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DIGITIZED HEAT TRANSFER USING ELECTROWETTING
ON DIELECTRIC

K. Mohseni and E.S. Baird

Aerospace Engineering Sciences, University of Colorado at Boulder, Boulder,
Colorado, USA

This paper proposes the use of electrowetting on dielectric (EWOD) as the driving force for
digitized heat transfer (DHT ), a novel approach to microscale thermal management in which
system cooling is actively achieved via the manipulation of an array of discrete microdroplets.
Galinstan, a nontoxic, readily available, inexpensive liquid alloy with 65 times less thermal
resistance than water, is proposed as a viable DHT coolant. The nature of the EWOD driving
force and the velocity of EWOD-actuated droplets are presented, along with an analysis
demonstrating the advantages of DHT over some other methods of microscale heat control.
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INTRODUCTION

Heat production is an unavoidable byproduct of the operation of an electronic
device. Unfortunately, excess heat can also reduce device performance and durability
[1, 2]. As electronic systems become both smaller in size and larger in power consump-
tion, the development of effective methods for small-scale thermal management
becomes increasingly vital. Traditionally, heat is removed from an electronic device
to the surrounding environment through air-cooled heat sinks. However, liquid cool-
ants, which typically have thermal conductivities much greater than air, can support
substantially higher rates of heat flux [3].

Liquids also present a substantial advantage for handling concentrated areas
of locally high heat flux known as “hot spots.” We propose a novel method for
microscale thermal management in which a programmable array of discrete micro-
droplets is used to actively manage system cooling; localized hot spots can therefore
be specifically and efficiently targeted as they arise. We refer to this technique as
“digitized heat transfer” (DHT) [4, 5]. Because DHT does not require a continuous
flow, the amount of coolant required and the energy to drive the flow is greatly
reduced.

EWOD, in which microdroplets are transported by the application of an electric
field normal to the direction of flow, is the most promising method for sustaining
DHT currently under research; see Mohseni [6]. EWOD can be used for transporting
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NOMENCLATURE

A area of fluid in contact with channel u™®  y-averaged velocity

wall u®s y-averaged steady state velocity
c capacitance u®'8  y-averaged steady state velocity
¢ capacitance per unit area H including hysteresis
d dielectric thickness Vv applied voltage
E electric field w width of droplet
F net force X axial coordinate
f force per area y transverse coordinate
H hysteresis force k thermal conductivity
h channel height
L length of droplet Greek Symbols
m mass A droplet spacing
t time coordinate I viscosity
U electrostatic energy p density
u velocity

electrically conductive liquid metals and alloys; these fluids typically demonstrate
orders of magnitude higher thermal conductivities than non-metallic liquids such as
water or oils [7]. Galinstan,' an inexpensive eutectic gallium/indium/tin alloy com-
monly used in modern medical thermometers, has a thermal conductivity 65 times
higher than water’s. Galinstan is liquid above —19°C, and several other indium alloys
are liquid at room temperature as well (see table 1 in Mohseni [6]). In addition, EWOD
has very low power requirements, does not lead to excess heat production itself, and is
characterized by fast switching times and relatively low actuation voltages [8—13].
The remainder of this article is organized as follows. First, the source of the EWOD
force and its essential characteristics are discussed. Next, a simplified Navier-Stokes
equation is solved, resulting in an algebraic formula for the steady-state velocity of
EWOD-actuated droplets. Lastly, a simplified analysis of the heat transfer capabilities
of an array of droplets is considered, leading to a generalized definition of the Nusselt
number and a demonstration of the high heat fluxes DHT is capable of sustaining.

ELECTROWETTING ON DIELECTRIC

In electrowetting on dielectric, a microchannel is lined with a thin layer of
electrically insulating material, as seen in Figure 1, and a voltage is applied across
the height of the channel. Because the insulating layer prevents any current flow, Joule
heating and electrolysis are both eliminated; as a consequence, the power needed to
transport a fluid via EWOD is very low.

The EWOD configuration also results in an extremely favorable scaling rela-
tionship. The total energy of the system can be expressed via the usual formula for the
energy stored in a capacitor:

1
U:ECVz (1)

ISee www.geratherm.com/en/technologie_galinstan
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L

Figure 1. EWOD configuration.

where C is the net capacitance of the dielectric coatings, and V' is the applied voltage.
The energy in regions of empty channel is negligibly small in the limit of d<<</, which
is usually the case for an EWOD device. The EWOD force is generated by lining a
channel with electrodes and sequentially firing them such that the leading edge is
continually between a charged electrode and ground, whereas the trailing edge is
always between grounded electrodes. In this case, the area of the charged capacitor
is A = xw, where w is the channel width and x is the length of droplet between charged
electrodes. The total force on the conductor in any direction can be found by simply
differentiating the total energy of the system at fixed potential with respect to the
coordinate variable [14—16]:

ou
F=S0 &)

Equation (2) is a simple expression of the fact that the work done in moving the
conductor a distance dx is equal to the change in energy stored in the electric field.
Alternatively, the net force may be calculated by integrating the Maxwell stress tensor
around a suitably chosen loop, which will yield the same final result [14-16].

When one side of the channel is lined with a continuous, uninsulated grounding
electrode, the droplet it grounded and the total force is directly given by Egs. (1) and (2),
F 10U 1 ,

wo owox 2 v (3)
where c is the capacitance per area of the dielectric layers. Equation (3) is the net forward
force, and always serves to draw the droplet into the region of higher electric field.

The scaling of this force is exactly the same as that of surface tension; that is, the
net force is directly proportional to the width of the droplet’s contact line and is
completely independent of the droplet’s height or length. For this reason, EWOD
dominates actuation methods that scale with the fluid’s area or volume, such as
pressure or body forces, at sufficiently small length scales.

Note that the EWOD force does not depend on fluid properties such as surface
tension or contact angle; the only assumption is that the fluid is considered perfectly
conducting. Results for velocity derived below from Eq. (3) will therefore be directly
applicable to liquid alloys, in addition to the salt solutions typically used in EWOD
experiments. Because of its ability to efficiently transport discrete droplets of ther-
mally and electrically conducting fluids at very small scales, electrowetting on dielec-
tric is an optimum candidate for the driving force of DHT.
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DROPLET VELOCITY

In deriving the velocity of EWOD-actuated microdroplets, we consider only the
net electrostatic force given by Eq. (3) and substitute this into a simplified momentum
equation. To simplify the governing equation, we assume unidirectional, two-dimen-
sional flow such that the only non-zero component of velocity is # = u(y). Numerical
simulations in our group suggest this is a valid assumption when L >> /. The droplet
is able to translate while simultaneously satisfying a no-slip boundary condition
through a dual rolling motion in which the fluid slug is symmetrically split into twin
hollow vortices of opposite circulation.

For simplicity, we consider only the EWOD driving force and viscous drag. The
one-dimensional Navier-Stokes equation is then given by:

Ou(y, 1) Q*u(y,t) 1cV?
P —

o M2 L )

N .0 . . .
The steady-state velocity is found by setting — = 0, integrating twice, and
applying the no-slip boundary condition, resulting in:

2
) = 6% (5 75 )
with
2
g _ V7
uSAY 24# L (6)

as the bulk velocity of the droplet. While the slightly different geometry and the use of
silicone oil as an ambient fluid prevent an exact match, both the > dependence and the
hlL scaling of Eq. (6) receive concrete experimental verification in Pollack et al. [11].

Contact angle hysteresis may be added to our model if measured values for the
advancing and retreating angles are known. With unequal contact angles, a hysteresis
force (per unit width), H, is given by the difference in the axial component of surface
tension at the front and rear of the droplet:

H = rg[cos(6,) — cos(6;)] (7)

where a and r stand for advancing and receding, and Y, is the liquid gas surface
tension. When the driving force is below this hysteresis force, no motion is obtained
and the droplet remains stationary. This results in a threshold voltage given by

Vt/lresh = T (8)

and a modified steady-state velocity of

e _ €2 = Vi) 1 (9)
H 244 L

above the threshold voltage, where u},® represents the average, steady-state droplet
velocity with contact angle hysteresis taken into account. The existence of a threshold

voltage is also demonstrated in Pollack et al. [11].
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Typical EWOD velocities for water droplets range from 10 to 1000 mm/s [8-13].
Galinstan liquid alloy, which has a viscosity roughly twice that of water, is therefore
expected to exhibit velocities on the same order of magnitude if the hysteresis effect can be
minimized. Preliminary experiments in our group suggest the hysteresis force on a Galinstan
droplet is reasonably small when the EWOD device is coated top and bottom with Teflon or
another hydrophobic polymer, already a standard practice in EWOD fabrication.

HEAT CONTROL ANALYSIS

A full solution describing digitized heat transfer requires numerically solving the
coupled momentum, energy, and continuity equations. To preliminarily identify the
basic characteristics of DHT, two drastically simplified treatments are considered.
First, the essential heat flux capability of an array of Galinstan droplets is considered
from an energy balance perspective. Next, a simplified digital analog to the classic
Graetz problem is presented, leading to an extended definition of the Nusselt number
for digitized flows. Finally, a numerical treatment of the continuous Graetz problem
at low Prandtl number is presented for comparison.

Energy Balance

An energy balance may be applied to determine how the total convective heat
transfer Q is related to the difference in temperatures at the channel inlet and outlet.
To this end, consider a periodic array of droplets as depicted in Figure 2. Droplets are
introduced at a velocity v = u},® and with a frequency fat the inlet. If n = L/ A, one can
write Af'= nv. Since v = Af, note that for a fixed droplet velocity, the maximum droplet
frequency is f.x = v/ L, corresponding to n = 1. For frequencies higher that f, .., the
flow will be in continuous form and digitized droplets are not feasible. Application of
the energy conservation law reveals that

0 = mcAT (10)

where m is the total mass of droplets, ¢ is the specific heat, and AT = T, — T; is the
averaged temperature difference between the channel outlet and inlet. Equation (11)
can be written in the form of total convective heat transfer rate Q as

0 = mcAT (11)
or
O = pfLhweAT = pnvhweAT (12)
- r. 3

Figure 2. Array of evenly spaced EWOD-activated droplets for DHT. Notice the internal circulation within
each droplet which increases heat flux at the walls.
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with all variables as defined previously. In this section we are only concerned with the
total heat transfer rate and temperature rise of the droplet for a long channel, and
consider the two special cases of constant wall temperature 7, and constant wall heat
transfer rate Q.

With T, constant along a long channel, the droplet temperature at the outlet will
approach the wall temperature, 7, = T,,. Consequently, the maximum heat transfer
rate will be

0O = pfLhwx(T,, — T;) = pwvhwe(T,, — T;) (13)

With Q,, held constant, we are interested in estimating the rise in droplet temperature
at the outlet. One can ecasily show that

Q w Q w
= T, = T; 14
’ " pfLhwe pnvhwe + (14)

It is of interest to note the linear dependence of the total heat transfer rate on the
droplet velocity v and droplet ratio n.

Conduction Model

In analogy with continuous Graetz flow, we again consider an array of evenly
spaced droplets in a channel, as seen in Figure 2. To define the Nusselt number, Nu, as
a function of x along the channel, we first consider the temperature of an individual
droplet as a function of time.

We assume that each droplet has a uniform temperature profile in the axial direc-
tion, and that conduction is the dominant heat transfer mechanism within the droplet.
The nondimensionalized heat equation then reduces to Laplace’s equation, given by

2
a—e_ = a—,e (15)
or  dy?

The time coordinate has been nondimensionalized by #*/k, where k is the heat
conduction coefficient of the fluid, the y coordinate has been nondimensionalized by /, and

(16)

T;and T,, are as given previously. We again apply the isothermal Dirichlet boundary
condition of T, = Cons. An exact solution to Eq. (15) under the above boundary and
initial condition is readily given by the Fourier series:

0=>"cysin(nmp)e” ™1 (17)
n

with

=2[1 = (=1)"
A= (=D )
nm
The average temperature of the droplet, given by integrating over the y coordi-

nate, is
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Bug(1) = > A, 1 (19)
n
with the coefficients 4, given by
—4[1 - (=1)"
= (20)

Finally, the temperature gradient, evaluated at either wall, is given by:
00 _
oy ~ o e1)

The Nusselt number of any individual droplet, given as a function of time
measured from the moment it enters the heated region, is simply the ratio of the
temperature gradient, evaluated at the wall, to the difference in the droplet’s average
bulk temperature and the wall temperature. A plot of this result is given in Figure 3. The
asymptotic value is calculated to be Nu = 4.935. This is to be compared with numerically
obtained plots of the Nusselt number for continuous Graetz flow, given in Figure 4.

This Nusselt number can be expressed as a function of x along the channel as
well. A patch of channel a distance x from the entrance will be passed over by droplets
which have been in the channel an average time of r = x/u{y¢, where ¢ is the full,
dimensional time. The patch will be covered by a droplet, on average, a fraction L/ A
of the time. By substituting in basic definitions, it is seen that

x/h ul®t v Kk kt

— ___=— =7 22
Re Pr h ulfhy W2 (22)

x/h

Therefore, RePr the usual nondimensionalized spatial variable used in plotting the
ePr

Nusselt number, is equivalent to the dimensionless temporal variable associated with a
droplet moving down the channel. This approximate result extends the concept of

'
== il Rimmais L Fneee
— Il Drvapiled

W - . - p
an i [ 1l (11 L]

t/Pe

Figure 3. Conduction model Nusselt number for an idealized droplet array (solid), with Nusselt number for
classical Graetz flow (dashed).
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Figure 4. Numerically obtained Nusselt number for continuous Graetz flow.

Nusselt number to an array of discrete droplets. For a real droplet, internal mixing will
convect heat away from the walls toward the droplet’s center, leading to a more
uniform temperature profile. It is therefore expected that real droplets will have a
higher average heat flux at the walls, and the Nusselt number will be somewhat greater
than in Figure 3.

While the models presented in this section are crude, they nevertheless provide
meaningful insight into the properties of a discretized flow. Results for Nusselt
number, for instance, closely follow the trend of the exact solution to the continuous
Graetz problem. More detailed numerical simulations are expected to produce results
of the same order of magnitude with the same basic scaling properties, providing a
preliminary check on the physical validity of a numerical result.

Continuous Graetz Flow

In most cases, electrostatically actuated flows in microchannels are expected to
be laminar. Correlations for the aveerage Nusselt number in continuous flow in
microchannels in terms of Prandtl and Reynolds numbers have been reported in the
literature [17-19]. In general, significant variations have been observed in these
correlations. Many possible explanations for such deviations from classical theory
have been suggested. These include relative surface roughness of the microchannels
and the entrance effect. While for high Prandtl number fluids extensive theoretical and
experimental data are available, low Prandtl number data are scarce. Accurate
numerical simulation of low Prandtl number flow with applications to digitized heat
transfer is a topic of future investigation.

In this section, a simplified comparison of laminar heat transfer in micro pipes is
offered in order to highlight significant heat transfer enhancement by the use of liquid
alloys or metals instead of water. We consider steady laminar flow in two dimensions
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between parallel plates. One of the walls represents the hot surface of an electronic
device. We assume that the flow is fully developed hydrodynamically, but not thermo-
dynamically. The range of variations in the coolant temperature is small enough that
constant fluid properties can be assumed. Such a flow is the plane version of thermally
developing flow, often known as the Graetz problem [20].

We consider the two cases of constant wall temperature 7,, and constant wall
flux ¢,. The coolant enters the heated region at a uniform temperature of 7;. The
droplet velocity is assumed to follow a parabolic profile, and the nondimensionalized
energy equation can then be reduced to

00 16%

9% U2 (23)
with

~ x/h

* T RePr (24)

and 6 and y as defined previously. Note that Re = Uk / v. Since the velocity field is
assumed fully developed, no radial velocity component appears in this equation. This
equation can be solved numerically using the appropriate boundary and entrance
conditions. A finite difference method is employed to solve these equations. The
results are shown in Figure 4.

CONCLUSIONS

This article has proposed the use of electrowetting on dielectric as the driving
force for a new method of micro scale thermal management dubbed as digitized heat
transfer. The nature of the EWOD force and the velocity of EWOD-actuated droplets
were derived. Conducting liquids, especially Galinstan liquid alloy, are seen to repre-
sent a significant improvement in cooling power over air due to their orders of
magnitude higher values of thermal mass and thermal conductivity. EWOD is
shown to be a viable option for transporting droplets of such fluids, and a simple
analysis characterizes the Nusselt number for a discrete microdroplet array. The
simple equations for EWOD velocities presented in this document are directly applic-
able to a wide spectrum of microfluidic technologies, and the efficient, active manage-
ment technique of DHT is a promising technique for future research.
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