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ABSTRACT

Experiments were performed using laser extincticsthod
to measure the thickness of the liquid layer forrogdyrowing
flattened bubbles between two parallel plates fap gizes of
0.5, 0.3, and 0.15 mm. Water, toluene , ethanol ldRE7200
were used as the test fluid. A high-speed camesawsad to

simultaneously measure the bubble growth procesd an

determine the bubble forefront velocity. Vapour bigls that
are generated by boiling in the present mini-gapwgr
exponentially due to the rapid evaporation of thim diquid
layer, which, in contrast to the steady situati@emisidered
previously, makes the phenomena highly transieaseB on
the experimental data (together with the previoesults for
water and toluene) and scaling arguments, a noestiianal
correlation in terms of capillary number and Bongdmer is
proposed.

INTRODUCTION

Boiling in mini/micro-scale channels is becomingrigasingly
important in various applications, because thishnegue is
capable of removing large amounts of heat over Isarabs.
For example, in order to realize fast responsecamdpactness
for a fuel cell vehicle with a reformer, the use af
microchannel type vapor generator composed of [ea@htes
is one possible approach to satisfy the requiresnehthigh-
efficiency heat exchange and low heat capacity. ¢l
phase-change heat transfer mechanisms and chasticteat
the micro - scale are distinctly different from seoat the
macro-scale. In microchannels, bubbles nucleate canickly
grow to the channel size such that elongated bsbilat are
confined by the channel walls are formed, and thasggbles
grow very quickly in length with a dynamic tip, vehi is
referred to as the forefront of the bubble. Thevature of the
interface between the bubble and the liquid atfforg region
is clearly greater than zero, and a microlayeirsutaneously
formed between the bubbles and inner heating platks after
the dynamic tip of bubble, as shown in Fig.2. Thblide inside
the microchannel is confined such that the tipriseatremely
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small part of the bubble, whereas most of the kbl
surrounded by a microlayer that is approximatekajbal to the
heating plate. In addition, as the fluid system doees
progressively smaller, the relative importance afrface
tension increases. Moreover, the bulk liquid, sheated
microlayers, and vapour bubbles in the microcharafdct
each other in complex ways. The transiergvaporation of the
microlayer elongated bubbles is considered to beapr heat
transfer mechanism. As such, the microlayer forrbgdthe
movement of the vapour-liquid interface has beemstigated
theoretically and experimentally in numerous stsdie

Taylor [1] conducted experiments on a glass tube

(diameter: 2 to 3 mm) filled with a glycerin-watsslution that
could be varied to cover a wide range of capillamynber and
measured the amount of liquid remaining on the tubk after

an air bubble propagated through the glass tube.tilickness
of the film deposited on the wall by the propaggtiubble was
demonstrated to increase with an increase in eapitumber.
Bretherton [2] theoretically derived a predictiortimod for the
microlayer thickness based on a lubrication appnation for

the limit of Re << 1, while neglecting gravitatidntrces.

Bretherton suggested that the liquid layer thicknesuld scale
with capillary number. Katto and Yokoya [3] measurie

temperature of a heating surface attached to the bbha water
pool and the microlayer thickness under a growilagtened
bubble in a narrow gap of less than 2.5 mm. Thagsified the
boiling patterns into three regimes, and in theoedcpattern
the formation of a microlayer, which led to heaansfer
enhancement, was confirmed. Moriyama and
reported that the microlayer thickness follows ohewvo trends
as the interface travelling velocity increases. yrhensidered
that a transition in the controlling mechanism aoed in the
range of their experimental conditions. Two regimies

microlayer formation in their experimental study reve

. o . dmmber

identified according to whether the Bon ,
pD?

U2
(ﬁ) (which is calculated using thepproximately

Inoue [4],



constant acceleration of interface movement rathean
gravity) is greater than 2 as Eq. (1),
0.07ca%* (Bo<2) @

0|y

_ 0.84
- 0.1{E [—ﬂ Ltg}
SV A (Bo>2)

wheres s the distance between the two parallel plaies the
distance from bubble forefront to incipit sit€a is capillary

H U
o

number defined a€a = ; tgis bubble growth timey,

and p, is viscosity and density of liquid, respectively.

For smallBo, the dependence @¥s only onCa suggests that
the steady-flow correlation with negligible inershould apply,
whereas the microlayer formation is controlled bg wviscous
boundary layer when thgo is greater than 2.

Tasaki and Utaka [5] measured the boiling curvesvater in
mini/micro channels formed between two parallel rtuglass
plates with a titanium oxide-coated surface. Theves almost
can be divided into a microlayer evaporation regiad dryout
region. In the microlayer evaporation region, heansfer was
enhanced due to the formation and sustaining ofcaohayer
on the heating plate with a highly wetting surfacex smaller
superheat region within . Since the microlayer evaporation
region occupied approximately 70% to 80% of the imann
heat flux, it was shown that the microlayer evafiorawas the
dominant heat transfer mode in microchannels. Asrdinuing
study to Tasaki and Utaka [5], Utaka et.al [6] ded the
bubble generation cycle into microlayer period diglid
saturation period. The changes in the microlayektiess and
the transition of the degree of superheat on thet hansfer
surface in the microlayer period, and the tempegatinanges
of bulk liquid in the liquid saturation period wecalculated at
different heat flux for gap sizes of 0.5 and 0.25mith the
assumption of one dimensional transient heat cdi@uin the
liquid. The calculated values agreed well with #xperimental
results, which confirmed that the heat transfeeribanced due
to the microlayer evaporation.

Using a laser focus displacement meter, Han ankb3biho
[7] measured the thicknesses of microlayer formad flows
under an adiabatic steady condition in Pyrex giakss of 0.3,
0.5, 0.7, 1.0, and 1.3 mm in diameter. Ethanolewaind FC-
40 were used as test fluids. Based on the scahatysis and
numerical simulation results for the effect of Relgils number,
they assumed that the effect of inertia force cdndcexpressed
by adding a function of Reynolds number and capilfeumber
to the curvature. Finally, using least linear squaiethod, their
experimental data was correlated as follows:
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Under an accelerated condition [8], they assumedbtibble
nose curvature to be affected by the viscous baynidger.
Based on the measured results for the microlayekribss
affected by acceleration (Han and Shikazono, [73),
modification coefficientf =0.692B0°** was obtained by least
square fitting of the data fdo >1, whereBo is as defined in
Eq. (1). Then, a correlation using Bond numbBo, and
capillary number for the data f@o >1 is proposed as

J _ 0.968a?°Bo
D 1+4.83€a?Bo 044

®3)

Based on a review of the literature, a number ofliss have
been carried out in order to clarify the charastas of the
microlayer, most of which were performed under bdia
conditions. However, an insufficient number of stschave
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microchannel

Fig.1 Schematic diagram of bubble in microchannel
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Fig.2 Velocity of bubble forefront increasing with distan
from bubble site by Utaka et al., (2009)



examined the accelerated motion of bubbles confiired
mini/micro channels with respect to boiling where thubble
grows nonlinearly due to rapid evaporation of miayer (see
Fig.2 by Utaka.et.al [6]). This requires the usehef full Navier

— Stokes equations rather than the Stokes equaiioNavier —
Stokes equations that neglect local acceleratisacieted with
unsteady flow. In the present study, in order tarifyf the

formation mechanism of the microlayer, a serieexgferiments
were conducted to observe the formation and grrolcesses
of bubbles. In addition, the initial microlayer ¢kihess, which
is defined as the thickness of the microlayer d@fterbubble tip
at the location at which the interface betweenwhgour and
the liquid is approximately parallel to the heatiptate as
shown in Fig.1, was measured directly using a lagénction

method for the HFE7200 test fluid. Furthermore, mfarm

non-dimensional correlation was obtained basedhenrésults
of the experiments and the scaling argument, wipiclvides
valuable insight into the fundamental relations agh@ystem
variables that are valid for different fluids undearious
operating conditions.

NOMENCLATURE

A (m™) extinction coefficient
distance from incipient bubble site to bubble

D (mm) f
orefront

I laser intensity

lo incident laser intensity

s (mm) gap size

\A (m/s) local bubble forefront velocity

o (um) thickness of liquid layer

& (um) initial thickness of microlayer
nondimensional microlayer thickness

% =

& (um) velocity boundary layer thickness

U (uPass)  viscosity

o (mN/m)  surface tension coefficient

0 (kg/m®  density

Ca Capillary number ¢V, /o

We Weber number psv? /o

Bo Bond number ps’a/c

X flow direction along the heating surface
direction perpendicular to the heating
surface

m/s acceleration

EXPERIMENTAL APPARATUS AND PROCEDURE
A schematic diagram of the experimental apparatus i

shown in Fig. 3(a). The vapor generator is locdietiveen a
He-Ne laser emitter and a Pb-Se detector. A ligesgrvoir and
a heating tank were placed upstream in the microoslatest
section. The cross-sectional area of the liquicemesr was
large enough to maintain a constant liquid level thre
microchannel, which could ensure it was close tol iling
in the microchannel but not flow boiling. The ligusupplied to
the microchannel apparatus was boiled in a hedtng to
exclude non-condensable and retain the temperafuiguid to
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be saturation. An orifice near the inlet of micraohel was
used to restrain the fluctuation of liquid floweataused by the
bubbles growth and collapse. Vapor generated frdma t
microchannel vapor generator flowed through a cosdeand
back to the reservoir. Figure 3(b) shows the detail the
microchannel test section. Quartz glass ,high parency for
infrared light, was mainly utilized for the testcien to enable
more accurate measurements. The channel thickrezasdn
two parallel quartz glass plates can be changedltbying the
spacers. Three different gap sizes of 0.15, 0.30aBichm were
adopted in the present study. And the real gap efzéhe
microchannel, as measured with a plastic-gauge, iwahe
range of 0.147-0.158mm for a 0.15mm test gap Jikerefore
it was confirmed that the gap size was constantsaifficiently
accurate with respect to the target value as regdry Utaka et
al. [6].Passages for high temperature air usedhasheating
source to heat the microchannel were positiondideaback and
the front of the microchannel. The central part of the 82 mm-
high passage, which essentially served as thengeatea, was
narrowed to enhance heating. The width of the ggssas 45
mm. The heat flux into the microchannel was coldwblby
varying the air temperature. The principle of thaser
extinction method was used to determine the migesla
thickness by using Lambert’s law as shown in egua(#).

o= (1)In(I/I 4)

= X 0)

where 0 denotesthe thickness of the liquid layer the laser
travels through. In this experiment, since the belfbormed
symmetrically in the microchannel, the initial notayer
thicknessd, cited herein is calculated a§= 0.50. Regarding
the experiment it refers to the first signal appepon the laser
ray detector when the bubble passed through thet pdiere
the laser ray passed through the microchannel,hwinés been
reported by Utaka et al. [6]. HerA, represents the extinction
coefficient, as shown in Table 1. The light intépsat the
detector when the microchannel being measuredlésl fivith
steam is denoted by, and the light intensity when the
microchannel is filled with both a thin liquid layand steam is
denoted by. In order to reduce the effect due to the insitgbil
of laser emitter, the laser beam is split by thanbeplitter and
then the reference light intensity could be measure
simultaneously. This light exinction method is sifintly
accurate for measuring the microlayer thicknessaomicron
scale, and a detailed investigation about its nreasent
precision was carried out by Utaka and Nishikawaf¢® the
measurement of the thickness of thin condensatebqoid
mixtures  during water-ethanol  Marangoni  dropwise
condensation. The effects of ambient temperaturangdh,
reflection of laser raystc. on the values df/l were examined.
As a result, the ambient temperature change wagpriheary
factor affecting the accuracy and the measurenmeat ef the
liquid condensates was approximat&/3 um.

Table 1 Extinction coefficient of the test fluids

Water Toluene HFE7200 Ethanol

5.42x1d  3.15x1d 1.88x10 1.09x18

A(m™
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Fig. 4 Microlayer thicknesses versus local bubbtefront

Fig. 3 Experimental apparatus for measuring migexa velocity for water, toluene and HFE7200.
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RESULTS AND DISCUSSION 40- s=015mm - $=0.3m

The microlayer forms as a result of liquid remagnion the 30; 1 &. D (mm) ; Distance fro
heating surface immediately after the liquid is et away by 1 A A zi%“& . incipient bubble sif
the bubble growth. The microlayer thickness vadae to the E Ll a ‘s ,,?,;; » Osbslo |
effects of bubble growth rate. In the present stuattention P : vt 20<D<30 |
was focused on the initial microlayer thicknegs which 8 10 D
determines the basic characteristics of heat teansf the S + 50<D< 60
microchannel. The variation of the initial microéaythickness S 9 —————1—
versus the bubble forefront velocity is shown irg.F4 for > = 0 ouene
water, ethanol, toluene and HFE7200, for three ecgffit £30 R 1
microchannel gap sizes of 0.5, 0.3, and 0.15 mne ifftial € v ]
microlayer thickness was strongly affected by thp gize, and S 59 ia ]
it increased with increasing gap size. For ethahare was no £ |
result in the present study on gap size, excepthiminimum 10 |
size of 0.15 mm. This was because of the largenetidin
coefficient for the laser used in the present drpemt. |
Moreover, the results for any of four liquids showe similar 0 8 10 12
tendency for any size of gap. That is, in low vélpcegions, Local velocity of bubble forefron, m/s
the microlayer thickness increases with forefromtiouity,
however, as velocity increases, the thickness besoatmost Fig.5Effect of distance from incipient bubble diie

constant or decreases slightly for sufficiently higpubble
forefront velocities.
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Figure 5 shows, for the four kinds of liquid with
representative gap size, the variations of bubldeeffont
velocity against the microlayer thickness with(distance from
bubble incipient site) as a parametiércould be observed that
in the region of high velocity, the initial micrglar thickness
increases with increasin®, whereas in the region of low
velocity the effect oD became weak or vanish. Instead of the
Navier equation (which was used to describe theratager
formation under an adiabatic slow flow conditionhile
neglecting the convectional term) or the steadyi®&laStokes
equation (which was used for the adiabatic fast fbmndition
while considering the inertia term), the unsteadwitl motion
is described by the following Navier - Stokes edrat while
neglecting the flow in the direction perpendicuiathe heating
surface:

au U _ P 9
— + — =t y— 5
Pat A ox  ox M ay? ©)
The velocity gradient in flow direction can be szhhs:
ou V
- ()
ox s/2

whereV,_ is the local bubble forefront velocity; and unstga
term can be scaled as average acceleration. Thdaftlside of
Eqg. (5) can be scaled approximately as

ou ouU V2
PE*‘PUE~P3+PS—L (1)
%

As shown in Fig.6, for the flat microlayer regidretmicrolayer
thickness just changes by few micrometers over rakve
millimetres in direction of flow, therefore the giiant of
microlayer thickness in flow direction could be tesged. The
curvature of vapour-liquid interface may be regdrdas
approximately zero for the flat microlayer regiavhereas the
curvature increases abruptly from zero ter®ar the tip region.
Moreover, due to the pressure of vapour may becxppately
regarded as the same in the direction of flow, phessure
gradient in microlayer near the bubble forefromh tee scaled
approximately as Eq. (8)

_P 4o

ox &2

®)

The order of viscous term in Eq. (5) can be scaled
approximately as Eq. (9), and then the Eq. (5)lmiscaled as
Eq. (10).

©)
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Flat microlayer region ’ Tipregion ’

Initial microlayerthickness J,

Distancefrom bubbleincipientsite : D
Fig. 6 Schematic diagram of bubble forefront in microchelnn
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Then (10) yields the following expression for theckness:

2
o _ _ C (11)
s* 4-2Ne-Bo
pas’
where Bo =+—— is Bond number that represents the ratio of

o
the inertial force due to acceleration to the sefaension
force; We = a’s/o is Weber number that represents the ratio
of the inertial force to the surface tension forgégquation (11)
reveals that the nondimensional microlayer candseiibed by
the nondimensional groups @, We, and Bo. However, the
derivation of an accurate prediction equation diyeftom Eq.
(11) and experimental data is quite difficult.

In order to create a better correlation, a triad haen done
by nondimension analysis as following. Based on the
experiment it has been understood that the miceolthickness
is related as

a-O - f(VL,D,S,,O,,U,O') (12)
The experiment and simulation results shown theratager
thickness is proportional with viscosity and depsiand
inversely proportional with surface tension. Theref the
thickness can be related as

po _Me

B B

o}
° o

(13)

By introducing thev, andsto whichthe microlayer thickness is
also proportional due to the experiment restits right side of
Eqg. (13) can be nondimensionalized as

PV, LSS

0.2

~1 (14)



Due to the m theory, we can also derive that the
nondimensional microlayer thickness is qualitaghvalfunction

of Ca, We and Bo as shown in Eq. (15) like scaling agialy
result. Here, according to the study of Moriyamal dnoue
(1996), as velocity increases the microlayer isitéoh by the
viscous boundary layer. Therefore, perhaps it g@ad choice
to nondimensionalize the microlayer thickness withcous
boundary layer thickness, and then the nondimeakion
relationship is changed to be

G _PNs

a, > = CaWe
o

(15)

All of the experiment data is plotted in Fig. 7, evl the
coordinate is the nondimensional groups of Eq..(43hows
that each of fluid correlated well without appardisicord.

% - 48% P45 (16)
3
% = o.elgw 03 17
g

Equations (16) and (17) are fitting equations fapeziment
data with gV, °s/ 0% <0.1 and gV, %s/0? >10 plotted as
solid line in Fig. 7, and the region between the tegions is
considered as the transition region. Then the poaotis
equation can be created by combining the two eopusiti
obtained from Fig.7 as shown in Eq. (18) (dashilinEig. 7).

&/ Oy= O48(0,usVL3/0) b IR BRRLLL B
10F E
r 3 0.03
&/ 8,=0.619(1sV, *l0?)
107 -
WS E =
> ]
L S mm i
A 0.150.30.5
10% water 3
E toluene o A o | 7
r HFE7200 o a m ] ]
[ ethanol ¢ 1
10-3 ........| ........| ........| ........| ........| vl vl ol
10%* 10° 107 10! 1 10' 1¢F 10° 10
,o,usVLg’/cr2

Fig. 7 Microlayer thickness nondimensionalized scous
boundary layer versus dimensional groupoplv, 3s/ o2
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Here, although in low velocity region formationathin liquid

film is considered not to be dependent stronglybonndary

layer, it is thought that the influence of force iokrtia and

acceleration in addition to viscosity and surfageston as for
thin liquid film thickness formation should be catered. It

will be found that the effect of acceleration, sied tension and
viscosity are included in the left side of Eq. (&6 (17). If the
boundary layer thickness is transformed as

_& _ [ 2Do WL_\/7 05
- 3 i

HuD

19
s (19)

Then, Eq. (19) can be rewritten as a combinatioBayWe and
Boas Eg. (21).

0.95 /. 0.45, - 0.5 8, | /8
k :{[0.34Ca We4Bo~ O +} 0)

%
s |[0.43ca%>We®%Bo O 8

In order to confirm the accuracy of Eq. (20) in aletthe
experiment data was firstly divided into severabups based
on the certain range of Weber number, secondlyd#dte with
fixed range of We was divided into subgroups based on
corresponding range of Bond number. The correlatibikq.
(20) was plotted in Fig.8(a-j). And the correlaiobased on
upper and lower boundary value \¢& are plotted in dash and
solid linesin red or back corresponding with the boundary
value ofBo. It is found that the experiment data in each range
of Weber number and Bond number is shown relativedg
agreement with the correlation of Eq. (20) deriveedm
dimension analysis.
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Fig. 8 Comparison between correlations and expetisne

CONCLUSIONS

Experiments were performed using the laser extincti
method to directly measure the microlayer that forom a
heating surface due to vapour growth during boilinga
mini/microchannel formed by two parallel pieces afartz
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glass for water, ethanol, toluene and HFE7200. @ase the
results of experiments and the discussion by sgaimalysis
and dimension analysis the following results westamed.

(1) The initial microlayer thickness was mainly detamed by
the gap sizes, velocity of the bubble forefront me

effect of distance from bubble incipient site tdble
forefront become significant with increasing of bl
velocity.

Scaling analysis from full Navier-Stokes equatiomitlf
neglecting the flow in the direction perpendicutarthe
heating surface) showed that the microlayer foromati
during boiling in mini/microchannel can be descdbas
function of capillary number, Weber number and Bond
number. Based on dimension analysis, the experiohetat
was found to be correlated well with the groupdgf d,
andpwv, %s/o?

Based on the results of experiments a uniform dogbir
correlation for the nondimensional microlayer thmeks,
& /s correlated in the form ofCa, We and Bo in
mini/micro parallel channels was proposed. The gres

correlation predicts the experimental results withi
accepted error range.

@)
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