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Abstract. An experimental study was carried out on n-Pentamdeate boiling at atmospheric pressure and s&tan
temperatue for different degrees of confinemene Bhiling was investigated in a confined space betwtwo
horizontal discs, a heating surface and an adiabatirface, for distances varying between 0.1mml&8rmdm. Tests
were carried out on heating surfaces of 12 mm abenn diameter. Theffects of the degree of confinement on the
partial boiling curve and the diameter of the hegtisurfacewere studied. A dimensionless analysis of the most
important parameters was carried out and a correlatto describe the phenomenon of confined nucleaiing is
presented.
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1. INTRODUCTION

The main factors that influence the heat transfechmnisms in nucleate boiling regime are the hleat the
thermophysical properties of the working fluid atfé surface characteristics such as the thermaogaiysioperties,
dimensions, geometric shape, thickness, orientasind roughness of the material, among otherseheigl, the effect
of surface characteristics on the boiling processlépendent on the thermal conductivity, interastibetween the
solid, liquid and vapor, and the shape and sizengfleation sites (microstructure). All of these graeters are
interrelated, but due to difficulties associatethwheasuring them, these effects are studied separa

Boiling in a narrow space occurs in many industaigplications such as energy conversion, coolinglegtronic
devices, micro heat exchangers and others. Thesfudies focusing on confined boiling were perfediby Kattoet al.
(1977) and Ishibashi and Nishikawa (1968). The farfocused on the confined boiling on horizontate$ showing
that confinement enhances the boiling heat trarstfdow heat flux and causes a decrease in theariheat flux
(CHF). In the latter work, the authors presentedmalysis of the effect of pressure, surface tenaid confinement on
pool boiling in an annular vertical channel. Thehaus showed that the confinement leads to an aserén the heat
transfer coefficients at low heat fluxes. They a¢stablished the existence of two regimes dependinghe Bond
number,Bo, defined as the ratio between the gafhetween the heating surface and the confininmefs), and the
capillary length:

%
Bo= s/{a} (1)
alo.-n,)

whereo, g, p. andp, represent the surface tension, the acceleratientawgravity, the vapor density and the liquid
density, respectively. The authors showed that medgraent of the heat transfer due to the confineroeotirs when
Bo<1, when the gagis equal to or less than the bubble detachmentetir.

The effect of pressure was reported in Bonjeual (1997), for vertical and horizontal configuratiprand the
enhancement of heat transfer due to pressure ionfined boiling tends to disappear as the confingrimereases. The
same authors studied the effect of active nucleatite density and showed that, in unconfined bgjla single active
nucleation site cannot enhance the heat transfés. @hhancement of the heat transfer by a singiteation site can
clearly be seen in confined boiling.

Cardosoet al (2009) and Kattat al (1977) reported results showing the dependencth@mBond number: for
Bo<1 a thin liquid film is formed by the fast growingibles, while the liquid film is not observed ®0>1.

The enhancement of heat transfer is generallybated to two different mechanisms: enhanced migesla
evaporation (Utakat al (2009), Passost al (2004)) or enhanced liquid agitation (Fujthal (1988)). The former is
due to the fast growth of the bubble forming a wiEyer with a large surface. This mechanism is galyecited in
studies investigating a horizontal surface or narspace. In the latter case, this is due to théesoance phenomenon
and displacement of the bubbles along the surfeltis. mechanism is generally cited for a verticalted surface.

Nishikawaet al (1984) studied the effect of the orientationhe heated surface and its influence on severattspe
of water nucleated boiling, at atmospheric presssueh as the release, growth and detachment difulhleles, and the
movement of the bubble and the liquid over theaa@f among others. Their results indicated thatdar heat flux
values and inclination angles lower than 120°,iteat transfer is controlled by the agitation ofased vapor bubbles.
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However, for angles higher than 150°, the heatsfeanis controlled by the removal of the superredteermal layer
when the vapor bubble slides over the surface grthdo heat of vaporizatiodue to the liquid film vaporization under
the vapor bubble when it covers the surface. Fgih hieat fluxes, the mechanisms associated witintheement of the
vapor bubble are not influenced by the orientatéithe surface and the vaporization of the liquich fbecomes the
dominant mode of heat transfer. Guglielmatial (2006) analyzed the combined effects of surfatentation and
confinement on nucleate pool boiling and criticabhflux of HFE-7100 on a smooth copper surfaceloat wall
superheats, faBo>1, the effect of confinement was negligible fdraairface orientations, while f@o=1 and angles of
0° (upward-facing surface) and 45°, heat transfes @nhanced. At high wall superheats and confintsmadr8.5, 2 and
1 mm, the heat flux, heat transfer coefficient & decreased as the channel width decreasedeffait was more
evident for 0° and 45°, whereas it was less prooedrat 90° and was almost negligible at 135°.

The objective of this paper is to analyze n-Pentangeated boiling, at saturated temperature uatteospheric
pressure conditions, for different degrees of gwrfient (s=0.1, 0.2, 0.5, 0.7 and 13mm), on an up¥eaning surface,
with two different diameters of heating discs. Taien of this study is to investigate the influenagsdifferent
parameters on the boiling phenomenon and to obtsinits of interest to the industry.

1.1 Correlations for nucleate boiling
The first introduction of the condition of the hiegt surface in a correlation for nucleate boilingsaperformed by

Rohsenow (1952). He used different constants taesspthe effects of various materials, conditiond g&ypes of
surface:

3
_ 05 c
hRohsenow: Iul h|V( g(pl pV )j ( § ] ATDZ (2)
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wherep,, hy, G, andPr, represent the viscosity of the liquikg{m 3, the latent heat of vaporizatiokl(kg, the specific
heat of the liquidKJ/kg K, and the Prandtl number of the liquid, respetyivaT, = T, — Tsirand Cy; is dependent on
the material of the heating wall, the surface rowggs and the working fluid=0.333 es=1.7 (Carey,1992).

Correlation of Stephan and Abdelsalam (1980):

0745 0581
h,, =20 k | ad, A Pr 0533 R, 0133 -
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wherek, represents the thermal conductivity of the liqditle detachment diameter of the bubble is calatdlbye

_ 20 °
d, = 0.014%(9 (o - pv)j 4)

Later, Cooper (1984) published a correlation focleate boiling taking into account the surface rmess and
reduced pressure of the liquid:

Negoper = 55p,(log p, ) **M ~*% " 5)

cooper

where b=0.12 — 0.2logR and p;, M and R, represent the reduced pressure, rtfdecular weight and the surface
roughness, respectively.

Borishanski (1969) developed a simple correlatiesenl on experimental data. The heat transfer cazffih is a
function of the critical pressure of the workingil, p., in bar, reduced pressusg and heat flux in W/n:

h,, =0,1011p"*9°’F(p,) (6)
where:
F(p,) =18p, ™ +4p,** +10p,” 7

Ratiani (1972) proposed a correlation valid forimas fluids (water, liquid metals, fluids and rgirants):
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wherek; is the conductivity of the liquidW{/m K), T.4is the saturation temperatut€)( 1, is the viscosity of the liquid
(ka/m $, hy, is the latent heat of vaporizatiokJ(kd, ¢, is the specific heat of liquid ki/kg K, p and p, are the
density of the fluid and vapdkg/n?), o is the superficial tensiofd/nf) and p is the saturation pressufiear). The

author recommends using the value gif@0vhen the value of cavity radiusg, is unknown.

2. EXPERIMENTAL SETUP

Figure 1 shows the experimental set up, consigting boiling chamber (8) installed in the centeraaf external
chamber (9), both assembled between two horizatédhless steel plates of 200 x 200 x 10mm (12 &3)d The
boiling chamber is a vertical glass tube with an@® inner diameter and 175mm height, which conttiestest section
and the working fluid being inside. The externahwciber has a square cross section of 170x170mmransparent
lateral walls of plexy-glass (9). The test condittemperature of the working fluid is imposed bipced flow of water
in the space created between the glass tube dbilieg chamber and the plexy-glass wall of theeexal chamber. The
water temperature is controlled by a cryostat.dasihe boiling chamber, in the upper part, thera iserpentine
condenser (7) cooled by water whose temperatuterisolled by a second cryostat. The boiling chambequipped
with a pressure transducer (3) and valves (2 andwp K thermocouples (4) in the liquid and anothrethe vapor
allow the monitoring of the test condition temparat which is controlled by cold water flowing idsithe serpentine

(7).

Figure 1. Scheme of the experimental apparatus:
1) Bath water inlet; 2) Valve; 3) Pressure transdud) Thermocouples; 5) Plexy-glass window; 6)Wal7)
Condenser; 8) Boiling chamber; 9) Plexy-glass dben 10) Test section; 11) Bath water outlet) drid 13)
Stainless steel plates.

The test section, Fig. 2, consists of a copperkb@fcl2mm or 20mm diameter and 60mm height cylingsated
on its perimeter with Tefldh The experiments were performed using n-Pentarieasiorking fluid under saturated
conditions atp = 1bar (s = 35.8°C). The capillary length is close lto= 1.6mm. The section test is heated by a
cartridge heater of 17¥, Fig. 2, imbedded in the sample. This resistanaostrbe sufficient to reach the critical heat
flux which, according to Eq. (3), is 243kW/rfor n-Pentane. Four K thermocouples, fixed indféndrical part of the
copper block, are used to determine the wall teatpegs and the heat flux.
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Figure 2. View of test section assembly.

The confining element, Fig. 3, consists of a tramept acrylic piece fixed to an aluminum suppant] ¢his, in turn,
is fitted to the test section. This conical unhdgdéate is placed parallel to the heating surfat®® cone angle and
12mm or 20mm diameter at the bottom). Inside theeupart of the boiling chamber there is a trarespaplexy-glass
window, allowing the visualization of the boilingp@nomenon on the heating surface.

| | Aluminum support

Figure 3. View of confining element.

Figure 4 shows a schematic drawing including tlyestat, power source, data acquisition system laa@amputer.

Figure 4. Schematic drawing of the apparatus.
1) Boiling Chamber; 2a) Serpentine Cryostat; 2lguid Circulation Cryostat; 3) Power Source; 4) Datguisition
System; 5) Computer; TS) All Signals; TT) Thermogles and pressure transducer signals; TF) Powecsasignal.

2.1 Experimental Procedure

Before each test run the working fluids were headteslery close to the saturation temperature ireotd degas
them. No evidence of significant amounts of gasalied in the working liquids was detected on th#itg curves. A
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vacuum was created in the boiling chamber, befaph eseries of measurements, which was then fedthstiivorking
fluid. By setting the temperature of the water batie test conditions represented atmospheric pressnd the
saturation temperature. This condition was regdlate monitoring the pressure and the temperatigieénthe boiling
chamber. Once the test conditions had stabilizedheat flux was imposed in the range of 15 tokhImz2,

The experimental procedure was programmed in LABVI&nd each test had 180s duration for each impbsat]
flux, followed by an interval of 300s with the pomgupply turned-off. Only the temperature datatfar last 90s of the
test interval were acquired, at a rate of 3 painfBhe test section was polished using #600 eneargmand the surface
was then cleaned using acetone and dried with arjeti This procedure was repeated before eacteseaf
measurements.

The uncertainty of the temperature was * 0.2°C.&dbshows the experimental uncertainties for that ransfer
coefficient (the heat flux had similar values).

Table 1. Experimental uncertainties for n-Pentane.

D =12mm D =20mm
Natural convection
(2 < huig< 10 kW/nf) 46.3>h>13% 48>h>16.5%
Confined nucleate boiling
(20< guig < 180kW/nf) 16>h>2.5% 18>h>3.5%
Unconfined nucleate boiling
(20< Quig < 200kW/nf) 11.3>h>2.2% 15>h>3.7%

3. RESULTS

Figure 5 shows the partial boiling curves for n4deme ands = 0.1, 0.2, 0.5, 0.7 and 13mm, on a heating surface
facing upward with 12mm diameter. The capillarygtm Eq. (1), is approximately 1.6mm. For theseaigalofs, the
Bond numbers are 0.06, 0.13, 0.32, 0.45 and 8e3pectively. We can observe foe= 0.1mm and 0.2 a particular
dependence on the heat transfer coefficienA{grof s andgq.

For a heat flux of between 30kW/rand 130kW/rhthe heat transfer is higher in the case with higlefinement
than for the case without confinement. As a genteradiency the heat transfer increases with a deerea. For the
unconfined case, the region of heat transfer daiéhy natural convection extends to a superhe@2d@K. Above
this superheat the slope of the boiling curve iases considerably indicating the transition tokibéing regime. For
the confined case, the slope of the boiling cusvelevated at a lower superheat (except for the £as0.1mm): the
confinement decreases the superheat of the tam&itm the convective regime to the boiling regime
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Figure 5. Partial boiling curves as a functiors,dbr D = 12mm.
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Figure 6 shows the effect of the confinement onpasial boiling curve, at saturation temperatdiog,n-Pentane,
for s=0.1,0.2, 0.5, 0.7 and 13mm, on a heating suffiadag upward with 20mm diameter .

Fors< 1mm, the Bond number is less than unity and thmowayer thickness will be limited by the gap size
microlayer of liquid can be trapped between thdasar and this vapor layer. In the model of Coogteal. (1969), the
initial thickness of the microlayer is dependenttioa velocity profile of the liquid close to theotoof the bubble. This
velocity profile is a function of the dynamics diet growing bubble. In confined boiling, once thélble reaches the
size of the gap, its growth becomes bi-dimensi@mal the variation of its foot radius in term of éirmust change
considerably. Thus, the thickness of the microlaigeaffected by the confinement and the heat teandfie to
microlayer evaporation will not be comparable tatthbserved when the growth of the bubble is metisional.
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Figure 6. Partial boiling curves as a functiorsdior D = 20mm.

Therefore, in horizontal confined boiling with theating surface facing upward, the two boiling megg differ in
terms of the mechanism of heat transfer involvexs.Bo > 1, the layer of vapor formed on the confiningnedat will
not interact with the heating surface and the bgilvill be comparable to unconfined boiling. Bw < 1, the layer of
vapor will interact strongly with the heating suéa The dynamics and the shape of this vapor lejléaffect the
mechanism of heat transfer.

The effect of the heating surface diameter on &t transfer for the case with higher confinemert@.1mm) and
for the case without confinemerg£ 13mm) was determined. Figures 7 and 8 show fféstefor s= 0.1mm, and =
13mm, respectively.
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Figure 7. Effect of diameter of the heating surfdoes= 0.1mm.
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In Fig. 7, fors = 0.1mm, the boiling curve for the heating surfagiéh 12mm diameter is shifted to the left
compared with the curve for 20mm diameter, indigata better heat transfer for the case where thmeter of the
heating surface is smaller. This can be explainethé fact that the smaller the diameter of theihgasurface, for the
confined case, the lower the residence time of/épor bubbles inside the channel. After the depardéi the bubble, a
front of cold liquid enters the channel and codis surface. This mechanism is highly dependenthenconditions
imposed by the geometric characteristics of thdilhgaurface and support. Therefore, the ratio betwthe diameter
of the support and the test section can influeheadsidence time of vapor bubbles inside the gap.
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Figure 8. Effect of diameter of the heating surfdoes= 13mm.

In Fig. 8, for the case without confinement, thatheansfer coefficient increases as the diameftehe surface
decreases, for natural convection. This resultiasame tendency observed in the literature,eabéht flux increases
this difference decreases and the CHF tends tagbetin the surface with 12mm of diameter.

In order to obtain a correlation using the minimofrdimensionless numbers we used the Buckinghdrthéorem.
To apply this theorem it is firstly important toaiide which of the parameters are important.

The boiling phenomenon is dependent on the heat futhe superheating(T, the gravity,g, the latent heat of
vaporization h,, the surface tensiom, the characteristic length (capillary lengthy, the confinement degres, and
the thermophysical properties of the fluid: densifythe liquid and vapor phaseg,andp,, specific heat of the liquid,
cyi, thermal conductivityl, and viscosity of the liquig. Thus, our problem can be written as:

(Q1AT1gyh|\,10-1LbaS;,0|;p\,’cp|1k|1/«[|):0 (9)

The functional relationship involves 12 variabl€ansidering a system of units with four variabldg (, t, T),
where: [M] mass, [L] length, [t] time and [T] tenmagure. According to the Buckingham) (theorem, we have eight

dimensionless parameters or settings in dimenserdeoups. Through algebraic manipulation ofith@lues the main
dimensionless groups are:

Nu = Nu(Fr,We,Pr, Ja, Bo) (10)

where the Nusselt number is expressed as a functiothe Froude, Weber, Prandtl, Jakob and Bond rusyb
respectively. The Weber and Froude numbers carwstien as a function of the heat flux imposed as:

n2

Fr :—,0 Zg szb (11)
v v
"2

We:qz_plz'-b (12)
pv hlva

In Egs. (13) and (14) the correlations obtainedtierunconfined and confined cases, respectivedypeesented.



Proceedings of ENCIT 2010 13" Brazilian Congress of Thermal Sciences and Engineering
Copyright © 2010 by ABCM December 05-10, 2010, Uberlandia, MG, Brazil

NU, e scont = 333FTWe™05° P00 3048 (13)

NUyaiecont = 306FTWe % Pro% Jga 0% o2 i

In order to validate the correlations, the valualewated for the heat transfer coefficient werenpared with the
experimental values. Figure 9 shows the compatmiweenh,. andhe, for the case without confinement. For this
case it was possible to compare the results witeperimental data obtained for FC 72 obtaine€#sdoso (2005),

for n-Pentane obtained by the Lyon Centre of Thé®eéence (CETHIL / INSA-Lyon) and for n-Hexane aioied by
Benjamin and Balakrishnan (1996).
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Figure 9. heac versushe,, for unconfined case.

The correlation for the unconfined case had goadergent with the experimental data. It is posdiblpredict the
heat transfer coefficient during nucleate boilinghaut confinement with an accuracy of + 10% foe #xperimental
conditions described in section 2. The absolutedsted deviation for FC 72 was 8%, for n-Pentan€€ByJHIL/INSA
was 15% and for n-Hexane was 7%.

For the confined case, it is important to emphasime importance of the Bond number, which represdiné¢

influence of the confinement. Figure 10 shows thathransfer coefficients obtained for the expentakdata and the
data calculated using the correlation.
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Figure 10. hey versushe,, for confined case.
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In this case, the maximum deviation found for tberelation was + 14%. Therefore, the experimentahdvere
well represented by the correlation described in (B4). For this case it was possible to compaeerésults with the
experimental data obtained for FC 72 obtained byl@o (2005), with accuracy of 19%.

The heat transfer coefficients obtained experimnteith s=13mm, for the n-Pentane, were compared with the
values ofh calculated from the correlations of Cooper (198¥hsenow (1952), Stephan and Abdelsalam (1980),
Borishanski (1969) and Ratiani (1972).
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Figure 11. Comparison difcalculated using the proposed correlation andetations reported in the literature.

Figure 11 shows that the values for the heat teartgfefficient,h, calculated using the correlation proposal in Eq.
13 are close to those calculated via the Ratiami 8t and Cooper (Eqg. 5) correlations, the absdtgéadard deviations
being 12.3% and 11.9%, respectively. The absoltaadsrd deviation for the Borishanski correlatidy.( 6) was
21.8%. The Stephan and Abdelsalam (Eqg. 3) showedlatle standard deviations of 23.1%. The largestrdpancy
occurred for the values df calculated with the Rohsenow (Eq. 2) correlatiwhere the value of th€y coefficient
used was 0.0154, which corresponds to the coppatane combination as suggested by Pioro (199#)id case the
absolute standard deviation was found to be 57%.

4. CONCLUSIONS

An experimental analysis of the effect of confin@men the partial saturated boiling curves for mi&ee on a
copper block of diameter 12mm or 20mm, for an ugWarcing heating surface, was carried out. The mesults are
the following:

» As a general tendency the heat transfer coeffidiereases when the confinement increases, comdspmpto a
decrease in the distance between the heating suafatthe confining element.

» For Bo<l1, a microlayer of liquid exists between the hmgatsurface and the vapor layer. The thickness ef th
microlayer is affected by confinement and the tezatsfer due to microlayer evaporation will notdmnparable to
that observed wheBo>1.

» For the confined case, the heat transfer coeffiégeehigher when the diameter of the heating sarfacsmaller. This
can be explained by the fact that the smaller thenédter of the heating surface the lower the remideime of
vapor bubbles inside the channel.

e For unconfined cases, the heat transfer coeffidgimareases as the diameter of the surface decreHsissmay be
due to the fact that decreasing the surface areeeases the resistance of the liquid located rearstrface,
flooding it again.

» The correlation for unconfined and confined cases ¢ood agreement with experimental data. Thus,gbssible
to predict the heat transfer coefficient with anwecy of £ 15%, for both cases.
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» The heat transfer coefficient for unconfined caakwdated using the proposal correlation is clasehe values
calculated via the Ratiani and Cooper correlatidiee absolute standard deviation for the Borishaosikelation
was 21.8%. The Stephan and Abdelsalam correlatiomved absolute standard deviation of 23.1%. Thegekr
discrepancy occurred for the valueshafalculated with the Rohsenow correlation.
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