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� An analysis of the influences of different parameters on the boiling phenomenon was performed.
� A new correlation to predict the pool boiling heat transfer coefficient is presented.
� The effect of different working fluids, gap size and surface roughness were considered.
� The proposed correlation predicts accurately the boiling heat transfer of fluids under confined and unconfined conditions.
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The aim of this study is to investigate the influences of different parameters on the boiling phenomenon.
In this paper, a new correlation to predict the pool boiling heat transfer coefficient is presented. The
developed correlation was based on a database of experimental results, taking into account the effect
of surface/liquid combination by considering the influence of contact the angle on pool boiling perfor-
mance, and also the effect of the nucleate boiling in narrow spaces. The proposed correlation predicts
accurately the boiling heat transfer behavior of fluids with significantly different thermophysical proper-
ties under confined and unconfined conditions. In order to validate the developed correlation, statistical
analyses on the ratios of the experimental and correlated Nusselt numbers were performed. Also, the heat
transfer coefficients calculated with the proposed correlation were compared with experimental results
for different pool boiling conditions obtained by others authors.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

A better understanding of the mechanisms governing the nucle-
ate boiling is required in order to intensify its use in thermal sys-
tems. Although intensive research on pool boiling processes has
been undertaken for decades, the physical phenomena are still
not sufficiently understood. This is mainly due to the large number
of influencing parameters on the boiling process. The main factors
that influence the heat transfer mechanisms in nucleate boiling
regime are the heat flux, the thermophysical properties of the
working fluid and the surface characteristics such as the dimen-
sions, geometric shape, thickness, orientation, and roughness [1].
The investigations on this subject have three major objectives: (i)
reducing the heat exchanger size; (ii) operate at heat flux safety
margins, and (iii) increasing the heat transfer rate.
The mainly parameters of boiling heat transfer according to Li
et al. [2] are the heat transfer coefficient (HTC) and the critical heat
flux (CHF). The former determines the cooling system’s efficiency,
and the latter determines the cooling system’s maximum dissipa-
tion power and safety constraints. Moreover, the CHF can be highly
dependent on the confinement, and the general trend is that it
decreases with a decrease of the gap size [3]. Kole and Dey [4]
established that boiling phenomena of fluids are important for sys-
tems which are characterized by high heat flux in a compact vol-
ume. Thus, in order to apply the boiling process in the
engineering field toward producing more compact and efficient
thermal systems, a full understanding of the boiling phenomenon
is required.

The application of nucleate boiling in confined spaces is one of
the techniques used to improve thermal exchange. The first studies
focusing on confined boiling were performed by Ishibashi and
Nishikawa [5] and Katto et al. [6]. In the former, the authors pre-
sented an analysis of the effect of pressure, surface tension and
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Nomenclature

Alphabetic
cp specific heat capacity [J/kg K]
Csf Rohsenow’s correlation coefficient [–]
Cs surface-fluid parameter [–]
fw surface material parameter [–]
g acceleration due to gravity [m/s2]
h heat transfer coefficient [W/m2 K]
hlv latent heat of vaporization [J/kg]
k thermal conductivity [W/m K]
Lb capillary length [m]
M molar mass [kg/kmol]
patm atmospheric pressure [kPa]
pr reduced pressure [kPa]
q” heat flux [W/m2]
Ra average surface roughness [mm]
Rp maximum peak height of surface roughness [mm]
s gap size [mm]
Tsat saturation temperature of the fluid [K]
Tw surface temperature [K]
Ub vapor bubble superficial velocity [m/s]
db,SA detachment diameter of vapor bubbles used in Stephan

and Abdelsalam’s correlation [m]
Db detachment diameter of vapor bubbles [m]

Greek letters
DTsat wall superheating [K]
e relative average error [–]
c heating surface material parameter [–]
c30 parcel of data correctly predicted within ±30% range [–]
m viscosity [kg/m s]
q density [kg/m3]
r surface tension [N/m]
h static contact angle [�]

Subscripts
l liquid
v vapor

Dimensionless parameters
Bo Bond number [–]
Nu Nusselt number [–]
Reb Reynolds number of the vapor bubble [–]
Reb

⁄ modified Reynolds number of the vapor bubble [–]
Ja⁄ modified Jakob number [–]
Pr Prandtl number [–]
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confinement on pool boiling in an annular vertical channel. The
authors showed that the confinement leads to an increase in the
heat transfer coefficients at low heat fluxes. Katto et al. [6] showed
that for low to moderated heat fluxes, the confinement has a sur-
prisingly beneficial effect, enhancing heat transfer. The enhance-
ment of heat transfer in confined boiling is generally attributed
to two different mechanisms: enhanced liquid agitation [5] and
enhanced microlayer evaporation [6,7]. The former is due to the
coalescence phenomenon and displacement of the bubbles along
the surface and it is generally reported for vertical heating surfaces.
The latter is due to the fast bubble growth forming a microlayer
with a large surface; this mechanism is generally cited in studies
carried out on horizontal surfaces and in very narrow spaces, when
the vapor bubbles have a long residence time in the confined space.

In order to better understand the mechanisms responsible for
boiling heat transfer in narrow spaces, Cardoso et al. [8] performed
an experimental nucleate boiling study on a horizontal upward
facing heater and on a downward facing heater, by using FC 72
and FC 87 as working fluids and for different gap sizes. The results,
according to this study revealed that, for the unconfined case and
at low heat fluxes, the heat transfer is higher for a downward fac-
ing heating surface than for an upward facing heating surface.
However, the effect of the heater’s orientation tends to disappear
for the confined case.

The study of Yin et al. [9], involving experimental investigation
on bubble confinement and elongation in microchannel during
flow boiling of water, revealed a dominant heat transfer for con-
fined bubble growth rate compared to free/unconfined growth
bubble. According to the researchers, the heat transfer enhance-
ment was due to the evaporation of thin liquid film surrounding
the elongated bubble.

The effect of the gap size on the vapor bubble can be character-
ized by Bond number, Bo, defined as the ratio of the characteristic
length to the confined space, s, and the capillary length,

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
gðql�qv Þ

q
, where r, g, ql e qv represent the surface tension

[N/m], the acceleration due to gravity [m/s2], the liquid density
and the vapor density [kg/m3], respectively [10]. Guglielmini
et al. [11] analysed the combined effects of surface orientation
and gap size on the boiling heat transfer and CHF of HFE 7100 on
a smooth copper surface. At low wall superheat, 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 large wall superheating and
with gaps of 3.5, 2 and 1 mm, the HTC and CHF decreased as the
channel width decreased.

Cardoso and Passos [1] studied saturated nucleate boiling of n-
Pentane on an upward face heating surface for different gap sizes
(s = 0.1, 0.2, 0.5, 0.7 and 13 mm), with two different diameters of
heated discs. The authors observed that for the confined case, the
HTC is higher when the diameter of the heating surface is smaller.
This was explained by the fact that the smaller the heated surface
diameter, the lower is the residence time of vapor bubbles inside
the channel. For the unconfined case, the HTC increases as the
diameter of the heated surface decreases, due to the fact that
decreasing the heating surface area decreases the resistance of
the liquid located near the heating surface to cool it.

The effect of the heating surface condition on nucleate boiling
has also called the attention of the scientific community [12,13].
Experimental studies have been performed using nanostructured
surfaces, aiming to understand the surface modification effects.
Surfaces with microporous coatings of thicknesses 81, 109, 150,
182, and 225 lm were tested in confined and unconfined spaces
by Yang and Liu [14]. From the experimental results, the authors
concluded that the HTC for the surfaces with microporous coatings
are affected by the number of active nucleation sites, bubble
detachment resistance, and the thermal resistance of the microp-
orous coating layer.

Souza et al. [15] studied the effect of the deposition of maghe-
mite (c-Fe2O3) nanoparticles on a horizontal heated copper surface
during the nucleate boiling of HFE 7100, using two nanoparticle
diameters (10 nm and 80 nm). Two main conditions are consid-
ered: unconfined and confined boiling. The results showed around
55% enhancement in the HTC of for the nanostructured surface
with the smallest nanoparticles, as compared to those of the sur-
face without deposition. The results for the larger nanoparticles
showed around 29% decrease in the HTC as compared to the case
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without deposition. For the confined cases, the boiling heat trans-
fer increased when the gap size decreased, mainly for lower heat
fluxes.

Heitich et al. [16] analysed the effect of nanostructured surfaces
on pool boiling of water under saturated conditions. In their exper-
iment, molybdenum (achieved by sputtering process) and maghe-
mite (obtained by nanofluid evaporation) were used to nanocoat
the heating surface. The rough surfaces showed a highly hydropho-
bic behavior, and the HTC enhancement compared to the others
surfaces tested was explained by the fact the cavities are not
flooded with liquid, allowing vapor trapping which in turn
increases the number of active boiling centers on the surface.

Recently, in order to observe the effect of nanocoating process
on the HTC behavior during pool boiling process, Kiyomura et al.
[17] carried out pool boiling experiments using copper surfaces
with different roughnesses and DI-water as the working fluid
under saturated conditions. The nanostructured surfaces were pro-
duced by boiling process of Fe2O3-water based nanofluid, with dif-
ferent nanofluid concentrations. According to the authors, the
highest HTC were obtained for the nanocoated smooth surface
(at low nanofluid concentration).

In order to understand the boiling phenomenon, numerous pool
boiling experiments - including models and correlations - have
been reported in the open literature. It is important to point out
that, the accuracy of the database related to the parameters has a
decisive effect on the success of the model in correlating the exper-
imental data. Therefore, many of the models and correlations
found in the literature are useful within the range of the database
used in developing their derivation.

This paper initially describes the correlations available in the
open literature for prediction of pool boiling heat transfer. Subse-
quently, the database obtained by Cardoso and Passos [1], Cardoso
et al. [8] and Kiyomura et al. [17] for the heat transfer coefficient
during pool boiling of FC72, FC87, n-Pentane and DI-water under
confined and unconfined conditions are described and compared
with the predictive methods from the literature. Then, a new cor-
relation for confined and unconfined nucleate boiling regime, tak-
ing into account the heating surface characteristics, the working
fluid properties and the interaction between them, is proposed
based on the HTC experimental database of these authors. The
experimental trends from the database considered for its develop-
ment and independent data from literature were well captured by
the proposed correlation.

2. Predictive methods available in the literature for pool boiling
heat transfer

In the present analysis, different correlations are considered for
comparison with the proposed correlation as, Gupta and Varshney
as referred by Hameed et al. [18], Rohsenow [19], Stephan and
Abdelsalam [20], Cooper [21], Ribatski and Jabardo [22], and Li
et al. [23].

Gupta and Varshney as referred by Hameed et al. [18] devel-
oped a pool boiling heat transfer correlation based on their exper-
imental data for distilled water, benzene, and toluene as working
fluids over a heated horizontal cylinder. The correlation is given
as follows:

hGV

kl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r

ðql �qvÞg
r

¼ 1:39
q00qlcpl
qvhlvkl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r

ðql �qvÞg
r� �0:7 qv

ql

� �0:21 llcpl
kl

� ��0:21

ð1Þ
Rohsenow [19] assumes that the movement of bubbles at the time
of departure from the heating surface is the predominant mecha-
nism and used different constants to express the effects of various
materials, conditions and types of surface. For heat transfer in the
region of nucleation pool boiling, the heat transfer is given as
follows:

cplDTsat

hlv
¼ Csf

q00

llhlv

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r

gðql � qv

r� �r
Prsl ð2Þ

where ll, hlv, cpl, and Prl represent the viscosity of the liquid (kg/
m s), the latent heat of vaporization (J/kg), the specific heat of the
liquid (J/kg K), and the Prandtl number of the liquid, respectively.
DTsat represents the wall superheating, i.e., (Tw � Tsat), and r = 1/3
and s = 1.7 (for water, s is equal to 1.0). Rohsenow [19] proposed
the surface factor Csf as variable coefficient depending on the com-
bination of the heating wall material and roughness, as well as, the
working fluid.

In 1980, Stephan and Abdelsalam [20] proposed four specific
correlations by applying a statistical multiple regression technique
to water, refrigerants, organics, and cryogens. They proposed the
following correlation for refrigerants, whose mean deviation was
10.6% in the reduced pressure range of 0.003–0.78,

hSA ¼ 207
kl

db;SA

� �
q00db;SA

klTsat

� �0:745 qv

ql

� �0:581

Pr0:533l R0:333
p ð3Þ

where kl represents the thermal conductivity of the liquid, and db,SA
the detachment diameter of the bubble, calculated by:

db;SA ¼ 0:0146h
2r

gðql � qvÞ
� �0:5

ð4Þ

where h corresponds to the static contact angle in degree.
Cooper [21] proposed a correlation for calculating nucleate boil-

ing heat transfer coefficient taking into account the surface rough-
ness and reduced pressure of the liquid,

hCooper ¼ 55pb
r ð� logprÞ�0:55M�0:5q000:67 ð5Þ

where b = 0.12 � 0.2logRp, and pr, M and Rp represent the reduced
pressure, the molar mass of the working fluid, and the maximum
peak height of surface roughness, respectively. In the present study,
the correlation has been evaluated based on the average surface
roughness, Ra, whereas Cooper’s correlation includes the parameter,
Rp. There has been some debate in the literature regarding the rela-
tion between these roughness parameters and boiling [24]. How-
ever, for the present analysis, the following expression suggested
by Gorenflo [25] has been used:

Ra ¼ 0:4Rp ð6Þ
Ribatski and Jabardo [22] proposed an empirical correlation for

estimation of nucleate boiling heat transfer in terms of reduced
pressures. The authors based on the experimental data for satu-
rated pool boiling of halocarbon refrigerants on cylindrical surfaces
of different materials:

hRJ ¼ qmfWp0:45
r ð� logprÞ�0:8R0:2

a M�0:5 ð7Þ
where

m ¼ 0:9� 0:3p0:2
r ð8Þ

and fW is the surface material parameter.
Li et al. [23] analysed a semi-analytical heat transfer model with

both static contact angle and surface roughness effects on pool
boiling and, they indicated that the heat transfer could be
expressed as a function of wall superheat, solid–liquid contact
angle, surface roughness, influence parameter of the heating sur-
face material and the fluid thermophysical properties. Using the
experimental data of seven different fluids (water, ethanol, CCl4,
acetone, n-hexane, R113, R141b), the authors proposed an
improved correlation which is similar to Rohsenow’s correlation
as follows:
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cplDTsat

hlv
¼ 0:013C�0:33

s
q00

hlvll

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r

gðql � qvÞ
r� �0:33

Prl ð9Þ

where

Cs ¼ ð1� cos hÞ0:5 1þ 5:45

ðRa � 3:5Þ2 þ 2:61

" #
c�0:04h

¼ MAXðh;15oÞ ð10Þ
3. Description of the experimental database

Cardoso and Passos [1], Cardoso et al. [8] and Kiyomura et al.
[17] obtained their nucleate boiling HTC results considering differ-
ent heating surfaces and confinement conditions for n-Pentane,
FC72 and FC87 and, DI-water, respectively.

Different test sections were used by the authors to obtain the
experimental data. Cardoso and Passos [1] used two different test
sections to analyze the roughness and the diameter of the heating
surface (copper block of 12 mm and another of 20 mm diameter,
both of them with 60 mm height cylinder). Four K-type thermo-
couples, fixed in the cylindrical part of the copper block, were used
to determine the wall temperatures and the heat flux. The test sec-
tion is heated by a cartridge heater of 177X, embedded in the
sample (Fig. 1). The working fluid used was n-Pentane, at satura-
tion temperature and pressure of 1 bar, and different gap sizes
were studied (0.1 mm � s � 13 mm). The uncertainty of the tem-
perature measurement and the gap size were ±0.2 �C and
±0.05 mm, respectively. The experimental uncertainty for the heat
flux and the heat transfer coefficient, for nucleate boiling regime,
varied from 2.5% to 15% and 2% to 18%, respectively.
Fig. 1. Experimental setup developed by Cardoso and Passos [1]. (a) Boiling chamber a
transducer; (4) Vapor and liquid thermocouples; (5) Plexy-glass window; (6) Valve; (7)
water outlet; (12) and (13) Stainless steel plates.
In the work of Cardoso et al. [8], the test section consisted of a
copper disc with a 12 mm diameter and 1 mm thickness, with
three K thermocouples set in the disc. The copper disc is heated
by an electrical resistance skin heater fixed by epoxy resin and is
fixed to a piece of PVC. In fact, Cardoso et al. [8] analysed the nucle-
ate boiling regime, for low and moderated heat flux (�40 kW/m2),
for FC72 and FC87, at saturation temperature and atmospheric
pressure. Different gap sizes (s = 0.1, 0.2, 0.3, 0.4, 0.5, 1 and
13 mm) were examined on both a downward and an upward heat-
ing surface (Fig. 2). The uncertainty levels associated with the tem-
perature and gap size were ±0.6 �C and ±0.05 mm, respectively. The
uncertainty for the HTC varies from 2% to 12%.

Kiyomura et al. [17] performed an experimental investigation
on the effects of surface roughness and nanoparticle deposition
on the contact angle, surface wettability and pool boiling HTC
under unconfined conditions. The experiments were carried out
using copper surfaces with different roughnesses, and deionized
water as the working fluid at a pressure of 98 kPa and under satu-
rated conditions. The test section consisted of a copper block
(20 mm diameter and 60 mm height) containing three K thermo-
couples fixed in the copper cylinder (Fig. 3). These thermocouples
are used to estimate the wall temperature and the heat flux. The
temperature uncertainty was ±0.4 �C. For all surfaces tested, the
experimental uncertainty for the heat flux and for the HTC varied
from 15.3% to 1.6%, and from 15.9% to 2.6%, respectively.

In this study, 2209 experimental data points concerning pool
boiling on horizontal surfaces were analysed, in the range of fully
established nucleate boiling under confined (0.1 mm � s �
0.7 mm) and unconfined conditions. The thermophysical proper-
ties were obtained by the software EES (Equation Engineering Sol-
ver 7.345D 64-bit version). The data were analysed by using the
nd (b) View of test section assembly. (1) Bath water inlet; (2) Valve; (3) Pressure
Condenser; (8) Boiling chamber; (9) Boiling chamber; (10) Test section; (11) Bath
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least squares method implemented in Matlab� version 8.1.0.604
(R2013a).

3.1. Prediction of the database by using the known correlations

In order to evaluate the capability of the correlations available
in the literature to predict HTC results for pool boiling under
Fig. 2. Scheme of the experimental setup developed by Cardoso et al. [

Fig. 3. View of test section assembly d
confined and unconfined conditions, the experimental database
[1,8,17] were compared with the values of HTC calculated from
the correlations of Gupta and Varshney as referred by Hameed
et al. [18], Rohsenow [19], Stephan and Abdelsalam [20], Cooper
[21], Ribatski and Jabardo [22] and, Li et al. [23]. Table 1 presents
the results of the statistical analysis of the comparisons between
experimental and predicted data for pool boiling under confined
8]. (a) downward heating surface and (b) upward heating surface.

eveloped by Kiyomura et al. [17].



Table 1
Comparison between HTC experimental database used in the present study and HTC
predictive methods from the literature.

Methods e [%] c30 [%]

Gupta and Varshney [18] 39 30
Rohsenow [19] 44 25
Stephan and Abdelsalam [20] 315 8
Cooper [21] 61 22
Ribatski and Jabardo [22] 27 58
Li et al. [23] 27 56
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and unconfined conditions, depicting the parcel of data predicted
within an error band of ±30%, c30, and the relative average error,
e, defined as follows:

e ¼
PN

i¼1
jhcal�hexp j

hexp

N
ð11Þ

Despite of many parameters involved in the development of
existing correlations for the pool boiling HTC prediction such as,
the working fluid properties, the pressure, and the heating surface
geometry and roughness, Table 1 indicates that the HTC experi-
mental database did not accurately match any of the considered
correlations. Ribatski and Jabardo [22] correlation provided the
best result, predicting correctly 58% of the experimental database
within an error band of ±30%. These correlations usually do not
take into account the effect of the surface/liquid combination and
the surface microstructure.

It was expected that the correlation proposed by Li et al. [23]
showed the best performance, since their correlation takes into
account both static contact angle and surface roughness effects
on the pool boiling. However, this correlation under predicts most
of the experimental database, predicting 56% of the data within the
±30% error band. It is worth mentioning that this correlation is an
improved version of Rohsenow’s correlation, and as it can be seen
in Table 1, Rohsenow [19] predicted only 25% of the database
within an error band of ±30%.

The capability of the Stephan and Abdelsalam [20], and Cooper
[21] correlations in predicting the experimental showed the worst
performance. The comparison results from Table 1 revealed that an
extrapolation of these correlations is only applicable over a narrow
range. This fact can be related to the complexity of the coupled
mechanisms involved in the accurate prediction of boiling heat
transfer. Additionally, the existing correlations for the prediction
of boiling processes is almost completely based on experimental
investigations mainly for nucleate boiling regime under uncon-
fined conditions.

The reports from the studies of Cardoso and Passos [1] and Car-
doso et al. [8] indicated that pool boiling performance is greatly
influenced by the heating surface conditions, and the gap size.
Kiyomura et al. [17] also pointed out that the morphology of the
heating surface interferes directly on the vapor bubble dynamics
and the heat transfer mechanisms. Considering the various param-
eters involved in the boiling phenomena, a general correlation for
pool boiling HTC is advisable based on the nondimensional analy-
sis of the phenomena relating to the effect of the surface-liquid
combination and the heating surface characteristics.

4. New pool boiling HTC predictive method

4.1. Correlation development

As previously mentioned, the HTC increases with increasing the
confinement due to the fast growth of the bubble forming a micro-
layer with a large surface, which enhances its evaporation. For the
unconfined case, the HTC enhancement is related to the increase in
the liquid agitation. Thus, the proposed correlation takes into
account the effect of different working fluids, gap sizes and contact
angles. The newly developed correlation is obtained based on the
Buckingham (p) theorem to formulate the independent variables
chosen to represent the dependent parameters. The application
of this theorem first requires a decision on which of the parameters
play a role on the nucleate boiling. The boiling phenomenon is
dependent on the heat flux, q00; the saturation temperature, Tsat;
the gravity acceleration, g; the latent heat of vaporization, hlv;
the surface tension, r; the characteristic length (capillary length),
Lb; the gap size, s; and the thermophysical properties of the fluid:
density of the liquid and vapor phases, ql and qv, respectively;
specific heat of the liquid, cpl; thermal conductivity, kl; and viscos-
ity of the liquid, ll. Thus, the following functional relation can be
written:

h ¼ f ðq00; Tsat; g;hlv ;r; Lb; s;ql;qv ; cpl; kl;llÞ ð12Þ
The functional relationship involves 12 dimensions and, accord-

ing to the Buckingham (p) theorem, there are eight dimensionless
parameters or settings in dimensionless groups. Algebraic manipu-
lation of the p values provides the main dimensionless groups, as
follows:

Nu ¼ NuðJa�; Prl;Reb;BoÞ ð13Þ
where the Nusselt number is expressed as a function of the modi-
fied Jakob, Prandtl, Reynolds based on vapor bubble, and Bond num-
bers, respectively.

It is widely known that pool boiling heat transfer is related to
the thermophysical properties of the working fluid and also, to
the thermal and dynamic interaction between the heating surface
and the vapor bubble. Thus, the modified Jakob number takes into
account the sensible heat and the latent heat of vaporization, as
follows,

Ja� ¼ cplTsat

hlv
ð14Þ

According to Rohsenow [19], the heat transfer enhancement
under boiling conditions is a consequence of the local fluid agita-
tion in the region close to the heating surface promoted by the suc-
cessive bubbles detachments. The Reynolds number, Reb,
introduced by Rohsenow [19] for unconfined nucleate boiling, is
based on the vapor bubble size at the departure from the heating
surface, given by:

Reb ¼ qvUbLb
ll

ð15Þ

where Lb ¼ r
gðql�qv Þ

� �1=2
is the characteristic length and, Ub is the

vapor bubble superficial velocity, defined as,

Ub ¼ q00

qvhlv
ð16Þ

In this study, the Reynolds number in Eq. (15) is modified taking
into account the remarkable effect of the surface tension on the
growth and departure of the vapor bubbles under confinement
conditions, which strongly influence the boiling heat transfer per-
formance as observed by Cardoso and Passos [1] and Cardoso et al.
[8]. Thus, the modified Reynolds number is obtained by consider-
ing the effect of the contact angle of the vapor bubble departure
in the nucleate boiling regime. As pointed out by Cheng andMewes
[26], static contact angle, h, is one of the most important parame-
ters in boiling phenomena that characterize the wettability of the
heating surface. Therefore, the modified Reynolds number is given
by:
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Re�b ¼
Dbq00

llhlv
ð17Þ

where the bubble departure diameter, Db, is estimated considering
the effect of the contact angle on bubble departure in nucleate boil-
ing regime calculated as follows:

Db ¼ 0:0208hLb ð18Þ
where, the contact angle is considered in the range of h < 10� and
75� < h < 95� for wetting surface and non-wetting surface fluids,
respectively. The Fritz’s [27] model is one of the well-founded mod-
els to predict the bubble diameter.

The Prandtl number of the liquid was used by Rohsenow [19] to
develop his correlation. According to Rohsenow [19], the Prandtl
number is important because the heat transfer occurs directly from
the heating surface to the adjacent liquid, adapting a single-phase
forced convection heat transfer model to nucleate pool boiling.
Since the Prandtl number of the liquid is an important parameter
Table 2
Range of the dimensionless groups.

Dimensionless number Confined case Unconfined case

Nu 2.26 � Nu � 167.60 2.52 � Nu � 257.71
Reb

* 0.00015 � Reb
* � 0.22 0.00016 � Reb

* � 8.23
Prl 3.62 � Prl � 13.30 1.80 � Prl � 13.30
Ja* 2.04 � Ja* � 3.84 0.7 � Ja* � 3.84
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Fig. 4. Comparison between the predicted values and the experimental heat transfer co
which affects the boiling heat transfer, it is considered as a corre-
lating parameter in the form:

Prl ¼ cplll

kl
ð19Þ

Due to the influence of the gap size on the HTC, the Bond num-
ber, Bo, defined as the ratio between the gap size (s), i.e., gap
between the heating surface and the confining element, and the
capillary length is also considered as one of the p groups in the
proposed correlation, as follows:

Bo ¼ s

r
gðql�qv Þ

h i1=2 ð20Þ

Once all the p groups/parameters were identified, the new cor-
relation for the pool boiling HTC under confined and unconfined
conditions can be written as,

hLb
kl

¼ C
cplTsat

hlv

� �a1 cplll

kl

� �a2 Dbq00

llhlv

� �a3 s
Lb

� �a4
" #

ð21Þ

Based on the regression analysis of the experimental database,
in the range of fully established nucleate boiling under confined
(0.1 mm � s � 1 mm) and unconfined (s = 13 mm) conditions by
using the least squares method implemented in Matlab�, the fol-
lowing correlation is proposed:

hLb
kl

¼ 154
cplTsat

hlv

� �1:72 cplll

kl

� ��0:34 Dbq00

llhlv

� �0:62 s
Lb

� ��0:05
" #

ð22Þ
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Table 2 shows the range of each dimensionless group of the exper-
imental database, for the confined and unconfined case.

4.2. Evaluation of the proposed correlation

In order to evaluate the performance of the proposed correla-
tion, the predicted values and the experimental HTCs are plotted
in the Fig. 4. The proposed correlation predicts mostly of the
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Fig. 5. Comparison between the experimental database and the estimated HTC b
experimental database, predicting 70% of the data within the
±30% error band and with relative average error (Eq. (11)) of 24%.

This is quite reasonable since the effect of different working flu-
ids (thermophysical properties and heating surface/liquid combi-
nation), gap size and surface roughness are well captured by the
correlation. Thus, from this result one can infer that the nondimen-
sional analysis performed in this work is a suitable way to deter-
mine a general correlation to predict the pool boiling heat transfer.
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A predictive correlation must not only present reasonable sta-
tistical similarity with experimental results, but it must also cap-
ture the trends of the experimental data. In this context, Fig. 5
depicts a comparison among the experimental database [1,8,17],
the corresponding predicted values by known correlations from
the literature and also, by the proposed correlation. According to
Fig. 5, the proposed correlation correctly predicts the experimental
trends for different pool boiling conditions, including different
ranges of static contact angles as shown in Fig. 5a–e.

For high static contact angles (DI-water, Fig. 5a and b), the pre-
dictive methods of Rohsenow [19] and Li et al. [23] provide results
that are close and capture the main trend of the experimental data-
base; however, Gupta and Varshney as referred by [18], Stephan
and Abdelsalam [20], Cooper [24] and, Ribatski and Jabardo [22]
fail to predict the experimental trend reported by Cardoso and Pas-
sos [1], Cardoso et al. [8] and, Kiyomura et al. [17]. Considering the
use of refrigerant as the working fluid and as displayed in Fig. 5c –
e, the predictive methods of Gupta and Varshney [18], Ribatski and
Jabardo [22], and Li et al. [23] also provide results that are close to
the experimental database for FC72, FC87 and n-pentane.

Moreover, the performance of the proposed correlation was
evaluated through comparisons with 589 experimental data points
obtained by others authors. It was obtained experimental data
points from Li et al. [4], Saeidi et al. [28], Lu et al. [29], Vafaei
[30], Dharmendra et al. [31], Cooke and Kandlikar [32], Bai et al.
[33], Wu et al. [34], Raveshi et al. [35], Shahmoradi et al. [36],
Ahn et al. [37], Hsu and Chen [38], Kwark et al. [39], Jun et al.
[40], Wen [41], Zou and Maroo [42], Amiri et al. [43], Pratik et al.
[44], Hendricks et al. [45], and Lee et al. [46] for DI-water boiling
on different heating surface materials (copper, stainless steel, sil-
ver, Si and SiO2, aluminium and nickel). The data from the respec-
tive authors were compared with the corresponding values
estimated through the proposed correlation as shown in Fig. 6.
Also, data for pool boiling of refrigerants, HFE7100, FC72, FC87,
R12 and R134a, were obtained from the studies of Souza et al.
[15], Wu et al. [34], Sarangi et al. [47], Misale et al. [48], Jaikumar
and Kandlikar [49], Moehrle and Chung [50], and Ray et al. [51].
The data from the respective authors were also compared with
the corresponding values estimated through the proposed correla-
tion as shown Fig. 7.

According to Figs. 6 and 7 the proposed correlation correctly
predicts the independent experimental data from the literature,
predicting 91.8% of the data within the ±30% error band, even
though: (i) their experimental results are obtained for different
heating surfaces from that used by the experimental database
[1,8,17]; (ii) their data include different refrigerants from those
used in the development of the present correlation. Additionally,
the effect of gap size on boiling heat transfer performance observed
on experimental data obtained by Misale et al. [48] were well cap-
tured by the proposed correlation despite of the fact that Misale
et al. [48] data were obtained using different confinement condi-
tions from those ranges considered in the present study.

In general, the proposed correlation accurately predicts the
experimental data obtained elsewhere for different working fluids,
heating surface materials and ranges of operating conditions con-
sidered in their studies.
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5. Conclusions

The following conclusions can be drawn from the present
study:

� A dimensionless analysis of the most important parameters was
carried out and a general correlation to predict the pool boiling
heat transfer under confined and unconfined conditions has
been developed, based on experimental data obtained by Car-
doso and Passos [1], Cardoso et al. [8], and Kiyomura et al. [17].

� Among the predictive methods available in the literature, the
heat transfer correlation of Ribatski and Jabardo [22] provided
the best result but it predicted only 58% of the database within
an error band of ±30% with relative average error of 27%.

� The proposed correlation accurately predicts the experimental
results obtained by Cardoso and Passos [1], Cardoso et al. [8],
and Kiyomura et al. [17], predicting 70% of the data within an
error band of ±30% and absolute mean deviation of 24%. The
present correlation captures the trend of experimental data in
the nucleate boiling regime independently of the confinement
conditions, surface roughness and working fluids.

� The correlation developed in the present study also predicts
91.8% (within the ±30% error band) of data obtained from liter-
ature for different working fluids, heating surface materials and,
also, different range of operating conditions considered in those
studies.
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