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ABSTRACT

The purpose of this work is to develop an axi-sytnimewo-phase flow model describing the growthao$ingle bubble
squeezed between a horizontal heated upward-fdtsegand an insulating surface placed parallehéoheated surface.

Heat transfers at the liquid-vapour interfaces madicted by the kinetic limit of vaporisation. Thepths of the liquid
films deposed on the surfaces (heated surface anfinement space) are determined using the Moriyamé Inoue
correlation (1996). Transient heat transfers witthia heated wall are taken into account. The madapplied to pentane
bubble growth. The influence of the gap size, tfial temperature of the system, the thermal éfftysof the heated wall and

the kinetic limit of vaporisation are studied.

The results show that the expansion of the bulditesgly depends on the gap size and can be affegtéhe effusivity of
the material. Mechanical inertia effects are mathdyninant at the beginning of the bubble expandtyassure drop induced
by viscous effects have to be taken into accounthfgh capillary numbers. Heat transfers at the ismeis are negligible

except at the early stages of the bubble growth.

INTRODUCTION

Most of the production costs of consumer products a

directly related to the amount of raw material ifved in their

manufacturing. Cost down lead to increase the cotnpas

and thus the specific power of the systems. Thentale

control devices involved in the systems requiresemand

more efficient cooling processes insuring incregieat flux

removing in reducing spaces. Boiling in narrow gsas an

attractive solution that can satisfied requireménénables to

transfer heat flux up to $®/m? between parallel plates
characterised by confinement gap size smaller tham [1].

Compared with unconfined pool boiling, confinement

improves heat transfer at low heat flux but redubest
transfer at high heat flux. Researches on boilmgharrow
horizontal spaces began in the 70’ [2] [3] for sated water
at atmospheric pressure. It was found that heatsfiea
increases significantly at low heat flux when thep gsize
becomes smaller than the bubble detachment diamEber
preliminary results have been confirmed with difar highly
wetting fluids like FC72 [4] and FC87 [5], and pamé [1].
For subcooled conditions, the effect of the confirat is
opposite to that for saturated boiling (an incre@sethe
confinement cause a reduction in the heat tramsfefficient)
[6]. In the same way, higher heat transfer coedfits for
mixtures of binary water/ethylene-glycol than farr@ water
are observed in confined configurations becaugsbheothange
in some fluid properties implying a decrease in tubble
diameter. The mass diffusion process and the isereé the
fluid viscosity are considered as beneficial pheaoom to
limit heat transfer deterioration at high heat flux

Unsteady boiling occurs when a preference vapour

evacuation direction exists, and when the gapisizéosed to

the capillary length. The frequency of the unsteadiling
cycles depends on two characteristic times: thdifgetime

and the expansion time, the expansion time being th

predominant time during the cycle [8].

Different correlations have been developed to diesdreat
transfer during natural circulation boiling of satied liquids.
None of them seems to be able to predict heatfaamden
the conditions are significantly different from tlame for
which the correlation have been developed. This rbay
attributed to the fact that none of them propedkes into
account the heat transfer mechanism
enhancement is due to the evaporation of thin didilms
formed downstream liquid slug moving in the confirmpace
(local heat transfer coefficient is then typicadly the order of
several times that of the liquid slug).

The presence of the evaporating film located betvike
squeezed bubble and the walls has been pointedsmg an
interferometer device [9]. The thickness of thailijfilm & at
the base of the travelling meniscus has been dstiimby
using an inverse heat conduction method for bubiplesing
between two horizontal discs [10]. It depends anghp size,
the displacement velocity of the interfaces and pghgsical
properties of the liquid. For low Bond numbers defl as the
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For high By*, & is controlled by the viscous sub-layer
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The most promising way to predict heat transfer in

All phenomena taken into account are axisymimetr
Body forces are neglected

The heated block is insulated so that lategal tosses are
negligible

Thermodynamic equilibrium prevails in the vapphase.
Its behaviour is well described by ideal gas law

confined configuration seems to develop two-phassy f ©) Velocity profile in the liquid phase is paraisoland
models describing the transient variation in Iduedt transfer described by a 2nd order polynomial .
coefficient during the passage of elongated bubfieem et 6) Heat flux transferred by_ convection in the ldjslug
al [11] developed such a model for flow boiling in (upstream from the meniscus) and the vapour slug (d
microchannels (three-zone model). The model showes t zone) are negligile.

strong dependency of heat transfer on the bubblguémcy, /) The confinement wall is adiabatic :

the minimum liquid film thickness at dryout and theuid 8) The temperature of liquid vapour interfacesequial to

vapour temperature except at the inferior microfilm

interface where an interfacial resistance is takeio

account.

Heat and mass transfers at the liquid vapour iated are
determined using the kinetic theory of gases. Te®retical
net flow-rate of molecules that can leave an iateefduring
vaporisation process or can be cached by the lighiase
during condensation process is limited. The amoaht
molecules that is really submitted to phase chacaye be
determined from this theoretical limit wusing an
accommodation coefficientr. The maximum heat flux that
can be transferred at the interface and thus teefatial heat
transfer coefficient at the interfadg,, is deduced from this
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hi is very high and interfacial resistancehl/ can be
neglected most of the time (this comes to consadienposed
temperature condition at the interface) excepte@nwvheat
transfer catch up with the upper limit. In the mmscase, this
limit can be reached in the vicinity of the trigiee when the
depth of the liquid filmd(r,t) tends to zero and is submitted to
heat flux.

Mass and momentum balances are applied to thelliing
enclosed between the meniscus of the growing budoidethe
external cylindrical surface of the confined spébe density
ratio between the vapour and the liquid phases@igible
olp <<1 ; The amount of liquid trapped between thelbeib
and the walls is negligibl@ << s)).

film formation thickness.

The purpose of this work is to develop an axi-synitie
two-phase flow model describing boiling betweeroeazontal
heated upward-facing disc and an unheated surftaEed
parallel to the heated surface. This paper condbmgrowth
of a single bubble in the narrow horizontal spddee model
is applied to pentane bubble growth. The influeotthe gap
size, the initial temperature of the system, therrtial
effusivity of the heated wall and the kinetic limif
vaporisation are studies.

HEAT TRANSFER MODEL

The model developed aims at giving an insight itite
mechanisms controlling nucleate boiling heat transh a
narrow gap formed by horizontal and parallel digkgperfect
case (Figure 1) lending itself easily to theordtmaalysis is
considered: a single bubble grows from a nucleasida
located at the centre of the upward facing heatel. Whe
confinement wall constraints the bubble growth. The
phenomenon under concern is assumed to be axisyimmet
Heat transfer in confined boiling is mainly conteal by liquid
layers formed on the walls. Thin layers thicknesd &ngth
depend on local phase change and bubble growth rate
Therefore, knowledge of instantaneous quantitiesh sas
meniscus location and velocity, wall temperaturdfiand
vapour pressure andiemperature, is required to give a
physical picture of the phenomena involved in tleténed
bubble growth.
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Mass balance yields to the following equation:

n(t)%i:Roﬁn(Ro,t) @)

Where ri(t) and G(R,,t) are the instantaneous meniscus

position and instantaneous liquid mean velocitthatdomain
external frontier, respectively.

SN

Momentum balance

[

K

Pressure difference between vapour and liquid deitdie
confined zone constitutes the driving force. Thagdforce
acting on the liquid is easily calculated from asption (5)
and the no slip condition at the walls. The pressdrop
through the meniscus involved by capillary actisrdéeduced
from the bubble curvature (meniscus is assumeckta balf
torus) and the fluid surface tension. A singulaggsure drop
at the domain external frontier (section enlargajnenalso
taken into account.

'q
Fig. 1 :Geometry of the system

Model assumptions

The model is based on the following assumptions:



Liquid ring momentum temporal variation is equalthe
sum of forces acting on the fluid. The momentumatign
radial component is simplified using Equation (lhict
yields:
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This second order differential equation gives thehe
radius evolution.

Energy balance

Vapour mass and pressure inside the bubble arecdddu
from the energy balances over the entire liquid owap
interface. Three different zones are considered: |twer
liquid film deposed on the heated surface, the upipeid
film that covered the confinement plate and theerkdt
meniscus.

Vaporisation occurs on the lower film. The menisansl
the upper liquid film are submitted to condensation
vaporation depending on the temperature differédrateveen
the saturated vapour and the liquid.

The depth of the liquid films deposed at the bak¢he
meniscus on the heated surface and on the confirigpiege
are determined using the correlation proposed byiydma et
Inoue [10]

Phase change at the lower liguid film

The liquid film deposed on the heated surface pesed
to be stagnant. The liquid used (pentane) is a Waghly
wetting fluid (contact angle for 1 ba < 5°). Liquid-vapour
surface energy is not sufficient to break the ligéilm and
form droplets on the wall. Temperature at the fam is
equal to the saturated temperature except in teedlvicinity
of the triple line. Moreover the surface tensiomiatoon with
temperature is very smaldg = 10° Nm*k™"). Therefore
Marangoni effects can not lead to liquid motion.

Let's have a look to the heat transfer within tiagild film
deposed on the heated surface. The maximun deptheof
liquid film deposed by the bubbles on the surfades
Oar = 10 pm. The maximum heat flux that can be transterr
at the interface during the vaporization processali®ut
4., = 10 Wm? The characteristic timdc, needed to

evaporate the liquid film in extreme conditions adout

= OarPON, _ 2110%s- The corresponding Fourier
qcar
number of the heat transfer within the liquid filim such
condition is about - _Aler  _ 45
° plcpldczar

Therefore it is reasonable to consider the therimaitia
negligible (heat transfers within the liquid filnneacontrolled
by conduction); Heat flux transferred from the wail the
liquid film is entirely used to vaporize the liquidhus, the
film thickness evolution, at locatian during interval timedt,
is given by:

car

5(r t+ ) = a(r 1) - S (F21) <t ()
AR, x
The amount of vapour supplied by an axisymmetritase
element duringit is deduced from (3):

dm, =g x2xnlr drx(3(r,t) - 3(r,t +dt)) (7)

Phase change at the meniscus

The interface is assumed to be at the vapour samra
temperature corresponding to the pressure insieétible.
Liquid motion close to the meniscus is neglectedat-lux
transferred between the liquid and the vapour phiase
determined from non stationary heat conduction lerob
inside the surrounding liquid.

Phase change is assumed to be uniform, therefatfeeiens
are concentric. The confinement width is about lwimereas
the sample radius is equal to 15mm. Thus, as thzbleu
grows, the bubble curvature 1/r decreases and lyapiad
becomes much smaller than the meniscus curvatsreFaf
convenience, the effect of bubble curvature isewgd which
makes the heat conduction problem one-dimensional.

Moreover, meniscus is considered to be a half tanasthe
depth of the liquid films are not taken into accoiig.2).

The amount of vapour vaporized or condensed duiing
dtis given by:

qmen mt |:Smen = drnmen Dlhlv (8)
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Fig.2: Bubble and meniscus radii

Phase change at the upper liquid film

As for the meniscus, evaporation or condensati@unscon
the upper liquid film. The confinement wall is as®d to be
adiabatic. Transient effects are negligible. Thenefthe film
temperature is uniform and equal to interface teatpee
(which is equal to the saturation temperature, @ling to
assumption 8).
At a given time, meniscus and inferior microfilmntabution
to the vapour phase, during dt, is calculated (Eons (6)
and (8)). New thermodynamic conditions in the bebhte
deduced. The contribution of the superior microfitmot yet
taken into account; thus, the bubble is in a fectatate. An
enthalpy balance over the fictive system constituby the
superior microfilm and the vapour enables to caltuthe real
thermodynamic conditions in the bubble at the fistdte,
which yields the number of vapour moles producedthsy
superior microfilm during dt.




Vapour temperature and vapour pressure in the bubkd

The number of vapour moles(t) inside the bubble is
determined using energy balances. Considering ithgd}
vapour interfacial area, the vapour phase insidebtlibble is
assumed to be in saturated conditions. The temperand
the pressure of the saturated vapour are determisied the
ideal gas law and the relation between the temperaind the
pressure in saturated condition (expressed by méan 2
order polynomial).

P(T, (1) = @ ©)
P, =aT,’+bT, +c (10)

The vapour temperature and thus the temperaturheof
interface for the upper film and the meniscus atehined
by the following equation:

aT, (1)’ +[b— nt) R

Vj 0, (t)+c=0
The meniscus is assumed to have a toric shapevdlbmme
of the liquid films are neglected/{/Vv = 1%). The pressure

is deduced from Equation (9).

(11)

Sample — bubble Thermal coupling

The energy needed for the bubble growth is remdread
the surrounding liquid and from the heated samflee
transient heat conduction problem within the hedikgt is
solved and coupled with the energy balance govgriiire
vaporisation of the lower liquid film.

The thermal
vaporisation of the lower liquid film is expressesing a heat
transfer coefficient (12):

-1
1  Jdir,t
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The heat transfer coefficieht(r,t) is used as a boundary
condition to the no stationary heat conduction pwbinside

the heated block.
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Fig 3: Sample mesh and boundary conditions

Heat conduction equation inside the heated block

Considering the axi-symmetry of the problem, heatdfer
within the heated bloc is determined by solvingagiun (13)
(non stationary heat conduction equation in cylcalr
coordinate):

ps@?piﬂﬂs QQQHQ
ot or® ror o0z

The lateral side of the bloc is assumed to be ati@ab
Considering the symmetry of the problem, heat #iong the

(13)

coupling between the sample and the

axis is set equal to zero. Desired heat flux camiposed at
the block bottom. The problem is closed with thatheansfer
coefficient controlling the flux transferred to tfieid.
The scheme used to solve the aforementioned eqsato
presented in figure 4.
|

Microfilm geometry at time.1
Equation (5)
A :

Heat transfer coefficient at tinig1
Equation (8)
I
Heated block temperature distribution and
wall heat flux,
Surrounding liquid temperature distribution and
meniscus heat flux,
at timety+1
Non-stead heat conduction equatio
|

Number of vapor moles produced at the
meniscus and
at the microfilm interface, durindt
Equations (3) and (4)

Meniscus position and velocity, at tirie:
Momentum equation

Vapor temperature and pressure, at ty1

Number of moles of vapor produced at the
superior microfilm interface, durindt
Enthalpy balance

Fig. 4 : Scheme used for governing equations resolution

Initial conditions

The calculation starts at the end of the sphegoath of
bubble in the centre of the confinement place. meeation
site is supposed to be located on the insulatedineonent
plate. The pressure inside the bubble is suppasée equal
to 20/s (inertial effects are neglected). Vapour is sigggl to
be in saturated conditions. Heat flux required tfoe bubble
growth is removed from the surrounding liquid. The
temperature within the thermal boundary layer suaged to
vary linearly with the distance (Figure 5). The thickness of
the boundary layer is dletermined using energy lsalan

[
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Fig. 5: Initial conditions




NUMERICAL TREATMENT OF THE GOVERNING
EQUATIONS

Heat conduction equation inside the heated block

Equation (13) is solved using a finite differenaheme
(alternate direction implicit method). The grid imiform
along the radial direction whereas a grading schsmsed in
the vertical direction: cells are thinner near wedl where an
important temperature gradient is expected. Thgnara has
been validated with different well known steady amdteady
solutions.

Heat conduction in the liquid ring

Meniscus temperature is equal to vapour temperature
(assumption 8). The domain meshed is so largeathtaie end
of the bubble growth, thermal disturbance has eathed the
domain end. Therefore, the related boundary candis not
of primal importance: it was chosen to set the temafure.

Due to the simplifications previously presented fhmite
difference discretized non-stationary heat condaciquation
is obtained from an energy balance over a contirae.

As the bubble grows, liquid distribution evolveserefore,
the mesh is adapted at each time step in ordeake the
liquid shape evolution into account.

Momentum equation

It is solved using fourth order Runge Kutta method.
Implementation reliability is tested by solving i@ second
order differential equations having analytical $ioios.

RESULTS

The axi-symmetric model is applied to pentane beibbl
growth between a horizontal heated upward-facisg (¢mm
depth and 30 mm diameter) and an unheated downfaaitty
disc placed parallel to the heated surface. Thespre of the
system is lbar. The influence of the gap size, ittial
temperature of the system, the thermal effusivitthe heated
wall and the kinetic limit of vaporisation are stenl

First of all, the spatial and the time evolution thle
characteristic variables of the problem are studied a
reference condition: The bubble growths betweenhéated
copper bloc and the insulating surface; the gamg s&
s=0.8mm §/Lcap=0.5); the initial superheat of the system
(heated bloc and liquid) before onset of boiling eigual
ATsal,=20K. The accommodation coefficient used to
determine the interfacial heat transfer coefficiaatt the
interface is fixed tar= 0.02.

The growth rate of the bubble increases with tiffigure
9a). This tendency is due to the increase of thekrbss of
the liquid film &, at the base of the travelling meniscus, and
thus to the length of the liquid film between théble and the
heated surface (in the present case, the modifted Bumber
Bo* is smaller than 2. The thickness of the liquithfdy, at the
base of the travelling meniscus is controlled by tapillary
number. It increases with the increase of the draate of the
bubble).

The heat flux transferred from the heated surfacehe
fluid depends on the depth of the liquid film. ledmmes
maximum near the triple line. Heat transfer coéfit is equal
to the inverse of the interface thermal resistaatethis
location (Figure 6).
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The vaporisation rate at the interface of the Hqgfiim is
very high and the thermal interface resistance hae taken



into account. The interface superheat is enclosddden 4K
at the base of the meniscus and 18.8K at the tiiimeg(Figure
6). The vapour is mainly generated on the menistiesface
at the early stages of the bubble growth. The wvapou
production on the lower liquid film becomes rapidiigher
than the other interfaces (Figure7). The vapouww-ilate from
the meniscus is affected by the pressure increiatdee aarly
stages of the bubble growth (figure 9.c) and therrttal
boundary layer increase into the liquid. The vapitaw rate
(vaporisation or condensation) on the upper ligfiiich is
always negligible.

Because of the large diffusivity of the copper, the
maximum temperature drop of the heated surfaceb@ita
1.2K at the triple line. The higth growth rate bitbubble
limits the depth of penetration of the cooling witthe heated
bloc. For the reference case, this length
S, =./at = 1.5mm (Figure 8). The heat condition imposed at

the base of the liquid film rather corresponds noiraposed
temperature than an imposed heat flux.
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The value of the accommodation coefficient affeitts
bubble growth when its value is lower than 0.02 (dubble
growth is directly controlled by the vapour prodontexcept
at the early stage of the bubble growth) (Figuee; @.c).

is about

the interface strongly depends on thermal interfasestance.
It should be equal to the liquid superheat at thpdet line for
accommodation coefficient equal to unity. The tispatial
discriminations are not high enough to descril§€igure 9.b).
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The bubble growth duration doesn’t vary linearlyhnihe
initial liquid superheat for different reasons (g 10.a).
First of all because the depth of the liquid filintlae base of
the bubble, and thus the amount of liquid deposedhe
heated surface, increase with the bubble growthiratrease.
Next because the inertia forces (at the early sjagad the
viscous forces are opposed to the bubble growtju(Ei10.c).
And finally because the thermal effect that affeébts surface
temperature and thus the heat flux transferretigdluid is all
the more important since the growth rate is impurta
(diffusion effect) (figure 10.b)
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For higher values ofr, the friction forces play also an
important roleo the bubble growth and thus on thetll of the
liquid film at the base of the bubble. The tempamatdrop at
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Fig. 10a: Time evolution of the meniscus radius for differen
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Fig. 10c: Time evolution of the vapour pressure for différen

system superheat at the onset of boiliag-(0.02;s = 0.8mm;
copper heater)

The bubble growth rate duration is all the mostlisthan
the gap size is small (Figure 11a). The growth tilnmavaries
quasi linearly with the gap size far > 0.1. The velocity
effects ond, are partially compensated by the capillary effects
J, =CstsU **. The increase o with the increase of the gap
size lead to the increase of the thermal resistahtiee liquid

film, and thus to the vaporisation process.
The viscous forces become significant and conthad t

vapour growth when the gap size becomes too small

(s < 0.2mm) (Figure 11.c). The viscous forces depamdwvo

effects: the velocity gradient (which increaseshwite bubble
growth rate increase and gap size reduction); ite &f the

surface located under the liquid annulus. The Baart

reduction of this surface explains the reductiothefpressure
at the end of the bubble growth.
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surface when the meniscus reach the limit of th#icement
space for different heater blocg € 0.02; ATsatong = 20K;
s=0.8mm;r; = 0.015m)



The effect of the effusivity on the bubble growthviery
limited except for low effusivity (figures 12a; 18b The
effects of the thermal diffusivity appear on thetdbution of

i
inf

je

temperature drop on the heater surface. The maximumk

temperature drop of the heated surface is aboug lising
copper whereas it reaches 16K using Pyrex (fig@ts 1

x10°

1.1
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------ Stainless steel

1.08

p (pa)

1.06

1.04

——

1.02

le-5

L

le-4

les
t(s)

le-2 0.1

Fig. 12c: Time evolution of the vapour pressure for différen

accommodation coefficients£0.8mm; ATsat ong = 20K;
copper heater)

CONCLUSION

An axi-symmetric two-phase flow model describinge th
growth of a single bubble squeezed between a hudko

heated upward-facing disc and an insulating surfaleeed
parallel to the heated surface has been develdptesl.early

results show that for high diffusive material, tesat condition
imposed at the base of the liquid film look imposed

temperature rather than imposed heat flux. Therfade
temperature of the heated liquid film is highly stipeated.

NOMENCLATURE

Bo Bond number

Modified bond number

Capillary number

Heat transfer coefficient, Wik ™*
Mass, kg

Molar mass, kg mdi
mole numbre

Heat flux, Wit

Radial coordinate, m
Sample radius, m

Ideal gas constant, J'nol™*
Confinement gap, m

Area, nf

Time, s

Liquid velocity in the radial direction, m's
Volume ni

Vertical coordinate, m
Accommodation coefficient
Thermal conductivity, W mK™
Layer thickness, m

Latent heat, J Ky

Dynamic viscosity, Pa s
Viscosity, m?8

Density, kg it

Surface tension, Nm

VECERAMGNQANLE T NO o T o Z =
Q 23_01 pll o §|3 Q

Subscripts, superscripts
0 Initial

|

lim
men
S
sat
v
wall

Meniscus base
Inferior microfilm
Joule effect

K" iteration 1,2
Liquid

Limit

Meniscus
Sample
Saturated
Vapor

Sample superior wall

Bubble main radii
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