
Analysis of pool boiling within smooth and grooved tubes

J.C. Passos *, R.F. Reinaldo

Universidade Federal de Santa Catarina, Departamento de Engenharia Mecânica, LABSOLAR-NCTS, 88010-970 Florian�opolis-SC, Brazil

Received 14 July 1999; received in revised form 19 February 2000; accepted 6 March 2000

Abstract

This work presents experimental data for R-113 pool boiling, at atmospheric pressure and moderate heat ¯ux, inside vertical and

horizontal aluminum open-ended tubes, whose internal surfaces are either smooth or grooved. The tube length is 40 mm and the

internal diameters of the smooth and the grooved tubes are 16.64 and 15.88 mm, respectively. The results are presented and dis-

cussed in relation to the heat transfer coe�cients and compared with the Cooper and the Forster and Zuber empirical correlations.

For all the tests, the heat transfer coe�cient of the grooved tube is higher than that of the smooth tube. For horizontal tubes, an

elongated bubble at the top region promotes a better local heat transfer coe�cient as is indicated by the lower temperature than that

of the bottom region, where the bubbles are isolated. Ó 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

Pool boiling heat transfer can be an e�cient mode of
wall cooling. Several studies [1,2] have considered the
enhancement of the heat transfer coe�cient during the
nucleate boiling regime, and the study of Fujii et al. [3]
has presented experimental results for boiling on wall
surfaces of horizontal tubes with millimetric grooves.
The interest of these studies applies to many two-phase
¯ow applications such as solar energy thermosyphons or
evaporators. For thermal control in satellite applica-
tions, the processes of liquid to vapor phase-change, in
heat pipes and capillary pump devices, should be with-
out bubbles. However, for design and selection of de-
vices for space applications, knowledge of the onset of
nucleate boiling is important [4,5]. Bergles [6] presented
a review outlining the exponential increase of the num-
ber of papers, reports and patents, on enhanced heat
transfer and estimated the number to be over 500. Ber-
gles [6] named those trends as a second-generation heat
transfer technology and found four areas of interest:
structured surfaces for shellside boiling, rough surfaces
in tubes, o�set strip ®ns, and micro®n tubes for refrig-
erant evaporators and condensers. In the 1990s, spe-

cialized textbooks were published; ThomeÕs [7] and
WebbÕs [8], for instance, con®rmed BerglesÕs forecast.

In the sequence of this introduction we will present a
brief review of the di�erent mechanisms of the nucleate
boiling regime, followed by a presentation of empirical
correlations which will be tested in this work.

The objective of this work is to investigate the heat
transfer mechanisms of R-113 pool boiling, at atmo-
spheric pressure and moderate heat ¯ux, inside hori-
zontal and vertical open-ended tubes whose internal
surfaces are either smooth or grooved. The resulting
experimental data are compared with the Cooper and
the Forster±Zuber empirical correlations.

1.1. Nucleate boiling mechanisms

In order to explain some phenomena tied to the en-
hancing boiling problem, it is interesting to note the
main results obtained by Ishibashi and Nishikawa [9].
They studied the pool boiling problem in the annular
space between a vertical copper cylindrical heater and
various glass tubes with di�erent internal diameters.
Eight boiling spaces with dimensions ranging from 1 to
20 mm were tested. Ishibashi and Nishikawa [9] pre-
sented two regimes for nucleate boiling in narrow
spaces, the ®rst one characterized by isolated bubbles
and the second by coalesced bubbles. In the second re-
gime, bubbles can become squeezed, causing, at mod-
erate heat ¯ux, an increase in the heat transfer
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coe�cient. This phenomenon has been attributed to the
vaporization of a liquid ®lm between the squeezed or
coalesced bubble and the heater.

For nucleate boiling of saturated water in an isolated
bubble regime, Ishibashi and Nishikawa [9] found the
following relation between the heat transfer coe�cient
(h) and the heat ¯ux (q):

h / qn; �1�

where n is equal to 2/3. General range value of n is be-
tween 0.6 and 0.8 as reported by Stephan [10]. At a
constant heat ¯ux, h increases, as the characteristic
length (s) of the narrow space is reduced according to
h / q2=3sÿ0:13. At atmospheric pressure, s � 5:04 mm
and DT � 6:7 K, the value of h is of the order of 7000 W/
(m2 K) and the corresponding photographs of this iso-
lated bubble region show the spaced bubbles on the
heater.

From the data of Ishibashi and Nishikawa [9], for
ethyl alcohol, at atmospheric pressure and for heat ¯ux
between 9.1 and 9.9 kW/m2, the heat transfer coe�cient
for an isolated bubble regime, when s � 2:36 mm, is
1653 W/(m2 K). Without con®nement, with s � 82:5
mm, this coe�cient is 1000 W/(m2 K) and for a co-
alesced bubble process, for s � 0:97 mm, it is 3846 W/m2

K. These results show the existence of two heat transfer
mechanisms. Under the isolated bubble mechanism, the
augmentation of the heat transfer coe�cient, when
s � 2:36 mm, can be explained by the increase of the
number of the nucleation sites. The signi®cant aug-
mentation of the heat transfer coe�cient, when s � 0:97
mm, is caused by the presence of squeezed, or coalesced,
bubbles on the heated surface. Even these two di�erent
heat transfer mechanisms are obtained, in [9], by vari-
ation of s, we can expect similar e�ects on the heat
transfer coe�cient if the same vapor con®gurations are
present.

Nishikawa and Fujita [1] reported their own experi-
mental and theoretical results and those of other re-
searchers regarding the e�ect of surface orientation in

uncon®ned saturated water pool boiling on a ¯at copper
plate. With moderate values of heat ¯ux (<170 kW/m2),
two di�erent mechanisms in nucleate boiling were ob-
served, depending on the tilt angle. When the boiling
surface is facing downwards, the boiling mechanism
changes from an isolated bubbles regime to an elongated
or coalesced bubbles regime, while the tilt angle in-
creases from 0° to 175°. As the work of Ishibashi and
Nishikawa [9] shows, boiling with elongated bubble re-
gime promotes the vaporization of the liquid ®lm be-
tween the bubble and the wall, allowing a higher heat
transfer coe�cient than in the case of the isolated bub-
ble regime. When the heat ¯ux is high (>170 kW/m2) the
heat transfer coe�cient is independent of the tilt angle.
This behavior shows that the nucleate boiling mecha-
nism at high heat ¯ux is apparently in¯uenced more by
the characteristics of the surface conditions than by the
presence of large bubbles on the heated plate.

Nishikawa and Fujita [1] showed the e�ect of surface
roughness on heat transfer as a function of the tilt angle
and the heat ¯ux. For vertical plates the rough surface
gives a higher heat transfer coe�cient than the smooth
surface. This trend is con®rmed by the previous works
on boiling, as presented in Chapter 16 of [10], and it is
due to the higher nucleation site density in a rough
surface when compared to a smooth surface, at a given
wall superheat, [11]. At a tilt angle higher than 150° and
for low heat ¯ux (<100 kW/m2) there is no in¯uence of
the surface roughness; this e�ect suggests a better boil-
ing heat transfer only when the heat ¯ux is high.

1.2. Empirical correlations

Among the great number of empirical correlations
for nucleate boiling we have chosen those of Forster and
Zuber (see [11,12]). These correlations were obtained
from experimental data on developed or intensive nu-
cleate boiling regime.

The Forster and Zuber correlation is based on di-
mensionless parameters, the Reynolds and the Prandtl

Nomenclature
b opening of the groove, lm
cp speci®c heat, kJ/(kg K)
h heat transfer coe�cient, W/(m2 K)
hlv latent heat vaporization, kJ/kg
k liquid conductivity, W/(m K)
M molecular weight, kg/kmol
p pressure, Pa
pr reduced pressure, dimensionless
q heat ¯ux, W/m2 or kW/m2

Rp rugosity, lm
s boiling space dimension, m
t depth of the groove, lm
T temperature, °C
v speci®c volume, m3/kg

Greek symbols
DT wall superheat, DT � Tw ÿ Tsat;K
l viscosity, Pa s
q density, kg/m3

r surface tension, N/m

Subscripts
c critical
exp experimental
FZ Forster±Zuber
i inside
l liquid
sat saturation
v vapor
w wall
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numbers of the bubble, and according to a power law,
[10,11]. It is given as

hFZ � 0:0012
k0:79

l c0:45
pl q0:49

l

r0:5 l0:29
l h0:24

lv q0:24
v

 !
� Tw� ÿ Tsat�pl��0:24 psat�Tw�� ÿ patm�0:75; �2�

where kl is the conductivity of the liquid, cpl the speci®c
heat of the liquid at constant pressure, ql the density of
the liquid, qv the density of the vapor, r the surface
tension of the liquid, ll the viscosity of the liquid, Tw the
wall temperature, Tsat the saturation temperature,
psat(Tw) the saturation pressure at the wall temperature
and patm is the atmospheric pressure and corres-
ponds to the test condition pressure (for R-113 kl �
0:0705 W/(m K), cpl � 984 J/(kg K), ql � 1507 kg/m3,
qv � 7:46 kg/m3, r � 0:017 N/m, ll � 516� 10ÿ6 Pa s,
hlv � 143:8 kJ/kg and Tsat � 320:75 K).

CooperÕs correlation [12] is based on the liquid re-
duced pressure and on the heater surface roughness, and
it has been recommended by Collier and Thome [13] and
Stephan [10]. It is given as,

hCooper � 55pb
r � ÿ 0:4343 ln pr�ÿ0:55 Mÿ0:5 q0:67; �3�

where b � 0:12ÿ 0:08686 ln(Rp), Rp is the surface
roughness expressed in lm, pr the reduced pressure, M
the molecular weight, (for the R-113, pcr � 3:411� 106

Pa, M � 187:4 kg/kmol). When the surface roughness is
unknown, Cooper recommends Rp equal to 1 lm. We
remark that the relation between the heat transfer co-
e�cient and the heat ¯ux in CooperÕs correlation is a
power equal to 2/3, as in the analysis of Ishibashi and
Nishikawa [9], for an isolated bubble regime (see
Eq. (1)).

In this introduction, we have focused our attention
on some particular characteristics of the nucleate boiling
regime. The e�ects of the heat ¯ux level, the tilt angle,
the surface characteristics, and the existence of two
di�erent nucleate boiling regimes have been considered.
The results of this short review show that nucleate

boiling with moderate heat ¯ux exhibits a particular
complexity that is not yet fully understood.

2. Experimental apparatus

A schematic drawing of the test apparatus is pre-
sented in Fig. 1 [14]. The boiling tests have been per-
formed on the internal surface of two aluminum tubes,
the internal surface of one of them being smooth, and
the other grooved.

The boiler vessel is a Pyrex glass container with a
stainless steel cover. It is covered by a serpentine that
circulates water with the temperature controlled by a
LAUDA thermal bath (see 1 in Fig. 1). The working
¯uid is the 113 refrigerant (R-113), at the atmospheric
pressure, which corresponding saturation temperature is
equal to 47:6°C. The R-113 vapor collected at the top of
the boiler vessel is condensed in a water-cooled con-
denser (see 2 in Fig. 1) and returned to the boiler by
gravity.

The smooth tube has the following dimensions: inside
diameter (ID), outside diameter (OD) and length (L)
equal to 16:64� 0:05; 18:99� 0:04 and 40 mm, re-
spectively. The smooth tube is anodized and the average
roughness Rp of the inside surface is 2.2 lm. The
grooved tube has the following dimensions:
ID � 15:88� 0:04; OD � 19:11� 0:04 and L � 40 mm.
The internal surface of the grooved tube has circum-
ferential grooves made by ERNO of Germany. The
geometrical form of the grooves is shown in Fig. 2,
whose main dimensions are 33� 7 lm of opening and
310� 59 lm of depth with a step of 215 lm, as is shown
in Bazzo et al. [4].

The aluminum tube is monitored with ®ve thermo-
couples (Tc 1±5) of type E (Chromel-Constantan),
whose cable diameters are equal to 0.127 mm, attached
with OMEGA cement, inside holes with 0.8 mm of di-
ameter, and 0.2 mm of depth on the outer wall of the
tubes, as shown in Fig. 3. The locations of the thermo-
couples on the test section are shown in Fig. 4. The

Fig. 1. Test apparatus: 1 ± LAUDA thermal bath; 2 ± condenser; 3 ± boiler vessel; 4 ± test section; 5 ± thermocouples; 6 ± data acquisition system;

7 ± microcomputer; 8 ± power supply.

J.C. Passos, R.F. Reinaldo / Experimental Thermal and Fluid Science 22 (2000) 35±44 37



heating of each aluminum tube is accomplished by two
electrical skin heaters, (produced by the Laboratory of
Porous Media and Thermophysical Properties (LMPT)
of Federal University of Santa Catarina (UFSC)), which
are attached on the outer surface of the tube and cov-
ered by a PVC tube. The electrical skin heaters are
connected in parallel, and their equivalent resistances
for smooth and grooved tubes are equal to 5.32 and 5.17
X, respectively. Finally, this set is covered by a second
PVC tube and the annular space between the PVC tubes
is insulated. A type E thermocouple (Tc6) is located on

the outside surface of the internal PVC tube, see Fig. 3.
A di�erential thermocouple type K, Tc7, in Fig. 3, al-
lows for the measurement of the equivalent temperature
di�erence between the outside surface of the internal
PVC tube and the inner surface of the external PVC
tube. By means the Tc6 and Tc7 signals the heating
losses from the outside of the test section were esti-
mated.

Two type E thermocouples are placed in the R-113,
one of them on the axis of the tube, Ti, (at the middle of
the tube length) and the second one outside of the tube.

The thermocouple signals and the voltage at the skin
heater ends are recorded by a data acquisition system
HP3497A (see 6 in Fig. 1) then transferred to a micro-

Fig. 2. Cross-section of the grooved tube.

Fig. 3. Scheme of the test section.

Fig. 4. Locations of the thermocouples.
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computer. The electrical input to the test section is de-
livered by means of a power supply HP6030A (0±200 V
and 0±17 A) (see 8 in Fig. 1) controlled by a micro-
computer (see 7 in Fig. 1).

3. Experimental procedures

The heating of the test section was controlled by a C
language program, allowing a voltage step varying from
zero up to a ®xed value, V1. The data was acquired after
the system reached the steady state condition. In gen-
eral, the quasi-steady state condition, indicated by the
thermocouple signals history, was reached 90 s from the
power input during the natural convection regime and
40 s during the boiling regime. After the ®rst data ac-
quisition, a new level voltage, V2, was applied and new
data was acquired.

Fig. 5 shows the time evolution of the wall temper-
ature (Fig. 5a) indicated by thermocouple 2 (Tc2), and
the R-113 temperature inside a vertical grooved tube
indicated by the Ti thermocouple, and the voltage signal
(Fig. 5b), allowing for the characterization of the tests.

The temperature decrease of the liquid, observed in
Fig. 5a, when the electrical power is delivered, indicates

a natural convection ¯ow as an e�ect of the buoyancy
force. The density gradients in the ¯uid inside the tube
promote a chimney e�ect with the rising of the colder
liquid.

3.1. Experimental uncertainty

The type E thermocouple signals were compared to
the indication of the mercury-in-glass thermometers
whose resolution is equal to 0.10 K, by immersion in a
water bath, for the temperature range 40±90°C. Milli-
volts were converted to degrees by means of a ninth-
order polynomial [15], and the standard deviation from
the corresponding temperature indicated by the mercu-
ry-in-glass thermometer was equal to 0.3 K. The prod-
uct of the t-student value (t � 2) for a sample of 55
degrees of freedom, with a 95% con®dence level, [16],
times the standard deviation, and furnishes the experi-
mental uncertainty equal to �0.6 K.

The experimental uncertainty of the value of the heat
transfer coe�cient was computed following the proce-
dure presented by Kline [17] and Holman [15]. The
relative uncertainty values for q are equal to �3:5% and
�2% for a heat ¯ux of 5 and 45 kW/m2, respectively.
The relative uncertainty values for the experimental heat
transfer coe�cient, h, are equal to �11% and �6%, for a
heat ¯ux of 5 and 45 kW/m2, respectively.

3.2. Data reduction

The mean heat ¯ux, q, delivered to the aluminum
tube wall is computed in function by the net energy
delivered to the R-113, Qnet, as well as the nominal area,
A, of the inside tube surface, q � Qnet=A. The mean heat
transfer coe�cient, h, is computed in function by the
di�erence between the mean wall temperature, Tw, and
the saturation temperature, Tsat, as follows

h � q=�Tw ÿ Tsat�: �4�
Eq. (4) is used even for sub-cooled boiling. As is con-
sidered by Carey [11, Chapter 7], the sub-cooling e�ect
tends to disappear by increasing the heat ¯ux.

4. Results and discussion

4.1. Nucleate boiling for vertical tubes

Fig. 6 presents the time evolution of the wall and
liquid temperatures during a test with the vertical
smooth tube and the corresponding heat ¯ux delivered
to R-113. The temperature decrease, near 110 s, indi-
cates the nucleation phenomenon and can be explained
by the wall contact of the colder liquid after the bubble
departure. These data show that the wall superheat is
equal to 14.4 K and the heat ¯ux is 18.14 kW/m2. The
new step stabilization of the wall temperature, after
110 s, indicates a wall sperheat equal to 10.8 K. These
data cannot be considered representative of the onset of
nucleate boiling because this phenomenon is very much

Fig. 5. Test characterizations inside a vertical grooved tube: (a) time

evolution of the tube wall and liquid temperatures; (b) time evolution

of the applied voltage.
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in¯uenced by the surface characteristics (remember that
the roughness of the internal surface, the average value of
Rp, was 2.2 lm, which characterizes a smooth surface). A
more detailed investigation of the nucleation phenome-
non for the conditions of this work is presented in [14].

The heat ¯ux q is plotted against the wall temperature
Tw for the nucleate boiling regime for smooth and
grooved vertical tubes in Fig. 7a, for bulk temperatures
of 22.5°C and 23.0°C; and, in Fig. 7b, for bulk tem-
peratures of 44.0°C and 46.0°C. For simplicity these
curves have been named boiling curves. We observed
that, at an identical heat ¯ux, the wall temperatures are
lower for the grooved tube. For the same tube we can
observe that wall temperatures increase with the in-
creasing bulk temperature. This trend has been observed
by others as well, [7,11,18]. The lower wall temperature,
for the same heat ¯ux, shows a better heat transfer
condition for the grooved tube than for the smooth
tube, con®rming the boiling enhancement at the low
heat ¯ux region of the nucleate regime. The experi-
mental points of Fig. 7a are obtained for the same test
conditions at di�erent tests. We can observe a good data
repeatability for the nucleate regime. However, the
cooling wall e�ect, during the nucleation, is not so clear
in this ®gure, in comparison with the results of the test
presented in the Fig. 6a.

4.2. Nucleate boiling for horizontal tubes

The nucleate boiling curves for both smooth and
grooved tubes are shown in Fig. 8. In both cases wall

temperatures are lower at the top of the tube than that
at the bottom; the di�erences are bigger in the case of
the grooved tube.

For all the cases in the horizontal con®guration dis-
cussed in this work, the boiling was characterized by the
presence of an elongated bubble at the top and
throughout the length of the tube. A schematic illus-
trating of the liquid±vapor con®guration is shown in
Fig. 9, with a representation of the cross-section in
Fig. 9a and a side view of the tube in Fig. 9b which
shows an elongated bubble with large bubbles escaping
from the open ends and isolated bubbles on the bottom

Fig. 6. Wall and ¯uid temperature during a test inside smooth tube: (a)

time evolution of the average wall and liquid temperatures; (b) time

evolution of the heat ¯ux delivered to the R-113.

Fig. 7. Boiling curves for vertical tubes: (a) smooth; (b) grooved.
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and sides of the tube. This liquid±vapor con®guration is
con®rmed through visualization, by means of a video
camera. The wall temperature measurements show the
existence of a temperature gradient in the azimuthal
direction of the aluminum tube, with the lower tem-
perature at the top region. For the smooth tube this
di�erence is attributed to the vaporization of a liquid
®lm between the elongated bubble and the wall, as was
postulated by Ishibashi and Nishikawa [9] as well as by
Nishikawa and Fujita [1]. The same mechanism can also
be attributed to the temperature di�erence in the
grooved tube, and in addition, the cooling e�ect of the
rising liquid within the grooves.

The visualization of the internal surface in the bot-
tom region of the smooth tube showed the presence of
separated and isolated bubbles, which characterizes the
non-developed nucleate boiling regime for the heat ¯ux
level of this study.

4.3. Correlation analysis

The comparison between the experimental heat
transfer coe�cient and the corresponding values corre-
lated by the Forster±Zuber and the Cooper correlations,
with Rp � 33 lm, is presented in Fig. 10. The compar-
ison between the values computed by both correlations
show that the roughness e�ect, for Rp � 33 lm, is su-
perestimated by the CooperÕs correlation as we can ob-
serve in Fig. 10a±c. We can observe that (see Fig. 10a±c)
for the grooved tube, the experimental values are higher
than those computed by Forster±Zuber correlation.
When the sub-cooling of the liquid is high, for
Tbulk � 22:5°C (Tsat for R-113, at normal atmospheric
pressure, is equal to 47.6°C), the experimental values are
higher than the correlated values, with a mean deviation
of 91.5%, see Table 1. For a condition of Tbulk � 44:0°C,
very close to the saturation, the experimental values are
also higher than the correlated values with a mean de-
viation of 45.6% and the di�erence increases for high
heat ¯ux, as shown in Fig. 10b. A similar behavior is
observed for a horizontal tube (see Fig. 10c) for a con-
dition very close to the saturation, whose mean devia-
tion is 56.8%. For the smooth tube, the comparisons
between the experimental values and those computed by

Fig. 8. Boiling curves for horizontal tubes: (a) smooth; (b) grooved.

Fig. 9. Schematic illustrating the two-phase con®guration during boiling tests in horizontal tubes: (a) cross-section; (b) side view.
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the Forster±Zuber and the Cooper correlations, with
Rp � 2:2 lm, are presented in Fig. 10d±f. For all the
cases, the Cooper correlation gives values higher than
those of the present data. However, opposite to the ex-

pected trend, the di�erences between the Cooper cor-
related values and the experimental data increase when
Tbulk get closed to Tsat. The comparison with Cooper
correlation shows that the mean deviation between the

Fig. 10. Experimental and correlated heat transfer coe�cient: (a) vertical grooved tube, Tbulk � 22:5°C; (b) vertical grooved tube, Tbulk � 44:0°C;

(c) horizontal grooved tube, Tbulk � 45:0°C; (d) vertical smooth tube, Tbulk � 23:0°C; (e) vertical smooth tube, Tbulk � 46:0°C; (f) horizontal smooth

tube, Tbulk � 47:0°C.

Table 1

Statistical comparison of the correlationsa

Tube con®guration Internal surface Ti (°C) Mean deviationb (%) Cooper Mean deviation (%) Forster±Zuber

V G 22.5 14.14 91.5

V G 44.0 104.48 45.6

H G 45.0 91.20 56.8

V S 23.0 16.7 19.3

V S 46.0 59.2 96.2

H S 47.0 66.2 109.4

a G: grooved; S: smooth; V: vertical; H: horizontal.
b Mean deviation � 1=N

P�jh exp ÿ hcorrelationj=h exp � � 100%.
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experimental values and those predicted is equal to
16.7%, 59.2% and 66.2% as shown in Fig. 10d±f, re-
spectively, and in Table 1. For the Forster±Zuber
correlation the mean deviation is equal to 19.3%,
96.2%, and 109.4% as shown in Fig. 10d±f, respec-
tively, and in Table 1. For bulk temperature close to
the saturation temperature the di�erence decreases
when the heat ¯ux increases, as is expected because
Forster±Zuber correlation is valid for developed satu-
rated boiling.

An analysis of the experimental data, for the grooved
tube with Tbulk equal to 44°C, and also for the smooth
tube with Tbulk equal to 46°C, showed that h is related to
q by means of a power near to 2/3. Considering only the
data for the smooth tube the average value of n is equal
to 0.75 [14]. These results agree with the literature about
the nucleate boiling regime [9,10].

5. Practical signi®cance

The experimental data presented in this work show
the increase of the heat transfer coe�cient for internal
enhanced surface of a tube consisted of microgrooves.
These results have practical signi®cance, as in the case
for capillary pumps and two-phase solar thermosyphons
applications. The results for horizontal tube can be
useful for the thermal analysis of evaporators of refrig-
erant cycles.

6. Conclusions

We have presented new experimental results on nu-
cleate pool boiling inside vertical and horizontal alu-
minum open-ended tubes whose internal surfaces are
either smooth or grooved. The tests were performed at
the LABSOLAR/NCTS in the Department of Me-
chanical Engineering at the Federal University of Santa
Catarina.

The main results in this work are the following:
(i) At moderate heat ¯ux (q < 40 kW/m2) boiling
heat transfer depends on the liquid bulk tempera-
ture; and the wall temperature decreases as an e�ect
of the bulk temperature decrease;
(ii) For all the tests, the heat transfer coe�cient of
the grooved tube is higher than that of the smooth
tube;
(iii) For a smooth vertical tube, the relation between
h and qn occurs for an average value of n equal to
0.75;
(iv) The experimental values of the heat transfer co-
e�cient for a vertical smooth tube show the trend
for data to agree with those values computed by
the Forster±Zuber correlation;
(v) Tests inside horizontal tubes present a tempera-
ture gradient in the azimuthal direction, with a low-
er temperature at the top. This behavior results of
two di�erent boiling mechanisms related to the
presence of an elongated bubble throughout the

tube length, at the top region, and the isolated bub-
bles on the bottom of the tube. This temperature
di�erence is higher for a grooved tube than for a
smooth tube.
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