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1 Introduction

In micropumps which use liquid-vapor phase change,
the nozzle and/or diffuser structure next to the heater or
the plural heaters along the channel are usually used to
obtain the unidirectional net flow[1-4]. A new concept is
associated with a peculiar boiling initiation phenomena
which occurs in highly wetting liquids[5].  Figure 1
shows photographs just subsequent to boiling incipience
of ethyl alcohol on a platinum film heater having a width
of 1 mm heated stepwise. Successive activation of
bubble nuclei occurs in the region adjacent to the
preceding nucleated bubbles. The authors confirmed the
pumping action produced by this phenomena in a
microchannel, referred to as boiling propagation, by
realizing a unidirectional propagation[6]. Continuous
liquid transport may be feasible for a single heater in the
channel having no uneven structure by the repetition of
boiling propagation.

In the present study, the basic characteristics of the

Platinum film heater

Before heating @ t=71.89 ms

@r=71.00ms __ @r=7422ms

@¢=71.33 ms

®t="74.72 ms
Ethyl alcohol, k
P=0.1MPa, ;=25C, AT, ,,=61K
Fig.1 Boiling inception and propagation
on the film heater

Fig.2 Schematic diagram of
the test section

boiling propagation were investigated using a heater
smaller than that in Fig.1. Pulse heating was repeated at a
prescribed frequency under the condition with triggering
for the propagation in a microchannel and the resultant
pumping action was evaluated.

2 Experimental apparatus and procedure

Figures 2 and 3 show schematic diagrams of the test
section and the experimental apparatus, respectively. The
heater is a platinum film evaporated on a quartz glass
substrate having a 0.2 mm X 2 mm heating area. A
microchannel of which both the height and width are
0.25 mm is composed on the heater using a rubber sheet
having a slit, a perforated acrylic resin plate, and glass
tubes. Thermal ink jet printer ink (without dye) at room
temperature is poured into the U-shaped channel. A
constant pulse current is supplied to the heater at a
prescribed frequency, and the boiling propagation is
triggered by the bubble generated at one tip of the

Capillary
tube (Glass)
|

Digital
oscilloscope

IStandard
[resistanc
_ Acrylic resin l
8 plate -t =t

Power Power X
amplifier || amplifier . 3
— ' '] Main pulse
b

'
g’ Pulse Pulse ! t
Rubks)ﬁéﬂ generator generator

REel : {Friggery  (Main) CE i Tripger pulse

i

-~ Temperature

Fig.3 Schematic diagram of the
experimental apparatus
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2.0mm

®'t=6.22 ms @ t=641 ms

ATy g = 98.2K, 0 =3.91 MW/m®
Fig.4 Configuration of boiling caused by triggering

voltage taps via an additional short pulse when the heater
reaches a prescribed superheat. The pumping action was
evaluated based on the head difference generated
between the liquid columns. The pulse power was
obtained from the heating current and the resistance, and
the heater temperature was obtained from the resistance
variation. A high-speed video camera was used for the
observation.

3 Experimental results

Boiling occurred at .a pulse power QO higher than 1.3
MW/m? and at a wall superheat higher than 50 K without
the triggering bubble. As seen in Fig.4, as soon as the
triggering bubble is generated on the left tap, boiling is
induced at the heater and propagates rapidly to the other
end of the test section (in an open pool). The bubble was
approximately 0.4 mm in height. Figure 5 shows the
average propagation velocity V.. plotted with respect to
the wall superheat at the propagation 47T, , obtained by
changing the wall superheat at the triggering A7,y rig.
V.o increases significantly with- AT, ,. Figure 6 shows
the time variation of the head difference AH during
boiling propagation repeated at /=13 Hz. AH increases
with time to reach the maximum value A4H,, at
approximately 30 s. After the termination of heating, the
head difference recovers to the initial state. Figure 7
shows the head difference 4H,,, plotted with respect to
the frequency f. AH,,, increases with Jfand 4T,y up to
approximately 8.7 mm at /=20 Hz. However, as the
frequency increases further, the pumping action was lost
due to the significant increase in the substrate
temperature around the heater, resulting in bubble
generation at a random location prior to triggering.

4 Conclusions

A unidirectional boiling propagation has been realized
by triggering during each heating pulse, based on the
propagation characteristics. Continuous pumping action
at a frequency up to 20 Hz has been demonstrated based
on the head difference generated between liquid columns
in the channel. '
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Micropump using boiling propagation phenomena
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A prototype of new micropump which uses boiling propagation phenomenon is developed.
Boiling is triggered on a film heater surface subjected to high pulse heating by generating a vapor bubble
on an extremely high heat flux section, and the one-dimentional boiling propagation is realized along the
entire length of the heater.  Boiling configuration, propagation velocity and bubble height as well as the
heating conditions on which the boiling propagation occurs are examined. — Boiling propagated at the
bottom in a U-shaped microchannel is demonstrated to produce a significant head difference between
liquid columns in the vertical sections.

Key Words : Micropump, Boiling propagation, Film heater, Pulse heating
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Micropump Using Boiling Propagation Phenomena
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A prototype of new micropump which uses boiling propagation phenomena is developed.
Boiling is triggered on a film heater surface subjected to high pulse heating by generating a vapor bubble
on an extremely high heat flux section, and the one-directional boiling propagation is realized along the

entire length of the heater.

conditions on which the boiling propagation occurs are investigated.
demonstrated in a microchannel by repeating the one-directional boiling propagation.

Boiling configuration, propagation velocity as well as the heating

Coantinuous liquid transport is
Maximum head

difference measured between liquid columns is 8.7mm for pulse heating repetition frequency 20Hz.
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Allowable Repetition Frequency of Pulse Heating in Microactuators using Rapid Boiling
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Jeong-Hun KIM, Kunito OKUYAMA and Yoshihiro IIDA
Dept. of Chemical Engineering Science, Yokohiama National Univ., Hodogaya-ku, Yokohama 240-8501

Maximum repetition frequency of pulse heating, at which the temperature increase on and around a film heater in
microactuators using rapid boiling can be maintained within the allowable range during the succession of pulse heating,
is estimated by the numerical simulation of the unsteady state thermal conduction of an axially symmetrical system.
The size of the heater and the thermophysical properties of the surrounding media significantly affect the allowable

frequency.
number.
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Pumping Action by Boiling Propégation Phenomena in a Microchannel

Kunito OKUYAMA, Reo TAKEHARA, Jeong-Hun KIM and Yoshihiro IIDA

Abstract

A prototype micropump which uses boiling propagation phenomena is developed.  Boiling is
triggered on a film heater which is heated in a pulsewise manner by generating a vapor bubble on a
local high heat flux section, and unidirectional boilihg propagation is realized over the length of the
heater.  The heating power conditions under which boiling propagation occurs, configuration of
propagation, size of bubbles and propagation velocity are examined. ~ Continuous pumping action in
a U-shaped microchannel via boiling propagation repeated at a frequency of up to 20 Hz is

demonstrated based on the head difference generated between liquid columns in the vertical sections.

Key Words: Boiling Propagation Phenomena, Micropump
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Introduction

Micropumps which use liquid-vapor phase change are receiving increased interest due to
advantages such as the absence of mechanically moving parts, large pressure generation and
expansion, and high responsivity.  Since boiling bubbles generated by the heater placed on the
microchannel only repeat the growth and collapse sequence, either a nozzle and/or diffuser structure
next to the heater or sequential heating of multiple heaters along the channel are usually needed in
order to obtain unidirectional net flow [1-5].  However, these methods make the structure and/or
control of the system more complicated.

A new concept for micropumps using phase change is associated with the application of peculiar
boiling initiation phenomena which appear when the incipient boiling superheat is much higher than
that of steady-state boiling, as is often experiencing for highly wetting liquids.  Figure 1 shows
high-speed video photographs just subsequent to boiling incipience on a platinum film heater having a
width of 1 mm evaporated on a glass plate, immersed in a pool of ethyl alcohol and heated in a
stepwise manner at atmospheric pressure and room temperature, together with the time trace of wall
superheat.  Here, O , ¢ and AT, denote heating power per unit area of the heater surface, time
elapsed after the onset of heating, and wall superheat, respectively. ~ As soon as an initial boiling
bubble was generated on the heater at a high wall superheat of approximately 70 K, successive
activation of bubble nuclei occurred in the non-boiling region adjacent to the preceding nucleated
bubbles, resulting in the rapid coalescing growth of the bubbles along the heated surface such that the
bubble area spread over the entire surface.  Although the mechanism has not been clarified yet,
distortion of temperature distribution in the superheated liquid due to bubble growth may be affecting
the induction of boiling in the adjacent region.  If boiling propagation is initiated from one end of
the heater in a microchannel, of which both the height and width are close to those of the coalesced
bubble, as shown in Fig.2, the advancing growth of the bubble toward the other end of the heater and
the subsequent receding collapse at the bubble tail may cause a net liquid transport in the direction of
the propagation. ~ The authors confirmed the pumping action produced by this phenomena in a
microchannel by realizing a unidirectional propagation using a platinum film heater, having a 1 mm
X 10 mm area, which was subjected to single-pulse heating [7].  Continuous liquid transport may
be feasible by the repetition of boiling propagation using only one heater placed on a straight
microchannel having no uneven structure such as nozzle and diffuser.

In the present study, the heating power conditions under which boiling propagation occurs,
configuration of propagation, size of bubbles and propagation velocity were investigated using a film
heater that is much smaller than that used in Ref.[7].  Pulse heating was repeated at a prescribed
frequency under the condition with triggering bubble for the propagation at the end of the heater in a
U-shaped microchannel.  The resultant pumping action was evaluated based on the head difference

generated between the liquid columns in glass capillary tubes.
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Experimental apparatus and procedure

Figures 3 and 4 show schematic diagrams of the test section and the experimental apparatus,
respectively.  The heater is a 0.2-pm-thick platinum film evaporated on a quartz glass substrate
having a 0.2 mm X 2 mm heating area. A microchannel having both a height and width of 0.25
mm is constructed on the heater using a thin rubber sheet having a slit and a perforated acrylic resin
plate.  Glass capillary tubes having an inner diameter of 0.7 mm were vertically connected to the
perforations of the resin plate. = Thermal ink jet printer ink (without dye), of which the surface
tension is approximately 43 mN/m (which is significantly lower than that of water), is poured into the
U-shaped channel. A constant pulse current is supplied to the heater at a prescribed frequency
using a pulse generator and a power amplifier.  Boiling propagation is triggered by the bubble
generated at one fine tip (having an area of 0.1 mm X 0.1 mm) of the voltage taps at both ends of
the heater via an additional short high pulse when the heater reaches a prescribed superheat for each
heating pulse. ~ The timing of the triggering, that is, the duration from the heating onset of the entire
heater to the triggering at the tap, was fixed during the repetition of pulse heating. =~ The pumping
action was evaluated based on the head difference generated between the liquid columns in the
vertical glass tube sections.  The pulse power was obtained from the heating current and the voltage
drdp between the taps, and the heater temperature was obtained from the resistance variation.
Boiling bubble behavior was observed using a high-speed video camera having a frame rate of 27000

f/s.  The experiment was conducted at room temperature and atmospheric pressure.

Experimental results

Figure 5 shows the wall superheat at boiling incipience under pulse heating without triggering
bubble ATy, ; plotted against the pulse power per unit area of the heater surface O, together with
photographs of bubbles immediately after boiling incipience under pool boiling conditions without a
channel. Q denotes the time-averaged one over pulse width. Boiling was only initiated at a
pulse power higher than 1.3 MW/m’.  The wall superheat is larger than 50 K and increased
gradually with the pulse power. A single bubble appeared at an arbitrary location, and the boiling
area rapidly spread by propagation over the heater surface at a pulse power lower than 8.3 MW/m?,
whereas at a higher power, several bubbles appeared almost simultaneously, each of which propagated
to coalesce with each other.

Figure 6 shows the relationship between bubble height obtained via side observation under pool
boiling conditions H, and wall superheat at boiling incipience. = The bubble height increases slightly
with the incipient boiling superheat and decreases significantly with an increase in pulse power.
The height of the microchannel was set to 0.25 mm so as to be comparable to the bubble height in the
case of O = 4.0 MW/m* and was changed to 0.15 mm in the case of O = 6.5 MW/m® by using a
thinner rubber sheet.

Figure 7 shows boiling photographs at pulse heating of the entire heater with the generation of
triggering bubble at the tap under pool boiling conditions, together with the time traces of the wall
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superheat.  As soon as the triggering bubble is generated at the tip of the left-hand tap when the
wall superheat increases up to the prescribed value (approximately 80 K for case (a) and 98 K for case
(b)), boiling was induced on the heater and propagated rapidly to the other end.  The propagaﬁon
was followed by the collapse of the bubble at the tail. ~ Wall superheat decreased significantly due to
the heat transfer augmented by boiling.  Although the velocity of propagation for case (b) is
approximately 2.5 times as large as that in case (a), the configuration of boiling propagation appears
to be similar.

Figure 8 shows the average propagation velocity V., plotted against the wall superheat at the
propagation A7, measured by changing the wall superheat at triggering A7y under pool boiling
conditions.  The inception of boiling propagation was delayed slightly following generation of the
triggering bubble when AT, ;, was set to be lower than approximately 60 K.  Therefore, AT g 1S
not always equal to ATy, V. increases significantly with AT, but appears to be less
dependent on Q at a wall superheat higher than 70 K. '

Figure 9 shows the time change of the head difference generated between the liquid columns in
the glass tube sections Ak during the unidirectional boiling propagation repeated at f= 13 Hz in the
microchannel.  A# increases with time to approach the maximum value 4%, at approximately 30 s.
The maximum value is maintained during the répetition of pulse heating.  After the termination of
heating, the head difference decreases gradually to recover to the initial state.

Figure 10 shows the maximum head difference 4#,,, plotted against the frequency .  Ahya
increases markedly with the increases in both f and ATy, e up to a maximum of approximately 8.7
mm at /=20 Hz.  In addition, scattering increases with frequency.  The increase in Ak, With
respect to ATy, e may be due to the marked increase in the propagation velocity. ~ However, as the
frequency increases further, the head difference decreases abruptly during the repetition of pulse
heating, as shown in Fig.1 I(a)'for case of f=25 Hz.  The heater temperature at each pulse heating
shifted appreciably higher after one-thousand repetitions of pulse heating, as seen in Fig.11(b),
indicating that the substrate temperature around the heater increased significantly for the repeated
pulse heating, resulting in the generation of bubbles at random locations along the heater prior to

triggering.  This may be the reason for the loss of pumping action.
Conclusions

A unidirectional boiling propagation has been realized on the film heater by generating the
triggering bubble at the end of the heater for each of the repeated heating pulses. ~ The continuous
pumping action by the boiling propagation at a prescribed frequency in the microchannel has been
confirmed by the head difference generated between liquid columns in the glass tubes of the
experimental apparatus. Pumping at higher frequencies will be enabled by applying a smaller
heater and/or choosihg the substrate material and composition such that the temperature increase of

the substrate would be suppressed during the repetition of pulse heating.
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Nomenclature
f | repetition frequency of pulse heating, s
H, height of propagating bubble, m
Ah, Ahyq, head difference between liquid columns and maximum head height, m
(0] pulse power per unit area of heater surface, W/m®
Ourig triggering pulse power at tip of voltage tap, W/m®

T, liquid temperature, °C

AT g wall superheat, K

AT p;  wall superheat at boiling incipience, K
ATy,  wall superheat during boiling propagation, K
ATy g wall superheat at triggering, K

t time elapsed after onset of heating, s

Vpav average velocity of boiling propagation, m/s
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Allowable Repetition Frequency of Pulse Heating in Microactuators
Using Rapid Boiling
(Effects of heater size and substrate material)

Kunito OKUYAMA , Jeong-Hun KIM and Yoshihiro IIDA

Abstract

High frequency pulse heating of heaters in microactuators utilizing the rapid expansion of boiling bubbles
causes a gradual increase in the temperature of the heater and the substrate material in the immediate vicinity
of the heater, resulting in a loss of reproducibility of the boiling phenomena. In the present report, the
maximum frequency at which the time-averaged increase in the heater temperature can be maintained within
allowable limits is obtained from numerical simulations of heat conduction from the heater to adjacent
materials using a model in an axisymmetrical system. Instead of direct calculation of the entire repetition
process, calculations for two different heating conditions, single pulse heating and steady heating at a
time-averaged power during repetition of pulses, are performed. The effects of heater size, pulse width and
substrate properties on the allowable frequency are examined and approximate correlations for the allowable
frequency are derived in dimensionless form based on an analytical examination. The results show that the
allowable frequency increases significantly with a decrease in heater size for prescribed conditions of pulse
width and temperature increases during both pulsed heating and steady heating at a time-averaged power. The

simulated results are verified by comparison with those from experiments both with and without boiling.

Keywords : Rapid Boiling, Microactuator, Pulse Heating, Allowable Repetition Frequency, Heat conduction,

Numerical Simulation
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1. Introduction

Microactuators are the key devices in microelectromechanical systems (MEMS) and many designs based
on various principles have been proposed and developed over the last two decades. Thermal ink jet (TIJ)
printers make use of a type of microactuator that utilizes rapid expansion due to phase change of liquid into
vapor™™®_ A similar type of microactuators has also been examined for use in the attitude control systems of
micro artificial satellites®”. These actuators require a rapid bubble growth and collapse sequence with high
reproducibility on a small heater for each high heating pulse. However, pulse heating repeated at high
frequencies may cause a significant and gradual increase in the temperature of the heater and substrate adjacent
to the heater, which may result in the loss of reproducibility of boiling phenomena and/or damage to the heater
due to overheating®®.  In some practical applications, the pulse heating is paused when the substrate
temperature exceeds a preset value®.

The allowable frequency, which is the maximum repetition frequency by which the increased
(time-averaged) heater temperature can be maintained within allowable limits, may be dependent on the mode
of heat diffusion from the heater to adjacent materials as well as the pulse power and pulse width, which are
determined from the conditions required for actuation.  As the size of the heater is decreased, the
three-dimensional effect in the diffusion of heat may become significant in the suppression of the increase in
(time-averaged) heater temperature under a prescribed surface heat flux at the heating pulse, resulting in an
increase in allowable frequency. Successive actuation at frequencies of the order of 1,000 to 10,000 Hz is
enabled in TIJ printers using heaters measuring tens to hundreds of micrometers™® ©.

Heat dissipated in the heater during pulse heating may diffuse into the substrate and liquid by conduction
and convection including boiling. = However, boiling duration, which can be microseconds to tens of
microseconds under pulse conditions for spontaneous nucleation, is usually significantly smaller than the
single period of repetition®. In addition, significant increases in heat transfer due to rapid boiling have only

aoan Moreover,

been observed at the instant of bubble collapse, which differs from usual boiling phenomena
heat conduction, of which the rate is proportional to the characteristic length, becomes relatively significant
compared to convection heat transfer, of which the rate is proportional to the square of the characteristic length,
according to the scaling law'®.  Therefore, the diffusion of heat from the heater to the adjacent materials
associated with the temperature increase of the heater during pulse heating can be regarded as dominated by
conduction.

In the present study, the maximum frequency with which the steady increase in the time-averaged heater
temperature can be maintained within allowable limits during pulse heating is obtained by numerical
simulations based on the heat conduction from the heater to adjacent materials. The effects of heater size,
pulse width and properties of the substrate on the allowable frequency are examined.  Approximate
correlations for the allowable frequency are also derived in dimensionless form from analytical examinations.

The simulated results are compared with those obtained from experiments both with and without boiling.
2. Nomenclature
Cp specific heat [J/(kg-K)]
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diameter of heater [m]

repetition frequency of pulse heating [s™]

allowable repetition frequency of pulse heating [s™]

Fourier number [-] (=a#D)’)

thermal conductivity [W/(m-K)]

length [m]

heating power per unit heater surface area [W/m’]

pulse heating power per unit heater surface area [W/m’]

heat flux transferred to the medium by pulse heating [W/m’]
time-averaged heating power per unit heater surface area [W/m*]
heat flux transferred to the medium by time-averaged heating [W/m?]
time-averaged heating power per unit heater surface area in case of infinite distances to the
outer bounds [W/m?]

coordinate in the radial direction [m]

radius of heater [m]

shape factor for two-dimensional heat conduction [m]

time [s]

allowable limit of heater temperature [°C]

heater temperature [°C]

Jocal temperature in media [°C]

liquid bulk temperature [°C]

heater temperature at termination of pulse heating [°C]
allowable limit of heater temperature increase [K]

heater temperature increase at # = 7 during pulse heating [K]
coordinate in the perpendicular direction [m]

thermal diffusivity [m*/s]

heat penetration depth [m]

thickness of flim heater [m]

dimensionless allowable frequency [-](=f,7(AT,/ AT,))
density [kg/m’]

pulse width [s]

3. Simulation model and procedure

We consider a small film heater located on the surface of a large substrate being in contact with a

sufficient volume of liquid and heated in a pulse-wise manner at a pulse power per unit heater surface area 0,",

pulse width 7and repetition frequency f. The heater temperature follows a rapid increase and gradual decrease

~ sequence, and the time-averaged heater temperature over a single repetition period gradually increases to reach

a constant value after a sufficient time period. However, direct simulation of the entire transient heat

conduction process from the heater to the media until the average temperature tends to a steady value requires
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calculations over millions of repetitions. Therefore, we consider steady heating at a power averaged over the
repetition period Q," expressed as the following equation.
O"=0p"tf 1)

Although the increase in heater temperature at Q," is not equal to that of the time-averaged heater temperature
during pulse heating at O,", 7 and f, the difference may be insignificant. =~ Therefore, instead of direct
calculation of the entire conduction process during pulse repetition, the calculations were performed under two
different heating conditions in order to derive the allowable frequency. The first condition states that the
transient heating at a single pulse O,"” by which the heater temperature increases to the temperature required for
'boiling initiation 7, at the time equal to the pulse width, for example spontaneous nucleation temperature of
liquid. The other states that steady heating at the time-averaged power Q,” by which the time-averaged heater
temperature over a single repetition period is regarded to increase to a preset value of allowable temperature 7.
Both power values 0," and Q,"” were determined via iterative calculation for prescribed temperature increases
and the allowable frequency f, was obtained by substituting these power values and the pulse width into Eq.
1).

Numerical calculations were performed for the model under axisymmetrical conditions, in which the
three-dimensional heat diffusion effect can be expressed in a Cartesian co-ordinate system. As shown in Fig.1
a small disk film heater of diameter and thickness D), (=2R;,) and &,, respectively, was placed on the surface of
a large substrate being in contact with a sufficient amount of liquid. The temperature variation of the heater
during heating at 0,," or ;" was obtained by solving the transient heat conduction equations for the associated
media (Eq. (2)) under the following assumptions:

1. Heat diffusion from the-heater to adjacent media only by conduction
2. Constant properties

3. Uniform temperature across the heater film

For the heater
Ty 2 0f, 00, O  Qa)
ot r or\_ or (pe,)n 6,
For the liquid and substrate '
o _a; o[ 0T +0¢fi oT; (2.b)
ot r or\_ or Oz\ 0Oz

where Q" is the pulse power O," for pulse heating and the time-averaged power Q,” for steady heating. The
subscripts i/ = [ and s denote the liquid and substrate, respectively. These heat conduction equations were
discretized according to the finite difference method and then numerical solutions were obtained using a fully

implicit scheme under the following initial and boundary conditions"?.

Initial condition:

I(r,z, t=0)=T;=25°C 3)
Boundary conditions:
oT
r=0 : =0 4
5 “4)
7 =Ry+ Ly : TR, + L,,,2,t)=T, (5)
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z=L, :T(rL,1)=T, ~ (6)

z=L, :T(rL,,0)=T, (7
where, L,, L, and L, are the distances from the heater to the outer boundary of the calculated region and were
sufficiently large so as not to affect the increase in heater temperature. For heating at power O;", the power
was imposed in a stepwise manner and the calculations continued until the heater temperature reached a
steady-state.

The properties of the film heater and the liquid were equal to those of 0.25 pum thick layers of platinum
and water, respectively. The properties of the substrate were set to either of two cases, SiO, (quartz
glass)(Case I) and Si (Case II). D;, was varied from 10 um to 10 mm. 7 was varied from 2.5 ps to 100 ms and
0.5 ps to 10 ms for Case I and Case II, respectively. The temperature increase at time ¢ = 7 for power O," was
setto AT, (= T, — T;) =265 or 285 K by assuming the value of 7, around spontaneous nucleation temperature

for water. The temperature increase for power Q,"” was set to AT, (= T, — T)) =25, 40 or 65 K.
4. Results and Considerations

4.1 Results of numerical simulation

Figure 2 shows the calculated allowable frequency plotted against the diameter of the heater for different
substrate materials and pulse widths. It can be seen that f, increases significantly with a decrease in D), for a
prescribed pulse width and tends to saturate at a large pulse width for both substrate cases. The frequency
allowed for the silicon substrate (Case II) was much higher than that for the quartz glass substrate (Case I) for
the same values of D and 7.

In order to understand the systematical effects of these related physical quantities on the allowable
frequency, dimensional analysis was performed. Allowable frequency can be correlated to 0,,", O," and 7, as
seen in Eq. (1), where 0,"= Q," (AT, a, k, Dy, ) and Q," = Q," (AT, k, D;,) if the effect of heat capacity of the
heater is small. & and « are the thermal conductivity and thermal diffusivity, respectively. For seven
independent variables: f,, 7, Dy, &, k, AT, and AT, three independent dimensionless parameters governing the
phenomenon were derived as aw/D,’ (= Fo), (f, 7) and (AT, / AT,). Here, the product of the latter two is
defined as a dimensionless allowable frequency denoted by @ (= (f, ©)(AT,/ AT,)). Calculated values of f,
over the examined ranges of D;, and 7 for both substrates have been plotted in Fig. 3 as the relationship between
@ and Fo, where thermal diffusivity of the substrate material was used to calculate the Fourier number. The
results for different values of AT, and AT, are also shown in the figure. The broken lines represent the
prediction by the analytical model described in subsequent section. The dimensionless allowable frequency
by the numerical simulation is found to'be well correlated with the Fourier number for each substrate case,
regardless of the magnitudes of D), 7, AT, and AT,, where @ increases with an increase in Fo being
proportional to the square root of Fo and approaches unity for Fo > 0.1. '

Figure 4 shows the isotherms around a heater of prescribed size and AT at the termination of pulse
heating ¢ = 7 for two different pulse widths, which were obtained from the above numerical simulation. The
numerals on the isotherms represent the temperature in degrees Celsius. For small values of z (Fo = 6.3 x 107),
the temperature variations in the substrate and liquid were restricted in the immediate vicinity of the heater and

nearly one-dimensional in the direction normal to the heater surface over a significant part of the surface area.
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For large values of 7 (Fo = 63), the temperature varied in the media to extend three-dimensionally.
4.2 Analytical considerations
The dependency of the dimensionless allowable frequency on Fourier number at very large or small
values as seen in F ig. 3 was examined based on the analytical models. We consider a large substrate with a
small film heater disk on its surface, of which both exposed surfaces are thermally insulated (see Fig. 5). The
heat penetration depth to the substrate at the termination of pulse heating "6" can be defined using Eq. (8)
under the assumption of one-dimensional heat conduction normal to the heated surface and negligible heat
capacity of the heater
— ATT
o,

where (", represents the heating power imposed on the heater, which is equal to the transient heat flux

¥

transferred to the medium i (i =/ or 5). As shown in Fig. 5, heat diffusion to the substrate will become
one-dimensional for 6 << D, and three-dimensional for §>> D, depending on the relative magnitude of dto D,
If the heat conduction is one-dimensional and the heat capacity of the heater is negligible, the increase in heater

temperature at the termination of pulse heating AT, can be expressed as the following equation?.

2 Ja T f
AT, = c \/_ €))

Eliminating AT, and Q,", from Eqs. (8) and (9), we find that the ratio of the heat penetration depth to the heater

diameter 6/D), can be expressed only as a function of the Fourier number Fo (= at D).

5 2Ja;r  24Fo a0
“JzD, Az

Under the condition of an extremely large or extremely small Fourier number, analytical expressions to
predict the allowable frequency as well as the heater temperature increase can be derived for the system of Fig.
1 in the following way.

1) Fo<<1

Heat diffusion from the heater to the substrate and liquid is one-dimensional in the direction normal to the
surface. Assuming a negligible heat capacity of the heater and no heat exchange between the substrate and
liquid in the region next to the heater (» > R;), the relationship between the pulse heating power Q," and the

increase in heater temperature at time ¢ = 7 can be expressed as

W Jr [k, Kk
0,"=0,"+0,",= ?-f[\/* \FJ (11)

where the subscripts s and / denote the substrate and liquid, respectively. The ratio of heat flux transferred to
the liquid to that to the substrate is approximately 0.49 : 0.51 for Case I and 0.09 : 0.91 for Case II from Eq. (9).

Under the same assumptions as those for pulse heating, the relationship between a steady heating power Q,”

and the corresponding heater temperature increase A7, can be expressed by referencing the shape factor for

two-dimensional heat conduction systems, S = 2D, as
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" " " 8
Qs = Qs L8 +Qs A = (ks +k1 )ATa (12)
7D,

Substituting Egs. (11) and (12) into Eq. (1), we obtain the relationship between ® and Fo.

B (ks+k1)\/z 16
e ) | )

2)Fo>>1

Figure 6 shows the time trace of heater temperature during pulse heating for a prescribed heater size at
several different pulse widths. Heating power was adjusted in the calculation so that the heater temperature at
time 7 = 7 was equal. As Fo increases, the heater temperature tends to a steady-state immediately after the
onset of heating, which means that the heater temperature is approximately equal to that at the steady-state
over the period of the pulse heating width for Fo >> 1. Therefore, in the same way as Eq. (12) for O,", the
relationship between the heating power (," and the increase in heater temperature A7 at f = rcan be expressed

as
"__ " noo_ 8 (k k)AT 14
Qp —Qp ,S+Qp JT 7Z'Dh K + ! T ( )

Substituting Eqs. (12) and (14) into Eq. (1), we obtain
D=1 (15)

The broken lines in Fig.3 represent the values calculated by Eqs. (13) and (15). These lines are found to
be asymptotes for the predicted values by numerical simulation from the figure. The analytical prediction
agrees with that of the numerical simulation within £7% for Fo < 10” and Fo > 1 in the case of a quartz glass
substrate (Case I). However, the analytical model predicts values that are slightly smaller than that of the
numerical simulations for Fo < 10 when using an Si substrate (Case II). The deviation in the Si substrate
case may be due to the effect of significant heat flow from the substrate to the liquid through the direct contact
region next to the heater (» > R;). This is because the thermal conductivity and thermal diffusivity of silicon
are two orders of magnitude larger than those of water. Although such an effect was not taken into account in
the analytical model, the analytical correlations can predict the results obtained by the numerical simulation
within 10% over the ranges Fo < 10™ and Fo > 1 and within £35% for 10” < Fo < 1 for both substrate cases.

The dependence of @ on Fo in Fo < 107 (& < Fo') implies that the allowable repetition frequency
varies inversely with heater diameter (f, ¢ 1/D,) over the same range. The heating power (per unit surface
area) O," required for increasing heater temperature up to A7, at #= 7 is not dependent on heater size as seen in
Eq. (11) because heat diffusion from the heater to the media is almost one-dimensional during pulse heating,
whereas the steady heating power (per unit surface area) corresponding to the increase in heater temperature is
inversely proportional to the heater diameter as seen in Eq. (12).  This is because heat diffusion is
three-dimensional during steady-state heating‘> This difference between the dependences of O," and Q" on
heater size may result in an increase in allowable repetition frequency with a decrease in heater size.

When Fo > 1, which corresponds to an extremely small heater and/or long pulse width, heat diffusion
during pulse heating becomes three-dimensional, which means that Q," is also inversely proportional to Dy,
resulting in £, being independent of D;. This may be the reason for the saturation tendency of f, with the

decrease in D), at large pulse widths as seen in Fig. 2.
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In actual microactuators, for example TIJ heaters, the value of Fo calculated using the thermal diffusivity
of SiO,, which is the material used for the insulation layer between the heater and silicon substrate, may be
within the range 10™ to 107,

4.3 Effect of distance to heat sink

As mentioned above, the distances from the heater to the outer bounds of the numerically calculated
region L,, L, and L., on which the boundary conditions of the first kind were applied, were assumed to be
sufficiently large so as not to affect the heater temperature. However, in practical applications, the distance
from the heater to the heat sink must be small. A decrease in the distance may increase the allowable
frequency for small values of Fo, causing an increase in the value of Q,” for a prescribed temperature increase
(see Eq. (1)). Figure 7 shows the ratio of heating power Q," to that in the case of infinite distances to the outer
bounds Q,", as a function of the distance L,/D;, where L, = L, = L,, for CasesIand II. Q,"/ O,," increases with
a decrease in L, /D), by approximately 10% for L,/D, = 1.8, 30% for L,/D, = 0.9 and 50% for Za/Dh = (.6, for
both cases. Therefore, the results shown in Fig. 3 will also be valid with an error of less than 10% when the

distance from the heater to the heat sink is twice the diameter of the heater.

5. Experimental results

In order to confirm the validity of tﬁe numerical simulation, experiments were performed in which a film
heater was heated in a pulse-wise manner and the increase in heater temperature was measured. A platinum
film heater with a thickness of 0.25 pm and heating area of 100 pm x 400 um evaporated on a quartz glass
substrate with a thickness of 1 mm was placed upwards in a pool of distilled water. It was heated at a
prescribed repetition frequency at atmospheric pressure and room temperature (25 °C).  The heater
temperature was measured via resistance thermometry. The test specimen, experimental apparatus and

measurement method were as described previously®®

. O," was adjusted under single pulse heating to either
the power at which A7, was 235 K such that boiling did not occur during repetition (no-boiling mode) or a
v slightly larger power at which AT, was 265 K such that boiling occurred (boiling mode), for pulse widths of
2.5 and 10 ps. The value of O;" was determined such that A7, was 35 K from the steady heating experiment.
Pulse heating repetition was performed at the frequency obtained by substituting the power values and pulse
width into Eq. (1). The heater temperature was measured immediately before each heating pulse by supplying
a small (0.2 A) and short (10 ps) current that did not affect the increase in heater temperature. The
dimensionless repetition frequency was estimated by using the steady increase in the measured "before pulse"
heater temperature instead of time-averaged value. The diameter of the heater in the Fourier number was
assumed to be 230 pum such that the surface area of the heater was equal to that of the test heater.

The experimental results are shown in Fig. 3, where no-boiling mode is indicated by "x" and boiling mode
by "+". The difference in the numerical and experimental values of @ is within 9 % for the no-boiling mode
and 16 % for the boiling mode for the same Fourier number. Small deviations in ® between the boiling and
no-boiling modes may imply that boiling occurring as the result of each pulse does not significantly affect the
time-averaged increase in heater temperature during pulse heating. From the results shown in the figure, the
present model based on the numerical simulation of the heat conduction associated with the temperature

increases during both pulse heating and steady heating at a time-averaged power can be concluded to be valid
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in the prediction of allowable frequency.

The micro film heaters fabricated by MEMS technology usually have a thin SiO, layer between the
heating element and silicon substrate. This layer may function so as to increase the allowable repetition
frequency of pulse heating as well as to provide electrical insulation. The effect of the layer on the allowable

repetition frequency will be examined in detail in future reports.
6. Procedure to calculate allowable frequency

When we calculate the allowable repetition frequency using the numerical results shown in Fig. 3 for a
prescribed pulse power Q,", it is necessary to be able to obtain the temperature increase AT at z = 7 from the
values of Q," and 7 for an arbitrary size of heater. The temperature increase at pulse heating may be expressed

in the functional form of dimensionless quantities according to dimensional analysis

kAT, ar
|- 16
54 s

where (kAT )/(O,"Dy) and (a1/D,?) are the dimensionless temperature increase and dimensionless heating time,

respectively, and g denotes a function. After a sufficiently large heating period, at which the situation reduces
to that of steady-state heating, the temperature increase may be expressed in terms of the temperature increase

AT, and power Q," as

(2 )-c a)
s h

where C is a constant having a value close to 778 (refer Eq. (12)). Substituting Egs. (16) and (17) into Eq. (1),

we get
AT, 1 arT 11 kAT
= | lgar ) 1) KAT, 18
(faT{ATaj Cg(DhQJ C(Qanh] ( )

Equation (18) implies that the dimensionless allowable repetition frequency changing with the Fourier number

(shown in Fig. 3) is proportional to the temperature increase of the heater during a single heating pulse.

Figure 8 shows several time variations of temperature increase during pulse heating by the numerical
simulations (solid lines), which are depicted in terms of dimensionless quantities appearing in Eq. (18). The
thermal conductivity in the dimensionless temperature increase was expressed in the summed form (&, + k)
considering heat conduction to both materials. The allowable frequencies obtained by the simulation in Fig. 3
are also plotted in the figure. Temperature increases at different heater sizes and heating powers are well
correlated only by the Fourier number for both the substrate cases and agree with the allowable frequencies
over the range Fo > 107 to within £6%. The disagreement in the range Fo <107 may be due to the heat
capacity of the heater. The effect of heat capacity on temperature increase during pulse heating is significant
only in the early stages and reduces with time. In the simulation for the allowable frequency, the pulsé width
was set so as to be sufficiently long.

To summarize, in the calculation of the allowable frequency, we first choose the substrate and liquid
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materials, and assume values of heater size D,, pulse heating power (,", pulse period 7 and temperature
increase AT,. Next, we obtain the temperature increase A7, and dimensionless allowable frequency @ using
Fig. 8 and Fig. 3, respectively, for the corresponding Fourier number. The value of allowable frequency £, is

calculated from the definition of @.
7. Conclusions

The maximum frequency at which the increase in time-averaged heater temperature can be maintained
below an allowable limit during pulse heating in microactuators using rapid boiling has been predicted based
on a numerical simulation of heat conduction from a heater to adjacent materials. The calculations were
performed for single pulse and steady heating at a time-averaged power instead of direct calculation of the
entire repetition process. The results show that the allowable frequency increases significantly with a decrease
in heater size for prescribed conditions of pulse width and temperature increases during both pulsed heating
and steady heating at a time-averaged power. The frequency tends to saturate with a decrease in heater size for
long pulse widths.

The effects of heater size, pulse width and properties of substrate on the frequency have been correlated
over wide ranges in terms of the dimensionless quantities governing the phenomenon. In addition,
approximate correlations for the allowable frequency in dimensionless form, which well predict the frequency
by numerical simulation in the ranges Fo < 10 and Fo > 1, have been derived.

The simulated repetition frequency agrees with the results obtained from experiments both with and without
boiling. The present model, in which the cooling effect due to boiling and natural convection was disregarded,

will be valid for the prediction of allowable frequency.
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Fig. 2 Allowable repetition frequency as a function of heater diameter
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Fig. 7 Heating power ratio as a function of dimensionless distance from
heater to heat sink
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Fig. 8 Dimensionless temperature increase against Fourier number
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