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This paper presents results of an experimental investigation carried out to determine the effects of the
surface roughness of different materials on nucleate boiling heat transfer of refrigerants R-134a and R-
123. Experiments have been performed over cylindrical surfaces of copper, brass and stainless steel. Sur-
faces have been treated by different methods in order to obtain an average roughness, Ra, varying from
0.03 lm to 10.5 lm. Boiling curves at different reduced pressures have been raised as part of the inves-
tigation. The obtained results have shown significant effects of the surface material, with brass being the
best performing and stainless steel the worst. Polished surfaces seem to present slightly better perfor-
mance than the sand paper roughened. Boiling on very rough surfaces presents a peculiar behavior char-
acterized by good thermal performance at low heat fluxes, the performance deteriorating at high heat
fluxes with respect to smoother surfaces.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

The effect of the heating surface condition on nucleate boiling
heat transfer has called the attention of the scientific community
as early as the thirties, when the first pioneering studies of the
phenomena were being carried out. The need to understand the ef-
fect of the surface condition was apparent in the early models of
nucleate boiling and boiling inception. Experimental studies have
also been performed since the early sixties aiming at understand-
ing and evaluating the surface roughness effects. Despite the large
number of authors investigating such a topic, to find the relation
between active cavities and the surface micro-structure is one of
the key unsolved issues in the prediction of nucleate boiling heat
transfer coefficient as pointed out by Dhir [1] and Yagov [2].

In his comprehensive experimental boiling study involving pol-
ished surfaces (mirror finish) and different mesh sizes scaled (sand
paper treated) surfaces, Berenson [3] suggested that the heat trans-
fer coefficient could be incremented fivefold by roughening the
heating surface. He claimed that surfaces with higher roughness
present higher nucleate boiling heat transfer coefficient due to
higher active cavity density. Sauer et al. [4] came to a similar con-
clusion in their experimental results with refrigerants and polished
and scaled (sand paper treated) surfaces. They claimed that incre-
ments of up to 20% in the heat transfer coefficient could be
ll rights reserved.

; fax: +34 981 337410.
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obtained by roughening a polished surface. Roy Chowdhury and
Winterton [5] carried out experiments with water and methanol
boiling on copper and aluminium surfaces. They arrived at similar
conclusions as the previous studies adding that comparisons
should be performed only among surfaces submitted to the same
treatment since the procedure could affect significantly the heat
transfer coefficient. Benjamin and Balakrishnan [6], based on previ-
ous results from the literature and on their own data for water,
CCl4, n-hexane, and acetone, developed an empirical correlation
in order to predict the number of active sites. In their correlation,
the nucleation site density was written as a function of the surface
roughness, the thermophysical properties of the heating surface
and the liquid, wall superheating, and saturation pressure. They
found that the nucleation site density reaches a minimum with
the increment of the surface roughness. Kang [7] carried out exper-
iments with water at atmospheric pressure on surfaces of different
orientation. As in the previous studies, Kang concluded that the
heat transfer coefficient increases with the surface roughness, the
increment being more significant for vertical surfaces as compared
to the horizontal ones. Boiling experiments have been carried out
by Gorenflo et al. [8] on horizontal copper cylindrical surfaces, fin-
ishing being provided by scaling, and shot pinning procedures. Sev-
eral refrigerants have been tested including such hydrocarbons as
propane and butane. As expected, their results have shown that the
heat transfer coefficient increases with the surface roughness. In
addition they claim that higher differences on surface superheat
at the onset of nucleate boiling are related to differences in the
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Nomenclature

Csf surface/fluid coefficient [21]
D tube diameter (m)
fp surface material coefficient [23]
h heat transfer coefficient (W/m2 K)
M molecular mass (kg/mol)
m exponent of the heat flux
n exponent of pr, Cooper correlation, Eq. (4)
P abbreviation of ‘‘polished” surfaces
p pressure (kPa)
pc critical pressure (kPa)
pr reduced pressure (pr = p/pc)
q heat flux (W/m2)
Ra arithmetical mean deviation of the profile, ISO 4287/

1:1984 (lm)

Rp maximum peak height of the profile, DIN 4762/1:1960
(lm)

SP abbreviation of ‘‘sand paper” roughened surfaces
SPI abbreviation of ‘‘shot pinned” surfaces
T temperature (K)
y distance to the average line of the roughness peaks and

valleys (lm)

Greek symbols
DT wall superheating, (Tw � Tsat), (K)

Subscripts
sat saturation
w tube wall
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maximum cavities size of the surfaces. On the other hand, lesser
differences in the minimum cavities size of the tested surfaces cor-
respondingly determine lesser differences in the surface super-
heating in the high heat flux range, and, as a result, closer heat
transfer coefficients for surfaces of different roughness.

An extensive review on the parameters affecting nucleate boil-
ing heat transfer was recently published by Pioro et al. [9]. In their
work, they highlighted the fact that surface roughness may affect
the heat transfer coefficient only in case that the change in the sur-
face roughness is within the range of the diameter of the active bub-
ble centers. Consequently, the creation of larger cavities filled with
liquid would not change the heat transfer coefficient as in case of
grooves which according to the authors are ineffective vapor traps
unless they are very poorly wetted. Luke [10] showed that the stan-
dard two-dimensional characterization of the surface is not effec-
tive and a complete understanding is needed of the link between
the surface micro-structure and the evaporating process. This
might be accomplished by considering the distribution of cavities
using a three-dimensional approach to the surface characterization.
Luke combined the stylus technique with the near field acoustic
microscopy to characterize the three-dimensional micro-structure
of copper tubes of 8 mm and 25 mm diameter with different rough-
ness obtained by shot pinning and rolling the surface. The results
were used to determine the density of potential active sites.

Hahne and Barthau [11] performed nucleate boiling heat trans-
fer tests on horizontal tubes for R-134a and R-114. They obtained
experimental results on gold-plated copper tube (D = 15 mm,
Ra = 0.30 lm), emery ground copper tubes (D = 8 and 15 mm,
Ra = 0.52 lm and 0.40 lm, respectively), and stainless steel sand-
blasted tube (D = 15 mm, Ra = 0.18 lm). Lower heat transfer coef-
ficients on the upper region of the tube were observed with the
difference becoming negligible at high reduced pressures. The var-
iation in the wall temperature along the tube circumference be-
came steeper as the tube thermal conductivity is diminished.
Such behavior have been previously pointed out by Ribatski et al.
[12] based on their results for R-11 on copper and stainless steel
tubes for heat fluxes up to 40 kW/m2. At higher heat fluxes, Ribat-
ski et al. [12] pointed out an opposite trend with higher heat trans-
fer coefficients on the upper region of the tube. Hahne and Barthau
[11] and Ribatski et al. [12] indicated lower heat transfer coeffi-
cients for stainless tubes. Curiously, according to Hahne and
Barthau [11] at the reduced pressure of 0.5, gold-plated and sand-
blasted copper tubes provided higher heat transfer coefficients
than the emery ground copper tube, while at the reduced pressure
of 0.1, their performance were similar.

Though not directly related with the objectives and procedures
of the present investigation, it must be recognized that to better
understand the boiling mechanism a simultaneous research of sur-
faces with artificial sites might be needed. Several nucleate boiling
studies with surfaces containing artificial cavities have been re-
cently performed [13–17]. An interesting study was performed
by Chaptun et al. [13] on the effects of the cavities arrangement
(inline and equilateral triangle) for four cavities spacing (1–
4 mm) on the nucleate boiling characteristics of water at atmo-
spheric pressure on a heated silicon surface. According to their re-
sults, an inline pattern generates a higher bubble detachment
frequency while a triangular pattern generates larger bubble
detachment diameters. At low heat fluxes, it was found that the
bubble detachment diameter increases while the bubble detach-
ment frequency decreases with cavity spacing. At low heat flux,
they suggested that the inline pattern with the optimum cavity
size provides a better performance. Das et al. [17] investigated
the effect of active site spacing (10, 7.5 and 5 mm) on the heat
transfer coefficient for water at atmospheric pressure. Artificial
cavities were drilled according to a square arrangement on a cop-
per plate previously polished with progressively fine grades of em-
ery. A heat transfer coefficient enhancement up to 100% was
obtained for a site spacing of 10 mm when compared to the
smooth tube. Further heat transfer enhancements were obtained
when decreasing the active site spacing down to 7.5 mm and 5mm.

This paper reports results from an investigation of two fluoro-
carbon refrigerants, R-134a and R-123, boiling on horizontal cylin-
drical surfaces of copper, brass and stainless steel submitted to
different finishing treatment. The objective of the study has been
to investigate the combined effects of material and surface rough-
ness on nucleate boiling heat transfer, a summary of the obtained
results will be presented herein.

2. Experimental set up and procedures

The experimental set up comprises the refrigerant and cooling
circuits, as shown in Fig. 1. The charge of refrigerant is basically
contained in the boiler in which the liquid is kept at a reasonable
level above the test surface (tube) so that the column head does
not affect significantly the equilibrium saturation temperature.
The cooling circuit is intended to control the equilibrium pressure
in the boiler by condensing the refrigerant boiled in the heating
surface. The condensing effect is obtained by a 60% solution of eth-
ylene glycol/water that operates as intermediate fluid between the
condenser and the cooling system not shown in Fig. 1. The ethylene
glycol/water solution is cooled by either a refrigeration circuit or
water from a cooling tower, depending on the operating pressure.
This solution is intended to operate in the range between �26 �C
and 90 �C.



Fig. 1. A schematic diagram of the experimental set up with the main components
and equipment.
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The boiler is a 40 l carbon steel container with two lateral circu-
lar windows for visualization. It contains the boiling surface in
addition to a 1500W/220V electrical heater, installed at the bot-
tom, and two sheathed type T thermocouples. The boiler is also fit-
ted with openings for connections to a pressure transducer, a
safety valve, and vapor and liquid return copper lines, as shown
in Fig. 1. The sheathed thermocouples are installed in such a way
to measure and monitor the temperature of the liquid pool and
the vapor in equilibrium with it. Before logging data, the readings
of these thermocouples used to be checked and compared with the
saturation temperature corresponding to the reading from the boi-
ler pressure transducer. The allowable reading differences between
these temperatures should be within the range of temperature
uncertainty. It must be noted that these differences were well
within the uncertainty range for all the logged data.

The test (boiling) surface is placed in the middle of the boiler so
that the boiling mechanism can easily be visualized through the
glass windows. It is made up of a 19.0 mm diameter and 3.1 mm
thick tube, a longitudinal cut way view of it is shown in Fig. 2.
The test tube is supported by a brass piece which is thread at-
tached to the flanged cover of the boiler. The boiling surface is
heated by a 12.6 mm diameter and 210 mm long cartridge electri-
cal heater. The electrical power to the boiling surface is controlled
by a manually operated voltage converter and measured by a
power transducer. Surface temperature is measured through eight
30 AWG type T thermocouples installed in grooves carved by an
electro erosion process in locations indicated in Fig. 2. A tool has
been developed to introduce the thermocouples in the designated
Fig. 2. Longitudinal and transversal cut views of the test sec
place of the grooves and guarantee that the junction touches the
tube wall, supposedly at the closest section of the groove from
the surface. Thermocouples are kept in place by a thermal conduc-
tive epoxy resin. Before the resin curing in an oven, a test used to
be performed to check if all thermocouple junctions touched the
tube wall. This test consisted in checking the electrical conduc-
tance between the thermocouple wires and the tube wall.

Electrical signals from the transducers are processed by a data
acquisition system which includes two 12 bit A/D converter boards
with 16 channels each, and three connection panels. Two of these
panels are dedicated to thermocouple connections.

The boiling surface used to be treated prior to the beginning of
the tests. Three procedures have been used in treating the surface:
(1) scaling (SP) with sand paper applied to the surface rotated by a
regular lathe machine run at 1200 rpm, the mesh size varying in
the range from 220 to 1200; (2) polishing (P) the surface previously
scaled with sand paper; and (3) ‘‘shot pinning” (SPI) the surface
with glass micro spheres of controlled size and sand previously
sieved. After the surface treatment, the boiling surface used to be
thoroughly cleaned with a solvent and the roughness measured
at 10 randomly selected regions before attaching it to the boiler.
After testing the boiling surface, 10 randomly selected regions
were again taken for roughness measurement so that conditions
of the surface before and after the tests could be compared. The
roughness was measured in terms of the CLA arithmetic average,
Ra. The treatment suggested above allowed experiments to be
run in the range of surface roughness, Ra, between 0.03 lm and
10.5 lm.

The internal surface of the boiler used to be cleaned and kept
under a vacuum of <2 kPa during a period of 12 h before the
introduction of the test refrigerant. Tests were conducted under
saturated conditions of the refrigerant. This condition was contin-
uously monitored and adjusted as needed. As mentioned before,
the datum point would only be logged if the readings of the
sheathed thermocouples were close enough to each other and
to the saturation temperature inside the boiler obtained from
the pressure transducer reading. For analysis purposes, the satu-
ration temperature of the pool was determined as the average
of the readings of the sheathed thermocouples. Tests were con-
ducted by gradually increasing the heat flux up to its predicted
maximum. Once the maximum was attained, the heat flux was
gradually reduced down to zero. Only downward heat flux data
were considered for analysis purposes. Several procedures were
tried to check for possible effects on the results. Two of such pro-
cedures consisted in keeping the boiling surface active for some
time before logging data and starting directly from the maximum
heat flux.

The heat transfer coefficient has been evaluated by the New-
ton’s cooling law:
tion showing the location of the surface thermocouples.
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h ¼ q
DT

ð1Þ

where DT stands for the surface superheating, that is, DT ¼ Tw�Tsat.
The saturation temperature, Tsat, has been measured using the

procedure previously described. In measuring the surface temper-
ature care was exercised in evaluating the thermal resistance of the
cylindrical wall between the thermocouple location and the actual
boiling surface. A numerical analysis involving the test tube wall in
a region encompassing the thermocouple groove and the surface
has been performed in order to investigate the effects of both the
position of the thermocouple junction and the groove over the cal-
culated surface temperature. The uncertainty of the surface tem-
perature (see Table 1) includes the result of this investigation,
Stelute [18]. In addition, axially located thermocouples helped in
evaluating axial heat conduction. It has been determined that in
the location corresponding to section 2 of the test tube, Fig. 2,
Table 1
Uncertainty of measured and calculated parameters.

Parameter Uncertainty

Minimum heat flux, q = 0.60 kW/m2 ±1.8%
Maximum heat flux, q = 120 kW/m2 ±0.3%
Heat transfer area ±0.3%
Heating surface temperature ±0.2 K
Saturation temperature (bath) ±0.2 K
Superheating of the heating surface ±0.3 K
Heat transfer coefficient, minimum uncertainty ±1.3%
Heat transfer coefficient, maximum uncertainty ±20.3%

Table 2
Surface average roughness, Ra, for each finishing procedure (lm).

Finishing procedure Copper

Polished (P) 0.07
Sand paper (SP) 0.16/0.47/0.50
Shot pinning (SPI) 2.5/3.3/4.6/10.5

Fig. 3. Micro-photographs from a copper surface. (a) Sand paper
the axial heat flux was negligibly small. The temperature consid-
ered for analysis purposes was the one from the thermocouple
#2.2, located midway between those at top and bottom at section
2 (Fig. 2). The temperature indicated by this thermocouple is
equivalent to the average of the readings of the three section 2
thermocouples, as discussed in detail by Ribatski et al. [12].

The maximum heat flux was limited to a maximum of
60 kW/m2 during the experiments with stainless steel since the
heating surface used to be intermittently covered with vapor
patches at heat fluxes higher than this limit. Thus, in order to pre-
vent reaching critical heat flux conditions, the heat flux was lim-
ited to this relatively low value compared to the ones used for
the other two materials, respectively, 80 kW/m2 and 120 kW/m2,
for the brass and copper surfaces.

Instruments were calibrated and the uncertainty of measured
parameters evaluated according to the procedure suggested by
Abernethy and Thompson [19] with results summarized in Table
1. Additional information regarding the experimental set up and
procedures can be found in Stelute [18] and Ribatski [20].

3. Characteristics of the heating surfaces

The roughness characteristics of the heating surfaces have been
obtained through the three processes previously described. The
surface roughness resulting from these processes is indicated in
Table 2. The final aspect of the copper surfaces finished both with
sand paper and the shot pinned is illustrated in the micro-photo-
graphs of Fig. 3. The effect of the finishing procedure is very clear
in these pictures. Grooves from the scaling process, oriented in a
preferential direction, are clearly noted in Fig. 3a. The shot pinning
Brass Stainless steel

0.08 0.03
0.16/0.90 0.04/0.07/0.16/0.45
1.2/1.4/1.8/3.0/3.5 0.90/1.1/1.45/2.0/2.5/3.2

scaled (SP), Ra = 0.4 lm; (b) shot pinned (SPI), Ra = 1.9 lm.



Fig. 4. Micro-photographs from a stainless steel surface. (a) Sand paper scaled (SP), Ra = 0.04 lm; (b) shot pinning (SPI), Ra = 1.75 lm.

Fig. 5. Micro-photographs from stainless steel surfaces. (a) Polished (P), Ra = 0.04 lm; (b) commercial, Ra = 0.36 lm.

Table 3
Size range of glass beads used in the shot pinning of brass surfaces and the resulting
value of Ra. Pressure of the feeding line: 10 bar; jet-surface distance: 100 mm.

Size range of particles (lm) Ra (lm)

<63 1.2
106–212 1.8
212–600 3.0
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process produces a surface like the one shown in Fig. 3b. In this
case, cavities instead of grooves are formed giving the surface a
completely different aspect than the one obtained from the sand
paper scaling process. Due to the copper ductility, the borders of
grooves and cavities are very irregular with the presence of scraps
that may eventually detach from the surface by the boiling action.
Since stainless steel is less ductile, the finishing processes produce
effects somewhat different from those in copper surfaces, as can
clearly be noted in Fig. 4a and b. The cavities produced by the shot
pinning process do not present the scraps and sharp edges noted in
the copper surface. Similar results can be noticed in the scaled
surface.

The effect of polishing a stainless steel surface is shown in the
picture of Fig. 5a. A companion picture, Fig. 5b, has been
included for comparison purposes with a commercial stainless
steel surface. The grooves produced by the sand paper scale pro-
cess, prior to the polishing procedure, can clearly be noted in the
picture of Fig. 5a.

The effect of the size distribution of the glass micro spheres over
the average roughness, Ra, of the brass surface is summarized in
Table 3. Due to the different ductility of copper and stainless steel,
different effects are obtained by the same size range of the glass
spheres. The resulting average roughness on the copper surfaces
increases while in the stainless steel ones diminishes with respect
to that obtained on the brass surface. The higher average rough-
ness surfaces (Ra > 4.0 lm) have been sand blasted treated. As
mentioned before, the sand was previously sieved to control the
maximum particle size. The micro-characteristics of these surfaces
have not been raised under the present investigation.

The surface finishing can be assessed by a statistical analysis of
the roughness profile. The profile, the probability density function,
and the normalized auto-correlation of different surfaces are
shown in Fig. 6. The ‘‘y” value in this figure corresponds to the dis-
tance to the average line of the roughness peaks and valleys. It can
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Fig. 6. Profile, probability distribution and auto-correlation function for different brass surfaces. (a) Scaled surface, Ra = 0.9 lm; (b) shot pinned, Ra = 1.2 lm; (c) shot pinned,
Ra = 1.8 lm; and (d) shot pinned, Ra = 3.0 lm.
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clearly be noted that the sand paper treated surface presents a
dominance of a given cavity size range whereas the shot pinning
presents a wider distribution of cavities. The probability distribu-
tion and the auto-correlation function clearly indicate that the
range of cavities widens with the average roughness.
4. Results and analysis

The results reported in this paper involve two halocarbon
refrigerants: R-123 and R-134a. The former is used in low pressure
whereas the latter is typical of medium pressure applications.



J.M. Saiz Jabardo et al. / Experimental Thermal and Fluid Science 33 (2009) 579–590 585
Though the main thrust of the present investigation has been
roughness effects, experiments with three different materials have
been performed, thus the associated results will also be discussed
and analysed.

4.1. Surface material

The effect of the heating surface material has been considered
in a number of studies in the past, since the early classical paper
by Rohsenow [21] to the more recent studies such as the ones by
Gorenflo [8,22], Ribatski and Saiz Jabardo [23], Pioro [24], and Ste-
lute et al. [25]. In general, it has been recognized that the surface
material affects nucleate boiling thermal performance, though it
has been difficult to materialize this effect into workable correla-
tions. Boiling heat transfer correlations have included this effect
in different ways. Rohsenow [21] introduced the surface material
effect indirectly through the combined surface/fluid coefficient,
Csf. Other correlations include this effect explicitly, through either
a parameter involving physical properties of the material, Gorenflo
[22], or a coefficient depending on the particular material, Ribatski
and Saiz Jabardo [23]. Further on correlations will be used in
assessing the significance of the present experimental results.

The effect of the surface material is shown in Fig. 7, where (h vs.
q) refrigerants R-134a and R-123 data are plotted for two reduced
pressures (pr = p/pc), 0.063 and 0.120. As expected, the heat trans-
fer coefficient increases with the reduced pressure. This result con-
firms a trend that has been observed by several experimental
investigations in the past. It must be added at this point that the
effect of the reduced pressure on the heat transfer performance de-
pends on both the material and the surface condition and finishing
process. As a general rule, the higher the roughness the less sensi-
tive to pressure is the heat transfer coefficient. In addition, pol-
ished surfaces heat transfer seem to be affected more by
pressure than either scaled or shot pinned surfaces.
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Fig. 7. The effect of the surface material over the rate of heat transfer. (a) R-134a, small
Open symbols: pr = 0.063; blackened symbols: pr = 0.120.
Thermal performance of brass surfaces is slightly better than
that of the copper ones. However, stainless steel surfaces present
a very distinct behavior as compared to the other two surface
materials, their thermal performance being generally worst, espe-
cially at high heat fluxes. It is interesting to note in Fig. 7a–c that
the thermal performance of stainless steel diminishes with respect
to the other two materials as the roughness increases. This trend is
the result of a combined effect of roughness and material over the
nucleate boiling heat transfer coefficient [25,26].

It has been pointed out elsewhere in the past [20,25], that the
slope of the (h vs. q) is affected by the surface material, a result that
is confirmed by the plots of Fig. 7, especially when comparing the
copper and brass results with those of the stainless steel surface. In
order to further explore the effect of the surface material over the
slope of the curve, let us approximate the relationship between the
heat transfer coefficient and the heat flux by the following com-
monly used expression:

h ¼ Cqm ð2Þ

where the exponent ‘‘m” is related to the slope of the (h vs. q) curve.
The exponent ‘‘m” has been obtained by linearly fitting data for heat
fluxes higher than 2 kW/m2 in order to warrant only boiling condi-
tions, thus excluding natural convection effects. Variations of the
slope ‘‘m” in the heat flux range of the present investigation have
been neglected, since for most of the data it has been lower than
10%. The plot of Fig. 8 presents the slope ‘‘m”, in terms of the re-
duced pressure, fitted from R-123 data for the three surface materi-
als considered herein and a surface roughness of 0.16 lm. The
results of Fig. 8 reflect those of Fig. 7, according to which the slope
of the stainless steel surface is lower than that for copper and brass.
In addition, the slope ‘‘m” diminishes with pressure, a result that
confirms trends from the literature [8,9,20,22]. It must be observed
that the range of reduced pressures in the present investigation is
limited to that of the applications, as it is the case of the Fig. 8 for
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surface roughness; (b) R-134a, high surface roughness; and (c) R-123, Ra = 0.16 lm.
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refrigerant R-123. It must be stressed that some referenced authors
have neglected the effect of pressure over the slope ‘‘m”, notewor-
thy Cooper [27] and Nishikawa et al. [28] who, respectively, pro-
posed the following values: 0.67 and 0.8.

In order to asses the significance of the obtained results, data
points of Fig. 8 have been overlaid in the same plot with the corre-
lations proposed by Gorenflo [22] and Ribatski and Saiz Jabardo
[23]. Gorenflo [22] proposed the following expression:

m ¼ 0:9� 0:3p0:3
r ð3Þ

Later on Ribatski and Saiz Jabardo [23] fitted their experimental
data with a similar correlation by changing the exponent of the re-
duced pressure from 0.3 to 0.2. Both correlations include the pres-
sure effect but not the heating surface material. Whereas the
Gorenflo correlation fits fairly well copper data, the Ribatski and
Saiz Jabardo overestimates the value of ‘‘m” for stainless steel
and underestimates it for copper and brass. It is interesting to note
that the value proposed by Cooper [27] underestimates and the
one by Nishikawa et al. [28] overestimates most of the data.

As a closing remark regarding the effect of the surface material,
it must be noted that, for both refrigerants, copper and brass sur-
faces present close results regarding the heat transfer coefficient,
though the brass surface performance is slightly better than the
copper one. In contrast, the stainless steel results deviate signifi-
cantly from those for copper and brass, presenting consistently
lower heat transfer coefficients and slopes of the (h vs. q) curve.
As a result, as suggested above, the dependency of the exponent
‘‘m” on the surface material might not be discarded in a general
heat transfer correlation.

4.2. Roughness

It is a common belief since the early nucleate boiling research
that the surface roughness affects positively the heat transfer coef-
ficient. This trend is confirmed by the early research by Berenson
[3] and Corty and Foust [29]. More recent investigations, like the
ones conducted by Gorenflo and co-workers [8,22], and those by
Nishikawa et al. [31], Luke [10,30], and Kang [7], confirm the trend
according to which surface roughening tends to improve the heat
transfer coefficient in nucleate boiling. Gorenflo [8,22] proposes
the following explicit correlation for the effect of roughness in
terms of the average surface roughness:

h / Ra2=15 ð4Þ

Luke [30] proposes a correlation for the explicit dependency of
the heat transfer coefficient on the average surface roughness with
the following general form:

h / Rad�e lnðprÞ ð5Þ
In addition to include this explicit roughness dependence, Luke
[30], based on experimental data for propane boiling on copper
tubes of average roughness up to 11.3 lm, suggested that the slope
‘‘m” is also affected both by the reduced pressure and the average
roughness according to the following general expression:

m ¼ a� bp0:37
r þ c

1þ 200ðRa=RaoÞ10 ð6Þ

where Rao is a reference roughness. Parameters ‘‘a”, ‘‘b”, ‘‘d”, and ‘‘e”
from both of the Luke’s correlations are curve fitting constants. It
can be noted that according to the Luke correlation, Eq. (6), average
roughness increments reduce the slope ‘‘m”, a trend that is con-
firmed by the present results, as will be shown in the following
paragraphs. However, Lukes’ results display a continuous increment
of the heat transfer coefficient up to the roughness of 11.5 lm, a
trend that is not confirmed by the investigation reported herein.

Present results confirm in part the trend related to the effect of
roughness on the rate of heat transfer. The plots of Fig. 9a–d, devel-
oped from R-123 and R-134a data over a copper surface, illustrate
the increment of the heat transfer coefficient with roughness.
However, contrary to the common belief, the heat transfer coeffi-
cient increment is limited to a given range of surface roughness
and heat fluxes. Beyond those ranges the heat transfer coefficient
diminishes with roughness, as clearly seen in those plots. Some
investigations from the literature confirm, at least qualitatively,
the trend displayed in the plots of Fig. 9a–d. Kozitskii [31] obtained
results from n-butane boiling in electrically heated stainless steel
tubes with average roughness varying from 0.03 lm to 1.31 lm.
For pressures of 4.9 (pr = 0.129) and 12.6 bar (pr = 0.332), Kozitskii
observed that the heat transfer coefficient diminishes when the
average roughness of the surface is increased to 0.95 lm and
1.31 lm. More recently, Benjamin and Balakrishnan [6] conducted
experiments with several fluids (including water, n-hexane, and
carbon tetrachloride) boiling on of aluminium and stainless steel
surfaces with average roughness varying from 0.20 lm to
1.17 lm. They also noted a heat transfer coefficient reduction with
the increment of the average roughness above a certain value. In
their review paper, Pioro et al. [9] suggest a possible reduction in
the heat transfer coefficient for roughness beyond a certain limit.
Finally, Corty and Foust [29] and Kurihara and Myers [32] data
clearly point to the occurrence of a roughness limit regarding the
effect over the rate of heat transfer.

The following are a summary of the conclusions that can be
drawn from the results of Fig. 9:

(1) The results of Fig. 9a–d clearly display two main ranges of
roughness effects: the low range, encompassing average
roughness up to around 3.0 lm, and the high range, for sur-
face average roughness higher than 3.0 lm. Unfortunately,
only one two average roughness in the high range have been
tested, 4.6 lm and 10.5 lm, what makes the above sug-
gested limits of roughness ranges sketchy. However, they
have been considered useful for the current analysis
purposes.

(2) The plots of Fig. 9a and b for refrigerant R-123 clearly show
that the heat transfer coefficient increases with the average
roughness in the low range. The effect of the surface rough-
ness over the heat transfer coefficient is characterized by an
opposite trend in the low heat flux range (lower than 15 kW/
m2) for the roughness high range, from 3.30 lm to 10.5 lm.

(3) The plots of Fig. 9c and d for refrigerant R-134a display
trends similar to those for the refrigerant R-123. Present
results clearly indicate that the heat transfer coefficient
might even diminish with the surface roughness in the high
range.
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(4) The 10.5 lm roughness boiling curve can be divided into
two heat flux ranges, delimited by a heat flux of around
15 kW/m2. In the low heat flux range, the heat transfer coef-
ficient is highest among all the roughness covered in the
present investigation. This is a rather unusual trend,
reported in the literature only for enhanced heat transfer
tubes [33] and not for plain tubes. A general conclusion
regarding highly shot pinned roughened boiling surfaces is
that they are potentially interesting for low heat flux appli-
cations such as the refrigerating ones.

(5) Average roughness for the other two surface materials, brass
and stainless steel, has been limited to values lower than
3.5 lm and 3.20 lm, respectively. Data for refrigerant R-
134a boiling on these two surface materials is presented in
Fig. 10a–d. It can be noted that the observed trends for cop-
per are generally confirmed in this case. The observed trend
toward a limit on the roughness effect suggested by Kurihara
and Myers [32] is clearly observed in those plots.

(6) The results for stainless steel of Fig. 10c and d are notewor-
thy since they display a lessen effect of the surface rough-
ness over the heat transfer coefficient. This trend is
strengthened at higher reduced pressures, as can be con-
cluded by comparing Fig. 10c with Fig. 10d.

The effect of the roughness over the slope of the (h vs. q) curve
could be outlined from the plots of Figs. 9 and 10. In order to better
visualize this effect, curve fitted values of ‘‘m” for the copper sur-
face have been plotted against the reduced pressure for different
roughness values and refrigerants. The resulting plot is shown in
Fig. 11a and b. In general, ‘‘m” diminishes with roughness though
the effect might be different, depending on the refrigerant. In the
lower roughness range, the effect of roughness is more significant
in R-123 than in R-134a. The slope ‘‘m” diminishes significantly for
both refrigerants for the surface roughness of 10.5 lm with respect
to the other values of roughness, attaining values outside the typ-
ical range, which varies from 0.5 to 0.8.

The curves representative of the correlations for the slope ‘‘m”
by Gorenflo [22], Eq. (3), and Ribatski and Saiz Jabardo [23] have
been overlaid with experimental data in the plots of Fig. 11. It
can be noted that both correlations reproduce reasonably well
the trend in the low range of roughness. However, from the quan-
titative point of view the Ribatski and Saiz Jabardo correlation
seems best fitted to the present data than the one proposed by
Gorenflo. As expected, both correlations over predict experimental
data corresponding to the high roughness range.

Most of the average roughness values provided by the different
roughening procedures are not close enough to allow for a signifi-
cant thermal performance comparison between them. However,
some cases can be used for a sound comparison. This is the case
of stainless steel data which present average roughness values of
0.03 lm for polished and 0.04 lm for scaled surfaces. Data for both
roughening procedures are shown in the plot of Fig. 12a. It can be
noted that differences are minimal, with the polished surface
presenting a slightly better performance. Thus, as a first
approximation, it can be concluded that polished surfaces present
better performance, a result in accordance with Berenson [3]
conclusions.

The closer average roughness values between sand paper and
the shot pinning surfaces are 0.9 lm and 1.2 lm, obtained for a
brass surface. Data for this case is plotted in Fig. 12b. It can be
noted that though the shot pinning surface presents a slightly bet-
ter performance, its average roughness is also higher, what makes
a conclusion difficult to draw regarding the effect of the roughen-
ing procedure.
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Results from the literature are not conclusive regarding the ef-
fect of the surface treatment procedure [9]. Data from the present
investigation do not allow drawing any definitive conclusion nei-
ther. It must be stressed that in the present investigation the sand
paper treated surfaces present circumferential grooves, which
apparently seem not to cause major differences in boiling thermal
performance as compared with the shot pinned grooves of similar
average roughness.

As a final remark regarding the roughness effects on the boiling
thermal performance, it would be interesting to speculate over the
observed trends in the present investigation. The heat transfer
coefficient increment with the heat flux is closely related to the
population of active cavities on the heating surface. The enhance-
ment of the nucleate boiling thermal performance by the roughen-
ing of the heating surface is generally attributed to the growth of
the population of active cavities promoted by rougher surfaces as
a result of the increment of both the size and the range of sizes
of the cavities. This trend is in agreement with conventional nucle-
ation criteria from the literature, Hsu [34]. According to these cri-
teria, the size range of active cavities widens with the surface
superheating. Roughening the surface would increase the range
of available cavity sizes, allowing for the increment of active cavi-
ties for a given surface superheat. However, as the size of cavities
increases, eventually the larger cavities might be filled with liquid,
not being available for activation, Pioro et al. [9], Kozitskii [31]. In
the present case, surfaces in the high range of roughness present a
wider range of cavities available for activation at low heat fluxes
what tends to increment the heat transfer coefficient with respect
to less rougher surfaces. However, as the surface superheat in-
creases, sites available for activation seem to diminish with respect
to those available on smoother surfaces due to the excessive size of
the cavities. A detailed analysis of the micro-structure of the sur-
face would be needed in order adequately interpret the observed
trend in the high range of surface roughness, as suggested by Luke
[30]. The analysis should include the effect of the roughening pro-
cedure and the wettability of the surface by the boiling liquid.
5. Comparison with correlations

Along the years of nucleate boiling research a number of corre-
lations have been proposed to predict the heat transfer coefficient.
Some have treated the problem under the point of view of objec-
tive curve fitting experimental data, being expressed as a function
of reduced properties instead of actual transport properties. Two of
these correlations, previously mentioned, based on similar argu-
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ments, will be considered for the purpose of assessing the signifi-
cance of the present data and to evaluate their performance in pre-
dicting the heat transfer rate in the range of roughness values and
materials considered herein. The first is the one proposed by
Cooper,

h ¼ 55q0:67pn
r ð�log10prÞ

�0:55M�0:5 ð7Þ

where the exponent ‘‘n” is a function of the roughness parameter,
Rp

n ¼ 0:12� 0:2ðlog10RpÞ ð8Þ

Cooper suggests correcting the numerical coefficient of his cor-
relation by a factor of 1.7 for cylindrical copper surfaces. It has
been found that the use of the suggested correction would result
in a significant overprediction of the current experimental data.
As a result, this correction has been omitted in the present analysis.
The present data have been evaluated based on the average surface
roughness, Ra, whereas the Cooper correlation includes the param-
eter, Rp, as in Eq. (8). There is some debate regarding the relation
between these roughness parameters. However, for the present
analysis purposes, the following straightforward expression sug-
gested by Gorenflo [22] has been used:

Ra ¼ 0:4Rp ð9Þ

As already observed, Cooper assumes that the exponent of the
heat flux is constant and equal to 0.67.

Ribatski and Saiz Jabardo [23] suggested the following
alternative expression, according to which the exponent ‘‘m” of
the heat flux, given by Eq. (3), depends only on the reduced
pressure:
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h ¼ fpqmp0:45
r ð�log10prÞ

�0:80Ra0:2M�0:5 ð10Þ

fp is a surface material parameter, which assumes the following val-
ues: 100 for copper, 85 for stainless steel, and 110 for brass.

The plots of Fig. 13a–d illustrate the behavior of both correla-
tions for refrigerants R-134a and R-123 boiling on copper surfaces
of roughness in the low and high ranges for reduced pressures of
0.12 and 0.092, respectively. Both correlations perform reasonably
well for the low roughness, with deviations within the uncertainty
of experimental results, especially for the lower roughness surface
and refrigerant R-123. However, their performance tends to deteri-
orate for the higher roughness, overpredicting the experimental re-
sults, especially at 10.5 lm. This is an expected trend since both
models predict the increment of the heat transfer coefficient with
the average roughness of the surface.

A general conclusion regarding nucleate boiling heat transfer
coefficient correlations is that their use must be limited to the
low range of surface roughness. Their extension to higher rough-
ness values is not recommended due to the observed trend accord-
ing to which the heat transfer coefficient attains a maximum at a
given surface roughness. In addition, it must be stressed that the
effect of surface roughness on the slope ‘‘m” of the heat flux must
also be taken into consideration, as previously suggested.

6. General conclusions

The following are remarks that summarize the results from the
present investigation:

(1) The heat transfer coefficient is affected by the surface rough-
ness in a conventional manner in the standard roughness
range. However, it has been observed a trend shift at high
values of the surface roughness, affecting both the heat
transfer coefficient and the slope of the curve (h vs. q), char-
acterized by the exponent ‘‘m” of Eq. (2).

(2) As expected, both the heating surface material and the boil-
ing liquid also affect the heat transfer coefficient.

(3) The slope related exponent ‘‘m” is within the typical range
for the low range of average roughness. However, for larger
roughness values, the slope diminishes attaining values of
the order of 0.3 for the surface roughness of 10.5 lm, a level
way out of the typical range.

(4) Very rough surfaces tend to present better boiling thermal
performance than smoother ones at low heat fluxes, the
trend shifting in the high heat flux range.

(5) Care must be exercised in using nucleate boiling correlations
for rough surfaces due to their inadequate prediction of the
roughness effect.
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