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ABSTRACT 
 

Experiments were performed to examine the pool boiling heat transfer and critical heat flux on a smooth copper circular 
surface, confined by a face-to-face parallel unheated surface, by changing the gap between the surfaces and the unheated 
surface diameter. Pool boiling data at atmospheric pressure were obtained for saturated HFE-7100. The gap values 
investigated, between the boiling surface and the adiabatic one, were s = 0.5, 1.0, 2.0, 3.5 mm. To confine the boiling surface, 
two different Plexiglas plates were used: the former characterised by a diameter D = 60 mm, large as the overall test section 
support, the latter characterised by a diameter D = 30 mm, large to cover only copper boiling surface (d = 30 mm). For each 
configuration, boiling curves were obtained up to the thermal crisis. For both different types of confinement, it was observed 
that the boiling curves match at low wall superheat, except for s = 0.5 mm, 1 mm. However, at high wall superheat, a drastic 
reduction in heat transfer as well as CHF appears decreasing the channel width s; for all gap sizes, this reduction is less 
pronounced for the smaller confinement wall (D = 30 mm). Instead, at low wall superheat for gap of 0.5 and 1.0 mm, the heat 
transfer coefficient is higher for diameter disc of 60 mm. CHF data were also compared with a literature correlation (Misale et 
al., 2009). 

 
 
 
 
 
1. INTRODUCTION 

 
The effects of channel width on confined pool boiling heat 

transfer and critical heat flux have aroused increasing attention 
in recent years because of the potential benefits deriving from 
the use of pool boiling as a very efficient means of thermal 
control in several applications. 

The nucleate pool boiling of dielectric fluids is often 
applied in thermal systems to remove heat, while keeping 
surface superheat relatively low. It offers several advantages: 
a) low saturation temperatures; b) good thermal contact with 
all components, even in narrow spaces; c) excellent chemical 
compatibility with many materials; d) low toxicity and good 
environmental characteristics. 

Confined pool boiling has become a research subject of 
great importance as it is frequently encountered in many 
practical situations, such as high-performance compact heat 
exchangers and electronic component cooling. The effects of 
confinement on pool boiling depend on a complex interaction 
among geometry, channel width, heat flux and fluid 
properties.  

This paper reports an experimental study on the pool 
boiling of HFE-7100, a hydrofluoroether dielectric fluid 
(C4F9OCH3) which has been proposed to replace FC-72 
(C6F14), owing to its better environmental characteristics 
(lower Global Warming Potential). The effects of peripheral 
conditions (channel width s and unheated diameter disc D) for 
a horizontal upward boiling surface were systematically 
investigated. 

A criteria to analyse the confinement effect has been 
proposed in literature, based on the Bond number Bo, which is 
defined as the ratio between the channel width s and the 
capillary length L; the capillary length L is proportional to the 
vapour bubble departure diameter and is calculated by: 

l v

σL=
g(ρ -ρ )

. 

The capillary length for HFE-7100 (3MTM NovecTM 
Engineered Fluids, [1]) at atmospheric pressure is about 0.88 
mm and therefore the range of the Bo number in our study 
varied between Bo = 0.57 (s = 0.5 mm) and Bo = 4.0 mm (s = 
3.5 mm). 

 
2. PREVIOUS WORKS 
 

The first studies about confinement effects date back to the 
end of the 1960s. Ishibashi and Nishikawa [2] studied the 
nucleate boiling of water and ethyl alcohol in vertical annuli at 
pressures from 1 atm (channel width 1-20 mm) to 10 atm 
(channel width 0.6-2 mm). 

Later, Katto et al. [3] studied the boiling of saturated water 
at atmospheric pressure on a horizontal upward-facing circular 
copper surface (11 mm diameter) confined by a parallel glass 
surface (channel width down to 0.1 mm). These experiments 
were performed from nucleate boiling region up to transition 
boiling in the relatively high heat flux region. They revealed 
significant effects of confinement both at low heat flux 
(increment of heat transfer performance on decreasing the 



 

channel width) and CHF (reduced CHF values decreasing the 
channel width). 

Yao and Chang [4] analysed the boiling of R-113, acetone 
and water at 1 atm in vertical narrow annuli with closed 
bottoms (heights of 25.4 and 76.2 mm and channel widths of 
0.32-2.58 mm). 

Bonjour and Lallemand [5] studied the combined effect of 
confinement (0.3-2.5 mm) and pressure (1-3 bar) on the 
critical heat flux of R-113 in vertical channels: they noted a 
reduction in CHF on decreasing channel width at all pressures 
investigated. Subsequently, these authors [6] analysed flow 
patterns during the boiling of R-113 in narrow vertical spaces, 
and observed three different boiling regimes: nucleate boiling 
with isolated bubbles, nucleate boiling with coalesced bubbles 
and partial dryout; they also developed a flow pattern map for 
confined boiling, based on the Bond number and on a reduced 
heat flux. 

A study by Misale and Bergles [7] dealt with boiling heat 
transfer on three vertical in-line heaters placed in narrow 
channels, cooled by FC-72 or Galden HT-55: when the 
channel width was small, an improvement in the heat transfer 
performance was produced at low heat fluxes (≤ 3.5 W cm-2). 
More recently, Misale et al. [8] analysed the confined pool 
boiling of saturated FC-72 from square-pin finned surfaces; 
they found a critical channel width value beyond which heat 
transfer diminished. 

Geisler and Bar-Cohen [9] experimentally studied saturated 
boiling in vertical, rectangular parallel-plate channels 
immersed in FC-72 at atmospheric pressure with spacing 
down to 0.3 mm. They found that the low heat flux 
enhancement of nucleate boiling appears to be largely 
dependent on the Bond number. 

Passos et al. [10] and Passos et al. [11] analysed the 
confined (s = 0.2–13 mm) saturated boiling of FC-72 and FC-
87 on a downward-facing copper disk (d = 12 mm): at low 
heat flux (≤ 4 W cm-2), decreasing the channel gap, they 
observed the enhancement of the heat transfer coefficient. 

Guglielmini et al. [12] performed preliminary experiments 
to analyse the combined effects of surface orientation (θ = 0°, 
45°; 90°; 135°) and confinement (channel widths s = 1–20 
mm) on the nucleate pool boiling and critical heat flux of 
saturated HFE-7100 on a smooth copper surface. 

Cardoso et al. [13] experimentally studied saturated 
nucleate boiling of n-Pentane on a heated surface facing 
upward, for different degrees of confinement (s = 0.2; 13 mm). 
The authors analysed only partial boiling curves, not up to 
thermal crisis and they observed an effect of confinement only 
for s = 0.2 mm; they noticed that the heat transfer coefficient 
increased when the confinement gap decreased. 

The effect of confinement was also analysed by Su et al. 
[14], who varied gap size s and heated disc diameter (d = 100; 
300 mm) of a downward-facing surface during boiling in 
water at atmospheric pressure under subcooled conditions; the 
confinement disc had the same diameter of the boiling surface 
(D = d). They found that the heat transfer is weaker for the 
larger diameter of the heated plate because in that case the 
bubbles escaped less easily to the liquid pool, and less 
intensively churned the fluid under the heated plate. The 
Authors also suggested to introduce in the analysis a new 
geometrical dimensionless parameter to take into account the 
effect of the disk diameter on heat transfer: d/L, ratio between 
heated surface diameter d and the capillary length L. 

Recently, Hetsroni et al. [15] experimentally studied 
boiling of water and surfactant solutions in a confined space 
between two vertical plates; the gap size was changed in the 
range of s = 1 – 80 mm (Bo = 0.4 - 47). They found that an 
addition of surfactant leaded to an enhancement of heat 
transfer compared to water boiling at the same gap size and 
that an increase in the Bond number leads to an increase in the 
dimensionless frequency of the heated wall temperature 
fluctuations, typical of the regime of high heat flux. 

No study deals with the effect of dimensions of unheated 
surface of confinement. In our geometry configuration, for 
horizontal upward surface, the ratio between boiling surface 
diameter d and confinement surface diameter D is a significant 
parameter that influences heat transfer and CHF. 

 
3. EXPERIMENTS 
 
3.1. Experimental set-up 
 

The apparatus (Figure 1a) consists of a vessel, in which the 
instrumented test section is immersed in the fluid. The test 
vessel is cubic (internal side 210 mm) and made of stainless 
steel (AISI 304). A coil condenser, refrigerated by tap water, 
is located in the container in the vapour zone. Five optical 
windows are located on the lateral walls to allow visualization 
of the boiling surface. 
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Figure 1. (a) Test vessel for pool boiling experiments; 

(b) Test section scheme (dimensions in mm) 



 

The experimental apparatus is instrumented by pressure 
transducer, venting valve, safety valve, vacuum pump and five 
shielded K-type thermocouples: four thermocouples measure 
liquid temperature and one vapour temperature. One liquid 
thermocouple is plugged into a PID regulator which modulates 
electrical power to the auxiliary heaters, placed laterally on the 
vessel’s external surface. These heaters preheat the fluid and 
maintain it at the desired temperature. 

Boiling occurs on the top, flat end of a cylindrical copper 
block, which is used as a heat flux meter. This is heated on the 
lower side by a plane electric heater. In all tests we used HFE-
7100 dielectric fluid (saturation temperature at atmospheric 
pressure Tsat = 61°C) [1]. 

 
3.2. Test section 
 

The test section (Figure 1b) consists of a cylindrical copper 
block (99.99%) heated at the bottom by an electric heater. The 
top, flat end of the copper block is the boiling surface (d = 30 
mm), with an area of 7.07 cm2. 

The copper test section is instrumented with nine shielded 
thermocouples (K-type, O.D.=0.5 mm), placed in holes at 
different levels: 3, 21, 39 mm below the boiling surface. At 
each level, the holes are placed at 120° to each other and the 
three levels are rotated so that only one thermocouple is 
located in each vertical direction, in order to avoid non-
uniformity of temperature distribution in the copper block. 

The copper block is housed in a Bakelite support. The space 
between the copper and the Bakelite is filled with insulating 
material and the upper seal is made of epoxy resin (STYCAST 
2651 MM). The boiling surface is roughened by sandblasting 
with particles of controlled dimension, and presents an 
average roughness Ra = 0.6 μm with an associated standard 
deviation of 0.02 μm. Assuming one-dimensional heat 
conduction through the copper block, the heat flux q” and the 
surface temperature Tw were calculated by Fourier’s law 
knowing the thermal conductivity of the copper (394 

11 K mW −− , from supplier data) and the temperature gradient 
through the block. The heat transfer coefficient was defined as 

sat

q"h=
ΔT

. 

To confine the boiling surface, two different circular 
Plexiglas plates were used (diameter D = 60 mm, 30 mm; 
thickness 2.5 mm). Moreover, the peripheral side is open to 
allow the fluid to wet the boiling surface. In all these 
experimental tests, the boiling surface was upward horizontal 
oriented. 

Standard techniques were followed in order to determine 
uncertainty (Moffat [16]) in the experimental measurements. 
The system used to collect and store the signals from the 
thermocouples was accurate to ± 0.1 K on absolute 
temperature values and to ± 0.02 K on differential values. The 
uncertainty in the determination of heat flux proved to be 
dependent on operating conditions. In the single-phase natural 
convection zone and at the onset of nucleate boiling, the 
maximum error in heat flux value was ± 15%. In the fully 
developed nucleate boiling region, the maximum error was 
less than ± 5%. Close to the thermal crisis, uncertainty 
increased to ±8%. The error associated with surface 
temperature in the fully developed boiling region was less than 

±0.2 K. Finally, the positional error of the confinement surface 
was about ± 0.05 mm. 

 
3.3. Test procedure 
 

Before each experimental campaign, a partial vacuum (less 
than 0.01 Pa) is created inside the vessel and then the bulk 
liquid is introduced into the vessel. The auxiliary heaters are 
switched on in order to raise the internal pressure value above 
(+10%) the external atmospheric pressure, thereby degassing 
the fluid. This operation is repeated until a satisfactory 
correspondence is achieved between the pressure inside the 
vessel and the liquid saturation temperature. 

For dielectric fluids, at the onset of nucleate boiling, 
temperature overshoot or hysteresis phenomena may appear. 
To avoid these situations, the following procedure was 
adopted: after half an hour of vigorous boiling at about 2 

2cmW − (for s = 1 mm and s = 0.5 mm, q” = 0.8 2cmW − ), the 
experiments began at the lowest heat flux value; all tests were 
then conducted under increasing heat flux conditions. 

For each imposed heat flux value, once steady-state 
conditions have been reached after about 15-20 min, all 
measurement parameters are acquired and recorded. 
 
4. RESULTS AND DISCUSSION 
 
4.1. Pool boiling curves and heat transfer 
 

The effects of peripheral conditions (channel width s and 
unheated diameter disc D) were experimentally investigated 
for the saturated pool boiling of HFE-7100. The channel width 
s was the distance between the circular boiling surface and the 
circular Plexiglas plate placed in front of it. We analysed 
different configurations varying the gap (s = 0.5, 1, 2, 3.5 mm) 
and the diameter of the confinement disc (D = 60 mm, large as 
the overall Bakelite support, D = 30 mm, large to cover only 
copper boiling surface). In a previous work [12], using a 
confinement disc D = 60 mm, it had been showed that, for 
channel widths s > 3.5 mm (Bo > 4.0), no effects of 
confinement are observed. 

Figure 2 presents the experimental results for confinement 
disc with D = 30 mm: Fig. 2(a) shows the boiling curves and 
Fig. 2(b) the heat transfer coefficients, both as function of 

satΔT . Figure 3 shows the experimental results for disc with D 
= 60 mm: Fig. 3(a) shows the boiling curves and Fig. 3(b) the 
heat transfer coefficients. 

In the low wall superheat boiling region ( satΔT < 9 K) and 
for confinement disc of D = 60 mm, the heat transfer is higher 
for channel width s = 1 mm (Bo ≈ 1) and s = 0.5 mm (Bo < 1) 
than for the unconfined surface; for disc of D = 30 mm, the 
channel width seems to have no significant effects on boiling 
curves trend except for s = 0.5 mm. 

At higher wall superheats ( satΔT > 9 K), a drastic reduction 
in heat transfer as well as CHF appears for confined boiling 
for channel width s ≤ 3.5 mm, less pronounced for the smaller 
confinement disc. 

For channel spacing s = 0.5 mm (Bo = 0.57), at very low 
wall superheats the heat transfer for confined surfaces is 
higher than that of the unconfined surface; while at high 
superheats the heat transfer is significantly lower for both type 
of confinement, in particular for D = 60 mm. The great 



 

instability of this configuration (s = 0.5 mm), especially for D 
= 60 mm, causes poor repeatability of boiling curves: in fact 
vapour accumulates in the gap and suddenly leaves the test 
section laterally in one direction or another, allowing new 
liquid to wet the boiling surface. 

These experimental data are in accord with literature 
results, [17]. 
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Figure 2. (a) Boiling curves (b) heat transfer coefficient 

curves for D = 30 mm and different gaps 

The experimental results seem to partially confirm the 
observations made by Katto et al. [3], who experimentally 
studied the nucleate and transition boiling of saturated water in 
narrow spaces for horizontal upward-facing heated surfaces. 
Katto and co-workers, observed that the mechanism of 
nucleate boiling seems to change when the Bond number 
decreases to the order of magnitude of 1 or less. 
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Figure 3. (a) Boiling curves (b) heat transfer coefficient 

curves for D = 60 mm and different gaps 



 

In fact, between the heated surface and the base of the 
deformed bubble, a thin liquid film, called microlayer, 
evaporates. For Bo < 1 the bubbles coalesce, increasing the 
area of the liquid film; the microlayer of liquid, attached to the 
surface by intermolecular attractive forces [18], are pressed 
against the heated wall and does not evaporate completely; as 
a consequence, the heat transfer coefficient increases. 

The effect of Bond number is more evident in D = 60 mm 
configuration, for which the confinement disc represent a real 
obstacle to the departing bubbles. In fact, as supposed by 
Cardoso et al. [13], the mechanism of escape of coalescent 
bubbles and surface re-wetting “is dependent on the 
conditions imposed by the geometric characteristics of the 
heated surface and its support. Thus, the ratio between the 
diameters of the support and the test section can influence the 
residence time of the bubble in the channel”. 

The confinement effect is presented in Fig. 4 where the 
ratio between the heat transfer coefficient in the case of 
confined boiling surface and unconfined one (h/hunconf) as 
function of the Bond number is depicted; Fig. 4(a) presents 
data for D = 30 mm confinement whereas Fig. 4(b) for D = 60 
mm. At very low heat fluxes (q”< 1 W cm-1) there is an 
enhancement of heat transfer decreasing gap size s and, as a 
consequence, Bond number Bo; this effect is more evident for 
bigger confinement disc (D = 60 mm). Increasing the heat 
flux, a reduction in heat transfer coefficients appears and CHF 
strongly decreases for Bo < 4 (s ≤ 3.5 mm), less pronounced 
for the smaller confinement disc (D = 30 mm). 

In general for the same channel width, a smaller diameter of 
the confinement disc causes, at high wall superheat, both 
higher heat transfer coefficient and higher CHF because the 
vapour bubbles can leave more easily the boiling surface 
whereas, for bigger diameter disc, a growing accumulation and 
coalescence of departing vapour bubbles creates near the 
boiling surface, which hinders the heat transfer rate. 

Su et al. [14] noticed that, for elongated bubbles typical of 
confined boiling, there were two characteristic length scales: 
the bubble width (direction parallel to the heated surface) and 
the bubble height (normal to the heated surface). The width of 
the bubble is more important than the height because it 
directly affects the area of the heated surface covered by 
vapour. This dimension may be strongly influenced by the 
diameter of the boiling surface, and could reach its dimension 
if the nucleation site is at the center of the surface. Conversely, 
the bubble height may be limited to the gap size if this gap 
size is small. 
 
4.2. Critical heat flux 
 

Boiling conditions close to the thermal crisis were also 
analysed. To avoid compromising the integrity of the test 
section, heat flux was increased by regular steps until a 
noticeable and rapid rise in surface temperature was measured. 
This condition was identified as the maximum heat flux and 
should be very close to the thermal crisis: this heat flux was 
defined as the critical heat flux CHF. 

For channel widths greater than about 3.5 mm, the effect of 
confinement is negligible in comparison with the unconfined 
boiling condition [12]. For channel widths of 3.5, 2, 1 and 0.5 
mm, the presence of the confining wall clearly impairs heat 
transfer performance, and the CHF value decreases markedly 
as the channel width decreases, in comparison with 
unconfined configuration. 
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Figure 4. Effect of confinement on heat transfer coefficients 

(a) D = 30 mm (b) D = 60 mm 
 
 

Figure 5. Critical heat flux CHF vs. channel width 
for different confinement disc diameter 
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Figure 6. Predicted critical heat flux (Misale et al [18]) vs. 
experimental CHF data for HFE-7100 on  

horizontal confined surfaces 
 
 

Figure 5 shows critical heat flux CHF vs. channel width for 
the two different confinement disc diameter (D = 30, 60 mm): 
CHF decreases, decreasing channel width for both adiabatic 
surface diameter D, whereas CHF is always bigger for the 
smaller unheated wall. 

Bonjour and Lallemand [6] concluded that the reduced 
CHF is related to earlier dryout of microlayer because the 
initial thickness of the microlayer was reduced with a decrease 
in the space gap. 

For the critical heat flux CHF of pool boiling there are 
various theoretical and semi-empirical correlation in literature. 
Zuber [19] derived a classical CHF analytical expression: 
 

{ }0.5 0.25
v fg l v

πCHF=  ρ h [gσ (ρ -ρ )]
24

⋅             (1) 

 
This correlation is useful for saturated pool boiling on 

large, thick, upward-facing horizontal plates and represents a 
baseline correlation for pool boiling CHF. 

Based on Zuber’s correlation, many correlations have been 
developed introducing correction factors to take into account 
various effects, such as length scale, geometry, wall 
thermophysical properties, wall thickness and subcooling 
(Bar-Cohen and McNeil [20]; Watwe and Bar-Cohen [21] and 
Golobic and Bergles [22]). 

Few authors obtained correlations which consider the effect 
of channel width on CHF for confined surfaces. 

Based on Zuber’s expression, Misale et al. [23] proposed an 
empirical correlation for CHF of horizontal (θ = 0°) confined 
surfaces: 
 

{ }0.5 0.25
v fg l vCHF=0.185 ψ (s)  ρ h [g σ ( ρ -ρ )]⋅ ⋅            (2) 

 
The expression for ψ(s) is: 

 

-1.32 s

1ψ (s)=
1+71.43 e ⋅⋅

              (3) 

where s is expressed in mm. 
In their study Misale et al. [23] used a ratio between boiling 

surface diameter and confinement surface diameter d/D equal 
to 0.5. 

In this paper that correlation is employed to predict 
experimental data for both diameter values of the confinement 
wall. The comparison between the experimental data and the 
predicted ones are presented in Figure 6. 

As expected, Misale et al. correlation predicts well data for 
the confinement configuration with bigger disc diameter 
(D=60 mm) but it shows a bad agreement for the other 
confinement disc (D = 30 mm). The discrepancies are 
imputable to fact that the correlation (2) was developed for 
d/D = 0.5. The CHF depends both on the d/D ratio and the 
channel gap s, but the latter parameter is a function of the 
former one. It is our opinion that at the stage of the research 
(only two d/D ratio investigated) it is premature to change the 
correlation (2). For this reason new experimental tests are 
required in the future with different d/D ratio configurations in 
order to define a relationship that is able to take into account 
these two parameters. 
 
4. CONCLUSIONS 
 

An experimental study on the nucleate pool boiling and 
critical heat flux of the dielectric fluid HFE-7100 was 
conducted in order to analyse the effects of peripheral 
conditions (channel width s and unheated diameter disc D) 
during saturated pool boiling at atmospheric pressure on a 
smooth copper surface (d = 30 mm). 

The following conclusions can be drawn: 
 
Heat transfer coefficient 
- In the low wall superheat boiling region ( satΔT < 9 K), the 
only effect of confinement is for s = 0.5, 1 mm (Bo ≈ 1); 
- at high wall superheats ( satΔT > 9 K), a drastic reduction in 
heat transfer appears for confined boiling with s ≤ 3.5 mm, 
less pronounced for the smaller confinement disc (D = 30 
mm); 
- the influence of the Bo number is more pronounced in the 
case of d/D = 0.5, especially at low heat fluxes. Whereas, 
when the previous ratio is equal 1 its capacity to represents the 
boiling data is more reduced; 
- in general, for the same channel width, a smaller diameter of 
the confinement disc produces, at high wall superheat, higher 
heat transfer coefficient and critical heat flux. 
 
Critical heat flux (CHF) 
- For both different type of confinement, the CHF decreases 
as the channel width s decreases; 
- for all channel width, CHF values are bigger for smaller 
diameter of the confinement disc; 
- CHF data were compared with Misale et al. correlation [18]. 
As expected this correlation predict well data for D = 60 mm 
but gives unsatisfactory agreement for data with D = 30 mm; 
- new tests are required to collect more data and try to modify 
correlation (2) in order to include ratio d/D effect. 
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NOMENCLATURE 
 
Bo Bond number = s/L  [-] 
CHF critical heat flux   [W cm-2] 
d boiling surface diameter  [m] 
D confinement disc diameter  [m] 
g acceleration of gravity  [m s-2] 
h heat transfer coefficient  [W m-2 K-1] 
hlv latent heat of vaporisation  [J kg-1] 
L capillary length   [m] 
q” heat flux    [W cm-2] 
s channel width   [m] 
Tsat saturation temperature  [K] 
Tw surface temperature  [K] 
 
ρl liquid density   [kg m-3] 
ρv vapour density   [kg m-3] 
σ surface tension   [N m-1] 
ΔTsat wall superheat = Tw - Tsat  [K] 
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