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Abstract

This paper presents a mathematical model and simulation of the micro-actuator based on thermally
induced liquid-vapor phase-change in a partially-filled closed cavity. The volume expansion by
liquid-vapor phase change can generate considerable forces and displacement (~50im) required for
commercial use. For optimum operation involving many cycles within the closed chamber, active
(thermoelectric) heating and cooling is used. The optimization of the system is conducted according to
the parameters such as input power and response time. The optimized performance of micro-actuator is

reasonable compared to other actuators.

1. INTRODUCTION

In integrated circuit-devices, in order to move or
regulate the motion of fluid, relatively large
displacements (of the order of 10 /m) are
needed"?. One of the methods of providing such a
force-displacement is by heating an enclosed fluid
thus resulting' in a rise in the pressure of this
enclosure (i. e. cavity)”. This fluid can be a liquid,
a gas, or a liquid-gas mixture. In order to
minimize the electric power consumption, a mixture
Then the heat added to
this enclosed liquid-vapor mixture caused further
evaporation and an increase in the cavity pressure.
For quick reversal, active (thermoelectric) heating is
used, and once the desired pressure is reached

of ‘liquid-vapor is used.

during heating, the current is reversed and cooling
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of the liquid begins.
micro-actuator design in which the thin membrane

Figure 1 shows a

on top of cavity is displaced upon increase in the
cavity pressure. This article analyzes the optimum
design of micro-actuator thermally driven by phase
change using thermoelectric active heating and
cooling.

2. ANALYSIS

2.1 Thermoelectric Module

The thermoelectric module is a collection of p-n
units  with dissimilar characteristics which are
connected electrically in series and thermally in
parallel, so that two junctions are created”. Figure
1 shows the schematic diagram. There are three
main contributions to the total heat flux from the
device to bottom wall: Peltier heat, thermally
conducted heat and Joule heat as described
following!
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Fig. 1 A schematic of the phase-change based micro-actuator considered
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where the conduction and electric resistance are
(Ak/L),+ (ALRIL),, (P LIAR,+(0.LIAY
respectively.

2.2 Substrate
Energy conservation applied for substrate is
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(pc,V)y dTy
a.~a, dt
dTy,
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+ (e, V) cu
a.- a,

where the temperature of upper and lower portions
of the thermoelectric module is assumed to be
uniform, then the energy storage of thermoelectric

module is approximated as

(pcy V)= (pch),z%[ (oeoW) Biyte+ (0, V] (4)



The high thermal conductivity of copper give
credence to the lumped capacity assumption. Heat
loss through substrate is modeled as

AnSN> pk
Ry ="p=2L=15x0'WC (5

Here we have used a channel flow with a laminar,
fully-developed temperature and velocity fields'”.
Then (N> p, is 7.54 for hydraulic diameter D,=

15/m. Heat loss through semi-infinite substrate is

also possible cooling configuration. In this case, the

Ist term of eq. (3) can be substitute by(s)

kﬂ&x_tll =0
5:] ({(ai-

a i )+ (b= by )X

[( K(’;P_%i) yU2_( ki;?)l/z] (6)
——pcﬁf(a;— A0l — alt— ) 2+ (4ad 1)

(a,t+b, —T(t—O))(—l)”2 (—g-)”2

Preliminary  calculation, however, shows the

applicability of this cooling type is questionable.

2.3 Working Fluid

A wide variety of working fluid can be used as
the phase transform materials. For operation near
room temperature and at minimum input power,
fluids with near room temperature
temperature at one atm such as RIll
(T, =296.95 K) will be preferred Compared
with  methanol (7, =337.85 K) used in the
experiment by Bergstrom et al® RI1l1 would
improve device performance because there needs no
additional power for heating to its boiling
temperature.

The temperature profile in liquid layer is
assumed. linear. The validity is checked by applying
_integral method® with higher order polynomial. No
difference is found between these two. On- this
assumption, the energy equation in liquid layer is
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boiling

—k Ty—T, — 0t (pc,V): dT,
é

a. a, dt (7
Lo, Vy dT,
a.-a, dt

Note that small amount of fluid is needed for a
fast. pressure rtesponse but should be enough to
maintain a coating on the thermoelectric module.

2.4 Interface Between Liquid and Vapor

Because of ‘the minuscule amount of liquid used,
the liquid is not boil and surface evaporation (and
condensation) will be the predominant phase change
mechanism. The vapor temperature, 7T, is
assumed spacially uniform, thus the energy equation
at the interface between liquid and vapor becomes
da l,
a. a. (8)
+po,0H lg% =0

Qt"R;ul(Tlg_ INEXFT

where the 2nd and 3rd terms represent cooling
through membrane and side wall, respectively.
Membrane cooling is modelled according to eq. (5)
with hydraulic diameter D,=20mm ( R ;' =4958
W/C, using air) and side wall is modeled on
lumped capacity

penetration  depth
thickness. This gives

assumption due to much longer

compared with side wall

Qt+dy“ a1, dT
a.* a. dt

(9)

Qside = PsCp,si

2.5 Vapor
The total amount of liquid and vapor should be
conserved as following

Mtzplso'i'pgo(lv,_ 60)=p16+ps(1v_6) (10)

The pressure and temperature are related through
the C]ausius-Clapeyron relation” and the density of
the vapor is related to pressure-temperature through
ideal gas law.

M-A0H,
t’=pref' exp[— R .
&

1 1
( o Tref)] an



R
p=-350,T,, (12)

Combining these equations gives the relation

between liquid thickness & and vapor temperature

T,

Ry Mi—p8 _

M l,— 6 (13)
D v~ expl R, ( T Tmf)]

3. RESULTS AND DISCUSSION
Table 1 lists the physical and geometrical
properties of the phase-change based micro-actuator
considered. The direction of the current flow is
reversed to begin immediate cool-down. Heat is

added by passing current through the thermoelectric

module and when the desired gas pressure is
reached, the current is reversed to allow for an
active cooling, thus resulting in the return of the
membrane to its initial location. In this analysis,
inclusion of the change in cavity volume due to
membrane  deflection is neglected. Preliminary
calculation shows its inclusion does not change the

final volume by more than 8 percent.

3.1 Optimization

To obtain the maximum coefficient of
Table 1. Physical and geometrical properties of the

phase-change actuator considered.

conduction air gap L, 20 1m
cavity Lc 300 san
ac 600 1m
working fluid: R11 L 5 m
T(t=0) 298.15 K
Ahe | 1.802X10° J/kg
Silicon | Ly 10 m
thermoelectric layer Je 15 mA
lre 40 gm
Nreg | 83X 16 junctions
R are 20 am
substrate: Cu Ls 30 (m
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performance (COP), system optimization is needed.
Yamanashi® analyzed the optimum design condition
of the thermoelectric cooler in a system with heat
exchangers to obtain maximum performance, but his
work focuses just on the thermoelectric module not
including its interaction with whole system.

For the performance evaluation, we define a

general dimensionless figure of merit as®

L F > Ax
Ax'=— (14)
where AF=Apa ZC and Ax are the force and
displacement whose relation is available from
and Wise".
displacement for the

experiment by Zhang Typical

membrane micro-actuator
considered is about 50 m™. p is the input power
and 7 is the response time of the device. Thus it
can be viewed as the ratio of the mechanical work
done by the system in one output cycle to the
energy input required per cycle. While a principal
drawback of the thermal approaches has been the
required input power, as sizes are reduced and the
quantity of material to be heated is diminished, the
power requirements also fall. The optimization of
the system is also conducted according to the
parameters such as input power and response time.
Substituting the numerical values gives ax"=
0.0875, which 1is resonable compared to other
actuators®.
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Fig. 2 Evolution of the liquid-gas interfacial
temperature, Si layer temperature and
thermoelectric-interfacial temperature.
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Fig. 3 Evolution of the liquid-film thickness.

3.2 Cyclic behavior of micro-actuator

Figure 2 shows the rise and fall of the various
temperatures, T,, Ty, and T3 for the optimum
of micro-actuator. Note that the
response time ( ~46 ms) of the device is much
smaller than that of the passive heating/cooling
case”™. The temperature at the thermoelectric-

substrate interface drops (due to Peltier cooling)

performance

during the heating of the liquid layer. The reverse '

occurs during the cooling of the liquid layer. As
was mentioned, only a small amount of liquid is
needed for the evaporation and the rise to the
desired pressure. This is shown in Fig. 3, where
the initial thickness of the liquid L,=5 pm and
only reduces to 4um at the end of evaporation
pressure.

4. CONCLUSIONS

This paper has discussed micro-actuators based
on thermally-induced liquid-vapor phase-change in a

partially-filled - closed cavity. The type of

micro-actuator has advantage in required relatively

large forces and displacement by the large volume
expansion of liquid-vapor phase change. Active
(thermoelectric) heating and cooling results much
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shorter response time compared with that of passive
heating, which improves the performance of device.
The optimization of the system is conducted
according to the paranieters such as input power
and response time. The obtained optimum value of
COP in test condition is ax*=0.0875, which is
resonable compared to other actuators.
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