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a b s t r a c t

Aluminum substrates are irradiated with chromium ions and the steam condensation heat transfer
performance on these surfaces is examined. Filmwise condensation is induced on the surface of
aluminum specimens irradiated with chromium ion dose of less than 1016 ions/cm2 while dropwise
condensation occurs on the specimens irradiated with chromium ion dose of 5 � 1016 ions/cm2 in the
range of ion energy from 70 to 100 keV. The heat transfer coefficient of the surfaces on which dropwise
condensation occurs appeared to be approximately twice as much as the prediction by Nusselt’s film
theory. In a durability test, dropwise condensation lasts over six months and the heat transfer coefficient
is also maintained.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Most of energy systems including vapor compression refriger-
ation systems [1,2], fossil-fuel and nuclear power plants [3,4] use
heat exchangers as a condenser to reject waste heat. Metals such as
titanium, aluminum, and stainless steel, which are commonly used
as condenser materials, have inherent high surface energy so that a
filmwise condensation usually occurs on a metallic heat transfer
surface where condensate film covers the heat transfer surface. In
order to enhance the heat transfer performance of a condenser, a
compact design of heat transfer surface having increased heat
transfer area density is adopted [5]. However, increasing the heat
transfer area or promoting the turbulence of the working fluid in-
side the channel limits its ability to improve condenser perfor-
mance. A more effective way of enhancing condensation
performance is to implement a dropwise condensation that can
reduce thermal resistance of the heat transfer surface by easily
removing condensates on the heat transfer surface. For the past
decades, numerous researches have been conducted to control the
wetting property of solid surface to make it hydrophobic and some
of them were interested in dropwise condensation of steam [4].

In order to impart hydrophobicity to metallic heating surfaces,

surface modification methods combining organic materials [6,7]
and polymer materials [8,9] with low surface energy have been
mainly studied. Recently, super-hydrophobic surface fabrication
technologies have been studied to reduce surface wetting area of
droplets by using nano/micro electro-mechanical system (NEMS/
MEMS) process and various surface modification technologies.
Hydrophobic surface modification technologies based on NEMS/
MEMS has been investigated as a fundamental study of lab-scale
[10e12] because it is difficult to fabricate large area of substrate.
Surface modification studies using oxide-free novel metals having
excellent heat transfer performance were also conducted. Gold,
silver, and rhodium were electroplated to realize dropwise
condensation but there have been few studies on cost and appli-
cability of them [13,14].

The development of chemical vapor deposition (CVD) technol-
ogy has attracted attention as a new technique for robust steam
dropwise condensation [15]. The initiated chemical vapor deposi-
tion (iCVD) technology has the advantage of reducing the damage
of deposition film due to relatively low-temperature and organic
solvent-free process. Using iCVD technology, grafted polymeric
materials [16] and graphene [17] were coated to induce dropwise
condensation on the coated surface. Despite of heat transfer
enhancement reported, the durability of dropwise condensation
remains a challenging issue.

Over the past five decades, ion irradiation has been studied
primarily as a technique that modifies the interfacial properties of* Corresponding author.
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metals. Ion irradiation technology is a method of changing the
physical properties of a metallic surface by colliding the ions in a
plasma state with the surface. Depending on the material to be
irradiated, a compound may be produced by reacting with the
atoms located near surface. Due to this characteristics, ion irradi-
ation is widely used to study their effects on electrical conductivity,
wear resistance, and optical characteristics of semiconductor,
ceramic, and polymeric surfaces. The plasma source ion implanta-
tion(PSII) technology provides a line-of-sight implantation process
so that it does not need to manipulate the target and control the
beam raster. This enables the application of technology to complex
geometry and large target [18]. In the 1980s, Zhao et al. [19] irra-
diated ion beam onto the surface of polytetrafluoroethylene (PTFE)
to achieve dropwise condensation on that surface. Ion beam irra-
diation was also examined to induce dropwise condensation by
other research group, but experimental results with limited range
of ion irradiation conditions were reported [20,21].

Also, studies on dropwise condensation using polymeric mate-
rials [19] or gaseous ions [20e23] have been reported, but dropwise
condensation studies using metallic ions have not been reported
yet. The chromium among various metals that can be ionized is a
candidate material if dropwise condensation is feasible because of
its high oxidation and corrosion resistance properties. In this study,
chromium ions were irradiated on aluminum surface to observe
surface energy change and condensate behavior on the surface. The
change of surface characteristics depending on irradiation energy
and irradiation dose per unit area were examined. Then, the steam
condensation experiment was performed to observe the behavior
of the condensed water on the surface and the heat transfer per-
formance was evaluated.

2. Experimental methods

2.1. Preparation of specimens

In order to analyze the change of surface characteristics ac-
cording to the metal ion irradiation, an aluminum square coupon
having a square width of 28 mm and a thickness of 2 mm was
prepared. The aluminum surface was mirror polished to reduce the
influence of the oxide film formed by the contact of the foreign
substance generated in the production process with the air. After

the cleaning process, the specimen was stored in a petri dish to
prevent contamination from the outside.

Fig. 1 shows a schematic diagram of the metal ionization and
implantation system used in the experiment. Before irradiation of
the ions, vacuum state was generated inside the chamber. The high
purity chromium solid inside the chamber slowly ionized by the
catalytic action of the tungsten filament. The generated ions were
accelerated by the electrostatic field around the chamber and pass
through the slit and magnetic analyzer, separating residual impu-
rities of the metal. Depending on the acceleration and weight of the
particles passing through the magnetic analyzer, the pull-out angle
is different, which is determined by themagnetic current applied to
the analyzer. Heavy ion source such as metal has less angle of warp
due to acceleration and weight, and lighter ions have higher angle
of warp. In the magnetic analyzer, the impurity-impregnated metal
ions enter the accelerating tube. Ions introduced into the acceler-
ating part were accelerated by the user-specified energy through
the surrounding electrostatic field and irradiated on the specimen.

The allowable irradiation energy of the metal ion irradiator used
in the experiment is maximum of 150 keV at a minimum of 20 keV
and current of 1 mA. In order to measure the amount of ions irra-
diated on the specimen, a silicon wafer and the specimen were put
into the target chamber and ions were simultaneously irradiated.
After ion irradiation, Rutherford Backscattering Spectrometry (RBS)
was used to evaluate the ion dose for the silicon wafer. The irra-
diation dose of the siliconwafer was assumed to be the same as that
of the specimen [23]. The maximum irradiation area of the ion
implantation system was 10 cm in diameter and the irradiation
uniformity was larger than 90%. Table 1 summarizes the ion irra-
diation conditions used in the experiment. Chromium ions were
irradiated in three ion energy steps of 70, 85, and 100 keV, and the
ion dose per unit area divided into three steps of 1015, 1016 and
5 � 1016 ions/cm2.

2.2. Experimental apparatus

The irradiated ions react with the surface to form a compound,
or they can be repelled by collision, and penetrate into the metal
along the defect. Chromium ions were irradiated on the aluminum
surface to analyze the changes of the surface characteristics ac-
cording to ion energy and dose conditions. After that, the surface
roughness was measured using atomic force microscope (AFM),
and the contact angle of the irradiated surface was measured using
water and sessile drop method to analyze contact angle variation.

Steam condensation experiment was performed to evaluate the
shape and heat transfer performance of the condensed water
generated on the ion irradiation surface. Fig. 2 depicts a schematic
diagram of the steam condensation test facility used in the exper-
iment. The test facility consists of a steam generator, a test chamber,
a test section, a condenser, and a constant temperature bath.

The test chamber used in the experiment is made up of a
stainless steel pipe with an outer diameter of 318.5 mm and a
thickness of 7 mm cut into a length of 250 mm and flanged. On the
front of the test chamber, 10mm thick tempered glass is installed to
observe the behavior of the condensate formed on the condensing
surface of the test section. On the opposite side, an insulation block
fabricated with PTFE to reduce the heat loss from the test section
and combined with the test chamber. The test chamber is insulated
with glass wool to reduce heat loss to the outside. The steam
generator is composed of an electric heater bundle to control the
steam generation through the output control. The steam generated
from the steam generator flows into the test chamber along the
piping. When the steam is excessively generated, the amount of
steam flowing into the test chamber is controlled by bypass line.
The steam introduced into the test chamber partially condense in

Nomenclature

A Area (m2)
h Heat transfer coefficient (W/m2K)
k Thermal conductivity (W/mK)
q’’ Heat flux (W/m2)
T Temperature (K)
x Distance (m)
q Contact angle (�)

Subscripts
sat Saturate temperature
surf Condensing wall temperature
SV Solid to vapor interface
SL Solid to liquid interface
LV Liquid to vapor interface
FWC Filmwise condensation
static Static angle
adv Advancing angle
rec Receding angle
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the test section and the condensate withdrawn to the auxiliary
water tank. The excess steam exiting the test chamber condensed
on the secondary condenser. The internal pressure of the experi-
mental apparatus was maintained at the atmospheric pressure
level by controlling the flow rate of the cooling water flowing into
the secondary condenser. Inside the secondary condenser, the
steam is condensed and collected in the auxiliary water tank. When
the water level of the steam generator lowered to the safety level,
the condensed water in auxiliary water tank is supplied to the in-
side of the steam generator through the feedwater pump. In order
to evaluate the behavior of condensate and heat transfer perfor-
mance on the condensing surface, a cylindrical aluminum block

was manufactured. A spiral cooling channel was machined on one
side of the cylinder shape and the opposite side endwas used as the
condensing surface. In order to supply cooling water smoothly
through the cooling channel, a clamping part was machined, and a
cylinder specimen and a brazed joint were used to fabricate a test
specimen having a length of 85 mm. The condensing surface of the
cylindrical test sectionwas mirror polished and then chromium ion
was irradiated.

De-mineralized water was prepared for the steam condensation
experiment and fed into the steam generator. Before the conden-
sation experiment, the water injected into the steam generator was
boiled for a long time to reduce the effect of the noncondensing gas.
After conducting the process of removing the condensate gas,
filmwise condensation was implemented using mirror-polished
aluminum specimens and the heat transfer performance was
evaluated. The steam condensation test results of mirror-polished
aluminum specimens were compared with Nusselt theory, the
theoretical solution of filmwise condensation. After verifying the
experimental apparatus through the filmwise condensation
experiment, the form and behavior of the condensed water on the
condensing surface were observed and the heat transfer

Fig. 1. Metallic ion source accelerators for ion implantation.

Table 1
Chromium ion implantation condition on aluminum test coupon.

Energy (keV) Ion dose (ions/cm2)

1015 1016 5 � 1016

70 a b c
85 d e f
100 g h I

Fig. 2. Schematics of steam condensation experimental apparatus.
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performance was evaluated.

2.3. Data reduction

Four copper-constantan thermocouples (type T) were installed
at equal intervals along the center line of the test section to mea-
sure the heat transferred through the condensing surface. The
temperature of the test section measured through the thermo-
couple and the Fourier equation were used to calculate the heat
transferred from the condensing surface, and the heat flux was
calculated using eqn. (1). The steam temperature flowing into the
test chamber was measured using a resistance temperature de-
tector (RTD). Condensing wall temperature was calculated using
the temperature and heat flux data measured through the ther-
mocouple and eqn. (2).

q
00 ¼ kal

DT
Dx

(1)

Tsurf ¼ T1 þ
�
q

00
Dx
kal

�
(2)

where Tsurf is the surface temperature of condensing wall, T1 is the
temperature of nearest thermocouple on the condensing surface,
Dx is the distance between the thermocouple and the condensing
surface, q

00
is the heat flux of the test section using the temperature

gradient and thermal conductivity, kal is the thermal conductivity
of aluminum. Condensation heat transfer coefficient calculated
using the heat flux and condensing wall temperature using the
following eqn. (3).

h ¼ q
00

�
TSat � TSurf

� (3)

where, h is condensation heat transfer coefficient, Tsat refers to the
saturation temperature of steam.

The uncertainties of the calculated parameters are estimated
using the method described by Kline and McClintock [24]. The
uncertainty of the condensation heat transfer coefficient was
calculated using eqn. (4) considering the uncertainties of heat flux,
steam temperature and surface temperature.

dh
h
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dq00

q00

�2

þ
�
dTsat
Tsat

�2

þ
 
dTsurf
Tsurf
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In order to reduce uncertainties, thermocouples were calibrated
in a range of 10e100 �C using calibrator with an accuracy of
±0.05 K. The temperatures were measured with an uncertainty of
±0.3 K including signal converting electronics and sensor errors
[23]. Uncertainty in heat flux and surface temperature results from
estimates of temperature gradient. The uncertainty in the
temperature-gradient estimation was evaluated using Kedzierski
and Worthington [25] estimation model as follows:

sg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2Ti þ

�
q00D
6k

�2
s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1PN
i¼1ðxi � xÞ2

s
(5)

where, sg is estimated standard deviation of temperature gradient,
sTi is individual temperature measurements, D is hole diameter, N is
the number of thermocouples, xi is individual position and x is
average position of the thermocouples. The uncertainty of the
steam and water mass flow rates are ±0.65% and ±0.15%, respec-
tively. Consequently, the uncertainty of the condensation heat

transfer coefficients is estimated to be 8.49e14.95%.

3. Results and discussions

3.1. Surface analysis

3.1.1. SEM images for surface observation
The chromium ions were irradiated to the mirror-polished

aluminum specimen under the conditions shown in Table 1. Then,
the specimens were observed using FE-SEM. Fig. 3 (a)~(i) show the
FE-SEM images of the irradiated surface with ion energy 70, 85,
100 keV and ion dose per unit area of 1015, 1016, 5 � 1016 ions/cm2,
and Fig. 3(j) is a SEM image ofmirror-polished aluminum surface. In
the SEM image of the mirror-polished surface, boundary layers
were observed, which are boundary between the crystal grains and
crystal grains grown from the core of the metal. However, grain
boundaries were not observed in the SEM images of the ion irra-
diation surface shown in Fig. 3 (a)-(i). It is speculated that a thin
amorphous layer formed on the surface by the ion irradiation.

3.1.2. Surface roughness measurement
Surface roughness changes were measured using AFM. The

surface roughness was measured by selecting arbitrary points of
width x 10um except for the edge of the specimen. The results of
the surface roughness measurement are shown in root mean
square (RMS), and the results are shown in Table 2. The surface
roughness of the mirror-polished aluminum surface was measured
to be about 21 nm. On the other hand, chromium ion irradiated
aluminum surface shows 9e13 nm range of surface roughness. This
results showed a decrease in surface roughness compared to the
mirror-polished surface. The reduction of the surface roughness is
thought to be caused by the sputtering effect due to the collision
between the irradiated ions and the surface. It is noteworthy that
the surface roughness value remains at a similar level with no
tendency with increasing ion dose and ion energy. It is presumed
that the sputtering effect by ion irradiation eroded the surface and
produced similar surface morphology in the present range of ion
energy and dose.

3.1.3. Depth profile of secondary ion mass spectroscopy
For the precise analysis of the ion irradiated surface, the

elemental depth profile was analyzed using secondary ion mass
spectroscopy (SIMS). Fig. 4 shows the change in elemental profile of
the surface irradiated under the conditions of Table 1. The vertical
axis on the left represents the concentration of aluminum, the
vertical axis on the right represents the concentration change of the
chromium, and the horizontal axis represents the penetration
depth change from the surface.

Fig. 4 (a) ~ (i) shows that the concentration of chromium on the
surface tends to increase with increasing ion dose. As the ion dose
increases, the chromium concentration tends to increase even
under the irradiation energy changing conditions. In addition, the
ion energy was analyzed to affect the ion penetration depth. SIMS
analysis shows that a minute amount of chromium remains on the
surface in a crystalline or compound form.

3.1.4. Contact angle measurement
In order to measure the surface energy change by ion irradia-

tion, the contact angle was measured using mirror-polished and
chromium ion irradiation surface. The contact angle was measured
by dropping 10 ml DI water to any 5 points of the surface. The results
of contact angle measurement are shown in Table 3, which presents
mean value and standard deviation. All of chromium ion irradiated
surfaces showed higher contact angles than mirror-polished sur-
face in ion energy conditions of Table 1. The static contact angles of
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1 � 1015, 1 � 1016, 5 � 1016 ions/cm2 ion dose condition implanted
surfaces were range of 65.9e67.6�, 63.4 to 64.4�, and 67.4 to 71.4�

respectively. These range of the static contact angle is larger than
the contact angle of the polished surface without irradiation
(62.7�). This general increase of the static contact angle is believed
to be due to the reduction of the surface roughness mentioned in
the previous section. It is interesting to observe that the increase of
contact angle at the 5 � 1016 ions/cm2 ion dose condition was
relatively large compared with other cases. These results suggest
that other factors may influence surface chemistry as ion dose in-
creases. X-ray photoelectron spectroscopy (XPS) analysis was per-
formed to investigate the cause of this and the results are presented
in the next section.

The dynamic contact angles of chromium ion implanted
aluminum surfaces are also presented in Table .3. The dynamic
contact angle was measured repeatedly with the same droplet
volume as the static contact angle. For the surfaces irradiated with
ion dose of 1015 and 1016 ions/cm2, the advancing and receding
contact angles ranged from 77.3 to 80.3� and 50.9 to 58.0�,
respectively, these were very similar to those of polished aluminum
without irradiation. On the meantime, the advancing and receding
contact angles of the surface irradiated with ion dose of 5 � 1016

ions/cm2 appeared to range from 92.1 to 94.8� and 73.1 to 75.3�,
respectively, these are approximately 20� larger than those of
polished aluminum surface. The change in dynamic contact angle
of the surface irradiated with ion dose of 5 � 1016 ions/cm2 was

Fig. 3. SEM images of chromium ion implanted aluminum surfaces.

Table 2
Surface roughness of chromium ion implanted surfaces.

Ion energy Ion dose

e 1015 ions/cm2 1016 ions/cm2 5 � 1016 ions/cm2

Polished aluminum 20.70 nm e e e

70 keV e 12.90 nm 11.47 nm 10.68 nm
85 keV e 14.22 nm 14.15 nm 11.91 nm
100 keV e 9.29 nm 14.87 nm 12.05 nm
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remarkable compared with the change in static contact angle.
The contact angle hysteresis (CAH) is also an important

component for understanding the correlation between the
behavior of liquid droplets and the hydrophobicity of solid surfaces
[26]. The CAH of the surface (22.2e23.8�) irradiated with energy
level of 70 keV and 85 keV and ion dose of 1015 and 1016 ions/cm2

appeared similar to that of the polished aluminum surface (24.6�).
The CAH of the surface irradiatedwith ion dose of 5� 1016 ions/cm2

was almost the same level as approximately 19� regardless of
irradiation energy level, which was relatively small compared with
the surfaces irradiated with less ion dose. The dynamic contact
angle and CAH suggest that the chromium concentration near the
surface is likely to change the droplet behaviors, which is affected
by the ion dose variation rather than the ion energy level.

3.1.5. X-ray photoelectron spectroscopy(XPS)
XPS analysis was performed to analyze the surface chemistry of

the ion-irradiated specimen. Fig. 5 shows the Al 2p spectra of an
aluminum surfaces without implantation and surfaces with
1 � 1016, 5 � 1016 chromium ions implanted at 100 keV. The un-
implanted surface presented high intensity of aluminum oxide
(Al2O3) and aluminum (Al 2p). On the surfaces irradiated with
chromium ions, the intensity of Al2O3 decreased while the intensity
of Al 2p was increased as the ion dose increased. These results
imply that the aluminum oxide layer was reduced by the sputtering
effect during the ion implantation process and the formation of
oxide film is suppressed by the implanted chromium even when
exposed to air.

As the ion dose increased, the amount of chromium penetrated

Fig. 4. Depth profile of chromium ion implanted aluminum surfaces.

Table 3
Contact angle of chromium ion implanted aluminum surfaces.

Ion energy Ion dose qstatic qadv qrec qh ðqadv � qrecÞ
No irradiation 62.68�±1.67� 76.31�±2.04� 51.68�±1.63� 24.63�±3.67�

70 keV 1015 ions/cm2 65.92�±2.11� 77.28�±1.96� 53.91�±1.44� 23.37�±3.40�

1016 ions/cm2 63.42�±0.51� 79.55�±2.15� 56.01�±1.73� 23.54�±3.88�

5 � 1016 ions/cm2 67.45�±0.79� 92.11�±1.63� 73.12�±1.30� 18.99�±2.93�

85 keV 1015 ions/cm2 66.18�±0.40� 78.06�±1.84� 54.31�±1.24� 23.75�±3.08�

1016 ions/cm2 64.44�±0.59� 80.25�±1.82� 58.01�±1.47� 22.24�±3.29�

5 � 1016 ions/cm2 70.74�±0.55� 94.82�±1.03� 75.25�±1.32� 19.57�±2.35�

100 keV 1015 ions/cm2 67.64�±1.84� 78.62�±1.96� 50.91�±1.44� 27.71�±3.40�

1016 ions/cm2 64.41�±0.90� 79.11�±2.15� 52.01�±1.38� 27.10�±3.53�

5 � 1016 ions/cm2 71.42�±0.96� 93.30�±1.46� 74.12�±1.20� 19.18�±2.66�
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Fig. 5. Al 2p spectra of ion implanted and un-implanted aluminum surfaces.

Fig. 6. Condensation heat transfer on mirror polished aluminum surfaces.
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into the surface increased as shown Fig. 4. The generated external
forcewas in the form of compressive stress because it increased the
particle density without involving the volume change of the
specimen. This compressive residual stress may decrease the static
contact angle by increasing the surface energy of the solid interface.
However, the static contact angle was the largest at the highest ion
dose, 5 � 1016 ions/cm2. This increase in the contact angle at a dose
of 5 � 1016 ions/cm2 may be due to reduction of the oxide layer and
prevention of oxide film synthesis when exposed to air.

3.2. Condensate behavior and heat transfer performance

The filmwise condensation was achieved by exposing mirror-
polished aluminum specimens to steam, and measured heat
transfer performance was compared with the Nusselt theory in
order to examine the reliability of experimental apparatus. The
condensation heat transfer coefficient of filmwise condensation on
a circular heat transfer surfacewas derived by O’neil andwestwater
[14]. They suggested a modified Nusselt theory for a circular area as

follows:

hFWC ¼ 0:83404
�
k3r2gl
mRDT

�1
4

(6)

where, k represents thermal conductivity of condensate, r is liquid
density of condensate, g is gravitational acceleration, l is latent heat
of condensation, m is viscosity of condensate, R is disc radius, DT
represents difference between steam and condensing
temperatures.

The heat transfer performance of a filmwise condensation on a
mirror polished aluminum surface is compared with the Nusselt
theory in Fig. 6. The measured heat flux and heat transfer coeffi-
cient agreed well with the modified Nusselt theory within the
discrepancy of approximately ±7%. This result verifies that the
experimental data produced with the present apparatus is reliable.
After the experimental apparatus was verified, main experiments
were conducted. Test specimens were irradiated with chromium
ions with conditions summarized in Table 4. Then, steam conden-
sation experiments were performed to observe the behavior of
condensate on the chromium ion irradiated surface and evaluate
the heat transfer performance.

Photographs in Fig. 7 show the behavior of the condensed water
on ion irradiated surfaces. Filmwise condensation occurred on the
surfaces irradiated with ion dose of 1015 and 1016 ions/cm2

Fig. 7. Condensate behaviors on chromium ion implanted aluminum surfaces: (a) Filmwise condensation on mirror polished aluminum surfaces, (b) Heat transfer coefficient, (c)
Heat flux.

Table 4
Chromium ion implantation condition for steam condensation test specimens.

70 keV, 1016 ions/cm2 70 keV, 5 � 1016 ions/cm2

85 keV, 1016 ions/㎠ 85 keV, 5 � 1016 ions/cm2

100 keV, 1015 ions/cm2 100 keV, 1016 ons/cm2 100 keV, 5 � 1016 ions/cm2
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regardless of irradiation energy. On the other hand, dropwise
condensation occurred on the surface irradiated with 5� 1016 ions/
cm2 ion dose regardless of irradiation energy. It is speculated that
dropwise condensation is induced due to sputtering effects and
yield of ion implantation when concentration of chromium near
the interface of the substrate is increased by irradiating chromium
ion dose over the 1016 ions/cm2. That is, the dynamic contact angle
as well as the CAH increased as explained in the previous section.

Fig. 8 shows the heat flux and condensation heat transfer co-
efficient measured with the ion irradiated surface. The measured
heat flux and heat transfer coefficient of the specimens where
filmwise condensation occurs showed good agreement with the
Nusselt theory within ±7% discrepancy regardless of ion irradiation
parameters. On the other hand, the heat transfer performance of
the ion irradiation surface where dropwise condensation was
induced appeared to be approximately double the Nusselt theory.
The heat transfer performance of the irradiated surface was
improved as the irradiation dose increased while the heat transfer
performance change due to the irradiation energy level appeared to
be little. As Rose [3] mentioned, the heat transfer coefficient for
dropwise condensation of steam was reported to be around ten to
twenty times that for film condensation. Compared with this, the
heat transfer coefficients measured in the present experiments
seem to be small. Rausch et al. [20] induced dropwise condensation
on nitrogen ion implanted aluminum surfaces and reported a

maximum enhancement factor of 2.0 in comparison with theoret-
ical value by Nusselt film theory. The heat transfer coefficients
measured in the present experiments are very close to the exper-
imental results of Rausch et al. [20].

XPS analysis was performed to obtain information of the near
surface composition of the test specimens after steam condensa-
tion experiments. Fig. 9 shows Al 2p spectra of specimens where
filmwise condensation and dropwise condensation occurred.
Fig. 9(a) demonstrates that AlOOH, known to be hydrophilic, was
formed near the surface of the specimen where filmwise conden-
sationwas induced. The reaction between aluminum oxide and the
condensate is speculated to have formed AlOOH [28]. On the other
hand, AlOOH was not found on the surface where dropwise
condensation occurred as seen in Fig. 9(b). Higher concentration of
implanted chromium presumably inhibited the formation of
AlOOH and maintained the dropwise condensation.

3.3. Durability test

Dropwise condensation lasting for months or years has been
reported for steam on noble metals without added promotor.
However, chromium is not a noble metal. Finnicum and Westwater
[27] examined steam condensation on a disc of chromium elec-
troplate and on 99.99% pure metallic chromium. They reported that
uncontaminated surfaces always resulted in filmwise condensation

Fig. 8. Condensation heat transfer of chromium ion implanted aluminum surfaces.

Fig. 9. XPS spectra analysis of surfaces after condensation experiments.
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while dropwise condensation occurred and lasted over 3000 h
when promotor was used. In order to examine how long the steam
condenses in dropwise manner, the present experimental appa-
ratus was kept running for six months with dropwise condensation
occurring on a surface of a test specimen. A continuous operation of
the experimental apparatus was lasted for 6 months using spec-
imen irradiated with energy level of 70 keV and irradiation dose of
5 � 1016 ions/cm2. Condensate behavior on the surface was visually
observed regularly with some interval and the heat transfer per-
formance was evaluated at intervals of two months. During the
persistency test, the pressure of the condensation chamber was
kept remained at the atmospheric pressure level, and the temper-
ature of the condensing surface was maintained at 10 �C lower than
the steam temperature.

Photographs of the condensate on the test specimen taken
during the persistency test period are shown in Fig. 8. Fig. 10 (a)
shows the condensate on the surface of the test specimen at the
initial state of the persistency test. Two months after the persis-
tence test started, a dark area was observed at the lower part of the
condensing surface as shown in Fig. 10 (b). Then, this discolored
region gradually expanded as shown in Fig. 10 (c). A liquid film
developed on some part of this discolored region as shown in Fig.10
(d). The region where liquid film exists enlarged to approximately
15% of the total area at 180 days after the persistency test started as
shown in Fig. 10 (e). However, dropwise condensation continuously
occurred on the surfaces other than the regionwhere the liquid film
was found for the whole period of persistency test.

Fig. 11 presents variation of heat transfer performance of the
specimen during the persistency test. The heat transfer coefficient
remained to be approximately twice as much as the heat transfer
coefficient of filmwise condensation until 125 days after the
persistency test started, even though the liquid film developed on a
small area of discolored region. However, the heat transfer coeffi-
cient reduced to the level that 1.3 times larger than the heat
transfer coefficient of filmwise condensation when measured at
183 days after the persistency test started. The region where liquid
film exists enlarged to approximately 15% of the total area at this
time as mentioned previously. That is, dropwise condensation and
filmwise condensation take place simultaneously and both of them
are influential to the overall heat transfer performance. Dropwise
condensation lasted for six months on a chromium ion implantedFig. 10. Condensate behaviors during dropwise condensation persistence test.

Fig. 11. Condensation heat transfer performance variation during persistece test.
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aluminum specimenwithout added promotor or surface patterning
in the present experiments. This is comparable with the Finnicum
and Westwater’s [27] experimental results, where filmwise
condensation always occurred on a chromium electroplate and on
pure metallic chromium.

4. Concluding remarks

The mirror-polished aluminum specimens were irradiated with
chromium ions and the surface characteristics, the behavior of the
condensed water on the surface, and the heat transfer performance
were examined. Filmwise condensationwas mainly induced on the
surface of aluminum specimens irradiated with chromium ion dose
of less than 1016 ions/cm2, whereas dropwise condensation
occurred on the specimens irradiated with chromium ion dose of
5� 1016 ions/cm2 in the range of ion energy from70 to 100 keV. The
heat transfer performance of the surfaces on which dropwise
condensation is induced appeared to be approximately twice as
much as the prediction by Nusselt’s film theory. In order to examine
durability of the dropwise condensation, the experimental appa-
ratus was continuously operated for six months with dropwise
condensation occurring on a surface of a test specimen irradiated
with energy level of 70 keV and irradiation dose of 5 � 1016 ions/
cm2. Dropwise condensation lasted over the whole period without
added promotor or surface patterning. It should be noted, however,
that some part of the surface was discolored and filmwise
condensation occurred on some part of the discolored region. It is
not clearly understood why and how the surface characteristic of
the discolored region is affected. The chromium ion implantation
technology is expected to be used as a technique to improve the
condenser performance of various energy systems if the mecha-
nism of change of the surface characteristics is identified and the
durability of the dropwise condensation is sufficiently secured.
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