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ABSTRACT

This paper reviews recent research on microlayemdd by confined vapor bubbles during boiling innitmicrochannels. Experimental

measurements, simulations and theoretical studiesiescribed and compared. As a reference to yldrd mechanism for the formation of a

microlayer, Taylor flow (i.e. elongated bubble flom mini/micro circular tubes under adiabatic cdiwis and aRe<< 1) and elongated bubhle

flow at high velocity, with consideration of theflurence of inertia, are also reviewed. Comparedht steady adiabatic conditions, one of|the

distinct points for the boiling condition is thatet bubble grows exponentially due to rapid evapamadf the microlayerA pattern of two regions

(i.e., surface tension-viscosity controlled and rary layer controlled regions) seems to be présenteptable to describe microlayer formation

for a wide range of bubble growth velocity. In adui, the effect of microlayer evaporation on thelihg heat transfer in mini/microchannel

reviewed.
Keywords: Microlayer, boiling, mini/Microchannel, acceleration
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1. INTRODUCTION

In recent years, the phenomena of boiling in micesmels has
attracted the interest of numerous researchers, tdu¢he rapid
development of micro/mini devices used in severabimeering
applications, including compact, high-heat-flux hexchangers and
cooling systems for various devices such as higfepeance
microelectronic  devices, microelectromechanical teys, and
aerospace components. Surface tension affectsateeall and axial
distribution of liquid and vapor in mini/microchagls, so that the
physics of boiling differs considerably from thatrmacrochannels. Qu
and Mudawar (2003) reported that, in contrast toveational channels,
local heat transfer coefficients in microchannebs/éh been shown
experimentally to be almost exclusively dependenthe heat flux and
saturation pressure, and instead decrease witrafier quality.

Therefore, the existing empirical correlations anddels for heat
transfer developed for macrochannels are not feliajuides for
mini/microchannels, because they are based on otiomal nucleate
boiling and convective heat transfer models. Irstdacobi and Thome
(2002) and Thome et al. (2004) proposed that teamtsvaporation of
thin liquid films trapped between the bubble andthmg surface is the
dominant heat transfer mechanism in the mini/micaomel heat
transfer model. Parametric studies have showntlteatlacobi-Thome
model (2002)redicted several independent experimental resguiite
well with the assumption of nucleation superheat andndial thin
liquid film thickness. Thus, it is very importara tlarify the behavior
of the microlayer and to develop a method to ptetichickness.

Kandlikar (2002), Cheng et al. (2007) and Ong ahdriie (2011)
have presented summaries on research of evapomatinicrochannels.
These reviews addressed channel classificationsdbas different
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methods, of which the typical methods are showrTable 1. The
confinement numbeCo and Bond numbeBo are respectively defined
as

1 o
Co=- | 7 1
°“D,\g(a-a) @
Bo= 9(2.7A)D, @
ag

where D, is the hydraulic diameter of the channgljs gravitational
accelerationgis surface tension; angl andp, are the densities of the
liquid and the vapor, respectively. There have beemumber of
attempts to define a criterion for channel scalaging from that based
on the physical hydraulic diameter to a generahdtein.

Wayner (1999) and Stephan (2002) gave comprehersiews of
articles regarding microscale evaporation with @beration of the
intermolecular forces. Under this condition, an raegted Young-
Laplace model is employed by introducing a disjegnpressure, such
that,R, — R = R+ R where is the capillary pressure (given by the

product of interfacial curvatur& and surface tension coefficieay;
P=A/d° is the disjoining pressure and (whekeis the dispersion
constant andis the film thickness)P, andP_ are the vapor and liquid
pressures, respectively. The evaporating menistus microchannel
can then be generally divided into three regiosdllastrated in Fig. 1:
an adsorbed or non-evaporating region with a nat@merder
thickness ofd in which liquid is adsorbed on the wall; a traiusit
region in which the effects of long-range molecudtaces (disjoining
pressure) are felt; and an intrinsic meniscus regiehere capillary
forces dominate. With respect to the boiling in ifiicrochannels (in
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Fig. 1 Schematic diagram for an evaporating meniscuscimaanel by
Stephan (2002).

several hundred micrometers of channel), the nagml formed
between the confined bubble and heating surfacérisicrometer order
and becomes thin due to evaporation. Generallyt ofdke boiling
heat transfer process is considered to be compléfdre the
microlayer decreases to a nanometer order liquidr]aduring which
the effect of disjoining pressure can be neglected.

The present study focuses on the initial microlgyéth micrometer
order thickness), which is defined as the thinitigiayer formed just
behind the moving bubble tip, and where the surfisresion effect
becomes dominanthe aim of this paper is to present typical redearc
related to the microlayer formed in mini/microchalnduring boiling
or under adiabatic conditions (which can assisteustdnding the
formation mechanism and characteristics of micreiayunder boiling),
and to propose areas available for further invatbg.

2. MEASUREMENT OF MICROLAYER THICKNESS

Despite the importance of predicting the heat fans
characteristics, relatively few studies have ingeséd the microlayer
thickness in microscale boiling systems. This istigly because
boiling in microscale systems is a developing aséaesearch. The
main reason is that the spatial and temporal sdaledved make it
inherently difficult to develop high-response, nmmtact measurement
methods. In microscale boiling systems, thermaigpart occurs over
considerably longer time scales than the fluidgpomse, as reported by
Miler et al. (2010). It is thought that the micrgda thickness
immediately after the passage of the bubble tidetermined by the
kinetic interface behavior during bubble growth athét it is not
affected by evaporation. Therefore, investigatidnttee microlayer
thickness under adiabatic conditions (even stuitti@sdo not explicitly
address boiling in mini/microchannels) may providéuable insight.

Taylor (1961), a pioneer in this research, meastinedamount of
liquid remaining on a tube wall when air is blowrta a glass tube
(diameter: 1.5-3 mm, length: 105 mm) that had bgmwviously filled
with a glycerin-water solution. He did this by detining the mass
difference between the inlet and outlet over a ifipettme. Although
this experiment give the residual liquid fractiom the tube wall rather
than the liquid layer thickness, it is possiblecadculate the former
from the latter. Extending Taylor's experiment, Aillsus and Quere
(2000) blew air into transparent polymeric tubesOcf2, 0.62, 0.78,
and 1.46 mm in diameter containing drops (withiahitengths of 50-
100 mm). The positions of the front and rear marses of the drops
were measured as a function of time using a canigra.deposition
velocity was deduced from the recorded videos &edfitm thickness
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was calculated from the rate at which the drop tlendecreased.
Results were obtained for high velocities by usimdow- viscosity
liquid, which extended Taylor's experiment to tloevlideposition rate
limit and made it possible to stress the influeat@ertia on the film
thickness.

Katto and Shoji (1970) utilized radial spreadingeoflattened air
bubble that was artificially produced by injectiair into a narrow
space between a pair of parallel disks (diamet@m#n, gap size: 0.5
mm) filled with a transparent liquid (water or matiol), and the
behavior of the microlayer thus created on a salidace was observed.
Air bubble growth and the microlayer thickness wesimultaneously
measured using a light-interference technique angh-$peed
photography. They found that the increasing ratethef microlayer
thickness with the radial distance from the cefiecomes greater as
the spreading velocity of the bubble increasesirTdperiments were
performed for local spreading velocities within ta@ge 0.05-0.75 m/s,
which is considered to be a similar order as thebles growth rate in
normal nucleate boiling, but slower than that imiroscale boiling
system.

Tibirica et al. (2010) presented a comprehensiegdiure review of
the methods that have been used to measure liduidhickness from
macro to microscale systems under various expetaheaonditions
(i.e., not just internal two-phase flow, but alsmditions such as spray
cooling on a plate and film flow). In order to gmpthese methods
based on similar principles, the authors proposee following
classification: (1) acoustic methods based on sdin& waves (e.g. Lu
et al., 1993; Carvalho et al., 2008); (2) electrioathods that apply an
electrical potential difference between electrodesl measure the
resulting current (e.g. Thwaites et al.,, 1976; Kamgl Kim, 1992;
Thorncroft and Klausner, 1997; Seleghim and Heri@88; Kumar et
al., 2002; Jong and Gabriel, 2003; Liu and Che®72@meur et al.,
2007); (3) optical methods based on light intensitifenuation,
interface detection, total internal light reflectioand laser focus
displacement (e.g. Roy et al., 1986; Yu et al.,619asaki and Utaka,
2003; Ursenbacher et al., 2004; Shedd and Newel4R Group (3)
methods are preferable for microscale measureméetsause they
have almost no effect on the flow and fluid prosrt(provided the
light intensity is sufficiently low that it does nalter the properties of
the fluid).

In addition to the these studies, most of whichen@easured under
steady adiabatic conditions, Moriyama and Inou@§)}9neasured the
thickness of a microlayer formed on a wall whenlaténed bubble
grows in a superheated liquid in the narrow gaps/den two parallel
glass plates. Experiments were performed using R$18test fluid for
gap sizes of 0.1, 0.2, and 0.4 mm. The liquid niégrer thickness was
estimated from the transient temperature variatibthe wall surface,
by assuming that the heat removed from the walktdesumed by
evaporation of the microlayer. They found that itterface traveling
velocity increases monotonically with initial supeat, as shown in Fig.
(a), while Fig. 2(b) shows that the microlayer kmiess has a maximum
variation with initial superheat.

Utaka et al. (2006) measured the microlayer thisknérmed
between the heating surface and a confined vapbbléuduring the
microlayer growth process using the experimentglaggtus shown in
Fig. 3. Measurements were performed for water witle laser
extinction method for gap sizes of 0.5, 0.3, aridbOnm. Infrared laser
with a wavelength of 3.3@m was launched through the microchannel
measurement section and the attenuated signal wasumed with an
infrared detector. Lambert’s law was employed tdedmine the
microlayer thickness based on the transmittande odthe laser. They
divided the variation of the microlayer thicknesative to the rate of
bubble growth into two regions from the small vépside; the region
where the thickness increases linearly with indrgabubble forefront
velocity and the region where the thickness is almamnstant. The
atter region appears at a bubble forefront velazfitgpproximately
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Fig. 2 Experiment results from Moriyama and Inoue (1996).

2 m/s (see Fig. 4). Zhang et al. (2010a, 20108read the study and
measured the microlayer thickness of ethanol, tewend HFE7200 by
the same way and found that the traveling distamicéhe bubble
interface has an apparent effect on the thicknéssicrolayer in the
high speed region (see Fig. 5).

Using the laser focus displacement meter showrign@; Han and
Shikazono (2009) measured the thickness of micesldgrmed slug
flow under steady adiabatic conditions in Pyressgldubes with
diameters of 0.3, 0.5, 0.7, 1.0 and 1.3 mm. Ethanater and FC-40
were employed as testing fluids. An actuator matas used to control
the velocity of the liquid from O to 7 m/s. The fim of the target
surface can be determined by the displacement obtgective lens
moved by the tuning fork. The intensity of the eefled light becomes
highest in the light-receiving element when theufos obtained on the
target surface. The objective lens is vibrated icomally in the range of
+0.3 mm. The microlayer thickness is obtained frdme measured
values. In order to investigate the effect of aeaon on the
formation of the microlayer, Han and Shikazono (Z@)1measured the
thickness of microlayers formed by air bubble motieith constant
acceleration that is generated by a quick pullhaf liquid using an
actuator motor. They concluded that the increagheficrolayer with
the bubble front velocity is restricted by the deration, as Fig. 7
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Fig.3 Experimental apparatus for measurement of the ihaigeo
thickness in mini gaps by Utaka et al., (2006).
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Fig. 4 Microlayer thickness and local velocity of bubldeefront for
s=0.15, 0.3 and 0.5 mm by Utaka et al. (2006).

shows for ethanol in B = 0.7 mm tube, wherk is the bubble traveling
distance.

From these results it can be concluded that theotaiger thickness
is dependent on the position along the flow dimttiin the
microchannel boiling system due to the effect ofederation, which
differs from the uniform thickness assumption und&ady bubble
motion. Therefore, reconsideration is required wtrenbubble travels
with  being accelerated, as shown (later) for bgilinin
mini/microchannels. Furthermore, measurement uaiceigs still
remain if comparing those measurement results. igecaf the limited
data number about the microlayer thickness measmesmduring
boiling in microchannel, there are only a few catesompare the
independent data with various method8gure 8 shows experimental
data for the initial microlayer thickness from Mgaima and Inoue
(1996), Zhang and Utaka (2010a) for HFE7200 astfligd and Han
and Shikazono (2010a) for FC40 (both of which hsimdlar properties
to R113, as shown in Table 2). Although the experital conditions
are not exactly the saméhe microlayer thicknesses measured by
Moriyama and Inoue (1996) are significantly (seldhmes) thinner
than those reported by Zhang and Utaka (2010a), ldad and
Shikazono (2010a). Furthermore, the measurementsvabér with
channel size of 0.5mm by Zhang and Utaka (2010apéwallel plate
channel, and Han and Shikazono (2010a) for cirdulae are plotted in
Fig.9.
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Fig. 6 Experimental apparatus for measurement of the ihaigeo
thickness in microtubeby Han and Shikazono (2009).

Fig. 7 Experimental results for ethanol under acceleratetion of an
air bubble by Han and Shikazono (2010a).

Consistence can be found in the region of low vglpevhile perhaps
due to the different channel geometry and experiaterondition (for
example, the acceleration of vapor forefront) theadat region of high
velocity disaccord a little with each other.
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3. CHARACTERISTICSOF FORMATION AND
CONFIGURATION OF A MICROLAYER

The formation of microlayers in mini/microchannetould be
considered to be the result of a balance betwestous, capillary and
inertial forces, while their magnitudes are diffsrelepending on the
bubble motion. For steady slow motion, i.e. thertinecould be
assumed to be of minor importance, the system hahawuld then
governed by a balance between viscous and capitbacgs. At faster
steady flow, the effect of inertial force becomemmegligible and
steady, so that the Navier-Stokes equations musnifdoyed instead
of the Stokes equation for the former condition. tasthe boiling
condition, which is also the most unclear factbg bubble undergoes
significant volume change and the flow is highrisient as opposed to
the steady or quasi-steady situations considerfmtcoe
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Fig. 8 Comparison of initial microlayer thickness measusgdlifferent
methods.
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Fig. 9 Comparison of microlayer thickness of water wittarchel size
of 0.5mm measured by Zhang and Utaka (2010a), aad &hd
Shikazono (2010a)

Table 2. Properties of the test fluids at 1 atm satdration point

Polkg/m? U[uPass] o [mN/m]
HFE7200 1307 330.0 9.4
R113 1499 515.7 14.8
FC40 1849 326.7 16
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3.1 STEADY SLOW MOTION

Early research on the microlayer between a bubidecapillary tube
wall was related to fields such as enhanced odvexy and monolithic
catalyst reactors. Most of these involve adiahiatiicble flow with low
rates and narrow channels; therefore, the microltjekness was
considered to be determined only by the balanseidéce tension and
viscous forces, so that the Navier-Stokes equation&l be simplified
to the Stokes equation with the assumption of énegfbow.

Bretherton (1961) pioneered a theory for vanishirgghall capillary
numbers by assuming that the bubble acts as afiitihy piston with a
microlayer lubricating it and moves slowly (Reyn®ldumberRe<1).
The domain is divided into a constant-microlayeckhess region and
a bubble nose region. In the constant-microlaymktiess, the problem
is solved by regular perturbation theory. In thélde nose region, the
interface is assumed to be almost hydrostatic #mdst circular. The
interfacial tension is important in this region.€Be two regions must
be continuously connected with each other, so thete must be a
transition region in which the shape is deformedvisgous traction so
that viscous forces also become important. The odethf matched
asymptotic expansions is used between two sub+epite capillary
static region where the interface is an almost spalecap and the
transition region where the lubrication approxiroatican be applied.
The fraction of liquid deposited on the walls byvatting bubble was
found to follow the well-known lawV = 1.29(a) #3, whereCais the
capillary number. However, the agreement betweeeorth and
experiment was less than satisfactory. Ear> 104 the predicted law
was approximately obeyed, but at slower bubble dnethe measured
microlayer thickness significantly exceeded theotb&ical thickness.

Katto and Shoji (1970) considered a liquid-layewiing radially
along a solid plane, as shown in Fig. 10, wherepresents the radial
coordinatey is the vertical coordinatdy is the microlayer thickness at
locationr; andu is the horizontal component of the liquid velocity
any height in the liquid layer. The volumetric florate of liquid
through a control surface 1-2, which is a cylindtisurface, is given by

h
2nrV, where V :I udy. The difference between the mass of liquid
0

flowing into and out of control volume 1-2-3-4 weensidered as being
balanced by the change in the height of the lidmyer. The equation of
continuity was then derived as

10(v)__oh
r oor a

@)

The gas that is in contact with the liquid layerswassumed to be
kept at a uniform pressure, and the inertial foacel gravity were
neglected; these are similar assumptions to thogpdoged by

wall

Fig.10 Radial flow of liquid along a solid plane by Katiad Shoji
(1970).
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Bretherton (1961). The liquid layer is so thin, #@t the pressure
generated by the surface tension can be assuneedeiod immediately
across the liquid layer. The pressure gradientiwithe liquid layer

produced by the change in the curvature is balamé#d the viscous

resistance to flow. For the equation of interfaitewas assumed to
descend by an infinitesimal quantitydfiin an infinitesimal interval of
dt. By assuming the interface curvatlr® be

_d*h dh,! dh
=G 1B+ T = @

with the presupposition thathh/ dr« 1, the microlayer formation is
given in the following form

(+a)I3 E
r

h = const(%) (5)

dr

wherea is a numerical constant. This theoretical analigsonsistent
with the correlation obtained by the experimentdiaried in the same
research using const. = 0.8 amet 1.

Reinelt and Saffman (1985) examined the steadg-sthape of a
finger penetrating into a viscous fluid by solvingo-dimensional
Stokes equations for lowRe flow. The equations were solved
numerically by covering the domain with a compositesh composed
of a curvilinear grid on the curved interface, amdectilinear grid
parallel to the straight boundaries. The shapéeffinger was altered
to satisfy the normal-stress boundary condition dwploying a
nonlinear least squares iteration method. They idensd plane and
axisymmetric flow geometries, and in both cases, risults agreed
well with the results of Taylor (1961) for the rangf 0.01 <Ca< 2.

Tsai and Miksis (1994) analyzed the axisymmetrieeping flow
problem by numerically solving the Stokes equatiosisig a boundary
integral method. They integrated the kinematic ddord to match in
time from an assumed initial bubble shape until fihal steady state
was attained. The results indicate that the ratitoubble and liquid
viscosities does not significantly affect the bubtdhape. Both the
overall length and the curvature near the fronthaf bubble increase

with increasingCa, whereas the curvature at the trailing interface

decreases. The bubble becomes more tapered abtiiefdr largeCa,
which in turn increases the film thickness betwéss bubble and the
tube wall. The computed film thickness for a vidgpsatio of 0.001
agrees well with the experimental results of Tay(@®61) (for a
viscosity ratio of ca. 0.0001) anda < 0.1, but deviates slightly for
Ca> 0.2. The simulation results indicate that theosty ratio affects
the microlayer thickness and begins to appeaCasicreases, though
the effect is weak.

For the limit of slow flow, Aussillous and Quere0(0) proposed a
first-order analysis using scaling arguments. Simib the previously
described analyses, the bubble front was assuméeé &pherical with
radiusr; therefore, the Laplace pressure difference adtesgas—liquid
interface is given byap =20 /r, provided the film thickness is small

(0 <r). In the region of constant film thickness, thevature in the
axial direction vanishes and the Laplace pressifference is given
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curvature of the spherical part matches the curgaati the end of the
transition region).

oo 2/
T

@)

ag
r

Thus,A ~/dr , from which the classical scaling rule can be adeduas

Jd/r ~Ca’3. This equation is valid for small capillary numbésince
o< r implies thaCa<1). As Ca increasessr must be replaced by

(r=9) in Egs. (6) and (7), so that the film formatiocakng law
becomes

ca

o
T 1+Cah ®

Based on the experiment results, a good fit of(Epis found to quite
precisely describe the data as

34 Ca’s
1+1.3%& 2.5C&

o
= ©

where the coefficient 1.34 was derived by Brether(@961); the
coefficient 2.5 is empirical.

In summary, several studies have used differenthogst to
investigate steady adiabatic laminar motion of Idndbles through
mini/microchannels with negligible effect of graxifThe mechanism of
microlayer formation under steady, adiabatic coodg has almost
been clarified. Under a slow motion limit of bulblwith negligible
inertia, the microlayer thickness is determinedthy balance between
the viscous and capillary forces near the bubplethius, the microlayer
thickness (normalized by the tube radius or gag)s&only dependent
on the capillary numbeCa, and approaches a finite value @a
increases.

3.2STEADY HIGH VELOCITY FLOW

As the steady propagation speed of a bubble inesedbe inertial
effects cannot be neglected in the problem. Thetigsdderm has to be
taken into account and we have to employ the stddalier-Stokes
equation instead of Stokes equation to describerhigem.

The effect of inertia was first investigated nurelly by Edvinsson
and Irandoust (1996) using a commercial finite @etmethod (FEM)
program (FIDAP). They found that as the flow ratel aliameters are
increased, the influences of inertial forces ad a&hravitational forces
become more pronounced. The predicted thicknesheofiquid film
was slightly lower than those results observed exmmtally, which
was attributed to a peripheral variation in thefaue tension. Moreover,
it was also found that &e (in the range of 20 to 2000) increases the
film thickness becomes thicker, despite the effexihg rather small as
long as the flow is laminar.

Giavedoni and Saita (1997) used the FEM to obtaimerical

byap=o/r. The balance of the viscous force and the pressurdesults for both plane and axisymmetric cases. ther case when

gradient in the transitional region yields

u

= ©®)

1o
Ar

whereA is the length of the transitional region betwehe spherical
and flat interface) is unknown, but it can be estimated by requiring
that the Laplace pressure is continuous at therfate (i.e., the

inertial forces are negligibleRge = 0), the predicted microlayer
thicknesses agreed well with Bretherton’s asymetibieory wherCa is
smaller than 0.001. They also carried out companatior fixed values

of Ca, while varying Re from 0 to 70. They found that the film
thickness varies non-monotonically wigefor capillary values greater
than 0.05, while the film thickness was essentiaiyependent of the
inertial forces forCa smaller than 0.01. This work has been extended
by Heil (2001) for a two-dimensional channel casing the same
numerical method as Giavedoni and Saita (1997a farge range dRe
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The results indicate a small thickening effect tluénertia for a finite
Reynolds number up to 280. The nondimensional nages thickness
initially decreases with the increasing R& up to approximately 100

but for larger values dRethis behavior is reversed, as shown in Fig. 11.

Aussillous and Quere (2000) also investigated tieetia effect using
low viscosity liquids and found that above a thmdhof Ca the
microlayer is thicker than the correlation derifeam Stokes equation.
They analyzed the problem by modifying the scalangs (8) and (9).
The scaling steady Navier—Stokes equation thenrbeso

w1 o

& b 10)
wherepis the liquid density. Similarly, matching betwesgherical
and flat interfaces gives

o . o
- - - =" _+pu
- P

r— A? r-o (11)

Finally, by eliminating\ in Eq. (13), the following will be obtained

) cas

-~ (12)
r 1+Cak-We

The dimensionless number that quantifies the ingmae of inertia
is the Weber numbewe defined asWe = au’(r-J)/o. Equation (12)
agrees with the trend that the inertia thickens filra thickness;
however, it seems that the coefficient and exponeaquire
modification based on experimental or numericalltesotherwise it is
only valid forWwe< 1.

Ryck (2002) presented an extension of the problemRE up to
1000, based on a regular perturbation method. €heity dependence
of the film thickness was obtained by numericalijegrating the film
profile and searching for the maximum depositeth fthickness that
permits matching with a spherical tip. Thickeningedto inertia was
observed for low viscosity liquids. Figure 12 shows plot of
thenormalized thicknes& = dr (i.e., the ratio between the film
thicknessd, and the tube radiug as a function of = por/ (7, which
depends only on the nature of the liquid and thige twadius. In
particular, it can be noticed that the thinningjehhmay attain 20% for

0.4
B
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Fig. 11 Effect of the Reynolds number by Heil (2001).
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Fig.12 Normalized thickness £dr vs. F=par/(f for three capillary
numbers. The circles indicaRe=1000 by Ursenbacher et al. (2004).

Ca =1, is maximum foiRe around 100, and the reversed trend from
thinning to thickening appears early@aincreases.

Based on the scaling analysis of Eq. (12) and nigadesimulation
results for the effect oRe Han and Shikazono (2009) assumed the
effect of inertial force could be expressed by adda function ofRe
andCato the curvature as

k:1+ f (Re Ca (13)
R-0
Then the following relation was obtained as
3 cals 14

T 1+f(Re Ca- o W+ Ca

Finally, using the least linear squares methodr theerimental data
was correlated in the form as:

2/3

0.67Ca
(Re < 2000)
1+3.1Ta” + 0.50€a “Re™ - 0.353v6™
o w1l
—= 106.0(—— ¥
D po D,
2 2 B B (Re > 2000)
1 - 1 1
1+ 497.0#—)@ + 7330@— ¥ - 500@'”&— o
po po D po D,
(15)

3.3ACCELERAED MOTION UNDER BOILING
CONDITION

There are not sufficient published studies of tbeeferated motion
of bubbles confined in mini/microchannels relevenboiling when the
bubble grows nonlinearly due to rapid evaporatiérthe microlayer
(Fig. 13, by Utaka. et al., 2009). This requiresngsthe full Navier—
Stokes equations rather than the Stokes equatioridavier—Stokes
equations that neglect local acceleration assatiatiéh unsteady flow.

In the study of Moriyama and Inoue (1996), it waserved that the
microlayer thickness exhibits two different trends the bubble
forefront velocity increases as mentioned in secfioThey considered
that a transition in the controlling mechanism aoed within the range
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of their experimental conditions. Two regimes fdcmlayer formation
in their experimental study were identified accagdito whether the

oD% u? o .
Bond number, Bo, =_(E) (which is calculated with
g

approximately constant acceleration of interfacevemeent instead of
gravity) is greater than 2 as Eq. (16), wheiie the distance between

U
the two parallel platesCa is defined asCa = al

; 1y is bubble

growth time; y and p_are the viscosity and density of the liquid,
respectively.

Velocity of bubble forefront V| m/s

0.07ca™* (Bo, = 2) | 8
(2 0.84 16 0 10 20 30 40 50 60 70
= 1|t (16) . o :
S |oaQ= [ Distance from incipient bubble site D mm
S\ AL (BOa > 2)

Fig.13 Increase in the bubble forefront velocity withtdisce from the

For smallBo,, the dependence a¥%s only on Ca suggests that the bubble site by Utaka et al. (2009).

steady-flow correlation with negligible inertia shd apply, while the — e
microlayer formation is controlled by the viscousuhdary layer when | Park&Homsy(1984) |

Bo, is greater than 2 (see Fig. 14). As noted by Morig and Inoue 0.1 -
(1996), their correlation gives values about thtees smaller than the
theoretical correlation (broken line) proposed lykPand Homsy (1984)
for the range of conditions in their study. Theggested that this could
be because the condition of their experiment latsida of Park and
Homsy’s theoretical correlation and the exponer@aflecreased when
Caincreased. This work is the first to provide exmental results that
bridge the two physical regions of microlayer fotima, and should be
considered as one of the milestones for microlaj@mation 0.01
mechanism research.

o/d

Han and Shikazono (2010a) assumed that under satEale g Eg>§00.22
conditions bubble nose curvature is affected bywiseous boundary y
layer. Based on the measured results of the migeoldahickness
affected by acceleration as mentioned in sectiora 2nodification L L
coefficient f =0.692Bo)**was obtained by least squares fitting of the 0.01 0.1

data at Be>1. Then a correlation using the Bond numiBsx, defined Ca=lJlo

as the same as Eqg. (16), dbafor the data at Be>1 is proposed as Fig.14 Correlation of the microlayer thickness with thepitdary

number by Moriyama and Inoue (1996).
J _ 0.968C&"° Bg >

—_= 17
D 1+4.838C3&"° 8970'414 ( ) 1 smm 0.50 0.30 0.5 Ty
1P water o v+ |
Hethanol — — © E
Their experimental data was found to be predictadiately within the Htoluene J

range of 15% accuracy using this correlation.

Zhang et al. (2010b) proposed a non-dimensionatetaiion by <
applying a similar method to that by Moriyama amdue (1996) for p
generally understanding the underlying mechanism noérolayer ,é

=
WS

formation. Analysis of the experimental results whd that the
boundaries of the two regions correspondite= g V,°d/o (based on
a hydrodynamic diameted, = 2s) of approximately 110, as shown in
Fig.15, whered,, is the dimensionless viscous boundary layer treskn 107
defined as is the distance from the incipient bubble site):
103l ST ST ST ST TR

_& _ 1 |;mD
An =25 = 25\ v, (18)
10t 10° 100 1¢ 100 1

In the region wherédVe was smaller than 110, the nondimensional We :2,05V|_2/0

thickness of the microlayer increases almost ligesith We However,

for the region wheréNe was |arger than 110, the nondimensional Flgl5 Nondimensional microlayer thickness versus Webenber for
microlayer thickness is almost independeriiMgf where the microlayer ~ Water, ethanol and toluene with gap sizes of 015,and 0.5 mm by
thickness seems to obey the Prandtl law. Zhang et al. (2010b).

N v

%,=0.017W0%,, 084
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Fig.16 Effect of gap size on the boiling curves on a fitamoxide-
coated surface by Tasaki and Utaka (2003).

Generally, the pattern of two regions (i.e. surféeesion-viscosity
control region and boundary layer control regioe¢ms acceptable to
describe the microlayer formation for a wide ramdebubble growth
velocity. However, the important parameter usethe@se correlations is
that the distance of a bubble traveling from theigient site is still
difficult to predict; therefore, accurate predictioof microlayer
thickness based on the basic parameter of a mianoei boiling
system still requires development.

4. EFFECT OF MICROLAYER EVAPORATION ON
BOILING HEAT TRANSFER IN MICROCHANNELS

Tasaki and Utaka (2003) measured boiling curves viater in
mini/microchannels formed between two parallel tpaglass plates
with a titanium oxide-coated wetting surface, asvah in Fig. 16. The
curves can almost be divided into a microlayer evaton region and
dryout region. In the microlayer evaporation regibeat transfer was
enhanced due to the formation and sustaining oficaotayer on the
heating plate with a highly wetting surface in aafler superheat region
within 3°C. The microlayer evaporation region odeapapproximately
70 to 80% of the maximum heat fluxhich indicated that microlayer
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Fig.17 Comparison of experimental and calculated boitingres by
Utaka et al. (2009).
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Comparison of experimental heat transfer and the
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Fig.18 Schematic illustration of the three-zone heatsdf@nmodel and
results for elongated bubble flow in a microchanbglThome et al.
(2004).

evaporation was the dominant heat transfer moaded¢nochannels.

As a continuation of the study by Tasaki and Utg203), Utaka
et al. (2009) divided the bubble generation cyd® imicrolayer and
liquid saturation periods. The changes in microtaiéckness and the
transition of the degree of superheat on the haaster surface in the
microlayer period, and the temperature changesut¥ liquid in the
liquid saturation period, were calculated at défer heat flux for gap
sizes of 0.5 and 0.25 mm with the assumption of-dimensional
transient heat conduction in the liquid. The ceadtedl values agreed
well with the experimental results (see Fig. 17hjck confirmed that
the heat transfer is enhanced due to microlayguaaion.

Thome et al. (2004) analyzed the heat transferficteit in each
zone (liquid slug, elongated bubble and vapor shigjhe proposed
three-zone flow boiling model as shown in Fig. 38(dsing the
measurement results for microlayer thickness frororifhma and
Inoue (1996), they calculated the local heat tremsbefficient in the
evaporating microlayer by assuming that the migredas stagnant and
the heat transfer coefficient is controlled by aw@ensional
conduction across the microlayer. For liquid angoraslugs, heat
transfer coefficients were calculated from thegpective local Nusselt
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Fig.19 Dimensionless liquid film thickness versus capjyllaumber for
an experiment using water by Han et al. (2010b).

numbers and applied to the respective lengthseofituid slug and dry
wall zones. The calculation results given by thedelavere compared
with the database, as shown in Fig. 18(b). By adgtigp method, a
continuous expression of the mean heat transfefficieat of liquid
slug or dry wall zone as a function Réwas proposed for both laminar
developing flow and turbulent developing flow with critical Re of
2300. As reported by Kurokawa and Moriyama (19&3kn a small
acceleration significantly increases the critidde Under boiling
condition, acceleration and deceleration (becadsthe expansion of
the preceding bubble) occur; therefore, a highéicat Re should be
used during boiling in mini/microchannels. Han &t (@010b) found
that under the boiling condition, the microlayeickmess of water is
thicker than the prediction of Eq. (15) (which istained at steady flow
condition) at Reyica=2000, but follows the prediction when
Reyiica=4300 is used (see Fig. 19). Similarly, by assumorge-
dimensional transient heat conduction, they catedlaheat transfer
coefficients from measured microlayer thickness docircular tube.
The results show good accordance with the heasfearcoefficients
obtained directly from wall temperature measuremertsmall vapor
qualities.

The heat transfer coefficient could generally bedjsted well by
the assumption of one-dimensional transient headection if the
initial microlayer thickness is given exactly. Thfare, accurate models
or methods including the transient nature of flow predict the
thickness of microlayers and the other effects ba boiling heat
transfer coefficients in microchannels still reguiurther investigation.

5. SUMMARY AND CONCLUSIONS

Experiments, numerical simulations, and theoretiaahlyses of
microlayers formed during boiling in mini/microchals have been
reviewed.

Several techniques have been attempted to medsermitrolayer
thickness in mini/microchannels under both adiaband boiling
conditions with accurate measurement results obdainn their
respective experimental systems. A uniform standdrdppraisal for
measurement results obtained by different methaoils requires
development in the future.

Bubble motion in mini/microchannels for laminateady, and
adiabatic conditions has been almost completelyrifidd, both
theoretically and experimentally, and methods foe prediction of
microlayer thickness have also been successfulgeldped for these
conditions. However, there is only a small amouhtpablications
available on the microlayer formation mechanismirdurboiling in

10
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mini/microchannels. The effects of inertia and ém@#ion must be
taken into account for the potentially highly tresmt vapor bubble
growth in mini/microchannelssenerally, the pattern of two regions (i.e.
surface tension-viscosity control region and boupdayer control
region) seems acceptable to describe the microleyrenation for a
wide range of bubble growth velocity.
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