion when the precise details of the
spatial variation of the short-range forces are not important. Solvation or hydration forces are the
terms associated with the forces that develop as particles with adsorbed fluid layers interact.
Grabbe and Horn (1993) reported that the hydration force was a dominant repulsive force in short
range between silica surfaces immersed in an electrolyte solution (NaCl) and this force is
independent on electrolyte concentration over the range in their experiments. The physical
mechanisms of the hydration force are still an open question. Researchers have proposed that the
hydration force originates from the anomalous polarisation of water near the interfaces or the
entropic repulsion of thermally activated molecular groups from protrusions on the surfaces
(Israelachvili and Wennerstrom 1997, Leckband and Israelachvili 2001, Ruckenstein and Manciu
2002). For hydrophobic surfaces at extremely short separation distance, an attractive force
between two surfaces would be increased as the water molecules migrate from the narrow gap to
the bulk liquid where the opportunities for hydrogen-bonding are unlimited and free energy is
lower than in the gap. This attractive force is referred to the hydrophobic force which is one to
two orders of magnitude stronger and works much greater range (up to 80 nm) than the van der
Waals force (Israelachvili and Pashley 1984, Claesson and Christenson 1988, Rabinovich and
Derjaguin 1988). Steric or osmotic forces are developed for colloidal particles carrying adsorbed
polymers. When two polymer-covered particles approach to each other, the entropy of confining
these chains caused a repulsive entropic force for overlapping polymer molecules, known as the
steric force. Theories of steric forces are not well-established. The magnitude of the steric forces
between two polymer coated surfaces is determined by many components, such as the quantity or
coverage of polymer molecules on each solid surface and boing stress between the polymer
molecules and solid surfaces (i.e. reversible process or not) (Napper 1969, Vrij 1976, de Gennes

1987, Milner et al. 1988).
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2.4 TEMPERATURE CONTROL IN MICROFLUIDIC SYSTEMS

Temperature is a crucial parameter in many microfluidic applications, for example microscale
milk pasteurisation unit (Tuckerman et al. 2011), polymerase chain reaction (PCR) (Yang et al.
2002, Mavraki et al. 2011), mixing (Kim et al. 2009) and temperature gradient focusing (Becker
et al. 2009) or separation (Edwards et al. 2002). Moreover, Lab-on-a-chip device and system are
proposed to be a compact platform with multiple functions integrated into a small chip, such as
control of temperature. In this section, different techniques for temperature control in microfluidic
systems will be summarised into two categories: bulk temperature control and temperature

gradient control (Miralles et al. 2013).

2.4.1 BULK TEMPERATURE

This section summarises techniques which have been proposed to regulate bulk temperatures
within microfluidic systems. The bulk solution temperatures in the microfluidic systems are
uniformly distributed and changed by either external heating or internal heating methods. A
number of techniques have been implemented for various applications.

To control the temperature of microfluidic systems, the external heating approaches normally
take advantage of commercial heaters, such as Peltier elements, or preheating/cooling liquids
prior to being injected into the microsystem. Velve Casquillas et al. (2011) designed an external
temperature control system with two Peltier elements, in order to rapidly regulate the temperature
of yeast channel located underneath the temperature control channel (as shown in Figure 2.4-a).
This designed system can readily switch the yeast channel temperature between 5 <C and 45 C
within 10 seconds. Similarly, Khandurina et al. (2000) have implemented two Peltier elements to
directly heat up a microfluidic polymerase chain reaction (PCR) chip as a sandwich assembly as
seen in Figure 2.4-b. This compact configuration can perform 10 thermal cycles with a total
process time of less than 20 minutes. With the similar configuration, Yang et al. (2002) fabricated

a serpentine microchannel on a thin polycarbonate plate (thickness: 0.75 mm) as a PCR micro-
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reactor as shown in Figure 2.5. Thermocouples were used to monitor the surface temperatures of
the Peltier elements and intrachamber temperature. The authors have demonstrated 30 thermal

cycles in 30 minutes with 7 — 8 T/s for heating rates and 5 — 6 C/s for cooling rates.
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Figure 2.4 (a) A schematic of the temperature control device by an external Peltier element; the yeast
channel is placed below the temperature control channel (Velve Casquillas et al. 2011). (b) Schematic of
the dual Peltier assembly for rapid thermal cycling followed by electrophoretic analysis on-chip

(Khandurina et al. 2000).
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Figure 2.5 (a) Peltier thermocycler for the PCR micro reactor; (b) a photograph of the serpentine
polycarbonate microchannel (Yang et al. 2002).

Maltezos et al. (2010) explored the limits of PCR speed by using liquid for thermal heat
exchange rather than solid as previous researches. As shown in Figure 2.6, sample tubes are
immerged in a liquid medium (gallium eutectic) and sandwiched between two high-powerd
Peltier elements. Heat can be rapidly transferred between the DNA/RNA in the sample tubes and

the Peltier elements via liquid interface. Heating rate of 106 ‘C/s and cooling rate of 89 C/s have

been achieved by their device.
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Figure 2.6 (a) Top view of the ultrafast polymerase chain reaction device. Visible is the heatsink-Peltier-
phenolic-Peltier-heatsink sandwich that contained the gallium eutectic used for thermal transfer to the
sample tube placed where the dummy sample sensor is visible in this photo. (b) Cross section of the
heatsink-Peltier-phenolic-Peltier-heatsink sandwich where the sample tube and 2.3 ml gallium eutectic
reservoir are visible (Maltezos et al. 2010).

On the other side, techniques have been developed to integrate heating or cooling elements
directly into microfluidic systems. Integrated heating approaches are able to reduce the whole
system size and improve its portability of the system.

Up to now, Joule heating has been the most popular technigque as an integrated solution for
the temperature control in microfluidic systems. Lao et al. (2000) integrated platinum heaters and
sensors in a silicon-based microfluidic chamber for a well-controlled thermal environment (1 <C)
for gas and liquid phase reactions as shown in Figure 2.7. The silicon chamber was thermally
isolated by a thin silicon nitride membrane to save power consumption, and a digitally feedback
system was developed for a precise and prompt temperature control (response time: 5s, heating

rate: 20 <C/s, cooling rate: 10 <C/s).
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Figure 2.7 Top view of the microchip showing the patterned heaters and temperature sensors (Lao et al.
2000).



de Mello et al. (2004) made use of ionic liquids instead of metal, which was Joule heated by
an AC current (frequency: 50 Hz, power: 1 W, Voltage: < 3.75 kV). As shown in Figure 2.8,
sample fluids flow in a serpentine microchannel while the ionic liquids ([BMIM][PFg],
[BMIM][Tf,N]) run in parallel channels. The temperature of sample channel is changed via heat
conduction from the co-running heating channels. Consequently, the sample temperature can be
easily regulated from 50 <C to 90 <C with an accuracy of 0.2 <C by controlling the applied

voltage of the ionic liquids in the heating channels.

A

1.25cm
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Figure 2.8 Schematic of microfluidic device incorporating co-running heating channels. The working
(sample) channel is shown in black and the co-running heating channel in grey (de Mello et al. 2004).
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Figure 2.9 (a) Processing flow of conductive microwire inside PDMS using molding injection. (b) Optical
images of the microheater and thermal sensor. The upper view is the longitudinal view and the lower,
the cross-sectional view (Wu et al. 2009).

By using similar serpentine channel configurations as illustrated in Figure 2.9, Wu et al.
(2009) injected silver paint into the PDMS channels as integrated microheaters, and used

compressed air for the purpose of rapid cooling in parallel channels. The authors achieved a good
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heating rate of 20 <C/s and an error of about #0.5 T in steady state. They successfully amplified
DNA in 25 thermal cycles with 1 minute per cycle.

Other than the commonly used physical approach (Joule heating), chemical techniques have
also been integrated into microfluidic systems. To locally control temperature in a microchannel,
Guijt et al. (2003) have taken advantage of heat generation and adsorption via endothermic and
exothermic chemical reactions. As shown in Figure 2.10-a, two reagents from separate reactant
channels (RC; and RC,) merge into a temperature control channel (TCC) for chemical reaction, in
which heating can be achieved with dissolution of 97 wt% H,SO, (Reagent 1) in water (Reagent 2)
and cooling with the evaporation process acetone (Reagent 1) in the air (Reagent 2). A wide
temperature range from -3 <C to 76 <C with ramp rate of 1 <C/s has been demonstrated in the

central channel (shown in Figure 2.10-b) by manipulating the flow rate ratio between two

reagents.
A.
RC TCC
RC,
B.
TCC

N 1
1.2cm ‘}Q ‘BCZ — Waste (vacuum)

Central
channel

3.3cm

Figure 2.10 (A) Two reactant channels (RC) merging into a temperature control channel (TCC). (B) Layout
of the device used for demonstration experiments (Guijt et al. 2003).

2.4.2 TEMPERATURE GRADIENT

For several applications such as Soret effect and droplet actuation, temperature gradients are
demanded in microfluidic systems. Temperature gradients have been generated in either a

controlled temperature profile or an arbitrary way by various techniques.
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Mao et al. (2002) used the pre-heated liquids approach to generate a linear temperature
gradient along the horizontal direction of the PDMS microchannel as shown in Figure 2.11-a. Hot
and cold fluids were simultaneously channelled into two side channels and a stable temperature
gradient was formed in the central channel as seen in Figure 2.11-b. Recently, Zhao et al. (2013)
have implemented this approach in their research on thermophoresis with a stainless steel
microchip. Because of the higher conductivity of stainless steel than PDMS, their device is able
to generate a wider range of variations for both bulk temperature and temperature gradient (1.5 x

10" K/m) in the microchannel.
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Figure 2.11 (a) Schematic diagram of a device with an on-chip linear temperature gradient. (b) A plot of
temperature vs position of the temperature gradient device (Mao et al. 2002).

Vigolo et al. (2010) adopted a similar parallel channel configuration to generate temperature
gradients in a microchannel by heating from both sides of the channel as shown in Figure 2.12.
However, the authors filled the side channels with conductive silver-filled epoxy that can
generate heat via Joule effect. By controlling the applied voltage onto the conductive epoxy,
temperature in the microchannel can be changed continuously from 25 <C to 75 <C with an
accuracy of £3 <C. Temperature was measured by a thermistor attached onto a thin glass cover
slip. Because of the low power consumption, the conductive polymers can be powered by two
ordinary AAA batteries. Thus, their design could be a portable and cost-effective solution for
thermal control in microfluidic systems.

Besides, the parallel-channel configuration can be also utilised to regulate bulk temperatures
in microchannels. A uniform temperature field can be generated by changing the directions of

preheated liquid and DC electric current.
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Figure 2.12 A schematic of the device: (a) the empty channel, (b) a channel is filled with a conductive
epoxy, (c) the channel is heated until the epoxy solidifies after inserting wires for the electrical
connection (Vigolo et al. 2010).

In addition to regulating bulk temperatures, Peltier elements can be utilized to establish a
constant temperature gradient in microfluidic systems. Matsui et al. (2007) designed and
fabricated a hybrid temperature gradient focusing (TGF) chip (materials: PDMS/glass) by
integrating two Peltier elements to generate a temperature gradient along the horizontal direction
of the microchannel as shown in Figure 2.13. A temperature gradient of 13.75°C/mm can be
generated across the microchannel (4 mm).

Jiao et al. (2008) reported a microfluidic droplet manipulation system with integration of four
microheaters (materials: titanium and platinum) providing temperature gradients as shown in
Figure 2.14-a. By controlling the amplitude and frequency of square wave signals, various
heating processes of four heaters can be achieved, and different plenary temperature gradients can
be generated on the square region (10 mm x 10 mm). The authors successfully utilized the
periodic thermocapillary actuation caused by temperature gradients to manipulate the trajectory of

a microdroplet. Yap et al. (2009) presented a thermal control technique by integration of a thin
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film platinum heater for droplet manipulation in a bifurcated microfluidics system as shown in
Figure 2.14-b. The viscosity and interfacial tension were varied accordingly with changing the
thermal field inside the microchannel, and the tendency of droplets flowing into the branch with
higher temperature was increased. Therefore, the motion of droplets and splitting of the droplet
can be controlled by controlling the heating performance of the microheater. Using the
temperature gradients generated by metal microheaters, Selva et al. (2011) demonstrated a
controllable bubble motion by utilizing the thermomechanical actuation, which used the slight
dilation of the channel material (PDMS) under temperature variation. The temperature-induced
dilation changed the height of the microchannel so that the bubble was driven away from the
constricted region. Miralles et al. (2015) from the same research group optimised the their

previous design by using localised heating resistor whose size was smaller than the droplet size.
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Figure 2.13 Schematic drawing of temperature gradient focusing apparatus (Matsui et al. 2007).
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Figure 2.14 (a) Top and side view of the device with four gold heaters placed along a square (Jiao et al.
2007). (b) Schematic of the microchannel system with platinum microheater (Yap et al. 2009).
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2.5 PARTICLE DEPOSITION IN MICROCHANNELS

Particle deposition in a channel has been intensively investigated in both theoretical and
experimental approaches by researchers. In this section, major works on particle deposition in

microchannels are reviewed.

2.5.1 EXPERIMENTAL STUDIES

Researchers have made great efforts on experimentally studying the particle deposition in the
cylindrical or parallel-plate channels. Various parameters have been evaluated in terms of their

effects on particle deposition, such as pH, electrolyte concentration.

2.5.1.1 EFFECT OF PH ON PARTICLE DEPOSITION

Zeta potentials of particles and microchannel surface are directly related to the pH value of
working fluid. Interaction between electrical double layers of same like sign would generate
repulsion force and minimize fouling behaviour if repulsion force is large enough. Newson et al.
(1988) demonstrated the effect of pH on particle deposition by using haematite particles (diameter:
0.2 pum, concentration: 100 ppm) suspended in a water turbulent flow (Re ~ 11000). They tested
with different tube materials: aluminium and 316 stainless steel. Perry and Kandlikar (2008) also
achieved effective mitigation of particulate fouling by adjusting the pH value of solution. The
reduced deposition rate was mainly attributed to the stronger repulsive EDL interaction as pH

increased.

2.5.1.2 EFFECT OF ION CONCENTRATION ON PARTICLE DEPOSITION

Gu and Li (2002a, b) investigated the effect of electrolyte concentration for silicon oil
microdrops depositing on cylindrical surfaces in both numerical and experimental manners. It was
reported that increase of Sherwood number (dimensionless mass transport rate) was due to the

strong neutralization effect of electrolyte concentration (10° M ~ 10 M) on the zeta potentials of
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silicon oil drops and bare glass tube surfaces. Besides, they also conducted experiments with
ionic surfactant: cationic surfactant, CTAB; anionic surfactant, SDS. It was found that Sherwood
number increased significantly with increase of CTAB concentration (10°® M ~ 10 M) but
reduced monotonically with adding SDS into the agueous solution. Kar et al. (2014) conducted
experiments on the effect of salt gradients on particle deposition on microporous membranes.
Their experimental results showed that the diffusiophoretic particle transport played an important
role in colloidal particle deposition when the ions in solution have different diffusion coefficients.
Furthermore, Guha et al. (2015) found the diffusiophoresis has significant influence on the

colloidal fouling in a low salinity reverse osmosis system.

2.5.1.3 EFFECT OF PROPERTIES OF PARTICLE AND WALL ON PARTICLE

DEPOSITION

Salim et al. (2009) presented a study of EOF properties of plasma-polymerized microchannel
surfaces and the effects of protein (fibrinogen and lysozyme) adsorption on the EOF behaviour of
the surface-modified microchannels. Critically, a non-fouling phenomenon is observed with
tetraglyme coating, and enables stable EOF to be induced in the presence of protein.

Mustin and Stoeber (2010) experimentally investigate the particle deposition of polymer
microsphere suspensions in microchannels and concluded that particle size distribution played an
important role in the dynamics of channel blockage other than particle size alone. Recently, they
(2016) conducted particle deposition experiments in a PDMS-based mini impingement jet flow
cell and found that the charge heterogeneity and surface roughness of the PDMS surface could be
the most plausible reason on account of the discrepancy between the experimental measurement

and numerical results of the DLVO and the extended DLV O theories.
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Figure 2.15 (a) cross section view of the deposition chamber, (b) flow cell on substrate without clamping
(Mustin and Stoeber 2016).

2.5.1.4 EFFECT OF EXTERNAL FIELD ON PARTICLE DEPOSITION

In the literature, micron-size particle transport is usually treated as a mass transfer process
determined by the magnitude of Brownian diffusivity. However, even in this colloidal particle
size range (less than 1 pm), gravity or a constant body force towards the deposition surface may
significantly affect the deposition process. Yiantsios and Karabelas (1998) found that gravity
controlled the deposition rate and the particle transport boundary layer in a horizontal narrow
channel under laminar flow over a fairly wide range of flow rate. They (2003) performed another
experimental study on dilute microsized glass particle (~ 1.5 pm) suspensions in a parallel-plate-
laminar-flow channel, and hydrodynamic and physicochemical conditions are systematically
varied. It was observed that gravity controls deposition at low wall shear stresses. Particle
deposition rates are significantly reduced with the increased hydrodynamic wall shear stress due
to the effect of hydrodynamic lift or drag forces inhibiting transport or attachment.

Stamm et al. (2011) experimentally examined the initial stage of cluster growth in a particle-
laden flow in a microchannel and investigated the parametric effects of void fraction, flow shear
strain rate and channel height to particle diameter ratio. Thereafter, Gudipaty et al. (2011)
investigated the cluster formation in a microchannel, and found that the clusters formed on the

bottom surface of the channel initially by adherence of individual flowing particle from a top
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view using a microscope. However, they didn’t address the physical reason of the initial particle
adhesion to the bottom surface or observe the adherence process either.

Unni and Yang (2009) observed the particle deposition in electroosmotic flow using
videomicroscope and found that the increase in surface coverage corresponding to higher salt
concentrations was attributed to weakening of EDL repulsion resulting from adsorbed particle,
which circumvents the effects due to reduced electrophoretic particle drag at all stages of
deposition. At lower electric field strengths, hydrodynamic blocking became relatively weaker,

and the surface blocking was mostly contributed to by electrical interactions.

2.5.2 THEORETICAL MODELLING/STUDIES

Spielman and Friedlander (1974) performed theoretical analysis on the role of the electrical
double layer in particle deposition by convective diffusion. It was shown that the deposition of
Brownian particles was equivalent to ordinary convective diffusion in the bulk with a first-order
surface reaction at the collector and the surface reaction coefficient is derived with respect of the
net interaction potential.

An analytical model was proposed by Adamczyk and Van De Ven (1981) for particle
deposition kinetics onto walls of parallel-plate and cylindrical channels as shown in Figure 2.16.
Mass transport equations were formulated in combination with surface forces, van der Waals
force and electrical double layer force, as well as external forces such as gravity. The “perfect
sink” boundary condition was discussed in detail along with various dimensionless parameters
such as Pe, Gr, Ad and DI, accounting for convection, diffusion, and gravity, dispersion, and

electrical double layer, respectively.
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Figure 2.16 Schematics of parallel-plate and cylindrical channels (Adamczyk and Van De Ven 1981)

Song and Elimelech (1993, 1995) theoretically studied the particle deposition onto permeable
surfaces in a parallel-plate channel which were practically useful for membrane filtration industry.
The convection-diffusion was solved numerically with consideration lateral transport due to
permeation drag, inertial lift and transport by surface forces and gravity force. The initial particle
deposition rate was investigated systematically in terms of effects of particle size, permeation
velocity, solution ionic strength, cross flow velocity.

Nazemifard et al. (2006b, a) conducted a trajectory analysis of particles near a micropatterned
charged substrate under radial impinging jet flow conditions in order to investigate the effect of
surface charge heterogeneity on particle trajectory and deposition efficiency. The surface charge
heterogeneity was determined by concentric bands of specified properties, such as width and
pitch, positive and negative surface charges. The particle trajectory analysis took account of the
hydrodynamic interactions, gravity, van der Waals and electrostatic double layer interactions. As
a result of the coupled effects of hydrodynamic and colloidal forces, the particle trajectories and
deposition efficiencies are increasingly affected by surface charge heterogeneity as one moves
radially away from the stagnation point. This analysis shows how the existing particle transport
models could possibly be modified by incorporating surface interactions and chemical
heterogeneity.

Marshall (2007) applied a soft-sphere discrete element method to study the particle
aggregation and particle captured by wall in a microchannel. They found that it is more common

to see a single particle with large size attached to the wall, but even for such cases the particle lift-
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off from the wall was induced by collision and adhesion to a passing particle or particle aggregate,
rather than directly by fluid forces.

As shown in Figure 2.17, Unni and Yang (2009) proposed electrokinetic particle transport
model in a parallel-plate microchannel based on the stochastic Langevin equation, incorporating
the electrical, hydrodynamic, DLVO colloidal interactions and random Brownian motion of
colloidal particles. Particle trajectories were stochastically simulated using Brownian dynamics

simulation and the surface coverage was evaluated for a range of physicochemical and electrical

parameters.
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Figure 2.18 Schematic of the patchy heterogeneous cylindrical microchannels (Chatterjee et al. 2012)
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Chatterjee et al. (2012) proposed an Eulerian model (convection—diffusion—migration
equation) to evaluate particle transport in patchy heterogeneous cylindrical microchannels (as
shown in Figure 2.18) for capturing the effect of surface chemical heterogeneity on deposition
and particle transport in cylindrical microchannels with fully developed Poiseuille flow velocity
profile. It was concluded that particles tend to travel further along the microchannel length for

heterogeneous channels compared to homogeneously favourable channels.

2.6 FOULING MITIGATION TECHNIQUES

Because fouling imposes degradation of heat transfer and augmentation of pressure drop in a
system and subsequently attenuates the performance of a heat exchanger, various approaches
have been proposed for mitigation of fouling, especially in the industrial sector (Kazi 2012).
These approaches can be classified into three categories: (1) solution, (2) heat transfer surface and

(3) external field.

2.6.1 SOLUTION

For the solution side, a large number of studies have been performed on fouling mitigation
via either mechanical methods or chemical methods. Muller-Steinhagen (1993) summarised the
mechanical methods which have been developed in the industry sector:

i.  Increase flow velocity
ii.  Reverse flow direction
iii.  Pulsating flow
iv.  Promote turbulence in flow
v.  Add foreign chemicals in solution
vi.  Add seeds or fibre in solution
MULler-Steinhagen and Middis (1989) observed that the deposits of aluminum oxide

particles could be removed completely by increasing the flow rate for a short period of time. The
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reduction was attributed to the enhanced wall shear stress with flow rate. Similar phenomena have
been observed in experimental and theoretical studies (Song and Elimelech 1995, Yiantsios and
Karabelas 1995). Reversing flow direction at a regular time interval could be another useful
method to reduce fouling. Pulsatile flow can be a good option to increase the level of turbulence
and enhance the heat transfer in heat exchanger (Karamercan and Gainer 1979, Ludlow et al.
1980, Gupta et al. 1982). Crystallization fouling can be mitigated by reducing the interface
temperature with enhanced heat transfer. Particulate fouling can also benefit from the harmonic
motion with oscillatory frequency and leads to mitigation (Moschandreou et al. 2010, Kim and
Chun 2012).

Various chemical additive have been applied into working solutions for preventing fouling,
such as EDTA sequestering agent, polyphosphates and polyphosphates and poly carboxylic acid
(Krisher 1978, Troup and Richardson 1978). Crystal habit would be distorted after adding the
chemical agents and formation of large crystals would be prevented. Subsequently, the distorted
crystals remain suspended in solution and flow out of the heat exchanger with liquid. Besides,
adding seeds (e.g. Calcium sulphate seeds) into working solution has been commercially
implemented to reduce crystallisation fouling. Crystallisation prefers to occurring on these seeds
other than the heat transfer surface. Kazi et al. (2013) reported that fouling mitigation was
achieved by adding natural fibres (long-fibre softwood pulp fibres). For particulate fouling,
dispersants are implemented to disintegrate the suspended particles into dispersed fragments
which cannot easily settle onto the heat transfer surfaces. Corrosion fouling can be supressed with
addition of corrosion inhibitors, such as chromates and polyphosphates (MUler-Steinhagen et al.

2011).

2.6.2 HEAT TRANSFER SURFACE

For the heat transfer surface, major efforts have been put on surface modification by using

superhydrophobic surface or chemical coating in recent years. Recently, Nosonovsky and
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Bhushan (2009b) commented that superhydrophobic surface can be a good potential option to
mitigate fouling, especially biofouling in underwater applications. In addition to reducing drag,
superhydrophobic surfaces can defense the underwater system against adhesion and growth of
marine organisms (Genzer and Efimenko 2006, Nosonovsky and Bhushan 2009a). By applying
oxidation-reduction reaction, Lee et al. (2012) demonstrated that the morphology of copper can
be changed to superhydrophobic with needle-shaped copper oxide nanowires. Their scalable
method could be implemented in the industry of antibiofouling surfaces. Furthermore,
Brzozowska et al. (2014) combined the techniques of microstructured surface patterning and
chemical surface modification together to produce a functional surface toward supressing marine
fouling. Recently, Liu et al. (2015) used computational modelling to design a gel-based
composite coating which can provide thermoresponsive fouling mitigation mechanism.

Besides, conventional mechanical methods have also been applied on the heat transfer
surfaces for fouling mitigation. Muller-Steinhagen (1993) reported that a brief overheating on the
heat transfer surface can break deposits because of different induced thermal expansions for
deposits and heat transfer surfaces. Deposits could be removed by introducing mechanical

vibrations or acoustical vibrations to the heat transfer surfaces.

2.6.3 EXTERNAL FIELD

Treatments with external fields have been investigated for fouling mitigation, including
magnetic field and electrical field. Parkinson and Price (1984) reported that fouling could be
significantly reduced by the magnetic treatment of water, which can facilitate precipitating the
salts. These salts suspended in the bulk liquid and were carried away by the flow. However,
others found the effect of magnetic field is negligible (Hasson and Bramson 1985, Bernardin and
Chan 1991), and even reported it could increase fouling (Muller-Steinhagen 1993). Electronic
anti-fouling (EAF) technology has been demonstrated its potential for fouling mitigation in

industry water coolers. RF (radio frequency) electrical field was applied for physical water
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treatment and was reported as a useful approach to mitigate crystallisation fouling in cooling
water (Tijing et al. 2010, Zhang et al. 2016). The voltage and frequency of the RF field affected

the crystal structures.

2.7 SUMMARY

From the published works, it is shown that particle deposition on surface has been extensively
studied both theoretically and experimentally. Various parameters have been evaluated such as pH
of solution, particle size, and surface property. However, studies based on temperature effect on
particle deposition are very scarce. Published research of micro/nano particles suspended in
microchannel is mainly conducted in room temperature environment, seldom with high bulk
temperature or temperature gradient which are crucial factors for heat exchangers in reality.
Driven by the motivation to better understand the particle deposition under different thermal
environments, the theoretical studies and experimental tests with microfluidic system are carried

out in the present work.
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Chapter 3
Modelling for Particle Deposition In
Microchannels at Elevated

Temperatures

This chapter presents a numerical model of particle deposition onto a solid surface at elevated
temperatures. Based on the framework of the Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory, the mass transport equation is presented using the Eulerian approach, which takes
consideration of diffusion, convection, gravity, hydrodynamic interactions, thermophoretic effect,
as well as colloidal interactions (van der Waals force and electric double layer force). In
particular, the focus is placed on effects of temperature and temperature gradient, which are
usually ignored by previous studies but play important roles in numerous practical applications,
such as microchannel heat exchangers.

Figure 3.1 shows the flow chart of the numerical model presented in this chapter. Firstly, the
mass transport equation is simplified from two-dimensional to one-dimensional after a proper
scaling analysis with assumptions in Section 3.1. Secondly, two classic boundary conditions are
implemented to numerically solve the one-dimensional mass transport equation in Section 3.2.
Thirdly, the temperature dependence of the forces acting on the particles is discussed in details in
Section 3.4. Lastly, the particle concentration distribution and the Sherwood number are
calculated by solving the one-dimensional mass transport equation with given boundary
conditions and the specified forces at various temperatures in Section 3.3. The focus of this
chapter is to establish a numerical model for the particle deposition in microchannels subject to a
wide range of physicochemical parameters at elevated temperatures. The temperature dependence

of various parameters involved in the particle deposition process is discussed in details.
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Figure 3.1 Flow chart of the modelling for the particle deposition in microchannels at elevated
temperatures.

3.1 MASS TRANSPORT EQUATION

A schematic of microparticles suspended in a microchannel system at elevated temperature (T)
is shown in Figure 3.2. Details of the microfluidic system used for experimental investigation of
particle deposition will be introduced in Chapters 4 and 5. For a dilute spherical particle
monodispersion, in which the interactions between particles are neglected, the deposition rate of
particles from the solution onto the microchannel surface can be described by the 2-dimensional
mass conservation equation with the assumption of the absence of mass source and sink in the

process,

on . on 0, . 0 /.
E‘FV'J:E"‘(&(L)"'@(JVU:O’ (3.1)

where n is the local particle concentration in number per unit volume, t is time, and j is the

particle flux vector (number of particles per unit area per second).
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Figure 3.2 Schematic of microparticle transport in a microchannel. The forces on the particle are van der
Waals force (F,q,), gravity force (Fg), electric double layer force (F.q), thermophoretic force (F;), and
hydrodynamic lift force (F,). The radius of the particle is a,, the minimum separation distance between
the particle surface and the bottom surface of the microchannel is h, the flow velocity distribution is
U(y), and applied temperature gradient in the microchannel is V T. (The figure is not drawn to scale)

In the present study, the transient term in Eq. (3.1) can be dropped when the system reaches a

steady state. The mass conservation equation Eq. (3.1) can be simplified to

. i
oxX oy

=0- (3.2)

Moreover, the mass conservation equation can be further simplified to a two-dimensional
Cartesian coordinate system because of large aspect ratio (B >> w shown in Figure 3.2) for
microchannels. The flow through the microchannel can be approximated to be a flow between
two infinite parallel plates. A fully developed flow field with parabolic velocity profile can be
reasonably assumed in the microchannel, and the fluid velocity at the surface of the channel is

zero. The particle flux j in Eq. (3.2) can be decomposed into two portions along the x direction

and y direction, j= j x+ j,y. The particle flux along each direction (jx and j,) comprises three

components: Brownian diffusion, fluid convection, and the migration under various colloidal and

external forces. j, and j, are expressed as (Adamczyk and Van De Ven 1981, Yang et al. 1998)
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where D is the diffusion coefficient, U, and U, are the particle velocity components along x and y
direction, repectively, ks is the Boltzmann constant, T is the absolute temperature, F, and F, are
forces exerted on a particle along x and y directions, respectively. In this study, it is worth
mentioning that all the forces acting on particles are along the vertical direction (y-axis in Figure
3.2), which consist of colloidal forces (van der Waals force Fq,, electric double layer force Feq)
and external forces (gravity Fg, hydrodynamic lift force F_ and thermophoretic force Fr). As such,
the total force (F = Fy) can be treated as a scalar in the following sections. The total force (F) is
calculated as

F=F,=Fy+F

waw T Fe +F + R (3.5)

The interaction potential of each force is computed by integrating the force over the
separation distance between the particle and the channel surface (h shown in Figure 3.2). The
total interaction potential (V) can be obtained from superposition of individual potentials: the van
der Waals potential (Viq), the EDL potential (Veq) and interaction potentials contributed by
gravity, lift force and thermophoresis force (Vg, Vi, V1),

V =V, +Vy +Vg +V +V; = [Fg,dh+ [Fydh+ [ Fudh+ [ F.dh+ [ Fdh. (3.6)

Near the channel surface, the particle motion becomes retarded due to the additional
hydrodynamic drag force exerting on the particle besides the Stokes drag force in unbounded
fluid. In order to account for the deviations of particle velocity and diffusivity from the values in
bulk flow, the particle velocity and diffusivity are corrected by applying the Universal
Hydrodynamic Correction Coefficients (fy, fs, f4) (Adamczyk et al. 1983),

f,(H) =1—0.399exp(—0.14869H) — 0.601exp(—1.2015H ****") (3.7)

f,(H) =1—0.3752exp(—3.906H) — 0.625exp(—3.105H °*%) (3.8)
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f,(H) =1—1.23122exp(—0.2734H) + 0.8189exp(—0.175H%*) . (3.9)

The corrected diffusivity (Dy, Dy) and particle velocity (Uy) are given below

D, = f,(H)D, (3.10)

D, = f,(H)D, (3.11)
U,=U(y)= Q(H)%{l—(y;wwj }uavg (3.12)
D, =kgT /6718, , (3.13)

where D, is the Stokes-Einstein diffusivity, kg is the Boltzmann constant, and T is the absolute
temperature, [Lis the dynamic viscosity of the fluid, a, is the radius of the suspended particle, H=
h/a, represents the dimensionless particle-wall separation distance, h is the minimum separation
distance between the particle surface and the bottom surface of the microchannel shown in Figure
3.2, y is the coordinate of the centre of the particle in vertical direction, w is half of the channel
height, Uay is the average particle velocity (dividing volume flow rate by the area of cross-section
of the channel).

The parameters in Egs. (3.2-3.4) can be nondimensionalized with the expressions given below:

aj a _ _ h —-a a
JX: pr !Jy: pr lﬁzLyF:apFavz v yH:_:y py X:l, R:_py
noo pDoc noo,p 0 noc p kBTO kBTO ap ap w
pe— Jus
D

where J; and J, are the dimensionless particle flux along x and y direction, respectively, i is
dimensionless particle number concentration, n.., is the particle number concentration in bulk
phase, Ty is the reference solution temperature, and Pe is the Peclet number, indicating the ratio of
the advective transport rate by the flow to the diffusive transport rate driven by concentration
gradient.

After non-dimensionlising, Equations. (3.2-3.6) can be further written as

ia‘:’x +6J_y

Zx =0 (3.14)
w oX oH

57



=—f (H)—s—;+—f (H)Pe{ —[1—R(1+H)]2}ﬁ (3.19)
3, =—f,(H) 2 £, (H)Fn (3.16)
oH
F=F =Fy+Fy,tFR+F +F (3.17)
V =V, +Vq +Vg +V +V = [ Fq,dH + [FydH + [FodH + [FdH + [F.dH - (3.18)

By substituting Eqgs (3.15-16) into Eq. (3.14), we obtain

—f4(H)(a—v\jjz§;’l ?’pr( { [1- R1+H)]2}S—z+'
a%(—fl(H)S—:+f( )Fﬁj:O

The variation of deposition rate for a dilute particle solution (a, << w) along the x direction in

(3.19)

the microchannel was found to be insignificant (Song and Elimelech 1995, Unni 2007).
Consequently, the mass transport equation can be further simplified to a one-dimensional case

and the final particle transport equation can be obtained as

%(—fl(H)S—S+ fl(H)Ifﬁj:O. (3.20)

To solve the mass conservation equation, the local particle concentration and particle mass
transfer flux can be obtained after knowing the particle velocity, particle diffusion coefficient and
all forces acting on a particle. The forces acting on the particle in microchannel will be discussed

in detail in Section 3.4.

3.2 BOUNDARY CONDITIONS

Since Eg. (3.20) is a second-order ordinary differential equation (ODE), two boundary
conditions are applied to obtain a unique solution for the one-dimensional mass transport

equation,

=

—0atH =Hy (3.21)
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n=1atH=H.. (3.22)

Equation (3.21) expresses the “Perfect sink” boundary condition which has been widely
applied in particle deposition studies. Hy indicates the minimum dimensionless particle-wall
distance. This boundary condition assumes that all particles will be irreversibly deposited onto the
channel surface once they reach the primary energy minimum (PEM) region. The “Perfect sink”
boundary condition indicates that the attractive van der Waals force in the PEM region becomes
much stronger than the repulsive electric double layer force so that the particles can be captured.
The second boundary condition, as shown in Eq. (3.22), states a natural boundary condition that
the particle concentration approaches the concentration in bulk phase when the particle-wall

distance approaches an “infinite” distance.

3.3 DETERMINATION OF PARTICLE DEPOSITION RATE

In principle, the dimensionless concentration (') can be calculated out by solving Egs. (3.20-
22) if the required parameters (F , H.,, Ho) are given. However, it is almost impossible to have
any useful analytical solutions to Eg. (3.20) because of the mathematical complexity of the
coefficient f;(H) and the total force ( F ) exerted on the particle. In practice, numerical
simulations are implemented to solve the mass transport equation in conjunction with the given
boundary conditions. In the present study, a software Comsol Multiphysics (V4.2) is adopted to
numerically solve the mass transport equation with an iterative equation solver. The forces acting
on the particle are discussed in details in Section 3.4.

With the solved dimensionless concentration distribution () along the dimensionless

separation distance (H), the particle deposition flux to the channel surface can be obtained as

Jo =—f1(Ho)(3—m : (3.23)
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Here, Jq is the particle number flux at H=H,. The negative sign on the right hand side of Eq.
(3.23) indicates the particle number flux is toward the solid surface. Besides, the dimensionless

particle deposition rate onto the channel surface can be quantified by the Sherwood number

N
o) f1<Ho)( dHLHO' 60

3.4 COLLOIDAL AND EXTERNAL FORCES

The forces acting on the particles in microchannel include colloidal forces and external forces,

as shown in Figure 3.2. The colloidal forces consist of van der Waals force (lfvdw) and electric
double layer force (IEedl ). The external forces include gravity force (IEG ), hydrodynamic lift force
(IEL) and thermophoretic force (IET) induced by temperature gradient. vadw and IEG are attractive

to facilitate the particle deposition while Ifedl, IEL, and IET are repulsive to hinder the deposition
process. In this study, the non-DLVO forces are excluded in the model for simplicity, such as

hydrophobic interaction force and steric force. The total potential energy (V ) can be plotted
versus the dimensionless separation distance (H), and will be used to evaluate the particle

deposition process.

3.4.1 COLLOIDAL FORCES

When a microparticle approaches a solid surface in an aqueous media, the particle motion is
influenced by two widely recognized types of colloidal forces, the electric double layer force and
van der Waals force. These two forces are the basis of the well-known DLVO theory of colloidal

stability. The temperature dependence of these forces will be studied in the following sections.

60



3.4.1.1 ELECTRIC DOUBLE LAYER (EDL) FORCE

In this study, the surface potentials of the particles and the microchannel are assumed as

constants, and the approximate HHF (Hogg-Healy-Fuerstenau) expressions (Hogg et al. 1966) are

adopted to calculate the dimensionless EDL force ( F.,) and interaction potential (V. ) as

F exp(-zH) exp(-2rH)
F_, =Dl -D |
20 TL+ exp(—zH) 1= eXp(—er)} (3.25)
- 1 exp(—tH
Vea =§DI{In{%}+(Da+1)|n[1—exp(—27H)]} (3.26)
bl = KT, (3.27)
_ 2
DaZM (3.28)
28,0,
e (3.29)
2.2 12
K:[ZZ € an for 1:1 electrolyte (3.30)
&,6KT

where DI is the double layer parameter indicating the strength of the EDL interaction, Da is the
double layer asymmetry parameter which reflects the influence of the difference between zeta
potentials of the spherical particle and the solid surface, z is the ratio of the particle radius (a,) to
the Debye length (), e is the elementary charge (1.602x10™ C), z denotes the valence of certain
type of ion, & represents the permittivity of vacuum, ¢ is the dielectric constant (relative
permittivity) of agueous media (water), T is the absolute temperature of the solution (unit: K).
The HHF expressions (Egs. (3.25-3.26)) have been widely implemented in the particle
deposition researches because of their simple analytical forms (Yang et al. 1998, Bhattacharjee et
al. 2000, Gu and Li 2002a, Martines et al. 2008, Bendersky and Davis 2011). These expressions
are applicable for the cases with zeta potential below 65 mV and z beyond 5 in a symmetrical

electrolyte as suggested by Hogg et al. (1966). With the help of the HHF expressions, the solution
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temperature is able to be correlated to the interaction potential curve and the energy barrier as
well as the static particle number concentration in the present study.

As shown in Egs. (3.25-3.30), the EDL interaction between the charged spherical particle and
microchannel surface are mainly affected by three components, (1) the magnitude of effective
surface potential (¢), (2) the thickness of the EDL (x™), and (3) the geometric configuration of the
surfaces. The geometric configurations of particle and channel surfaces are kept the same in the
present study, and would not change with the solution temperature. The EDL interaction would
not be affected by the geometric configurations in this study.

The magnitude of effective surface potential is generally represented by zeta potential (&). It
has been reported that the magnitude of zeta potential changes with temperature based on the
measurement data in experiments, although the exact physical mechanism is still unknown
(Evenhuis et al. 2006, Suganthi and Rajan 2012, Falahati et al. 2014). It is found that the zeta
potential is decreased linearly with the solution temperature due to the change of thermodynamic
equilibrium of ion adsorption and desorption on the charged surfaces. In this study, the zeta
potentials of the microparticles (polystyrene) and microchannel surfaces made of
Polymethylmethacrylate (PMMA) and Polydimethylsiloxane (PDMS) at different temperatures

are approximated below, based on the empirical correlation given by Evenhuis et al. (2006),

¢(T)

¢ (25°C)

where (25°c) denotes the zeta potential of charged surface at room temperature, ¢(T)

=-0.003698T +1.0924 (3.31)

represents the zeta potential at elevated temperature (T, unit: <C). Figure 3.3 illustrates the zeta
potentials approximated by Eq. (3.31) with varying temperatures for microparticle and

microchannel surfaces in DI water.
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Figure 3.3 zeta potentials of particle and channel surfaces in DI water vs. temperature. Solid square (-m-)
indicates the zeta potential of polystyrene particle, and solid triangle (- A -) indicates the zeta potential
of the microchannel surface. Data are calculated for the particles and the microchannel contacting with
DI water according to Eq. (3.31).

In addition, zeta potential can be influenced by the electrolyte concentration when the
solution temperature remains constant. After reviewing the zeta potential data of various
polymeric microfluidic substrate materials, Kirby and Hasselbrink (2004) proposed an empirical
correlation with the negative logarithm of the counterion concentration for the materials
contacting with univalent electrolyte. In this work, the zeta potentials of microparticle and

microchannel surfaces are approximated by a similar correlation as

£(©) =1+0.0566(—log,, C -2) (3.32)

¢(G)
where ¢ (CO) represents the zeta potential of charged surface with the electrolyte concentration at

5 x 10° M, ¢(C)indicates the zeta potential with varied electrolyte concentration (C, unit: M).

The coefficients in Eq. (3.32) were obtained by substituting the zeta potentials in different NaCl
concentrations measured by Sureda et al. (2012). Figure 3.4 shows the zeta potentials
approximated by Eq. (3.32) with different electrolyte concentrations for the microparticles
(polystyrene) and microchannel surfaces (PMMA/PDMS), given a fixed solution temperature

(50 T).
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Figure 3.4 zeta potentials of particle and channel surfaces vs. electrolyte concentration. Solid square (-
m-) indicates the zeta potential of polystyrene particle, and solid triangle (- A-) indicates the zeta
potential of the microchannel surface (PMMA and PDMS). Data are calculated for the particles and the
microchannel contacting with DI water according to Eq. (3.32) while the solution temperature is fixed at
50 °C.

The thickness of electric double layer controls the range of effective interaction, and can be
approximated by the Debye length («). K is defined by Eq. (3.30). The thickness of EDL is
determined by the properties of aqueous media (DI water in this study) including number
concentration of ion (n,,), dielectric constant (¢), valence of ion (z), and the solution temperature
(T). The bulk ion concentrations (n,,) can be estimated according to the electric conductivity of
the microparticle suspension for the case of DI water and the electrolyte concentration for the
case of NaCl solution. The number concentration of ion in DI water is affected by the solution
temperature due to the strong temperature dependence of the thermodynamic equilibrium of water
self-ionization. In this study, the number concentration of ion (n,) in DI water is extrapolated
from the measured electric conductivity (o) of the microparticle suspension at different

temperatures (T) as (Masliyah and Bhattacharjee 2006)

2,2
o = 282°Du Ny gor symmetric electrolyte (3.33)
kT
o=0, [1+ b(T -T, )] 00=0.00037 s/m, b=2.2 (3.34)
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where the conductivity of sample solution at room temperature (oo, 25 <C) was measured by a
conductivity meter (Thermo Russell RL380), Dy represents the diffusivity of hydrogen ion in the
solution.

The dielectric constant (¢) is another factor to influence the thickness of EDL. When the
solution temperature is changed other than room temperature, the dielectric constant (¢) of the
solution (DI water) can be determined based on the correlations published by the International

Association for the Properties of Water and Steam (IAPWS 1997b) as

e-1_Npyp|la ¥ 9¢
e+2 3 |g 3KTg (26+1)(c+2) (3.35)
11 . . T 1.2
g=l+ZNh(p/Pc)lh(T0/T)Jh"'Nl?(p/pc)(w_lj , (3.36)
h=1

Egs. (3.35-3.36) are used for calculating the dielectric constant at different temperatures in
the present study. The details of symbols in Egs. (3.35-3.36) are stated in Appendix A. Figure 3.5
shows the calculation results of Egs. (3.35-3.36), and illustrates that the dielectric constant of
water () is significantly decreased from 79.77 to 54.00 with increasing temperature from 10<C to

90<C.
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Figure 3.5 Dielectric constant of water versus temperature. Data are calculated for DI water according
to Egs. (3.35-3.36).
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The valence of ion (z) is assumed to be constant at different temperatures for simplicity in the
present study. Thus, the thickness of the electric double layer («™) at various temperatures (T) can
be approximated with consideration of the temperature dependence of number concentration of
ion (n,) and dielectric constant of water (¢). The EDL thicknesses (x) in water at different
temperatures are calculated based on Eqg. (3.30) with the corresponding n,, and ¢, and are plotted
versus temperatures in Figure 3.6. It can be observed that the EDL thickness (Debye length, «™)
in water is decreased from 165 nm to 71 nm with increasing the solution temperature from 10 C
to 90 <C. In other words, the electric double layer is significantly compressed with increasing the

temperature.
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Figure 3.6 Debye length (k) defined Eq. (3.30) in water versus the solution temperature. The solid
square (-m-) denotes the Debye length (the thickness of electric double layer). Data are calculated for DI
water with consideration of the temperature dependence of the ion concentration, n.. shown in Egs.
(3.33-3.34), and the dielectric constant of water, £ shown in in Egs. (3.35-3.36). The change of Debye
length arises from the variation of bulk ion concentration in addition to dielectric constant of DI water.

Based on the discussions above, the thermal effect on the electric double layer interaction can
be investigated with considering the temperature dependence of zeta potential and the EDL
thickness. The influence of changes of electric double layer interaction on particle deposition will

be presented in Chapters 4 and 5.
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3.4.1.2 VAN DER WAALS FORCE

The van der Waals force plays an important role to facilitate the deposition of particles when
they get close to the channel surface. Suzuki et al. (1969) derived the dimensionless retarded van
der Waals force (lfvdw) and interaction potential (\7vdw) between the particle and channel surface
as

-A, 2 (Z + 22.232H) (3.37)
Bk T, 12 (Z+11.116H)

7 o he 7 (3.38)
™ 6KeTy H (4 +11.116H )

where A;s, is the Hamaker constant for interaction between substances 1 and 2 in medium 2,

A = A/a, depicts the retardation parameter, and / refers to the London retardation wavelength (~

100 nm), H is the dimensionless separation distance between the particle and the microchannel
surface, and Ty is the reference temperature (293.15 K).

The negative signs at the right hand side of Eqgs. (3.37-3.38) indicate that van der Waals force
and potential are attractive force and potential. The intensity of van der Waals force mainly
depends on the Hamaker constant, A3, (1: channel surface, 2: particle, 3: water). By assuming the
absorption frequencies of the three substances are the same, Tabor and Winterton (1969) derived

a simplified expression for the Hamaker constant at different temperatures as

A132z3kBT(81_‘93j[‘92_53J 3hv, (nf—n§)(n§—n§) (3.39)

4 &+é& )\ & +& " 8\2 (nf + n§)0'5(n§ + n32)0-5 [(nf + naz)o'5 +(n7 +nd )O'SJ

where kg is the Boltzmann constant (1.381 x 102 J/K), T is the absolute temperature, h is
Planck’s constant (6.626 x 10 J-s), v, is the main electronic absorption frequency in the UV
typically around 3 x 10" s?, ¢ refers to the dielectric constant and n; is the refractive index of
three substance (substance 1: channel surface, 2: particle, 3: water). This expression, also known
as Tabor-Winterton approximation (TWA), is adopted to compute the Hamaker constant for

various temperatures in the present study.
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The Hamaker constant (A;z,) is a temperature-dependent parameter because of the variation
of the dielectric constant (¢) and the refractive index (n) of materials with temperature. Thus, the
thermal effect on the van der Waals forces can be considered by incorporating the temperature
dependence of the Hamarker constant into the expressions shown by Egs. (3.37-3.38). For solids,
few data of temperature dependence is available for the dielectric constant and the refractive
index. Besides, Chandra et al. (2008) reported that the variation of temperature from 25 °C to 350
°C did not significantly affect dielectric constant and refractive index of Ta,Os. They showed that
the variations with the elevated temperature of 300 °C were less than 0.1 for the refractive index
and less than 3 for the dielectric constant. In this study, the refractive index and the dielectric
constant of both microchannel (substance 1: PMMA/PDMS) and microparticle (substance 2:
polystyrene) are assumed to be independent with temperature. The data from the literature are
listed in Table 3.1 (Bert 2001), and will be used for modelling in this study.

Table 3.1 Property table of materials (Pressure: 0.101325 Mpa, Temperature: 25 °C)

Material property Polystyrene particle PMMA/PMDS wall
Static dielectric constant, € 2.5 2.62
Refractive index, n 1.5917 1.4914

For the present study, only the dielectric constant and refractive index of aqueous media (3:
water) are considered to be changed with temperature. The temperature dependence of the
dielectric constant of water (e3) has been studied in the Section 3.4.1.1. The refractive index (ns,)
of water at different temperatures (T) is calculated based on the correlations proposed by the
International Association for the Properties of Water and Steam (IAPWS 1997a) shown in Egs.

(3.40-3.43). The details of symbols in Egs. (3.40-3.43) are stated in Appendix A.

L Y T Th FT ¥ S UL M. Ty, (3.40)
n3+21_9 AT A _ﬂUv A _/Im
T =T/273.15K (3.41)
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p = p/1000kg -m* (3.42)
A=210.589,m (3.43)

The refractive index of water (ns) is calculated for different solution temperatures (10 T —
90 C), and is plotted versus temperature in Figure 3.7. It can be seen that the refractive index of
water (ns) slightly decreased from 1.334 to 1.321 when the solution temperature increased from
10 <€ to 90 <T. Meanwhile, the static dielectric constant (e;) reduced significantly from 79.77 to

54.00 as shown in Figure 3.5.
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Figure 3.7 Refractive index of water n; (-m-) versus the solution temperature. Data are calculated for DI
water according to Egs. (3.40-3.43) with varying temperature from 10 °C to 90 °C.

By substituting the corresponding refractive index and dielectric constant at different
temperatures into Eq. (3.39), we can plot the Hamaker constant for various temperatures in Figure
3.8. As seen in Figure 3.8, the Hamaker constant is increased by 15.4% from 9.1x10% J up to
10.5x10% J with the temperature elevated from 10 <C to 90 <C, for polystyrene particles
interacting with PMMA/PDMS wall via water, which indicates that the van der Waals interaction

between particle and channel surface would be enhanced with temperature.
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Figure 3.8 Hamaker constant (A,3, defined in Eq. (3.39)) versus temperature. Data are calculated for the
Hamaker constant of the polystyrene particle interacting with PMMA/PDMS surface via DI water. The
solution temperature varies from 10 °C to 90 °C. The temperature dependence of Hamaker constant
arises from the variation of the static dielectric constant and refractive index of water.

Consequently, the van der Waals force (F,q) and the van der Waals potential energy (Vyaw)
can be determined for various temperatures with corresponding Hamaker constants by utilizing
the Eqgs. (3.37-3.39). The thermal effect, through van der Waals force and interaction potential, on

particle deposition in microfluidic channels will be presented in Chapters 4 and 5.

3.4.2 EXTERNAL FORCES

As shown in Figure 3.2, major external forces acting on the microparticles flowing in the
microchannel consists of gravity force (Fg), hydrodynamic lift force (F.) and thermophoretic
force (F+) in the present study. The temperature dependence of these forces will be discussed in

this section.

3.4.2.1 GRAVITY FORCE

Gravity force is an attractive external force in the present study and drives particles towards
the channel surface from a large distance away. The dimensionless net gravity force and potential

are expressed as
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F=—-""(p, -
G 3T, (P, —p1)
_ 4ralg (3.45)
V, =———p —p)H
G 3kBTO (pp P )

where a, is the radius of polystyrene particle, p, and p, are the densities of particles and DI water,
respectively, g is the gravity acceleration, and H is the dimensionless separation distance. The
negative signs at the right hand sides of Egs. (3.44-3.45) mean that the gravity force and potential
are attractive to facilitate particle deposition. To calculate the dimensionless gravity in this work,
the density of solid particle is assumed as constant while the density of DI water is considered

with temperature dependence as listed in Table 3.2 (Maidment 1993, Wagner and Pruf32002).

Table 3.2 Property table of water at various temperatures (Pressure: 0.101325 Mpa)

Temperature (°C) Dynamic viscosity, j1(Pa s) x 10 Density, p; (kg/m°)
10 1.307 999.728
20 1.002 998.234
30 0.798 995.678
40 0.653 992.247
50 0.547 988.063
60 0.467 983.211
70 0.404 977.749
80 0.355 971.722
90 0.315 965.163

3.4.2.2 HYDRODYNAMIC LIFT FORCE

When a microparticle flow through a microchannel, the motion of the microparticle near the
channel surface can be affected by hydrodynamic lift forces, which include the lift force due to
inertia shear (Saffman 1965) and also the Magnus force due to particle rotation. To simplify the
model in the present study, particles are assumed flowing in the microchannel without rotation.
The lifting effect is solely due to the inertia shear in the fluid. So far, there is no general
agreement of the exact expression for the hydrodynamic lift force of particles suspension. Various
empirical correlations have been proposed based on experimental and numerical results (Saffman

1965, Leighton and Acrivos 1985, Hall 1988, Mollinger and Nieuwstadt 1996), and it has been
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suggested that the hydrodynamic lift force (IEL) can be calculated with scaling of dimensionless

particle radius (a*). In this study, the dimensionless hydrodynamic lift force exerted on the

microparticle is given by

_  Sa Sz
A=) (3.46)
gt =2t (3.47)
v
0.5
u*=(ij (3.48)
P
ou 3u
7, :/{—] =——U,, (3.49)
), wo™

where u” is the shear velocity, v is the kinematic viscosity of the fluid (DI water), pis the
dynamic viscosity of the fluid (DI water), 7, is the shear stress at the channel surface, p, indicates
the density of fluid (DI water), w represents the half of the height of the channel, U, is the
average fluid velocity (dividing volume flow rate by the area of cross-section of the channel). The
coefficients, S; and S,, are selected from published works by Hall (1988) and Saffman (1965).
The positive signs on the right hand side of Egs. (3.46) indicate the lift force and its potential are

repulsive to prevent particle deposition.

The lift potential (\7L) can be obtained by integrating the lift force with the separation

distance (H) at different temperatures as

— Sa ,
V. =2 (2a")" priH . (3.50)
kB-I—O

The viscosity (|) and density (p;) of DI water at different temperatures are obtained from the
published data sheet as shown in Table 3.2 (Maidment 1993, Wagner and Pruf32002). As a result,
the hydrodynamic lift force at different temperatures can be computed with the corresponding
fluid properties at elevated temperatures. The effect of the hydrodynamic lift force on particle

deposition at elevated temperatures will be presented in Chapters 4 and 5.
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3.4.2.3 THERMOPHORETIC FORCE

Under a temperature gradient, colloidal particles in a liquid solution could migrate to the cold
or to the hot depending on the solute and solvent properties, also known as thermophoresis or
Soret effect. The complex physical mechanism of thermophoresis in liquid is still a challenging
subject. The dispersed particle under a temperature gradient will be given a steady drift velocity
in addition to the Brownian motion. This velocity can be obtained by using thermal diffusion
coefficient (D) and temperature gradient (VT ) as (Piazza 2008)

Vp =-D; VT (3.51)
where Dy is the thermal diffusion coefficient, VT denotes the applied temperature gradient.

Meanwhile, the drift velocity shown in Eq. (3.51)) can also be expressed as

Vr =-0F; (3.52)
where F7 is the thermophoretic force which drives the particle moving along the direction of the
temperature gradient, » depicts the mobility of the particle which is determined by the Stokes-
Einstein friction factor (f) as

,_1_D (3.53)

fookeT
By substituting Egs. (3.52-3.53) into Eq. (3.51), we can obtain the dimensionless

thermophoretic force as

dT a8, dT T (3.54)
T T __STap
dy kT, dy T,

Fr =kgTS
where T, indicates the reference temperature (293.15 K), dT/dy is the temperature gradient
formed in the microchannel as shown in Figure 3.2, St depicts the Soret coefficient (Sy=D+/D)
which is taken as 1 K™ based on the available literatures (Eslahian et al. 2014). The positive sign
at right hand side of Eq. (3.54) indicates a repulsive potential to impede particle deposition. By

integrating the thermophoretic force with separation distance (H), we obtain the dimensionless

thermophoretic interaction potential at different temperatures as
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_ _d_Tl (3.55)

With given temperature gradient in experiments, the effect of the thermophoretic force on

particle deposition at elevated temperatures will be discussed in Chapters 4 and 5.

3.5 SUMMARY

In this chapter, a one-dimensional mass transport model on the basis of the modified DLVO

theory is built with consideration of thermal effect on the colloidal forces ( If\,dw, Ifedl) and external

forces (IEG, IEL, IfT ) at elevated temperatures. It is found that the material properties are changed

with temperature over a wide range, leading to the changes of these forces. For electric double
layer forces, its change is mainly attributed to the variations of the zeta potential and the thickness
of electric double layer with changing the temperature. The zeta potential is decreased by 18%,
and the thickness of the electric double layer is compressed by 41% with increasing the solution
temperature from 20 <C to 70 <C as shown in Figures 3.3 and 3.6, respectively. The intensity of
van der Waals force depends on the Hamaker constant. The Hamaker constant is increased by 9.6%
with increasing temperature from 20 <C to 70 <T as illustrated in Figure 3.8. Moreover, the
external forces are also affected by the temperature because the material properties are changed
with temperature. Therefore, the thermal effect cannot be ignored in the study of particle
deposition in microchannels at elevated temperatures. The thermal effect on the particle
deposition in microchannels will be investigated by numerically solving the proposed model with

the given experimental conditions in Chapters 4 and 5.
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Chapter 4
Effect of Bulk Temperature on Particle

Deposition in Microchannels

In this chapter, a microfluidics system, including a microchip and a fluid supply system, is
designed and established. The microfluidic system enables a direct observation of the process of
particle deposition for a stationary particle suspension in microchannels with different bulk
temperatures. Systematic studies are conducted by both experiments and theoretical modelling.
The effects of bulk temperature on particle deposition in microchannels are investigated. The
model derived on the basis of the modified Derjaguin-Landau-Verwey-Overbeek (DLVO) theory
in Chapter 3 is implemented to analyse the effect of the bulk temperature on particle deposition.

The calculated results from the derived model are compared with experimental results.

4.1 EXPERIMENT

There are two measurement methodologies for particle deposition studies: indirect or direct
methods. The indirect methods evaluate deposition of colloidal particles by measuring relevant
parameters of deposited colloidal particles, e.g. change of colloidal concentration between inlet
and outlet, mass of bulk suspension measured over time and intensity of light scattered by the
deposited particles. The major limitation of the indirect method is that it cannot quantify the
attachment and detachment of particles or spatial and temporal distributions on the surface. The
direct methods can easily overcome the limitations associated with the indirect methods with the
help of videomicroscope and image processing techniques, such as phase contrast light scope and
fluorescent microscope. In this research, the direct method is adopted by using an inverted

fluorescent microscope.
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4.1.1 EXPERIMENTAL SETUP

The experimental set-up is schematically illustrated in Figure 4.1. It consists of three
parts: the microchip, the data acquisition system and the fluid supply system. The
microchip is made of two Polymethyl methacrylate (PMMA) plates. The details of the
microchip will be introduced in Section 4.1.1.2. The microchip is secured to the chuck of
an inverted fluorescent microscope (Nikon Eclipse TE2000-U, Japan) equipped with a
CCD camera (Retiga Exi Fast 1394, Qimaging). The CCD camera and thermocouples
compose the data acquisition system. Digital videos and images of the particle deposition
onto the channel bottom surface are captured by the CCD camera throughout experiments
with the captured area of interest fixed at the axial centre point of the deposition channel.
Three K-type thermocouples are used to measure the temperature in the deposition
channel. The fluid supply system consists of two syringe pumps for channelling hot water.
Hot water is continuously supplied to the heating channel in a counter-flow manner with a

constant flow rate by two syringe pumps (Yan et al. 2015).

Microchip Water bath
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Hot water pump 1
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Image acquisition and processing unit Deposition channel

TC: Thermocouple [
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Figure 4.1 Schematic of the microfluidic system for the direct observation of the particle deposition
kinetics in microchannels. Inset: Cross-section view of the microchip. Three thermocouples are used to
measure the solution temperature in the deposition channel (unit: mm). (Figure is not drawn to scale)
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4.1.1.1 MATERIALS

In this study, commercially available polystyrene microparticles (R900, Duke Inc.,
USA) are used. The particles have a density of 1.05 g/cm®and a diameter of 0.93 xm (ap)
with a size variation of up to 0.03 um. The polystyrene particles are hard-dyed (internally-
dyed) with red fluorescence throughout the polymer matrix with the utilisation of Firefli™
process from Thermo-Fisher Scientific Inc. This provides highly stable properties
insensitive to temperature change. Particle samples are prepared by first diluting a particle
dispersion with a concentration (n,,) of 5.6 x 10%/ml into de-ionized (DI) water and then
putting into sodium chloride solutions (Sigma-Aldrich, ACS reagent, >99.0%) with three
different electrolyte concentrations, 5x10°M, 5x10“M, and 5x10°M. The samples are
homogenized by using an ultrasonic bath (Elmasonic E30H, Elma Utrasonics) for half an
hour before loading into the deposition channel for testing. The ambient temperature of the

laboratory is kept at 25.0 £1.0 <C for all the experiments.

4.1.1.2 MICROCHIP

Figure 4.2 shows a microfluidic device employed for studying the thermal effect on particle
deposition. The microchip is designed based on the idea of counter-flow heat exchanger, and
consists of two types of channels: heating channels (2.00 mm in width and 2.00 mm in height)
and deposition channels (0.60 mm in width and 0.45 mm in height). The pattern of microchannels
is grooved on a Polymethyl methacrylate (PMMA) plate (with dimensions of 24.00 mm in width,
50.00 mm in length, 3.00 mm in thickness) by using a laser cutting machine (Universal Laser
100, USA). The interval between neighbouring channels is 1.00 mm. Thereafter, the grooved
PMMA plate is fused with a plane PMMA plate to form an enclosure via the thermal-bonding
approach. To generate relatively uniform thermal environment in the deposition channel, a
counter flow of two hot water streams is continuously sucked by two syringe pumps (Longer

pump LSP02-1B) from a thermostatic water bath (Julaba, Germany) to the heating channels. The
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flow rate of hot water is fixed to provide a stable thermal environment during tests. The
temperature field in the deposition channel can shortly reach steady state by conduction of heat
from two lateral heating channels. With this microchannel design, a controllable thermal
environment can be achieved by readily adjusting the water temperature in the thermostatic water
bath. Moreover, this design allows to directly observe the dynamic process of particle deposition
with aid of a microscope as shown in Figure 4.2. The temperature field in the deposition channel
is measured with three thermocouples (TC1, TC2, TC3) which are positioned along the channel

as illustrated in Figure 4.2.
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Figure 4.2 Schematic of the microchannels (a) Isometric view, (b) Cross-section view, (c) Image of the
microchip used in the experiments. The microchannels are formed by thermally bongding one PMMA
plate with designed patterns and one plain PMMA plate together. Inset shows the dimensions of
microchannels. Three thermocouples (TC1, TC2, TC3) are used to measure the solution temperature in
the deposition channel (unit: mm) (Figure is not drawn to scale).

4.1.1.3 CHARACTERISATION OF THERMAL FIELD IN MICROCHANNEL

In order to obtain the thermal field for particle deposition in the channel, three K-type
thermocouples were used for characterisation. The thermocouples were calibrated carefully
before the commencement of the experiments.

Three micro-thermocouples (TTC-40-K1, 0.08 mm in diameter) were calibrated together with
a HP 34970A Data Acquisition Unit. A thermal calibrator with an adjustable pre-set temperature
was used as a heat source. All thermocouples were inserted inside a cylindrical chamber in the

thermal-calibrator, where they were heated up to a temperature which was manually set as the
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standard temperature. The other ends of thermocouples were connected to the different channels
of the HP 34970A Data Acquisition Unit. The analogue data of voltages for the different
temperatures provided by the thermal calibrator were collected by the data acquisition card. The
HP 34970A was well configured with an integrated thermocouple calibration function including
cold junction compensation. Hence, the input analogue data of voltages can be converted to the
values of temperatures. The calibration curve of the measured temperature against corresponding

output standard temperature and the fitting equation are plotted in Figure 4.3.
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Figure 4.3 The relationship between the measured temperature by the thermocouples and the standard
temperature of the calibrator. Linear fitting curve of the data points provides a calibrated function for
converting the temperatures measured by thermocouple to the real temperatures.

As shown in Figure 4.2, three thermocouples (TC1, TC2, TC3) which had been carefully
calibrated were utilized to measure the thermal profile of the deposition channel in axial direction.
Various thermal environments can be achieved by adjusting the temperature of water bath
(40.0 € —80.0 <C) with constant flow rate of hot water in heating channels (6 ml/min). Table 4.1
illustrates that fairly uniform thermal field in axial direction has been achieved in the deposition
channel by channelling the counter flow of hot water. The maximum standard deviation for three
thermocouples was only 0.2 °C when the temperature of water bath was set at 80 °C.
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Table 4.1 Temperatures measured in microchannel with constant flow rate of hot water (6 ml/min)

. Temperature in the deposition channel (C)
Water bath temperature ( C)

TC1 TC2 TC3
40.0 36.5 36.6 36.4
50.0 44.2 443 44.1
60.0 51.7 51.8 51.5
70.0 58.8 58.8 58.5
80.0 66.3 66.1 65.9

To evaluate the possible effect of temperature gradient induced thermophoresis on particle
deposition in the present study, a two-dimensional numerical simulation of temperature
distributions in the deposition channel was performed by using COMSOL Multiphysics (V4.2). In
the simulation, the wall temperature of two heating channels was set to be the maximum
measured temperature at 66.1 T corresponding to the water bath temperature at 80 <C, and a
convection boundary with a heat transfer coefficient of 10 W/m® K was applied on the outer
surfaces of the deposition channel (Incropera and Dewitt 2002). The temperature profile along the
centerline of the deposition channel is shown in Figure 4.4. It is found that the average

temperature gradient is only 353.7 K/m along the vertical direction of the deposition channel,

based on which the thermophoretic force (IET in Eqg. (3.54)) can be estimated to be four orders

less than the gravity force (IfG in Eq. (3.44)) and colloidal forces (electric double layer force IEedl

in Eqg. (3.25) and van der Waals force F, in Eqg. (3.37)) in the vicinity of the channel surface. It

indicates that the thermophoresis effect is negligible. Thus, the themophoretic force is neglected

in the modelling for the study on bulk temperature in this research.
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Figure 4.4 Temperature profile along the 81xperiment of the deposition channel. Data are obtained by a
two-dimensional simulation with boundary conditions. Inset: wall temperatures of heating channels of
339.25 K and heat convection between the chip and the ambient air of h =10 W/m?K.

4.1.2 EXPERIMENTAL PROCEDURES

For the experimental studies on the bulk temperature with microfluidic system, the general
procedures are listed below:

1) The microchannel chip was cleaned in with DI water ultrasonic cleaner for about 2
hours.

2) A fine particle suspension of polystyrene beads (100 pl, 930 nm in diameter, 1% solids)
was prepared in DI water (50 ml). The sample fluid was homogenized by using
ultrasonic bath for about half an hour before loading.

3) The temperature of water bath and flow rate of hot water were set to the designed values
via the control panels of water bath and syringe pump, respectively. The laser for
activating fluorescent particles was turned on to warm up for about 10 minutes.

4) For experiments on effects of bulk temperature and electrolyte concentration in a

stationary sample fluid, one deposition channel was filled with sample fluids, and the
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5)

6)

7)

two opening of the deposition channel were sealed firmly to avoid pressure disturbance
from environment. To supply the counter flow of hot water, two heating channels were
connected to the water bath and syringe pumps by using silicone tube. Two syringe
pumps were implemented to suck the hot water from the water bath to the two heating
channels.

The captured area of interest (597 x 436 pum®) was fixed at the centre point of the
deposition channel in the longitude direction. The CCD camera was switched on and its
exposure time was set as 1s.

Sequences of image were taken with a time interval of five minutes. At the first 15
minutes, images were taken without supplying hot water in order to provide a reference
result at room temperature. Thereafter, hot water was continuously supplied to the
heating channel with the constant flow rate.

After 90 minutes, the experiment was stopped, and all the images were stored in
computer for analysis. A software “Image Pro Plus” was employed to process the images
of particle deposition by counting the number of deposited particles within the area of
interest. Figure 4.5 shows typical particle images captured at different times when the
temperature of hot water was maintained at 80 °C. Since the focus plane is on the bottom
surface of the deposition channel, only particles within the near-wall region can be seen
clearly as black dots while particles far away from the bottom surface would be out of
focus. It is worth noting that the experiment approach mentioned above enables a more
sensitive measurement for deposition rates compared to the approach of measuring

deposition mass on surface, especially for unfavourable deposition conditions.
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Figure 4.5 Videomicroscopic images of 0.93 um polystyrene particles captured using 15X objective lens
under the heating condition of 339.25 K solution temperature at Omin, 30min, 60min and 90min.
Particles are shown as black dots.

To investigate the thermal effect, the temperature of water bath was adjusted from 50 °C to 80
°C. Sample fluids were diluted again in DI water with volume ratio of 1 to 1. To investigate the
electrolyte effect, the temperature of water bath was maintained at 60 °C. Sample fluids were
mixed with NaCI solution (1x102 M, 1x10™ M, 1x10™* M) with volume ratio of 1 to 1.

After completing the deposition measurements for a given system setting, the measured
particle deposition flux J., onto the bottom surface of the deposition channel can be determined
from the counted number of deposited particles onto the deposition area in the period of test time
(41), as shown in Eq. (4.1). N is the number of deposited particles, and S is the area of observation
region.

_ N(@t+A) - N() (4.1)

J
o SAt

The static dimensionless deposition rate of experiment, Sherwood number (S%.,), can be

calculated as
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sh - Jeo (4.2)

exp Doc nOO /
a,
where n., ), is the particle concentration of the bulk fluid, a, represents the average particle radius
of the sample, and D, denotes the diffusion coefficient in bulk fluid which can be determined by
the Stokes-Einstein equation
o _ kT, [ 1 j (4.3)
a, \ 6zu

where kg is the Boltzmann constant and x is the viscosity of water at the reference temperature T,

=293.15K.

4.1.3 UNCERTAINTY ANALYSIS IN MEASUREMENTS

In this study, the experimental Sherwood number (She,) is defined by Eq. (4.2). Replacing

the measured particle deposition flux Jex, by EQ. (4.1), the Sherwood number can be rewritten as

sh _N(t+At)-N(t) a, AN a4, (4.4)
=0 SAt D,n,, SAtD,n,,’

©,p

ap
Because

only depends on physical properties of the sample solution, it can be treated

00" ‘o0, p
as constant through the experiments. The relative uncertainty of the experimental Sherwood
number can be calculated by using error transfer equation

Shyy (GSh AN jz +(68h @T{@@)Z
sh OAN AN s s ) \oat At

exp

(4.5)

where the first term at the right hand side of Eq. (4.5) is the uncertainty of the measured number
of deposited particles (AN), the second term refers to the uncertainty of the area of observed
region (S), and the last term indicates the uncertainty of the measured test duration (At). The
accuracy of measuring the area of observed region and duration of experiment are about 1 pm?

and 1 s, respectively. The measurement uncertainties of the area of the observed region and
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experiment duration are about 0.000384% and 0.019%. The uncertainty of the number of
deposited particles is estimated based on the standard deviation of the counted number of
deposited particles for all of the repeated tests, which gives an uncertainty within 20%. Overall,
the relative uncertainty for the experimental Sherwood number measured in the present study can
be approximated by using is Eq. (4.5), giving a value of 20%. In addition, the accuracy of the
temperature measurement is about 0.5 <T in this study according to the manual of the micro-

thermocouples (TTC-40-K1, 0.08 mm in diameter).

4.2 THEORETICAL MODELLING

In Chapter 3, the one-dimensional mass transport equation with consideration of thermal
effect is derived on the basis of the modified DLVO theory for the particle deposition in
microchannels at elevated temperatures. This model will be employed in this chapter to analyse
the effect of bulk temperature on the particle deposition in microchannels. For particles
suspended in a stationary solution at elevated temperatures, the forces exerted on the particles
consist of electric double layer force (shown in Eq. 3.25), van der Waals force (shown in Eq. 3.37)
and gravity (shown in Eq. 3.44).

The dimensionless particle number concentration (7)) is computed by solving the one-
dimensional mass transport equation shown in Eq. (3.20) with the two widely used boundary
conditions shown in Egs. (3.21-3.22). In this study, a software Comsol Multiphysics (V.4.2) is
adopted to numerically solve the mass transport equation with an iterative equation solver.
Computational test were conducted to estimate the influence of Hy on the numerical results. It
was found that the numerical results are not affected significantly by the specific value of the
integration limits as long as Ho < 0.005 and H,, > 20. Thus, the lower and upper integration limits
are taken as Hy, = 0.001 and H., = 100, respectively.

The numerical solution of the dimensionless particle deposition rate onto the channel surface

(H = Hy) is calculated as
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b dn
Shnum - (Dwnw/ap) - fl(HO)(dH jH=HO (46)

where 7 is the particle number concentration distribution obtained numerically and f,(H) is the
universal hydrodynamic correction coefficient.

Table 4.2 shows the parameters for calculating the dimensionless concentration (n) and
Sherwood number (Sh,,,) for different experimental conditions. The values of dimensionless
parameters (Ad, DI, Da, 7) are computed based on the material properties (p, 1) and the empirical
correlations from the available literatures (Maidment 1993, Knox and McCormack 1994, IAPWS
1997a, b). Details can be found in Section 3.4.

Table 4.2 Values of the parameters used for modelling at different temperatures

T Ad DI Da T Puater (Kg/M?) L

(K) (x10°Pas)
297.25 0.383 50.929 2.449 3.616 997.075 0.864
317.35 0.396 40.049 2.449 4.487 990.576 0.610
324.65 0.401 36.437 2.449 4.821 987.376 0.540
331.75 0.407 33.177 2.449 5.145 983.928 0.483
339.25 0.413 29.987 2.449 5.486 979.948 0.431

Finally, the numerical results of the dimensionless concentration () and Sherwood number
(Sh) will be used to compare with the experimental results, and gain more insights of the
parametric effects of the experimental variables on the particle deposition in microchannels in the
following sections.

The total interaction potential (V shown in Eq. (3.18)) will be plotted versus the
dimensionless separation distance (H = h/a), also known as the interaction potential curve of
particle deposition. This interaction potential curve will be implemented to analyse the

experimental results in the following sections.
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4.3 RESULTS AND DISCUSSION

In this section, the parametric effects on particle deposition for a stationary solution are
discussed both experimentally and numerically, including the bulk solution temperature and the
electrolyte concentration. For each case study, only one parameter is adjusted in the experiment

while other parameters are kept as constants.

4.3.1 EFFECT OF SOLUTION TEMPERATURE

Bulk solution temperature

The effect of solution temperature on particle deposition is studied by regulating the
temperature of a stationary sample fluid in the deposition channel from 297.25 K to 339.25 K.
Figure 4.6 shows the number of deposited particles per unit area increases gradually with the time.
During the first 15 minutes, the number of deposited particles does not increase significantly
because of no heating applied within this period. Once hot water is supplied to the heating
channels, the number of deposited particles per unit area increases rapidly (compared to the room
temperature case, 297.25K). After 90 minutes, the number of deposited particles per unit area at
the highest solution temperature (339.25 K) is about four times of that at room temperature

(297.25 K), and double that at the solution temperature at 317.35 K.
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Figure 4.6 Number of deposited particles per unit area versus deposition time for five different solution
temperatures at 297.25 K, 317.35 K, 324.85 K, 331.85 K and 339.25 K. Data are for fluorescent
polystyrene particles dispersed in DI water (stationary fluid). The solution temperature is determined
by an average reading of three thermocouples. Hot water is supplied through the heating channels at
15 min after starting each experiment.

The Sherwood numbers from the experiment (Shey,) and modelling (Shnm) are plotted in
Figure 4.7. It is seen that Sherwood number (Shey,) is monotonically increased with increasing the
bulk temperature of sample solution. The Sherwood number is increased about 265%, from
0.0063 to 0.0230, when the solution temperature is elevated from room temperature (297.25 K) to
339.25 K. Since the zeta potentials of the polystyrene particle and PMMA channel surface are
both negative, the observed increase of She,, suggests that the attraction energy (van der Waals
force and gravity) could increase but the repulsive energy (electric double layer force) could
decrease by elevating the temperature of sample solution. Gravity could affect the particle
transport process at long separation distances, and colloidal forces determine the deposition at the
attachment step in the vicinity of wall. The increase of gravity with temperature could facilitate
the transport of particles from bulk phase to the surface. In the near-wall region, more particles
can deposit onto the channel surface because the attractive van der Waals force is increased and

the repulsive electric double layer interaction is reduced with increasing the homogenous solution
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temperature. Hence, the particle deposition is enhanced with increasing the solution temperature
as observed in experiments.
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Figure 4.7 Dimensionless static deposition rate (Sherwood number) as a function of the temperature of
solution at five different temperatures, 297.25 K, 317.35 K, 324.85 K, 331.85 K and 339.25 K. Solid
squares (m) indicate the measured Sherwood number Sh,,, shown in Eq. (4.2) from experiments, and
empty squares (0) show the calculated Sherwood number Sh,,,, by Eq. (4.6) from modelling. The dotted
line shows the least-square fitting line. Data are for fluorescent polystyrene particles dispersed in DI
water (stationary fluid).

The numerically calculated Sherwood number (Sh,,,) based on the derived model are also
presented in Figure 4.7. The values of numerical results are comparable in the same magnitude
with those of experimental results. It is suggested the particle deposition in microchannel at
elevated temperature is able to be described by the mass transport equation based on the modified
DLVO theory. Besides, it is noted from Figure 4.7 that the numerical results of Sherwood number
are relatively larger than the measured Sherwood numbers in experiments. The difference
between the numerical results of Shy,, and the measured data She, is increasing with the solution
temperature. This difference might be caused by some additional non-DLVO forces which are not
included in the present modelling, for example hydrophobic interaction force between the
hydrophobic surfaces of polystyrene particle and PMMA channel in agueous medium. Another
possible reason could be due to errors induced by the empirical correlations used in the model,
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which may not precisely describe the variations of material properties with the solution
temperature in this study, such as the temperature dependence of zeta potentials for the
polystyrene particle and microchannel wall (show in Eqg. (3.31)). The physical mechanism of the
temperature dependence of zeta potential has not been fully understood. As a result, errors may be
caused for calculating the colloidal force by using these empirical correlations. The predicted

results of Sherwood number could differ from the experimental results.

Interaction potential curve

In order to gain insight into the particle deposition process at elevated temperatures, the

particle-wall interaction potential for different solution temperatures is calculated based on Egs.

(3.18). The particle-wall interaction potential V is plotted versus the dimensionless separation
distance H in Figure 4.8. Positive interaction potential indicates a repulsive condition whereas
negative interaction potential represents the attraction one. Figure 4.8-a shows that the repulsive
energy barrier is considerably reduced with increasing the solution temperature. It can be seen
clearly that the energy barrier at 339.25 K is reduced about 43% compared with the case at 297.25
K in Figure 4.8-b. In other words, elevated solution temperatures provide a favourable condition
for the particle deposition, because more particles can easily overcome the energy barrier and lead
to deposition at the primary energy minimum (PEM). Consequently, the deposition rate of
particles should be enhanced with increasing the solution temperature consequently as shown in

Figure 4.7.
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Figure 4.8 (a) Dimensionless particle-microchannel interaction potential V versus the dimensionless
separation distance H for different bulk solution temperatures. (b) The energy barrier as a function of
the solution temperature in a stationary fluid. Data are calculated based on Eq. (3.18) for fluorescent
polystyrene particles dispersed in stationary DI water. The dotted square PEM indicates the primary
energy minimum (PEM) region.
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Particle concentration distribution

The distribution of dimensionless particle concentration (f') is obtained by solving Egs.
(3.20-3.22) and is plotted versus H in Figure 4.9. Figure 4.9-a shows that the dimensionless
particle concentration is continuously increased from zero in the vicinity of the solid surface (H =
Ho) to a maximum value, and then gradually reduces to unity in the bulk phase (H = H,)) as
specified by the boundary conditions. Particularly, a depletion zone can be observed where H is
smaller than 0.3, in which the particle concentration remains zero as shown in Figure 4.9-b.
Within the depletion zone, the attractive potential (van der Waals force) is much larger than the
repulsive potential (electric double layer force). Particles are irreversibly attached onto the
microchannel surface. In other words, the particles would be trapped into the primary energy
minimum (PEM) region. As the separation distance is increased to H > 0.3, the repulsive EDL
force is increased to overtake the attractive vdW force. As a result, the dimensionless
concentrations are increased rapidly in the range of 0.3 < H < 2. Moreover, it is noted that a
maximum value of accumulated particle concentration exists for each solution temperature. It is
because particles tend to accumulate in the vicinity of channel surface before they can overcome
the repulsive energy barrier. The value of maximum accumulated particle concentration is
reduced with increasing the solution temperature. It can be understood by using the interaction
potential curves shown in Figure 4.8. Because the repulsive energy barrier for low temperature is
higher than that for high temperature, particles have lower chance to overcome the energy barrier
at low temperatures compared to the high temperature cases. Therefore, the concentration of
accumulated particle before the energy barrier for low temperature is larger than that for high
temperature.

It can be concluded that the particle deposition is strongly affected by the bulk temperature of
sample fluid which determines the magnitude of repulsive energy barrier as well as the particle
concentration distribution. The repulsive energy barrier is remarkably decreased with increasing
the solution temperature in DI water as shown in Figure 4.8-b. More particles would deposit onto

the solid surface with higher solution temperature.
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Figure 4.9 (a) Computational dimensionless particle concentration N versus the dimensionless
separation distance H for different bulk solution temperatures. (b) The dimensionless particle
concentration in the vicinity of the microchannel surface (H = 0 ~ 0.8). The depletion zone is shrunk with
increasing temperature. Data are calculated based on Eq. (3.20) for fluorescent polystyrene particles
dispersed in stationary DI water.
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4.3.2 EFFECT OF ELECTROLYTE CONCENTRATION AT

ELEVATED TEMPERATURES

Electrolyte concentration

In this study, NaCl solutions of various molar concentrations were utilized to adjust the
electrolyte concentration (or ionic strength) of the stationary sample fluid (DI water, 0.00005 M,
0.0005 M and 0.005 M), with a fixed temperature of sample solution at 324.85 K. The variations
of the number of deposited particles per unit area with deposition time are plotted in Figure 4.10
for four samples with different electrolyte concentrations. It can be observed that the number of
deposited particles per unit area are gradually increased with the deposition time. More particles
are observed to deposit onto the channel surface with a higher electrolyte concentration than that
with the low electrolyte concentration after hot water is supplied to the heating channel in 15

minutes.
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Figure 4.10 Number of deposited particles per unit area versus deposition time at different electrolyte
concentrations with fixed solution temperature (324.85 K). Data are for fluorescent polystyrene
particles dispersed in DI water and NaCl solutions (Stationary fluid). Hot water is supplied through the
heating channels at 15 min after starting each experiment.
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Figure 4.11 Dimensionless static deposition rate (Sherwood number) versus the electrolyte
concentration for Dl water, 5 x 10° M, 5 x 10* M and 5 x 10° M. Solid squares (m) indicate the measured
Sherwood number Sh,,, shown in Eq. (4.2) from experiments, and empty squares (0) show the
calculated Sherwood number Sh,,,, shown in Eq. (4.6) from modelling. The dotted line shows the least-
square fitting line. Inset shows the thickness of electric double layer (Debye length) as a function of the
electrolyte concentration. Data are for fluorescent polystyrene particles dispersed in DI water and NaCl
solutions (stationary fluid). The solution temperature is kept at 324.85 K.

Figure 4.11 summarises the experimental results (Shes,) and numerical results (Shp,m) for the
dimensionless static deposition rate versus concentration of the electrolyte concentration of the
sample fluid. Both experimentally measured and numerically calculated results show that the
Sherwood number is increased appreciably with increasing the electrolyte concentration. The
Sherwood number (She) for 5 x 10° M is doubled from 0.015 for DI water to 0.031 in
experiment. Such enhancement of particle deposition could be due to the strong neutralization
effect of the electrolyte on the zeta potentials of the particle and channel surface. The net surface
charge density of particle could be reduced because of absorbing the counterion (Na*) onto the
particle surface. As such, the magnitudes of the zeta potentials are reduced with the electrolyte
concentration. Besides, the Debye length (EDL thickness) is reduced from 97 nm to 4 nm with
increasing the electrolyte concentration to 5 x 10° M as seen in the inset of Figure 4.11. The
compressed EDL thickness further attenuates the EDL interaction, and contributes to the

enhanced particle deposition. The repulsive EDL interaction between the particle and channel
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wall becomes weaker with increasing electrolyte concentration when the thermal environment is
remain unchanged. Thus, the particles have higher chances to overcome the energy barrier and
deposit onto the channel surface.

Besides, the numerical results (Shyum) generally agree with the experimental results (Shey) in
the same magnitude for all the electrolyte concentrations, though the numerical results of
Sherwood number at low electrolyte concentration are larger than the measured Sh values in
experiments. The difference between Sh,,, and She, might be caused by the empirical
correlations adopted from literatures. These correlations may not accurately predict the variations
of material properties with the electrolyte concentration in this study, such as the dependence of
zeta potentials on electrolyte concentration (Eg. (3.32)). As a result, the possible errors of
calculating colloidal forces could affect the predicted results of Sherwood number. Another
possible reason could be due to some additional non-DLVO forces which are not included in the
present modelling, such as hydrophobic interaction force. Moreover, it is noted that the calculated
Sherwood number remains nearly unchanged with the electrolyte concentration beyond 5 x 10
M while the measured Sherwood number is still increased with the electrolyte concentration. This
could be understood as follows. With relatively high electrolyte concentrations (C > 5 x 10 M)
the zeta potentials of particle and channel surfaces and EDL thickness are reduced so appreciably
that the repulsive EDL interaction is much weaker than the attractive vdW interaction. As a result,
the repulsive energy barrier becomes negligible. The effect of EDL interaction becomes not as
crucial as that at the low electrolyte concentration. Thus, the particle deposition rate does not
change significantly with additional electrolyte because the dominant vdW interaction would not
change noticeably by further increasing the electrolyte concentration. On the other hand, the
increase of She,, in experiments (C > 5 x 10 M) could be caused by the hydrophobic interaction
between the hydrophobic surfaces of polystyrene particle and PMMA channel in aqueous
medium. The hydrophobic interaction force may play an important role in the particle deposition
when the electric double layer is tremendously compressed at higher electrolyte concentration, as

shown in the inset of Figure 4.11. The repulsive electric double layer interaction is considerably
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attenuated so that the additional attractive interaction from hydrophobic effect might enhance the

particle deposition at the high electrolyte concentration.

Interaction potential curve

Based on the proposed model, the corresponding interaction potential (V') is computed from
Eq. (3.18), and is plotted versus the dimensionless separation distance H for various electrolyte
concentrations in Figure 4.12. It can be clearly observed in Figure 4.12-b that the energy barrier
for particle deposition decreased with increasing the electrolyte concentration. Figure 4.12-a
shows that the energy barrier for particle deposition almost vanished when the electrolyte
concentration is increased beyond 5x10° M. In this case, particles can easily overcome the energy
barrier to deposit on the wall, leading to the highest particle deposition rate shown in Figure 4.11.
As illustrated in Figure 4.12-a, the shape of the interaction potential curves is changed with the
electrolyte concentration. For the DI water and low concentration case (5x10° M), there is only a
repulsive energy barrier with primary energy minimum (PEM). For the medium electrolyte
concentration case (5x10™ M), the interaction potential curve is changed to be with both a
moderate energy barrier and a shallow secondary energy minimum (SEM). For the high
electrolyte concentration case (5x10° M), no noticeable energy barrier can be observed. The
interaction potential is continuously decreased when the separation distance is reduced. Besides,
the position of energy barrier is shifted toward a shorter distance from the channel surface by
increasing the electrolyte concentration.

It can be concluded that the particle deposition at elevated temperature is strongly affected by
the electrolyte concentration of sample fluid which determines the magnitude of repulsive energy
barrier as well as the particle concentration distribution. The repulsive energy barrier is
remarkably decreased with increasing the electrolyte concentration for a fixed elevated
temperature as shown in Figure 4.12-b. More particles would deposit onto the solid surface with

higher electrolyte concentration.
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Figure 4.12 (a) Dimensionless particle-microchannel interaction potential V versus the dimensionless
separation distance H for DI water and NaCl solutions (5 x 10° M, 5 x 10 M and 5 x 10° M). (b) The
energy barrier as a function of the electrolyte concentration in a stationary fluid. Data are calculated
based on Eq. (3.18) for fluorescent polystyrene particles dispersed in DI water and NaCl solution
(stationary fluid). The solution temperature is kept at 324.85 K. The dotted square SEM indicates the
secondary energy minimum region, and the dotted square PEM indicates the primary energy minimum

region.
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4.4 SUMMARY

In this chapter, a microfluidic system is designed as an effective platform to study the particle
deposition process in microchannels at elevated temperatures. This system provides well-
controlled thermal environment and allows a direct observation for the dynamic process of
particle deposition. To the best knowledge of the author, it is the first time to study the thermal
effect (bulk temperature) on the particle deposition in microchannels. Parametric study has been
conducted for important parameters, such as the solution temperature and the electrolyte
concentration. Experimental results show that the particle deposition rate in microchannels is
strongly dependent on the bulk solution temperature. For stationary solutions, the particle
deposition rates are increased with increasing solution temperature. By keeping the bulk
temperature of stationary solution as constant, results show that Sherwood number is
monotonically increased by increasing the electrolyte concentration of particle solution.

The calculated particle deposition rates of the proposed model show a similar trend and is
comparable with the experimental measurements, suggesting that the particle deposition process
at elevated temperatures can be described by the model derived based on the modified DLVO
theory. Based on the analysis of the numerical results, it is suggested that the bulk temperature
determines the energy barrier impeding the particle attachment in the near-wall region, with a
given electrolyte concentration and hydrodynamic conditions. The repulsive energy barrier is
remarkably decreased with increasing the bulk solution temperature of sample fluids. The
enhancement of particle deposition with increasing electrolyte concentration is due to the
decreased energy barrier, which results from the compressed EDL thickness and reduced

magnitude of EDL interaction at fixed solution temperatures.
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Chapter 5
Effect of Temperature Gradient on

Particle Deposition in Microchannels

In this chapter, a microfluidic system with a temperature-gradient microchip is designed and
established to study the effect of temperature gradient on the dynamic process of particle
deposition. A hydrodynamic flow is applied for the sample solution to establish a steady
temperature gradient in the microchannel. To interpret the experimental results, the model derived
based on the modified Derjaguin-Landau-Verwey-Overbeek (DLVO) theory in Chapter 3 is
employed. Comparisons are conducted between the numerical results from the modelling and

experimental results from measurements.

5.1 EXPERIMENT

Temperature gradient is another important parameter for the particulate deposition in
microchannels besides the bulk temperature studied in Chapter 4. In this section, a microfluidic
system is designed and fabricated in order to provide a wide range of controllable temperature
gradients in the microchannel. The details of the experiment setup, temperature characterisation

and experimental procedures are presented.

5.1.1 EXPERIMENTAL SETUP

Figure 5.1 illustrates the schematic of the experimental set-up used for the effect of
temperature gradient on particle deposition. The microfluidic system consists of three parts: a
temperature-gradient microchip, fluid supply parts and a data acquisition system. A syringe pump

(KDS 200, USA) is implemented to supply sample solutions into the microchannel with a
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constant flow rate. The temperature-gradient microchip is mounted on the stage of an inverted
fluorescent microscope (Nikon TE-2000E). The objective lens (10 X) is targeted on the region
where two thermocouples are installed to measure surface temperature of the microchip. A
continuous DPSS laser (532 nm, 50 mW) is used to excite the fluorescent polystyrene particles in
microchannels. The fluorescent emission signals of particles are recorded by a CCD monocolor
camera with a time interval of 5 minutes consecutively for one hour. All the images are stored in
an image acquisition and processing unit for counting the number of deposited particles after each
test. A DC power supply is used to control the voltages and currents for the ITO film heater and
TEC unit, respectively, in order to maintain the required temperature gradient in the microchip

during the experiment.

Temperature-gradient microchip

Cooling \ Cooling
Sample fluid water i water
i outlet TEIEC inlet /
RN
Il_l_l_lmlzlfﬂ_l_j_l_l |

o Particles ©°°n9 Microchannel °
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yrings pHme PDMS- =0 Mo 0 60 d o 0o 0% 0o o
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1
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TC: Thermocouple (K-type) Image acquisition and processing unit

Figure 5.1 Schematic of the microfluidic system used for the direct observation of the particle
deposition kinetics along the direction of applied temperature gradient. Two thermocouples (TC 1, TC 2)
are used to measure the temperatures on the top surface of the PDMS block and bottom surface of the
ITO coated glass slide (Figure is not drawn to scale).

5.1.1.1 MATERIALS

In this study, red fluorescent dyed polystyrene microparticles (R900, Duke Inc., USA)
are used as sample to study the particle deposition under different temperature gradients.
The particles have a density of 1.05 g/cm®and a diameter of 0.93 um (ap) with a size

variation of up to 0.03 um. Particle samples are prepared by first diluting a particle
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dispersion with a concentration (n.,) of 5.6 x 10°ml into de-ionized (DI) water, and then
mixing with sodium chloride solutions (NaCl, Sigma-Aldrich, ACS reagent, >99.0%) for
three different electrolyte concentrations, 5x10%M, 5x10“ M, and DI water. The samples
are homogenized by using an ultrasonic bath (EImasonic E30H, Elma Utrasonics) for half
an hour before loading into a syringe for testing. The ambient temperature of the

laboratory is recorded at 25.0 1.0 <C for all the experiments.

5.1.1.2 TEMPERATURE-GRADIENT MICROCHIP

The temperature-gradient microchip consists of three parts, as shown in Figure 5.2: a
microchannel, a thin glass slide coated with indium tin oxide (ITO) film as a heater, and a
thermoelectric cooler (TEC) unit. A temperature gradient can be established along the vertical
direction (along y-axis in Figure 5.2) inside the microchannel, by cooling the top surface of the
microchip with the TEC unit and heating the bottom surface with the ITO film heater.

The microchannel is fabricated with polydimethylsiloxane (PDMS) using standard soft
lithography techniques. The PDMS channel is 50 pm in height, 500 pm in width and 42000 pm
in length. The PDMS monomer and the curing agent are fully mixed in a mass ratio of 10:1, and
are pumped vacuum for 45 minutes in order to evacuate air bubbles remaining in the mixture.
Thereafter, the mixture is poured onto the master mould made by SU8 on a silicon wafer. The
wafer together with PDMS is placed in an oven for curing about 1 hour at 80°C. A thin layer of
polymerized PDMS (1 mm in thickness) is peeled off from the mould. Two cylindrical openings
with diameter of 0.75 mm are punched at both ends of the microchannel as the inlet and outlet for
sample fluids.

For the ITO glass slide, a thin indium tin oxide film (200 nm in thickness) is deposited on one
side of a glass slide (0.71 mm in thickness) as a heater for the microchip. Indium tin oxide is a
solid mixture including 90% In,O3 and 10% SnO, by mass. There are three significant advantages
to use ITO glass as heater for the present study. (1) Due to the electrical resistance of the ITO

film (10 ohms/sq), it can easily generate heat by Joule heating when connecting into an electrical
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circuit with a DC power supply. Heat dissipation rate can be well controlled by regulating the
voltage and current applied on the ITO film. (2) The excellent optical transparency of ITO film
allows a direct observation on the dynamic process of particle deposition onto the bottom surface
of the microchannel along the direction of temperature gradient. For this study, a bottom view can
be readily obtained with the help of an inverted Nikon microscope equipped with CCD camera. (3)
Various geometric patterns and dimensions of ITO heaters can be precisely achieved by
implementing the classic photolithography techniques according to different requirements.
Details of protocol used in this study can be found in Appendix B. As illustrated in Figure 5.2, the
ITO film on one side of the glass slide is etched to a rectangular heater with the same shape
(42000 pm in length, 500 pm in width) as the PDMS microchannel, and the rest of ITO film is
etched off. On the other side of the glass slide, a thin PDMS film was coated on the bare glass
surface.

The PDMS block with microchannel structure is irreversibly bonded with the PDMS side of
the treated ITO glass slide to form a closed microchannel, by using oxygen plasma of 35 Watt
radio frequency (RF) power under vacuum condition. At last, the bonded microchip is put in the
oven for 1 hour at 80 C to reinforce the bonding strength between the PDMS block and the tread
ITO glass slide.

The thermoelectric cooler (TEC) unit is mounted on top of the bonded microchip to provide a
stable cold end on the top of the microchannel. The TEC unit is cooled by a water cooling system
by circulating cool water from a water bath (15 <C). By regulating the DC power supply, the
temperatures of TEC unit and the ITO film heater can be readily adjusted. The temperature
gradient can be well controlled in the microchannel along the same direction as the particle
deposition. To monitor the thermal environment of the microchannel, two K-type thermocouples
TC 1 and TC 2 (TTC-40-K1, 0.08 mm in diameter) are installed on the bottom surface of ITO
film heater and on the top surface of the PDMS block. Thermal conductive silicon paste (OT201,
Omega, USA) is applied in the gap between the TEC unit and the PDMS microchip to enhance

the heat conduction.
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Figure 5.2 Schematic of the temperature-gradient microchip, consisting of the PDMS microchannle, the
glass slide coated with ITO film and the TEC unit. Various temperature gradients can be achieved by
cooling the top surface of the microchip with the TEC unit and heating the bottom surface with the ITO
film heater. (a) Isometric view, (b) Cross sectiction view, (c) A picture of the integrated temperature-
gradient microchip and top view of the PDMS microchannel bonded with the ITO coated glass slide.
(Figure is for not drawn to scale)
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5.1.1.3 CHARACTERISATION OF THERMAL FIELD IN MICROCHANNEL

In order to obtain the temperature gradient for study on the particle deposition in the
channel, two thermocouples are used for characterisation of the temperatures on the top surface of
the PDMS block (T_TEC, C) and the bottom surface of the ITO film heater (T_ITO, C), as shown
in Figure 5.2-b. The thermocouples are calibrated carefully before the commencement of the
experiments. Details of the calibration can be found in Section 4.1.1.3.

Various thermal conditions can be achieved by adjusting the powers of the ITO film heater
(P_ITO) and TEC unit (P_TEC) with a constant flow rate of sample flow rate (0.1 mL/h). The
temperature field is considered to have reached steady state when the variation of thermocouple
reading is no more than 0.5 <C over three minutes. The measured temperatures, T_TEC and
T_ITO, are plotted versus the power inputs for the TEC and ITO heater in Figure 5.3. It illustrates
that wide range of temperature difference AT (0 T ~ 40 <T) are achieved in the vertical direction
along which the particle deposition occurs. The maximum standard deviation for the readings of
the two thermocouples is only 0.5 °C for one hour. A steady temperature gradient can be

maintained in the microchannel throughout experiments.
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Figure 5.3 (a) Temperatures (T_ITO, T_TEC) and temperature differences (AT) measured by two
thermocouples at various power inputs to TEC cooling unit (P_TEC) and ITO film heater (P_ITO). (b)
Schematic of the temperature measurement in the experiment. The empty triangles indicate the
temperature (T_ITO) measured on the bottom surface of the ITO film heater in Figure 5.2. The empty
circles indicate the temperature (T_TEC) measured on the top surface of the PDMS block in Figure 5.2.
The empty squares indicate the temperature difference (AT =T_ITO-T_TEC) between the top surface of
the PDMS block and the bottom surface of the ITO film heater.

To estimate the temperature gradient inside the microchannel along the vertical
direction, a three-dimensional numerical simulation of the steady temperature distribution
in the microchannel is performed by using the commercial FEM software package
COMSOL Multiphysics (V4.2). The numerical model consists of a water flow in the
microchannel, the PDMS block and the glass slide. Four major sets of inputs are given as

boundary conditions for the simulation: the temperature of the sample solution at the
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microchannel inlet is set as room temperature (25 <C) with a fixed flow rate of 0.1 mL/h,
the surface temperature of the top surface of the PDMS block covered by the TEC unit is
set as a constant value measured by the thermocouple (T_TEC), a surface heat source is
imposed on the region covered by the ITO film according to the applied power (P_ITO) in
experiments, and a convection boundary condition is applied on the outer surfaces of the
microchip for heat loss. The heat transfer coefficients are assumed at 30 W/m?K for the
bottom surface of the glass slide, 5 W/m?-K over the exposed area of the top of the PDMS
block and the sides of the glass slide and the PDMS block after considering the working
conditions in the lab. (Incropera and DeWitt 2002). With the given boundary conditions,
the temperature distribution of the temperature-gradient microchip can be numerically
solved, and the simulation results of the temperature gradient the microchannel centreline
are shown in Figure 5.4-b. It is found that the average temperature gradient in the
observation region varies from 78.9 K/m to 6846.9 K/m along the vertical direction of the
microchannel centreline. Meanwhile, the average bulk temperature in the microchannel is

changed from 332.73 K to 316.84 K.
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Figure 5.4 (a) The numerical model consisting of the microchannel and the PDMS block and the glass
slide. (b) Temperature gradient (-0-) along the centreline (CD shown in Section A-A) of the microchannel
and bulk temperature (-m-) in the observation region versus the power inputs to the TEC cooling unit
(P_TEC) and ITO film heater (P_ITO). The bulk temperature is estimated as the average temperature
along the centreline, (Tc+Tp)/2. Data are obtained by a three-dimensional simulation with boundary
conditions: The surface temperature covered by TEC unit is set as constant (T = T_TEC), Constant surface
heat source is applied onto the ITO film heater (Q = P_ITO), and convective heat transfer (h = 30 W/m’ K
for bottom surface and 5 W/m” K for side and top surfaces of the PDMS block) is set between the chip
and the ambient air to account for heat loss, a hydrodynamic flow with constant flow rate (0.1 mL/h)
and inlet temperature (25 °C) is applied inside the microchannel.

5.1.2 EXPERIMENTAL PROCEDURES

For the experiments on particle deposition with temperature gradients, the general
procedures are listed below:

1) The microchannel chip was cleaned in with DI water ultrasonic cleaner for about 2
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2)

3)

4)

8)

hours.

A fine particle suspension of polystyrene beads (100ul, 930 nm in diameter, 1% solids)
was dispersed with DI water (50 ml). The sample fluid was homogenized by using
ultrasonic bath for about half an hour. Thereafter, the sample fluid was loaded into a
glass syringe (5ml, Hamilton, USA).

The power of ITO film heater and TEC unit were set to the required values via the
control panels of DC power supply according to values in Figure 5.3. The laser was
turned on to warm up for about 10 minutes.

The syringe pump and microchip were connected by silicone tube. After the
temperatures on the top and bottom surfaces of the microchip reached steady state (about
30 minutes), the syringe pump was turned on and started to supply the sample fluid with
constant flow rate of 0.1 mL/h for one hour.

The captured area of interest (896 x 500 pum?) was fixed at the centre point of the
deposition channel in the longitude direction, where two thermocouples were used to
measure the surface temperature. The CCD camera was switched on and its exposure
time was set as 1s. Sequences of image were taken with a time interval of five minutes.
Figure 5.5 shows typical particle images captured at different times when the
temperature gradient was maintained at 6846.9 K/m. Since the focus plane is on the
bottom surface of the deposition channel, only particles within the near-wall region can
be seen clearly as black dots while particles far away from the bottom surface would be

out of focus.
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Figure 5.5 Videomicroscopic images of 0.93 um polystyrene particles captured using 10X objective lens
under temperature gradient maintained at 6846.9 K/m (0.1 mL/h, NaCl: 5 x 10" M)at Omin, 20min,
40min and 60min. Particles are shown as black dots.

5) After 60 minutes, the experiment was finished, and all the images were stored in
computer for analysis. A software “Image Pro Plus” was employed to process the images
of particle deposition by counting the number of deposited particles within the area of
interest.

To investigate the effect of temperature gradient, the same procedure was repeated under
different temperature gradients shown in Figure 5.4. To investigate the electrolyte effect, sample
fluids were mixed with NaCl solution (1x10" M, 1x10° M) with volume ratio of 1 to 1.
Thereafter, same procedure was followed as introduced above.

After completing the deposition measurements for a given system setting, the static

dimensionless deposition rate, Sherwood number, can be computed as

o e (5.)

exp Dwnoo %

a,
where Jiy, i1s the measured particle deposition flux onto the bottom surface of the deposition
channel, n,, is the particle concentration of the bulk fluid, a, represents the average particle
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radius of the sample. D,, denotes the diffusion coefficient in bulk fluid which can be determined

by the Stokes-Einstein equation. More details can be found in Section 4.1.2.

5.1.3 UNCERTAINTY ANALYSIS IN MEASUREMENTS

In this study, the uncertainty of the Sherwood number in experiments arise from three sources:
the number of deposited particles, the measured observation area and the duration of the test. The
uncertainty of the number of deposited particles is estimated based on the standard deviation of
the counted deposited particle numbers for all of the repeated tests, which gives an uncertainty
within 26% (shown as the error bar in the figures in Section 5.3). The accuracy of measuring the
area of observed region and duration of experiment are about 1 pm?® and 1 s, respectively. The
measurement uncertainties of the area of the observed region and experiment duration are about
0.000384% and 0.019%. Overall, the relative uncertainty for the experimental Sherwood number
measured in the present study is approximated within 26%. In addition, the accuracy of the
temperature measurement is about 0.2 <C in this study base on results of temperature uniformity
test by using micro-thermocouples. The current and voltage were measured by the multiple-meter
with estimated errors of 0.01A and 0.1V, respectively according to the manual of the multiple-
meter. The accuracy of the flow rate is determined by the syringe pump (KDS 210, USA), giving

a value of 1%.

5.2 THEORETICAL MODELLING

In Chapter 3, a one-dimensional mass transport equation with consideration of thermal effect
has been derived on the basis of the modified DLVO theory for the particle deposition in
microchannels at elevated temperatures. This model is employed in this chapter to analyse the
effect of temperature gradient on the particle deposition in microchannels with consideration of

the thermophoretic force for different experimental conditions.
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For particles suspended in a hydrodynamic flow under temperature gradient, the forces
exerted on the particles consist of electric double layer force (shown in Eq. 3.25), van der Waals
force (shown in Eq. 3.37), gravity (shown in Eq. 3.44), hydrodynamic lift force (shown in Eqg.
3.46) and the thermophoretic force induced by temperature gradient. In this study, the

dimensionless thermophoretic force is approximated as

— dra, dTT (5.2)
F =kBTSTd—k—: ———Sa,
y KTy dy T,

where T, indicates the reference temperature (293.15 K), dT/dy is the temperature gradient
formed in the microchannel as shown in Figure 5.2-(b), St depicts the Soret coefficient (Sy=D+/D)
which is approximated as 1 based on the available literatures (Eslahian et al. 2014). The positive
sign at right hand side of Eq. (5.2) indicates a repulsive potential to impede particle deposition.
By integrating the thermophoretic force with separation distance (H), we obtain the dimensionless

thermophoretic interaction potential at different temperatures as

- 5.3

S;a H .
T dyTOTp

The dimensionless particle number concentration () is obtained by solving the one-
dimensional mass transport equation shown in Eq. (3.20) with the two boundary conditions
shown in Egs. (3.21-3.22). In this study, a software Comsol Multiphysics (V.4.2) is adopted to
numerically solve the mass transport equation with an iterative equation solver. Computational
test are conducted to estimate the influence of H, on the numerical results. It is found that the
numerical results are not affected significantly by the specific value of the integration limits so
long as Hy < 0.005 and H,, > 20. Thus, the lower and upper integration limits are taken as Hy =
0.001 and H.,, = 25, respectively, which are consistent with those applied in the literature (Sanders
et al. 1995, Gu and Li 2002a).

With the solved dimensionless particle number concentration distribution ( 7 ), the

dimensionless particle deposition rate onto the channel surface (H = Hy) is calculated as
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where fi(H) is the universal hydrodynamic correction coefficient.

Table 5.1 shows the parameters for calculating the dimensionless concentration (7)) and
Sherwood number (Sh,,,) for different experimental conditions. The values of dimensionless
parameters (Ad, DI, Da, 7) are computed based on the material properties (p, ) and the empirical
correlations from the available literatures (Maidment 1993, Knox and McCormack 1994, IAPWS
19974, b). Details can be found in Section 3.4.

Table 5.1 Values of the parameters used for modelling at different temperatures

T Ad DI Da T Puater (KQ/M?) L

(K) (x10° Pas)
316.84 0.396 40.312 2.449 4.463 990.787 0.615
322.26 0.399 37.501 2.449 4.712 998.463 0.562
324.65 0.401 36.437 2.449 4.821 987.376 0.540
330.20 0.405 33.867 2.449 5.074 984.707 0.494
332.73 0.408 32.561 2.449 5.209 983.211 0.467

Finally, the Sherwood number (Sh) will be used to compare with the experimental results,
and gain more insights of the parametric effects of the experimental variables on the particle
deposition in microchannels in the following sections.

The total interaction potential (V shown in Eq. (3.18)) will be plotted versus the
dimensionless separation distance (H=h/a,), also known as the interaction potential curve of
particle deposition. This interaction potential curve will be implemented to analyse the

experimental results in the following sections.

5.3 RESULTS AND DISCUSSION

In this section, the effects of the temperature gradient and the electrolyte concentration on the
particle deposition in microchannel are discussed both experimentally and theoretically. For each

case, a comparison is conducted between the numerical results and experimental results.
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5.3.1 EFFECT OF TEMPERATURE GRADIENT ON PARTICLE

DEPOSITION

Temperature gradient

In the experiments, the temperature gradient inside the microchannel was varied from 78.9
K/m to 6946.9 K/m by controlling the power supplied to the TEC unit (P_TEC) and ITO film
heater (P_ITO) while the flow rate of sample was maintained at 0.1 mL/h. Before the sample
fluid was supplied to the microchannel, a stable temperature gradient had been formed in the
vertical direction in the observation region of the microchannel. The particle deposition at
different temperature gradients are plotted versus time in Figure 5.6. As shown in Figure 5.6, the
number of deposited particles per unit area is increased gradually with time for all the temperature
gradients. After 60 minutes, the number of deposited particles per unit area (373/mm?) with low
temperature gradient (78.9 K/m) is more than doubled from 163/mm? with high temperature

gradient (6846.9 K/m).
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Figure 5.6 Number of deposited particles per unit area versus deposition time for four different
temperature gradients at 78.9 K/m, 2136.5 K/m, 5516.1 K/m and 6846.9 K/m. Data are for fluorescent
polystyrene particles dispersed in a NaCl solution (5 x 10" M). The sample flow rate is fixed at 0.1 mL/h.
Sample solution is supplied to the microchannel after a stable temperature gradient is formed inside
the microchannel. The corresponding bulk solution temperatures for each temperature gradient are
332.73 K, 330.20 K, 324.65 K, 322.26 K, 316.84 K, respectively.
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Figure 5.7 summarises the Sherwood numbers from the experimental measurements (Shey,)
and the numerical calculations (Sh,,m) for different temperature gradients. It can be seen that the
Sherwood number is monotonically decreased with increasing the temperature gradient along the
vertical direction inside the microchannel. The Sherwood number is reduced by more than 50%
from 0.0186 to 0.0082 when the temperature gradient is increased from 78.9 K/m to 6846.9 K/m
in experiments. This indicates that the temperature gradient has negative effect on the particle
deposition process in microchannels, leading to a reduction of particle deposition rate. The
numerical results of Sherwood number (Shyy) is calculated based on the derived model with the
given experimental conditions as input parameters of modelling. The values of numerical results
(Shnum) in Figure 5.7 are comparable with the corresponding experimental results. It is suggested
that the particle deposition under temperature gradient can be reasonably described by the mass

transport equation developed on the basis of the modified DLVO theory.
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Figure 5.7 Dimensionless static deposition rate (Sherwood number) as a function of the temperature
gradients at 78.9 K/m, 2136.5 K/m, 3385.7 K/m, 5516.1 K/m and 6846.9 K/m. Solid squares (m) indicate
the measured Sherwood number Sh,,, shown in Eq. (5.1) from experiments, and empty squares (0)
show the calculated Sherwood number Sh,,,, by Eq. (5.4) from modelling. The dotted line shows the
least-square fitting line. Data are for fluorescent polystyrene particles dispersed in a NaCl solution (5 x
10" M) with fixed flow rate 0.1 mL/h. The corresponding bulk solution temperatures for each
temperature gradient are 332.73 K, 330.20 K, 324.65 K, 322.26 K, 316.84 K, respectively.
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The reduction of particle deposition rate (Sh) with temperature gradient in Figure 5.7 is
probably due to the following two reasons. Firstly, the thermophoretic force is a repulsive long-
range force, which points upward against the particle deposition in this study. The thermophoretic
force is increased with increasing the temperature gradient in the microchannel. When particles
are far away from the channel surface, the transport of particles from the bulk solution to the
near-wall region is mainly controlled by the external forces including the thermophoretic force.
With higher temperature gradient, the particles would experience larger resistance from
thermophoretic force so that fewer particles could approach to the near-wall region. Secondly, the
bulk solution temperature inside the channel is reduced with increasing the temperature gradient
in the experiments, as shown in Figure 5.4. The energy barrier is therefore increased with
reducing the bulk solution temperature in the microchannel, which hinders the particle deposition
in the near-wall region. Subsequently, the particle deposition rate is reduced by the collective
effects of the temperature gradient and the bulk solution temperature as observed in the
experiments. In other words, a higher temperature gradient is an unfavourable condition for the
particle deposition in this study, because fewer particles could approach to the channel surface,
especially, when the bulk solution temperature is low. Deposition rate of particles would be

consequently reduced with increasing the temperature gradient in experiments.

Interaction potential curve

In order to better understand the effect of temperature gradient on the particle deposition at

elevated temperatures, the total particle-channel interaction potential (V) is calculated based on
Eqg. (3.18), and is plotted versus the dimensionless separation distance H in Figure 5.8. It can be
clearly seen in Figure 5.8-a that the shapes of interaction potential curves for different
temperature gradients are similar, having an energy barrier with both the primary energy
minimum (PEM) and the shallow secondary energy minimum (SEM). Because the
thermophoretic force acts in long distance compared with the colloidal forces, it would mainly
influence the transport of particles from bulk solution to the PEM region. As shown in Figure 5.8-
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b, the total interaction potential at H = 10 is increased by 50% from 0.38 to 0.58, when the
temperature gradient is increased from 78.9 K/m to 6846.9 K/m. The positive total interaction
potential with high temperature gradient (H = 10) may hinder the particles approaching to the
channel surface. As a result, it is more difficult for the particles to transport to the near-wall
region with high temperature gradient, leading to reduction of the particle deposition rate. Besides,
the colloidal interactions (EDL and vdW forces) dominate the particle deposition process after the
particles reach the near-wall region. A repulsive energy barrier is formed by the competition of
vdW and EDL interactions to prevent particle attachment onto the channel surface. The energy
barrier is plotted versus the temperature gradient in Figure 5.8-b. It shows that the energy barrier
is increased by 92% from 0.91 to 1.75 with increasing the temperature gradient. This is mainly
caused by the decreased bulk solution temperature from 332.73 K to 316.66 K as shown in Figure
5.4. The increased energy barriers at high temperature gradients would further attenuate the
particle deposition. With the aid of the discussions about interaction potential curve, the observed
trend of particle deposition rate with increasing the temperature gradient can be well explained.

It can be concluded that the particle deposition rate is monotonically reduced with increasing
the temperature gradient in the present study. The reduction of particle deposition rate observed in
the experiments is attributed to the increased resistance for the particle deposition, induced by the
enhanced thermophoretic force with the temperature gradient. The thermophoretic force is a
repulsive interaction, and mainly influences the transport of the particles from the bulk solution to
the microchannel surface. Fewer particles could be transported to the near-wall region at high
temperature gradient. Besides, the reduced particle deposition rate is caused by the decreased bulk
solution temperature with the temperature gradient in the experiments. The energy barrier is
increased with the decreased bulk solution temperature, which can impede the particle deposition

in the final stage of particle attachment.
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Figure 5.8 (a) Dimensionless particle-microchannel interaction potential V versus the dimensionless
separation distance H for different temperature gradients. (b) The energy barrier (shown by —=m-) and
the interaction potential at H = 10 (shown by —0-) as a function of the temperature gradient. Data are
calculated based on Eq. (3.18) for fluorescent polystyrene particles dispersed in a NaCl solution (5 x 10™
M) with a fixed sample flow rate 0.1 mL/h. The dotted square SEM indicates the secondary energy
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5.3.2 EFFECT OF ELECTROLYTE CONCENTRATION ON PARTICLE

DEPOSITION UNDER TEMPERATURE GRADIENTS

Electrolyte concentration

Electrolyte concentration or ionic strength is a common parameter encountered in particle
deposition processes. In this section, the effect of electrolyte concentration on particle deposition
in microchannels was studied with different temperature gradients at elevated temperatures.
Experiments were conducted by varying the molar concentration of NaCl solution for three
different solutions (DI water, 5 x 10* M, 5 x 10 M) while the sample flow rate was fixed at 0.1
mL/h. For each electrolyte concentration, three temperature gradients were investigated including
78.9 K/m, 3385.7 K/m and 6846.9 K/m.

Figure 5.9 shows the number of deposited particles per unit area changing with time when the
sample flow rate and temperature gradient are fixed at 0.1 mL/h and 6846.9 K/m, respectively. As
shown in Figure 5.9, the number of deposited particles per unit area is increased gradually with
time for different electrolyte concentrations, but is increased much faster with high electrolyte
concentration (5 x 10 M) than that with the medium electrolyte concentration (5 x 10 M) and
DI water. Moreover, it can be seen clearly that there is no appreciable change of the number of
deposited particles for the DI water case. After 60 minutes, the number of deposited particles per
unit area with high electrolyte concentration (5 x 102 M), 528/mm?, is more than ten times larger

than 37/mm? for DI water.
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Figure 5.9 Number of deposited particles per unit area versus deposition time at different electrolyte
concentrations with fixed temperature gradient at 6846.9 K/m and constant sample flow rate at 0.1
mL/h. Data are for fluorescent polystyrene particles dispersed in DI water and NaCl solutions (5 x 10 M,
5 x 107 M). Sample solution is supplied to the microchannel after a stable temperature gradient is
formed inside the microchannel.

The dimensionless static particle deposition rate from the experiments (Shey,) and modelling
(Shnum) for different electrolyte concentrations are plotted versus the electrolyte concentration
with the constant sample flow rate of 0.1 mL/h in Figure 5.10. It illustrates that the Sherwood
number is monotonically increased with increasing the electrolyte concentration of the sample
fluid. The Sherwood number (Shey) is significantly increased by about 16 times, from 0.0013 to
0.0022, with increasing the electrolyte concentration from DI water to 5 x 10% M for the high
temperature gradient of 6846.9 K/m. For the low temperature gradient (78.9 K/m), the
enhancement of the particle deposition rate (Shey,) from DI water to 5 x 10 M are about 8 times,
from 0.005 to 0.044, shown in Figure 5.10. These scenarios indicate that the electrolyte
concentration plays a crucial role on the particle deposition process with a given temperature
gradient, and the effects of electrolyte concentration become more significantly with higher

temperature gradients in the microchannel.
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Figure 5.10 Dimensionless static deposition rate (Sherwood number) versus the electrolyte
concentration for DI water, 5 x 10* M and 5 x 10° M. Solid symbols indicate the measured Sherwood
number Sh,,, shown in Eq. (5.1) from experiments, and empty symbols show the calculated Sherwood
number Sh,,, by Eq. (5.4) from modelling. Squares show the results for the temperature gradient of
78.9 K/m. Triangles show the results for the temperature gradient of 3385.7 K/m. Circles show the
results for the temperature gradient of 6846.9 K/m. Data are for fluorescent polystyrene particles
dispersed in DI water and NaCl solutions. The sample flow rate is fixed at 0.1 mL/h.

The calculated Sherwood numbers (Sh,.m) from the derived model are also presented in
Figure 5.10. It shows that the calculated Sherwood numbers demonstrate a similar trend to the
measured data (Sheg) in experiments. The numerical results (Shnm) fairly agree with the
experimental results (She) in the same magnitude for DI water and medium electrolyte
concentration case (5 x 10* M), though a discrepancy can be seen for the high electrolyte
concentration case (5 x 102 M). The discrepancy between the experimental and numerical results
could be due to the errors induced by the empirical correlations for the dependences of
temperature and electrolyte concentration from literature.

The observed variations of Sherwood number with changing electrolyte concentration can be
understood as follows. Because both polystyrene particle and PDMS channel surfaces carry
negative charges, a repulsive EDL interaction exists between these two surfaces. The Debye
length (x), which is usually used to characterise the EDL thickness, is reduced with increasing

the electrolyte concentration of sample fluids. Besides, the zeta potentials of particle and
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microchannel are decreased with the electrolyte concentration. In other words, the increased
electrolyte concentration can not only compress the EDL thickness but also reduce the magnitude
of the EDL interaction, leading to a favourable environment for particle deposition. The
remarkable enhancement with high temperature gradient could be attributed to the changes of
interactions related to thermal conditions. Thus, the particle deposition rate is increased with the

electrolyte concentration at fixed sample flow rates and thermal conditions.

Interaction potential curve

In order to better understand the results of particle deposition with different electrolyte
concentrations under temperature gradients, the interaction potential curve is plotted in Figure
5.11 based on Eg. (3.18). It can be observed in Figure 5.11-a that three distinct shapes of the
interaction potential curves are observed for the three electrolyte concentrations. For the DI water
case, only energy barrier with PEM is presented in Figure 5.11-a. The energy barrier for DI water
is much larger than those for the medium electrolyte concentration (5 x 10 M) and the high
electrolyte concentration (5 x 102 M) in Figure 5.11-b. This indicates that the particles in DI
water have lower chances to overcome the energy barrier and leads to fewer particles deposited at
PEM. After increasing the electrolyte concentration to 5 x 10 M, an interaction potential curve
with a moderate energy barrier and PEM together with a shallow SEM can be seen in Figure
5.11-a. The energy barrier is reduced by 80% with increasing the electrolyte concentration to 5 x
10" M in Figure 5.11-b. The reduced energy barrier would improve the particle deposition
condition, and allow more particles could overcome the energy barrier to attach onto the channel
surface. For the high electrolyte concentration case (5 x 102 M), there is only PEM without
energy barrier as shown in Figure 5.11-a. It is expected that the particles can easily deposit onto
the channel surface after approaching to the near-wall region.

On the other hand, it can be observed in Figure 5.11-b that the energy barrier at the high
temperature gradient (6846.9 K/m) is reduced from 5.85 to 0 with increasing the electrolyte

concentration from DI water to 5 x 102 M , which is larger than the reduction from 4.67 to O for
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the low temperature gradients (78.9 K/m). The energy barrier under different temperature
gradients for a given electrolyte concentration is mainly determined by the bulk solution
temperature. Because the bulk solution temperature is reduced with the temperature gradient in
the experiments as shown in Figure 5.4, the energy barrier is increased with the reduced bulk
solution temperature. This could explain that the effect of electrolyte on particle deposition is
more remarkable with the high temperature gradient than that with low temperature gradient, as
observed in Figure 5.10.

It can be concluded that the particle deposition is strongly affected by the electrolyte
concentration of sample fluid which determines the magnitude of repulsive energy barrier for a
given thermal condition. The particle deposition rate is monotonically increased with increasing
the electrolyte concentration. The enhancement of particle deposition with the electrolyte
concentration becomes more remarkable with high temperature gradient than low temperature

gradient.
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Figure 5.11 (a) Dimensionless particle-microchannel interaction potential V versus the dimensionless
separation distance H for three electrolyte concentrations: DI water, 5x10* M and 5x10°M under
different temperature gradients (1: 78.9 K/m, 2: 3385.7 K/m, 3: 6846.9 K/m), Inset shows the enlarged
view for the electrolyte concentrations at 5x10” M and 5x10M. (b) The energy barrier as a function of
the electrolyte concentration for three different temperature gradients. Data are calculated based on
Eq. (3.18) for fluorescent polystyrene particles dispersed in DI water and NaCl solution (Sample flow
rate: 0.1 mL/h). The dotted square SEM indicates the secondary energy minimum region, and the
dotted square PEM indicates the primary energy minimum region.
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5.4 SUMMARY

In this chapter, a specially designed temperature-gradient microfluidic system provides a
useful platform to study the particle deposition process with a wide range of thermal conditions.
To the best knowledge of the author, it could be the first time to directly observe the dynamic
process of particle deposition along the direction of applied temperature gradient. Experimental
results show that the particle deposition in microchannels at elevated temperature is not only
affected by the temperature gradient but is also influenced by the electrolyte concentration or
ionic strength of sample fluids.

With a given sample flow rate and electrolyte concentration, the dimensionless static particle
deposition rate (Sh) is observed to decrease with increasing temperature gradient. By keeping the
hydrodynamic and thermal conditions as constant, results show that Sherwood number is
monotonically increased with increasing electrolyte concentration of sample fluids. Based on the
analysis of the derived model, the observed reduction of particle deposition rate with temperature
gradient is due to the collective effect of the temperature gradient and the bulk solution
temperature on the two steps of particle deposition process, including the particle transport and
the particle attachment. The results show that the temperature gradient affects the transport of
particles at long range by the thermophoretic force acting on particles, while the bulk solution
temperature determines the energy barrier to impede the particle attachment at the attachment step.
The enhancement of particle deposition with increasing electrolyte concentration is due to the
decreased energy barrier resulting from the compressed EDL thickness and reduced magnitude of
EDL interaction. The enhancement of particle deposition with the electrolyte concentration

becomes more remarkable with high temperature gradient than low temperature gradient.
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Chapter 6
Effect of Hydrodynamic Flow on
Particle Deposition in Microchannels at

Elevated Temperatures

6.1 INTRODUCTION

Hydrodynamic flow is an important parameter for particle deposition, and it could influence
the particle deposition rate by inducing the hydrodynamic interaction between particles and solid
surfaces. Two types of hydrodynamic flows have been widely implemented in lab-on-chip
applications, including steady flow and pulsatile flow. As shown in Figure 6.1, the steady flow
with a parabolic velocity profile provides a constant flow rate in the channel, while the pulsatile
flow generates a retarded velocity profile and a time-dependent flow rate over time in the channel.
A pulsatile flow can be decomposed into a steady flow component and an oscillatory flow

component. The general form of flow rate for pulsatile flow in the channel can be described by
qul :Qs +Qos (61)
where Qpy is the flow rate of the pulsatile flow, Q, is the steady component, and Qs is the

oscillatory component.
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Figure 6.1 Characteristics of steady flow and pulsatile flow. (a) and (b) Schematics of axial velocity
profiles across channels, (c) and (d) Schematics of flow rate versus time for steady flow and pulsatile
flow, respectively. Area filled by colour indicates the volume of fluid moved during a certain period of
time. The volume of fluid moved by pulsatile flow can be decomposed to a steady component from
steady flow and an oscillating component from oscillatory flow (Figures are not drawn to scale).

In this chapter, the effect of hydrodynamic flow on particle deposition is investigated as an
option to mitigate the particle deposition in microchannels at elevated temperatures. Steady flow
and pulsatile flow are experimentally studied by using the designed microfluidic system. (1) The
steady flow is supplied to the microchannel by a syringe pump. Experimentally and numerically
determined particle deposition rates are presented for different flow rates of sample solution in
the microchannel. Thermal effect on the particle deposition in a steady flow is studied with a
fixed volume flow rate. (2) The pulsatile flow is generated by a specially designed pulsation
generation unit together with the syringe pump. The oscillatory component of the pulsatile flow is
regulated by the pulsation generation unit while the steady component is controlled by the syringe
pump. The effect of flow pulsation on particle deposition at elevated temperatures is
experimentally investigated by comparing the experimental results of pulsatile flow with those of

the steady flow.
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6.2 EXPERIMENT

6.2.1 EXPERIMENTAL SETUP

Figure 6.2 shows the schematics of the microfluidic system, consisting of fluid supply parts, a
microchip, a data acquisition unit and a pulsation generation unit. One syringe pump (sample
pump) is used to supply sample fluids to the microchip for different hydrodynamic flows, and
another two syringe pumps (hot water pump) are implemented to supply hot water to regulate the
thermal environment of the microchip. The temperature in the microchannel is well controlled by
regulating the flow rate of the hot water sucked from a water bath. The temperature of hot water
in the water bath is maintained constant (60 <C) in this study. The microchip and data acquisition
unit are the same as those used in Chapter 4. More details can be found in Chapter 4. In additional,
for experiments with pulsatile flow, a pulsation generation unit (PGU) is installed between the
sample pump and the microchip to generate a controllable flow pulsation into the sample flow.
The frequency and amplitude of the driving signal for the PGU can be controlled by a function

generator.
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Figure 6.2 The layout of the microfluidic system. (a) Schematic of the microfluidic system with pulsatile

flow for the direct observation of the particle deposition kinetics in microchannels. Inset: Cross-section
view of pulsation generation unit. A pulsation generation unit (PGU) connecting to a function generator
is implemented to generate a controllable flow pulsation into the hydrodynamic flow in the
microchannel. (b) Photo of the microchip used in the experiments (Figure is not drawn to scale)
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6.2.1.1 MATERIALS

In this study, red fluorescent dyed polystyrene microparticles (R900, Duke Inc., USA)
are used to study the particle deposition under different bulk solution temperatures. The
particles have a density of 1.05 g/cm®and a diameter of 0.93 um (ap) with a size variation
of up to 0.03 um. Particle samples are prepared by first diluting a particle dispersion with a
concentration (n,) of 5.6 x 10%ml into de-ionized (DI) water, and then mixing with
sodium chloride solutions (NaCl, Sigma-Aldrich, ACS reagent, >99.0%) for a constant
electrolyte concentrations (5x10™* M). The samples are homogenized by using an
ultrasonic bath (EImasonic E30H, EIma Utrasonics) for half an hour before loading into a
syringe for testing. The ambient temperature of the laboratory is recorded at 25.0 1.0 <C

for all the experiments.

6.2.1.2 PULSATION GENERATION UNIT

In this study, a pulsation generation unit (PGU) is designed to generate and control the
pulsatile flow in the microchannel. With the help of this pulsation generation unit, the flow field
in the microchannel can be readily switched from a steady flow to a pulsatile flow. The pulsation
generation unit consists of a circular microchamber embedded with a piezoelectric (PZT) disk.
The PZT disk is driven by the function generator as shown in Figure 6.2. Figure 6.3 shows the
schematic and images of the pulsation generation unit, which is composed with three layers. The
top layer is a square PMMA plate (50 mm x 50 mm x 3 mm) where two circular holes are cut
through as the inlet and outlet for the sample solution. The middle layer as a spacer is made of a
thin adhesive tape (50 mm x 50 mm x 0.075 mm) with a circular laser-cut hole (radius: 14 mm) at
the centre. This adhesive layer is carefully placed on one side of the top layer in a concentric
manner. The bottom layer is made of a PMMA sheet (40 mm x 40 mm x 1 mm) where a circular
hole (radius: 12 mm) is cut through at the central part. The piezoelectric disk is inserted into the
hole of the bottom layer, and attached to the adhesive layer by pressing the backside of the PZT

disk. The gap between the disk and the bottom layer is firmly sealed with epoxy glue to prevent
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leakage. Finally, a microchamber (height: 50 jm) is formed between the top and bottom layers,
and a steady laminar pulsatile flow can be generated by turning on the piezoelectric disk with
required frequency and amplitude. The frequency and amplitude of the driving signal to the PZT

disk can be controlled by the function generator.
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Figure 6.3 Schematic of pulsation generation unit, (a) isometric view, (b) cross-section view, (c) and (d)
Images of the fabricated pulsation generation unit. The piezoelectric (PZT) disk is connected to a
function generator to generate a controllable pulsation in the sample flow. The frequency and
amplitude of the PZT disk is well controlled by regulating the sinusoidal signal from the function
generator.

6.2.1.3 CHARACTERISATION OF THE OSCILLATORY FLOW GENERATED

BY THE PULSATION GENERATION UNIT

In order to characterise the oscillatory component of the pulsatile flow generated by the
pulsation generation unit, a purely oscillatory flow was generated by the designed pulsation
generation unit. Measurements were conducted for the oscillatory flows with the following setup
and procedure.

Two glass capillaries with internal diameter of 0.335 mm were fixed onto the inlet and outlet
of the pulsation generation unit. To measure the average flow properties of oscillatory flow with

zero back pressure, the glass capillaries were positioned horizontally as shown in Figure 6.4. The
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microchamber of the pulsation generation unit and the glass capillaries were filled with DI water.
The function generator was connected to the pulsation generation unit, and provided different
sinusoidal signals for the piezoelectric (PZT) disk embedded in the pulsation generation unit. The
electric signals were converted to mechanical deflections of the PZT disk. These motions were
transferred to the DI water in the microchamber. As a result, an oscillatory flow was generated in
the DI water and can be visualised through the glass capillaries. The water/air interface meniscus
oscillated under the periodic vibration of the PZT disk. A CCD camera was implemented to

record the motion of the centre point of water/air interface for post processing of data.
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Figure 6.4 (a) Schematic of the experimental setup for characterisation of the oscillatory flow generated
by the pulsation generation unit, (b) Photo of the flow rate measurement of the oscillatory flow.

The procedure for characterising the oscillatory flow under different frequency is listed below:

1) DI water was filled into the pulsation generation unit and capillary tubes. Air bubbles
were expelled out of the system before fixing the unit horizontally on table.

2) The function generator was connected with the PZT disk by using electric wires.

3) The mode of signal was selected as sinusoidal via the control panel of the function
generator. The peak-to-peak voltage of the sinusoidal signal was set at 0.5 V.

4) After the signal output was turned on, the CCD camera was used to record the

displacement of the centre point of water/air interface (h) varying with time (t).
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5)

Thereafter, the frequency of the sinusoidal signal (f) was adjusted (0.2 Hz, 0.4 Hz, 0.6 Hz,
0.8 Hz, 1 Hz), and the measurement was repeated to record the displacement of the
water/air interface and time for each frequency.

The displacement of the centre point of the water/air interface was plotted versus time,
after processing the video captured by the CCD camera. Figure 6.5 has shown that the
displacement of the centre point of the water/air interface was plotted versus time for the
frequency of 0.6 Hz. It can be seen that the displacements of the centre point versus time
well fit the sine fitting curve. Thus, the displacement of the water/air interface (h) at
different time can be approximated as

hs = My SIN(277 ft) (6.2)

where h,yp is the amplitude of the displacement, f is the frequency of the oscillation (unit:

Hz) which is taken as the same as the frequency of the driving signal (sinusoidal) in this

study, and t is the time (Unit: s).
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Figure 6.5 Displacement of the centre point of the water/air interface versus time. Solid squares (m)
denote the measured data, and dot line indicates the sine curve fit. Data were obtained with the
sinusoidal signal of peak-to-peak voltage, 0.5 V, and frequency, 0.6 Hz.

With the displacement of centre point of the water/air interface measured in the experiments,

the average velocity of the water/air interface at different time can be described by

132



6.3
_ dhy, = Uy COS( 277 ) ©3)

uOS dt

where hqs is the displacement of the centre point of the water/air interface at different time (t), f is

the frequency of the oscillation, T, is the amplitude of the average velocity of the water/air

mp
interface and can be determined by
Upp = 272 F P (6.4)
Thus, the volume flow rate of the oscillatory flow (Qos) can be estimated as
Q= A-U =Q,,, cos(27 ft) (6.5)

_ 7d? (6.6)
Qamp =A- Uamp = 4 27 fhamp

where A is the cross-section area of the glass capillary, d is the glass capillary diameter (0.335

mm), Q,, is the amplitude of the average volume flow rate of the oscillatory flow. Based on the

measurement data, the amplitude of the average volume flow rate is plotted versus oscillation
frequency in Figure 6.6. It can be seen that the amplitude of the volume flow rate of the

oscillatory flow is about 0.09 mL/h for different oscillation frequencies from 0.2 Hz to 1 Hz.
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Figure 6.6 Amplitude of the volume flow rate of the oscillatory flow (Q,m,) versus the oscillation
frequency (f). Experiments were conducted with constant voltage of the sinusoidal signal to the PZT
disk (V,, = 0.5 V). Dot line represents the average value of the amplitude of oscillatory flow rate.
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6.2.2 EXPERIMENTAL PROCEDURES

To conduct the experiments with hydrodynamic flow, the general procedures are similar to

those introduced in Section 4.1.2:

1)

2)

3)

4)

5)

6)

The microchannel chip was cleaned in with DI water ultrasonic cleaner for about 2
hours. The sample fluids (polystyrene particle, diameter: 930 nm) with NaCl solution (5
x 10 M) were homogenized in an ultrasonic bath before loading into the syringe.

The temperature of water bath and flow rate of hot water were set to the designed values
via the control panels of water bath and syringe pump, respectively. The microchip was
connected to the syringes and water bath with silicon tubes. The laser was turned on to
warm up for about 10 minutes.

The captured area of interest (597 x 436 pm?) was fixed at the centre point of the
deposition channel in the longitude direction. The CCD camera was switched on and its
exposure time was set as 1s.

For experiments with steady flow, the volume flow rate of sample fluid was set to the
designed values (0.01 ml, 0.025 mL/h, 0.05 mL/h, 0.1 mL/h, 0.5mL/h, 1 mL/h, 2 mL/h)
for each test, via the control panel of the sample syringe pump.

For experiments with pulsatile flow, the piezoelectric disk was connected to the function
generator with electric wires. The volume flow rate of sample fluid was set as constant at
1 mL/h. To generate different vibrations of piezoelectric disk, the frequency and
amplitude of the sinusoidal signal were set to the designed values via the function
generator. The frequency was varied from 0 Hz to 1 Hz with fixed amplitude of the PZT
at 0.5 V (peak-to-peak voltage).

Sequences of image were taken with a time interval of five minutes. At the first 15
minutes, images were taken without supplying hot water in order to provide a reference
result at room temperature. Thereafter, hot water was continuously supplied to the
heating channel with the constant flow rate.
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7) After 90 minutes, the experiment was finished, and all the images were stored in
computer for analysis. A software “Image Pro Plus” was employed to process the images
of particle deposition by counting the number of deposited particles within the area of
interest.

After completing the deposition measurements for a given system setting, the static

dimensionless deposition rate, Sherwood number, can be computed as

sh Jow (6.7)

exp = Dwnw %
p
where Jiy, is the measured particle deposition flux onto the bottom surface of the deposition
channel, n., is the particle concentration of the bulk fluid, a, represents the average particle
radius of the sample. D,, denotes the diffusion coefficient in bulk fluid which can be determined
by the Stokes-Einstein equation. More details can be found in Section 4.1.2.

To evaluate the effect of pulsatile flow on particle deposition, the normalized particle

deposition rate ( Sh )is computed as

sp o Sh (6.8)

sh,

where Shy denotes the Sherwood number for steady flow (1 mL/h) without oscillatory
component, Sh represents the Sherwood number for pulsatile flow with oscillatory component. If
the value of normalized particle deposition rate is smaller than 1, it means that particulate fouling

can be mitigated by the pulsatile flow.

6.2.3 UNCERTAINTY ANALYSIS IN MEASUREMENTS

In this study, the uncertainty of the Sherwood number in experiments arises from three
sources: the number of deposited particles, the measured observation area and the duration of the
test. The uncertainty of the number of deposited particles is estimated based on the standard

deviation of the counted deposited particle numbers for all of the repeated tests, which gives an
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uncertainty within 21% (shown as the error bar in the figures in Section 6.4). The accuracy of
measuring the area of observed region and duration of experiment are about 1 pm? and 1 s,
respectively. The measurement uncertainties of the area of the observed region and experiment
duration are about 0.000384% and 0.019%. Overall, the relative uncertainty for the experimental
Sherwood number measured in the present study is approximated within 21%. In addition, the
accuracy of the temperature measurement is about 0.2 <C in this study base on results of
temperature uniformity test by using micro-thermocouples. The current and voltage were
measured by the multiple-meter with estimated errors of 0.01A and 0.1V, respectively according
to the manual of the multiple-meter. The accuracy of the flow rate is determined by the syringe

pump (KDS 210, USA), giving a value of 1%.

6.3 THEORETICAL MODELLING

In Chapter 3, the one-dimensional mass transport equation with consideration of thermal
effect has been derived on the basis of the modified DLVO theory for the particle deposition in
microchannels at elevated temperatures. This model is employed in this chapter to analyse the
effect of hydrodynamic flow on the particle deposition in microchannels for steady flow.

For particles suspended in a hydrodynamic flow, the forces exerted on the particles consist of
electric double layer force (shown in Eg. 3.25), van der Waals force (shown in Eq. 3.37), gravity
(shown in Eq. 3.44) and hydrodynamic lift force induced by hydrodynamic flow. In this study,

the dimensionless lift force is approximated as

_ Slap RO
FL:KTO(Za ) oV (69)

where a" is the dimensionless particle radius, v is the kinematic viscosity of the fluid (DI water),

p indicates the density of fluid (DI water), kg is the Boltzmann constant, and T, depicts the

reference temperature, a, is the radius of the particle. The coefficients, S; and S,, are referred to
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the published works by Hall (1988) and Saffman (1965). The positive signs on the right hand side
of Egs. (6.9) indicate the lift force and its potential are repulsive to prevent particle deposition.

The lift potential (v, ) can be obtained by integrating the lift force with the separation

distance (H) at different temperatures as

- Sa ,
Vo= (2] o H. (6.10)

B'0

The viscosity (|) and density (p;) of DI water at different temperatures are obtained from the
published data sheet as shown in Table 3.2 (Maidment 1993, Wagner and Pruf32002). As a result,
the hydrodynamic lift force at different temperatures can be computed with the corresponding
fluid properties at elevated temperatures, and can be substituted into the mass transport equation
for solutions of the particle deposition rate.

The dimensionless particle number concentration (1) is computed by solving the one-
dimensional mass transport equation shown in Eq. (3.20) with the two boundary conditions
shown in Egs. (3.21-3.22). In this study, a software Comsol Multiphysics (V.4.2) is adopted to
numerically solve the mass transport equation with an iterative equation solver. Computational
test are conducted to estimate the influence of H, on the numerical results. It is found that the
numerical results are not affected significantly by the specific value of the integration limits as
long as Hy < 0.005 and H,, > 20. Thus, the lower and upper integration limits are taken as Hy =
0.001 and H., = 100, respectively.

With the solved dimensionless particle number concentration distribution ( ), the

dimensionless particle deposition rate onto the channel surface (H = Hy) is calculated as
] dn
Sh =—°=—f1(Ho)(—j (6.11)
a H=H,

where fi(H) is the universal hydrodynamic correction coefficient.
The dimensionless concentration (1) and Sherwood number (Sh,.m) for given experimental

conditions can be calculated with the parameters listed in Table 4.2. Details can be found in
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Section 4.2. Finally, the Sherwood number (Sh) will be used to compare with the experimental

results, and gain more insights of the hydrodynamic effect on the particle deposition in

microchannels in the following sections. The total interaction potential (V shown in Eq. (3.18))
will be plotted versus the dimensionless separation distance (H = h/a,), also known as the
interaction potential curve of particle deposition. This interaction potential curve will be

implemented to qualitatively analyse the experimental results in the following sections.

6.4 RESULTS AND DISCUSSION

In this section, studies on steady flow and pulsatile flow at elevated temperatures are
presented. First, the effects of flow rates (0.01 mL/h ~ 2 mL/h) on particle deposition are
observed and discussed for a steady flow at elevated temperatures. The experimental results are
compared with the numerical results from the modelling. Next, the results for pulsatile flow are
presented, for a constant steady flow component (1 mL/h) and four different oscillatory flow
components with frequencies of 0.2 Hz, 0.4 Hz, 0.6 Hz, 0.8 Hz and 1 Hz. The effects of the
oscillation frequency on particle deposition are discussed by comparing with the results in steady

flow at elevated temperatures.

6.4.1 EFFECT OF FLOW RATE OF PARTICLE SOLUTION (STEADY

FLOW)

Flow rate of particle solution (steady flow)

In order to investigate the hydrodynamic effect on the particle deposition in microchannels at
elevated temperatures, particle solutions with different volumetric flow rates are supplied by the
syringe pump into the microchannel. The volumetric flow rate of particle solution (V") was varied
from 0.01 mL/h to 2 mL/h while the solution temperature and electrolyte concentration were

maintained at 324.85 K and 5 x 10™ M, respectively. The number of deposited particles per unit
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area observed in experiments is plotted versus time for different sample flow rates shown in
Figure 6.7. The number of deposited particles per unit area is increased with time, and its final
value is strongly affected by the sample flow rate after 90 minutes. Fewer particles are found to

deposit onto the channel surface with higher flow rates.
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Figure 6.7 Number of deposited particles per unit area versus time for different sample flow rates inside
the microchannel (0.01 mL/h, 0.025 mL/h, 0.1 mL/h, 0.5 mL/h, 2 mL/h) Data are for fluorescent
polystyrene particles dispersed in NaCl solution (5 x 10 M). The solution temperature is kept at 324.85
K.

Figure 6.8 shows the dimensionless particle deposition rates (She,) measured in experiments

versus the Reynolds number. The Reynolds number is defined as

_ pIUavg L
y24

Re (6.12)

where p, is the water density, L is the hydraulic diameter of the microchannel (533 pm), Lis the
dynamic viscosity of the sample solution. U, is the average flow velocity defined as

Vv

U avg A

(6.13)

where 7 refers to the volumetric flow rate of the sample fluids and A is the cross-section area of
the deposition channel. The corresponding Reynolds number for the tested flow rates in

experiments are calculated based on Egs. (6.12-6.13) and shown in inset of Figure 6.8.
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Figure 6.8 Dimensionless static deposition rate (Sherwood number) versus the Reynolds number of the
sample flow. Solid squares (m) indicate the measured Sherwood number Sh,,, shown in Eq. (6.7) from
experiments, and empty squares (o) show the calculated Sherwood number Sh,,,, by Eq. (6.11) from
modelling. The dotted line shows the least-square fitting line. Inset shows the Reynolds numbers of the
sample fluid as a function of the sample flow rates. Data are for fluorescent polystyrene particles
dispersed in stationary NaCl solution (5 x 10™ M). The solution temperature is kept at 324.85 K.

It can be clearly seen from Figure 6.8 that the particle deposition rate (Sherwood number) in
the microchannel at elevated temperatures is strongly dependent on the Reynolds number. When
the Reynolds number is increased from 0.009 to 0.091, the Sherwood number measured in
experiments is steeply reduced from 0.031 to 0.016 and almost remains unchanged with further
increasing the Reynolds number to 1.82. The reduction of particle deposition rate can be
attributed to augment of the repulsive hydrodynamic lift force by increasing the Reynolds number
of the sample fluid flow. Given a fixed solution temperature and electrolyte concentration of the
sample fluid, various forces (van der Waals force, electric double layer force and gravity) acting
on particles remain unchanged while the repulsive hydrodynamic lift force is appreciably
increased by increasing the flow rate. As a result, it is difficult for particles to overcome the
resistance induced by the hydrodynamic flow, in order to approach the channel surface. When the

Reynolds number is further increased more than 0.091, the repulsive hydrodynamic interaction
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could be increased beyond a threshold value. The particles in bulk phase might be kept being
pushed away from the channel wall, and cannot deposit onto the surface.

The calculated results of Sh,,, from modelling are computed for various Reynolds numbers
based on Eq. (6.11), and are presented in Figure 6.8. The calculated Sherwood number Shyn
shows a similar trend with the measured data Sh,, in experiments. A fair agreement in the same
magnitude can be found between She, and Sh,,, for the range of low Reynolds number (Re <
0.091), though a discrepancy is observed for the high Reynolds number region (Re > 0.091). The
results suggest that the hydrodynamic effect on the particle deposition in microchannels at
elevated temperature can be approximately described by the proposed model derived on the basis
of the modified DLVO theory. Moreover, it is noted that the measured Sherwood numbers in
experiments are constantly higher than the corresponding calculated Sherwood number in
simulation, especially for high flow rate range (Re > 0.091). The discrepancy between the
experimental and numerical results is likely caused by lack of accurate mathematical expression
for hydrodynamic lift force in microfluidics and the neglected influence of convection in the
longitude direction of channel (x axis) as assumed in Chapter 3. The numerical results
demonstrate that the hydrodynamic conditions overwhelmingly controlled the particle deposition
in microchannels at elevated temperatures. Increasing hydrodynamic intensity, such as the flow
rate or Reynolds number, can be an option to mitigate the particle deposition in microchannels at

elevated temperatures.

Interaction potential curve

In order to better understand the effect of hydrodynamic interactions on the particle

deposition at elevated temperatures, the total particle-channel interaction potential (V) is
calculated based on Eg. (3.18), and is plotted versus the dimensionless separation distance H
shown in Figure 6.9. It can be clearly seen in Figure 6.9-b that the energy barrier in the PEM
region does not change noticeably with increasing the Reynolds number of the sample flow.

Besides, the total interaction potential presents an additional barrier at large distance (H ~ 10) for
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high Reynolds number cases (Re > 0.091) as shown in Figure 6.9-a. This additional barrier is
caused by the strong repulsive hydrodynamic interaction (F_), because the hydrodynamic lift
force acts in a relatively long range compared with the colloidal forces. The hydrodynamic lift
force would mainly influence the transport of particles from bulk fluid to the near-wall region. As
shown in Figure 6.9-b, the interaction potential at H = 10 is increased from -0.3 to 11.6 with
increasing the Reynolds number from 0.009 to 1.82. It should be noted that the sign of interaction
potential is changed from negative to positive. In other words, the overall effect of interaction
between the particle and channel surface is changed from attractive to repulsive with increasing
the Reynolds number. The positive total interaction potential with high Reynolds numbers (H =
10) could impede particles approaching the channel surface at closer distance. Meanwhile, the
mobility of particles could be reduced by the particle-wall hydrodynamic interaction. As a result,
the particles could rarely overcome the energy barrier to deposit onto the channel surface, leading
to the reduction of the particle deposition rate observed in the experiments. Especially, the
repulsive potential of lift force is comparable with the energy barrier in the near-wall region for
high Reynolds numbers (Re > 0.091). As such, the repulsive interaction is so strong that particles
could be pushed away from the channel surface. Consequently, the deposition rate is maintained
at a low value with no further change by increasing the Reynolds number (Re > 0.091) shown in

Figure 6.8.

142



0.5

0.0

T I ! I ' I T I N
——Re =0.009
- - - Re = 0.0231
--=- Re = 0.091
----- Re = 0.454-
v Re = 1.82

| Enery barrier

,—-'k

Barrier by 7,

Dimensionless interaction potential, V /k T

T T
0.6 0.8 1

0.0 0.2 04
Dimensionless separation distance, H
1.5 1 (b)

u] O 8] o = D'/E 112

':\ | / -4 10
. Energy barrier

__)C__ 1.0 -
Sy 18
o
Q T
£ 16
®
o d ]
>
S 0.5 14
)
c ]
L

Interaction potential at Hzm/' 12

00 e . ___________ . _'_'_'_'._:____L-_r':;'. '''''''''''''''''''''''''''''''''''''''''' ™~ 0
AL | ! ! L | v ! L | '
0.01 0.1 1

Figure 6.9 (a) Dimensionless particle-microchannel interaction potential V versus the dimensionless
separation distance H for different Reynolds number of the sample flow. (b) The energy barrier (shown
by —0-) and the interaction potential at H = 10 (shown by —=m-) as a function of the Reynolds number of
the sample flow. Data are calculated based on Eq. (3.18) for fluorescent polystyrene particles dispersed
in a NaCl solution (5 x 10 M). The solution temperature is kept at 324.85 K. The dotted square SEM
indicates the secondary energy minimum region, and the dotted square PEM indicates the primary
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Effect of bulk solution temperature with hydrodynamic flow

To examine the effect of bulk solution temperature with a hydrodynamic flow, the solution
temperature was varied from room temperature (297.25 K) to 339.25 K while sample flow rate
was fixed at 0.1 mL/h (Re = 0.091) and the electrolyte concentration was 5 x 10 M. Figure 6.10
shows the number of deposited particles per unit area changing with time. It can be clearly seen
that particles deposit much faster with high temperature (339.25 K) than the room temperature
case (297.25 K) after heating is on (starting from 15 minutes). After 90 minutes, the number of
deposited particle per unit area is 1077/mm? at 339.25 K, which is about three times larger than
265/mm? at the room temperature (297.25 K).
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Figure 6.10 Number of deposited particles in area of interest versus time for different solution

temperature in a hydrodynamic flow. Data are for fluorescent polystyrene particles dispersed in NaCl
solution (5 x 10™* M) while the sample flow rate is fixed at 0.1 mL/h (Re = 0.091).

The dimensionless static particle deposition rates measured in experiments (She,) for
different solution temperatures are presented in Figure 6.11. The calculated particle deposition
rate (Shnym) is solved from modelling with given experimental conditions, and is presented in
Figure 6.11. It can be seen that both the measured and calculated Sherwood numbers are

monotonically increased with solution temperature. The enhancement of particle deposition is
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attributed to the augmented attractive interactions (van der Waals force and gravity) and
attenuated repulsive interactions (electric double layer force) with increasing the solution
temperature for a given sample flow rate. Besides, the hydrodynamic lift force is also reduced
because of the reduction of the viscosity of water at elevated temperatures. Consequently, the
repulsive energy barrier for particle deposition is reduced so that more particles can overcome the

barrier to attach onto the channel surface.
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Figure 6.11 Dimensionless static deposition rate (Sherwood number) as a function of the temperature
of solution at three different temperatures, 297.25 K, 324.85 K and 339.25 K. Solid squares (m) indicate
the measured Sherwood number Sh,,, shown in Eq. (6.7) from experiments, and empty squares (0)
show the calculated Sherwood number Sh,,,, shown in Eq. (6.11) from modelling. The dotted line shows

the least-square fitting line. Data are for fluorescent polystyrene particles dispersed in a NaCl solution
(5 x 10" M) while the sample flow rate is fixed at 0.1 mL/h (Re = 0.091).

It is noted from Figure 6.11 that the numerical solutions of Shy, demonstrates a similar trend
with the experimental observations in the same magnitude. Besides, the measured Sherwood
numbers in experiments are constantly higher than the corresponding calculated Sherwood
number in simulation. The discrepancy between the experimental and numerical results could
result from lack of accurate mathematical expressions for zeta potentials at elevated temperatures,
hydrodynamic lift force in microfluidics, and the neglected influence of convection in the

longitude direction of channel (x axis). However, the trend of the varying particle deposition rates
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with the solution temperatures in a hydrodynamic flow is well demonstrated by the proposed

model with the given conditions from the experiments.

6.4.2 EFFECT OF FLOW OSCILLATION FREQUENCY (PULSATILE
FLOW)

In Section 6.4.1, the results show that the particle deposition at elevated temperature can be
mitigated by increasing the flow rate of the sample fluids. The experimental results show that the
reduction of the particle deposition rate is insignificant by increasing flow rate above 0.5 mL/h.
Besides, increasing flow rate of sample fluids may not be a desired option for particle deposition
mitigation for practical microfluidic applications, because higher flow rates would result in more
energy consumption of pump and larger mechanic stress exerted upon microchannel structures in
practical applications.

In this section, pulsatile flow is suggested as a potential solution to further mitigate particle
deposition at elevated temperatures in the microchannel. The particle deposition rates with
pulsatile flow are measured experimentally, for a constant steady flow component (1 mL/h) and
five different flow oscillation frequencies of 0.2 Hz, 0.4 Hz, 0.6 Hz, 0.8 Hz and 1 Hz. The effects
of flow oscillation frequency on particle deposition are discussed by comparing with the results in
steady flow at elevated temperatures. In the present study, the amplitude of the sinusoidal AC
signal is maintained as constant at 0.5 V. As shown in Figure 6.6, the average amplitude of the
volume flow rates of the oscillatory flow is 0.09 mL/h (Qamp) for different flow oscillation
frequencies, which are much smaller than the volume flow rate of the steady flow component, 1
mL/h. The oscillatory component of the pulsatile flow is much weaker than the steady component.

Thus, no reversing flow can occur in the microchannel.

The normalised particle deposition rate (Sh in Eq. 6.8) is plotted against the flow oscillation
frequency in Figure 6.12. It can be seen that the normalised deposition rate is observed to be

generally reduced from 1 for the steady flow to 0.52 for the pulsatile flow with oscillation
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frequency of 1 Hz. In other words, the particle deposition in microchannels at elevated
temperatures can be mitigated by a small pulsation in the hydrodynamic flow. The particle
deposition rate is reduced with increasing the flow oscillation frequency while the steady flow
component and amplitude of pulsation are kept as constants. The observed reduction could be
attributed to the small disturbance generated by the oscillatory component of the pulsatile flow.
Compared with the steady flow, the oscillatory component of the pulsatile flow could induce
additional resistance for particle deposition, and cause the reduction of particle deposition onto
the channel surface. The resistance could be enhanced with the flow oscillation frequency.
Similar phenomena have been found in the theoretical works by Moschandreou et al. (2010).
They claimed that the mass transport rate to the wall for a pulsatile flow was reduced by
increasing the frequencies within a low range (beginning from zero).
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Figure 6.12 The normalised particle deposition rate Sh/Sh, in Eq. (6.8) versus the flow oscillation
frequency for the microfluidic flow. Data are for the PMMA microchannel and the polystyrene
microparticles (Diameter: 930 nm) suspended in a NaCl solution (5 x 10* M). The flow rate of the steady
flow is maintained at 1 mL/h, and the solution temperature is kept at 51.6 °C. The amplitude of the PZT
disk is fixed at 0.5 V and the average amplitude of the flow oscillation (Qg,,) is 0.09 mL/h. The dotted
line represents the least-squares fitting curve.

The results in this study suggest that the particle deposition at elevated temperatures can be
further mitigated by applying a pulsatile flow, superimposing a small oscillatory component into
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the steady flow. The pulsatile flow implemented in this study is a flow with low frequencies (< 1
Hz) and small amplitudes (0.5 Vpp). Compared with the conventional mitigation approach by
increasing the flow rate of the sample solution, the pulsatile flow could cost less energy
consumption, and exerts smaller stress on the microchannel. These advantages make the pulsation

be a possible solution for the particle deposition in microchannel at elevated temperatures.

6.5 SUMMARY

In this chapter, the effect of hydrodynamic flow on particle deposition at elevated
temperatures has been experimentally investigated in a microfluidic system incorporated with a
designed pulsation generation unit. Two types of flow have been studied experimentally,
including steady flow and pulsatile flow.

With a given solution temperature and an electrolyte concentration, the dimensionless static
particle deposition rate (Sh) is overwhelmingly influenced by the flow rate of the steady flow
(Reynolds number). The Sherwood number is reduced with the Reynolds number and changes
insignificantly for Reynolds number beyond 0.091 (0.5 mL/h) within the tested range. The
observed reduction of particle deposition rate with Reynolds number is due to fact that the
augment of hydrodynamic lift force prevents the transport of particles from bulk solution to the
near-wall region where the colloidal interactions dominate. Increasing hydrodynamic intensity,
such as the flow rate or Reynolds number, can be used to mitigate the particle deposition in
microchannels at elevated temperatures.

A controllable pulsatile flow has been generated by regulating the vibration of piezoelectric
disk embedded in the designed pulsation generation unit. The normalised particle deposition rate
is calculated by comparing the Sherwood numbers of the pulsatile flow and that of the steady
flow. Based on the preliminary experimental results, the pulsatile flow has considerable influence
on the particle deposition rate in microchannels at elevated temperatures. The normalised particle

deposition rate is reduced significantly as the frequency is increased from 0 Hz to 1 Hz, while the
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steady flow component and the amplitude of driving signal are kept as constants at 1 mL/h and
0.5 V, respectively. The results suggest that pulsatile flow can be a potential option for the
particle deposition mitigation in microchannels at elevated temperatures. The physical mechanism
of the particle deposition mitigation with pulsatile flow in microchannels at elevated temperature

is recommended for future study.
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Chapter 7
Conclusions and Recommendations

Following the objectives of this study, the thermal effects of particle deposition in
microchannels at elevated temperature have been investigated by both experimental
characterisation and theoretical modelling. The important findings in the present study are
concluded in this chapter. Recommendations are made for future study based on the results

obtained in this study.

7.1 CONCLUSIONS

Two crucial thermal parameters for particle deposition at elevated temperature, bulk solution
temperature and temperature gradient, have been investigated using a microfluidic approach in
this study. Both experimental characterisation and theoretical modelling have been performed to
examine the effects of bulk solution temperature and temperature gradient. Besides, the effect of
hydrodynamic flow in the microchannel has been investigated by applying two types of flow, the
steady flow and the pulsatile flow. The main conclusions from the present study are drawn as
follows:

1) A microfluidic device was designed and fabricated to provide various bulk temperatures
for particle deposition experiments. The dynamic process of particle deposition in the
microfluidic device has been directly observed within a wide range of bulk solution
temperatures, from room temperature (297.25 K) to 339.25 K. To the best knowledge of
the author, it is the first time that the thermal effect (bulk temperature) on the particle
deposition in microchannels is studied. The particle deposition rates onto the
microchannel surface, which is characterised by the Sherwood number, are found to be

strongly dependent on the solution temperature. For both stationary and flowing samples,
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2)

3)

the particle deposition rates are higher with increasing the bulk solution temperature.
Significant enhancement of the particle deposition rate up to 300% is found with
increasing the bulk solution temperature from 297.25 K (room temperature) to 339.25 K.
With a fixed elevated temperature, the Sherwood number is monotonically increased with
increasing the electrolyte concentration of sample solution.

Theoretical modelling within the framework of the DLVO theory has been derived for
particle deposition at elevated temperatures, based on a simplified one-dimensional mass
transport model with consideration of the temperature dependence of the physiochemical
properties involved in the particle deposition process. The modelling results agree
gualitatively with the experimental measurements in terms of the particle deposition rate
(Sherwood number) at various bulk solution temperatures. The modelling also provides
the interaction potential curves between the particles and the microchannel surface at
elevated temperatures. The bulk solution temperature determines the energy barrier
impeding the particle attachment in the near-wall region, with a given electrolyte
concentration and hydrodynamic flow conditions. The repulsive energy barrier is
remarkably reduced with increasing the bulk solution temperature, leading to the
enhanced particle deposition observed in experiments.

A new design of microfluidic temperature-gradient microchip has been developed, and
the microfluidic chip consists of three layers: a top layer using with a thermoelectric
(TEC) unit as cooler, a middle layer with a PDMS microchannel, and a bottom layer
using a transparent Indium tin oxide (ITO) coated glass as heater. This design allows one
for direct observation of the dynamic particle deposition along the same direction as the
applied temperature gradient, which provides an effective microfluidic platform for
investigating the particle-surface interaction phenomena under non-equilibrium thermal
environments. Experiments have been conducted to study the particle deposition rate with
different temperature gradients. The results show that the Sherwood number is decreased

by 56%, with increasing the temperature gradients inside microchannel from 78.9 K/m to
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4)

6946.9 K/m. The mechanism of temperature gradient effect has been analysed by using a
derived one-dimensional model. The modelling results show that the temperature gradient
affects the transport of particles at long range via the thermophoretic force acting on
particles, while the bulk solution temperature determines the energy barrier to hinder the
particle attachment in the near-wall region. The observed reduction of particle deposition
rate with increasing temperature gradient is due to the combined effects of the
temperature gradient and the bulk solution temperature on the two steps of particle
deposition process, including the particle transport and the particle attachment.

The effects of hydrodynamic flow on the particle deposition at elevated temperatures
have been studied with consideration of a steady flow and a pulsatile flow in the
microchannel. For the steady flow, the Sherwood number is reduced with increasing the
Reynolds number of the hydrodynamic flow and its value is maintained at a minimum
within the tested range (Re: 0.009 — 1.82). The reduction of particle deposition rate with
increasing the Reynolds number is due to fact that the augment of hydrodynamic lift
force prevents the transport of particles from the bulk solution to the near-wall region
where the colloidal interactions dominate. For the pulsatile flow, a microfluidic pulsation
generation unit embedded with a piezoelectric (PZT) disk is designed to superimpose a
controllable oscillatory flow component in the main steady flow. The effect of the flow
oscillation frequency on the particle deposition rate has been experimentally studied. By
comparing the Sherwood numbers for the steady flow and the pulsatile flow with
different oscillation frequencies, the results show that the normalised particle deposition
rate is reduced by 50% as the frequency is increased from 0 Hz to 1 Hz, while the steady
flow rate (1 mL/h) and the amplitude of the flow oscillation (0.09 mL/h) are fixed. This
simple design and low energy consumption make the pulsatile flow as a potential option

for mitigating particle deposition in microfluidic applications at elevated temperatures.

152



7.2 RECOMMENDATIONS

This thesis has presented the thermal effects on particle deposition in microchannels for the

first time. Based on the results obtained in the present study, the following are recommended for

future work:

1)

2)

3)

The current study shows the thermal effects on the particle deposition for a dilute particle
suspension, in which the interactions among the particles are neglected. As many
practical applications involve concentrated particle suspensions, it would be important to
investigate the particle deposition in microchannels at elevated temperatures for different
particle concentrations.

Discrepancy between the experimental results and the numerical results has been found
for the cases of the elevated temperatures and the electrolyte solutions. The dependence
of particle deposition on the temperature and the electrolyte concentration needs to be
further studied for the colloidal interactions (i.e. the electric double layer force and the
van der Waals force).

The experiments with the hydrodynamic flow at elevated temperatures have shown that
the particle deposition in a microfluidic flow can be mitigated by varying the
hydrodynamic intensity (Reynolds number and flow oscillation) in the microchannel. A
further study of the physical mechanisms of the particle-wall interaction in the pulsatile
flow would be an interesting topic as the pulsatile flow has been proposed for a number
of heat exchanger applications. However, few experimental and theoretical works
currently have been reported for the particle deposition in microchannel flows in the

literature.
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Appendix A
Parameters for temperature

dependence of water properties

Table A.1 Parameter table for the calculation of the static dielectric constant, €, in Eq. 3.35

Symbol Paramter Value

g Harris-Alderg-factor

k Boltzmann constant 1.380658 x 10 J K™
Mw Molar mass of water 0.018015268 kg/mol
N, Avogadro number 6.0221367 x 10%/mol
€ Permittivity of vacuum 8.85x 102 C/V m

T, Critical temperature 647.096 K

Mean molecular polarizability of the isolated 1.636x10*° C4™* m?
water molecule

u Dipole moment of the isolated water molecule 6.138x10% C'm
Do Critical density 322/M,, mol/m™
p Amount of substance (molar) density

T Absolute temperature, ITS-90

Table A.2 Coefficient for calculation of Harris-Alderg-factor, g in Eq. 3.36

h Np i Jn
1 0.978224486826 1 0.25
2 -0.957771379375 1 1
3 0.237511794148 1 2.5
4 0.714692244396 2 1.5
5 -0.298217036956 3 1.5
6 -0.108863472196 3 2.5
7 0.949327488264 x 10™ 4 2
8 -0.980469816509 x 1072 5 2
9 0.165167634970 x 10* 6 5
10 0.937359795772 x 10™ 7 0.5
11 -0.123179218720 x 10°° 10 10
12 0.196096504426 x 107

pe = 322/M,, mol/m™ T. = 647.096 K
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Table A.3 Coefficient for calculation of the refractive index, n, in Eq. 3.40

a,= 0.244257733 a,= 1.58920570 x 107
a; = 9.74634476 x 10°° as = 2.45934259 x 10°°
a, = -3.73234996 x 10 as = 0.900704920

a;= 2.68678472 x 10 a; = -1.66626219 x 102
Ayy= 0.229202 AR = 5.432937
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Appendix B

Protocol for ITO glass etching

Note: This protocol is optimised for the MEMS facility in the Clean Room of School of
Mechanical & Aerospace Engineering, NTU. Setting parameters could be varied if equipment are

different.

1. Clean ITO glass plates:
i.  Immerse the ITO glass in acetone with ultra-sound on for 2 minutes.
ii.  Immerse in Isopropenol (IPA) with ultra-sound on for 1 minute..
iii.  Rinse in DI water and blow dry.
iv.  Heat the ITO glass on hot plate at 120 C for 4 minutes.
2. Photoresist spin coat (~ 2 um thick coat):
For photoresist AZ9260 (AZ7220)
i.  Parameter set:
pre-spin speed = 500 rpm
pre-spin time = 10 sec
spin speed = 5000 rpm (2000)
spin time = 30 sec
ii.  Photoresist coat:
a. Put a piece of ITO glass on the spinner with the ITO coated side up, and then fix it by
vacuum.
b. Pour the positive photoresist onto the center of the glass plate and spread it all over the
plate.

C. Press the “Start” button to begin spinning and “stop”
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d. Probably, there will be some PR which get around the corners and adhere to the bottom

side of the glass. Remove it by clean room wiper with acetone. This is an important step
to ensure good exposure on corners.
Bake on the hotplate at 100 C — 1 min and 110 C — 3 mins. (Bake on hotplate at 100 for

90 sec for AZ7220)

3. UV Exposure - ~ 35 to 40 sec (15-20 sec for AZ7220)

Vi.

Vil.

Place the mask on the glass plate using tape to bind it tightly and fix it onto the
rectangular mask-holder

Put the mask-holder onto the machine after turning vacuum on

Set parameters to soft, 45 s exposure time.

Load the cooled and resist coated ITO glass slide onto the wafer holder and align it using
the 4 holes in the corners of the wafer holder

Adjust the left, right and center scales to 10, 15 and center line respectively. Loss of
wafer vacuum is ok

Expose the substrate

Unload the substrate and repeat for the next 5 substrates

4. No post bake for AZ 9260. Post bake at 110 C for 60 sec for AZ 7220

5. Photoresist develop

Vi.

Pour the respective developer into the small container (dilute twice for AZ9260 and no
dilution for AZ7220)

Transfer the glass plates into the developer and stir the container for 4 mins for AZ 9260
(2 mins for AZ 7220)

Transfer the glass slides into the DI water container

Clean the glass slide with DI water and blow dry.

Test the patterns using the microscope if required develop further.

If there are any regions where two electrodes are in contact, use a tissue dipped in acetone

to remove the photoresist layer and hence to detach the patterns from each other
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6. Bake the glass plated at 120 C for 45 mins
7. 1TO etching
i.  Wear all the PPE and take extreme caution while using the acids and their mixtures.
Always add acid to water.

ii.  Add HCI:H,O:HNO:; into the glass container in the ratio 4:2:1

iii.  Place the glass plates into the etching solution for 4 mins.

iv.  Clean the glass plates with water and blow dry.

v.  Test the glass slide for conductivity. If the surface is non-conductive (other than the
electrode patterns) the etching process is complete. If the surface is conductive, etch the
glass plates for another min.

vi.  Clean the wet bench area and transfer the etching solution into the waste container within
the wet bench.

8. Photo resist removal
i.  Immerse the glass slide into acetone for few seconds

ii.  Wash the glass slide with IPA and water and blow dry.
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