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This paper presents new experimental results for saturated nucleate boiling of FC72 and FC87 on a hor-
izontal copper disc, at atmospheric pressure, for different degrees of confinement, s, in the range of
0.1-13 mm, and with two kinds of confining element, for low and moderated heat fluxes (<40 kW/
m?), on both a downward and an upward facing heating surface. For low heat flux a decrease of the

confinement gap causes an enhancement of the boiling and a decrease in the dryout heat flux. A visual-
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configuration.

ization of the boiling phenomenon shows the effect of confinement and heat flux on the liquid-vapor
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1. Introduction

Boiling is of great interest in all applications involving high heat
flux. Because of its high heat transfer, nucleate boiling enables the
transfer of a large amount of energy without requiring a strong
superheat. Boiling in a narrow space occurs in many industrial
applications, such as in the cooling of electronic devices, in micro-
heat exchangers and in heat spreaders. The first studies focusing on
confined boiling were performed by Katto et al. [1] and Ishibashi
and Nishikawa [2]. The former focused on the confined boiling
on a horizontal plate, and showed that confinement enhances the
boiling heat transfer at low heat flux while it causes a decrease
in the critical heat flux (CHF). In the latter publication, the authors
presented a detailed analysis of the effect of pressure, surface ten-
sion and confinement for pool boiling in an annular vertical chan-
nel. The authors also showed that the confinement leads to an
increase in heat transfer at low heat fluxes. Furthermore, they
established the existence of two regimes depending on the Bond
number, Bo, defined as the ratio of the gap, s, between the heating
surface and the unheated surface, and the capillary length, L.:
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where o, g p;and p, represent the surface tension, the acceleration
due to gravity, the vapor density and the liquid density, respec-
tively. Also, Ishibashi and Nishikawa showed that the enhancement
of heat transfer due to confinement becomes stronger when Bo < 1,
meaning that the gap s is equal to or smaller than the bubble
detachment diameter.

The effect of pressure was also studied by Bonjour et al. [3] for
vertical and horizontal configurations, and the authors found, in
agreement with Ishibashi and Nishikawa [2], that the enhance-
ment of heat transfer due to pressure in unconfined boiling tends
to disappear as the confinement increases. Ishibashi and Nishikawa
[2] also showed that the surfactant effect disappears with the con-
finement, a result confirmed later by Hetsroni et al. [4]. The effect
of subcooling was investigated by Passos et al. [5], who showed
that while in saturated boiling the confinement has a positive ef-
fect on heat transfer, its effect is negative in subcooled boiling:
the subcooling increases the heat transfer for unconfined boiling
at low heat flux while its influence is much lower in the confined
case and heat transfer is higher during unconfined subcooled boil-
ing than during confined subcooled boiling. The effect of the active
nucleation site density was also studied by Bonjour et al. [3] and
the authors showed that while in unconfined boiling a single active
nucleation site does not enhance heat transfer compared to natural
convection, this enhancement of the heat transfer by a single
nucleation can clearly be seen in confined boiling.

The boiling patterns and regimes in confined boiling were stud-
ied in detail by Bonjour and Lallemand [6] for a vertical heating
surface. According to this study, boiling before the CHF in a con-
fined space presents three different regimes: isolated deformed
bubbles at low heat flux, coalesced bubbles at moderate heat flux,
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Nomenclature

Dy detachment diameter of vapor bubbles (mm)

e thickness of the vapor layer on the confining element
(mm)

g acceleration due to gravity (m/s?)

h heat transfer coefficient (kW/m? °C)

hyy latent heat of vaporization of the liquid (k]/kg)

Kk conductivity of the liquid (W/mK)

L¢ capillary length (mm)

Ng the density of active nucleation sites

q heat flux (kW/m?)

Te radius of cavity (pm)

Si the mean surface area influenced by bubbles

s degree of confinement (mm)

Tsat temperature of saturated pool liquid (°C)

Tw wall temperature (°C)

0 dimensionless temperature

0y vapor density (kg/m?)

I liquid density (kg/m?)

o contact angle (°)

Heb proportion of the surface influenced by bubbling
) thickness of the thermal layer (mm)

1% surface tension of the liquid (J/m?)

ATsae temperature difference (°C)

and partial dryout at the highest heat flux. It was shown that the
ranges of heat flux at which the different regimes are observed
decrease with the Bond number. However, Cardoso et al. [7] and
Katto et al. [1] reported a different behavior dependence for small
Bond numbers: for Bo < 1 there is a thin liquid film regime due to
the fast growth of bubbles, and this regime is not observed for
Bo>1.

The enhancement of heat transfer is generally attributed to two
different mechanisms: enhanced microlayer evaporation (Stutz et
al. [8], Utaka et al. [9], Katto et al. [1]) or enhanced liquid agitation
(Ishibashi and Nishikawa [2], Fujita et al. [10]). The former is due to
the fast bubble growth forming a microlayer with a large surface.
This enhanced mechanism is generally cited in studies carried
out on a horizontal surface and in a very narrow space (typically
when the bubbles have a long residence time in the confined
space). The latter is due to the coalescence phenomenon and
displacement of the bubbles along the surface and is generally
reported for a vertical heating surface. However, according to Stutz
et al. [8], this mechanism also plays a role in the case of a horizon-
tal heating surface when the heat flux approaches the critical heat
flux.

Thus, the orientation of the heating surface plays a role in the
importance of these two mechanisms. Nishikawa et al. [11]
demonstrated that for low to moderate heat flux, and inclination
angles lower than 120° (0° indicating that the heater is horizontal
and upward facing), the heat transfer is controlled by the agitation
of isolated vapor bubbles, and for angles greater than 150° the
vaporization of the liquid layer plays a more significant role.
Guglielmini et al. [12] analyzed the combined effects of surface
orientation and confinement on the nucleate pool boiling and
critical heat flux of HFE7100 on a smooth copper surface. At low
wall superheats, for Bo > 1, the effect of confinement was negligible
for all surface orientations, while for Bo~1 and angles of 0°
(upward facing surface) and 45°, heat transfer was enhanced. At
high wall superheating and with gaps of 3.5, 2 and 1 mm, the heat
transfer coefficient and CHF decreased as the channel width
decreased. This effect was more evident for 0° and 45°. Kannengie-
ser et al. [13] showed that parameters like gravity or subcooling
can modify considerably the behavior of the boiling mechanism
without, however, modifying significantly the overall heat transfer.
Nevertheless, they explained also that the temperature at the tran-
sition from one regime (natural convection, isolated bubble
regime, fully-developed boiling, etc.) to another is influenced by
these parameters which can lead to a significant difference in the
heat transfer.

The maximum heat flux, represented by the critical (CHF) or
dryout (DHF) heat flux, allowing a system to operate in nucleate
boiling can be highly dependent on the confinement and the

general trend is that it decreases with a decrease of the confine-
ment gap, as reported by Bonjour and Lallemand [14].

In this study, the boiling of FC72 and FC87 for different degrees
of confinement on a horizontal upward facing (UF) heater and on a
downward facing (DF) heater was investigated in order to better
understand the mechanism responsible for boiling heat transfer
in a narrow space. Also, the boiling heat transfer of FC72 is com-
pared to that of FC87, dielectric fluids which have the same phys-
ical properties differing only in terms of the surface tension:
0rc72 = 0.008 N/m, orcg7 = 0.014 N/m

2. Experiment

The test section consists of a copper disc with a 12 mm diame-
ter and 1 mm thickness, with three type-E thermocouples set in
the disc close to its center. The copper disc is heated by an
11.8 Q electrical resistance skin heater fixed by Araldite® epoxy
resin to one side of the disc. This disc, in turn, is fixed to a piece
of PVC beveled to an angle of 45° with an outside diameter of
20 mm. For the case where the test section is mounted with a
downward facing heating surface, the PVC support is mounted on
the end of an aluminum tube which the thermocouple cables pass
through. This ensemble is mounted inside a boiling vessel which is
placed inside a second vessel, called the external chamber, as
shown in Fig. 1. The lateral walls of the external chamber are trans-
parent plexy-glass plates, allowing the lateral visualization of the
boiling space, and the upper and lower bases consist of two alumi-
num plates. Mounted in the lower aluminum base there is a
rectangular transparent plexy-glass window, allowing the visuali-
zation of the boiling phenomenon on the copper disc.

The boiling vessel is filled with 150 ml of a dielectric fluid, FC72
(CeF14) or FC87 (CsF13), at atmospheric pressure. Two other type-E
thermocouples are placed inside the boiling vessel in order to
measure the liquid and the vapor temperatures. The surface of
the copper disc which is in contact with the working fluid was
polished using 600-grit emery paper, corresponding to a rough-
ness, R, of 1.1 pm. The distance between the copper disc and the
plexy-glass window can be adjusted by turning the aluminum tube
and is controlled by means of a dial. For a downward facing heating
disc the geometric factor of the confining element is the PVC
support of the copper disc, with a 45° bevel, and this configuration
of the test section will be denoted as DF45° (Fig. 1). The working
fluid (FC72 or FC87) is heated up to the saturation temperature
by water flowing in the external chamber, whose temperature is
controlled by a cryostat (LAUDA RK20 KP).

For the case where the test section is mounted with an upward
facing heating surface, the confinement of the boiling space was
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Fig. 1. Scheme of the experimental setup (DF45°).

Fig. 2a. Scheme of the PVC confinement element and the test section (UF45°).

imposed by a PVC element, with a 20 mm outside diameter, and
with a 45° bevel or without beveling, as shown in Fig. 2a (UF45°)
and Fig. 2b (UF90°), respectively, mounted on the end of the alumi-
num tube, where the distance from the copper disc is controlled as
in the downward facing case.

The thin gap between the periphery of the copper disc and the
PVC support is filled with Araldite® epoxy resin, however, this is
not sufficient to avoid the presence of natural parasite sites at
the periphery of the copper disc. Moreover the polishing treatment
of the copper surface, after the boiling tests, can contribute to cre-
ating new parasite nucleation sites. This can adversely affect the
quality of the experimental results.

Fig. 2b. Scheme of the PVC confinement element and the test section (UF90°).

The DC power supply, HP6030A, is connected to the skin heater
and controlled by a PC using LABVIEW and the acquisition and ini-
tial treatment of the data are carried out with an HP34970A sys-
tem. In this study the heating mode involves increasing the heat
flux.

The uncertainty levels associated with the temperature and
heat flux are 0.6 °C and 2%, respectively. The experimental uncer-
tainty for the heat transfer coefficient, in nucleate boiling, varies
from 2% to 12%.

Table 1 shows the different degrees of confinement and the cor-
responding Bond number for the working fluids that were analyzed
in this study.

3. Results
3.1. Boiling regime

Fig. 3 shows the partial boiling curves for FC72 and s=0.1, 0.2,
0.3, 0.4, 0.5, 1 and 13 mm, for the upward facing heating surface
and the confining element with a 45° bevel (UF45°). For heat fluxes
between 2.5 kW/m? and 25 kW/m?, the heat transfer is higher in
confined than unconfined boiling. As a general trend (between
10 kW/m? and 25 kW/m?) the heat transfer increases with a de-
crease in s. For the unconfined case or s = 13 mm, the region of heat
transfer dominated by natural convection extends to a superheat of
13.5 K. Above this superheat the slope of the boiling curve in-
creases considerably indicating the transition to the nucleate boil-
ing regime. For the confined case, the slope of the boiling curve is
elevated at a lower superheat (6 K): the confinement decreases the
wall superheating at the transition from the natural convection to
the nucleate boiling regime.

For s = 13 mm, the Bond number is much greater than unity. For
the experiments with the upward facing plate, the bubbles detach
from the wall and can coalesce on the confining element to form a
layer of vapor. The thickness of this vapor layer is limited by

Table 1
Bond numbers for different degrees of confinement.

FC72L,=0.73 mm FC87 L,=0.98 mm

s(mm) Bo Bo
0.1 0.14 0.10
0.2 0.27 0.20
0.3 0.41 0.30
0.4 0.55 0.41
0.5 0.68 0.51
1.0 1.36 1.01

13.0 17.74 13.19
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Fig. 3. Partial boiling curves as a function of s, for UF45° and FC72.

gravity. Considering a stationary equilibrium (unstable in this
case), the thickness of the vapor layer on the confining element,
e, is given by De Gennes et al. [15]:

e=+/2(1+cosa)L. (3)

where « is the contact angle. Thus, the thickness of such a layer,
independently of the contact angle, is less than 2L., which is less
than 2 mm considering the capillary length for FC72 and FC87, as
shown in Table 1. In our case, the dynamic phenomena can lead
to a layer with a thickness larger than this value but will not change
the order of magnitude of this thickness. Thus, the interface of such
a layer will be far from the wall and their thermal interaction will be
very limited.

Nevertheless, we can observe a difference between the boiling
curves for experiments UF90° (Fig. 4) and UF45¢° for s = 13 mm. This
variation can be partially attributed to the influence of the two
different confining elements on the natural convection. At a super-
heat of 15 K we measured a difference of 20 kW/m?2. Most of this
variation in the heat flux appears to be a consequence of the
increase in the density of active nucleation sites due to the aging
of the surface. It should also be noted that this difference between

the boiling curve of experiments UF45° and UF90° disappear for a
high degree of confinement in the nucleate boiling regime.

For s <1 mm, the Bond number is less than one and the vapor
layer thickness will be limited by the gap size. A microlayer of
liquid can be trapped between the surface and this vapor layer.
In the model of Cooper and Lloyd [16], the initial thickness of the
microlayer is dependent on the velocity profile of the liquid close
to the foot of the bubble. This profile varies as a function of the
bubble growth dynamics. In confined boiling, once the bubble
reaches the size of the gap, its growth becomes bi-dimensional
and its foot radius varies considerably over a short time. Moreover
the non-slip condition imposed by the confining element will
modify the velocity profile of the liquid. Thus, the thickness of
the microlayer is affected by confinement and the heat transfer
due to microlayer evaporation will not be comparable to that
observed when the bubble growth is tri-dimensional.

Therefore, in horizontal confined boiling with an upward facing
heating surface, the two boiling regimes differ in terms of the heat
transfer mechanism involved. For Bo > 1, the layer of vapor formed
on the confining element will not interact with the surface heater
and the boiling will be comparable to unconfined boiling. For
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Fig. 4. Partial boiling curves as a function of s, for UF90° and FC72.
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Fig. 5. Effect of heater orientation on the boiling curve.

Bo < 1, the layer of vapor will interact strongly with the heating
surface. The dynamic and the shape of this vapor layer will affect
the mechanism of heat transfer.

For a downward facing heating surface, the change in the boil-
ing pattern according to the Bond number being above or below
one does not appear. In fact, in this configuration gravity works
as the confining element by flattening the bubble over the heating
surface. The effect of the heater orientation on the boiling curve
can be seen in Fig. 5. For s =13 mm, the heat transfer is higher
for the downward facing heater than for the upward facing heater.
This effect can be attributed to the confining effect due to gravity.
In fact, the buoyancy forces acting on the bubble press it against
the heating surface increasing the area of the microlayer. For great-
er confinement, the effect of the heater orientation tends to disap-
pear. Indeed, the smaller is the Bond number, the weaker the
confining effect due to gravity.

FC87 has very similar properties to FC72 and these two fluids
differ mainly in terms of their surface tension (8 mN/m for FC72
and 14.8 mN/m for FC87). The effect of the confinement described
for FC72 was the same in the case of FC87 (see Fig. 6). For all
degrees of confinement, the wall superheating at the transition
to the boiling regime is lower for FC87 than for FC72, however, this
difference is smaller for confined experiments than for unconfined
experiments. This vanishing of the influence of the fluid surface

properties in confined boiling has also been reported by Ishibashi
and Nishikawa [2] and Hetsroni et al. [4] for the surfactant effect.

The surface tension plays a major role in the nucleation and
vertical detachment of the bubbles. In confined boiling there is
no vertical detachment but the surface tension continues to affect
the nucleation temperature. This influence of the surface proper-
ties on the nucleation is probably the cause of the lower wall
superheating at the transition to the boiling regime observed for
FC87, even for s = 0.1 mm.

This lower wall superheating at the transition to the boiling
regime is a general phenomenon which is accompanied by the
enhancement of heat transfer due to the orientation of the heater,
the surface properties of the fluid or the degree of confinement.
Kannengieser et al. [13] reported that enhancement of the heat
transfer due to microgravity was a result of a lower wall superheat-
ing at the transition to the fully-developed regime.

3.2. Onset of nucleate boiling

We have seen above that confinement acts on heat transfer by
decreasing the wall superheating at the onset of nucleate boiling,
ONB. The ONB can be observed on the boiling curve if a sufficient
proportion of the heating surface is influenced by bubbling, assum-
ing that whatever the degree of confinement, bubbling increases

45
FC 87 Saturated boiling (UF90°)
404 Tsat =29.1°C
—-s=0.Tmm
35 ——s=0.2mm
—#-s=0.3mm
30 —A—s=0.4mm
& —*%-s=0.5mm
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-~ 20
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Fig. 6. Partial boiling curves as a function of s, for FC87 and UF90°.
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the heat transfer. Let 7., be the proportion of the surface influ-
enced by bubbling, N,, the density of active nucleation sites and
S; the mean surface area influenced by bubbles, thus, we have:

Meb = NaSi (4)

Let us define that the boiling transition occurs at Hep= #Her,
where #, is a constant independent of the degree of confinement.
Using this definition, the confinement can decrease the wall super-
heating at the transition if it increases N, at the same superheat or
it increases S; (or both).

In the theory of nucleation described by Hsu [17], the range of
cavity radii that can be activated, r;, is a function of the thickness
of the thermal layer, §:

T'c.min 0 Osat esat 2 8GTsatCE;

{rc.max} 2G |:<1 9W) - \/<1 HW) pyhluewéJ ()
where 0, =T, — T, Osat = Tsat — T, C; and Cs are constants depen-
dent on the shape of the cavities and the contact angle, and § is the
thickness of the thermal layer. This thermal layer thickness is a
function of the local heat flux. In the non-boiling region where nat-
ural convection takes place, this thickness can be estimated using
the coefficient of natural convection hyc:

ki
0=7— 6
o (6)

where k; is the conductivity of the liquid. The confinement modifies
the natural convection coefficient. In our experiment, we obtained
hne=290W/m?K for s=13mm and hyc=185W/m?K for
s =0.1 mm. With these values for the natural convection coefficient,
considering C; = C3 =1 and 0, = 5, we find that:

09 um < r. > 187 pm, for s =13 mm

7
09 pum < r. > 290 pm, for s =0.2 mm @

The roughness of the heating surface is around 1 pm and the ra-
dius of the cavities on the surface must be of the order of 1 um. The
confinement changes very slightly the value of ., which is equal
to 0.9 um while it increases strongly the value of r.max Which is of
the order of 200 um. This latter extension of the domain of the site
that can be activated, given the roughness, will not affect N,.

The squeezing of the bubbles and the sliding of the bubbles over
the surface obviously increases S;. On the horizontal upward facing
surface without confinement, the refrigerant bubbles have a
detachment diameter, D}, of the order of 0.5 mm. The area of influ-
ence of these bubbles must be less than S; = an,/4K =1.13 mm?
(in this equation K = 2.4 is the maximum value, which can be used
to compute the area thermally influenced by the bubble given in
[18]). In confined boiling, a single bubble can spread over the entire
surface. In our experiments the surface covered by the flattened
bubbles was of the order of 1 cm?, 2 orders of magnitude greater
than in unconfined boiling. Thus, the increase in the surface area
of influence explains the lower wall superheating at the transition
to the boiling regime.

The transition to the boiling regime as defined above is based on
the boiling pattern and is not related to the heat transfer. Bonjour
et al. [3] showed that a single nucleation site enhances the heat
transfer in confined boiling. This confirms the assumption that
bubbling enhances the heat transfer for all degrees of confinement.

Thus, the enhancement of the heat transfer due to confinement
is a consequence of the lower wall superheating at the transition to
the boiling regime. This wall superheating at the transition is de-
creased because of the increased surface area of influence of the
bubbles in confined boiling.

This transition to the boiling regime is clearly visible on the
boiling curve due to the good capacity of the flattened bubbles to

remove heat. This capacity is certainly due to the mechanisms ci-
ted in the literature: increased agitation and enhanced microlayer
evaporation.

3.3. Partial dryout

For a heat flux higher than 20 kW/m?, for the majority of exper-
imental points with s <0.5 mm, a small increase in the heat flux
causes a large increase in wall superheating and the enhancement
of the heat transfer due to confinement disappears rapidly. For
unconfined boiling, this behavior at low heat flux is not observed.

Figs. 7 and 8 show photographs for s=0.1 mm and s =13 mm
for heat fluxes of 20 kW/m? and 30 kW/m?, respectively, with the
downward facing heating surface and for FC72. For unconfined
boiling, bubbles nucleate on the surface, coalesce and form a large
bubble which is then removed from the surface of the heater. For
confined boiling it can be observed that a large portion of the
heating surface is covered by vapor. This area for a heat flux of
20 kW/m? represents 65%, and for g=30KkW/m? this ratio in-
creases to 75%. For the confined case shown in Fig. 8 the wall
temperature is 70.4 °C, higher than the unconfined case for the
same heat flux.

In the dry area the heat transfer is very weak and an increase
in this surface decreases the mean heat transfer. In this case,
which represents the partial dryout regime, the weak slope of
the boiling curve is due to the increase in the dry area on the
boiling surface.

The beginning of the dryout regime represents an important
design condition for two-phase flow heat exchange, which is of
interest because it represents the limit above which confined

(a)
Ty =62.6°C Ty =66.2 °C

Fig. 7. Effect of confinement for q =20 kW/m? and DF45°: (a) s=0.1 mm and (b)
s=13 mm.

(a) (b)

Ty, =70.4°C T, =68.4°C

Fig. 8. Effect of confinement for g =30 kW/m? and DF45°: (a) s=0.1 mm and (b)
s=13 mm.
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Fig. 9. Dryout heat fluxes for FC72 (UF90°, UF45°, DF45°) and for FC87 (UF90°) as a function of the Bond number.

nucleate boiling becomes inefficient. This limit varies considerably
with the critical heat flux. The critical heat flux is the first maxi-
mum of the heat flux on the boiling curve. In unconfined boiling,
this is of great interest from the engineering perspective as it is
associated with the highest heat transfer coefficient. This maxi-
mum heat flux, in horizontal confined boiling, occurs at high super-
heat where the confinement decreases significantly the heat
transfer.

The focus of this study is the regime where the confinement en-
hances the heat transfer and it was observed that this enhance-
ment disappears rapidly when the boiling enters into the partial
dryout regime. The limit between the partial dryout regime and
the coalesced boiling regime is not as clear as in the case of the crit-
ical heat flux because of the progressive development of the dry
patch with the increase in heat flux. Thus, it would be better to
consider this as a boiling regime dominated by the presence of a
dry patch in which a small increase in the heat flux leads to a large
increase in the wall superheating.

In order to find the starting point of the partial dryout regime,
we need to define a limit based on objective criteria. We decided
to base this definition on the heat transfer coefficient (h = q/AT)
and to consider that the boiling enters into the dry patch-domi-
nated regime when h is maximum. We will thus call gpyg, the dry-
out heat flux, which is the heat flux at which the heat transfer
coefficient is maximum. This definition is consistent with our
observations and also has the advantage of being of interest in
engineering applications: gpyr is the limit heat flux above which
confinement will rapidly decrease the heat transfer.

Fig. 9 shows the dryout heat fluxes for the boiling of FC72 in
experiments UF90°, UF45°, and DF45°, and of FC87 in experiment
UF90° as a function of the Bond number. For Bo < 0.4, we can ob-
serve that with increasing s, the dryout heat flux also increases.
For Bo > 0.4, we observe an optimum dryout heat flux, which is
specific to the horizontal confined boiling experiment and can be
found on the boiling curve of other experiments [5,7].

For horizontal confined boiling, two mechanisms responsible
for the evacuation of the vapor from the confined space can be
identified:

e The first is the removal of the bubble or the entire removal of
the vapor layer due to gravity. This is certainly the main
mechanism for a vertical surface. For a horizontal surface this
mechanism either involves the destabilization of the unstable

equilibrium of the vapor layer trapped in the narrow space, or
occurs when the interface of the bubble reaches the end of
the confining element or the beveled slope.

e The second mechanism is the vapor blow off. This mechanism
occurs when the first mechanism is not sufficient to remove
the entire layer of vapor. In this mechanism, the strong evapo-
ration leads to a high vapor velocity which breaks the interface
and some vapor is evacuated from the narrow space without
carrying the entire vapor layer. This mechanism occurs mainly
for a low Bond number and high heat flux, Fig. 8a, where we
observe dendrites which connect the vapor layer to the exterior
of the narrow space.

The first mechanism occurs mainly for a large Bo and the second
for smaller Bo numbers. The maximum gpyr in terms of the Bo rep-
resents an optimum value, which is probably due to the combina-
tion of the other two mechanisms.

For low Bond numbers, the difference between the gpyr values
for experiments DF45° and UF45¢° is small and becomes undiscern-
ibly for Bo=0.14. On the other hand, this difference for experi-
ments UF45° and UF90° is large for small Bond numbers and it
tends to disappear for Bo = 0.6 and Bo = 0.75. Experiments UF45°
and DF45° both have a bevel on the upper surface but differ in
terms of the orientation of the heating surface which is on the bot-
tom surface for UF45° and on the upper part for DF45°. In experi-
ment UF90° the bevel is absent.

For Bo > 0.5, the peripheral condition does not influence qpyg:
for this size of heater, there is gravitational instability, as described
for the first mechanism which takes place before the bubble
reaches the side of the confined space.

For Bo < 0.3, the small thickness of the gap decreases the gravity
influence and thus the vapor layer needs to reach the exterior of
the confined space for the gravity to play a role. Moreover, the ab-
sence of a bevel will increase the quality in the peripheral region
limiting the flow of liquid to the narrow region. Thus, the periph-
eral condition influences the two mechanisms of vapor evacuation
for a small Bond number.

As described herein, the mechanism of vapor evacuation takes
place in the peripheral region when the Bond number is suffi-
ciently small. This mechanism is dependent on the conditions im-
posed by the geometric characteristics of the heating surface and
its support. Thus, the ratio between the diameters of the support
and of the test section can influence the dryout heat flux.



E.M. Cardoso et al./ Experimental Thermal and Fluid Science 35 (2011) 1038-1045 1045

4. Conclusions

An experimental study was performed on the effect of confine-
ment on the curves for the partial FC72 and FC87 saturated boiling
on a copper disc of diameter 12 mm, for a downward and upward
facing heating surface with two types of confinement elements.
The main results are the following:

(i) As a general tendency the heat transfer coefficient increases
when the confinement increases, as a function of the
decrease in the distance between the heating surface and
the nonheating surface.

(ii) For the experiments performed with an upward facing heat-
ing surface and Bo > 1, the bubbles detach from the wall and
coalesce on the confining element forming a layer of vapor
with a thickness limited by gravity.

(iii) For Bo < 1, a liquid microlayer is present between the surface
and the vapor layer. The thickness of this microlayer is
affected by the confinement and the heat transfer due to
the microlayer evaporation will not be comparable to that
observed when the bubble growth is tri-dimensional.

(iv) For Bo > 1, the layer of vapor formed on the confining ele-
ment will not interact with the heating surface and the boil-
ing will be similar to unconfined boiling.

(v) For the experiments performed with a downward facing
heating surface, gravity works as the confining element by
flattening the bubble over the heating surface.

(vi) Without confinement and at a low heat flux, the heat trans-
fer is higher for a downward facing heating surface than for
an upward facing heating surface. For a higher degree of con-
finement, the effect of the orientation of the heater tends to
disappear.

(vii) The wall superheating for the ONB is lower for FC87 than
for FC72. In confined boiling there is no vertical detach-
ment and the surface tension will affect the nucleation
temperature.

(viii) The enhancement of the heat transfer due to confinement is
a consequence of the lower wall superheating at the onset of
nucleate boiling. The wall superheating decreases because of
the increased surface area under the influence of the bubbles
in confined boiling.

(ix) The experimental results show the existence of an optimum
value for the confinement (confinement for which qpyr is
maximum) at Bo around 0.4, for the majority of cases.

(x) For Bo > 0.5, the peripheral condition does not influence
gpur. For Bo < 0.3, gpyr is strongly influenced by the periph-
eral conditions.
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