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Abstract. This paper presents experimental results for salebnucleated boiling of n-Pentane on a heatindase
facing downward, for two different degrees of coafient, s = 0.3 and s = 0.9mm and for low and metgeheat
fluxes (lower than 60 kW/fn The microgravity conditions were obtained frdme Maracati Il space mission, which
involved the launching of the suborbital Braziliamcket VSB 30. The results under terrestrial candg showed a
decrease in the heat transfer coefficient with acrease in the confinement. It was observed thathénat transfer
coefficient increases with an increase in the liquemperature inside the boiling chamber. The itssuinder
microgravity conditions were compared with thosetéarestrial conditions. For the confined casee texperimental
data had the same trend. However, for the uncodfoase, according to a preliminary analysis, thests a difference
between the data obtained under microgravity ame$trial gravity conditions.
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1. INTRODUCTION

Space exploration requires the development of coimpad lightweight devices equipped with micropssms
whose temperature must be controlled to ensure tpgration. One way to dissipate the high heateuof these
microprocessors is through devices whose operatiimgiple is based on phase-change processesasubiling and
condensation.

The study of the heat transfer in nucleate boiliag been investigated by various researchersxéomgle, Yao and
Chang (1983), Nishikawat al (1984), Bonjour and Lallemand (1998), Kigh al (2005) who studied the nucleate
boiling on inclined, vertical and horizontal sudac The characteristic most commonly observed énr#sults of
previous studies is that the heat transfer coefficincreases when the distance between the heattdinheated
surfaces decreases (the confinement increaseshdderate heat fluxes (Passetsal, 2004, Passost al 2005 and
Cardosoet al, 2011). For relatively high heat fluxes, this anbement effect disappears and the heat transfer
coefficient decreases with increasing confinemeudt the dryout heat flux (DHF) can be attained aswshby Kattoet
al. (1977).

The effect of the confinement on the bubbles canHagacterized by a dimensionless parameter knewheaBond
number,Bo, defined as the ratio of the characteristic lerigtlthe confined spacs, and the capillaryength,L. The
latter is proportional to the detachmeimeter of the vapor bubble in a pool and defagdCarey, 1992):
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whereao, g, pi andp, represent the surface tension, the acceleratientalgravity, the liquid density and the vapor
density, respectively. Thus, the Bond numBer = s/L In general, wherBo < 1 the effect of the confinement is
important and the bubbles tend to be coalescedlaftmed, while foBo > 1, the bubbles become isolated (Ishibashi
and Nishikawa, 1969).

The increase in the heat transfer coefficient wBer 1 is explained by the evaporatioha thin liquid film, which
is present between the heated surface and theob#se deformed bubble (Ishibashi and Nishikaw&9land Katteet
al., 1977).

Passoset al (2004) showed the effect of confinement on thetiglaboiling curve, for FC72 and saturated
temperature, with different degrees of confinement 0.2, 0.5, 1.0 and 13mm). Fer= 0.2 and 0.5mm and for heat
fluxes between 5 and 22kW7nthe superheating value was lower when comparéd the case where s = 13mm,
showing an increase in the heat transfer coeffici®assoset al (2005) reported results for the confined and
unconfined nucleate boiling, for FC72 and FC87atatospheric pressure and for low and moderate fheas (less
than 45kW/m?), on a heating surface facing downwaite experimental data showed an increase in¢hé transfer
coefficient fors = 0.2 and 0.5mm, and a higher heat transfer ciefffi for FC72.



Proceedings of COBEM 2011 21* Brazilian Congress of Mechanical Engineering
Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil

Cardosoet al. (2009) experimentally studied saturated nucleaiéngoof n-Pentane on a heating surface facing
upward for two different degrees of confinement(0.2; 13mm). The authors analyzed the partialifgiturves and
they observed an effect of the confinement onlysfer0.2mm and also that the heat transfer coeffidgimreased when
the confinement increased (decrease in the gap).

According to Carey (1992), for subcooled nucleatiiny and for the unconfined case, the subcoofiag no clear
effect on the heat transfer and we can use thelations for saturated boiling. A study on the sding effect was
performed by Passos and Reinaldo (2000), whereatitieors obtained the partial boiling curves forfedtiént fluid
temperatures and for smooth and grooved vertitastu

The effect of subcooling on confined nucleate bgilivas studied by Passeisal. (2004) on a heating surface facing
downward, at atmospheric pressure using FC72. Tressmarchers analyzed two different subcoolinge&gliTg, =
26.6°C corresponding to a liquid temperature ofB@hdATs,, = 46.6°C corresponding to a liquid temperature of
10°C. They reported an increase in the heat tragsifficient with an increase in the subcooling.e®al (2008) used
water, at atmospheric pressure, as the workind #imd studied the effect of subcooling on a stagkteel surface, for
different degrees of confinement. According to ¢éhasthors, when the boiling phenomenon occurs surface facing
downward in a confined space, the natural movemftite micro-region does not occur, causing a rédundn the heat
transfer coefficient. Marek and Straub (2001) eixad that a larger amount of non-condensable gearited with the
vapor and it accumulates on the upper part of tggow bubble, the vapor condensation region. Thecgases a
significant reduction in the temperature in thigiom and the rate of heat transfer is reduced.

Straubet al (1990), Okeet al. (1995) and Shattet al (1996) showed that under reduced gravity the vapbbles
on the heating surface are larger than those forometkr Earth's gravity. Snyder and Chung (2000)wshoages
obtained under terrestrial gravity and also undieragravity.

Kim et al (2002) studied the subcooled nucleate boilingnnegunder reduced gravity, terrestrial gravity digh
gravity, with FC72 and different subcooling valugbey showed that the heat transfer coefficieimdependent of the
subcooling and gravity values. Kannengieseal (2009) analyzed the effects of the absence ofitgrdfor different
pressure and subcooling conditions. The resultsvetidhat the heat transfer coefficient is influehby the effects of
pressure and subcooling only for low superheatialias. However, this difference disappears whenetlie an
increase in the superheating value and the presffieiet becomes more pronounced than the effestiloooling.

Straubet al (2001) reported the results obtained on paralftigjbts, for various heater types (flat platesyesi
circular heaters) and refrigerants (R11, R12, RRII23, R134a), under saturated conditions and subtooling. The
most important results obtained by Stratlal (2001) were: a) the increase or decrease indhethansfer coefficient
under microgravity is limited to + 30%; b) the hdednsfer coefficient under microgravity always ases with
increasing heat flux; c) the subcooling has nouirfice on the heat transfer coefficient. Di Marcd @massi (2002)
performed experiments with FC72 and R113 on armlati wire under subcooled conditions and on a péiabight
and sounding rocket. They observed no notable teffecthe heat transfer coefficient, although, tasutts for the
critical heat flux (CHF) were 50% lower than theuks obtained under terrestrial gravity. Gfaal (1995) studied the
subcooled nucleate boiling of n-Pentane, CFC113 watér under reduced gravity (in the order of 10-Zihey
observed a reduction in the heat transfer for thadeate boiling regime using water as the workiongdf however, for
the refrigerants, the deterioration in the heatsfer coefficient due to the microgravity reductisas notable only for
high heat fluxes. For these fluids, they noted @uction of approximately 40% in the CHF when conegawith
terrestrial results.

The principal goal of this study is to investigéte behavior of subcooled nucleate boiling andinflaence of the
initial fluid temperature on the partial boiling ree, for different degrees of confinement, underetgrial gravity
conditions. Comparative studies of experimentalilteobtained under microgravity and terrestri@wity conditions,
for confined and unconfined cases, were carried out

2. EXPERIMENTAL SETUP

Figure 1 shows the schematic of the experimentahigius developed to perform tests under terregnaaity and
under microgravity. The experimental setup cong$ta boiling chamber and a pressure transducénarupper part
and a photographic camera mounted on the suppseé. [@de boiling chamber consists of an aluminunndyical
chamber filled with n-Pentane.
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Figure 1. Scheme of the experimental apparatusoiling chamber; 2) pressure transducer; 3) LEDanera; 5)
support; 6) working fluid inlet; 7) thermistor; 8%rylic base; 9) connector; 10) photographic careapgport.

The test sections consist of a copper disc witBrarh diameter and 3mm thickness, mounted onto tHeoéRVC
tubes, with two different distances from the bottofrthe boiling chamber, as shown in Fig. 2. Modnite the lower
part of the boiling chamber there is a transpaaenglic piece, allowing the visualization of theilowy phenomenon on
the copper disc. The visualization was obtainedh &itCanon camera, model Power Shot SD1100 IS, &gaMxel,
Lens 6.2-18.6mm f/2.8-4.9. The pressure transdunedel PX302 Omega, measures the pressure insidbadiling
chamber and is fixed laterally on the coupling usedharge and seal the working fluid.

The degree of confinement is a function of theadlise between the copper disc and the acrylic bafieedboiling
chamber. The confinement distances of 0.3, 0.9} 46d 11mm were analyzed under terrestrial grauity ofs = 0.3
and 10.4mm under microgravity. There are threentigors of 1@, set in the copper disc close to its center.

. = ———m— =
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test section

Figure 2. View of the inside of the boiling chambe

The copper disc is heated by artXlélectrical resistance skin heater fixed by epcesirmr to the upper side of the
disc. A compact microprocessor, model Athena [11®8/CPU, with VIA Mark 800 MHz and an integratedjaisition
system (Diamond Systems), controls the power seg@diy an program executable in C++.

The effect of the initial temperature of workingifl on the partial boiling curve was investigat&tierefore, the
boiling chamber was surrounded by a silicone tubeled by water whose temperature is controlled yrymstat
MQBMP-01 model. The boiling chamber has no religfve or volume compensating dilatation of the flindide the
chamber during the tests. The data acquisitioresysecords five temperature and pressure measuteipensecond.
The stability condition is reached in 60 seconddlie first heat flux value.

The experimental procedure was always the samedier ®0 ensure the repeatability of the resultsatHeixes of
20, 30, 40, 50 and 60kWfmvere imposed, with intervals of 72s for each fand a total of 360s for a complete test.
The experimental uncertainty for the temperature w#®.7°C, for the heat fluxes was 1.4% to 2.2%l fam the heat
transfer coefficient was 1.9% to 3.6%.

For the tests performed under microgravity, theitdermation is stored in the electronic systerd &ansmitted by
telemetry. The activation of the experiment durihg flight occurs approximately 1min after launefhen the rocket
reaches microgravity. The microgravity period ip@aximately 390 seconds.

The experimental data under microgravity were olatdion a suborbital flight of the Brazilian rocké$B-30,
during Operation Maracati-Il, which was launchednir Alcantara Launch Center (CLA), Maranhdo — Bratle
microgravity environment achieved was less thafiglFigure 3 shows the variation in the gravity degion versus
time for the VSB-30 rocket.
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Figure 3. Evolution of gravity, during paraboli@fht of the suborbital Brazilian rocket VSB 30.

3. RESULTS
3.1. Results under terrestrial gravity

In Fig. 4 the results for the heat transfer coéadfic (W/m?2 K) as a function of the heat flux ar@sh fors = 0.3,
0.9, 10.4 and 11mm with an n-Pentane temperatusé.
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Figure 4. Effect of confinement on the heat transéefficient under terrestrial conditions.

Fors = 0.3 and 0.9mm there is a decrease in the haasfar coefficienth, whens decreases. This result is the
opposed to that obtained for the saturated nucleaiteng regime, where an increase in the confinengéor low and
moderated heat fluxes) causes an increase in ttarh@sfer coefficient. In saturated nucleateibgijlthe contact area
between the heated surface and the liquid locattdiden the vapor bubble and the heated disk ineseasth
increasing confinement, allowing an improvemerthia heat transfer.

In the confined case, the limited space hinderdflthé movement. Without natural convection, theadl situation
occurs when there is microlayer vaporization anddemsation at the other edge of the vapor bubblesdturated
boiling). In other words, the vapor bubble actadsat pump or heat pipe. The base of the bubb&ves heat from
the heated surface, acting as an evaporator, antbth of the vapor bubble plays the role of a cosde Fors =
0.9mm, there is a balance between the evaporatidrcandensation rates. Fer= 0.3mm, condensation is hindered
because the fluid temperature rises and due torizapion, and the bubble continues to grow in vatufter a certain
point, as the liquid flow rate for the region beémethe vapor bubble and the heated surface desrehsee is a drying
process of the microlayer, causing a decreasednh#at transfer coefficient. For the subcooled ioedf nucleate
boiling, this phenomenon does not occur becausédhiel temperature outside the superheated litpydr is equal to
or close to the saturation temperature, which raaistthe balance between the evaporation and ceatien rates. For
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cases without confinemens € 10.4 and 11mm), the heat transfer is lower beedbe residence time and growth of
vapor bubbles formed on the surface is reduced.

Figure 5 shows the partial boiling curve for th®entane, for degrees of confinement of 0.3 and @.9with the
heating surface facing downward. FoE= 0.9mm, the experimental points are shifted ® l#ft, characterizing an
enhancement in the heat transfer for the lesseedagf confinement.
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Figure 5. Effect of confinement on the partial bwjlcurve, for n-Pentane under terrestrial condgio

In subcooled nucleate boiling case, when the cenfent increases the condensation on top of ther\agable (in
contact with the confined element) decreases, Isectée liquid temperature increases. When thisrectiue imbalance
between the evaporation and condensation ratestaftee heat transfer coefficient. For the confieatirated boiling
regime, the heat transfer increases, as demorssirattudies such as Katto (1977), Ztetal (2003), Cardoset al
(2009) and Ropst al (2009).

The effect of the initial liquid temperature on ghertial boiling curve is shown in Fig. 6 fee= 0.9mm and in Fig. 7
fors=11.0mm.
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Figure 6. Effect of the liquid temperature on thetial boiling curve fos = 0.9mm under terrestrial conditions.

In Fig. 6, the heat transfer process is intensif@dhe case with higher liquid temperature. Feathfluxes higher
than 40kw/mz?, there is a difference of 5°C in tleated surface temperature. Igor 20 and 30kW/m2, this difference
is smaller, indicating that the vapor bubbles amalsand cannot trap the liquid in the region betwéhe base of the
bubble and the heated surface. The pressure raagé. 44 to 1.18bar fdf, = 26°C and 1.44 to 1.55 fdf, = 36°C.

In the case without confinemerg £ 11.0mm) shown in Fig. 7, the liquid temperatireontact with the heated
surface, after the first heat flug £ 20kW/mg2), is dependent only on the initial temgtere of the liquid in the chamber.
The pressure range was 1 to 1.15baiTjigr= 23.7°C and 1.45 to 1.54 fdj, = 35.7°C.
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It is important to note that the same trend waeniesl for the effect of the liquid temperature ba heat transfer
coefficient, regardless of the confinement degree.
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Figure 7. Effect of the liquid temperature, for 11mm under terrestrial conditions.

Figure 8 shows the effect of the initial liquid teenature for the case without confinement, 10.4mm. In this case,
increasing the initial temperature increases tta transfer coefficient, for the same heat fluxr Righer heat fluxes
(40 to 60kW/m2) the nucleate boiling is intensifieecause the heated surface is facing downward.
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3.2. Results under microgravity

70

Figure 8. Effect of the liquid temperature for 10.4mm under terrestrial conditions.

Table 1 shows the results obtained under microtyrafar s = 0.3mm and Table 2 shows the results obtaineden
laboratory ¢ = 9.8m/s?), for the same initial conditions. Theah transfer coefficient under microgravity was
approximately 20% lower than those obtained uneeestrial gravity. This trend occurred for all exjnental points

analyzed.
Table 1. Experimental results obtained under mieaity, fors= 0.3mm.
q" (KW/m2) P (bar) 74 (°C) Tu (°C) Tea(°C)  h (KW/m2°C)
20 1.19 29.4 59.3 40.7 1075.3
30 1.24 29.8 72.7 41.9 974.1
40 1.32 311 81.1 43.9 1075.5
50 1.38 31.8 86.7 45.3 1206
60 1.45 32.9 94.3 46.8 1301
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Table 2. Experimental results obtained under taiadgravity, fors = 0.3mm.

q (kW/m?) P (bar) T4 (°C) Tw (°C)  Tew(°C) _h (KW/m#°C)
20 1.17 25.9 55.6 40.2 1301
30 1.20 26.4 63.5 41.0 1307
40 1.25 26.9 71.7 42.2 1375
50 1.28 27.6 77.4 42.9 1459
60 1.32 28.3 84.3 43.9 1524

Under microgravity, due to the absence of buoyaamy other forces such as natural convection, tpeniaubbles
grow sharply over the heated surface and theinselés delayed. Without the buoyancy and the cainsérof physical
space caused by the confinement, the cooling efdohibited by the liquid front after the depagwof a bubble. This
leads to a reduction in the heat transfer coefiicie

Although there is a decrease in the heat trangfefficient under microgravity, the trends in thertjz boiling
curves in the two cases are similar, as can be ige€ig. 9. This is because the natural convecisoreplaced by
transient conduction of the liquid layer, driventhg surface tension gradient, known as Marangomvection.
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Figure 9. Partial boiling curve for different grgwconditions.

Another important aspect is to analyze the thermadyic conditions in the absence of gravity andaimgare them
with the experimental data obtained in the labagatd-igure 10 shows the temperature variatiorheftieated surface,
for s = 0.3mm, as a function of time for both gravitydés tested. Every 72 seconds, a new heat fluxevatas used
(20, 30, 40, 50 and 60kW/m?). This time intervalsvaafficient for the system to enter into the syestéte. For heat
fluxes higher than 30kW/mthere is a difference in the heated surface teatpe of approximately 10°C.
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Figure 10. Heated surface temperature variatianfagction of time.
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The Tab. 3 shows the experimental results for #ge awithout confinemeng = 10.4mm, under microgravity
conditions. For this case, the results are diffefeom those obtained in the laboratory. The heatgfer coefficient
decreases with an increase in the heat flux. Far thexes lower than 40kW/m?, the heat transferfiiacient decreases
is almost linear. However, for the heat flux equiaabOkW/m2, this decrease is accentuated.

Table 3. Experimental results obtained under mieraity, fors= 10.4mm.

q" (kW/m?) P (bar) T (°C) Tw (°C) Tsa(°C)  h (kW/m?°C)
20 1.19 29.2 53.1 407 1602
30 1.25 29.4 61.7 42.2 1535
40 1.32 30.8 70.8 43.9 1488
50 1.38 31.2 87.1 45.3 1194
60 1.46 326 96.7 47.0 1208

The decrease in the heat transfer coefficientsfer10.4mm and q > 40kWfican be explained by the re-wetting
of the heated surface. For low heat flux valuesethe a major flooding of the heating surface, ioyimg the heat
transfer. As the heat flux increases, the amountapbr bubbles on the heating surface increasedgmdit begins,
causing a reduction in the heat transfer.

4. CONCLUSIONS

An experimental analysis of the effect of micrograwn the partial n-Pentane subcooled boiling esrwsing
copper discs of 12mm diameter and a heating surflaciag downward, was presented. The main resubstlze
following:

(i) As the confinement decreased, the heat transfefficent for subcooled boiling decreased, under the
microgravity condition. For the case without coefiment, corresponding ®= 10.4 and 11.0mm, the heat
transfer was lower than the cases with confinenmi€ot.the confined case, the residence time of Hpowr
bubbles in the gap is smaller. The imbalance beiwie rates of evaporation and condensation ofiper-
liquid interface was used to explain the decreaghe heat transfer coefficient for subcooled awedi nucleate
boiling.

(ii) For terrestrial gravitys = 0.9mm and initial temperatures of 26 and 36h@r¢ was only a small effect of the
initial liquid temperature on the boiling curve foeat fluxes of 20 and 30kW/mz2. For higher heat flalues,
there was afT variation of 5°C. The same trend was observed forl1.0mm with initial temperatures of
23.7 and 35.7°Cj.e,, there was an increase in the heat transfer cieifi for the highest initial liquid
temperature. However, fer= 11.0mm, thelT differences are almost constant for all heat fiuxe

(i) For s = 0.3mm under microgravity conditions, the heansfer coefficient was 20% lower than the values
obtained under terrestrial conditions. Without bi@yancy and the constraints of physical spaceechlog the
confinement the cooling effect is inhibited by thipuid front after the departure of a bubble. Tloasequence
is a reduction in the heat transfer coefficient.

(iv) For the case without confinement under microgyagiinditions, there was a decrease in the heasferan
coefficient with an increase in the heat flux.
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6. NOMENCLATURE

Bo Bond number, dimensionless

g acceleration of gravity , m/s?

h heat transfer coefficient, W/m2K

L capillary length, m

q” heat flux, W/m2

S characteristic dimension of the confined space, m
T temperature, °C
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Greek symbols

AT temperature difference, K
p density, kg/m3

o surface tension, N/m
Subscripts

I, lig liquid

sat saturation

sub subcooled

v vapor

w wall
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