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The importance of studying thermal phenomena that ocurred near the vapor bubbles
during boiling is crucial, like for instance in the field of Aerospatiale. Under specific
conditions, convective motions, known as the Mararapi convection, can be observed at the
liquid vapor interface. In order to study this conwective effect, while avoiding effects due to
bubbles coalescence, we focused on the case ofnglsi vapor bubble growing underneath a
heating element in a non-degassed subcooled liquiEIC-72). Experiments were carried out
under normal conditions of gravity and pressure, ad for various levels of liquid subcooling
and wall heat flux. To characterize the Marangoni convection around a Bgle vapor bubble
in the presence of a temperature gradient, we usetlvo optical metrology methods:
Shadowgraphy and Particle Tracking Velocimetry (PT\). Threshold from stationary to
oscillatory mode was investigated and found to bafluenced by both wall heat flux and level
of subcooling. Velocity vector fields in the vertial axis of the bubble were obtained for
various thermal parameters, and maximum velocitiesn the convective rolls determined.

Nomenclature

o] = Surface tension

T = Temperature

c = Concentration

E = Electrical Potential

PTV = Particle Tracking Velocimetry
Pc = Heating power

[. Introduction

OILING phenomenon is of a high interest becauséso€ooling performances. More precisely, the natee

pool boiling regime is very efficient since enaklihigh heat transfer for small increase in the waperheat
Moreover, when focusing on a single bubble, it wlaswn that flow could occur in the vicinity of thiquid-vapor
interface. It was found that this flow around ateiface causes a significant enhancement of hesagfer due to the
convection in the vicinity of the surface. This wention, known as the Marangoni convection, is getlby a
surface tension gradient along a liquid-gas inteffarhe surface tension is a function of the temperature T, the
concentration c, and the electrical potential E.
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If there is a gradient of one of these three qtiast there is a gradient of surface tension whiehaves like a
stress applied to the fluid near this interfaceus'kthe fluid moves in the direction of the increa$ahe surface
tension. The Marangoni convection may also be dahermocapillary convection if the surface tensitapends
only on the temperature. For most liquids, theaueftension decreases when the temperature insrédsrefore,
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driven by Marangoni effect, thejliid moves from the hot area to the cold one kerihe natural convecti®*. The
origin of Marangoni convectiofand more precisely the role of non condensablegdgssolved in the liquid)
very controversid®’. In this work we did ncinteresed in the origin of the Marangoni convection, anel worked
with a non degassed liquid.

Depending on different operating conditi, such as the size of the bubble, the level of subwpor heat flux,
Marangoni convection can be separated into, at, two different regimés: the steady and the oscillatory on
Reynard et al.experimentally studied the two regimes of Marangmmivection around a single air bubble injec
into a silicone oil layer submitted to a verticainperature gradient. Frotheir results, it was shown that during
steady state, the Marangoni convection establistsed torus in the horizontalan. Whereas there was a ro
motion in the vertical plan, the torus wstill in the horizontal plan. Othe contrary, during ‘e oscillatory regime,
the torus was deformed and starterotary motion in the horizontal plan around the bublDespite humerous
works are reporteth the literature concerning Marangoni convectioouad an air bubb®*#*? fewer studies are
carried out inte presence of a ligi-vapor interfacE*2 More preciselydynamics of the convective rolls are
well known and described.

In this study we focused on Marangoni effect aroandingle vapor bubble, created on a downward g
element. To highlighthe different Marangoni regimes and study velositiéthe rolls, a specific experimental se
was designed. It is presented in the next secfitven results obtained by shadowgraphy in diffeigmerative
conditions are presented. In parallel to thadowgraphy, we used another optical measuremerhoahehal
allowed us to obtained velocity vecfiields: PTV (Particle Tracking Velocimetry)

II. Experiment setup and methods

The experimentadetup we designed to study Marangoni convectioorat@ sinle vapor bubble is given on tl
Fig. 1 It is composed of the test cell which is linkedain expansion vessel to ensure the cell's presswstay a
the atmospheric one. The cell is a cubic staingteel one which has 4 sides equipped with glasslaws for
optical visualization. The two last sides are usedupport elements: whes the back of the cell maintied
thermal sensors and liquid bulk’s heaters, theafofiie cell enables to carry the downward facingtimg element
The later is loclized in the middle of the teccell. The vapor bubblesicreated underneath the heating elemen
an artificial nucleation site in the center of gper disk (cfFig. 2).
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Figure 1. Experimental setup
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Figure 2. Downward facing heating element and nuckgion site

Concerning the operation conditions, we worked wiB-72 (boiling temperature at our working pressure
56.7°C + 0.1°C). The liquid was non-degassed ahdanied (from 15.6 To 27.4 °C £ 0.5°C). The walah#ux on
heating surface was set constant at 1.24 or 1.0 \M0 W.

Two optical methods were used simultaneously tdysiMarangoni effect. The first one was the shadaeygy.

Its principle is rather simple: to illuminate anjett subjected to refractive index variation, aadvatch the image
obtained behind this object (its shadow). Whendlae temperature variations, the refractive indmies too. So,
in our case, Shadowgraphy method enabled us talizseuconvective motion in the liquid around th@eabubble.
The second optical method we used was the PTVi¢Raftracking Velocimetry), which has for principtie follow
motion of seeding particles into the fluid: velgcitector fields of the flow are then obtained afiespecific image
processing. The test fluid was seeded with holltaggbeads coated with silver (12 um in diametés)ng optical
components (spherical and cylindrical lenses), aYdd laser beam (532 nm) was spread into a sheet fo
illuminating a plan of the test cell. Particlesdted in this laser sheet were illuminated and conse images of
the flow recorded by a camera (PIVCam 13-8, TSlicivlobservation direction was perpendicular toltiser sheet.
A synchronizer was used to trigger laser pulsesson and images acquisition. In this study, thagenprocessing
was done using the commercial software Insight \.Tl#r each patrticle, its displacement betweenitmeages was
determined, and then the associated velocity veatioulated. A velocity vector field was then consted.

[Il.  Results and discussions

During the study, we obtained velocity vector feelfound the vapor bubble using the PTV methogahallel,
using the shadowgraphy method allowed us to vizealhe regime of Marangoni convection. As previgusl
mentioned, we worked at constant wall heat fluxatqo 1.24 or 1.62 W + 0.19 W. The tested levelsudfcooling
were from 15.6 to 27.4 °C £ 0.5 °C.

The shadowgraphy method allowed us to observe ttenge between the stationary and the oscillatory
Marangoni regime. In Fig. 3, we can see a seriehaflowgraph of the vapor bubble during its grovith.the first
pictures (A) there is a bright halo around the behbat has no visible motion. This halo is du¢h® existence of
convective roll near the liquid-vapor interface asairesponds to the stationary regime of Marangonivection.
Then this bright halo is axis symmetrically defexn giving the impression of pulsations on the sides of the
bubble: it corresponds to the beginning of the lzgory regime. Finally on the last images (C) trgght halo is
completely distorted (and no more axis symmetrafpte the departure of the bubble.

From our Shadowgraphy experiments, we reportediidraeter (called “critical diameter”) correspondiogthe
change between the stationary to the oscillatorgen®esults obtained for two heating power andouarievels of
subcooling enabled us to obtain the separatingecfiom stationary to oscillatory mode (cf. Fig. We found that
the critical bubble diameter increased when theelfewf subcooling decreased, or when the heatingepo
decreased. This can be explained by the fact thehwlecreasing the levels of subcooling or theifgg@ower, the
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temperature gradient decreased toc a result, the surface tension also decreasedetheg thus logical to fin
higher critical diameter for smaller heating powadra same level of subcoolil

(A)

Figure 3. Pictures ofthe different Marangoni modes around a sin¢e vapor bubblegrowing on a downward
facing heating element. (bserved using shadowgraphy methc.

These results are also consistent with the onénstitdy Reynaret al® The first part of their study was carri
out around an air bubble injected iniquid layer (silicone oil or FG?2) submitted to a vertical temperat
gradient. They found that the critical bubble ditéenealso increased when decreasing the tempergradient.
Moreover, they also carried out experiments wisirgle vapor bubblend we found a similaseparating curve to
the one they obtained.
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Figure 4. Liquid level of subcooling versus the critical bublie diameter. Threshold from stationary to
oscillatory Marangoni modes.
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In parallel to shadowgraphgcquisition we carried out PTV experiments. After the imagecpssing, we
obtained velocity vector fields from which we detémed that the velocities in the rolls were betw8eh and 0.:
mm/s. Those values are consistent with those obtainetlvbygnial et al*® who carried out PIV (Particle Imag
Velocimetry) experiments around an air bubble itgdcdnto a silicone oil layer. They found that theiaximum
velocities in the Marangoni roll were around 0.1 f5

An example of avelocity vector field otained by PTV is given on the Fig. B convective roll (in the re
rectangle on the image) near the lic-vapor interface is visible on the left side of théble. This flow is related t
the Marangoni effect, which appears along the d-vapor interfae. The direction of rotation of the liquid in t
roll is clockwise. Near the liquigapor interface, the liquid moves from the hot g@ase to the heating element)
the cold area (top of the bubble, in contact whté subcooled liquid). The tempture gradient existing along tl
vapor bubble interface induces a gradient of sertension: the liquid moves from tlagea withlow surface tension
to the one with a high surface tension. Our testl f(FC-72) has a surface tension which increaseen decreasing
the temperature. Consequently the fluid moves fiteerhot zone to the cold or

Figure 5. Velocity vector field showing the Marangoni Roll aound the vapor bubble. Obtained by PTV,
Level of subcooling = 16.9 °C 0.2, Pc=1.62 W £ 0.19.

On the Fig. 5only one roll is observed. This can be explailby the fact that, according to results fri
shadowgraphy, at this bole size and these thermal parameters, we areingtillatory mode (¢ Fig. 4). Or this
oscillatory mode is highly 3D (the deformed torus herotation motionin the horizontal plan), the classic P’
method being 2D, we are currently developing astrig a 3[-3C optical methodthe RVV (Rdnbow Volumetric
Velocimetry)®. RVV will enable us to obin the three velocity components alathg 3 spatil directions, and thus
describeshe whole convective motion in the volume of measanound the vapor bubk

V. Conclusion

An experimental setup was designed to study Mansinganvection around a single ver bubble. Two optical
methods were carried oudhadowgraphy and PTV (Particle Tracking VelocimetUnder normal conditions of
gravity and pressure, andrfvarious operating conditions (levels of subawpland wall heat flux)limits between
the sationary and the oscillatory mode wdound. Criticaldiameter increased when either the levels of subrgp
or the wall heat flux decreasedoreover, velocity vector fields were obtained,nfrevhich order of magnitude of
the maximal velocities in theoavective rolls were found to be around-0.2 mm/s. Results obtained with phi
change were compared with those from the literafwithout phase change), and were found to be stergi The
oscillatory mode being highly 3D, our prospects #@yecarryout a new opticaimethod the RVV (Rainbow
Volumetric Velocimetry).
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