


ABSTRACT
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As electronic products become faster, more compact, and incorporate greater
functionality, their therma management becomes increasingly more challenging as well.
In fact, shrinking system sizes, along with increasing circuit density, are resulting in rapid
growth of volumetric heat generation rate and reduction in surface area for adequate heat
dissipation. Moreover, system miniaturization by employing microfabrication
technology has had a great influence on thermal and fluid research Smaller systems have
many attractive characteristics and can be more conveniently fabricated using batch
production technol ogies.

One of the fields showing promising potential in microsystems and electronics
cooling is the use of the phenomenon of electrohydrodynamics or EHD defined as a
direct interaction between the electric and hydrodynamic fields where the electric field
introduces fluid motion.

The objectives of the present study were to identify the physics of these

phenomena as related to the present study, to simulate it numerically, and to verify the



modeling through experiments. More specifically, the goals were to develop a novel
numerical methodology to simulate the highly complex interaction between fluid flow
and electrical fields. Next, to verify the model a mesoscale ion-injection pump was
designed and fabricated, followed by a set of experiments that characterized the pump’s
performance. The experiments will also demonstrate the application potential of the
concept in electronics cooling and particularly for spot cooling applications.

Experimental tests were conducted on an EHD ion-injection mesopump to
measure the flow rates and generated pressure heads with HFE -7100 as working liquid.
It is shown that the results of two different flow rate measurement techniques that were
employed, are in agreement. The experimental results also show that maximum flow rate
of about 30 ml/min and pressure head of 270 Pafor the electrode gap of 250 mm and
voltage of 1500 V are achievable. A novel numerical modeling method was devel oped
that incorporates both the injection and dissociation of ions. This modeling method is
used to simulate the EHD mesopump. The numerical results show afairly good

agreement with experimental data.
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CHAPTER 1: INTRODUCTION

1.1 Oveview

Extensive research has been carried out for years on the development of novel and
efficient techniques for the enhancement of heat transfer and mass transport of fluids.
Indeed heat, momentum, or mass transport enhancement is a diverse and complex area
where many methods have been developed, and while some of them have been
commercialized, many techniques are still in the laboratory stages, where
commercialization istheir magjor chalenge.

During the past decade two emerging topics have had a great impact on the
research in this area. The first topic isthermal issuesin electronics. As electronic
products become faster, more compact, and incorporate greater functionality, their
thermal management becomes increasingly challenging. In fact, shrinking system sizes,
along with increasing circuit density, are resulting in rapid growth of volumetric heat
generation rates and reduction of heat dissipative surfaces. Moreover, the reliable range
of operation in terms of temperature for most of these electronic devices has remained
in the range of 70°C to 150 C for most applications. Additional thermal management
challenges arise if the electronics products operate in harsh environments. In addition,
the prospect of using conventional cooling techniques for future productsis not very
promising. The size of heat sinks cannot increase much beyond their current size because
of the desireto shrink chassis size. The cooling airflow rate that may be supplied is

limited by the space that is available for fans or blowers and by strict acoustic emission



standards. These factors, plus the need for a severe product cost reduction, have resulted
in astrong demand for effective compact heat removal techniques. This demand arises
not only in the context of high-speed computers but also, for example, in next-generation
portable electronics, biomedical devices, and automotive applications. Although thereis
debate on the change in the rate of heat generation of future electronics, thereis no
disagreement that thermal management in future systemswill be amore challenging
issue. A major result of these challengesin thefield of heat transfer has been to define
new boundaries for the commercialization possibilities of various heat removal
technigues. Many techniques which in the past were not considered commercially viable
by industries such as refrigeration, process, and automation sectors are now finding
innovative applications in the related el ectronic packaging areas. This has aso boosted
new research activitiesin heat transfer and fluid flow fields.

The second trend that has had a great influence on thermal and fluid research is
the tendency toward system miniaturization including use of microfabrication
technologies. Smaller systems have many attractive characteristics. They generally have a
faster response than their macro-size counterparts. They are typically lighter, less
expensive, and more sensible to an external incitation. They can be more conveniently
fabricated using batch production technologies. Furthermore, in special cases, using
miniaturized systems is unavoidable due to the existence of space or weight constraints.
Asaresult, miniaturized mechanical devices are becoming more prevalent both in
commercia applications and in scientific inquiry. The process of miniaturization is not
simply the shrinking down of existing systems, but a complete restructuring of the

microsystem. Microsystems tend to behave differently from the objects we are used to



handling in our daily life (Karniadakis and Beskok 2002). Great interest in
miniaturization has led to the definition and development of a new research area known
as microel ectromechanical sytems (MEMS) which involves coupled field behavior
combining two or more energy domains such as mechanical, electrical, optical, or
thermal (DeVoe 2002). These devices are miniature embedded systems involving one or
many micromachined components or structures.
System miniaturization has drastically revolutionized fundamental, experimental, and
technological research. Infundamental study, phenomena of negligible importance in the
macrosytems might need to be taken into consideration for microdevices or vice versa.
For example, for microsystemsthe inertial forces tend to be quite small, while surface
effects tend to dominate the behavior of these systems. Friction, electrostatic forces, and
viscous effects due to the surrounding air or liquid become increasingly important as the
devices become smaller. In general, quantities that are a function of the area decrease
more gradually than properties that depend on the volume (Karniadakis and Beskok
2002). Because of the extensive challenges existing in experimental analysis of
microsystems, miniaturization provides an extensive research opportunity for analytical
and numerical modeling as well. In fact, modeling plays a great role in design of
microdevices.

Experimental research on microsystems has also been carried out in recent years
to characterize their behavior and response. However, it has turned out that
instrumentation is one of the main challengesin this area. In fact, microsystems are very

vulnerable to environmental disturbances. It is difficult to design and utilize measurement



techniques and instruments that are non-intrusive, have a limited range of stochastic
errors, and are adequately sensitive.

Technology development in microdevice production has been dependent on
microfabrication techniques. Microfabrication is the set of design and fabrication tools
for the machining of microstructures and very small mechanical features well below the
limits of human perception (Mauf 2000). While many fundamental processes of
microfabrication technology were originally introduced by the integrated circuit industry,
the MEM S community has tremendously improved microfabrication techniquesin recent
years.

To summarize, electronics thermal management and miniaturization have
greatly motivated recent research in heat and fluid flow field, while microfabrication has
provided a superb practical technique to realize design miniaturization. This introduction
was given to establish the motivations for the objectives and scopes sought in the current

study which will be addressed next.

1.2 Research Objectives

Asindicated, in many MEMS devices and miniaturized systems severa different
energy fields smultaneously play arole. For example, in a microsensor, micromechanical
and electrical components might function side by side. In fact, amgjor advantage of
miniaturized systemsistheir integration of various energy fields (e.g. mechanical,
electrical, optical, etc.) on the same platform.

One of the fields showing promising potential in microsystemsis
electrohydrodynamics, or the EHD technique for fluid pumping and transport

phenomenon applications. Electrohydrodynamics can be defined as a direct interaction



between the electric and hydrodynamic fields where the electric field introduces fluid
motion. This physical phenomenon, which will be defined precisely in following
chapters, isacomplex field. The major objectives of the present study can be listed as
follows:
1. Study the concept of the electrohydrodynamics for microfluidics applications,
identify key factors, and classify governing equations
2. Develop anovel numerical methodology to simulate the corresponding
el ectrohydrodynamics phenomenon (i.e. the interaction between fluid flow and
electrical fields)
3. Design and fabricate an electrohydrodynamic pump with two sub-goals:
a. Veify the developed numerical methodology in practice
b. Demonstrate the application potential of the electrohydrodynamics

phenomenon in electronic cooling using microfabrication techniques

1.3 Research Approach

In this section it is intended to present an overview of the research track that was
chronologicdly followed to meet the project goals.

The current study was started with a conceptual study of the EHD phenomenon
involved in the current application. In this stage the physics of EHD were broadly studied
to understand the process, how the fluid and electric fields interact, and which media
properties play important roles. Then, the governing equations and mathematical
formulation of the fields and the boundary conditions were classified, leading to an

understanding of how the EHD equations are coupled and how they interact.



The next stage was to develop a numerical strategy to solve the governing
eguations simultaneously and simulate the EHD process. Theinitial modeling
methodology was specially adopted to simulate the EHD heat transfer enhancement in
gases. Thistask was carried out by discretizing the governing equations and writing a 2-
D numerical program to solve these equations numerically. After concluding that the
modeling strategy was successful, the same technique was adopted for Fluent, a
commercial 3-D CFD code. Fluent offers great flexibility in modeling of practical
problems where the geometries are fairly complex. Moreover, Fluent provides a
convenient feature known as User- Defined Functions (UDF). A UDF isaroutine
programmed by a user that can be dynamically loaded with the Fluent original solver to
enhance the standard feature of the code. Even though Fluent presents great advantagesin
handling of fluid mechanics problems, it does not have any built-in function to solve
electrostatic equations. Nevertheless, the Fluent UDF feature allowed us to extend the
capability of the code to handle the electrostatic equations as well. Thiswas not an
effortless task since it was necessary to translate these equations and their boundary
conditions to the general form of transport equations and boundary conditions that could
be solved by the code. Besides, an advanced knowledge of the Fluent user-defined
macros was needed.

In the next stage the numerical simulation methodology was verified. To do this, a
basic macroscal e test section was designed to demonstrate single phase fluid pumping
application using air as the working fluid, with applications in air-side heat transfer
enhancement. After anumber of experiments were conducted, the results were compared

with the numerical results and agreement of the results was found promising. However,



realizing the practical application of the EHD for air-side heat transfer enhancement at
the macroscale is limited, predominantly due to relatively high Joule heating and the
associated power consumption, it was decided to next examine the applicability for fluid
pumping applications, including its use in micro pumping and spot cooling of high flux
electronics. Therefore, at the next stage a meso-scale, ion-drag, EHD pump was designed
and manufactured. In order to build the meso-pump, a microfabrication technique was
utilized, with nearly all its steps being carried out in the University of Maryland research
labs. Although some basic hydrostatic tests were conducted that showed the applicability
of the EHD pumping concept, it was decided to design a complete closed-loop test
section and to run anumber of testsin thistest section to evaluate the performance of the
EHD meso-pump with microfabricated electrodes. Then, using the developed simulation
methodology, a numerical model of the meso-pump was generated and a comparison

between the numerical and experimental results was carried out.

14 Scope

In Chapter 2 the electrohydrodynamics concepts and governing equations will be
presented and the terminology, as well as definitions of some basic terms and physical
concepts, will be reviewed. Chapter 3 provides a comprehensive literature review on
some of the earlier works on micropumps as well as basic research on the EHD
phenomena and its applications as related to the present work. The methodology of
numerical modeling for electrohydrodynamic processes will be presented in Chapter 4.
For the numerical modeling, two classes of EHD problemswill be simulated. In both
classes, the source of motion is the Coulombic force acting on the fluid. However, the

differenceisin the type of charged carriers participating in the EHD process. The design



of EHD mesopump and its fabrication methodology will be reviewed in Chapter 5. In this
chapter an appropriate scheme for mesopump microfabrication and its process flow will
be studied. In Chapter 6 the experimental setup and test facilities used in current study
will be introduced. The experimental and numerical results of current research will be
presented in Chapter 7. Finally, an overview of the results and recommendations for

future work will be given in Chapter 8.



CHAPTER 2: ELECTROHYDODYNAMICSTHEORETICAL

BACKGROUND

2.1 Introduction

In this chapter the relevant el ectrohydrodynamics concepts will first be briefly
defined and be followed with the governing equations in their general form. These
equations will be simplified to obtain a useful and practical set of equations, and then will
be nondimensionalized. Afterward, terminology, as well as definitions of some basic
terms and physical concepts, will be reviewed. This chapter will facilitate coverage of
corresponding equations for numerical modeling which will be more specifically

discussed in Chapter 4.

2.2 Basic Electrohydrodynamics Definitions

Electrohdrodynamics (EHD) isafield of science that studies the fluid flow
behavior under the influence of electric fields. In other words, EHD deals with the
interaction between the electric field and fluid flow. Thisinteraction can result in
different phenomena such as mixing, pumping, secondary motion, agitation, and heat
transfer enhancement. The generated fluid motion is due to an electrical body force

exerted on the fluid under certain conditions that will be discussed in next sections.



2.3 Governing Equations

2.3.1 Electrical Equations

The EHD governing equations are deduced from two basic sets of equations,

10

Maxwell’ s equations and fluid flow conservative equations. Maxwell’ s equations are the

general electromagnetism equations (Castellanos 1998). Under special circumstances,

these equations can be simplified to form the electrical governing equationsin

electrohydrodynamics.

Gauss' s law states that

where D isthe displacement vector and defined asD =e E +P.

The nonexistence of magnetic chargesimplies that

If the magnetic field is time dependent, Faraday’ s law states that

1B

qt

]

Thefourth law tells us

where Jisthe current density due only to the free charge carriers that are convected

(2-1)

(2-2)

(2-3)

(2-4)

through the fluid under the action of the electric field. As constitutive relations, it can be

assumed thatD =eE,B =m H .
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In the case that electric energy is greater than the magnetic energy
(electroquasistatics), the above equations can be simplified to (see (Melcher 1981))

N>D=r_, N"E=0

(2-5)
N>x8=0, N"H=J +1b
qit
(2-6)
From the irrotational nature of electric field it is concluded that
E =-Nf
(2-7)
where f isthe electric potential.
The charge conservation law implies that
& + N x] =0
qit
(2-8)
where the electric current density, J , isdefined as
J=J(+r u
(2-9)

The first term represents the summation of al current densities measured by an observer
moving with a volume element inside the medium, while the second term stands for the
current density due to the bulk movement of charge carriers with the medium. It can be

shown that (Castellanos 1998)
Je= é (Myr o E+ DiNr ei)

(2-10)

where m,;, D;,andr ; are mobility, molecular diffusion coefficient, and charge density

of charge specie i, respectively (see section 2.6.2 for adefinition of the ion mobility). It

can be proved that the effect of diffusion may be safely neglected unless the electric field
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isaslow as 0.025 V/m (see (Castellanos 1998)) . In next two sections, two special cases
will be reviewed, and the law of charge conservation for these two cases will be

presented.

2.3.1.1 Electrical Conduction and Dissociation

One important phenomenon observed in liquidsis electrical conduction, which is
due to the dissociation of either neutral, impure moleculesinside the liquid or the liquid
molecules themselvesinto ions. If we only consider the liquid molecules’ dissociation,

using asimple model, we have:

Kq
®
(A'B") A" +B

=

k

(2-11)
where (A *B") stands for the neutral ionic pairs, while A*and B’ represent the positive

and negative ions, respectively (Pontiga and Castellanos 1996). This equation shows that
the free ions are continuously generated from the dissociation of ionic pairs, and
conversely, theionic pairs are formed by arecombination of the positive and negative
ions. kyand k; are the dissociation and recombination coefficient, respectively.

Now the charge conservation equation for each charge polarity is

e Rt =kyc- k. rir;
it
(2-12)
e R =k,c- krir;
it

(2-13)
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where c is the concentration of ionic pairs, and r _ and r _ are the concentration of

cations (positive ions) and anions (negative ions) (Pontiga and Castellanos 1996). The
current flux density is given by
J* =xmrJE+r u

(2-14)
Notice that Egs. (2-5) to (2-10) are all still valid consideringthat r ,=r ] - r

e

andJ =J" - J . In nonpolar liquids (see section 2.6.1 for the definition) the
concentration of freeionsto ionic pairsis extremely low.

The recombination coefficient, k;, can be obtained by

= (M)
e
(2-15)
with i and m, representing the mobility of cations and anions, and e the liquid

permittivity (Castellanos 1998). Unlike the recombination coefficient for the nonpolar
liquids, the dissociation coefficient is afunction of the electric field intensity. In fact, the
rate of dissociation of ionic pairs can be substantially increased by the application of an

electric field. This coefficient isgiven as

1,(4b)
2b

Ka = kg

(2-16)
where k? isthe rate of dissociation of ionic pairs when no electric field is present, and

l1is the modified Bessel function of first kind and order one. bis defined as

Ly _ €5/8pekT

Le v e0/4pe| E|

b=

(2-17)



14

In the limit, the dissociation coefficient tends to the constant valuek? , since

ngg I,(4b)/2b =1. Noticethat bisafunction of electric field.

At the thermodynamic equilibrium and in the absence of an external electric field,
the rate of positive and negative ion generation is zero, and the densities of positive and
negative ions are identical. Therefore, from Egs. (2-12) and (2-13) it can be concluded

that

kS (%2
(2-18)

e

wherer ) = ——=—
(m +m)

and s the ohmic electrical conductivity. This relation enables us

to find the density of ionic pairs, ¢, in terms of other given parameters.

2.3.1.2 Unipolar Charge Migration

As suggested by Melcher (Melcher 1981), if only unipolar charge migration and
ohmic conduction are present, and the variation of ohmic conduction with electric field is
negligible, the total current density can be found as

J=mr E+s _E+r_u

(2-19)
where the terms on the right-hand side represent the unipolar charge migration and

conduction and convection components, respectively. The unipolar charge migration
current density component is due to the flow of free ions (positive or negative) injected

into the field through the electrodes. The term m,E shows the velocity of these charge

carriers, while 1 represents their volume density. The conduction term is due to the



15

current flow of charged carriersthat are produced not by injection process, but by the
dissociation of molecules within the field. This process always creates an equal number
of positive and negative charges. However, redistribution of the positive and negative
charges can occur, creating locally charged regions, even if the entire fluid domain asa
whole in the electric field is neutral (Seyed-Y agoobi and Bryan 1999). The convection
current density component is aresult of the free charge carrier translation with the

medium (e.g. fluid) moving with avelocity of u.

2.3.2 Fluid Flow Equations

The basic equations for an incompressible, Newtonian fluid under the influence of an
electric field are as follows (Davidson, Kulacki et al. 1987):

Conservation of mass:

N>u=0

(2-20)

Navier-Stokes equations with an electric body force term Fe:

réﬂ—u+(u.l§|)u@: -Np- Nxt +rg+F,
&1t H

(2-21)

where for an incompressible Newtonian fluid

- Nx =niN?u

(2-22)

and an energy equation for an incompressible fluid subject to Joule heating source term,

SJZ

R S
T uRT =Riqafm)+ L+
fit c, frc,

(2-23)
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The interaction between the electric and fluid fields is through the body force term F. and

the Joule heating source term S; , which will be defined in the next section.

2.3.3 Joule Heating and EHD Body Forcesin Fluids

As explained, when an electrostatic force is applied to afluid, it can result in an
EHD body force as well as the Joule heating phenomenon. The calculation of the electric
body force is acomplicated problem, since any attempt to deduce thisforce from a
microscopic model and subsequent averaging has been unsuccessful. The technique,
which is mainly used to drive this body force, is based on an energy principle. Using this

method, it can be shown that the electric body force acting on the fluid is

- g]T_fg \

2r

F =r E-%E2N6+ N

e e

N =

-
Z

@@ (D
OO C

(2-24)
(Stratton 1941; Castellanos 1998).

Thethree termsin Eq. (2-24) represent different types of forces acting on the
fluid. Thefirst term, called the electrophoretic force, corresponds to the Coulomb force
acting on the free charges in presence of an electric field. This term does not include the
force acting on the dipole molecules, which are not free charges. The charge density in

thisterm, r

I ., Isconsidered as the ensemble average of al free charge carriers, including
both positive and negative ions. The direction of this component of the electric force for
the cationsis co-directional with the electric field (i.e. from the positive el ectrode toward
the negative electrode), while for theinionsit isin an opposite direction. Therefore, aDC

electric field will generate unidirectional Coulombic motion of the charge carrier, while

an AC field may generate oscillatory motion of charges. The second and third terms are
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known as the dielectrophoretic and electrostrictive forces, respectively. If the electric
field is uniform, the forces on the two separated charges, which form a dipole molecule,
cancel out. In anonuniform field, the force on one of the dipole charges located at a more
intense electric field exceeds the force on the other charge, and as aresult, the dipoleis
drawn toward the direction of increasing electric field strength. This effect is governed by
the second and third termsin Eq. (2-24).

These two force components are generally more important in atwo-phase flow; in
asingle-phase flow their effect can typically be ignored. Nevertheless, there are two ways
in which a single-phase fluid can support a concentration of polarization: when the
permittivity (or dielectric constant) of fluid isafunction of position, and when the fluid
permittivity varies with density.

Infact, if adielectric liquid is elastically deformed under the force exerted by an
electric field, or an interface exists (e.g. two-phase fluids), the dielectrophoretic and
electrostrictive forces must be taken into consideration. Notice that in the last term of Eq.
(2-24) the electrostrictive force is a gradient term. Therefore, in most cases for asingle
phase flow, this component of body force does not influence the flow fluid, but, only
changes the pressure field. In order to clarify the direction of dielectrophoretic force, let’s
consider three different examples. For the first example we consider a single-phase flow
for which permittivity increases with electric field. According to Eq. (2-24), the direction
of the dielectrophoretic force is from the high strength electric field region to the low
strength field region. For the second example consider an interface between aliquid and
vapor in anonuniform electric field. In this condition an attraction force is created that

drawsthe fluid of higher permittivity (liquid) toward the region of higher electric field
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strength. Asthefinal example, consider the case where a particle is moving under a
nonuniform electric field influence in afluid. If the permittivity of the particleislarger
than the surrounding fluid (e.g., a glass particle surrounded by air), as aresult of the
dielectrophoretic force, the particle moves toward the higher electric field region.
However, if the permittivity of the particle issmaller than the surrounding fluid (e.g. a
vapor bubble surrounded by aliquid), the dielectrophoretic force drives the particle
toward the lower electric field region.

In order to avoid the singularity of the electrical permittivity in Eq.(2-24) at the
interface of two-phase media, the Maxwell stress tensor associated with the EHD body

force can be used:

e r
ty =eEE, - Jd;EEd-

@>@CD\

fir e

§||o
O

(2-25)
(Seyed-Y agoobi and Bryan 1999). Notice that the EHD body force given in Eq.(2-24)

can be obtained from the transformation of surface force densities given by Eq.(2-25) to
volume force densities by applying Gauss' s theorem.

The effect of EHD on conservation of energy isfairly complex. However, if the
secondary effects, such as thermoelectric phenomena, variation of fluid property with
electric field, and dependency of permittivity on temperature, are ignored, then the
simplified energy conservation equation as given by Eq. (2-23) is applicable and the
Joule heating source term is defined as

S, =ExJ¢

(2-26)
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where J(sdefined by Eq. (2-10), and for afluid with the unipolar charge migration and
ohmic conduction we have
S, =mr E*+s E?
(2-27)

2.4 Nondimensional Form of the Governing Equations

Nondimensionalization of the EHD governing equations results in the standard
group of dimensionless parameters, including the Reynolds, Prandtl, Eckert, and Nusselt
numbers. In addition to these well-known parameters, the electric field effect introduces a
new set of dimensionless parameters. A review of the open literature shows that in the
past there were discrepancies among researchers on the definition of the EHD
dimensionless parameters and the terminologies used. Therefore, the Institute of
Electrical and Electronics Engineers- Dielectrics and Electrical Insulation Society-
Electrohydrodynamics (IEEE-DEIS-EHD) Technica Committee has recommended using
aset of standard dimensionless parameters based on the fundamental governing
conservation equations (IEEE-DEIS-EHD Technical Committee 2003). These parameters

are summarized in Table 2-1.

Table 2-1 Primary dimensionless parameter sbased on conser vation equations

Symbol Expression Name
Re LU, /n Reynolds Number
End M oo E, L3 / rn2 EHD Number (Conductive Electric Rayleigh Number)
Md eoEng/r n2 Masuda Number (Dielectric Electric Rayleigh Number)
Eer &, Eé L2 (Ye, /‘ﬂr )+ / n2 Thermo-Dielectric Rayleigh Number
Sv n/D lon Schmidt Number
Fe m.E,L / D lon Drift Number
ST GeTO / D Thermophoresis Number
bgDT, L3 /n 2 Rayleigh Number

Ra
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Pr n /a Prandtl Number
Ec U 02 /Cp To Eckert Number
Db (|_/| D)Z Debye Number

(From (IEEE-DEIS-EHD Technical Committee 2003))

There are several other dimensionless parameters that can be expressed by a
combination of nondimensional parameters given in Table 2-1. A few of these parameters

and their relationship with the standard dimemsionless parameters are given in Table 2-2.

Table 2-2 Additional useful dimensionless parameters

Symbol Expression Name Relationship with Standard Dimensionless
Parameters
t Ut / L Mechanical Convection t
Re. eU,/s.L Electric Reynolds e-ReSc,/Db
t, ts /e Charge Relaxation Time t Db/esReSc;
te trm /e  SpaceChargeDecay t Db/esReSc

Now using these dimensionless parameters, the nondimensional form of the

governing equations can be derived. The dimensionless Gauss equation (i.e. Eq. (2-1)) is

- E
N Xe.E')=—M’
Xe.E ') Md e

(2-28)
For the charge conservation equation, given in Eq. (2-8), we have

r e+ Fe N xJ
it E Resc
(2-29)
The dimensionless current density is defined as
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(2-30)
where for the unipolar charge migration along with ohmic conduction we have
3
Je=—t 3¢
rn‘m,
=E.,r ;E* +ME*
Re F:
(2-31)

Notice that Re: is not a primary dimensionless parameter. However, using Table 2-2 it
can be converted to acombination of primary dimensionless parameters.

Nondimensionalization of the momentum equation, Eq.(2-21), yields

éMu’ ey WU 1 .,
& +U Ny =-Np +=N?x"+g +F,
g‘ﬂT ( ) H p Re g
(2-32)
where the dimensionless EHD body forceis
_ LR
¢ ru?
- ..e 5 U
=B e MAdpoge 4 B lyaey ?ﬁg G
Re Re® 2 Re® 2 8 qr @ f
(2-33)
Likewise, for the energy equation given by Eq. (2-23), we have
ﬂi*+u*>4§|*q*: 1 N*Zq*+Ef*+ E(;FE £ x)¢
It PrRe Re Re"Sc,
(2-34)

2.5 Electrohydrodynamic Efficiency

An important factor in EHD study is the efficiency of the process. The power
applied to an EHD-driven system, does not convert entirely into useful work. If the
electrohydrodynamic process is employed to generate fluid motion, then the useful

portion of input power isthe one which is converted to kinetic energy. Therest of the
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energy will be dissipated in theform of heat. To find the kinetic energy conservation

equation, we can multiply the Navier-Stokes equation (Eq. (2-22)) by u to obtain

r%(%uz):-w&lp- uXN Xt +ru>g+uxF,

(2-35)
The contribution of viscous work can be divided into two terms, and the Kinetic energy

eguation can be rewritten as

rR(%uz):-NXpu- (Rt su) - nf +rusxg+use,

(2-36)
The right hand side of the kinetic energy equation consists of fiveterms. Thefirst termis

the rate of work done by pressure of surrounding. The second term represents the rate of
work done by viscous forces. Notice that using the divergence theorem, the contribution
of these two terms for any control volume can be converted to a surface integral
evaluated on the boundaries. The third term is viscous dissipation and represents the rate
of irreversible conversion of kinetic energy to internal energy. Thisterm aways actsasa
sink. The forth term shows the rate of work done by gravity force. The last term
represents the contribution of EHD work on the kinetic energy. Thisterm can be
interpreted as the useful part of EHD work on the fluid resulting in fluid movement.
Therefore, if the total EHD input power to a control volumeisP = | >f , the efficiency of

EHD can be defined as

(2-37)
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2.6 Definitions and Physical Concepts

In the previous section the el ectrohydrodynamics phenomenon from a
mathematical perspective was studied, and the governing equations were introduced. The
following section will describe some of the key physical concepts and definitions that

play important roles in the phenomenology of the electrohydrodynamics process.

2.6.1 Polar and Non-polar Liquids

A number of length scales appear in the microscopic study of ionsinside the
liquids, among which are the size of ions, a, and Bjerrum distance, g, defined as the
distance at which the Coulombian interaction of electrostatic energy between two ions of

opposite polarity equals their thermal energies. Thislength scaleis given as

lg
4peK T

(2-38)

Now, if for aliquid |, >>a the mgjority of ions are associated in ionic pairs, the liquid is
called anon-polar liquid, whileif |, << aions stand free, theliquid is called a polar

liquid (Castellanos 1998).

Polar liquids have permanent dipoles. In such dielectrics, the asymmetry in their
molecular structure leads to a permanent displacement of positive and negative charge
centers even in the absence of an external field. Polar liquids are presented as aromatic
hydrocarbons (nitrobenzene, chlorobenzene, etc.), spirits, acetone, liquid crystals, water,
and ethanol. Polar liquids dissolve and dissociate impurities so efficiently that it is

extremely difficult to purify them to a state where they exhibit high level of electrical
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resistivity (i.e. > 10'? ohm-m). Highly-pure polar liquids are very attractive as dielectric
media by virtue of their intrinsically large permittivities. (e, >30) (Gallagher 1975). For
areview of purification techniques see Schmidt (Schmidt 1997).

Non-polar liquids do not form dipoles appreciably in the absence of an externa
electric field. The dipolesformed in such dielectrics, on the application of electric field,
are not permanent, and their atoms return back to their original state once the electric
field isremoved. Most of the insulating liquids used in power system applications are

non-polar.

2.6.2 lon Mobility

Charge carriers are typically electrons and ions. In most situations the electrons
are quickly trapped by electronegative impurities or molecules of the fluid. For these
situations the positive and negative ions are the only charge carriers present in the fluid.

The mobility of the charge carrier, m,, is defined asits velocity per unit of electric field

stress.

Various techniques for measuring the charge carrier mobility have been
developed. Many methods employ pulsed sources of charge carriers, such as radioactive
isotopes, lasers, or accelerators. In other methods, a continuous charge carrier injection is
modulated by an electric field. Sometimes electric field impulses are applied. The most
important method for measuring electron or ion mobilitiesis the time- of-flight method,
which consists of the measurement of the time it takes a group of charge carriersto
traverse a certain distance in an electric field.

For the theoretical description of ion mobility in fluids a continuum model has

been developed known as Walden'srule. In this model, the ionic motion is considered as
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that of a charged sphere of radius R carrying an elementary charge through a viscous
medium of viscosity . If it is assumed that the driving electric force applied to the

charge carrier is equal to the viscous Stokes force exerted on a spherical ion of radius R,

then we conclude

(2-39)
where m,istheionic mobility. Notice that for negative ions,m, is negative. Taking

R » 10°° m, then mm» 10"** C/m, which implies that the product of mobility and

viscosity is a constant.

A large discrepancy in ion mobility measurements has been reported by many
researchers, and some of the results do not support Walden’srule (Eq.(2-39)). It has been
shown that impurities play a significant role in the inconsistency of experimental results.

Nevertheless, it is believed that Walden’ sruleis correct in its order of magnitude.

2.6.3 Charged Carrier Generation in Gases

2.6.3.1 Various processes of Charged Carrier Generation

There are severa processes by which acharge carrier (i.e. an electron, a positive
ion, or anegative ion) can be produced in afluid. Malik et a. (Malik, Al-Arainy et al.
1998) have summarized the main ones in a gas discharge, which are shown in Figure 2-1.

Among these processes, the cathode processes are of the most interest. At their
normal state, the electrons are bound to the solid electrode by el ectrostatic forces between
electrons and ions in the lattice. For the electron to leave the cathode, a minimum

specified energy, known as work function, is required where its value depends on the



material. Each of the cathode processes provides a different source of the required

energy. Let’s briefly review some of these processes.

Charged Particles Production in Gas Discharge
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Figure 2-1 The main processes responsible for the production of the charged particles in a gas
discharge (Malik, Al-Arainy et al. 1998)

Positive | on and Excited Atom Bombardment

When a positive ion has an impact on the cathode, an electron is released,

provided the impact energy is equal to or more than twice the cathode work function. At

least two electrons will be released: one will neutralize the positive ion and the other will

be g ected to the gas medium. An electron might also be emitted as aresult of the

bombardment of the cathode by neutral excited atoms or molecules.

Photoemission
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If the energy of a photon striking the cathode surface is higher than the cathode
work function, an electron may be ejected from the cathode.
Thermionic Emission

Raising the cathode temperature to a very high value (around 2000 K) will lead to
some electrons leaving their surfaces, since the violent thermal lattice vibrationswill
provide the electrons with the required energy. When a positive ion has an impact on the
cathode, an electron isreleased. This processis also called Schottky emission. In the

vacuum, the emitted current density isgiven as

(BJE
T

J=J,exp )

(2-40)
where Jo isthe current density as the electric field approaches zero and the constant B

takes the value 0.441 K (m/V)Y? (Castellanos 1998).
Field Emission

A high electrostatic field may overcome the binding force between electrons and
protons and lead to the liberation of one or more electrons from the cathode. This takes
place when the electric field value is of the order 10%-10° kV/cm. Although thisisa
relatively high electric field intensity, conditions for field emission can exist at electrode

protrusions and microdefects. The emitted current density is given by

3
- -6 E
:1.54W10 £ exp(. 88N

J )

(2-41)
where W is a parameter defined as the height of the potential barrier above the Femi

level of the metal, measured in electron-volts (Castellanos 1998). Usually, if log(1/f ?)is
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plotted asafunction of I/f | it yieldsa straight line, indicating that Wis slowly varying
with E.

Of these mechanisms, thermionic emission occurs at very high temperatures and
isimportant in vacuum conditions. Field emission occurs at very high values of surface
electric field and isimportant mainly in vacuum breakdown phenomena. Therefore, both
these mechanisms generally do not play any important role in gas discharges and charge
creation at normal atmospheric temperature and pressure. However, positive ion and
excited atom bombardment as well as photoemission can be the mgjor processes of the

charge creation inside gases.

2.6.3.2 Corona Discharge and Non-uniform Field Gas Breakdown

Any gas can withstand a certain amount of electrical stress, but when the electric
field intensity exceeds this value, adischarge is inevitable. In the case of auniform
electric field inside a gap, the discharge usually takes place in the form of a complete
breakdown. However, in anon-uniform field gap, the discharge will occur only in areas
where the electric field intensity is higher than the dielectric strength of the gas. This
process is known as partial discharge, and when it takes place in gasesit is called corona
discharge.

Coronadischarge isin conjunction with the charge carrier generation that leads to
an electrical current flow. The required non-uniform electric field can be established if
one of the electrodes has a much smaller radius of curvature than the other. In this case
the sharper and flatter electrodes are called emitters and collectors, respectively.

Depending on the polarity of the applied voltage to the emitter electrode, two modes of
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the corona discharge can be identified, which are negative and positive coronas (Malik,
Al-Arainy et al. 1998; Maruvada 2000)
Negative Corona

For this mode, the cathode is the emitter electrode. Asthe voltageisraised to the
critical field intensity, electron avalanches are formed and propagate towards the anode,
leaving behind positive ions. When the electrons enter the low field region, they slow
down and form negative ions. Thus, a space charge field is formed as shown in Figure
2-2. Here Es is the applied electric field, and Ep is the electric field due to the generated
space charge acting in reverse direction. The discharge and ion generation stops when the
effective electric field intensity (Es-Eo) in the vicinity of the emitter electrode drops
below acritical field value. The space charge electric field vanishes when the charge
carriers clear the gap, and as aresult, the electric field in the neighborhood of the emitter
recovers. Thus, once again corona discharge is repeated. This leads to the formation of
corona current pulses. Upon increasing the voltage further, at a certain voltage the space
charge field becomes incapable of reducing the effective electric field at the emitter
electrode neighborhood below its critical value. Therefore, the discharge process
becomes continuous, causing a pulseless current. This mode is known as glow corona.
Upon increasing the voltage even further, the discharge occupies a major portion of the
inter-electrode spacing, and incomplete streamers are formed. This mode is known as
pre-breakdown streamer corona. Further increase of voltage leads to a complete

breakdown.



Figure 2-2 Negative corona avalanche

Positive Corona

In this case the anode is the emitter electrode. Asthe voltage isincreased until the
critical field is established at the anode, electrons are accelerated from the low field
region towards the anode and cause ionization in the high field region (Figure 2-3). At the
anode, the electrons will be absorbed quickly while the positive ions accumul ate around
the anode. As aresult, the highest ionization activity occurs at the anode. Due to the
lower mobility of theions, a positive ion space charge is |eft behind along the path of the
development of the avalanche of ions. As aresult of the high electric field intensity near
the anode, electron attachment in positive coronais less effective than in negative corona,
and the majority of the free electrons created are absorbed in the anode. The discharge
stops when the effective field near the anode drops below the critical electric field.
However, the discharge restarts when the positive ions are cleared away from the anode
towards the cathode, and the field in the vicinity of anode recoversto a higher value. As
the voltage is increased further, the field at the anode will be high enough to cause
discharge even when there is a positive space charge near the anode. In this case a

continuous current will flow from glow corona. Upon raising the voltage further,



31

incomplete streamers are formed, resulting in a pre-breakdown-streamer mode of corona.

Asthe voltage is further increased, complete breakdown occurs in the gap.

Figure 2-3 Positive corona avalanche

Corona Onset Gradient and Kaptsov Theory

Coronaonset field isthe critical electric field intensity value needed at the emitter
electrode to initiate a self-sustaining discharge. The corona onset field is afunction of the
radius of curvature of the emitter conductor and its surface condition as well as of the gas
temperature and pressure. The corona onset electric field intensity of cylindrical
conductors inside the air has been studied experimentally, and empirical formulas have
been developed for AC and DC voltages. In general, the corona onset gradient E. of a

cylindrical conductor isgiven as

K O

Jre 5

2
E. = mE,dS1+

(2-42)
where Epand K are empirical constants depending on the nature of the applied voltage
(Maruvada 2000). These values for AC voltages, according to Peek, are Ep =29.8 kV/cm

(or 21.1 kVrms/cm) and K=0.301 for the case of two parallel conductors above ground

and Ep=31.0 kV/cm (or 21.9 kVrms/cm) and K=0.308 for the concentric cylindrical
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geometry (Peek 1929). The corresponding values for DC voltages, according to
Whitehead, are Eo = 33.7 kV/cm and K= 0.24 for positive polarity and Ep = 31.0 kV/cm
and K= 0.308 for negative polarity (Whitehead 1929). The fact that the constantsin
Whitehead' s formulafor negative polarity DC are the same as those for Peek’sfor AC
suggests that AC corona onset occurred during the negative half-cycle of AC. d isthe
relative air density factor, and is given as

_23+, P
273+t " p,

(2-43)
wheret isthe temperature and p the pressure of ambient air and to and po are reference

values. Usualy, to= 25 °C and po= 760 torr. r. is the conductor radiusin cm and misthe
conductor surfaceirregularity factor. Conductor surface irregularity factor misequal to 1
for smooth and clean conductors. Experimental results have shown that the value of m
may vary between 0.75 and 0.85 for stranded conductors, depending on the ratio of the
strand-to-conductor diameter.

For the unipolar corona discharge process, according to Kaptsov’ s theorem, the
electric field intensity of the corona discharge at the vicinity of the emitter electrode
remains at its onset value despite the variation in the applied voltage. If the emitter
electrode isathin conductor, the onset electric field intensity at the emitter surfaceis

reasonably described by Peek’sformula (i.e. Eq. (2-42)).

2.6.4 Charged Carrier Generation in Liquids

Many of the processes that can lead to charged carrier generation in gases can
cause charge generation inside liquids as well. Moreover, in liquids another charge

generation process known as field ionization might generate ions.



Field lonization

When the emitter electrode (i.e., an electrode with a small radius of curvature) is
of the positive polarity, molecules adjacent to the el ectrode become ionized due to
electrons tunneling into the metal. While field emission is governed mainly by the work
function, field ionization is controlled by the difference between the energy of the
forbidden zone (also known as ionization energy) and the work function (Schmidt 1997).

lon Injection in Nonpolar Liquids

In liquids the field emission occurs at intense values of the electric field. At such
high values the electrical double layer is destroyed, and tunneling of electrons from the
metal to the molecule (field emission) or from the molecule to the metal (field ionization)
takes place. However, in most situations of practical interest in EHD, the electric fields
are not intense enough, and the electrical double layer mediates the electronic transfer at
theinterface. In nonpolar liquidsion injection may be described by a two-step process:
first the ions are created at the electrode, and then they escape out of the image force
region. It can be shown that in this situation the injected charge density in the liquid at the

electrodeis

0
r e,inj

rein' =
" bK,(b)

(2-44)

where r °.  isaconstant that depends on the liquid and el ectrolyte nature (Castellanos

e,inj
1998). b is adimensionless parameter defined in Eq. (2-17) and K1 isthe modified Bessel
function of the second kind and first order. This expression has been successfully verified

in alarge variety of organic solvents and salts up to 2x10% kV/cm. Finally, it isto be
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noticed that for valuesof 1£ E £ 40 kV/cmwe may safely assume that the charge density

is constant. Thisis called an autonomous injection.

2.6.5 Current Density-Electric Field Characteristic

Generally, gases and most nonpolar liquids exhibit a dependence of the current

density, j, on the electric field strength, E, as shown in Figure 2-4, where four distinct

regions are observed (Schmidt 1997).

Current Density, j

Electric Field Strength, E
Figure2-4 J-E- characteristic of gasesor nonpolar liquids
At low values of electric field intengity (i.e. E< 1 kV/cm), Ohm'’slaw,

j=s E
(2-45)
isfulfilled (Region I). Thisregion isfollowed by a plateau (Region Il) where the current

tends towards saturation. All charge carriers generated per second are extracted from the

volume. At higher electric field intensities (i.e. 10 kV/cm<E), a steep increase of j with E
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isobserved (Region [11), which eventually at high electric field (i.e. E ~ 40-100 kV/cm)
leads to breakdown (Region V).

In liquids, unlike in gases where natural radiation plays important role, the major
roleis played by the dissociation of ionic impurities and solid impurity particles, which
are dominant factorsin Regions| and I1. The host liquid may dissociate the impurities
into ion pairs. These positive and negative ions, which escape recombination, drift to the
electrodes and thus give rise to aflow of current in the ohmic region. At the intermediate
field, the charge carriers are produced entirely by an electro-chemical process at the
interface between the liquids and metal, and a so-called double layer isformed at the
electrode. Its significance is that the positive and negative ions are created at this
junction. At certain field strength the ions will move to the electrodes at arate faster than
the generation rate in the bulk of the liquid, which causes growth of a space charge at the
electrodes, causing the current to tend toward saturation (Region I1). If the field applied
to theliquidsis sufficiently high, the current tends to increase sharply for comparatively
small increments of field. A number of factors might play arolein this process.

When the concentration of undissociated impurity moleculesis sufficiently high,
theincrease in electric field will lead to an enhancement of the dissociation process. Asa
result, more, free ion pairs are produced and conductivity increases.

Reduction or oxidation of impure molecules at the liquid/metal interface may
yield excess negative or positive ions. Such electrochemical reactions are controlled by
the double layer potential, which in turn is determined by the density and the nature of

absorbed ions.
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Solid impure particles are also considered to contribute extensively to high field
conduction. Since these particles may also be of a semiconducting or insulating nature,
prolonged action of electric stress at the electrodes will either lead to their removal from
the interelectrode gap or to their neutralization at the el ectrodes, thus reducing the
conduction current.

A high field can lead to the emission of electrons at the cathode, whereas at the
anode, field ionization can be initiated. As pointed out in previous sections, the field
strength required for these processes to begin is of the order of 10* kV/cm.

Under high fields, conduction currents are usually accompanied by randomly
occurring pulses or bursts of currents. It has been demonstrated that theses pulses are
associated with bubble generation (Qureshi and Chadband 1988) and the devel opment

and propagation of discharge called tress (Lesaint and Tobazeon 1988).

2.6.6 Charge Decay

Consider acharged specie (e.g., a positive or negative ion) moving inside a
medium. It can be shown that the charge of the specie is not preserved permanently, and
charge decay will be observed. The rate of the charge decay is an important factor in
anaysis of EHD phenomena. For example, the Coulomb forcein liquidsis directly
proportional to the charge of ionic species. If the charge of these species decays quickly,
the Coulomb force also decreases rapidly. To study the rate of charge decay, two cases

will be considered (Castellanos 1998).

2.6.6.1 Ohmic Regime

For ohmic regime the current density is given as
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J=s E+r_u
(2-46)
Using Egs. (2-28)-(2-31), it can be shown that if the electrical conductivity se remains

constant, the charge conservation equation becomes

(OO
(ﬂf+u Nr )+ 1 r.=0
It < Re,
(2-47)
or
Dr, 1
* x + e —
Dt e,Re,
(2-48)

Therefore, for each charge carrier moving with the fluid, the transient charge variation

can be found by solving Eq.(2-48) as follows:

-t"
r.=r_(0)e>"

(2-49)
The electrical Reynolds number is correlated to the charge relaxation time by

t
e.Re =—

S e
tl‘

(2-30)
where the definitions of the dimensionless parameters are given in Table 2-2. Therefore,

it can be concluded that the charge decay depends on the electrical Reynolds number of
the process. In other words, if the charge carriers move inside a fluid with high electrical

conductivity and low electrical permittivity, the charge decay process will be faster.

2.6.6.2 Unipolar Charge Injection Regime

In the absence of the charge diffusion and for a perfect insulation fluid (i.e. Se=

0), the total current density isgiven as



J=r mE+r_u
(2-51)
In this case, the charge conservation law can be written as
[ Fooven . FE .
(.” cru N r)+—ENr +—2"™ r?=0
it ReSc, e,ReSc.Md
(2-52)
or in terms of dimensionless characteristicstime:
P e o EE Lt
(ﬂ—f‘+u XN re)+—T¢E Nr.+-Er?=0
it t t
(2-33)
The dimensionless charge conservation equation’ s exact solution is as follows:
_ 1o
e t *
(1+-5t7)
t
(2-34)

This solution is valid on the characteristic linesdr/dt” =F, /(ReSc,)E” +u’, so that
unless agiven element of liquid can be traced via a particle line to a source of charge, it
will support no bulk charge density. The algebraic charge relaxation time t ¢ depends on

theinitial level of charge and after several decay times; the dimensionless charge density

t

reaches alimiting value r ;(O)t v ; and the dimensional charge density approaches a

E
limiting value e/myt , which isindependent of theinitial condition. The ratio between the
space charge decay time and the ionic transient time is given by the nondimensional
numberC =t _ /t{ =r ,L/eE. Small values of C indicate that the electric field is
determined by the external power supply connected to the electrodes in the fluid. In

contrast, for high values of C the electric field is strongly dependent on the charges that

are either inside or on the surface of the fluid.
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2.7 Summary

In this chapter the fundamentals of the EHD concepts and the governing equations
were reviewed and using a set of nondimensional parameters, the governing equations
were converted to dimensionless form. Terminology, as well as definitions of some basic
terms and physical concepts, was also introduced and studied. In the next chapter the

relevant research works reported in literature will be reviewed.



CHAPTER 3: LITERATURE REVIEW

3.1 Introduction

For many years el ectrohydrodynamics have been the subject of numerous
investigations. In recent years, research interest has been particularly boosted with the
emergence of miniature systems. Moreover, the study of EHD isinterdisciplinary,
making attractive for various scientific communities. Although applicability of EHD has
been successfully demonstrated for many years, the understanding of its processes, its
characterization, and its applications in system miniaturization have not been fully
addressed and are still the subjects of ongoing research.

The objective of this chapter isto review some of the earlier works on
micropumps as well asrelated basic research on the EHD phenomenaand its applications
asrelated to the present work. These studies are divided into EHD pumping mechanisms,
non-EHD meso and micro pumping mechanisms, and numerical modeling of the EHD

phenomenon.

3.2 A Review of Various EHD Pumping Mechanisms

EHD pumping is nonmechanical; it has neither moving mechanical parts nor the
need for an external pressure gradient for operation. Thisiswhy EHD pumping
continuesto be attractive for many engineering applications with substantial

commercialization potential in a number of industrial sectors..
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Since the current research deals with the EHD pumping process, areview of the
studiesin thisfield will be helpful. EHD pumping mechanisms can be divided into
severa categories. Thisis because the EHD force consists of different terms that each can
result in adriving force and pumping action (see section 2.3.3 and Eq. (2 24)).
Furthermore, there are various physical processes that are due to a specific EHD body
force term. For example, an electrophoretic (Coulombian) force can be the driving source
for different pumping techniques such asion-injection or electrokinetic. A review of

various techniques is presented in the following sections.

3.2.1 lon-Injection Pumping Mechanism

Since the current research involves the design and testing of a meso-scale ion-
injection pump, areview of earlier investigations on this subject was necessary. Aswith
some other types of EHD pumps, the ion-injection pumps driving action relies on the
Coulomb force applied on the free charges. However, in this particular mechanism, the
source of these free charges is the direct injection of ions from the electrode(s) by
applying a high intensity electric field. Once a strong electric field is established between
two electrodes inside an electrically insulating fluid, ions are injected through one or both
electrodes (unipolar or bipolar charge injection). The ion-injecting electrode is called the
emitter, while the other electrode is called the collector. Notice that in some cases, one
electrode can simultaneously act as both the emitter for a certain ion polarity and the
collector for another ion polarity. The free charges injected into the fluid move along the
electric field lines, dragging adjacent fluid molecules and starting them in a bulk motion.

Thistype of pump is sometimes called an ion-drag pump due to the dragging action of
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theions. However, this might be a misleading term since the dragging action of the ions
might be found in other types of pumps aswell.

The fact that liquid dielectrics can be pumped by injection of charges has been
known for ailmost a century (Chattock, Walker et al. 1901). However, afeasibility study
of ion-injection pumping was not realized until 40 years ago.

Stuetzer (1959) studied ion-injection pressure generation experimentally and
theoretically. He presented an approximate theory that was applicable for unipolar
conduction both in gases and in insulating liquids. The experimental result wasin
agreement with theory but was limited to the static case (i.e., nonmoving fluid). Later,
Stuetzer (1960) extended his investigation and presented a theoretical model with
supporting measurements that described the dynamic behavior of an ion-injection pump
assuming unipolar ion conduction. Pickard (Pickard 1963 (A) ; Pickard 1963 (B))
reexamined the ion-injection pump theoretically and experimentally. He obtained new
theoretical results for both static and dynamic cases.

Melcher (1981) considered a one-dimensional DC pump consisting of apair of
electrically conducting grids through which the fluid passes and which meanwhile acts as
an emitter and collector of the charged carriers. He derived an expression for pressure
rise as afunction of adimensionless parameter called electric Reynolds number and the
dimensionless current. He also found the efficiency of the electrical-to-mechanical
energy conversion as function of these two variables. Based on his model, at low electric
Reynolds numbers, the efficiency increases rapidly, but at high electric Reynolds

numbers the rate of increase decelerates. Most of the assumptions made by Stuetzer and



Pickard were included in Melcher’ s analysis. However, Melcher’ s analyses were more
general, since hisresults were presented in dimensionless form.

Crowley et al. proposed a simplified model of EHD pumping to account for the
material properties of the working fluid (Crowley, Wright et al. 1990). They examined
the effect of the working fluid on the flow rate and the efficiency of the pumping. Their
analysis was not limited to ion-injection pumping. However, in their model the
complicated effects of the channel geometry, electrode structure, charge injection and
flow stability were neglected, and instead an order magnitude analysis was employed. In
their theoretical analysis, they considered the contribution of all three components
(conduction, convection, and mobility) to the current density. Based on their fundamental
model, they concluded that a high dielectric constant and low viscosity produce high-
flow velocities, while low conductivity and mobility promote high efficiency. If we use
the same model for HFE-7100%, the working liquid in the current research, arelatively
high velocity is expected, since this dielectric liquid has a high dielectric constant

(e, » 7) and low viscosity. However, since the ion mobility and electrical conductivity of

thisliquid isrelatively high, amoderate efficiency should be expected. Notice that
according to Eq. (2 39), theion mobility and viscosity are inversely proportional.

Bryan and Seyed-Y agoobi (1992) conducted an experimental investigation on an
ion-injection pump. They constructed two pumping sections with 1 and 10 electrode
pairs. Intheir design the distance between the emitter and collector electrodes was 0.5
cm, while the spacing between each electrode was 1.0 cm. The total length of the
pumping section for one electrode pair and 10 electrode pairs was 2.4 cm and 33.0 cm,

respectively. Pumping flow rate as high as 1.1 kg/s and total pressure of 111.9 Pa at 25
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kV for atransformer oil working fluid was achieved. The maximum current at 25 kV for
apair of electrodes was as high as 14 pA and for 10 electrode pairs as high as 140 pA.
The maximum efficiency reported was 6%. They also investigated the effect of doping
the transformer oil on the mass flow rate. Over the entire voltage range (15 kV-25 kV)
the velocity of the undoped transformer oil was greater by afactor of three over
transformer oil doped at 100 ppm. No significant difference in the bulk velocity was
observed between the doping level of 100 and 250 ppm.

Bryan and Seyed-Y agoobi (1994) also presented amodel to analyze the one-
dimensional flow field generated by a single electrode pair ion-drag pump. Their model
was an extension to Melcher’smodel since the effect of the electrical conductivity was

also taken into account. Their results were presented in terms of three dimensionless
parameters, Re=eU /s L, Ed =mf /U L,andEs=r L’ /ef ; .The results showed

that the nonuniformity of charge density distribution between electrodes depends on the
Esl number. Lower values of ESl resulted in amore uniform distribution and a higher
value of charge density. Therefore, the charge density distribution is more likely to be
uniform in amore viscous fluid, since the mobility isinversely proportional to the fluid
viscosity. Furthermore, a higher Re number resulted in a more uniform charge density
distribution. One way of achieving a high value of Re isto have alonger charge
relaxation time, /s _, to allow the majority of the charges to reach the collector electrode.
Bryan and Seyed-Y agoobi’ s results on the pump efficiency were also in agreement with

Crowley et al.’ s conclusion that low conductivity and mobility promote the efficiency

(Crowley, Wright et al. 1990).
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Barbini and Colleti (1995) conducted an experimental study on the influence of
the interelectrode gap on the static pressure head. Their ion-injection pump consisted of
two plane and parallel electrodes placed inside acylindrical PMMA housing (inner
diameter 30 mm). Two different electrode geometries, used as the collector electrodes,
were acircular stainless steel grid made of 170 um wire and adrilled (holes diameter 2
mm) brass disk 3 mm thick. The emitter electrode geometry was acircular drilled disk 3
mm thick. Both potential polarities were applied to the emitter electrode. The inter-
electrode distance, d, could be varied within a1 to 5 mm range. Three different oilswere
used in the tests: castor oil (es= 4.2, r = 0.956 gr/cm?, n = 1.041 Pa.s), silicon oil (es=
2.25,r =0.962 gr/cm®, n = 0.048 Pa.s), and dodecylbenzene (es=2.21,r = 0.855
gr/cm®, n = 0.006 Pa.s). Based on their experimental results, they noticed that along
exposure of the liquids to the ambient atmosphere before testing often caused a
significant reduction (up to %80) in the obtainable pressure and in the breakdown
voltage, probably due to the increase in impurity or humidity content. Moreover, they
observed that the static pressure curves varied almost linearly with (1/d) 2 for a negative
polarity of applied potential, while such arelationship did not hold for the results
obtained with positive polarity potential. They also investigated the relationship between
the pressure head and f 2 or (f -f )2 wheref and f  are the applied potential between
electrodes and the threshold potential, respectively. They found that, while for silicon ail
the pressure head varied linearly with (f -f o) (in agreement with Stuetzer’s model), the
pressure head for castor oil showed an approximately linear relationship with f 2 (in
agreement with Pickard’s model). However, for dodecylbenzene no explicit correlation

between the pressure head and f ? or (f -f ¢)* was found. The highest pressure head
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recorded during this investigation was 765 Pafor silicon ail just prior to breakdown using
an inter-electrode gap of 3.5 mm at an applied voltage of 37 kV, although the relative
permittivity of silicon oil was lower than castor oil. For silicon oil at low positive
polarity voltages, a reverse pumping phenomenon was also observed.

Wong et al. developed an EHD injection pump (Wong, Adkins et al. 1996).
Fabrication of the pump was accomplished using laser micromachining technology. Two
designs were taken into consideration. In the first design, two silicon substrates were
stacked vertically on top of each other. Gold was deposited on one side of each substrate
serving as the electrode for the EHD pump. A laser was used to drill an array of circular
holes in the deep region of both silicon substrates, leaving an open pathway for fluid
movement. In the second design, the silicon substrates formed in the grid structure
oriented “ back-to-back” and bonded together. The back-to-back design had a shorter grid
distance between the anode and cathode el ectrodes, and thus a smaller voltage was
required for pumping. They results showed that this EHD micropump design can achieve
apressure head of 287 Pawith applied voltage 120 V for propanol as the working fluid.
No direct measurement of the flow rate was reported, but based on analytical calculation,
avolumetric flow rate of about 2.5 ml/min across a square microchanel of 1 cm long with
a 100 pm x 100 pm cross-sectional area was estimated. However, the applied power to
the pump was as high as 5 W, which is surprisingly high. This may have been dueto a
high electrical conductivity of propanol (s @1x10° /W), despite its high dielectric
constant (es= 22.2).

Ahn and Kim (1997) designed, built, and tested a micro ion-injection pump with

planar electrodes fabricated on a glass substrate. The pump consisted of an array of 30
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planar electrode pairs driven by a DC voltage. The spacing between each electrode pair
was 100 um, while the distance between two successive stages was 200 um. Ethyl
acohol was pumped in both directions, and the flow rate and the static pressure were
measured in channels of depth 100 um or 200 pum and width fixed at 3 mm. The
maximum static pressure head at 110 V for 100 um and 200 um channel heights were
about 220 Pa and 100 Pa, respectively. In order to measure the flow rate, a CCD camera
and microscope were used, and the maximum measured flow rates for 100 um and 200
pm channel heights were about 15 pl/min and 50 pl/min, respectively, which were
relatively low. The measured current was in the order of 1 mA. Therefore, the input
power of the pump should have been about 0.1 W, which is considerable. This might
have been due to a high electrical conductivity of the working fluid, ethyl alcohol. They
also reported some shorted circuit cases over 100 V DC due to an electrochemical
reaction under high DC voltage.

Asano and Y atsuzuka (1999) conducted an experimental parametric study on an
ion-injection pump with needle-cylinder electrodes. The emitter of the pump consisted of
anumber of needles, while ameshed electrode or perforated cylinder was used as the
collector. In order to increase the pressure head, the number of the needles of the emitter
was changed from one to fourteen. The perforated cylindrical shape collector was
designed in such away that the center of a hole was aligned with a needle electrode and
the length of the collector was fixed at 40 mm. The emitter and collector electrodes were
placed inside a horizontal tube with an inner diameter of 26 mm, and silicone oil was
used as the working fluid. When the gap distance between the tip of needles and the

collector was varied, the gap of 5 mm showed better results. Therefore, many
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experiments were performed with this gap space. The results indicated that the 9-needle
design showed the best resultsin terms of the generated pressure head compared to other
designs for the same applied voltage. However, the breakdown voltage for this design
was lower than the 7- or 14-needle designs. The maximum pressure head obtained was
about 80 mm (about 770 Pa) at avoltage of 40 kV DC. They also investigated the effect
of the diameter of the collector holes. The results showed that in terms of pressure head,
the 6mm-hol e el ectrode was better than the 3 mm-hole or mesh electrodes. Furthermore,
their investigation on the needle radius of 35 pum and 10 um revealed that the variation of
pressure with the voltage fairly remained similar for both cases; however, the breakdown
voltage seemed to be affected. The smaller the radius, the better performance obtained.
No result about the electrical current was reported in this work.

Bologaet al. performed experimental tests to investigate the performance of a
multistage ion-injection pump with latticed electrodes (Bologa, Kozhevnikov et al.
2000). A latticed electrode was formed from parallel wires imbedded with the defined
step in ametal ring. Transformer oil (se @1x 101/Wm) was pumped in a Plexiglas
closed loop. The pump pressure head was registered by a differential manometer, and the
flow rate was measured with the help of air bubbles that were introduced into the loop.
Two electrode arrangements were considered. In the first design, 27 pairs of electrodes
with an inter-electrode gap of 3 mm were tested, while in the second design 30 pairs with
an inter-electrode gap of 4 mm were built. The experimental results showed that the
maximum static pressure head for the first and second designs at 20 kV was about 10 kPa
and 7 kPa, respectively. Besides, at inter-electrode gaps of 3 mm and 4 mm, the

breakdown field intensity was about 70 and 67.5 kV/cm. Some increase of the EHD
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pumping pressure after breakdown was also observed, which could be due to the presence
of breakdown products. Moreover, the formation of athin coating on the electrodes was
found, even though the electrical field intensity did not exceed the breakdown value. The
maximum volumetric flow rate and pressure head for adynamic test for the first and the
second electrode designs (i.e. 3 mm gap x 27 and 4 mm gap x 30) were 160 ml/min, 7.5
kPa, 660 ml/min, and 7.5 kPa, respectively. The pump efficiency result showed an
increasing trend with the voltage rise. The maximum efficiency for the first electrode
design was about 6% for avoltage of 18 kV, while for the second electrode design it was
about 1% for avoltage of 26 kV. Bologaet al. also reported alinear pressure-flow rate
characteristic trend for the EHD pump at a constant voltage of 20 kV.

Yanada et al. investigated experimentally the effect of the number of needles on
the emitter, the configuration of the collector, and the type of the working fluid on the
performance of an ion-injection pump with a needle-mesh electrode configuration
(Yanada, Hakama et al. 2002). The liquids used consisted of silicon oil and five other
types of mineral oil. The emitter electrode was produced by soldering steel needles onto a
copper mesh. The collectors were produced in asimilar manner, and the number and the
length of the needles on the mesh were varied to examine their effects. A series of
experiments was conducted to measure different parameters. It was shown for the static
condition with no pumping flow that the number of needles on the emitter can affect the
pump performance when the electrode spacing is small, that the configuration of the
collector does not significantly affect the magnitude of the pressure generated, and that
the effect of the type of oil tested is not so significant. The very opposite results to the

static condition were obtained for the flow characteristic. It was shown that attaching
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needles to the collector mesh in asimilar manner to the emitter considerably increases the
flow rate, that the configuration of the collector has a significant influence on the flow
characteristic, and that the type of oil affects the magnitude of the flow rate and pressure-
flow rate characteristic to a great degree. The presented resultsin this investigation
showed that the configuration of the collector electrode is very important in enhancing
the performance of the ion-injection pump. The maximum static pressure head that was
measured in this series of experiment was about 900 Pafor a voltage of 30 kV.

Darabi et al. fabricated and tested an EHD ion-injection micropump (Darabi,
Rada et al. 2002). In their design, the overall dimensions of the micropump were 19
mmx32mm x 1.05 mm. The micropump was made of three parts consisting of a ceramic
substrate, on which an array of EHD electrodes was deposited and patterned, an epoxy
gasket asthe side wall, and atop cover with inlet and outlet ports. Four different
electrode patterns were fabricated. The first electrode layout consisted of 95 stages of
planar emitters and collectors. The electrode gap was 50 um and the distance between
stages was 100 um. The second design was composed of 80 stages and had an electrode
gap of 50 um with a 100-pum distance between stages. In this design, the emitter and
collector had saw-tooth and planar geometries, respectively. The electrode pattern for the
third design was similar to the second design but with alarger electrode gap of 100 um
and a 200 um distance between stages. The number of stagesin this design was 50. The
fourth design had the same geometry of the third design with the inclusion of 3D bump
structures along the emitter electrode. Static pressure tests were performed with a3M
thermal fluid (HFE-7100) as the working fluid. A pumping head of up to 700 Paat an

applied voltage of 300 V was obtained. Their results indicated that anong the various
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designs that were tested, the saw-tooth geometry with 3-D bump structures performed the
best. No flow rate measurement was reported in this work.

Benetis et al. conducted a series of experiments on a micropump (Benetis,
Shooshtari et al. 2003). The emitter and collector patterns were saw-tooth and planar,
respectively, similar to Darabi and co-workers design. However, the gap spacing and the
distance between the stages were different. In their designs, the electrode gap was fixed at
20 pum and 50 um, while the distance between electrode stages was 80 um, 100 um and
200 um. Moreover, adifferent type of top cover was used, and the effect of micropump
channel height variation was investigated. The channel heights were 100 pum, 220 pm,
350 um and 450 um, and the working liquid was HFE-7100. The result showed that with
an increase in channel height the static pressure will decrease. Furthermore, aflow rate

up to 7.92 mL/min was achieved at voltage of 500 V.



Table 3-1Summary of reported experimental works on theion-injection pumps

I nvestigator (s) Pump Size Electrode Geometry Gap Size Number of | Distance
Stages between Stages
Stuetzer Dia 0.3to5mm Needle-Ring 0.6-10mm | Not reported N/A
Pickard Dia: 12.5mm Parallel rod electrodes | Not reported 1 N/A
. E: Ring with needles
Se?erc)i/i? an:obi Léﬁi?o%@ fgirrio C: Ringswith and 5mm land 10 10mm
9 P without wire mesh
. E: Circular drilled disk . !
Ba(r:kzjllrr;tai\nd Dia: 30 mm C: Circular mesh and Vtir:saﬂal 1 N/A
circular drilled disk
E: Microfabricated grid | ~ 330 um,
Wong et al. ~8.64mm x8.64mm | C: Microfabricated grid | 178um, and 1 N/A
127um
Channel height:
. 100mm & 200mm Microfabricated planar
Ahn and Kim Channel width: 3mm strips 100 mm 30 200 rm
Asano and Dia: 26 mm Neadles-Cylinder 5 mm 1 N/A
Y atsuzuka
Blogaet al, Lattlcesfr_om parallel 3mm& 27 & 30
wires 4 mm
Yanadaet al. Dia: 20 mm Needle-mesh 24,6 mm 1
. 19mm”~ 32mm’ Planar, saw-tooth, and 50 mm,
Darabi et al. 1.05mm saw-tooth with bumps 100mm 95, 80, 50 100mm & 200 nm
Benetiset al. ~40mm - 20 mm Planar & saw-tooth 20 nm, 94, 73,54 80mm , 100nm,
1.0mm 50mn 200mm




Continuation of Table3-1

I nvestigator (s) Working Liquid Typical Applied Typical Max Volume Flow
Voltage (kV) Current Pressure Rate (mL/min)
(mA) Head (Pa)
Stuetzer Kerosene 5-30 0.01-4 ~ 7100
Pickard Acetone 10 20 ~1200 6
Bryan and , _
Seyed-Y agoobi Transformer oil 25 14 & 140 112 77,000
Barbini and Castor ail, Silicon ail, 37 765
Colleti and dodecylbenzene
Wong et al. Propanol 0.120 ~17,000 287 2.5 (calculated)
s 1A-3
Ahn and Kim Ethyl alcohol 0.110 1000 220 & 100 120,120_5‘
Asano and - . 80 mm
Yatsuzuka Silicon ail +40 (~770 Pa)
Blogaet al. Transformer oil 20 10,000 & 160 & 660
7,000
Yanadaet al. Silicon ail & 5 other 30 1~ 20 900 Variable,
types of mineral oils ~ 60
Darabi et al. HFE 7100 ~0.700 ~700
Benetiset al. HFE 7100 ~0.500 ~50 ~ 700 8




3.2.2 Traveling Wave-lnduced Pumping M echanism

Another kind of EHD driving technique is based on the induction traveling wave.
Like the ion-injection mechanism, this technique also relies on the electrophoretic
(Coulombic) force on charge carriers.

Fuhr et al. studied the traveling wave principles (Fuhr, Schnelle et al. 1994).
According to them, traveling wave pumping requires a gradient in electrical conductivity
and/or permittivity of thefluids. Usually fluids do not exhibit such inhomogeneities. But
by stratifying non-mixing liquids, inserting microparticles or imposing a temperature
gradient, anisotropies of the passive electrical properties of the fluid can be created and
stabilized. Melcher (1981) has demonstrated that waves of electric fields traveling
perpendicularly to the liquid interface or a conductivity/permittivity gradient induce
charges at the interfaces or in the liquid bulk. At certain propagation velocities of the
electric field, these charges are dightly displaced and interact with the traveling field due
to charge relaxation processes. As aresult, forces acting on the fluid interfaces, on the
foreign particle surface or on the volume element, drive the fluid forward or backward.

At high frequency voltages the space charge disappearsin the liquid bulk and the
behavior of theliquid dielectric in AC electric field is equivalent to the situation where an
ideal liquid dielectric is subjected to a stationary electric field. Space charge in the liquid
volume can be induced by imposing atemperature gradient or charge injection from
electrodes. Both these technigques have been used to pump dielectric liquids using a
voltage traveling wave.

The basic features of pumping by avoltage traveling wave are asfollows: (i) If

the polarity of the charge induced near the exciting electrode is the same (opposite) as
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that on the exciting electrode, it resultsin arepulsive force causing backward (forward)
pumping. (ii) If the frequency istoo high then avery small charge near the exciting
electrode isinduced, while if the frequency istoo low, a phase lag between the induced
charge and traveling electric field does not result in Coulomb pumping force. Thus at
very low and very high frequencies, the pumping by avoltage traveling wave is not
effective (Castellanos 1998).

Oda et al. conducted an experimental study on the induction pumping
phenomenon (Oda, Aoyama et al. 1996). The electrodes in their setup consisted of three
spiral winding wires covered with dielectric insulation. A three-phase, alternating, high
voltage with low frequency was directly applied to the three wires. An acrylic U-tube
formed the pump enclosure which the el ectrode wires were twisted around. With the
three-phase voltage, an electric field of the traveling wave built up inside the tube in
which the working liquid, kerosene, was placed. The experimental results indicated that
the pressure head strongly depended on the peak exciting voltage and frequency. The
static pressure head increased with the peak voltage increment. However, the optimum
frequency value was observed where an increase or decrease of the voltage frequency led
to apressure reduction. For avoltage of 8.75 kV, the optimum exciting frequency was
about 25 Hz, which resulted in a47-mm, static pressure head (equivalent to 335 Pa). Oda
et al. also developed asimple analytical model that justified their experimental results.

Several other investigations on induction pumping have also been reported. (For

example, see Kashani, Kang et al. 2000 and Brand and Seyed-Y agoobi 2002).
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3.2.3 Electro-osmotic Pumping Mechanism

The électro-osmotic flow (EOF) pump is another type of EHD pump. This
technique, some time called the el ectrokinetic mechanism, operates on the electrophoretic
(Coulombic) force on the ions. However, the ion generation mechanism is different from
other EHD-base techniques such asion-injection and traveling wave.

Most surfaces establish an electric double layer (EDL) when brought into contact
with either aweak or strong electrolyte solution. Due to the electrochemical reactions at
the liquid/solid interface, acharged layer is generated. In the case of the solution/glass
surface interface a negative surface charge is created. The inside wall of afused silica
tube is covered with acidic silanol groups (Si-OH). Silanol groups carry a negative charge
(Si-O) at PH>2. Counter ions from the bulk liquid are attracted to and shield these
negative wall charges. Dissolved co-ions are likewise repelled from the wall. The region
with the high concentration of ions next to the liquid/solid interface is called the EDL.
The EDL consists of two sub-layers. The layer of counter ions formed by immobile ions
adjacent to thewall is called the Stern layer. The outer layer and diffuse part of the EDL
isformed by mobileions of the opposite sign to counter balance the charge of the Stern
layer. This layer is called the Gouy-Chapman layer and forms a net positive region of
ions that span a distance on the order of the Debye length of the solution. The Debye
length, | p, isabout 10nm from the wall for symmetric univalent electrolytes at 1mm
concentration. Applying an external electric field parallel to the wall will cause the ions
to move and drag the neutral molecules with them, resulting in a net bulk liquid motion

aong thewall (Zeng, Chen et a. 2001).



57

Two types of electro-osmotic pumps have been described in the literature, onein
aporous media and the other a planar one, which are both currently under development.
It has been shown that there is alinear relationship between pressure and flow rate that
the electro-osmotic pump can generate.

Zeng et al. developed and characterized el ectro-osmotic micropumps (Zeng, Chen
et a. 2001). The micropumps were fabricated by packing 500-700 3.5-um diameter,
fused-silica capillaries with 3.5-pum diameter non-porous silica particles. They achieved
pressures in excess of 20 atm and a maximum flow rate of 3.6 pl/min with a maximum
thermodynamic efficiency of 1.3% for water as the working fluid. Although this pump
generated a very high pressure head, its rate of flow was quite low compared to the ones
provided by other EHD pumps.

Yao et al. recently developed electro-osmotic micropumps that provide
maximum flow rates and pressure of 33 ml/min and 1.3 atm, respectively, at applied
potential 100 V (Y ao, Hertzog et al. 2003). However, since in this type of micropump an
electrolyte solution must be used, controlling electrolyzed reaction and the generated
electrolytic gas streamsis chalenging. To work around with thisissue, Yao et al. have
proposed a catalytic recombination system.

For more information about electro-osmotic flow see Karniadakis and Beskok

2002 and Madou 2002).

3.2.4 Conduction Pumping Mechanism

The conduction pump operation mechanism relies on the conductivity of the
working fluid. Like the ion-injection pump, the conduction pump driving force is the

Coulomb force acting on the ions inside the fluid. However, the source of theseionsis
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the dissociation of neutral species. The ssmplest model conduction model isareversible
process of dissociation-recombination of aneutral species (denoted A*B™) into univalent
positive A" and negative B’ ions as presented by Eq. (2 11).
K
(A*B )i@ A*+B

k

(2-11)
where kg and k, are the dissociation and recombination coefficient rates, respectively.

Since the number of positive and negative generated chargesis identical in this process,
the Coulomb force vanishes in the bulk of liquid. However, in the vicinity of the
electrodes, the positive and negative charge densities are not equal, and a heterocharge
layer isformed. Heterocharge means that the charge has the opposite polarity from that of
the adjacent electrode. For example, in the neighborhood of a positive electrode the
concentration of negative ions exceeds that of positiveions. The heterocharge layer isa
characteristic of dielectric liquids of low electrical conductivity (s , <10 " S/m), whilein
conductive and electrolyte liquids the electric double layer (EDL) isidentified by the
Debye length | p. For high values of the electrical conductivity, the electric fieldina
heterocharge layer is much greater than the field existing in the liquid bulk. The typical
thickness of the heterocharge layer, | 1, is expected to be the length traveled by the ions
during therelaxationtimel , ~mE(€/s ).

Now consider two-plane parallel electrodes placed inside aliquid. If apotential

differenceis applied to the electrodes, the heterocharge layers will be formed in the

neighborhood of them in which the electric field intensifies. Due to the symmetry, the
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thicknesses of the heterocharge layers at the positive and the negative electrodes are
identical. On the other hand, using Eg. (2 25), it can be shown that the pressure difference
between any two pointsin a one-dimensional problem and in the absence of the fluid

motion is given by:

e
p, - p1=§(E§- E?)

(3-1)
Now, let’s use this equation for two points. Thefirst point is chosen inside the

heterocharge layer of the positive electrode, and the second point is placed in the middle
of the two electrodes. Since the electric field intensity in the heterocharge layer is higher
than its outer region, E;>E, and consequently, a pressure gradient from point 2 towards
point 1 is created. The same pressure head will be created if the first point is located
inside the heterocharge layer of negative (or ground) electrode. Therefore, two-plane
parallel electrode geometries do not result in a net pressure head since the positive and
the negative heterocharge layers counterbalance the effects of each other.

With the change of electrode configuration it is possible to establish a net pressure
head between the electrodes. One such electrode geometry was presented by Jeong et al.
(Jeong, Seyed-Y agoobi et al. 2003). In this configuration, the strong electric fields build
up the heterocharge layers around the electrodes. However, the net pressure generation
around the ring ground electrode is almost canceled because of the geometrical
symmetry. The pressure generation around the high-voltage el ectrode mainly contributes
to the net axial flow. Since the electric field is higher around high-voltage electrode, the
heterocharge layer will be thicker, and the pressure acrossit will be higher as well.
Therefore, the flow direction will be from the ground el ectrode to the high voltage

electrode. Notice that since the direction of conduction pumping is opposite that of the



ion-injection pumping, the design of electrodes must be such that no sharp points are
formed.

Atten et al. studied the concept of conduction pumping (Atten and Seyed-Y agoobi
2003). According to their investigation, the electric conductivity of the working fluid
does not play arolein pressure head generation when the EHD effect is achieved solely
through conduction. They also designed and fabricated a static pump to experimentally
investigate the pressure head generated through pure conduction. Two working fluids
(Refrigerant R-123 and n-hexane) and two different electrode designs are considered in
their study. A maximum pressure head of 500 Paand an electrical current of 70pA for R-
123 liquid at 20 kV were obtained using a single-ring electrode design. The
corresponding input power was about 1.4 W. For the needle-electrode geometry and for
the same working fluid, the maximum pressure head and current head were about 100 Pa
and 35 pA at voltage about 15 kV. Beyond this electrical voltage, the pressure head
suddenly dropped and the ion-injection process was observed. Similar experiments were
carried out with n-hexane as working liquid. The pressure heads generated with n-hexane
were lower than those achieved with R-123 under identical applied voltage. Attenet al.
also suggested that application of the conduction pump could be extended to AC fields
provided that the corresponding AC time period is much longer than the liquid relaxation
time (e/s) so that the system will be in aquasi-steady state.

The major advantage of the conduction pumping is generally believed to bea
reduced possibility of harmful electrochemical reactions inside the working liquid due to

the high voltage application. However, the major drawback of this pumping mechanism
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might be its strong sensitivity to impuritiesin the fluid. This can result in reliability issues

and non-repetitive performance.

3.3 A Review of a Selected Non-EHD Micro Pumping M echanisms

In the previous section areview of the EHD pumping mechanisms was presented.
However, in past two decades, alarge group of pumping mechanisms has also been
developed for which the actuation mechanisms do not rely on the EHD force. A number
of these pumping mechanisms are, including but not limited to, shape memory alloy,
piezoel ectric, pneumatic, magnetohydrodynamic (MHD), electrostatic, bimetallic, and
thermopneumatic actuations. In contrast to EHD pumps, most of these pumps are
mechanical pumps in which amoving part (e.g., a diaphragm) exists. In this section some
of these pumping mechanisms are briefly reviewed.

One of the pumping mechanismsis based on piezoel ectric actuation. Typically, a
piezoel ectric micropump is comprised of a pump body, a membrane driven by
piezoel ectric actuator, and usually microvalves. Most of the piezoel ectric micropumps
that have been developed are of the reciprocating type where an excited oscillating
membrane induces periodic volume and pressure change in a pump chamber. This
aternating flux is transformed by passive valves, at theinlet and outlet of the pump
chamber, into a directed net volume flow along a positive pressure gradient. Some
micropump designs have also been proposed in which nozzle/diffuser elementsinstead of
check valves are used. One of the disadvantages of a micropump using passive check
valvesisthe restriction of the driving frequency.

Gerlach et al. developed and fabricated a micropump based on silicon

technologies (Gerlach, Schuenemann et al. 1995; Gerlach and Wurmus 1995). The



actuator was a piezoelectric transition (PZT) disk 200 nm thick glued on top the
membrane, forming a bimorph actuator. The micropump typically delivered the
maximum static pressure head and volumetric flow rates of 3.5 kPa and 400 rm/min,
respectively, at 3 kHz frequency for water as working fluid.

More information about piezoel ectric micropumps can be found in works of
Shoji et al. (Shoji, Nakagawa et al. 1990), Stehr et al. (Stehr, Messner et al. 1996), and
Koch et al. (Koch, Evans et al. 1998).

The various piezoel ectric micropumps can typically generate pressure heads
around 10 kPa and volumetric flow rate in the range of few hundreds micro liter per
minute. The main advantage of this type of actuation isthat a variety of fluids can be

pumped. However, it has also some drawbacks. Since silicon does not exhibit any

62

piezoelectric effects, it is difficult to convert the electrical signal to mechanical deflection

in silicon-base devices. Moreover, the piezoelectric actuation generally suffersfrom
wear, fatigue, temperature sensitivity, hysteresis, and limited lifetime.

The thermopneumatic actuation is another pumping mechanism. A
thermopneumatic actuator has a sealed pressure chamber and movable membrane. The
thermopneumatic micropump typically consists of a sealed chamber, a heating element
that controls the chamber inner gas temperature, a membrane, check valves, and
micropump body. Asaresult of the temperature increase, the gas inside the sealed

chamber expands, causing the membrane deflection. Thisin turn drives the fluid inside

the pump body outward. The rising time of the actuator depends on the heat capacitance

and available power of the heater, while the relaxation time is determined by the heat

transfer of the external environment.



Jeong and Y ang ( 2000) presented a microfabricated thermopneumatic
micropump. The micropump consisted of a P* corrugated silicon diaphragm, a micro
heater and a pair of nozzle/diffusers. The diaphragm was driven by the air sealed cavity
pressure variation caused by the ohmic heating and the natural cooling. Asthe diaphragm
of the micropump vibrated, the fluid flowed in one direction through the nozzle/diffuser.
The maximum flow rate of the micropump was about 14 pl/min at 4 Hz for the input
voltage of 8 V.

Bustgenset al. also manufactured athermopneumatic micropump using
combined thermoplastic molding and membrane techniques (Bustgens, Bacher et al.
1994). The lateral dimensions of the complete pump were 7 mm”~ 10mm. The depth and
the diameter of the pump chamber were 100 um and 4 mm, respectively. The membrane
was driven by an integrated thermopneumatic actuator. The air enclosed in the actuator
chamber located on top of the membrane was heated by an electric current in atitanium
wire. A micromembrane pump made of PSU was driven by short pulses (58 ms) of 15V
at afrequency of 5 Hz. The pump membrane was deflected 100 um towards the bottom
of the pump chamber. A flow rate of 44 pl/min and a differential pressure of 3.8 kPawere
achieved. The average power consumption of the micropump was 0.45 W.

The basic advantage of the thermopneumatic micropump isarelatively large
pressure head generation. The disadvantages of this pumping technique are the
dependency of the response time on environment conditions and typically low generated
flow rates (in the order of ahundred micro liters per minute). Besides, this pumping

mechanism needs microvalves to operate.
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Magnetohydrodynamic (MHD) pumping is a non-mechanical pumping concept
(similar to EHD pumps). Magnetohydrodynamics refers to the coupling of an
electromagnetic field and avelocity field in an electrically conducting fluid. In
magnetohdrodynamic theory, if charged particles move through aregion where both an
electric field and amagnetic field are present, a magnetic force acts on the moving
charged particles (some times called the Lorentz force). The direction of thisforceis
perpendicular to the plane containing the magnetic flux density and current density
vectors. For the constant magnitude of current and magnetic flux vectors, thisforce
reaches its maximum when these two vectors are perpendicular. The major characteristic
of the MHD concept isits applicability in electrical conductive liquids, distinguishing it
from the EHD phenomenon, where dielectric liquid has to be utilized.

A number of studies on MHD micropumps have been reported so far. Huang et al.
reported their effort to design, microfabricate and test a DC-type MHD micropump using
aLIGA microfabrication technique (Huang, Wang et a. 2000). In their design the
external magnetic field was supplied using permanent magnets. The micropump channel
had 2500 mm ~ 800 nm cross-sectional area and 20 mm length. Experiments were run for
four different fluids: 2% sodium hydroxide (NaOH) in water, 1% ammonium chloride
(NH4CI) in water, ethyl acohol, and tap water. Although the static pressure heads were
not reported, the average flow rates were measured for arange of applied potential. A
flow rate up to 1200 m/min for 2% solution of NaOH at 14V was achieved, though the
flow rates were generally unstable and finally decreased to zero for all solutions when run
for long durations (several hundred of seconds). It was reported that this was due to

bubble generation resulting from the electrolysis of the pumping fluids.
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Jang et al. reported another design for an MHD micropump (Jang and L ee 2000).
In this design the micropump consisted of anisotropic, bulk-etched mirochannel, upper
and lower aluminium (AL) electrodes, and two permanent magnets. The microchannel
was 1 mm wide, 0.4 mm high and 40 mm long. Seawater was used as the pumping liquid
(se =4 S/m). The performance levels of the micropump were obtained by measuring the
pressure head difference and flow rate as the applied voltage changed from 10 to 60 V¢
at 0.19 and 0.44 Teda. The pressure head difference was 180 Paat 38 mA and 60 V, and
the flow rate was 63 m/min at 1.8 mA when the inside diameter of the inlet/outlet tube
was 2 mm and the magnetic flux density was 0.44 T. In a static pressure test a saturation
of pressure head over 45V was observed. In addition, the generation of bubbles due to
the electrolysis of the seawater was reported.

Zhong et al. reported the use of magneto hydrodynamic pump to circulate fluids
in conduits fabricated with low temperature, co-fired ceramic tapes (Zhong, Yi et al.
2002). Conduits were fabricated in toroidal and rectangular shaped loops. Electrodes
printed on the ceramic substrate along the conduits’ walls facilitated transmission of
electric currents through the test fluids. The pumping liquid consisted of mercury slogs
(se»10° S/m), saline solution (se = 2.2° 10 S/m), and deionized water (se=2.2" 10*
S/m). Thetoroidal conduit that was used in the experiments with mercury was 22 mm in
inner diameter, 2.2 mm wide, and 700 mm deep. The toroidal conduit that was used in the
water experiment was 1.4 mm wide and 700 nm deep. The inner part of the rectangular
loop was 13.5 mm long and 6.7 mm high, and the conduit’ s width and height were,
respectively, 1.2 mm and 700 nm. For the mercury, the maximum slug’ s velocity reached

20 cm/s, corresponding to aflow rate of about 18.5 m/min at 0.9 V in a capped toroidal
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conduit. For the saline solution, the maximum velocity was about 12 mm/s,
corresponding to aflow rate of around 0.7 mM/min at 4 V in atoroidal conduit, and this
velocity in the rectangular loop was around 0.15 mm/sec, corresponding to aflow rate of
about 0.009 mM/minat 2 V.

The major characteristic of MHD micropumpsistheir applicability to electrical
conductive liquids, distinguishing them from EHD micropumps where dielectric liquid
has to be utilized. In a conductive liquid, since the number of positive and negative
charge carriersisin the balance, the coulomb forces acting on positive and negative
charges counterbal ance each other and hence, no net el ectrohydrodynamics pumping
effect is generated, while under the magnetohydrodynamic effect the current density
vector is independent of the charge carrier’ s polarity, and a normal force acts on the
charge carriers. The major disadvantage of MHD micropumpsisthe electrolysis of the

working fluid and gas generation.

3.4 Numerical Modeling of the Electr ohydr odynamics Phenomenon

In this section anumber of EHD numerical modeling efforts reported in the
literature are briefly reviewed. The EHD phenomenon is a complicated process, since
numerous factors are involved. These factors include geometrical parameters, working
fluid properties, electro-chemical reaction factors, and many others. Understanding the
physics of the EHD processis also still the subject of many ongoing studies, and various
guestions have yet to be answered. These issues make the numerical modeling of the
EHD process extremely challenging. However, using simplified models, a number of
numerical studies have been carried out. Depending on the considered medium, the

efforts on modeling the EHD process can be divided into two major categories. EHD



67

numerical simulations inside gases and liquids. Although the governing equations for
these two modeling classes are nearly similar, the physics of the EHD phenomenainside
gasesis better understood. Since most of the EHD applications involve the
electrophoresis (Coulomb) force, most numerical simulation efforts have also modeled
the electrophoresis action.

For gases, many EHD numerical modeling studies have been reported. Yabe et al.
carried out numerical and experimental studies on the corona wind between wire and
plate electrodes (Y abe, Mori et a. 1978). They calculated the two-dimensional steady
incompressible viscous flow field between wire and plate el ectrodes, taking into account
the Coulomb force on the ions. The pressure distribution on the plate obtained by their
numerical calculations agreed well with the experimental values near the maximum
value. It was aso shown that the fluid field was circul ating one.

Medlin et al. developed anumerical technigue for the solution of the governing
eguations of coupled space-charge and electric field problems, including terms for charge
advection and diffusion (Medlin, Fletcher et a. 1998). The methodology involved writing
the governing equations in pseudotransient form and discretising using the finite volume
method on a structured grid. However, the solution was limited to the electrical equations
only, and the fluid flow governing equations was not solved.

Owsenek and Seyed-Y agoobi examined the heat transfer enhancement resulting
from the corona wind (Owsenek and Seyed-Y agoobi 1997). The geometry consisted of a
fine-wire electrode suspended in the open air above a grounded and heated horizontal
surface. Aninfrared camera system was used to obtain the distribution of local heat

transfer coefficients on the corona wind impingement surface. A numerical code was



developed and verified by comparison with the experimental data. The numerical
solution technique involved the simultaneous sol utions of the discretized Poisson and
current conservation equations (see section 2.3.1) in Cartesian coordinates, yielding the
current density and electric field.

Many other numerical modeling studies on coronawind and EHD process have
also been reported (Mcdonald, Smith et al. 1977; Kallio and Stock 1986; Dulikravich,
Ahujaet a. 1993; Adamiak 1994; Abdel-Salam and Al-Hamouz 1999; Feng 1999; Kim
and Whang 2000).

A number of numerical analyses of the EHD mechanism inside liquids have been
reported in literatures. In some of these works the EHD pumping action was of interest,
while in others the generated charge density, electric, and fluid flow fields were studied.

Seyed-Y agoobi et al. (Seyed-Y agoobi, Brayan et al. 1995) improved the one-
dimensional theoretical model for an ion-injection pump developed by Melcher (Melcher
1981). The electrode geometry consisted of two parallel grids. All three components of
the given density (i.e. conduction, convection, and ionic mobility) were considered, and
the distribution of the charge density and electrical field under various conditions was
obtained. The solutions presented in nondimensional form. The power efficiency was
also found. According to their results, the efficiency increases asymptotically with an
increase of eU/scL factor.

Higuera ( 2000) conducted a numerical study on the EHD flow of adielectric
liquid around a blade electrode. In thisinvestigation, the injection of charge from a blade-
shaped, metallic electrode into adielectric liquid and the Coulomb force that set the

liquid into motion were studied. An analysis of this motion and itsinfluence on the
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transport of electric charge was carried out for asimple charge injection law. A current
pul se regime has been found for low currents.

In most of the EHD numerical modeling works, a unipolar charge injection
process with a constant conduction coefficient was taken into account. Pontiga and
Castellanos (1 1996) investigated not only the effect of charge injection but aso the
dissociation of ionic pairs leading to the electrical conduction process (see section
2.3.1.1). Intheir analysis the effect of electrophoresis (Coulomb) force on fluid flow was
not studied. However, the electrical field and the charge densities of the positive and
negative ions were calculated for a one-dimensional problem. Moreover, in their model,
the variation of liquid conductivity due to the electric field was considered. The
numerical results provided the relationship between the electrical current density and the
applied potential. It was also shown that the injection and dissociation may contribute
very differently to the total current density, depending on the regime of conduction.

Jeong et al. modeled the EHD pumping trough conduction phenomenon (Jeong,
Seyed-Y agoobi et a. 2003). In their analysis, the charge generation due to ion
dissociation in the absence of adirect charge injection was modeled. Furthermore, the
conduction pumping associated with the dissociation of ionic pairs was calculated, and
the pressure head in the absence of liquid flow was evaluated. In their numerical code,
the finite volume technique was utilized. The numerical results confirmed the EHD
conduction pumping concept theoretically. However, the experiment tally measured

pressure generations that were significantly higher than those numerically predicted.
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35 Summary

In this chapter some of the earlier works on micropumps as well asrelated basic
research on the EHD phenomena and its applications as related to the present work were
reviewed. These studies were divided into EHD pumping mechanisms, non-EHD meso
and micro pumping mechanisms, and numerical modeling of the EHD phenomenon. For
ion-injection pumps, asubset of EHD pumping mechanisms, a summary of reported
experimental workswas presented. In the next chapter the numerical modeling procedure

will be studied in detail.
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CHAPTER 4: NUMERICAL MODELING

4.1 Introduction

In this chapter, the methodology of numerical modeling for el ectrohydrodynamic
processes is presented. As discussed previously, electrohydrodynamicsis a complex
phenomenon involving the interaction between the electrical and fluid flow fields. The
modeling of this processis essentially unfeasible unless several reasonable assumptions
and simplifications are made. In the current research, it is not intended to model the
interaction of ions and molecules at the molecular level, but rather to find the global
effect of an electric field on the fluid flow using a continuum assumption. This
assumption can be justified by the fact that the typical length scalesin the current
research and many similar studies are several timeslarger than the intermolecul ar
distances.

For the numerical modeling, two classes of EHD problems are simulated. In both
classes, the source of motion is the Coulombic force acting on the fluid. However, the
differenceisin the type of charged carriers participating in the EHD process. In the first
approach, only the unipolar ion injection process with an ohmic conduction is considered,
and migration of only one type of charge carrier is modeled. In the second approach, the
dissociation and recombination of both ion polarities as well as a unipolar ion injection
process are taken into account, and the interaction between both ion polaritiesis
simulated. The major application of the first modeling classisto simulate the corona

wind in gases and the ion injection EHD pumps, while the second approach is useful to
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study the conduction pumping process and the conduction/injection interactions. For each
of these approaches, the governing equations, simulation methodologies, and validations

of the methods are presented.

4.2 Numerical Modeling for Two Classes of Problems

The objective of numerical simulation isto develop a computational tool to model
the fluid flow and thermal fieldsinduced by the EHD process and to study the effects of
different governing parameters on the performance of the system. Two modeling
approaches have been adopted, which will be discussed in detail in the following

sections.

4.2.1 Unipolar Charge Injection with Ohmic Conduction

Consider apair of electrodes consisting of an emitter and a collector placed inside
afluid. If ahigh enough electrical potential differenceis applied to these two electrodes,
the charge injection process in the neighborhood of the emitter will take place. The
injected charge carriers migrate toward the collector, dragging the liquid molecules
alongside. This process leads to motion of the bulk fluid. Due to the potential difference,
an electrical current is established between the electrodes. Three factors contribute to the
electrical current flow. The first factor is the migration of injected charge carriers through
the emitter under the effect of electric field; the second is the ohmic conduction due to
dissociation of ionic pairs; and the third factor is the convection of the injected charges
due to fluid movement. The conduction and convection effects of charges are generally
negligible in gases (Davidson, Kulacki et al. 1987; Castellanos 1998). Among these

factors, the only one that leads to a net Coulombic force on the fluid isthe migration of
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injected ions. In fact, the conduction and convection do not result in any fluid motion and
momentum transfer. In modeling this process, it is assumed that in terms of polarity, only
one kind of charge carrier exists (i.e., only positive or negative ions), and these charge

carriers are similar species (i.e., they have identical charge mobility). These assumptions

will become more apparent when the governing equations are reviewed.

4.2.1.1 Governing Equations

The theoretical model is devel oped based on the following assumptions:
1. Themode isthree-dimensional.
2. Only electrophoretic (Coulombic) force is present.
3. lonization and charge injection take place only at the emitter electrode.
4.  Thethickness of theionization layer around the emitter electrodeistoo small to be
considered.
5.  Theentire inter-electrode spacing is filled with unipolar space-charge of the same
polarity asthe emitter electrode.
6. Diffusion of ionsis neglected.
7. Theconduction coefficient (se) does not depend on the electric field.
8.  Themobility of ionsis constant and independent of the electric field intensity.
9. Thefluid flow is steady-state and incompressible.
The governing equations, introduced in section 2.3, are summarized here to
clarify the solution methodology.
In the absence of dielectrophoretic and el ectrostrictive forces, the conservation of

mass, momentum, and energy for an incompressible fluid yield
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N>u=0
(1)
r (uN)u=-Np- mN?u+rg- r Nf
(4-2)
AT =RofiT) + 26 + e [80)° :s o(F)°
(4-3)

The Poisson equation (also known as Gauss's law) and conservation of charge are

given as
eNf =-r,
(4-4)
e +Rix=0
qit
(4-5)

where for the unipolar charge injection with the ohmic conduction, the current density is
defined as

J=mgo E+s E+r_u

(4-6)
where the terms on the right-hand side represent the ionic mobility, conduction, and

convection components, respectively. The electric field is related to electrical potential as

(4-7)
For gases, the electrical conductivity is practically zero. Thus, the ohmic

conduction term can be neglected. When the magnitude of the bulk fluid velocity u is
much less than the ion drift velocity Ve = mE, the convection term may be dropped from
the current density relation. Typically, ionic motilities for gases are greater than 10
m?(V.s). Thetypical electric field intensity is not lessthan 50 © 10* V/m, and

consequently, values of Ve on the order of 50 m/s are possible. Thus the neglect of the
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convective current for gases is reasonable when mean velocity is on the order of 5 m/s or

less. Therefore, for gases, the current density isgiven as

J=mr E
(4-8)
Thetotal electrical current flowing between electrodes can be calculated by
| =) xdA
A
(4-9)

where A can be any area providing that the entire current density crosses it.
Therefore, the series of equations (4-1)-(4-5) consists of five equations and five

unknowns, i.e. u, p,T,f, andr .. In general, the continuity, momentum, Poisson, and

charge conservation equations form a system of coupled equations that must be solved
simultaneously. Notice that based on the governing equations, there is a double coupling
between the electric field and fluid field meaning that each of these fields can be affected
by the other. This fact demonstrates the challenges associated with the computational
process. However, for gases, the Poisson and charge conservation equations are

independent of the fluid flow and can be numerically solved in advance.

4.2.1.2 Boundary Conditions

The boundary conditions for the momentum and energy equations are obvious.
The boundary conditions for electric potential,f , are rather straightforward to describe. At
the emitter electrode surface Semitter aNd collector electrode surface Scollector, Dirichlet
boundary conditions can be specified based on knowledge of the applied voltages.
Typicaly, we have

f =f and f =0onS

collector

emitter on Sem'tter

(4-10)
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For other surfaces, a perfect electrical insulation without charge accumulation is

generally assumed. Therefore, Neumann’s boundary conditions can be applied

Mf /In=n>Nf =0 onadl surfacesexcept theemitter and collector

(4-11)
where n isthe local unit normal vector of the corresponding surface.

For the boundary condition of charge density (i.e. r ¢) at the emitter electrode
different options have been suggested. For an autonomousion injection, the charge

density is assumed to remain constant.

r e = €, emitter on Sem'tter
(4-12)
However, thevalueof r,__  isnot explicitly available. One option is to specify
r based on the experimentally measured electrical current, . In this case the

€, emitter

charge density at the emitter is set such that the calculated electrical current is matched

with the experimentally measured electrical current.

r

€ €, emitter

=r on Sy SOthat I, = ¢y >dA
A

(4-13)
For gases, another approach based on Kaptsov’ s assumption (see section 2.6.3.2) can be

adopted. However, Kaptsov’ s assumption does not provide a direct description of

r ., butrather specifies that

€, emitt

nNf =E, on S_,.

(4-14)
where E. is the corona onset field and n isthe local unit normal vector that pointsinto the

emitter surface. To satisfy Eq. (4-14) in numerical solutions, avalueof r . is

initially assumed in Eq. (4-12). Then, the electric field intensity at the emitter surfaceis
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computed from the obtained solution, and its comparison with the value of E; according

to Eq. (4-14) determinesanew valueofr , . for the next iteration. After many such

tt

iterations, aconsistent valueof r . can be obtained which satisfies Eq. (4-14). In the

tter
case where the emitter electrode isawire, areasonably accurate value of E; can be
obtained from Peek’ s formula (see Eq. (2-42)).

The other option for the emitter charge density boundary condition isto use the
available relation of the injected charges for non-polar liquids as given by Eq. (2-44).
This technique will be discussed in the next sections.

In the absence of the diffusion term, aboundary condition for the charge density
at other boundaries including the collector should also be specified to complete the
mathematical description of the problem. Since there is no definitive knowledge available
for the charge distribution at these boundaries, it is usually safe to apply a Neumann
boundary condition.

~

NXNr,=0 on S

collector

and other boundaries

(4-15)
4.2.1.3 Discretisation

In order to illustrate the numerical solution methodology, discretisation of the
equationswill be briefly reviewed. Without losing generality, the discretised form of
equations will be developed for a structural Cartesian 2D grid.

The discretised forms of the momentum and energy equations for various
numerical schemes have been well established in the literature and are not discussed here
(see (Ferziger and Periac 2002)). Notice that the electrical body force and Joule heating

terms that appear in these equations are treated like other source terms.
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For discretisation of the electrical equations, i.e., Egs. (4-4) and (4-5), consider

the numerical grid shown in Figure 4-1.

N

°

n
W C E
o W e | o

S

®

S

Figure 4-1Computational grid

Discretisation of the Poisson equation, leads to

[(9F /). A, - (aF /), A ] +[(0F /), A, - (3 /), A =& rcngP

(4-16)
wheren, s, e, and w denotes the positions on the control volume faces. A and dV arethe

face area and the volume of the corresponding control volume element, respectively. k
and k+ 1 indicate two successive iteration numbers. n isthe normal unit vector of the
control volume face. This equation can be simplified to the following form:

k

[Flta A+ A L EA - (A A+ A A S E e g Ve

e €
(4-17)
The discretised form of the charge conservation equation can be written as
dav, .. « @ S0
crit=-fr )V ) AL ) via - oAl <8 Se Sy,
dt ot e g
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where V' stands for the component of the vector mE +u , which is co-directional with
the unit normal vector, n. (r ) denotesthe charge density value on the face of the

control volume, and different schemes, such asthefirst order or second order upwind
methods, can be used to determine thisvalue. Notice that arithmetic averaging between
the two adjacent control volumes leads to instability of the solution.

Eq. (4-5) and its discretised form, Eq. (4-18), were written in atime dependent
form, even though we are interested in a steady-state solution. Thisis due to the fact that
here, time can be thought of as a relaxation parameter, controlling the rate and stability of

the approach to the steady state solution.

4.2.1.4 Implementation of the Solution Technique to the Fluent Solver

To ascertain the correctness of the solution methodology and discretisation of the
equations, atwo-dimensiona Cartesian numerical code wasinitially developed and its
performance was verified. However, since usability of this numerical code was limited to
simple geometries, the solution methodology was implemented in Fluent®, acommercial
powerful numerical code, to extend the application of the numerical modeling.

Although thereis no standard built-in function in Fluent to solve the governing
electrical equations of EHD, it is possible to define a user-defined function that can be
dynamically loaded with the Fluent solver to enhance the standard features. The general

form of the transport equation for an arbitrary scalar F ; that can be solved by Fluent,

using a user-defined function is



(4-19)
where G, and SFJ_ are the diffusion coefficient and the source term supplied by the user

for each N scalar equation.
To convert Eg. (4-4) into the form of Eq. (4-19), the variables are defined as
follows:

F.=f, G=e S =r, andu =0

(4-20)
Furthermore, the transport equation must be solved in its steady state form.

For the charge conservation equation, Eq. (4-5), the corresponding variables of
Eq. (4-19) are defined as

rs -
F,=r., G=0, S =-—2r,, and ui =nkE +uy,
: e

(4-21)
In order to evaluate each of these terms, a special macro should be written so that

each computational control volume is specified and calculated. Special treatment is
needed to define the advective flux term for the user-defined charge density transport
eguation. Thisis because Fluent stores the gradient of the user-defined scalars on the
centroids rather than on the faces of the control volume. For the computation of the
advective flux term, the face normal component of E =- Nf on each control volume
faceisrequired. An arithmetic averaging of the gradient term between neighboring
centroids does not provide adequate accuracy for non-uniform and unstructured grids. For

ahigher order accuracy calculation of this term on each face, not only the charge density
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gradient but also its own value on the adjacent control volume centroids must to be taken
into account.

To implement the source terms of the momentum and energy equations, again
special macros must be used. Through these macros the geometrical parameters of
computational cellsand the value of different variables are accessible.

The written user-defined code contains the following Fluent macros:

1. A source-term macro to define the charge density equation source term;

2. A source-term macro to define the potential equation source term;

3. A convective-flux macro to define the convection terms of the potential and charge
density equations;

4. A diffusivity defining macro to set the diffusivity coefficient for the charge density
and potential equations,

5. Three source-term macros to define the body forces for the three components of the
momentum equation;

6. A source-term macro to define the source term for the energy equation;

7. A macro to calculate the three components of current density vector defined in Eq.
(4-6) at the cell centroids. These stored variables will be used to calculate the total

current passing through the electrodes.

4.2.1.5 Numerical Solution Algorithm

The overall algorithm for solving the system of Egs. (4-2), (4-3), (4-4), and (4-5)
to the converged solution is summarized in following steps:

1.  Set the boundary conditions of the governing equations appropriately.
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2.  Settheinitia valuesfor the charge density, r ¢, equal to zero and for the electrical
potential,j , equal to the arithmetic average of the applied potential differenceto the
electrodes. Set the initial values of the velocity and temperature fields accordingly.

3. Turnonthe potential Poisson equation solver and solve the equation in the absence
of any charge density field. Continue until a converged solution is obtained.

4.  Turn on the charge density transient equation solver and solve both charge density
and potential Poisson equations simultaneously. Continue until a steady sate
solution is obtained.

5. Inthe cases of gases, turn off the charge density and potential equations and turn on
the steady state momentum equation. Solve until a converged solution is obtained.
Now, turn on only the energy equation and solve until a converged solution is
reached. In case of liquids, solve the potential, charge density, and momentum
eguations, simultaneously, and continue until a steady state solution isfound. Solve
the energy equation afterwards and obtain a converged solution.

6. Calculate the electrical current and compare it with the experimentally measured
current. If it matches report the results; otherwise, change the emitter charge density

boundary value and return to step 2.

4.2.1.6 Verification of Numerical Modeling Technique

In this section, the validity of the developed numerical solution methodology is
reviewed. Two cases are taken into account where the numerical solutions are compared
against the analytical and experimental results, respectively.

A. One-Dimensional | on-Injection Pumping
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Consider two parallel permeable electrodes placed inside a fluid passage forming
emitter and collector electrodes. The structure of electrodes is such that the flow can pass
through them without any resistance. A high potential difference is applied between the
electrodes, and due to the ion-injection process a pressure head is generated between
these two electrodes. Let’ s assume that the problem is one-dimensiondl; i.e., al the
variables are only afunction of the x coordinate. This might be a hypothetical situation;

however, two mesh-type electrodes can nearly satisfy this condition.

Emitter Electrode H.V. Collector Electrode
=
: U :
X, i
- L >

Figure4-2. Schematic of one-dimensional unipolar ion-injection pumping
Melcher (Melcher 1981) derived an analytical solution for the one-dimensional
unipolar ion-injection process when the electrical conduction isnegligible (se» 0) by

solving Egs. (4-2),(4-4) and (4-5). This solution is given as
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where r . isthe charge density at the emitter electrode and f ; isthe applied potential

) ) . i JA .
is adimensionless number, — = is

mr oL iy T ogUA

to the emitter electrode. R, =

dimensionless current ratio, and A is the area of each electrode. The boundary condition
of the potential field at the collector electrode, i.e. f | = 0, leads to the determination of
the electrical current, i, passing through the electrodes.

Using the numerical modeling technique that was devel oped for thisinvestigation,
the governing equations of unipolar charge injection were solved. The computational
domain was x = 1 unit by y=0.5 unit divided into n,=50" n,= 25 Cartesian cells. The
symmetrical boundary conditions at the top and bottom edges of the computational
domain insured the one-dimensionality of the problem. A comparison between the
anaytical and numerical solutions for the charge density and the potential field along the
axial direction is presented in Figure 4-3 and Figure 4-4, where the solutions were

UL

0

obtained for Re= 1 and

=1. In Figure 4-5 the analytical and numerical solutions of

the dimensionless pressure head are compared as the dimensionless vel ocity,

R, = Je , varies.
mr oL
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Figure 4-3 A comparison between numerical and analytical solutions of dimensionless charge density
ver sus dimensionless axial length for one-dimensional unipolar ion-injection process
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Figure 4-4 A comparison between numerical and analytical solutions of dimensionless potential field
ver sus dimensionless axial length for one-dimensional unipolar ion-injection process
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Figure 4-5 A comparison between numerical and analytical solutions of dimensionless pressure head
ver sus dimensionless velocity for one-dimensional unipolar ion-injection process

Asseen, in all cases a strong agreement between numerical and analytical
solutions was obtained, which demonstrates the validity of the numerical modeling
methodol ogy.

B. Corona Wind in Wire-Plate Geometry

Consider athin wire placed at a certain distance from aplate. If thewireis
charged with a high voltage and the plate is grounded, an ion-injection process takes
place at the high electric field region in the vicinity of the wire due to its small radius of
curvature. While the injected ions travel from the wire (emitter electrode) toward the
plate (collector electrode), they drag the neutral air molecules along with and generate a
jet-type flow known as coronawind. The velocity of thisjet flow depends on many

parameters such as the applied voltage, the inter-electrode distance, and wire thickness.
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Moghaddam et al. conducted an experimental study to measure the coronawind
velocity using Laser Doppler Velocimetry (LDV)(Saidi, Moghaddam et al. 2002). The
experiment was carried out with a prototypical wire-to-plate geometry (positive wire,
grounded plate). In two series of experiments, the flow was seeded with 2.5mm dry glass
microspheres and 0.5nm polystyrene nanospheres. The velocity profiles were obtained on

different transverse axes. The test-section schematic is depicted in Figure 4-6.

Charged wire electrode (15.5kV) |«

v

A

Grounded plate electrode . T

\ \—A\ 63.5 mm
™~ X2 4
140 mm \ Yy T 15mm /

L__J‘ 1 lGravity

Acrylic box

Figure 4-6 Wire-plate test-section (Saidi, M oghaddam et al. 2002)

To investigate the effects of the numerical simulation technique in modeling of
EHD induced flow, the wire-plate problem was numerically simulated. Because the test
section is symmetrical, only half of the test-section was considered as the computati onal
domain, and atwo-dimensional model was constructed. The potential on the wire and the
plate were set to 15.5 kV and zero, respectively, to meet the actual experimental
conditions. On the wire surface an autonomous ion injection was assumed. Thus, the
charge density was considered uniform and constant. The value of the charge density on
the wire surface was found by trial and error to ber = 0.0008 C/m?®, so the numerically
calculated electrical current matched the experimentally measured one (i = 0.71 10°3

A/m). In this modeling the effects of electrical conduction and convection were ignored

(see Eq. (4-6)), since these terms are generally negligible for the EHD processin gases.
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The computational domain was divided into 38000 triangular unstructured cells. In order
to capture the steep variation of the electric field, afairly dense grid in the vicinity of the

wire electrode was generated. The computational cells are shown in Figure 4-7.
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Figure4-7 Unstructured computational mesh; The computational domain consisted of 38000 cells

The computation process was started by solving the charge density and the
potential equations simultaneously. When the solution converged, the momentum
equation was solved. For modeling of the convection term of the momentum equation,
initially, the first order upwind (FOU) scheme for the laminar flow was used, and the
solution converged. However, when second order upwind (SOU) scheme was used to
increase the accuracy of the results, no convergence in solution was observed, and the
residuals remained oscillatory. This issue was solved when the standard k-e turbulence

flow solver was used. This might be due to the artificial numerical diffusion associated
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with the FOU scheme suppressing the flow fluctuations. It is difficult to justify the
presence of the turbulent flow regime in this problem, since no critical Reynolds number
for thistype of EHD-driven flow has been reported previously. However, the flow can be
compared with alid-driven cavity flow. In the lid-driven cavity flow, the fluid is
contained in a cavity where one of the walls moves with a specified velocity setting the
fluid inside the cavity into motion. For this problem, a Reynolds number based on the
moving wall velocity (i.e. the maximum velocity of the fluid) and the dimension of the
cavity can be defined. If we assume that the corona wind inside the test sectionis
equivalent to alid-driven cavity flow where the maximum velocity of the corona jet
(about 1.6 m/s) is equal to the moving wall velocity and the distance between the plate
and the upper surface of the test section (about 78.5 mm) is equal to the cavity size, then
the corresponding Reynolds number will be about 7900 which is relatively high.
According to Poliashenko and Aidun (Poliashenko and Aidun 1995) for Re >7000 the
cavity flow becomes unstable. Although this does not necessarily mean that the flow is
fully turbulent, it can explain the instability observed in the numerical modeling as the
flow can bein atransitional regime. The use of turbulent model can be justified with the
fact that no numerical scheme for the modeling transitional regimeis provided in Fluent.
Therefore, the results of laminar and turbulent modeling can be considered as two
extreme cases and the actual flow regime might fall in between of these two cases. The
results of pressure and velocity distributionsfor laminar flow with FOU scheme are
presented in Figure 4-8 and Figure 4-9.

A comparison between experimental and numerical velocity profilesis presented

in Figure 4-10,Figure 4-11, and Figure 4-12. As seen there, a clear difference between
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experimental results with 2.5 mm and 0.5 nm seeding particles exists under the wire.
According to Moghaddam et al., thisis because the seeding particles absorb electrical
charge as they travel inionized field, which leads to a slip between the seeding particles
and fluid flow. Two processes, diffusion and field charging, contribute to particle
charging. Moghaddam et al. studied the size effect on the particle charging process. Their
study showed that charging the particles depends on their size: as particle size decreases,
so does its acquired charge. According to their estimation, the maximum dlip velocity of
the 0.5 nm particles may not be greater than 0.25 m/s. A comparison between numerical
and experimental results shows that the numerical simulation predicts a higher velocity
above and alower velocity below the wire. An integration of the area under the velocity
profiles 8 mm bellow the wire shows that while the computational volumetric flow rate
per unit length is about 26.6 m?/s for the second order upwind turbulent scheme, the
experimental volumetric flow rate per unit length is about 20.7 m?/s for 0.5 mm seeding
particles and 31.3 m?/sfor 2.5 nm seeding particles. Moreover, the generated wake
behind the wire is more pronounced in the numerical result than it isin the experimental
measurements (see also Figure 4-9). Moving away from the vertical axis of symmetry,
the numerical calculated velocity diminishes more slowly than the measured one. This
might be due to alarger domain of influence for the EHD force predicted by numerical
simulation than the reality. Overall, experimental results showed a higher EHD force
around the axis of symmetry for both 2 mm above and 8 mm below the wire. Notice that
the effect of the EHD body force isto decelerate and accelerate the air flow above and
below the wire, respectively. There are several factors that might have resulted in the

difference between the experimental and numerical results. First, the effect of an ionized
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field on charging of 0.5 nm seeding particlesis uncertain, despite Moghaddam’'set al.
argument. The seeding particles may absorb more charge than calculated due to their
recirculation motion inside the enclosure. Moreover, the uncertainty of the measurement
also incorporates in this difference. Their results showed a standard deviation of seeding
particle velocity in the range of +0.25-0.4 m/s below the wire electrode. Secondly, in
numerical modeling, auniform distribution of the charge density on the electrode surface
was assumed, while in reality the charges might be more concentrated on the wire surface
points around the axis of symmetry. In addition, we should notice that the numerical
simulation is based on a 2-D model. However, the actual air flow might be a 3-D flow
considering a fairly short length of the wire (75 mm). The coronawind generates alow
pressure zone around the wire. Therefore, an axia flow in z-direction might be generated.
This can explain why the measured vel ocity above the wireisless than the numerical
modeling velocity. In this case, the corona jet flow under the wire is supplied by two
flows:. the perpendicular flow above the wire (in y-direction) and axial flow (in z-
direction). The numerical model does not consider the axial flow. Therefore, it predictsa
higher velocity above the wire. Notice that the numerical simulation of 3-D model is not
practical because avery large number of computational cells are needed. We should bear
in mind that the EHD phenomenon is very complex process involving many different

parameters, which may make a numerical model essentially very challenging.
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Figure 4-8 Pressuredistribution in vicinity of wire and plate electrodes

Figure4-9 Velocity magnitudein vicinity of wire and plate electrodes
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Figure 4-10 Numerical and experimental velocity profiles on a horizontal axis 8 mm bellow the wire-
T: turbulent modedl, L: laminar model, FOU: first order upwind scheme, SOU: second
order upwind scheme
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Figure 4-11 Numerical and experimental velocity profiles on a horizontal axis 2 mm above the wire-
T: turbulent modedl, L: laminar model, FOU: first order upwind scheme, SOU: second
order upwind scheme
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Figure4-12 Numerical and experimental normal velocity component on the vertical axis of symmetry
passing through thewire-T: turbulent model, L: laminar model, FOU: first order upwind
scheme, SOU: second order upwind scheme

To investigate the independency of numerical results from the computational grid,
the velocity profiles for two computational grids, dense and coarse grids, are presented in
Figure 4-13. As seen here, the difference between the two velocity profilesisrelatively

small.
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Figure 4-13 Numerical velocity profiles using the coarse grid with 38000 cells and fine grid with
57000 cdlls
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To evaluate the efficiency of the coronawind, Eq. (2-37) was numerically
calculated. The integration was computed over the entire computational domain. It was
found that the efficiency of the EHD process for the wire-plate geometry was about 0.5%.
Moreover, the result shows that in the neighborhood of the wire the integrand given in
Eq. (2-37) is negative above and positive below the wire. Therefore, covering the upper
half of the wire with an electrical insulating layer can increase the efficiency of the
process (up to 10%). Moghaddam et al. calculated the efficiency based on the kinetic
energy induced by EHD mechanism in a control volume around the wire. Based on their
technique, the efficiency of the process was estimated to be 0.4%, which is close to the
value obtained numerically.

To conclude, while a difference between numerical and experimental resultsis
visible, the numerical technique can conveniently serve as an excellent computational

tool in assessment of EHD process efficiency and usefulness.

4.2.2 Dissociation-Injection Process

In the previous section a numerical methodology for modeling the ion-injection
process with ohmic conduction was presented. In that model it was assumed that the
conduction process was ohmic, meaning that the current density due to conduction was
proportional with the electric field intensity and the proportionality coefficient (se) was
constant. In practice, however, the conductivity coefficient can vary with a strong electric
field. To consider the effect of electric field on the conduction process, the dissociation of
ionic pairs must to be considered. The ionic pairs are cations and anions associated with
electrostatic forces. These ions have their origin in the impurities that the liquid may

contain. In the absence of electric fields, the rate of dissociation of theionic pairs and the
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rate of recombination of ions are identical. However, application of astrong electric field
can change this scenario. In fact, the dissociation rate is strongly affected by the electric
field and can increase many orders of magnitude when the electric field isapplied. This
dissociation-recombination reaction can be simply shown as
kd
(A*B )i@ A" +B

k

(4-25)
where (A*B") represents neutral ionic pairs, while A*and B’ represent cations and

anions, respectively. This equation shows that the free ions are continuously generated by
the dissociation of ionic pairs and conversely, theionic pairs are formed by the
recombination of positive and negative ions. kyand k; are the dissociation and
recombination coefficient, respectively. As explained, application of an electric field can
shift this equation toward the dissociation of ionic pairs and generation of additional ions.

Thus, two mechanisms lead to ion generation inside aliquid: direct ion injection
and ionic pair dissociation. Notice that it is assumed that the ion injection processis
unipolar, which means that only positive or negative ions are directly injected. However,
the dissociation process generates both positive and negative ions. For this reason,
modeling of this process involves determining the concentration of both positive and
negative ions. To explain the mechanism of the dissociation-injection process, consider
two parallel electrodes placed inside anonpolar liquid. If a potential differenceis applied
to these two electrodes, in the absence of injection process an electrical current flow will
be established between the electrodes. If the conduction process is ohmic, the

concentration of positive and negative ions at any point between electrodes will be
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identical and the electric field will be constant. However, in practice, in the vicinity of the
el ectrodes the concentration of the ions with the same polarity as the el ectrode diminishes
while moving toward the electrode surface. This region around the electrode, in which
the concentrations of positive and negative ions are not in balance, is called the
heterocharge layer. In this layer the magnitude of the electric field will be higher than the
outer region. Notice that in the absence of the charge injection, the overall numbers of
positive and negative ions are identical. When the charge injection takes place, the
balance between the number of positive and negative charges will no longer exist, and
even outside the heterocharge layer the concentration of positive and negative ions may

not be identical.

4.2.2.1 Governing Equations

The assumptions made to derive the governing equations and model the
dissociation-injection process are as follows:
1. Themode isthree-dimensional.
2. Only eectrophoretic (Coulombic) force is present.
3. Chargeinjection takes place only at the emitter electrode.
4.  Both positive and negative charge carriers are present.
5.  Diffusion of ionsis neglected.
6. Themobility of ionsis constant and independent of the electric field intensity.
7.  Thefluid flow is steady state and incompressible.

The governing equations for the dissociation-injection process were introduced in
section 2.2.1.1. However, the entire governing equations are restated here for ease of

discussion.
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The conservation of mass, momentum, and energy for an incompressible fluid

resulted in

r(uN)u=-Np- mN°u+rg- (r}- r )Nf

(mir o +mr )(Nf)?

WNT =Rix@RT) + 2 +
C

p re,

The Poisson equation is given as

eNf =-(r7-r))

e

The positive and negative charge conservation equations are

e +Nx3* =k,c- Kk rir;
it
Ire LR =k,c- krir;
it

where

£ + . *
J*=xmr E+r u

and the total current density is given by

J=J"-J

(4-26)

(4-27)

(4-28)

(4-29)

(4-30)

(4-31)

(4-32)

(4-33)

The relationship between current density and total current as given by Eq. (4-9) standsin

this case as well. The rest of the parameters appearing in Egs. (4-30) and (4-31) can be

calculated based on other variables as their relationships are given in section 2.2.1.1.
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Therefore, these governing equations form a set of six equations and six

unknowns.

4.2.2.2 Boundary Conditions

Boundary conditions for Egs. (4-26) to (4-29) are identical to those presented in
section 4.2.1.2. For charge conservation equations, the boundary conditions on the

emitter and collector € ectrodes are:

0

e _and nXr; =0on S

. r
r e emitter
2bK, (b)

(4-34)

nfNr:=0andr;=00nS

collector
(4-35)
(Pontiga and Castellanos 1996). Here it is assumed that the positive charges are injected

from the emitter electrode into a nonpolar liquid (i.e. the emitter electrode is an anode).
Variable bis defined in Eq. (2-17) and the parameter r 0 represents the charge density on

the emitter electrode as the electric field approaches zero. The value of this parameter is
not known. However, Pontiga and Castellanos (Pontiga and Castellanos 1996) argue that
since the injected ions originate from the ionic pairs absorbed on the metal, the injected
charge density can be expected to be related in some way to the residual conductivity of

the liquid. According to the them, the dimensionless number

ro

A= —F—F——
s /(i +n)
(4-36)
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isof an order of unity in most of dielectric liquids.
On the other boundaries, rather than the emitter and collector €lectrodes, it is

usually safe to apply a Neumann boundary condition.

4.2.2.3 Discretisation, Numerical Solution Algorithm, and I mplementation of the

Solution Technique with the Fluent Solver

The discretisation procedure of governing equations is similar to the unipolar
charge injection with ohmic conduction case, which was presented in section 4.2.1.3 and
will not be repeated here. The major difference here is that the number of equationsis six
now compared to the five in previous case. In addition, unlike the previous case, the
charge conservation equations for the positive and negative charges involve source terms
which must be discretised as well.

The solution algorithm and its implementation technique using the Fluent solver
are also similar to the previous case as presented in sections4.2.1.4 and 4.2.1.5.
Therefore, the same methodology can be used. However, it should be noticed that in the
current case charge density of both polarities should be calculated. Moreover, the
implementation of the charge injection boundary conditionsis more involved since it

depends on the electric field as well.

4.2.2.4 Verification of Numerical Modeling Technique

To verify the validity of the developed numerical method in modeling the
injection-dissociation process, a sample problem was solved and the result was compared
with another numerical result reported in the literature. This problem consisted of two
parallel flat electrodes placed inside a nonpolar liquid. A high electric potential was

applied to one of the electrode (emitter) while the other electrode (collector) was
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grounded. The problem was to some extent similar to one-dimensional ion-injection
pumping problem presented in section 4.2.1.6. However, there are some distinct
differences between these two problems. In current problem not only the injection, but
also the dissociation process was taken into account. Furthermore, it was assumed that
the density of injected charges from the emitter electrode was afunction of the electric
field as given by Eq. (4-34); while, in the previous problem, an autonomous ion injection
was assumed where the charge density on the emitter electrode remained constant.

Pontiga and Castellanos (Pontiga and Castellanos 1996) obtained a numerical
solution for this problem assuming that the effect of the convective term dueto liquid
velocity in the generated current density is negligible. However, their study focused only
on obtaining the current- voltage relation, and no effort was paid to solve the Navier-
Stokes equation and model the influence of injection-dissociation process on the fluid
flow. According to their study, in the absence of any fluid flow, the problem can be
completely formulated by using four dimensionless numbers, given as

1/2 0

g:n]: C:L B:é eg, f_l;l A:r—e
m’ 0T (mi+m)f T Elepek’T2 Ly s,./(m +m)

(4-37)
In the current modeling effort the same problem is solved. The computational

domain consists of atwo-dimensional region divided by 50~ 10 computational cells. The

value of the parameters are selected such that the dimensionless numbersare g =1,

G, b’ =102 andA=1. The computational process starts with solving the potential field

in the absence of any charges. When a converged result is obtained, the positive and

negative charge conservation equations are solved simultaneously with the potential
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eguation. The computational iteration terminates when the maximum residual drops off at
least six orders of magnitude.
The total current density flowing between el ectrodes can be calculated from
Eq. (4-33), which has a constant value at any point between electrodes. On the emitter
electrode, the total current can be split into an injected current, i, and dissociation
current, jq, which are given as
i =mr (QE@Q), jy=mr (0)EQ)

(4-38)
However, due to the recombination between the injected charge carriers and ions

generated by dissociation, these two parts do not remain constant between the two
electrodes.

A comparison between the current density obtained and the numerical result
reported by Pontiga and Castellanos (Pontiga and Castellanos 1996) is presented in

Figure 4-14. Here the current density is made dimensionless using the parameter

o =Sc/E(ML + 1) , which corresponds to the saturation current when no injection and
enhanced dissociation is present. Notice that since jsat is independent of the voltage

andC,' u f , adirect comparison of the result presented in Figure 4-14 with the

current-voltage characteristic obtained in real experience can be made. As seen, overal a
good agreement between the two computational resultsis obtained. Nevertheless, a
relatively small deviation between the calculated dissociation current results is observed.
This might be due to the imprecise technique used to extract the Pontiga and Castellanos
datafrom their published paper. Notice that for the current modeling each data point is

obtained by calculation of the current density for a specific voltage.
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Figure 4-14 A comparison between result of current model and Pontiga et al. numerical result for
total current density (solid line) and dissociation current density (dashed ling) as a

function of c;* for c052 =102 and A=1

As seen, at moderate voltage, the dissociation current makes up arelatively small
portion of the total current. In fact, in thisregion the injection is the dominant process.
However, at low voltages (ohmic region) and very high voltage, the dissociation current
forms a considerable amount of the total current. On the other hand, unlike the injection
process, the dissociation process does not lead to a pumping effect for a parallel-electrode
geometry. Therefore, it is expected that the pumping action will be more efficient in
middle range voltages. The pumping action for the injection and dissociation processes

will be reviewed in next chapters.

43 Summary

In this chapter the developed numerical modeling procedure for the

el ectrohydrodynamic process was reviewed in detail. In this modeling it was assumed
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that the driving force was the Coulomb force only and the fluid flow regime was single-
phase. The electrohydrodynamic problems were divided into two classes: unipolar charge
injection with ohmic conduction and dissociation-injection processes. For each class of
problems, the governing equations, the solution methodology, and the verification
process were reviewed. The verification results showed that the devel oped numerical

modeling method can serve as areliable tool to study electrohydrodynamic phenomena.



105

CHAPTER 5. EHD MESOPUMP DESIGN AND

FABRICATION

5.1 Introduction

The objective of this chapter isto introduce the design of an EHD mesopump with
micro fabricated electrodes and to review its fabrication methodology. First, the general
design requirements of an EHD ion-injection pump will be examined, and a preliminary
design will be introduced. Next, a number of issues pertaining to this preliminary design
will be discussed, and a solution will be proposed involving microfabrication techniques.
Finally, a mesopump design with an appropriate scheme for microfabrication will be
introduced, and its process flow will be reviewed. We will also review the pump

packaging technique along side.

5.2 Requirementsand the Preliminary Design

Asdiscussed in the previous chapters, the operating principle of anion-injection
pump is based on the generation of ionsin the vicinity of an electrode called an emitter
electrode, acceleration of these ions along the electric field, and eventually their
neutralization at an electrode of opposite polarity located downstream, called a collector
electrode. Because of momentum exchange between the ions and fluid neutral molecules,
the flow of ions “drags’ the bulk liquid in the forward direction, thereby producing the
pumping effect. The basic requirement for enhancement of theion-injection processisa

high intensity electric field at the emitter electrode. A localized high intensity electric
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field can be achieved by designing an emitter electrode that contains several sharp points.
The more sharp points that exist, the greater the ion generation. This fact is schematically
illustrated in Figure 5-1. As seen there, an increase in the number of sharp points results

in anincrease in more electric field spots.
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Figure 5-1 Increasing the number of sharp points on the emitter electrode enhances ion-injection
process.

The arrangement of these sharp points, which act as ion generation/injection
locations with respect to the collector electrode, isimportant in the performance of the
ion-injection pump. If the points are positioned at various distances from the collector
electrode, the intensity of electric field at the vicinity of the sharp point will also vary, in
that those sharp points that are closer to the collector electrode will inject ions more
effectively than the rest. In other words, not al the sharp points participate evenly in the
ion-injection process. In addition, a complete electrical breakdown (spark-over) will not
take place simultaneously at al these sharp points. As the voltage between the emitter
and collector electrodesisincreased, the sharp points on the emitter that are closer to the
collector electrode will reach the breakdown electric field intensity earlier than the
remaining sharp points, and as aresult an early spark inside the liquid initiates from these
points, while the remaining sharp points may not participate. Therefore, the best

arrangement of sharp points of the emitter is the one for which the distancesto the
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collector electrode are nearly identical so that all the sharp points can participate in the
ion generation equally and uniformly. Henceforth we will call these sharp pointsinjection
points. These situations are illustrated in Figure 5-2. Case (@) represents the situation
where injection points are positioned at equal distance from the collector so that the
localized electric field intensities at their tips are identical. In case (b), since the distances
of injection points from the collector electrode are not equal, the electric field intensities

at the tips are uneven.
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Figure 5-2 The dectric intensity at the sharp points depends on their distances from the collector
electrode. The electric field intensifies as the emitter sharp points get closer to the
collector electrode.

Within this array of injection points, the distance from one injection point to its
adjacent point is also afundamental factor in determining ion generation efficiency. As
this distance decreases, the localized field intensity will be reduced, which, in turn,
lowers the ion injection rate. For example, as depicted in Figure 5-1, the maximum
localized electric field intensity in case (b) isless than case (a). On the other hand,
increasing the distance among the injecting-points may result in alarger dimension of the
pump.

In order to enhance the performance of pumping, it isimportant that the EHD
forceisuniformly applied axially across the entire cross-section of the liquid channel. If,

for example, thisforceisonly applied to the peripheral region close to the edges of the
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flow channel, as the back pressure increases a recirculation flow inside the pump will be
generated, which dissipates energy and reduces pump performance. Therefore, in an ided
situation the sources of ion generation should be distributed uniformly across the cross-
section of the flow channel. Figure 5-3 illustrates these circumstances. In case (@) the
injection points are positioned compactly. Thus, the effective Coulombic drag forceis
approximately uniform throughout the inter-electrode gap. However, in case (b), since the
injection points are positioned sparsely, a non-uniform force will be introduced on the

liquid medium that can result in arecirculation motion, as depicted.
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Figure 5-3 If the ion-injection points are positioned far away from each other, the electric force will
not be uniform. Thismay result in a recirculation motion of the liquid.

Internal pressure drop is aso important in the design of miniaturized pumps. If the
pump has avery constricted channel, the internal pressure loss of the pump will be
considerable. Asaresult, asignificant amount of the generated pressure head will be
spent in compensating for thisinternal pressure loss, and the pump may not deliver a

useful flow rate.

5.3 A Preliminary lon-Injection Pump Design

In view of the requirements discussed in the previous section, a preliminary EHD

ion-injection pump was designed. In this design of the ion-injection pump, the emitter
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and collector electrodes were in the form of stainless steal wire mesh. The use of wire
mesh as an electrode has been reported by previous researchers (Bologa, Kozhevnikov et
a. 2000), and (Bryan and Seyed-Y agoobi 1992). The objective of this preliminary design
of an ion-injection pump was to investigate the advantages and drawbacks of using wire
mesh as electrodes. A schematic drawing and 3-D model of the pump isdepicted in
Figure 5-4. As shown there, the pump consists of two circles of wire mesh that act as
electrodes and are separated by a spacer to maintain a uniform gap between them. The
body of the pump is composed of two pieces, the lower and upper, that are made of

Teflon®.
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Figure5-4 A preliminary EHD ion-injection pump, (a) dimensional drawing, (b) 3D model

A photograph of the manufactured components is depicted in Figure 5-5.

Figure 5-5 Fabricated components of an ion-injection EHD pump (preliminary design)

110
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As ahigh voltage current is established between electrodes, a stream of ions
moving from the emitter electrode to the collector electrode is generated. As aresult of
theions' momentum transfer to the liquid medium, a pumping action is induced.

An experimental test was conducted to measure the static pressure generated. The
working liquid was HFE-7100® and the spacer thickness was 3 mm (see Chapter 6 for a
description of HFE-7100® characteristics). Figure 5-6 shows the generated static
pressure head when the collector electrode was grounded and an electrical potential of 30
kV with negative polarity was applied to the emitter electrode. In this test the pump was
entirely submerged in the liquid, and a vertical glass tube was connected to the outlet port
of the pump. The difference of fluid levelsinside and outside this tube formed a measure
of the static pressure head of the pump. This experiment demonstrates that wire mesh
structures can be successfully used as electrodes. However, anumber of difficultieswere
noted. For example, the required electrical potential was quite high and the pump’s
performance was non-repeatable. Moreover, the wire mesh structure did not fulfill some
of the requirements listed in previous sections. Thiswill be discussed further in the next

section, where the advantages of using microfabrication techniques are discussed.
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Figure5-6 Static pressuretest on the preliminary EHD pump design; the column height of HFE 7100
liquid representsthe static pressure gener ated.

54 Why the Microfabrication Techniquefor Electrodes?

As pointed out in the previous section, the operational electrical potential for the
preliminary EHD pump design was relatively high. To reduce this electrical potential, it
IS necessary to decrease the gap between the emitter and collector electrodes. Thisis
because the ion-injection process depends on the electric field intensity, which is directly
proportional to the electrical potential difference and inversely proportional to the gap
between the electrodes. The electric field intensity is held constant if the gap and the
applied electrical potential are decreased simultaneously at the same rate.

However, decreasing the gap distance between electrodes introduces new
challenges. Asexplained in section 5.2, if the injection points on the emitter electrode are
not positioned at the same distance from collector electrode, the pumping efficiency will
decrease, and an early breakdown (spark) can occur. Such a phenomenon is least
desirable. The possibility of sparking will increase as the distance between the electrodes

decreases, since non-uniformities on the wire mesh act as uneven injection spots. Due to
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the fabrication tolerances and production technology of metal wire mesh, control of these
non-uniformitiesis not feasible. Furthermore, as the gap between electrodes decreases,
the sharpness (i.e. curvature) of the injection points must increase as well to maintain a
high enough localized electric field intensity. This requires that the diameter of wirein
the mesh structure be sufficiently small. Such meshes are not commercially available.
Another disadvantage of the wire mesh electrode is associated with the injection
of someionsin the opposite direction of the fluid flow. This phenomenon isillustrated in
Figure 5-7. In this figure the wire-plate electrode geometry is shown. Due to injection of
ions and Coulomb force, anet flow directed from left towards right is generated. Those
streams of ions that emanate from the front side of the emitter wire facing the plate
promote the flow of the fluid, while the ions emanating from the rear side of the wire
locally undermine the flow by initially moving in the opposite direction. Of course, the

net force will be from the left to the right.

N

Wire (Emitter Electrode) Plate (Collector Electrode)

iH

Figure5-7 Direction of ion-injection process around a wire electrode

Microfabrication techniques can address some of the major issues associated with
using wire mesh structures as electrodes. Due to the remarkabl e tolerance levels of these
techniques, the irregularities and imperfections can be minimized and the injection points

can be positioned at equal distances from the collector electrodes. As aresult, these
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techniques alow usto decrease the inter-electrode gap without encountering early spark
incidents. Moreover, these techniques provide us alarger degree of flexibility in
dimensional design of the electrode geometry, allowing us to optimize the structure of the
electrode. These techniques also offer the opportunity to decrease the radius of curvature
of the injection points, which intensifies as the localized electric field promotes theion

injection process.

55 Mesopump Design

In the design of the mesopump and its fabrication process the objectiveisto
incorporate the benefits that the mesh-structure electrode and microfabrication
technology offer. As discussed earlier, the mesh-structure electrode provides a uniformly
distributed driving force across the flow channel, with the injection spots equidistant
from the collector electrode. The microfabrication technology allows usto scale down
the pump size and the distance between the electrodes while the preserving electrode
uniformity and avoiding unevenness.

The mesopump consists of a number of components, the most important of which
isthe set of electrodes. In this design each electrode is a perforated thin film of gold
deposited on asilicon wafer (substrate). The holes are square and are separated by athin
web of ribs. Standard silicon micromachining, a common technique in fabrication of
MEMS devices, was used to construct the desired structure. This fabrication technique
provides agreat degree of flexibility inits application, which is easily performed in the
university research labs. Hence the technique can be optimized to provide us with the
best procedure for fabricating our desired structure. In Figure 5-8 aschematic of the

electrode is shown. The shaded region illustrates the gold film deposited on asilicon
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base wafer where the wet etching technique was used to make a two-dimensional array of
square perforations. The electrical connection was made by attaching a voltage source to
the bond pad leading away from the electrode web. Dimensions‘d’ and ‘t’ in thisfigure
represent edge-to-edge distance and web thickness, respectively. The five different
designs fabricated had measurements of (75, 405), (75, 700), (75, 2444), (150, 625) and
(150, 2369), where numbers inside the parentheses refer to dimensionst and d,
respectively, in micrometers. These dimensions are selected based on our previous tests
on preliminary design of EHD pump. From different mesh electrode structures that were
used (see Figure 5-5) it was concluded that the best performance was obtained when the
emitter has a larger perforation size and thinner wire while the collector has perforations
of asmaller size. Moreover, the web width (t) was selected based on the minimum size

that was safely achievable by using microfabrication.

25.4mm

) |

11mm

30.4mm N

Bond Pad

) A

Figure 5-8 Schematic diagram of electr odes of mesopump

It isimportant to note that the gold film cannot be directly deposited on the
silicon wafer because of lack of adhesion. The solution to this problem is to deposit an

intermediate layer that will promote gold-silicon adhesion strength. There are also other



116

layers that serve other purposes as discussed below. A schematic cross-section of the
electrode is shown in Figure 5-9. The layers consist of the following:
Silicon wafer (525 mm thick): provides structural platform for the electrode;
Silicon oxide film (1.5 mm thick): acts as a dielectric layer and insulates
silicon from high voltage applied to the gold electrode;
Silicon nitride film (0.3 nm thick): acts as a mask during wet etching process
and provides an dielectric insulation base for chromium and gold films;
Chromium film (150 A° thick): provides sufficient adhesion between gold
and silicon nitride films;

Gold film (0.35 nm thick): acts as the pump electrode.

Gold

Chromium

Silicon Nitride

Figure5-9 Variouslayersdeposited on the silicon wafer (not to scale)

Notice that unlike the previous wire-mesh electrode, this electrode design does
not suffer from the backward ion injection phenomenon discussed in section 5.4. Thisis
because the gold layer is exposed only on the front side and isinsulated from the back
side by insulating layers, i.e. silicon nitride and oxide.

The electrodes are separated using athin layer of Pyrex 7740 (250 nm thick)
acting as a spacer. A schematic sketch of the spacer is depicted in Figure 5-10. Pyrex has
avery high dielectric strength that makes it a suitable choice for separating the

electrodes.
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254 mm

Figure 5-10 Schematic sketch of Pyrex spacer

The electrodes and spacer combination are encased in a housing that is machined
from an acrylic block, as shown in Figure 5-11. This housing possesses a fluid

interconnector at either end for the inlet and outlet of the flow.



Callector Electrode
(Gold Film on Silicon Wafer)

Spacer (Pyrex)

Housing (Acrylic) Emitter Electrode

(Gold Film on Silicon Wafer)

Figure 5-11 Schematic diagram of M esopump components
5.6 Microfabrication and Packaging Processes

In this section the microfabrication manufacturing process for the electrodes will be
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reviewed in detail. Asexplained above, the electrode structure is an array of perforations

where the silicon wafer serves as a structural platform or substrate for the gold film. To

microfabricate such a structure, the bulk silicon and the deposited films must be etched
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away. In this etching process, the objective is to selectively remove material using a
photoresist pattern that acts as an etch mask. For a successful etch, there must be
sufficient etch selectivity of the material being etched against the masking material.
Based on the directional nature of the etching process, etchants can be typically divided
into two major categories, namely isotropic and anisotropic. | sotropic etchant etches
uniformly in all directions, resulting in rounded cross-sectional features (see Madou,
2002)). In contrast, an anisotropic etchant etchesin primarily one direction into the
substrate, resulting in trenches or cavities surrounded by flat and well-defined surfaces.
The chosen direction of the etch for this category of etchantsis determined from the
crystalline structure of the substrate.

Also, according to the nature of the medium, etchants can be classified into two
other groups, dry and wet etchants. Dry etching covers afamily of methods by which a
solid surface is etched in the gas or vapor phase, physically by ion bombardment,
chemically by achemical reaction through a reactive species, or by a combination of
physical and chemical mechanisms. Wet etching refers to those techniques that remove
material by direct contact of achemical etchant solution.

A comparison of wet and dry etching techniques reveals their respective
advantages and drawbacks. Wet etching offers the advantages of low-cost batch
fabrication, good selectivity, easy scale-up of process, afast etching rate, and simplicity
dueto few controlling parameters, while dry etching provides good control of etch rate,
low cost of chemicals and applicability for sub-micron features (see (Madou 2002) for a

comprehensive comparison of these two etching techniques).
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The wet etching technique is much simpler than the dry etching technique. Also,
an anisotropic etchant enables us to have a better control of the etch directionsin
comparison to isotropic etching. Hence, in the present research, anisotropic wet etching
was used to fabricate the desired structure in bulk silicon. One of the most common
anisotropic etchants is an aqueous solution of potassium hydroxide (KOH).

In anisotropic wet etching of silicon, the etch rate and direction are determined by
the crystal structure of silicon. Silicon wafers are slices that have been precisely cut from
alarge block of silicon that was grown from asingle seed crystal. The silicon atoms are
all arranged in acrystalline structure, so the wafer is monocrystalline silicon (as opposed
to polycrystalline silicon). Silicon wafers with different crystalline orientations and
different thicknesses are commercially available, anong which [100]- and [110]-oriented
wafers are commonly used (see (Madou 2002) for adefinition of crystallographic plane
notations). The shapes of the resultant features are radically different for each type of
these wafers when an anisotropic etchant is used.

In [100] -oriented wafers the etch front begins at the surface of the substrate in the
openings of the etch mask and proceeds in the <100> direction, which isthe
perpendicular to the wafer face, creating a cavity with aflat bottom and skewed sides.
The sides of the cavity are {111} planes making a54.74° angle with respect to the { 100}
planes (i.e., the wafer face). The etching process ultimately stops when the four {111}
planes intersect, forming a cavity in the shape of an inverted pyramid or aV-shaped
trench. Thisoccurs only if the substrate is thicker than the projected etch depth. If the
thickness of the substrate is less than the projected depth of the pyramidal cavity, the

result isathrough hole or perforation in the wafer. However, the area of the hole is
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greater on one face of the wafer than it is on the other. This choice dictates that the side
walls of the square window in a[100]-oriented wafer will be sloped inward instead of
being vertical. It can be shown that for a 525 nm wafer thickness, the etching process will
ultimately halt if the size of the etched hole is smaller than 743 mm, and therefore no
through hole will be formed. In order to create a through hole, the thickness of the
substrate needs to be reduced by etching from one face.

The shape of an etched trench or cavity in [110] wafersis drastically different. In
silicon [110] wafers, four of eight equivalent {111} planes are perpendicular to the
{110} -wafer surface. Theremaining four {111} planes are skewed at 35.26° with respect
to the surface. The four vertical {111} planesintersect to form a parallelogram with an
inside angle of 70.5°. A groove etched in [110] wafers has the appearance of a complex
polygon delineated by six {111} planes, four vertical and two skewed. Etchingin [110]
wafersis useful for forming trenches with vertical sidewalls, though they are not
orthogonal to each other.

For the fabrication of the mesopump, the [100] -oriented wafer was used, because
for [110] wafers the etching window opening must be in parallelogram form rather than
square shaped in order to obtain vertical walls. Also, since the difference between the
opening areas of athrough hole on the two faces of the substrate decreases if the wafer
thicknessis small, the large area on the back face of the wafer was etched to decrease the
thickness. The front face of the wafer carrying a patterned mask (defining the array of
perforations) was then etched to create the through holes. The details of the

microfabrication process are presented in next section.
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5.6.1 Step-by-Step Microfabrication Procedure

In this section step-by-step process flow for the micro fabrication of the electrodes

isreviewed and a production recipe is presented.

5.6.1.1 Silicon Wafers

The substrate used in the current process was a standard 100-mm double-side
polished wafer with a nominal thickness of 525 nm. Both sides of the wafer possessed
the layers of thermally grown silicon dioxide (SIO,) and silicon nitride (SisN4). Because
thisis a double-side polished wafer, photolithography can be performed on both faces of
the wafer.

The silicon nitride film serves as a mask during the wet etching process, and as an
electrical insulator between the metallic film and silicon substrate. Notice that alayer of
photoresist cannot act as amask in the wet etching process, asit will be attacked by
solution. Silicon nitride can be deposited by awide variety of techniques. Dueto their
more uniform film properties, Low Pressure Chemical Vapor Deposition (PCVD)
deposited nitride wafers were purchased. The thickness of the nitride film was 3000°A.
Thisis about the maximum available thickness that can be safely achieved by the
LPCVD process. A number of important properties of the silicon nitride thin film are

givenin Table 5-1.

Table 5-1Properties of Silicon Nitride

Properties Value

Etch ratein KOH (water) 85°C 44g/100ml (nm/min) <1
Etch ratein conc. HF (°A/min) 200

Residua stress (MPa) 100 (Tensile)
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Electrical resistivity (? . cm) 10%
Dielectric constant 6-7
Dielectric strength (kV/nm) 0.1

Source: (Madou 2002)

The silicon dioxide layer, beneath the nitride layer, is first deposited on the silicon
substrate wafer to offset the tensile residual stress of the silicon nitride layer, since the
residual stress of the oxide layer is compressive. Thisis ageneral practice in the field of
microfabrication. Moreover, thislayer provides an electrical insulating layer similar to
nitride layer. The oxide layer in our wafer was 1.5 mm thick and thermally grown on
silicon. Severa key properties of the thin layer of thermal silicon dioxide are given in

Table 5-2.

Table5-2 Propertiesof Thermal SO,

Properties Value

Etch ratein KOH (water) 85°C 44g/100ml (nm/min) 2.8

Etch rate in conc. HF (°A/min) 20,000
Residual stress (MPa) 20-40(compressive)
Resistivity (? . cm) 0.3-0.5" 10%
Dielectric constant 39
Dielectric strength (kV/nm) 0.02-0.03

Source: (Madou 2002)

In Figure 5-12 a schematic of the cross-section of ablank wafer is depicted.

Silicon oxide Silicon Nitride

Silicon

Figure5-12Cross-section of a blank wafer
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5.6.1.2 Chromium and Gold Film Deposition

In next stage of the microfabrication process, one side of the wafer should be
coated with chromium and gold films. There are different techniques for metal
deposition, such as thermal evaporation and sputtering. Thermal evaporation is based on
evaporating ametal target and depositing the vaporized molecules onto a substrate inside
an evacuated chamber. In sputter deposition, minuscule chunks of metal are eroded from
atarget by a controlled bombardment of aflux of ions of an inert gasin avacuum
chamber, and deposited on awafer placed at a suitable orientation with respect to the
target. Sputtering is generally preferred over thermal deposition in many applications due
to the higher adhesion strength of the film to the substrate. However, thermal evaporation
provides a better purity of the deposited film, since avery high vacuum is applied. In the
current process, thermal evaporation was used due to the ease of access to the necessary
facility.

Thermal evaporation itself is divided into various types based on the heating
technique such asresistive heating and electron beam. Our experience with resistively
heated thermal evaporation did not result in appropriate metal deposition. Therefore, e-
beam evaporation was used. E-beam evaporation resultsin higher quality films since the
contamination is less than that in resistive heating.

Before deposition of the metal layers, the surface of the wafer must be carefully
cleaned from any organic/inorganic contamination, in order to increase the adhesion. The
wafer can be cleaned with wet chemicals followed by exposure to oxygen plasma.
Pirhanais an appropriate liquid chemical for removing organic contaminations by

oxidizing them. The pirhana solution is a 5:1 mixture by volume of H,SO, with H,O> The
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wafer was immersed in this solution for at least 3 minutes and then rinsed with DI water
for at least 1 minute. Afterward the wafer was cleaned using oxygen plasmafor 2 minutes
in achamber at a pressure of about 300 million Torr. Immediately after performing
cleaning process, the wafer was transferred into the e-beam chamber to prevent any
contamination.

As pointed out earlier, to provide adequate adhesion between the gold film and
the substrate, alayer of chromium must be deposited beneath the gold film. In the current

process, the thicknesses of the deposited chromium and gold films were 150°A and

3000°A, respectively. Figure 5-13 shows a cross-section of the wafer at the end of this

stage.

Chromium Film

Figure5-13 Schematic sketch of the wafer cross-section after chromium-gold deposition

5.6.1.3 Photolithography to Gener ate the Patter n of Perforations

After deposition of the gold film, the square perforations must be patterned on the
front side of the wafer. To accomplish this, the wafer should be coated with a uniform
layer of photoresist, a photo-sensitive liquid polymer layer. Then the desired pattern,
printed on amask, istransferred to this layer using the optical exposure technique. In
initial stages of the present research, a plastic transparency mask was used for atrial run,
and after resolving the various practical issues related to the microfabrication procedure,
aglass photomask was utilized for the final run. Photomask is a sodalime glass plate of
near-optical flatness with a patterned chromium layer that acts as an absorber of

incidental light. This patterned face of the photomask is placed in contact with the
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photoresist layer on the silicon substrate, and the combination is exposed to radiation

from an ultraviolet source, thus devel oping the exposed regions of the photoresist. Two

CAD drawings of the photomasks are presented in Figure 5-14. Notice that on every

wafer four electrodes are fabricated. Together, the two masks, as shown in Figure 5-14,

result in five different designs of the electrodes.

The photolithography process involves severa stepsthat are listed below:

VI.

VII.

VIII.

Clean the wafer and then dehydrateit at 110 °C for 3 minutes;

Apply aphotoresist-adhesion promoter, Hexamethyldisilazane (HMDS), on
the wafer;

Apply and spin positive photoresist (Shipley 1813%) at 3000 rpm to obtain a
thickness of 1.5 mm (see (Franssila 2004) for a description of positive
photoresist);

Soft bake the wafer for 1 minute at 110°C on hotpl ate;

Place the wafer with photoresist layer on the chuck of alithography machine
and align the wafer with the features on the mask;

Expose the photoresist to UV radiation for about 5.6 seconds (for exposure
dose of 200 mJcm?);

Rinse the wafer with the devel oper solution (Microposit 352%) for 30 sec to
dissolve the exposed regions on the photoresist layer;

Finally, rinse with DI water, inspect the pattern, and hard bake the

photoresist for 30 minutesat 110° C on a hot plate.
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Figure5-14 Two CAD drawings of the photomasks used to pattern checkerboar d shape windows

Figure 5-15 shows a schematic of the wafer cross-section after the

photolithography stage.

Patter ned Photor esist

Figure5-15 Photoresist is patterned on the wafer front side
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5.6.1.4 Etching the Gold and Chromium Films

In the next stage the gold and chromium films are etched sequentially. During this
process, the photoresist acts as a mask, and as a result, only uncovered area are etched
away. First, the wafer was immersed inside the gold etchant chemical (aqueous K1
solution) for afew seconds depending on the chemical etch rate. Then, the wafer was
inspected visually under a microscope to ensure that all the exposed gold film was
removed. After rinsing with wafer, the wafer was immersed inside the chromium etchant
chemical (HCI, CeSO, solution) for a period of time. The etch rate depends on the
etchant and temperature of the solution. Sometimes heating the solution was necessary.

Figure 5-16 shows the wafer cross-section sketch at the end of this stage.

Patterned Gold and
Chromium Films

Figure5-16 Gold and chromium films are etched

5.6.1.5 Etching the Nitride Layer Using RIE

After patterning the metal layers, the silicon nitride layer was etched using the
Reactive lon Etching (RIE) technique. The basic principle of this technique involves the
generation of chemically reactive neutrals and ions that are accelerated under the effect of
an electric or magnetic field towards a target substrate. Here, the ion bombardment on the
silicon surface plays a central role. The reacting agent used to etch the silicon nitride
layer was a mixture of CF4 and O, gases. The volumetric ratio and the etching duration

depends on the surface area of the sample, the geometry of the machine chamber, and the
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RF power used for ionization of the reaction mixture. According to our experience, flow
rates of 15.29 cfm CF, and 4.1 cfm O, produced an acceptable rate and uniformity of
etching. The time needed to etch a3000'A nitride layer was about 4 minutes. During this
process the photoresist acted as a masking layer. At the end of this process the photoresist
was removed using photoresist-solvent such as acetone. The wafer cross-section after this

step is schematically depicted in Figure 5-17.

Figure? Nitride layer isetched using RIE hnique

5.6.1.6 Photolithography and Wet Etching to Pattern the Bond Pads

In this stage the gold and chromium layers surrounding the patterned windows are
removed and bond pads are formed. In order to protect the cavities patterned on the gold,
chromium and nitride layers, athick layer of photoresist must be spun over it. A CAD
drawing of the mask utilized in this stage is given in Figure 5-18. Notice that the
photomask must be aligned with respect to the previously fabricated features on the
wafer. This can be accomplished by aligning the four alignment marks on the photomask

and the wafer.



130

%

‘ MGL_4

Figure5-18 CAD drawing of the photomask used to pattern bond pads

The photolithography procedure for spinning athick layer of photoresist is as
follows:
I. Clean the wafer and then dehydrateit at 110 °C for 3 minutes;
I1.  Apply adhesion promoter, Hexamethyldisilazane (HMDS), on the wafer;
I1l. Apply and spin positive photoresist (AZ9245%) at 1750 rpm for 5 seconds
and then at 3000 rpm for 40 seconds to obtain alayer 5 nm thick;
V. Soft bake the wafer for 90 minutes at 110°C on hotpl ate;
V. Align the mask with the features on the wafer;
V1. Expose the photoresist to UV radiation for about 8.4 seconds (for an
exposure dose of 300 mJcm?);
VII. Immerse the wafer inside the developer (AZ400K®:water =1:3 by vol.) for
2-3 minutes,
VIIl. Rinsewith DI water, inspect the patterns.
After photolithography, the gold and chromium films are etched. Figure shows

the wafer cross-section at the end of this stage.
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Figure5-19 Chromium and gold layers are etched to form bond pads

5.6.1.7 Photolithography to Pattern the Wafer Backside Cavity

Asexplained earlier, in order to make through holes and reduce the effect of side
wall skew for the etched square windows, the wafer thickness had to be reduced. This
was done by etching the wafer from the backside. Therefore, a photolithography process
was carried out on the wafer backside. The photolithography on the back face was also
used to pattern the dicing mark lines on the wafer rear side. Doing so, we made sure that
backside photomask was aligned with respect to the front side features, which was
accomplished using the backside alignment technique. This technique uses an IR beam
and relies on the fact that the silicon wafer is transparent to the IR beam. For protection
during backside photolithography, the features on the wafer front side were first covered
with athick layer of photoresist. A CAD drawing of the backside mask is presented in
Figure 5-20.

The photolithography procedure is the same as the one described earlier. The

wafer cross-section at the end of this stage is presented in Figure 5-21.
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Figure5-20 CAD drawing of the photomask used to pattern backside windows and dicing lines

Thick Layer
of Photoresist

Figure5-21 Photoresist is patterned on the wafer backside and spun on the entire wafer front side

5.6.1.8 Etching the Nitride L ayer on the Backside of the Wafer Using RIE

After spinning and patterning the photoresist, the nitride layer on the backside of
the wafer can be etched, as shown in Figure 5-22. The dry etching procedure using the
RIE technique is the same as the one given earlier. After this stage, the photoresist is

removed using the photoresist stripper solvent.

Figure5-22 Silicon nitride film isetched on the backside of wafer
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5.6.1.9 Etching the Oxide Layer on Both Sides of the Wafer

As pointed out earlier, an agueous solution of potassium hydroxide (KOH) is used
to etch bulk silicon and create through holes. However, the KOH etch rate of silicon
dioxideisvery low (see Table 5-2). Therefore, the silicon dioxide layer had to be
removed by amore aggressive etchant before the bulk silicon underneath could be
etched. This process was carried out using an isotropic silicon oxide etchant.
Hydrofluoric acid (HF) and buffered hydrofluoric acid (BHF) are two standard silicon
dioxide etchants. Both HF and BHF show high oxide-to-nitride selectivity (~100:1).
Using concentrated hydrofluoric acid, etching the 1.5 mm oxide layer took about 1
minute. HF and water both wet silicon dioxide and silicon nitride but do not wet silicon.
The length of the etch process may be controlled by visually monitoring the wafer.
Occurrence of a hydrophobic condition on the wafer signals completion of the etch step.
The schematic of the wafer cross-section at the end of this stageis presented in Figure

5-23.

Figure5-23 Wafer cross-section after etching silicon dioxide layers

5.6.1.10 Etching of Silicon from Both Sides of Wafer

As mentioned before, anisotropic (or directional) etchants etch much faster in one
direction than in another, exposing the slowest etching crystal planes over time. Values of
the relative etch rates for three planes of interest can be as high as (111) : (100) : (110) =
1: 400:600 (Kovacs, Maluf et a. 1998). These values strongly depend on the chemical

composition, concentration, temperature of the etchant solutions used, and agitation in the
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etch bath. The silicon etch rate is maximized at 72 °C for a KOH concentration of 20 %
by weight. However, the average surface roughness of Si continuously decreases with
increasing KOH concentration. The roughness is thought to be due to the devel opment of
hydrogen bubbles, which obstruct the transport of fresh solution to the silicon surface,
causing micromasking. Average roughnessis aso influenced strongly by fluid agitation.
Stirring can reduce the roughness by the removal of hydrogen bubbles, produced from the
reaction, from the etching surface.

For anisotropic etching of our wafer using KOH, the recipe given in Table 5-3
was used. Before the silicon wet etching process, the wafer was immersed in buffered
hydrofluoric acid (BHF) for 90 seconds to etch any remaining oxide residing on the

silicon surface.

Table 5-3 KOH solution recipe

KOH solution concentration (by weight) o, 5
Solution temperature (°C) 75
Stirring speed (rpm) 270

The wafer was placed vertically inside the KOH solution so that the hydrogen
bubbles, caused by the etching of the silicon from both sides, could be easily released.
The temperature of the solution was controlled with a thermometer probe placed inside
the solution that adjusted the hot plate temperature accordingly. The etch rate was found
to be about 1 mm/min. Figure 5-24 presents the wafer cross-section after the silicon wet
etching process. As shown, the walls of the etched windows are sloped inward. The wafer

is etched from both sides and to a depth of around 260 mm, where both etching surfaces
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come into contact and form through holes. The silicon wet etching of the wafer represents

the last step in the electrode microfabrication process.

Figure5-24 A schematic sketch of wafer cross-section after silicon wet etching process

5.6.2 Mesopump Packaging Procedure

Thefirst stage of packaging wasto dice the devices along the etched dicing
marks. As pointed out earlier, on every wafer four electrodes were created, which had to
be detached from the wafer platform. This was done by dicing the wafer. Before dicing
the wafer, the wafer was covered as much as possible with athick layer of photoresist
and then hard baked. Thislayer provided protection during the mechanical handling and
dicing process. The etched trenches on the backside of the wafer provided the path lines
for the dicing process. Pictures of the diced electrodes along with their schematic sketch
are presented in Figure 5-25.

As described earlier, a spacer layer is laid between the two electrodes, creating a
constant gap between them. The spacer was in the form of a square Pyrex layer with a
square window created inside it. This component was fabricated by a commercial
manufacturer using ultrasonic machining.

The mesopump housing was made of acrylic and fabricated using conventional
CNC machining. The mesopump housing and Pyrex spacer are shown in Figure 5-26.
There were different options regarding which electrode design to use as the emitter and

the collector electrodes. Our study showed that the best design for the emitter and
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Figure 5-25 Schematic sketches of electrodes (top), and microfabricated electrodes after dicing
(bottom)

Figure 5-26 M esopump housing and Pyrex spacer

collector electrodes were the ones which had respectively the largest and the smallest
edge-to-edge distance, ‘d’. Thisis because as‘d’ decreases, the injection points come

closer to each other, and consequently the intensified electric field drops off (see section
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5.2). Our experimental test with a swapped arrangement of electrodes resulted in minor
pressure head generation.

Before assembling the pump component, the wires had to be connected to bond
pads. In current work, the conventional soldering method was carefully used to make an
appropriate connection. Then, the components were placed inside the housing, and quick-
dry epoxy adhesive was used to secure them and bond the lid to its housing body. A

picture of the final structure of the assembled mesopump is shown in Figure 5-27.

Figure 5-27 Assembled mesopump

57 Summary

In this chapter, the design requirements of the ion-injection mesopump were
discussed, and based on the requirements a preliminary pump was designed and tested.
Asthe experimental tests with the preliminary pump confirmed the concept and
functionality of the design, a new design based on the microfabrication technology was
developed. The new design exhibited a number of advantages compared to the
preliminary design. The electrode microfabrication steps were fully described, and the

packaging method was explained.
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CHAPTER 6: EXPERIMENTAL APPARATUSAND TEST

PROCEDURES

6.1 Introduction

In this chapter, the experimental setup and test facilities used in current study are
introduced. A test section and an experimental test loop was designed and constructed to
experimentally characterize the performance of the el ectrohydrodynamic pump

developed in the present study.

6.2 Flow Loop Testing Setup

Animportant characteristic of the performance of an EHD pump is the flow rate
that it can deliver. To measure thisflow rate, a closed loop setup was designed and
fabricated. The flow loop consisted of the EHD pump, a closed tubing circuit, and aflow
measuring instrument. In addition, adifferential pressure transducer was used to measure
the pressure head that is generated across the pump. In the design of the flow loop, the
following requirements were taken into consideration:

1. Thetotal internal volume of the loop should be reasonably small in order to
minimize the pumping response time and represent that of an actual miniaturized
cooling loop.

2. Theinterna diameter and the length of the tubing in the circuit should be selected

such that areasonable pressure drop is produced.
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Since the electrohydrodynamic phenomenon is particul arly sensitive to the presence
of particles and impurities, the fittings, connections, and circuit elements should be
selected from inert and nondegrading materials.

It has been found that most of the refrigerants and cooling fluids exhibit a great
tendency to absorb moisture from the ambient environment. This can drastically
change the electrical properties of the working fluid. Therefore, the loop should be
designed in such away that during the fluid charging process, the possibility of
exposure of the working liquid to the surrounding air is minimized.

The trapped bubbles inside the loop can negatively affect the el ectrohydrodynamic
process. Therefore, the loop should be designed in such away that any air
infiltration to the loop is prevented or minimized.

Similar to the trapped bubbles, the dissolved gas in the working liquid can interfere
with the el ectrohydrodynamic pumping process. In fact, during the fluid charging
process the dissolved gas may emerge from the liquid phase, and as aresult of
dielectrophoretic effect, it islikely that alayer of gas shields the collector electrode.
Therefore, it is necessary to design the loop in such away that the dissolved gas can
be extracted in-situ from the working liquid as much as possible.

The fluid flow and pressure measurement techniques should not interfere with or
affect the pump performance.

The flow rate measurement technique must be sensitive enough to be able to detect
therelatively low flow rates efficiently and accurately.

The pressure transducer should have a short response time and must detect low

pressure heads.
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10. To obtain repeatable results, the sensitivity of the measurement techniques to the
variation of environmental conditions should be minimal.
Considering the above requirements, a closed flow measurement loop was

designed and built. A schematic of the flow loop is depicted in Figure 6-1.

Thermocouple /v
v

Stations

Heater

Eﬂ:ﬂﬁj@\ 3
EIE 150

Vacuum Pump
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&
Mesopump
=
Reservoir J J
+ —
Heat Exchanger
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Figure 6-1 Schematic sketch of closed flow loop

One of the more accurate techniques for measuring mass flow rate is a heat
bal ance technique in which heat is added to the fluid at one location and temperature
probes measure the difference in temperature upstream and downstream of this heat
source and from there through an energy balance the flow rate can be calculated. This
technique was implemented in the flow loop test section.
The flow loop test section consisted of the following components:

1. Differential pressure transducer (Validyne Engineering, Inc., DP15)



10.

11

12.

13.

14.

15.

16.
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Thin-wall stainless steel tubing (wall thickness: 0.25 mm, ID: 2.91 mm)
Flow measurement heating element (electrical resistance: 50 ?)
Ultrathin-wall stainless steel tubing for the heat balance flow measurement
technique (wall thickness: 0.125 mm, ID: 2.92 mm)

Two thermocouple stations (type T, Omega, Inc.)

Heater insulation (thermal conductivity: » 0.06 W/mC)

Heat exchanger (Iength: 40 mm, OD: 9.2 mm)

Valves and connectors (Swagelock, Inc.)

Chiller (RTE-101, Thermo NESLAB, Inc.)

Reservoir (volume: 50 ml, Swagelock, Inc.)

Degassing heater (Kapton encapsulated, resistance: 80 ?)

Compound pressure gauge (Range: 0to-30" Hg/ 0-15 psi)

Data acquisition system (Agilent, Inc.)

DC power supply (Hewlett-Packard, Inc.)

Vacuum pump (Ritchie Engineering Company, Inc)

DC high-voltage power supply (0-30 kV, Glassman, Inc.)

Notice that items 9 to 16 are not shown in Figure 6-1. A picture of the test section

isshownin Figure 6-2.

To precisely measure the volumetric flow rate, several measuresin the loop

design were implemented. The axial conduction effect through the wall tube was

minimized using ultrathin-wall tubing with a 0.125 mm thickness. However, since the

ultrathin tube was not bendable, athicker tube (wall thickness: 0.250 mm) was used for

the rest of the loop. Instead of standard steel connectors, Teflon tee connectors were used
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to reduce heat loss through the body of these fittings. Furthermore, instead of measuring
the tube wall temperature, thermocoupl e probes were inserted inside the tube so that the
fluid temperature was measured directly. Although this measured temperature still may
not exactly represent the fluid flow bulk temperature, the difference was expected to
remain quite small. The thermocouples were placed about 100 mm apart. To minimize
the heat dissipation to the ambient air, Polyurethane foam was used to insulate the
heating element. The foam is moldable and provided appropriate insulation. The heating
element, consisting of athin wire coil, was wrapped tightly around the ultra thin-wall
tube and was embedded inside the insulation foam. Figure 6-3 shows the heating element

before and after insulation.

Figure 6-2 Flow measurement closed loop

The working fluid for the EHD mesopump was HFE-7100 (3M, Inc.). Before charging
with HFE-7100 liquid, the loop was cleaned several times. First, the loop was flushed

with alcohol a number of times. Then nitrogen gas was passed through the loop for a
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period of time to dry the loop and drive any particles out of the system. Subsequently, the
loop was evacuated and kept so for several hours to make sure that any remaining alcohol
that might have been trapped inside the gaps was vaporized. Afterward, nitrogen gas was
again run through the loop to evacuate any vaporized alcohol. Next, the loop was flushed
with HFE-7100 liquid a few times and then evacuated and charged with the degassed

HFE-7100 liquid, the process of which is described next.

'J

Figure 6-3 Heating element (a) beforeinsulating (b) after insulating

(a (b)

We have noticed that despite extra care HFE-7100 contains dissolved gases that mostly
might get into the system through the charging process or at the manufacturing/bottling
stage. These gases generally cause undesired generation of bubbles during the charging
process of the evacuated loop. These bubbles can cause an early spark-over between
electrodes at alow voltage and can also result in an error in pressure measurement by the
differential pressure transducer. To eliminate this problem, a heating technique was used
to degas the working liquid. A flexible surface heater was placed on the outer wall of
reservoir to heat up its content. The process for degassing and charging the loop was as
follows. Initially, the entire system consisting of the reservoir and the closed flow loop
was evacuated. Then the closed loop was isolated from the reservoir by closing the
connecting valve, and the reservoir was charged with fresh HFE-7100 liquid. The

reservoir was heated slowly to the boiling point of the liquid (about 60° C). During this
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process, the dissolved gases gradually escaped in the form of bubbles through the
connecting tube to the ambient air. The liquid was kept at boiling temperature for a few
minutes. Due to condensation at the connections, the amount of liquid inside the reservoir
did not reduce appreciably. Then, the reservoir was disconnected from the ambient
environment by closing a valve. Next, the valve connecting the loop to the reservoir was
opened to charge the loop. Due to the high sensitivity of the pressure transducer
diaphragm to any shock that may occur during charging, the valve was opened very

sowly.

6.3 EHD Mesopump Working Fluid

Asdiscussed earlier, in the current research, M ethoxy-nonafluorobutane
C4FyOCH3 (HFE-7100) was used as the working liquid. HFE-7100 is a clear, colorless
dielectric liquid. Compared to many hydrofluorocarbons (HFCs), the global warming
potential (GWP) of HFE-7100 is low, and as aresult, HFE-7100 is amore
environmentally-friendly choice than most other HFC refrigerants. The main advantage
of thisliquid isits relatively high dielectric constant (7.39) and low electrical
conductivity (~ 3.0~ 10°® 1/? m). Asexplained in Chapter 2, a higher dielectric constant
leads to a higher pumping head, while alower electrical conductivity reduces power
consumption of the pump, thus higher efficiency for the EHD pump. Another advantage
of HEF-7100 isthat isit aliquid at atmospheric pressure, thereby eliminating the need to
keep the loop at high pressure conditions as is the case with some of the typical
refrigerants. In fact, the boiling temperature of thisliquid at atmospheric pressureis 61 C.
Although it has suitable electrical properties, HFE-7100 has poor thermal properties

compared to water. However, the high electrical conductivity of water makes it
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unsuitable for the present application. Also, water is not an ideal coolant for electronics

cooling since water is corrosive, and any accidental leakage is potentially catastrophic. A

comparison between the physical properties of HFE-7100, water, and a number of other

dielectric liquidsis presented in Table 6-1.

Table 6-1 Physical propertiesof HFE-7100 in comparison with a number of other liquids’

HFE-

Properties 7100 Water FC-72 n-hexane R-123 Lig. N2
Molecular weight, g/mol
250 18 340 86.1 1529 28
Density (kg/nr)
1480 997 1680 659 1464 810.6
Kinematic viscosity (m?/s)
037" 10° | 089" 10° | 04" 10° | 045" 10° | 029" 10° | 0.21° 10°
Thermal conductivity (W/m.K)
0.069 0.595 0.057 0.126 0.077 0.139
Specific heat (Jkg.K)
1180 4183 1047 2357 1035 2038
Boling point (C)
61 100 56 69 27.8 -195.8
Heat of vaporization
@ B.P., kikg 1116 2257 88 330 229 198.8
Surface tension (N/m)
0.0136 0.072 0.012 0.018 0.015 0.009
Vapor pressure (Pa) @ 25 C
26,931 3,169 30,930 20,260 91,477 N/A
Dielectric constant
7.39 80 176 19 45 143
Volume resistivity (? m)
329°10° | 10710 | 10710 | 11.0°10Y | 147 10°
Solubility of air (ml./100ml)
53 14710° 48
Solubility of water (ppm by
weight) 95 N/A 10 Insoluble
GWP (100 year ITH)
320 N/A 9000 93

All values are determined at 25 C except for Lig. Ny, for which properties are determined at boiling point
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6.4 Instrumentsand Measurement Devices

The objective of this section isto review the specifications of the instruments and
measurement devices used in the current study.
Differential Pressure Transducer

As explained above, adifferential pressure transducer was used to measure the
pressure difference across the inlet and outlet of the mesopump. The pressure transducer
was a variable reluctance type with fast response time. It consisted of a diaphragm of
magnetically-permeable stainless steel clamped between two blocks of stainless steel in
each of which an inductance coil was embedded. A pressure difference applied through
the pressure ports deflected the diaphragm toward the cavity with the lower pressure,
decreasing one gap and increasing the other. Asthe magnetic reluctance varieed with the
gap and determined the inductance value of each coil, the diaphragm deflection increased
the inductance of one coil and decreased that of the other. The major specifications of

the pressure transducer are presented in Table 6-2.

Table 6-2 Pressuretransducer specifications

Instrument and Facility Model and M anufacturer Specifications
Differential pressure Variable reluctance DP15, - Pressure Range: 0- 880 Pa
transducer and carrier Validyne Engineering Corp. - Accuracy: + 0.25% FS
demodulator - Linearity: + 0.05% FS

Data Acquisition Unit
A data acquisition unit was used to measure and record the thermocouple signals,

the electrical voltage, the current applied to mesopump, and the output signal of the
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pressure transducer demodulator. The relevant specifications of the data acquisition unit

are presented in Table 6-3.

Table 6-3 Data acquisition unit specifications

Instrument and Facility

Model and M anufacturer

Specifications

Data acquisition unit

34970A,
Agilent Technologies, Inc.

Best range of Accuracy for
thermocoupletype T: 1.0 C

DC voltage measurement
accuracy for arange of 10V: =
(0.0035 % of reading + 0.0005%
of range)

Resolution: 1 ppm

DC High-Voltage Power Supply

A DC high-voltage power supply was utilized to provide the required potential for

the operation of the EHD mesopump. Selected specifications of the power supply are

given in Table 6-4.

Table 6-4 DC high-voltage power supply

Instrument and Facility

Model and M anufacturer

Specifications

DC high-voltage power
supply

EH, Glassman High Voltage,
Inc.

Rated output voltage: 0-30 kV
Output current: 0-3 mA
Accuracy: 1% of setting+ 1% of
rated

V oltage monitor: Zero to +10V
DC signal is equivalent to zero to
rated voltage. Accuracy, 1% of
rated voltage.

Current Monitor: Zero to +10V
DC signal is equivalent to zero to
rated current. Accuracy, 1% of
reading +0.05% of rated current
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DC Power Supply

A DC power supply was used to control the amount of heat needed for the
thermal flow measurement technique. The rate of heat input was adjusted such that an
appropriate temperature difference between thermocouples was measured. The relevant

specifications of the DC power supply are summarized in Table 6-5.

Table 6-5 DC power supply specifications

Instrument and Facility Model and M anufacturer Specifications

DC power supply 6614C, Hewlett Packard, Inc. - Rated output voltage: 0-100V
Output current: 0-0.5 A

DC voltage accuracy: 0.03% of
setting+ 12 mV

DC current accuracy: 0.2% of
setting + 0.1 mA

High Resolution Digital Multimeter
Although the digital multimeter was not used directly whilerunning the
experiment, it was needed to calibrate the high voltage power supply accurately. In Table

6-6 some of the specifications of digital multimeter are presented.

Table 6-6 Digital multimeter specifications

Instrument and Facility Model and M anufacturer Specifications

Digital multimeter 34401A, Agilent Technology, - DC voltage accuracy (for 1V
Inc. range): 0.004% of reading+
0.0007% of range

DC voltage accuracy (for 10 V
range): 0.0035% of reading+
0.0005% of range
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DC current accuracy (for 10 mA
range): 0.05% of reading+
0.02% of range

6.5 Experimental Procedure

In this section the procedure followed in atypical experiment is briefly described.
The step-by-step procedureis as follows:

Perform calibration (see section 7-2)for the test setup instruments including
thermocoupl e probes, pressure transducer and power supply;

Run leakage tests for the closed loop setup. This should be performed by keeping
the test loop at a high pressure and vacuum. The inside pressure of the loop
should not appreciably change within the duration of 24 hours and a pressure
difference of 1 atm.

Cleanse the loop several times as described in section 6-2;

Evacuate and then charge the loop with HFE 7100 as explained in section 6-2;
Degas the working liquid using aboiling technique (see section 6-2);

Power up the instruments including the data acquisition system, pressure
transducer and power supply;

Power up the chiller and set the cooling water temperature to an appropriate
value,

Increase voltage in steps;

At each step monitor the upstream and downstream temperatures, pressure
difference across the mesopump, and electrical current between electrodes. Wait
until hydrodynamic, thermal and electrical steady-state conditions are established;

Record the measured data for each step;
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Stop the experiment when the applied voltage is about liquid breakdown voltage.
Decrease the voltage to zero and shut down all the instruments;

Convert the measurement from each instrument by using the respective
calibration curve;

Analyze and reduce the data.

6.6 Summary

In this chapter, the experimental setup consisting of a closed flow loop with flow
and pressure measurement units was introduced. To minimize the measurement error and
conduct the experiment effectively, anumber of requirements were defined, and the flow
loop was designed accordingly. The specifications of the measurement units and
experimental instruments were presented in this chapter. Description of the experimental

loop and experimental procedure as a whole were also documented in this chapter.
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CHAPTER 7: EXPERIMENTAL AND NUMERICAL RESULTS

7.1 Introduction

The results of the current research will be presented in two sections. In the first
section, the experimental results will be taken into consideration. Our experience has
shown that the calibration of the instrument and test section plays a central role in the
subsequent data reduction and interpretation of the results. Therefore, in the first section a
review of the calibration methodology will be presented, and then the experimental
results will be presented. In the second section, the numerical results will be presented

and a comparison between experimental and numerical results will be given.

7.2 Calibration and Experimental Results

7.2.1 Flow Loop and Instrument Calibration

Before conducting any experiments, all the instrument and measurement devices
had to be calibrated. Thiswas crucial since the final results are very sensitive to the
measurement accuracy. For small-scale systems this sensitivity is even more important.

In this part, the calibration methodology of the instruments will be reviewed.

7.2.1.1 Calibration of Thermocouples

To calibrate the thermocouples a temperature-controlled bath circulator was used.
The thermocouples and a resistance temperature detector (RTD) were placed inside the

bath. The bath temperature was changed gradually, and at each step the temperatures
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measured by the thermocouples and RTD were recorded simultaneously. Considering the
accuracy of the RTD, it was determined that the accuracy of the temperature
measurement using thermocouples was in the range of 0.2 °C and the accuracy for the
temperature difference measurement was about 0.3 °C. The result of the calibration for
one of the thermocouplesis presented in Figure 7-1. Asexpected, alinear calibration
curve was obtained.
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R? = 0.999984

35 4

w
o
1

RTD Measurement (C°)
N N
o 3

15 4

10 T T T T T
10 15 20 25 30 35 40

Thermocouple Measurement (C°)

Figure 7-1: Thermocouple calibration curve

7.2.1.2 Calibration of Pressure Transducer

The calibration process for the differential pressure transducer was conducted
using a U-tube manometer. In this technique one leg of the U-tube was kept open to the
ambient environment, while the other leg was connected to one of the transducer ports.
However, there was no direct contact between the water inside the U-tube and the
diaphragm of the transducer, since a volume of air was confined between the free surface

of the water in the U-tube and the transducer diaphragm. This technique eliminates the
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possibility of having any bubble generation in the transducer port and hence no surface
tension effect. Based on the results of our calibration process, the accuracy of the
transducer was estimated to be about 5 Pa. The pressure transducer calibration curveis
depicted in Figure 7-2. Here y and x axes represent the measured pressure by the U-tube

and the transducer output voltage, respectively.

y = 82.224x + 2.0706
R?=0.9999

Pressure (Pa)
)

Transducer Voltage (V)

Figure 7-2 Pressuretransducer calibration curve

7.2.1.3 Calibration of High-Voltage Power Supply

For the high-voltage power supply, the analog monitor signals of the voltage and current
outputs were used for calibration. The calibration of the voltage monitor output was
performed using a high voltage probe with a conversion factor of 1000 and a multimeter.
The current monitor output of the power supply was calibrated using 100 M? constant
resistance and a high accuracy multimeter. The estimated accuracy of the voltage monitor

signal was expected to be about 1% of the applied voltage. For the current, a nonlinear
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relationship between the actual applied current and the analog monitor signa at very low
current value was observed. Since the range of the current of the EHD pump is very low
(of the order of afew mA), our estimation showed that the accuracy of the current output
signal was around 2mA. The calibration curves of the high-voltage power supply are

presented in Figure 7-3 and Figure 7-4, respectively.
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Figure 7-3 Voltage calibration curvefor high-voltage power supply
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Figure7-4 Current calibration curve for high-voltage power supply

7.2.1.4 Calibration of the Flow L oop

To find the relation between the actual volumetric flow rate and the one obtained
using the thermal measurement technique, the closed flow loop was calibrated using a
gear pump. This calibration was performed because no matter how well the tube and
heating element between the two thermocouples are insulated, some heat lossto the
ambient environment is inevitable. Besides, this calibration technique allowed us to find
the relationship between the working fluid volumetric flow rate and the pressure drop
inside the loop. To conduct the calibration, the EHD mesopump was replaced with the
gear pump (Model MCP-Z, Ismatec, Inc.) as shown in Figure 7-5. The gear pump is able

to pump the liquid at a user specified flow rate (2.52 to 252 ml/min).
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Figure 7-5 A gear pump was used to calibrate the flow measur ement technique.

Dueto its ease of application, water was used as the working liquid for the
calibration instead of HFE-7100. However, as will be shown shortly, we were able to
extend our calibration resultsto HFE-7100. Asthe gear pump circulated the water at a
specific flow rate, the temperatures at the upstream and downstream of the heat source as
well as the pressure drop inside the loop were recorded. Then, the pump flow rate was
changed in several steps, at each of which data was recorded. Using the obtained results,
the ratio of the heat transferred to the circulating liquid to the total applied heat was
caculated. Thisratio is defined as follows:

DT

mC
Ratio of theheat trasfered to theworking liquid = 5

(7-1)
where m is the supplied mass flow rate by the gear pump, OT is the temperature

difference across the heat source measured by thermocouples, and Q is the rate of

applied heat by the heating element. The results are presented in Figure 7-6. As seen
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there, the results were obtained for different conditions of the controlling valve. This
valve was placed in the closed loop circuit to control the pressure drop of the loop (see
Figure 7-5). However, since the heat loss depends only on the volumetric flow rate and
not on the pressure drop, the variation of heat loss should be independent of valve

condition.
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Figure 7-6 Thevariation of heat loss versusvolumetric flow rate

From Figure 7-6 it can be concluded that the heat loss is higher at low flow rates
and its maximum value is about 20%.

The results of the relationship between the actual volumetric flow rate supplied by
the gear pump and the one evaluated by the thermal technique are pictured in Figure 7-7.

A linear relationship was observed.
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Figure7-7 The calibration curvefor thethermal based volumetric flow rate measur ement technique

From this result, if we calculate the volumetric flow rate using the thermal
technique, we can obtain the actual volumetric flow rate of the circulating liquid inside
the closed flow loop. The dimensionless form of this graph in terms of Reynolds numbers

when the valve is fully opened is presented in Figure 7-8.
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Figure 7-8 Thecalibration curve for the thermal based volumetric flow rate measurement technique
in terms of dimensionlessnumbers
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The relation between the applied volumetric flow rate of the liquid and the
pressure drop along the loop was also found using the differential pressure transducer.
The results are presented in Figure 7-9 and Figure 7-10 in terms of dimensional and

dimensionless parameters, respectively.
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The results are in agreement with the theory which states that for alaminar flow
inside atube at low flow rates, the connections and bends do not cause any non-linearity
in the relationship.

An Analytical Model for Heat Source Performance

In the previous section, a calibration curve was obtained that established a
relationship between the cal culated volumetric flow rate using the thermal technique and
the actual applied volumetric flow rate. However, as pointed out before, the results were
obtained with water and not with HFE-7100, which is the actual working fluid for the
EHD pump. Furthermore, this calibration curve depends on the ambient temperature.
Therefore, if the ambient temperature varies, the calibration curve might alter aswell,
though the variation can be insignificant.

Asaresult, it was decided to develop asimple analytical model to simulate the
heat transfer process from the heat source to the working liquid and ambient environment
so that the calibration curves for different working liquids and environment conditions
can be obtained. This analytical model isabasic 1-D model based on athermal resistance
network that does not consider the axial conduction through walls and other details. But
we will see that this 1-D model provides sufficient accuracy for our purpose. The ssmple

thermal resistance network is depicted in Figure 7-11.
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Figure 7-11 A thermal resistance network for analytical modeling

The parameters are defined as follows:
Q: Tota power applied to the heater
Ra Summation of the conductive heat transfer resistance of the insulation and its contact
resistances with the heater
Rp: Summation of the conductive heat transfer resistance of the tube wall and its contact
resistance with heater
Ramb: Convective heat transfer resistance to the ambient environment
Riiq: Convective heat transfer resistance to the liquid
Tamb: Ambient temperature
Tiiq: Average temperature of liquid = (Tupstream + Tdownstram)/2.
Using the thermal resistance network, the percentage of the total applied heat

transferred to the flowing liquid can be derived as:

W= rhCP (Tdownstream- Tupstream) - CP(RaQ +Tanb B Tdownstrean)m
Q CoQ(R, +R)M+Q/2

(7-2)
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The apparent mass flow rate is defined as the flow rate of the working liquid
calculated based on the energy balance, assuming no heat |oss to the ambient

environment exists. This mass flow rateis given as:

- Q
Co (Taounstream™ Tupstream)
(7-3)
The relation between apparent and actua mass flow rates can be derived as:
,- QR*R) .. Q
(RQ*Tom ~ Topstream) 2o (RQ+ Ty = Topstrean)
(7-4)

The results of thismodel compared to the experimental calibration results are
presented in Figure 7-12 and Figure 7-13. As seen there, a good agreement between the
experimental results and analytical model for water as the working liquid was obtained.
In Figure 7-13, the expected calibration curve for HFE-7100 obtained by the analytical
model at the same environmental condition is presented. As seen, the linear trend of the

experimental data pointsisin agreement with the analytical relation given in Eq. (7-4).
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Figure 7-12 A comparison between analytical modeling and experimental results for flow
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Figure 7-13 A comparison between analytical and experimental results for flow measurement
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7.2.2 EHD Pumping Experimental Results

After installing the EHD pump in the loop and charging the system with HFE-
7100, electrical voltage was applied to the EHD mesopump and the pressure head and the

temperature difference between the upstream and down stream of the heater was
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measured. Using the calibration curves, al the quantities were calibrated. The result of
the generated pressure versus the applied voltage measured by the pressure transducer is
presented in Figure 7-14. As seen there, a maximum dynamic pressure head of 250 Pa
was obtained. In this graph, the uncertainty of the measurement isincorporated. In the
calculation of uncertainty propagation, the effects of two uncertainty components were
considered, namely bias and random errors. The bias error is associated with uncertainty
of the calibration technique, while the random error depends on the resolution of the

measurement device.
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Figure 7-14 EHD pump-generated pressure versus applied voltage

The current-voltage relationship of the EHD mesopump is presented in Figure
7-15. Aswe can see, the current-voltage and pressure-voltage curves show similar trends.
The uncertainty in the measurement of the current was relatively large. This was because
the magnitude of the measured current was substantially small and was comparable to the

measurement resolution of the high accuracy multimeter used for the calibration.
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The variation of the generated volumetric flow rate versus the applied voltage is
presented in Figure 7-16. Here two techniques were used to measure the flow rate. The
first method was based on the temperature difference resulting from the fluid flow
upstream and downstream of the heating source. In the second method the result of
pressure head versus voltage, presented in Figure 7-14, and the relationship between
pressure drop inside the loop and volumetric fluid flow, presented in Figure 7-10, were
used to obtain the flow rate. Notice that the dimensionless result of Figure 7-10is valid
for both water and HFE-7100, and no correction is needed. As seen, agood agreement
between two techniques was obtained. The power applied to the heating source was
initially set to 0.15W. However, as the voltage increased, so did the measurement
uncertainty, since the difference between the measured temperatures became smaller.
Therefore, the applied power to the heating source was increased to 0.45W at a voltage of

900V.
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Figure 7-15 EHD mesopump electrical current versusapplied voltage
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Figure 7-16 EHD mesopump volumetric flow rate versusapplied voltage

We also calculated the thermodynamic efficiency of the EHD pump. The

thermodynamic efficiency is defined as

:DP;Q.' 100

(7-5)
where DP,QandW arethe pressure head, volumetric flow rate, and total input power to

the pump, respectively. The variation of the efficiency versus applied voltage is presented

in Figure 7-17.
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Figure 7-17 EHD mesopump efficiency ver susapplied voltage

As seen here, the efficiency of the EHD pump isfairly low, whichisin
accordance with the efficiencies of other EHD pumps reported in literature. However,
thisis not amajor cause of concern since the total value of the input power is quite small
(in the range of 0.01W). Notice that the ratio of total pump input power to the power
applied to the heat sourceis very small. Therefore, it appears that the Joule heating effect

does not cause any appreciable error in the fluid flow measurement technique.

7.3 Numerical Results

The objective of this section is to use the numerical simulation methodology that
was devel oped to model the ion-injection pumping effect. A detailed review of the
numerical modeling technique was given in Chapter 4.

Before introducing the computational domain and other modeling details, it is
worthwhile to mention that a major step for the numerical simulation is the smplification

of the model. In most cases, the actual natural phenomena are extremely complicated in
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terms of the geometries and other parametersinvolved. Using physical/mathematical
model s these phenomena can be simplified and represented by a set of governing
eguations. However, in many cases, even further ssmplifications are required due to the
complexity of the actual geometry that makes a numerical simulation, if not impossible,
certainly computationally demanding and time consuming. These types of
simplifications are implemented in the present modeling effort, which will be introduced

and discussed in following sections.

7.3.1 Modeling of the lon-Injection M esopump

From experimental results, a relationship between the pressure head and the
applied voltage for the ion-injection mesopump was obtained. In this section, the
objectiveisto find asimilar relationship using the numerical modeling technique. To do
so, anumber of simplifying assumptions had to be made. In spite of these simplifications,
it will be shown that the reasonably accurate results can be still obtained.

To simulate the pumping process, the dissociation-injection modeling procedure
was used (see Chapter 4 for a complete description of this modeling technique). In this
model, not only the ion-injection process, but also the ion-dissociation and recombination
processes are taken into consideration. This model allows usto simulate the process
completely independently of experimental results.

Since the geometry of the mesopump is quite complicated to be considered in its
entirety asthe computational domain, it is necessary to simplify the modeling region. The

computational domain is depicted in Figure 7-18.
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Emitter Electrode
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Figure 7-18 Computational domain of solution: (a) side view (b) top view
Asseen in this picture, only alimited region of the electrodes and the gap
between them was considered as the computational domain. This allowed us to solve the
governing equations with arelatively high degree of resolution and accuracy. However,
the results for this limited portion were extended to the entire electrode surfaces and the

gap between them.
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Further simplification was a'so made in terms of the geometry of the collector
electrode. Since our modeling procedure is based on the assumption that the collector
electrode does not participate in the ion-injection process, the perforated geometry of the
collector electrode was modeled as aflat plate electrode. This simplification can be
justified by the fact that on the collector electrode, the sharp points on the edge of the
webs are placed closer to each other than they are on the emitter. Therefore, the electric
field is not significantly intensified in neighborhood of these points. Therefore, aflat
plate can reasonably represent the collector electrode in numerical modeling.

Figure 7-19 shows the computational domain enclosed by various surface
boundaries. For each of these surfaces the appropriate boundary condition was assigned.

These boundary conditions can be summarized as follows (see Chapters 2 and 4):

Emitter electrode: r;, = (ngAf?n;) v2b K1(2b)’ 1:;: =0, f=-f,
1

e —o,r7=0f=0
in

Collector eectrode:

&:0, ﬂl’; =0 ﬁ:

in fn  qn

Symmetric and electrically insulated planes.
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Notice that here a negative polarity voltage was applied to the emitter electrode,

while the collector electrode was grounded.

Collector Electrode

Plane of Symmetry

Electrically Insulated
Plane

xdz

Plane of Symmetry
Emitter Electrode

Figure 7-19 Surface boundaries surrounding the computational domain

The electrohydrodynamic governing equations for the dissociation-injection
process were given in Chapter 4. As shown there, in general, electric and fluid flow
governing equations are coupled through the fluid velocity field. On the other hand, the
velocity of the liquid passing through the mesopump depends not only on the mesopump
performance but also on the pressure drop of the rest of the loop. This means that an
appropriate fluid flow velocity boundary condition for the computational domain cannot
be assigned simply because the relation between the pressure drop and fluid flow must be
known in the rest of the loop. However, it is still possible to cal culate the maximum
pressure head of the mesopump (i.e. the static pressure head). In fact, the pressure head of
the mesopump reaches its maximum when the mesopump does not deliver any flow to

the rest of the loop. This corresponds to the case where the outlet of the mesopump is
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hypothetically obstructed so that the pump essentially generates a static pressure head.
For this case, it can be assumed that the liquid velocity is zero. Therefore, in the absence
of the liquid flow, the maximum static pressure can be calculated from the following
eguation:

Np=(r.-r,)E

(7-6)
In order to solve the governing equations, various input parameters of numerical

code were assigned as given in Table 7-1, and the computational domain was divided into

176,400 hexahedral cells.

Table 7-1 Value of input parameters

Parameter Value Parameter Value
Liquid dielectric constant, eg 7.4 Liqud electrical conaluctivity, 2.6 108
Se(S/m)
Liquid positive and negative ion . A8
mobilities, m",ns (MPV.9) 3.44° 10 Voltage, f o (kV) 0 to -2000
Density, r (kg/m°) 1470 Liquid viscosity, m(kg/m.s) 6.5 10

As/(ml +) . (Qfm) 033

A comparison of the numerical model and experimental results for the generated
pressure versus the electrical voltage is presented in Figure 7-20. As seen in thisfigure,
overall an acceptable agreement between numerical model and experimental results was
obtained, with the numerical model approximately predicting the trend of pressure
variation with the applied voltage. There are two main reasons for the observed
difference. Thefirst isthe fact that in spite of the complexity of the governing equations
and numerical simulation procedure, thiswas still aquite simplified model for the actual

EHD process involving the electrochemical reactions and ions interactions. Moreover, a
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simplified modeling geometry was used to represent the actual ion-injection mesopump.
Also, as was pointed out earlier, in this modeling procedure the maximum static pressure
head was cal culated where no liquid flow was assumed, but the experimental data was
obtained when aliquid flow through the mesopump existed. As aresult, it is expected

that the measured pressure will be less than the maximum calcul ated pressure.
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Figure 7-20 Numerical modeling and experimental resultsfor the static pressure versusvoltage

Using the numerical model it is also possible to calculate the electrical current
passing through the liquid. For a static liquid, the current can be found by Eq. (7-7)
| =y >dA =ynir . - nir )E>dA

(7-7)
where the integral is calculated on any arbitrary surface between two electrodes. Notice

that as discussed earlier, only one element of the whole mesopump geometry was
considered as the computational domain. Therefore, the calculated current for this
element was multiplied by the number of elementsto find thetotal electrical current. The

modeling result compared to the experimental datais presented in Figure 7-21.
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As seen here, the experimental and numerical results show a different trend. While the
measured current displays an exponentially growing trend, the numerical current shows
nearly alinear trend. To understand the source of this difference, some factors should be
recalled. First, as shown in Figure 7-15, the margin of measurement error for electrical
current was relatively large because the magnitude of the measured current was
substantially small and was comparable to the measurement resolution of the high
accuracy multimeter used for the calibration. Therefore, some uncertainty is associated

with the value of the experimental datafor the electrical current.
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Figure 7-21 Numerical modeling and experimental resultsfor the electrical current versusvoltage

Secondly, since for the pressure head an acceptable agreement between the numerical and
experimental results was observed, it can be concluded that the difference between the
electrical current results might be associated with the dissociation component rather than
the injection component of the current. Notice that only the injection part of the current
resultsin a pumping action, and the dissociation part of the current either does not affect

the pumping action or, in special geometries of the electrodes, causes aflow in the
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reverse direction (known as conduction pumping). Therefore, the current model might
not accurately calculate the dissociation part of the current. Moreover, notice that this
component of the total electrical current is very sensitive to the presence of impurities. A
small amount of impurities can substantially change the dissociation component of the
current. The other explanation for this differenceis that in our simple model the effect of
the sharp edges of the electrode webs was not taken into account. These edges can
intensify electric field locally and promote the ion injection process that increases the
electrical current. Finally, this model was developed for nonpolar liquids. The dielectric
constant (or permittivity) of nonpolar liquidsisrelatively low. For example, for liquid
nitrogen the dielectric constant is about 1.43. Conversely, the dielectric constant of polar
liquidsis quite high. For example, for water the dielectric constant is about 80. Asa
result, HFE7100 can be considered a semi-polar liquid because it shows polar liquid
characteristics to some extent. Therefore, the current model might not fully describe the
behavior of thisliquid under the effect of electric field.

The distribution of the dimensionless potential and positive and negative charge
densities in the gap space between electrodes is presented in Figure 7-22 to Figure 7-24.
Notice that the computational domain is only one fourth of the displayed region in these
figures (see Figure 7-19). The dimensionless potential and positive and negative charge
densities are defined as follows:

f
- f
[r 2]* :+
s/(m +n1)
HE—
s/(n +m.)
The results were obtained using HFE-7100 properties and f =1000.

f'=

o +©
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7.3.2 Design of Multi-stage M esopump Using the Numerical M odeling

In the previous section the experimental and numerical results were compared. In
this section the objective is to demonstrate that this numerical model can serve for further
improvement of the ion-injection mesopump.

As shown in Figure 7-14, the present design of the ion injection mesopump was
able to produce a maximum pressure about 260 Pa. However, in many applications for
this type of pump a higher pressure drop in the system is expected. For example, our
study has shown that for atwo-phase, small scale, cooling loop consisting of a
miniaturized evaporator, condenser and pump, a pressure drop of aboutl kPais expected
to dissipate 50W heat. Therefore, the question is how the pumping head can be improved.
One answer isto use multistage electrodes for the mesopump. Multistage electrodes are

arrays of electrode pairsthat are placed in series. Each electrode pair, consisting of an
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emitter and a collector, bumps up the pressure and drives the liquid to the next stage. A

schematic of athree-stage ion-injection pump is depicted in Figure 7-25.

Figure 7-25 Schematic of a three-stage ion-injection pump; Electrodes 1, 3 and 5 are emitters and
electrodes 2, 4 and 6 are collectors.

The important factor in the design of a multistage pump is the distance between
two successive stages. To understand the importance of this parameter, again consider
Figure 7-25. Here, not only electrodes 1 and 2, but also electrodes 2 and 3 form a pair of
emitter and collector electrodes. Since electrodes 1 and 2 are acting as the emitter and
collector, respectively, the pumping force direction because of these two electrodesis
from left to right. However, for electrodes 1 and 3 the pumping force direction isthe
opposite, i.e. from right to left, since here, the emitter is electrode 3 and the collector is
electrode 2. Asseen in this picture, the distance between electrode 1 and 2 isless than
the distance between electrode 2 and 3; therefore, the pumping force due to the electrode
pair of 1 and 2 is stronger than the pumping force of the electrode pair of 2 and 3. Asa
result, the net pumping force direction is from left to right.

Now the question is what the optimum distance between two successive stagesis.
Obvioudly, the pumping head increases if the two successive stages get farther from each
other. But in practical situations, thereis generally arestriction on the total length of the

pump. In this case, if the distance between the successive stages increases, the total
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number of electrode pairs reduces. Therefore, it is likely that an optimum distance exists.
Here, the objective isto find this optimum distance using numerical modeling.

To simulate this problem, a number of simplifying assumptions need to be made.

These assumptions are listed as follows:
The emitter and collector electrodes are modeled asflat plates;.
Each electrode only interacts with the next electrode; therefore, there is no
interaction between, for example, the first and the fourth electrodes;
The problem is one-dimensional;
Thereisno liquid flow and the total pressure head generated is static
pressure;
All other assumptions made in the development of the numerical modeling
procedure are till valid.

A simple model for this problem is depicted in Figure 7-26. In thismodel three
electrodes, consisting of two emitter electrodes (E;and E») and one collector electrode
(Cy), are taken into consideration. The objective isto find the optimum value of x =S/L.
Notice that for x=1, no net pumping is expected since the effect of the E;-C; electrode
pair counterbalances the effect of the E,-C; electrode pair. In this problem it is assumed
that in the electric field between two electrodes, no electrode, other than these two

electrodes, has any effect.
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0 f =

0 f=-f,

Figure 7-26 Numerical model consisting of two emitter electrodes (E;, E;) and one collector
electrode (C,)

The governing equation and boundary conditions of this problem are presented in
Chapter 4. To generalize the solution of this problem, it is more suitable to present the
solution in its dimensionless form. Based on the governing equations and boundary
conditions presented in Chapter 4, it can be shown that the governing dimensionless

parameters for this problem are as follows:

ro
g=ﬂi, A= — =
n S./(n +m)
s, L2 _, s ? ¢ & f,u

Co=—7"", Chb"=——2= e

ST, T (K e, Sl6pekT? LY
(7-8)

where ¢ isadimensionless parameter representing the ratio of mobilities of the positive

and negative ions, Aisaratio of theion density at the emitter electrode and theion

density in the bulk at the thermodynamic equilibrium. Cy is another dimensionless
parameter called the residual conductivity parameter. Noticethat C;* . f ,. C,b%isa

parameter that isindependent of the electrical potential and constant for agiven liquid

with afixed electrode spacing.
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It can be shown that Coand C,b* are related to the primary dimensionless

parameters given in Table 2-1 based on the following relations:
— Ehd
° e Md

.2 + .
cpeo 1 @0b0 emi+m)
" 16p&e 5z s

(7-9)
For modeling of this problem it was assumed that ¢ =1 and A=1, as suggested by

(Pontiga and Castellanos 1996). The other input parameters are given in Table 7-2.

Table 7-2 Modeling input parameters

Parameter Value Parameter Value
Liquid dielectric constant, eg 7.4 Liqud electrical conaluctivity, 2.6 108
Se(S/m)
Liquid positive and negativeion . A8
mobilities, m",n (MPV.9) 3.44° 10 Voltage, -f o (KV) 1000
L (m) 250 10® Temperature (K) 298

Thus, the other dimensionless parameters can be calculated as

C,=0.3607 Cp?=0.1061
The result of numerical modeling is presented in Figure 7-27. The definitions of

the variables which are indicated in this figure are as follows:

P": Dimensionless pressure defined as P’ zg , Where R} :rgm*TfO
0

SEEFeTY

DP": Total pressure head generated between electrodes E;and E;
S: The gap between electrode C; and electrode E; (see Figure 7-26)
L: The gap between electrode C; and electrode E; (see Figure 7-26)

X: thegapratio = S/L
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DP"/(1+ x) Total pressure head over total length given in dimensionless form

DR : Pressure head generated between electrode E; and electrode Cy

DP’ / DPO* - Ratio of the total pressure head to the pressure head generated by one

pair of the emitter and the collector (i.e. E; and C)
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Figure 7-27 Numerical modeling results of the dimensionless pressure head per total length (left) and
pressure head ratio (right) ver sus x=S/L

Figure 7-27 shows that as the gap between electrode E, and C; increases, the

effect of the backward pumping decreases and the pressure ratio DP’ / DPO* approaches

unity. Therefore, if there is no restriction on the total length of the pump, anincreasein

the distance between two successive stages is desirable. However, if the objectiveisto

maximize the pressure head for a given length of the pump, then the ratio of DP"/(1+ X)

should be maximized. As seen, the peak of the curve corresponds to the gap ratio of 2.25.

For this gap ratio, the pressure ratio is about 0.67, which means that a two-stage pump

with an optimum gap ratio can generate a pressure head 67% higher than a single-stage

pump.



183

Now the question is whether this optimum gap ratio depends on the applied
voltage. Our result showed that for an increase of 50% in the applied voltage, a
significant variation in the optimum point was not observed. The result of this
investigation is presented in Figure 7-28. Therefore, it can be concluded the obtained

result isindependent of the applied voltage.
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Figure 7-28 Numerical modeling results of the dimensionless pressure head per total length (left) and
pressure head ratio (right) versus x=S/L for two different voltages f ,=1000 (C, = 0.3607)
and f (=1500 (Cp = 0.2404)

In order to use these results to improve the pumping pressure head of the
mesoscal e pump, some issues need to be taken into consideration. As pointed out in
Chapter 5, the thickness of the electrode substrate and the gap between the electrodes
were 525 mm and 250 nm, respectively. Therefore, if we want to increase the pressure
head by adding multiple stages, the minimum distance between two successive stages
(i.e. S) cannot be less than twice the substrate thickness (i.e. 1050 nm) where two
electrode substrates come into contact from the back side. As aresult, the optimum gap

Size between two successive stages cannot be implemented unless the fabrication is
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performed with thinner wafers. However, with S/L= 1050/250, it can be shown that a
five-stage mesopump can produce atotal pressure head of 1200 Pafor atotal length
about 5250 mm. If a 250 mm thick wafer is fabricated, it can be shown that using the
optimum S value, about the same pressure head can be obtained for a mesopump with a

total length of 4000 mm.

74 Summary

In this chapter the static pressure and flow rate results of the experiments
conducted on the ion-injection mesopump were presented. It was shown that the two flow
rate measurement methods based on a heat balance technique yielded consistent resullts.
The maximum measured pressure and flow rate were about 270 Pa and 30 ml/min for an
applied voltage of 1500V. A numerical simulation was also conducted to model the
maximum pressure head of the mesopump. The numerical pressure head result showed
acceptabl e agreement with the one obtained from experiments. However, adifference
between the numerical and experimental currents was noted for which the possible causes
were discussed. It was also demonstrated how that the numerical modeling can be used to

improve the generated pressure head by adopting multistage el ectrodes.
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CHAPTER 8 CONCLUSIONSAND RECOMMENDATIONS

FOR FUTURE WORK

8.1 Introduction

This chapter summarizes the results of this study and provides a number of
recommendations to continue this investigation as future work to further develop
knowledge in the subject matter. An overview of the previous chapters clearly indicates
that the current study involved contributions to the advancement of knowledge in the
present study field through three specific research tasks, namely: numerical modeling;
experimental study; and microfabrication. Naturally, the recommendations will be also

divided into categories associated with each discipline.

8.2 Oveview and Conclusions

It isworthwhile to summarize here some of the achievements of this study and to
highlight the corresponding conclusions of the present research.

Relevant theoretical fundamentals of elctrohyrodynamics were presented, and the

governing equations and boundary conditions were introduced.

A literature survey on the different types of EHD pumping conceptsin general

and on ion-injection pumping in particular was performed. A comparison among a

number of different ion-injection pumps was provided based on parameters

viewed of practical significance in atabular format.
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A methodology for the numerical solution of the governing equations was
developed, and a user-defined routine was created that was used in conjunction
with the Fluent® CFD code to model the interaction of the electrical and
hydrodynamic fields. Standard benchmark problems were carefully studied to
validate the numerical solution results, and the numerical results were compared
against available experimental results.

The design requirements for an ion-injection mesopump were identified, and
based on those requirements a preliminary pump was designed and fabricated.
Once the preliminary device demonstrated the applicability of the electrode
design for the concept, a mesoscal e ion-injection pump with micro fabricated
electrodes was designed and fabricated.

A detailed, step-by-step, description of the developed micro fabrication process
was presented.

A flow loop was built to measure the pressure head and the fluid flow rate
delivered by the pump. The relevant instruments were also discussed.

Two techniques based on the heat balance and pressure measurements were
developed to measure the volumetric fluid flow rate.

Upon careful calibration of the instrumentation and the flow loop, the experiments
were successfully conducted to measure the extremely small flow rates generated
by the mesopump inside the loop. The results based on two different measurement
techniques showed good agreement.

It was demonstrated that the mesopump was able to produce a pressure head of

about 250 Pa at a flow rate of 30 mI/min for avoltage of 1600kV and thermo-
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hydro-dynamic efficiency of 0.55 %. The measured electrical current at this

voltage was about 17 mA.

A numerical model was developed to simulate the generated pressure head of the
pump. The result of this model showed an acceptable agreement with that from
the experiments.

The numerical model was used to demonstrate how the generated pressure head

can be increased using a multistage mesoscale pump. An appropriate distance

between the two successive stages was presented.

The present research is novel in that to the best of author’s knowledge, thisisthe
first work that investigates numerical modeling and simulation of the very complex
interaction of the ion injection-dissociation phenomenon with fluid flow and compares
the model with experimental results. A few studies on the interaction of either the ion
dissociation or ion injection process with the fluid flow have been reported, but none of
them has taken into account the combined effect of these two processes on the fluid. On
the other hand, there are afew other reported works in which the combined effects of the
ion dissociation and ion-injection processes were modeled. But in these studies the
interaction with the fluid flow was not considered and numerically simulated. In fact,
these studies were restricted to finding only the current-voltage relation and did not
include modeling the fluid flow interaction with the electric field.

Designing instrumentation and measurement techniques for the small scale
systemsisacritical task because the errors could be quite significant. As aresult, not
only each instrument, but also the whole system with the instrumentsin place must be

calibrated carefully. Therefore, another contribution of this study was successful
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calibration and instrumentation of the loop to accurately measure the extremely small
flow rates.

Perhaps a major contribution of this study to the advancement of thefield in this
areaisthe fact that present study demonstrated the complexity and challenge associated
with numerical and experimental research of the electrohydrodynamic phenomenon on a
miniaturized scale. Moreover, from practical significance view point, EHD in microscale

seems to be the area where future research with commercial interest will focus.

8.3 Recommendations

Since in this study various research fields were involved, the recommendations

can also be classified in different divisions.

8.3.1 Recommendationsfor Numerical Modeling

Model the interaction of the dielectrophor etic and electrostrictive forcesand
two-phase fluid flow.

As documented in Chapter 2, the electrohydrodynamic body force consists of
three components: electrophoretic, dielectrophoretic, and electrostrictive. In the current
study, the interaction of the electrophoretic force (also known as the Coulomb force) and
the single phase fluid flow was numerically modeled. In fact, in asingle-phase fluid flow
the effects of the other two EHD force components are generally negligible. However, in
atwo-phase fluid flow where the interface is under the influence of a nonuniform electric
field, these two force components become important. As an extension of the current
numerical study, the modeling of the dielectrophoretic and el ectrostrictive forces and

thelir interaction for atwo-phase fluid is proposed. Applications of this numerical



189

simulation may include the tracking of the bubbles moving under influence of the electric
field, EHD-enhanced condensation, and polarization pumping. Some preliminary work
on this modeling has aready been performed by the author using the volume of fluid
(VOF) numerical modeling technique. In order to understand this technique, consider a
two-phase fluid flow consisting of phase A and phase B. In the VOF modeling technique,
besides conventional governing parameters such as velocity and pressure, another
parameter called volume fraction, F, istaken in to consideration and computed. This
parameter represents the portion of a computational cell that isfilled with a particular
fluid phase. For example, if F=1 for a specific cell, it means that that cell isfilled with
one phase, say phase A. Conversely, if F=0, then that cell isfilled with phase B. If
O<F<1 for acomputational cell, it can be concluded that the interface is passing through
that cell. Now, the permittivity at any point of a two-phase flow can be calculated in
terms of the volume fraction at that point asfollows:

e=Fe,+(1- F)e;

(8-1)
where e, and e, are the permittivity of phase A and phase B, respectively. Now,
knowing the value of F at any point, the permittivity gradient can be calculated as
follows:

Ne=(e,- e;,)NF
(8-2)

Notice that Ne must be determined to cal cul ate the dielectrophoretic force component
(see Chapter 2). The electrostrictive force component can also be calculated in terms of
volume fraction, F. Therefore, if Fisknown, the EHD body force can be computed. On

the other hand, this body force changes the fluid flow field, which in turn alters the
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volume fraction field indirectly. This leads to a movement of the interface toward a
region of higher intensity in the electric field.

Further research on this method will provide greater detail on this numerical
approach. The author believes that the proposed modeling is chalenging and is very
useful contribution to accurate modeling of the EHD flow field.

Develop a numerical techniquethat usestwo different computational grids

for the electrical and fluid flow fields.

Oneissue in the current numerical model arose when using the same
computational grid for both the electric and fluid flow fields. In fact, these two fields are
different in nature. There are some circumstances for which a high-resolution
computational grid is needed in certain portions of the computational domain for one of
these fields, while for the other field such aneed does not exist. However, since the
discretization of the governing equations for both of these fields isimplemented on the
same computational grid, the computational run time may be very high.

To explain thisissue more fully, consider an example where a gaseous corona
wind flow issuing from awire electrode strikes aflat plate. Let us assume that the flow
velocity isrelatively low, so that the velocity field does not influence the charge density
distribution (see Chapter 4). Inthe vicinity of the wire electrode (i.e., the emitter), the
electric field varies sharply, while around the plate (i.e., the collector) it changes
gradually. Conversely, the variation of the fluid flow pattern around the plate is quite
steep, as the flow direction changes from anormal to the plane to aparallel alongit.
Therefore, if we want to numerically model this problem, a dense grid should be

generated around both the wire and the plate to capture the sharp electric field variation
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and steep velocity gradient. However, when the governing equations for the electrical
domain are solved, arefined grid around the plate is not needed and can increase the
calculations load and time run.

To solve this problem and similar cases, it is recommended to develop amodeling
technique such that two different computational grids can be used for different domains.
In this technique, the solution for one of the fields should be mapped onto the grid of
another field using interpolation techniques. The methodology can be quite similar to the
one used in amultigrid solution technique. This solution mapping technique could be
computationally costly and time-consuming due to the necessary calculations, but the
costs are justified, as this technique could be used for many problems, such as the above
example where the velocity field does not influence the electric field. In that case, first,
the electrical equations could be solved independently of the velocity field. Next, the
solution mapping could be carried out, and then velocity field governing equations could
be iteratively solved.

Track particlesmoving under theinfluence of electric field

In addition to solving transport equations for the continuous phase, it would be
quite helpful to simulate a discrete second phase in a Lagrangian frame of reference and
subject to an electric field. This second phase may consist of spherical particles (which
may be taken to represent solid objects, droplets, or bubbles) dispersed in the continuous
phase. As aresult of the electrostatic force, the trgjectory of these particles can change.
Therefore, calculation of the position of the particles and tracking their movement could
be an interesting research topic. Applications for this numerical modeling procedure

might include tracking of oil droplets carried with arefrigerant stream inside an EHD-



192

assisted oil separator unit; or tracking of seeding particles used in the Laser Doppler
Velocimetry (LDV) technique to measure coronawind velocity (see Chapter 4). In this
class of problems, again the EHD body force components are applied to the particles. For
solid particles, the electrostrictive force is negligible, while for droplets and bubbles, both
electrostrictive and dielectrophoretic forces must be taken into consideration. The
problem can become more complicated if the charge accumulation effect is present as

well. In this case the electrophoretic force must also be considered.

8.3.2 Recommendationsfor Fabrication of EHD Mesopump

Deep reactiveion etching to microfabricatethe silicon perforated pattern

Asdiscussed in Chapter 5, to fabricate the perforated pattern of the electrode,
anisotropic silicon wet etching technique was used. However, this process consists of
severa microfabrication steps, making it quite time-consuming. Moreover, anisotropic
silicon wet etching resulted in the sloped side walls of perforations, which might not be
an attractive characteristic of this technique as it limits the size of these holes.

Now the question is, can silicon be replaced with any other material? The other
candidates for the substrate material would be metal, ceramic, plastic, and glass. Aswas
pointed out in Chapter 5, ametallic substrate can cause backward ion-injection, thereby
negatively affecting the pumping action. For the other choices, a comparison with silicon
in terms of cost, ease of creating a metal electrode layer, and machinability (i.e., creating

holes or perforations) isgivenin Table 8-1.
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Table8-1 A comparison of choices of substrate materials

Substrate Cost Metallization M achinability
Ceramic Medium Fair Poor
Plastic low poor Far
Glass Low Good Poor
Silicon High Good Very good
From (Madou 2002)

Asindicated in Table 8-1, the superiority of silicon compared to other materialsis
associated with its machinability and ease of metallization. Considering the geometric
dimensions and necessary tolerances achievable in fabricating the present electrode
design, it might still be possible to replace the substrate material with one of the other
choices, such as ceramic. However, it is believed that a better solution would be a
reduction in the necessary number of microfabrication stages for the silicon substrate. To
reduce the number of stages, it isproposed that instead of the silicon wet etching, deep
reactive ion etching (DRIE) be used. DRIE is a high aspect ratio, deep trench silicon
etching process. The principle of the deep trench silicon etching process is a combination
of an alternating fluorine-based etching and chemical passivation of the structures (see
(Madou 2002; Franssila 2004)). Compared to RIE, DRIE dry etching has a significantly
higher etch rate (1.5-4 mm/min) and achieves an aspect ratio as high as 20-30. Sincethe
desired aspect ratio in the present electrode design isless than 3, using the DRIE
technique is quite appropriate. If this microfabrication technique isimplemented, there is
no need to etch the wafer from the backside of the wafer (see Chapter 5). Asaresult, the

number of microfabrication stages can effectively be reduced.
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M esopump packaging using anodic bonding

Asdiscussed in Chapter 5, the present packaging technique employs a quick-dry
epoxy adhesive to secure the electrodes and wafer inside the housing. However, using
adhesives to packaging the mesopump is not generally afavorable solution. Thisis
because over a period of time, these adhesives may chemically interact with the working
liquid, thereby changing the liquid relevant properties. Besides, de-gassing and gradual
degradation are other problems associated with these types of adhesives. Also, if alayer
of adhesive penetrates between the electrode and the Pyrex® spacer, it may cause the gap
between electrodes to be changed.

An alternative solution to the use of epoxy adhesive is anodic bonding. Anodic
bonding is asimple process that joins a bare silicon wafer and a sodium-containing glass
substrate such as Pyrex® (see (Maluf 2000) for a description of anodic bonding). This
bonding method allows usto directly join the Pyrex spacer to the electrode substrates.
However, before accomplishing this packaging process, some additional stepswould be
necessary. For example, the nitride and oxide layers need to be removed to provide a

direct contact between the silicon substrate and Pyrex ® surfaces.

8.3.3 Recommendationsfor EHD Mesopump Experimental Test Conditions

Experimental testswith other dielectric fluids

In Chapter 6, the characteristics of HFE 7100® were reviewed. As pointed out
there, HFE 7100 exhibits favorable el ectrical properties such asrelatively high electrical
permittivity and moderate electrical conductivity. Additionally, in contrast to many other
refrigerants, it has arelatively high boiling temperature and can be used at atmospheric

pressure. However, two major problems with this liquid were noted. First, HFE 7100
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suffers from relatively poor heat transfer properties. Secondly, there is evidence
suggesting that this liquid might irreversibly decompose under the effect of ahigh
electric field. This evidence is supported by the non-repeatability of experimental results
that was observed from time to time. An explanation for this phenomenon may liein the
molecular structure of this liquid. HFE-7100 and many other similar refrigerants have
complex molecular structures with several atomic bonds. Therefore, a strong electric field
might cause arupture in these bonds, resulting in chemical decomposition of the liquid.
On the other hand, areview of the electrical properties of liquids with simple molecular
structures shows that they generally have relatively low electrical permittivity. In fact, it
can be shown that for awide class of liquids, the electrical permittivity is directly
proportional to the polarizability of the molecule (see (Schmidt 1997; Castellanos 1998)).
On the other hand, the molecular polarizability is generally higher for larger molecules.
Therefore, it is expected that liquids with simple molecular structure exhibit alower
electrical permittivity. In fact, for the liquefied rare gases and cryogenic liquids with
simple molecular structures, the dielectric constant is between 1.0 and 2.0. Notice that the
dielectric constant isaratio of the permittivities of medium and vacuum.

Therefore, aliquid with ssmple molecular structure, being more stable chemically,
is a better choice to enhance the mesopump performance. A cryogenic liquid like liquid
nitrogen can serve this purpose. However, liquid nitrogen has alow permittivity, and the
generated pressure head of the mesopump will also be small, thereby making
measurements more challenging.

Note that as documented in Chapter 2, the pressure head of an ion-injection pump

is proportional to the permittivity of the working liquid. Besides, using the liquid nitrogen
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would require redesigning the mesopump and the flow measurement loop. Applicability
of the silicon substrate at the cryogenic temperature and thermal coefficients of expansion
mismatch for different components of the mesopump also need to be investigated.
Another important point regarding the liquid nitrogen property isthat its
characteristic time for the relaxation of charge due to ohmic conduction (i.e. €/s )

isvery high compared to HFE-7100, since the conductivity of liquid nitrogen is quite
small. This means that the generated ionsinside the liquid nitrogen tend to retain their
charge for along time. Consequently, the efficiency of the ion-injection pump with liquid
nitrogen is expected to be higher. Therefore, research leading to improvement in
dielectric constant of LN2 without altering its molecular structureis a useful future work
contribution. One method for this could be mixing of nitrogen with another gas of similar
properties, but with the aim to raise the combined dielectric constant for the mixture for

better pumping characteristics.

Characterization of theworking liquid electrical properties

As pointed out in the previous section, the electrical property of the working
liquid is fundamental in determining the performance of the ion-injection pumps. It is
important to investigate any variation of these properties under different circumstances
such as temperature variation and exposure to the environmental moisture, electric field,
or any other contamination. These fundamental electrical properties consist of the
electrical permittivity, electrical conductivity and dielectric strength. Therefore, it is
recommended that a series of tests be conducted to characterize the influence of these

different factors on the properties. Moreover, it is also suggested that a measurement and
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record of these properties be made on the fluid before and after each experimental run.
For each of these properties, standard measurement techniques have been developed and

documented, and such testing facilities are commercially available.

84 Summary

In this chapter various challenges involved in the present study were outlined.
Specific contributions addressed by the present study were highlighted.
Recommendations for future work for an improved and expanded understanding of the

€l ectrohydrodynamics phenomenon were discussed.
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