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Abstract We investigate the evolution of a single vapoubtide confined between two parallel plates. The
experimental study involves generating a singleouafpubble and recording its evolution using a tighed
camera. The working fluid used is FC-72, and tta¢gsl are held at controlled temperatures that eaitbher
superheated or subcooled. The speed of growth lapse of the bubble is determined from the recdrde
images. A simple theoretical model is presentesl ptiedictions of which are found to be in good aegrent
with the experimental results for the collapse biable between subcooled plates at high subcaooling
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1. Introduction intensive heat generation takes place. Heat
generating porous materials in which vapour
Technological advances in the microelectronics Pubbles enter heated capillaries are also of istere
industry have led to a rapid increase in density an because of thelr_ relevance to th(_a radioactive debri
speed of electronic chips, and thus a massive caused by a serious nuclear accident.
increase in the heat fluxes which have to be _ _ ,
dissipated. Advanced electronic devices that Many authors has investigated the evolution of
provide “System on a Chip” (SoC) capability can confined bubbles Dbetween plates, including
potentially generate heat fluxes approaching 100 Bretherton (1961), Wilson et al. (1999), Ajaev and
W cm?, which with conventional cooling systems ~Homsy (2001a,b), Das and Wilson (2006), and
leads to high chip operating temperatures and Kenning et al. (2006). In particular, Wilson et al.
accelerated device failure. Boiling heat transfer (1999) studied the dynamics of a long, two-
offers a real possibility for dissipating high heat dimensional vapour bubble confined between two
flux while maintaining the surface at a reasonable Parallel plates held at, in general, different
temperature (see, for example, Lin et al. 2002). As temperatures. Unlike Bretherton's (1961) classical
a consequence of its potential application as a isothermal model, in which the steady translation
cooling technology for microelectronics, as well as Of the bubble is driven by an externally imposed
in many other areas including aerospace science,Pressure gradient, they studied the unsteady
Micro-Electro-Mechanical ~ Systems (MEMS), €xpansion and contraction of a vapour bubble
compact heat exchangers, process intensification Wh0se motion is driven by mass transfer between
and chemical microreactors, there is currently the liquid and the vapour. As in Bretherton's
considerable research activity on micro-scale (1961) model, the velocity of the bubble
nucleate boiling. In both MEMS and micro- determines the initial thickness of the thin filiofs
actuators geometrically constrained vapour bubbles liquid laid down on both plates as the bubble
are used to move mechanical parts and to pump €xpands, but unlike in Bretherton's (1961) model
liquid in microchannels by localized heating. In a the evaporation from and/or condensation onto
bubble jet printer the ejection of ink is contralle  those films (which may break up into disconnected
by the expansion and contraction of vapour Patches of liquid as they evaporate) determine the
bubbles. Flow boiling in narrow channels is also Velocity of expansion and/or contraction of the
used to generate vapour bubbles in various Pubble, and so there is a nonlinear coupling with a
refrigeration and power systems, and in cooling delay character between the profiles of the thin
systems such as chemical reactors in which films and the overall dynamics of the bubble.
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Subsequently, Ajaev and Homsy (2001a,b) studied
a steady vapour bubble in a rectangular channel
with a prescribed temperature distribution on its
walls in which there is a balance between
evaporation from the hotter parts of the bubble
interface and condensation onto the colder parts.

The present paper presents the results of a
preliminary study of a vapour bubble confined

between two parallel plates which can be either
superheated or subcooled. A simple theoretical
model is developed to describe the collapse of a
bubble between subcooled plates.

2. Expe”mentaj Procedure Figure 1. Experimental apparatus: (A) high speed CCD
camera, (B) thermocouple and digital thermometer, (C)

Figures 1 and 2 show the apparatus used for thePacklight, (D) test rig, (E) thermal regulation s, (F)
present experiments. power supply, and (G) image processing system.

The test rig used consisted of two circular pakalle
plates separated by a 114 um gap. A circular hole
of diameter 0.5 mm was drilled through the lower
plate and a resistor (powered by a DC power
source) placed at the bottom of the hole. Vapour
bubbles were generated by powering the resistor
for a short period of time. A backlight white soairc
was used to illuminate the field of view, and ahhig
speed CCD camera was positioned above the
plates to record the temporal evolution of the
bubble. The recorded images were processed using

(@)

26mm

A 4

ImagePro software to determine the evolution of I
X X 0.5mm _'l |<_ T

the bubble as a function of time.

The entire experimental setup was housed ina 1 m (b)

x 1 m x 1 m plexiglass temperature controlled
environmental box, and the temperature of the Figure 2: (a) A sketch of the test rig and powarrse, and (b)
plates was controlled by maintaining the ambient a diagram showing the location of the resistor ahd
temperature in the box at the described temperature 9eometry of the plate.
Two specific situations are investigated in the
present work, namely both plates equally 3. Results
superheated and both plates equally subcooled.
The first set of experiments examined the case
The working fluid used was FC-72 with a boiling when both plates were subcooled. Bubbles of
temperature of approximately 56°C at atmospheric approximately 4 mm in diameter were generated
pressure. and then left to evolve freely. The subcooliby,,
was varied from 0°C to 36.1°C and, as expected, in
all cases the bubbles were found to collapse.

Figure 3 shows a typical sequence of images
showing the collapse of a bubble of FC-72 vapour
in the casé\ Ty, = 13.1°C.
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Figure 6: Images showing the expansion of a bubbEC-72
vapour in the cas&Tg,, = 3.9°C.
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Figure 3: Images showing the collapse of a bubblE® 72
vapour in the cas&Tg,, = 36.7C.

t=120s t=150s t=180s

Figure 4 shows the evolution of the diameter of a The second set of experiments examined the case
bubble of FC-72 vapour as a function of time for when both plates were superheated. The
various degrees of subcoolind g, AS expected, superheatingATs, was varied from 0°C to 4°C

as ATy is reduced the speed of bubble collapse degrees and, as expected, in all cases the bubbles
slows down, and aa\Ty, approaches 0°C the  were found to expand.

bubble remains almost steady for a considerable

period of time. Figure 5 shows the final collapse Figure 6 shows a typical sequence of images

time as a function of the degree of subcooling showing the expansion of a bubble of FC-72
ATsp and reveals, as expected, that the collapse yapour in the casaTy,=3.9°C.

time is a decreasing function &g,
Figure 7 shows the evolution of the diameter of a

N
T

P4 pon

A
AT,
AT,
AT,
A

T,,=36.1°C
=231°C| 1

=11.1°C
=6.1°C

T_,=3.6°C

Diameter (mm)

[N
T
n

ok .

(I) T é T T T T T T T T T T T T 0
Time(s)
Figure 4: Evolution of the diameter of a bubble FE-72

vapour as a function of time in the subcooled case.
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Figure 5: Final collapse time of a bubble of FCvapour as a
function of the degree of subcooling g.

bubble of FC-72 vapour as a function of time for
various degrees of superheatitifi,,. In particular,
Figure 7 shows that the speed of expansion is an
increasing function ATy,
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Figure 7: Evolution of the diameter of a bubble FE-72
vapour as a function of time in the superheated.cas

4. Theoretical M odd

In the absence of a complete model for the
expansion and/or collapse of a vapour bubble here
we present a very simple theoretical model for the
collapse of a bubble between subcooled plates
which assumes that the heat required to condense
the vapour onto the plates is supplied by heat
conduction through the plates and the liquid films
on them.
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Strictly the thickness of the liquid filmgd, , is an

unknown function ot to be determined as part of
the solution to the problem (see, for example,
Wilson et al. 1999 and Das and Wilson 2006), but
for simplicity here we assume that it is a linear
function oft given by

Cleonduct

d =Bt+C, (4)

, . where the constant8 and C are determined by
Figure 8: Sketch of the geometry of a confined wagmibble. fitting with the experimental results. With this
assumption equation (3) can be integrated with

_ respect td to yield
The amount of heat required to condense a volume

dV of liquid in timedt is given by 2Tk
d, C |aH.HB
dv PEDS
Ueondense = £ Hlv_ ) 1) = s
where H,;, is the latent heat of condensation and K, K

Py s the density of the working liquid (FC-72). where V, is the initial volume of the bubble at

On the other hand, the amount of heat conducted t=0.

through the plates and the liquid films on them is _ . _ o _
In this preliminary investigation a constant film

2 7R2AT thickness d, =C is assumed, corresponding to
— sub
conduct = T g ) taking the limit B — O in equation (5) to yield
k—s + ?' the exponential form
|

S

whereR is the radius of the vapour bubblk, is
the thermal conductivity of the plates (plexiglass) V =V, ex ) (6)
k, is the thermal conductivity of the working liquid | HIvH(dS + Cj
(FC-72), d,is the thickness of the platesl, is ki

the thickness of the liquid films, andT,, is the
degree of subcooling.

2AT,

sub

t

S

The appropriate values of the physical parameters
appearing in the theoretical model are given in

. . Table 1.
The assumption that all of the heat conducted is
through the plates and the liquid films on them
corresponds to setting ;g = ~Aeondense + AN, Latent heat of condensatian,, (J kg°) 88000
assuming for simplicity that the volume of the | Density of the liquidp (kg nT) 1680
Gap between the platds,(mm) 0.114

: — 2
bu_bble can be approximated M/— 7ﬂ H where Thermal conductivity of the platels, 1.05
H is the gap between the plates, this meansMhat | (w m? k)

satisfies Thermal conductivity of the liquid; 0.057
(W m2K?h
dv _ 2 ATsubV @) Thickness of the plateds (mm) 1.05
dt dS dI ' Table 1: Values of the physical parameters appgadrinthe
oH H =+ — theoretical model.
ks kI
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Figure 9: Comparison between the experimentally sunes
values of the volume of the bubble (symbols) aneé th
corresponding fitted theoretical predictions gil®nequation
(6) (curves) for a range of values of the subcaphii,.

30

ATy (°C) C (mm)
36.1 0.71
20.1 0.66
11.1 1.07
3.6 0.23
0.6 0.16

Table 2: Values of the constant liquid film thickseC for

which the theoretical prediction given by equat{énbest fits
the experimental values for a range of values eftibcooling
ATgp.

Figure 9 shows a comparison between the
experimentally measured values of the volume of
the bubble and the corresponding theoretical
predictions given by equation (6) using the fitted
values of the constant liquid film thickneSgjiven

in Table 2 for a range of values of the subcooling.
Figure 9 shows good quantitative agreement only
at high subcooling, suggesting that determining the
correct evolution of the liquid film thickness may

be a key element to successful theoretical
modelling at low to moderate subcooling.

The corresponding analysis for the expansion of a
bubble between superheated plates is made
considerably more complicated by creation of new
liquid film as the bubble expands and the possible
dry out of the existing liquid film as it evaporate
(see, for example, Wilson et al. 1999 and Das and
Wilson 2006) and so is not attempted here.

5. Conclusions

In this preliminary study we investigated the
evolution of a single vapour bubble confined
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between two superheated or subcooled parallel
plates. When both plates are subcooled the bubble
always collapses and the rate of collapse increases
with the degree of subcooling. When both plates
are superheated the bubble always expands and the
rate of expansion increases with the degree of
superheating.

A simple theoretical model captures the collapse of
a vapour bubble between subcooled plates at high
subcooling and suggests that determining the
correct evolution of the liquid film thickness may
be a key element to successful theoretical
modelling at low to moderate subcooling.

Future work will focus on improving the
theoretical model to achieve good agreement with
the experimental data for both superheating and
subcooling. Experimental data for other working
fluids and other operating conditions are currently
being obtained, and these will hopefully help us to
achieve a fuller understanding of this important
phenomenon in the future.
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