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The accumulation of unwanted crystallization deposits on heat transfer surface con-
siderably reduces the efficiency of heat transfer in heat exchangers, especially in the
evaporators with vapor–liquid boiling flows. To mitigate the fouling, some measures
have been taken including utilizing low-energy surfaces made by a few kinds of sur-
face-coating techniques. In this article, novel applications of TiO2 material in inhibi-
ting deposits on heat transfer surface as well as in enhancing pool boiling were devel-
oped with nanometer surface engineering method. TiO2 coatings with different layer
thicknesses in nanometer scale were prepared by applying vacuum coating technique
and were characterized with respect to contact angle, surface free energy, roughness,
film thickness, topography by contact angle analyzer, scanning electron microscopy
(SEM), and atomic force microscopy (AFM), respectively. Distilled water pool boiling
and CaCO3 water solution fouling experiments in pool boiling system were performed
on these coating surfaces and antifouling and heat transfer enhancement rules were
investigated. The results indicate that all TiO2 coating surfaces can avoid CaCO3 de-
position, and fouling induction period of TiO2 coating surface in pool boiling with film
thickness of 80 3 1029 m is about 50 times longer than that of the untreated or pol-
ished surface in the present experimental conditions. On the other hand, pool boiling
was enhanced on some TiO2 coating surfaces with film thickness in nanometer scale,
and heat transfer inhibiting was also observed with certain coating thickness. � 2007
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Introduction

Evaporators or evaporation concentrators are widely uti-
lized in the process industry. However, fouling deposition on
heat transfer surface and low process transfer efficiency are

two unsolved problems in these heat exchangers. Fouling or
scale is generally referred to the accumulation of undesirable
deposits in solid phase or soft mud state on heat transfer sur-
faces in heat exchangers. The thermal conductivity of fouling
layer formed on heat transfer surface is low, which can
increase the resistance to heat transfer and will reduce the
effectiveness of heat exchangers.1–6 To inhibit or minimize
scale deposition, a number of measures have been suggested,
such as cleaning equipment with water or chemistry cleaning
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agent, adding antifouling additive to the system, online
cleaning with fluidized particles, avoiding fouling with elec-
tric, magnetic, and sound fields, developing nonfouling sur-
face by using surface engineering technique, etc.7 One of the
desired approaches to reduce scale adhesion is to alter the
property of the heat transfer surface to make it less attractive
for the scale, so that fouling can be removed easily from the
surface by boiling or flowing fluids. Since the surface free
energy of a solid surface gives a direct measure of interfacial
attractive forces, the adhesion force is largely dependent on
the surface free energy of the heat transfer materials
involved. Therefore, developing low free energy surface is
one of the most potential antifouling methods and the
research in this area is quite active in recent years. Most
investigations on this area in pool or flow boiling systems
demonstrate that the surface free energy has a significant
influence on fouling adhesion on heat transfer surface and
low-energy surfaces can significantly reduce the formation of
fouling compared with the untreated or polished surfaces.8–20

Among these explorations, the most systematic and out-
standing work was performed under the MODSTEEL project
supported financially by European Community. In the pro-
ject, various surface modification techniques including ion
implantation, diamond-like carbon sputtering, plasma
enhanced chemical vapor deposition, and autocatalysis were
applied to reduce the fouling of process equipment in the
dairy industry. The stainless steel surfaces were treated and
characterized according to the chemical composition, rough-
ness, topography, and wettability. For thick modified layers
(10,000 3 1029 m), only the elements of the coating were
detected at the surface, whereas for thin layers (100–2500 3
1029 m) the surface composition determined was that of the
stainless steel substrate. The roughness of the 2R surfaces
was �30–40 3 1029 m and not altered by the modification
techniques (except for the Ni-P-PTFE coating, 53–100 3
1029 m). For the 2B surfaces an increase in roughness was
observed (about 48–550 3 1029 m). DLC sputtering (about
450 3 1029 m) and Ni-P-PTFE coating (about 230 3 1029

m) produced surfaces with the highest roughness. All modi-
fied surfaces revealed a similar surface topography with the
exception of the Ni-P-PTFE coating, for which the coating
masked the underlying steel topography. Regarding the wett-
ability, the SiOx-plasma CVD and Ni-P-PTFE coating tech-
niques produced the most hydrophilic and hydrophobic surfa-
ces, respectively.16 These modified stainless steel-based sur-
faces were evaluated according to their fouling behavior for
different dairy products under different conditions. Aqueous
solutions that simulate milk were used to study the fouling
behavior during pasteurization. The results showed that for
the nonmicrobiological deposits the Ni-P-PTFE surface was
the most promising one, since it generally promoted less de-
posit build-up and was the easiest to clean. On the other
hand, for bacterial adhesion, the most suitable surface was
the ion-implanted surface, which also showed less spores
after the cleaning process.20

The surface techniques applied in these studies include ion
implantation, magnetron sputtering, ion plating, electroplat-
ing, electroless plating, selfassembling, dipping, liquid phase
deposition etc. And some potential coatings materials are flu-
orine, fluorinated diamond-like carbon, and Ni-P-PTFE
etc.9,10,14,15 However, there are still some key questions to be

answered for the surface with additional coatings. For exam-
ple, how does the antifouling effectiveness vary with the
increase of the coating thickness? Under what coating thick-
ness, can the additional thermal resistance to heat transfer
with low conductivity layer be ignored? And under what
coating thickness, can boiling heat transfer be enhanced on
these antifouling surfaces? As for the surface without addi-
tional film layer, one of the concerned issues is how to keep
the effectiveness and lastingness of the antifouling low
energy surface.

On the other hand, much progress on boiling heat transfer
enhancement has been made in the past about 50 years, and
the enhancement methods include passive, active, and com-
pound enhancement techniques.3,21 Among the passive tech-
niques, surface enhancement has been emphasized. Since the
first high-performance heater surface configurations were
patented in the late 1960s, a great variety of evaporator tubes
with enhanced surfaces have been developed, that can be di-
vided in two main groups, one based on integral-fin tubes
with modified fins to form reentrant grooves or tunnels
(‘‘structured surfaces’’), and the other based on plain tubes
with sintered, plasma spraying or flame spraying porous me-
tallic matrix bonded to the tube surface (‘‘coated porous sur-
faces’’). Such coatings possess heat transfer coefficients up to
10 times those for smooth untreated surfaces and there is an
optimum coating thickness to achieve maximum heat transfer
coefficient.22–26 Pool boiling heat transfer from nano-porous
surface immersed in a saturated FC-72 dielectric fluid has
been experimentally studied at atmospheric pressure lately.
The data obtained from nano-porous surface of thickness
about 70 3 1026 m made from aluminum oxide were com-
pared with that of a plain aluminum surface of thickness
about 105 3 1026 m. It was found that there is a reduction
of about 30% in the incipient superheat for the applied power
for nano-porous surface over plain surface.27

Recently, TiO2 coatings with superhydrophilicity by
exposing the surface to UV ray were explored to enhance
pool boiling by using dipping and magnetron sputtering,
and it is found that the critical heat flux (CHF) of TiO2-
coated surface is about two times larger than that of non-
coated one, and the temperature at minimum heat flux
(MHF) for the superhydrophilic surface is higher by 100 K
than that for the normal one and the superhydrophilic sur-
face can be an ideal heat transfer surface.28–30 The pool
boiling on a superhydrophobic coating surface was also
investigated. The surface was coated with fine particles of
nickel and PTFE by means of electrolytic plating with con-
tact angle to water of 1528 in room temperature and thick-
ness of 10 3 1026 m. It seems from the primary results
that the boiling feature on superhydrophobic surface is quite
different from that of usual surfaces. The stable film boiling
occurs in very small superheating, and there is no nucleate
boiling region. The bubbles generated on the surface coa-
lesce into a vapor film without departing from the surface.
The stable vapor film exists even at a surface temperature
below the saturation temperature.31 It indicates that super-
hydrophilic surface is advantageous to boiling or evapora-
tion but superhydrophobic surface is not.

It is noteworthy that antifouling function should also be
considered on developing enhanced surfaces21 because for
most boiling evaporation processes, fouling on heat transfer
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surface is easy to be formed. In this situation, hydrophobic
surface or low energy surface may be favorable.

It is well known that the nanometer material has unique
selfcleaning effect, which has been applied to the glass win-
dows of buildings, car coatings, clothes, and so on. And
recent studies show that the main reasons resulted in the self-
cleaning functions of natural bio-surfaces such as lotus
leaves, rice leaves, cicada wings, and water strider legs were
contributed to their superhydrophobic natures and the micro-
and nano-scale structures.32 Hence, increasing the hydropho-
bicty of the heat transfer surface with nanometer material
may improve the nonfouling characteristic. Meanwhile, the
improved antifouling surfaces may enhance boiling heat
transfer as well if the surface coating thickness is in nanome-
ter order. In our very recent work, TiO2 coating surface with
layer thickness in micrometer scale was prepared by liquid
phase deposition (LPD) method and flow boiling enhance-
ment and antifouling on such coating surfaces were investi-
gated and confirmed.33

The main goal of this work is to explore the antifouling
and pool boiling heat transfer enhancement characteristics on
low energy surfaces of TiO2 coating with layer thickness in
nanometer scale. First, low energy surfaces of TiO2 coatings
with different layer thicknesses in nanometer order were pre-
pared by applying vacuum coating technique. Second, they
were characterized by using contact angle analyzer, SEM,
and AFM. Finally, distilled water pool boiling and CaCO3

water solution fouling experiments in pool boiling system
were performed on these coating surfaces to investigate the
antifouling and heat transfer enhancement effects.

Preparation and characterization of TiO2

coating surfaces

Preparation of TiO2 Coating Surfaces. Three types of
tested surfaces were prepared: untreated, polished, and coated
surfaces, and they are all red copper-based surfaces. For the
polished surface, the modifications consist of finishing by
using emery wheel with emery grits of Nos. 340 and 600,
polishing by using polishing wheel with grinding pastes of
emery sand particles in diameters of 1 3 1026 m and 0.5 3
1026 m, removing oil by using 10% NaOH water solution
immersion and acetone ultrasonic cleaning, cleaning with
deionized water, and airing with natural air. TiO2 coatings
were prepared on polished red copper-based surfaces using
vacuum coating technique.

The vacuum coating on polished surface with TiO2 mate-
rial was carried out at Tianjin University, China, using a
ZZS700-2/G type vacuum box coater made by Cheng-du
Nan Guang Industry. The vacuum coating is a physical vapor
deposition (PVD) process at a high vacuum. The ZZS700-2/
G type vacuum box coater is composed of main machine
box, control-electricity tank, and high-voltage control tank.
The final vacuum is 9.5 3 1025 Pa with liquid nitrogen, 5 3
1024 Pa without liquid nitrogen. In the main machine box,
there is an evaporation chamber with the diameter of 0.71 m
and height of 0.85 m, a workpiece frame which can rotate in
the maximum number of revolution per minute 30 driven by
a direct current electric motor and a few jigs with diameter
of 0.64 m for both spherical cap and flat workpieces, two E-
type magnetic deflection electron beam evaporation sources

with electron gun power of 6, 8, or 10 kW with a X–Y mag-
netic deflection scan unit, an electron gun filament and a
beam flow control unit, a gas extracting system and a cooling
system etc. The workpiece surface to be coated (the sub-
strate) and the coating material (in the evaporation source) of
high-purity (99.999%) TiO2 are arranged in the vacuum
evaporation chamber of the main machine box. During vac-
uum coating, the thermoelectrons emitted from the filament
are accelerated when passing through the electric field and
bombard the evaporation material surface after being
deflected in their electronic orbits in certain angle affected
by the electromagnetic field and focused. The evaporation
material is heated to a rather high temperature by the
focused, accelerated high-energy electron beam and evapo-
rates in the high vacuum chamber. At last vaporized TiO2

material deposits on the substrate with very thin film layer.
The coating thickness is monitored by the quartz crystal
thickness monitor and controlled by the coating time. The
substrate is not heated during vacuum coating and its temper-
ature is about ambient temperature.

In this work, TiO2 coating surfaces with different layer
thicknesses in nanometer scale were formed on the red cop-
per substrates with diameter of 0.11 m and thickness of
0.006 m to study the effect of coatings in nanometer order
thickness on antifouling and enhancing pool boiling heat
transfer. Meanwhile, small rectangular coating samples based
on the red copper plate with the length of 0.01 m, width of
0.01 m, and height of 0.006 m were simultaneously prepared
for easy measurement and analysis. The vacuum coating
parameter and coating thickness are shown in Table 1. It can
be found that the real coating thickness is close to the
designed and varies with the coating time. The thickness
ranges from 20 to 100 3 1029 m. The real coating thickness
is the thickness displayed on the digital control board in the
coating instrument. Typical AFM measurement value of coat-
ing thickness is near the same as that displayed on the instru-
ment control board, which is illuminated in Figure 7.

Measurement of contact angle and calculation of free
energy of TiO2 coating surface

The contact angles of untreated, polished, and coated sur-
faces with different layer thicknesses of TiO2 were measured
by using JY-82 contact angle analyzer and the distilled water
and glycerine were used as titers. The measurement of each
contact angle was repeated three times and the averages of
different coating surfaces are shown in Table 2. To have a
qualitative grip of such coating surfaces, typical digital pho-
tos of coating surfaces and distilled water drops on these

Table 1. Vacuum Coating Parameter and TiO2 Coating
Thickness

Vacuum/
31023 Pa

Coating
time/s

Evaporating
velocity/

310210 m s21

Designed
Coating
thickness/
31029 m

Real Coating
thickness/
31029 m

2.5 1653 0.6 100 99.9
2.6 1763 0.5 80 80.4
4.1 1553 0.3 60 60.5
2.2 800 0.5 40 39.9
2.8 166 1.2 20 20.7
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surfaces taken in natural light are illustrated in Figure 1. The
color of TiO2 coating surface gets darker with increase of
the film thickness, as shown in Figure 1a. Table 2 shows that
the contact angle of untreated surface is lowest and polishing
treatment increases the contact angle of surface; coating pro-
cess further enlarges the contact angle and thus improves the
hydrophobicity; the contact angle of coating surface increases
slightly with the decrease of the coating thickness and the
contact angle of the thinnest coating surface with thickness
of 20 3 1029 m is the largest one.

The surface free energy was calculated on the measure-
ment data of contact angles of coating surfaces according the
Young’s equation, Owense equation, GEOm method, and
GEOs method34 and also given in Table 2. It can be seen
from Table 2 that compared with the untreated and polished
surfaces, coating process reduces the surface free energy
greatly due to the appearance of the TiO2 material in the
thickness of nanometer order on the red copper surface.
However, the surface free energy reduction is not obvious
with the decrease of the thickness of coating surface under
the present range of film thickness. Figure 2 clearly illumi-
nates this variation tendency, in which, 220 3 1029 m and

0 3 1029 m of abscissa values, not being the concrete values
of coating thickness, only represent the untreated and pol-
ished heat transfer surfaces, respectively. The effect of coat-
ing thickness on surface energy seems unusual because sur-
face energy describes the interaction of the fluid with the first
coating of the substrate, but this trend was also found in the
TiO2 coating in micrometer scale made by LPD method.33

One reason is that the surface free energy is determined by
the properties of the TiO2 nanometer scale material itself and
these properties such as density and hardness change with
the increase of the coating thickness. When the coating is
thin, it may not be the film layer traditionally referred to.
Meanwhile, the varying range of the coating thickness is not
wide in this work and the surface energy variation with the
increase of the layer thickness is very weak.

Characterizations of TiO2 coating surfaces by
SEM and AFM

SEM. To get the topography information of TiO2 coating
surface, SEM measurements were performed first. Figure 3
shows the SEM images of untreated, polished, and TiO2

coating surfaces in micrometer scale with two different film
thicknesses of 20 3 1029 m and 80 3 1029 m before the
pool boiling and fouling experiments, respectively. The
coated surfaces (Figures 3c, d), like polished one (Figure
3b), are very glazed, which is quite different from the
untreated one (Figure 3a) that is scraggly. Figure 3 indicates
that coating TiO2 material on polished surface has no great
effect on the surface morphology compared with the polished
one, and all coated surfaces seem very uniform in film thick-
ness. Other coated surfaces hold the same surface morpholo-
gies on the SEM images as the ones mentioned earlier and
will not be shown again.

Table 2. Contact Angle and Surface Free Energy of TiO2

Coating Surfaces

d/ 3 1029 m hw/8 hg/8 c/ 3 1023 Jm22

Untreated 58.2 100.0 207.7
Polished 60.8 101.5 199.1
100 83.7 115.5 119.8
80 86.3 118.0 115.4
60 88.5 120.3 112.4
40 89.0 120.5 110.1
20 91.7 121.0 95.5

Figure 1. Digital photos of TiO2 coating surfaces and distilled water drops on the surfaces.

(a) TiO2 coating surfaces with different film thicknesses; (b) distilled water drops on TiO2 coating surfaces with different film thicknesses.
(i) 20 3 1029 m; (ii) 40 3 1029 m; (iii) 60 3 1029 m; (iv) 80 3 1029 m; (v) 100 3 1029 m. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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AFM

To get more detailed information on microstructure of
TiO2 coating surface, AFM is utilized and TiO2 coating sur-
face with film thickness of 80 3 1029 m is taken as an
example to find the proper scan area for enough analysis.
The scan area change from 100 3 100 (1029 m)2 to 30,000
3 30,000 (1029 m)2. Typical two- and three-dimensional
AFM images of TiO2 coating surfaces with coating thickness
of 80 3 1029 m under 2000 3 2000 (1029 m)2 (Figures 4a,
b), 10,000 3 10,000 (1029 m)2 (Figures 4c, d), 20,000 3

20,000 (1029 m)2 (Figures 4e, f) scan areas are shown in
Figure 4. It can be found from Figure 4 that with the widen-
ing of the scan area, surface microcosmic pattern becomes
clearer and richer. As shown in Figure 4a, TiO2 coating sur-
face consists of ellipsoid or hillock units distributed homoge-
neously, which is much like the case of the surface coated
with fluorinated diamond-like carbon film at the scan area of
2000 3 2000 (1029 m)2.15 It seems that to get the microcos-
mic pattern, the scan area of 2000 3 2000(1029 m)2 is
enough. If further enlarging the scan area, much more infor-
mation appears on the AFM images, such as valleys, cracks,
and sharp peaks along the surfaces, as shown in Figures 4c,
e. The largest ellipsoid in Figure 4e is the cluster of TiO2

crystallites.
The data of the root mean square roughness (Rrms) being

the standard deviation of the height values within a given scan
area and difference in height between the highest and lowest
points on the surface relative to the mean plane (Rmax) given
in the AFM images are utilized to quantify the surface rough-
ness. Rrms of 80 3 1029 m TiO2 coating for the four scan
areas (100 3 100 (1029m)2, 2000 3 2000 (1029 m)2, 10,000
3 10,000 (1029 m)2, and 20,000 3 20,000 (1029 m)2) are 1.0
3 1029 m, 2.4 3 1029 m, 4.7 3 1029 m, and 5.7 3 1029 m,
respectively. These data indicate that with the rising of scan
area, the surface roughness approaches to a steady value in
nanometer scale. Rmax of 80 3 1029 m TiO2 coating for the
four scan areas are 6.1 3 1029 m, 32.5 3 1029 m, 118.0 3
1029 m, and 135.7 3 1029 m, respectively. Rmax increases
when enlarging the scan area. When the scan area exceeds

Figure 2. Relationship of TiO2 coating thickness and
the surface free energy.

Figure 3. Typical SEM images of untreated, polished, and TiO2 coating surfaces.

(a) untreated; (b) polished; (c) 20 3 1029 m; (d) 80 3 1029 m.
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Figure 4. Two- and three-dimensional AFM images of TiO2 coating surfaces with film thickness of 80 3 1029 m
under different scan areas.

(a), (c), and (e) are three-dimensional AFM images; (b), (d), and (f) are two-dimensional AFM images; (a) and (b) with scan area of 2000
3 2000 (1029 m)2; (c) and (d) with scan area of 10,000 3 10,000 (1029 m)2; (e) and (f) with scan area of 20,000 3 20,000 (1029 m)2.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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10,000 3 10,000 (1029 m)2, both Rrms and Rmax rise weakly,
which indicates that the scan area of 10,000 3 10,000 (1029

m)2 is enough to carried out proper analysis.
The data of surface roughness of all heat transfer surfaces

used in this work were obtained by AFM analyses with scan
area of 20,000 3 20,000 (1029 m)2 or 30,000 3 30,000
(1029m)2. Two- and three-dimensional AFM images are

shown in Figure 5. The relationship between Rrms or Rmax

and coating thickness is shown in Figure 6.
In Figure 6, 220 3 1029 m and 0 3 1029 m of abscissa

values, not being the real values of coating thickness, only
represent the untreated and polished heat transfer surfaces,
respectively, and the connection lines of data points are just
for directing the eyes.

Figure 5. Two- and three-dimensional AFM images of all heat transfer surfaces.

(a) and (b) untreated surface; (c) and (d) polished surface; (e) and (f) TiO2 coating surface with layer thickness of 20 3 1029 m; (g) and
(h) TiO2 coating surface with layer thickness of 40 3 1029 m; (i) and (j) TiO2 coating surface with layer thickness of 60 3 1029 m; (k)
and (l) TiO2 coating surface with layer thickness of 80 3 1029 m; (m) and (n) TiO2 coating surface with layer thickness of 100 3 1029

m. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 5. (Continued)
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It can be seen from Figures 5 and 6 that the topography of
untreated surface (Figure 5a) is most different from the other
heat transfer surfaces and the other heat transfer surfaces
have the similar morphology, including the polished surface.
The untreated sample (Figure 5a) exhibits a rugged surface
topography in which some mountains and valleys are
observed, while other samples reveal more homogeneous
appearances full of hillock units along the surfaces. This is
in accordance with the roughness values as shown in Figure
6, and untreated sample holds the highest Rrms and Rmax,
while other samples’ roughness values are near and are in
the nanometer scale. This indicates that vacuum coating pro-
cess did not affect the red copper substrate topography sig-
nificantly. From two-dimensional images shown in Figure 5,
it can be found that with the increase of the coating thick-
ness, the real color of the red copper substrate becomes dark.
Of course, the TiO2 coating with thickness of 100 3 1029 m

can’t mask all surface features of the red copper support
(Figure 5n).

Figure 6 shows that Rrms and Rmax decrease generally,
slightly and wavily with the rising of the coating thickness.
Among the heat transfer surfaces, 80 3 1029 m coating sur-
face has the lowest Rrms, second, 40 3 1029 m coating
surface.

It is noteworthy that the AFM image measurements in Figure
5 were carried out after making the digital photos of distilled
water drops on the heat transfer surfaces, which is different
from the measurement condition of AFM images given in
Figure 4. Hence, the AFM images and results of surface
roughness were affected in certain degree by the leftover of
water drop. For example, for the same coating surface with
coating thickness of 80 3 1029 m, there are more sharp nee-
dles when the rectangular coating sample was new (Figure
4e) than after it was used for contact angle analysis (Figure
5k) in the three-dimensional AFM image. One reason for this
is that the remains of the water drop on the sample might
smooth the surface, and the other is that the scan location is
not the same. But the variation tendency of surface rough-
ness may not largely be affected.

The TiO2 coating thickness is also measured with AFM
to test the control accuracy of the vacuum coating process
by scanning the brim of the coated samples or the edge
between the red copper substrate and the coatings. Figure 7
shows typical two- and three-dimensional AFM images.
The measurement value of film thickness is 80.0 3 1029

m, which is close the datum (80.4 3 1029 m, as shown in
Table 1) displayed on the control board during vacuum
coating.

Apparatus and measuring system of pool boiling heat
transfer and fouling experiments

The schematic diagram of pool boiling and fouling ex-
perimental apparatus and heat transfer block are shown in
Figure 8.

Figure 7. Two- and three-dimensional AFM images of TiO2 coating surfaces with layer thickness of 80 3 1029 m by
scanning the edge.

(a) Two-dimensional; (b) three-dimensional. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.
com.]

Figure 6. Relationship between surface roughness
and coating thickness of all heat transfer
surfaces.
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The experimental apparatus mainly consists of a cylindri-
cal stainless steel tank with inner diameter of 0.1 m and
height of 0.3 m, a resistance wire heater with maximum heat-
ing power of 600 W, a heat transfer red copper block with
diameter of 0.08 m and a height of 0.06 m, a heat transfer
copper plate with diameter of 0.11 m and thickness of 0.006
m and a condenser with heat transfer area of 0.02 m2.

The temperature measuring system consists of a few Pt re-
sistance transducers, a signal amplifier, an A/D converter and
an industrial computer 610. The heat transfer surface of cop-
per block is mirror smooth, facing upward. The temperatures
along the center axis of the heat transfer block were meas-
ured by three Pt resistances embedded in the copper block,
as shown in Figure 8b. The temperature of the liquid in boil-
ing pool was also measured by Pt resistance. The measure-
ment was conducted in a steady state, which was judged by
monitoring the output of Pt resistance. The temperature data
were recorded with a sample frequency of 10 Hz and length
of 100 points for each 1800 s.

Pool boiling and fouling experiments on different heat
transfer surfaces were carried out and boiling phenomena
were observed through view windows. Distilled water was
used for pool boiling investigations and calcium carbonate
solution was used for fouling experiments in pool boiling.
CaCO3 test solution was prepared by dissolving a certain
amount of analytical grade CaCl2 and NaHCO3 in distilled
water with temperature of 293 K. The concentrations for
CaCl2 and NaHCO3 were 72.2 and 54.6 3 1023 kg/m3,
respectively. The concentration of the saturated CaCO3 water
solution of was 65 3 1023 kg/m3.

Heat flux through heat transfer surface and surface temper-
ature were determined by using three temperatures in the
heat transfer black and their axial locations according to one-

dimensional conduction theory. Heat flux was calculated by
the equation

qi ¼ k
Tiþ1 � Ti
viþ1 � vi

(1)

And average heat flux was

q ¼ k
n� 1

Xn�1

i¼1

Tiþ1 � Ti
viþ1 � vi

� �
(2)

The temperature of pool boiling surface was

Tw ¼ 1

n� 1

Xn�1

i¼1

Ti � vi
viþ1 � vi

ðTiþ1 � TiÞ
� �

(3)

Thus, average heat transfer coefficient of pool boiling was

h ¼ q=DTw (4)

where

DTw ¼ Tw � Ts (5)

Resistance of TiO2 film thickness is estimated by

Rf ¼ 1

h
� 1

h0
(6)

Heat flux varied from 0 to 110 kW m22 in this work.

Results and Discussion

To testify the reliability of the experimental apparatus and
to find the pool boiling state of the present work, pool boil-
ing of distilled water on untreated copper-based surface was
first investigated. The experimental data were compared with
those reported in literature,35 as shown in Figure 9. Figure 9
indicates that the datum agreement is good and the transition
point between natural convection and nucleate boiling can
basically be determined. The heat transfer experiments in
this work were carried out in the nucleate boiling regime.

Figure 8. Experimental apparatus and heat transfer
block.

1-Condenser; 2-Pt 100 type platinum resistance; 3-Coat of
pool boiling apparatus; 4-Boiling pool; 5-Thermal insula-
tion material; 6-Industrial computer 610 system; 7-View
window; 8-Flange; 9-Resistance wire; 10-Heat transfer
block; 11-Valve; 12-Copper plate; 13-Level-meter; 14-
Manometers; 15-Preheater. (a) Experimental apparatus (b)
Heat transfer block (unit, mm). [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 9. Pool boiling data on untreated copper based
surface.
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Typical pool boiling images (top view) on polished copper
when varying heat flux are shown in Figure 10 and many
small white vapor bubbles with diameter of about 3–6 3
1023 m can be observed in the images.

Repeated experiments of pool boiling with distilled water
and CaCO3 solution on untreated, polished, and coated surfa-
ces were all carried out and the repeatability was good.

Effect of surface coatings on heat transfer
enhancement in pool boiling

Heat transfer enhancement experiments were performed in
a pool boiling system with distilled water.

Figure 11 illuminates the relationship between pool boiling
heat transfer coefficient of distilled water and running time. It
can be found from Figure 11 that, on the one hand, the heat
transfer coefficients of various surfaces are basically stable
with extension of pool boiling time. On the other hand, heat
transfer enhancement can be observed on TiO2 coating surfa-
ces with thicknesses of 20 3 1029 m, 60 3 1029 m, and 80 3
1029 m compared with those of the untreated surface because
heat transfer coefficients on these coated surfaces are higher
than those on untreated surfaces, being about 3, 7, and 12%

higher, respectively. However, heat transfer deterioration is
also obtained on TiO2 coating surfaces with thicknesses of 40
3 1029 m and 100 3 1029 m since on these surfaces heat
transfer coefficients are lower than those on untreated surfa-
ces, being about 22 and 19% lower, respectively. The resist-
ance of TiO2 coatings was estimated on the base of polished
surface and is shown in Table 3. Negative value of resistance
of TiO2 coating surface indicates that the boiling heat transfer
coefficient of the surface is higher than that of polished sur-
face and pool boiling on such a coated surface is enhanced.
The reasons for the experimental phenomena are complex,
because there are so many influence factors on the pool boil-
ing process, including the properties of heat transfer surface,
distilled water, and heat flux. At specific heat flux and given
properties of distilled water, the different properties of heat
transfer surface, such as the surface free energy, roughness, to-
pography, etc. contribute to the variation of the heat transfer
coefficient. However, no clear explanations can be obtained
by analyzing the trends shown in Figures 2, 5, and 6 because
they are not in accordance with the tendency of the heat trans-
fer coefficient. Other affecting factors need to be found.

It is well known that the more nucleation spots, the more
vapor bubbles, and the more violent the pool boiling. The
polished surfaces generally provide less nucleation spots than
the untreated surfaces, and heat transfer coefficient on pol-
ished surface should be lower than that on the untreated sur-
face. Nevertheless, in Figure 11, pool boiling heat transfer
coefficient on untreated surface is lower than that on polished
surface, which means that polish improves the boiling pro-
cess in some degree. This experimental result was also
obtained in the literature.19 This may result from the activa-
tion effects in micrometer scale on the nucleation spots of
the polish process. Similar variation rules are obtained under
other heat fluxes.

Table 3. TiO2 Coating Thickness and Estimated Resistance

d/ 3 1029m Rf 3 106/W21m2 K1

20 24.4
40 113
60 6.39
80 222
100 80.8

Figure 10. Typical pool boiling images (top view) on polished copper surfaces when varying the heat flux.

(a) q 5 79.8 kW m22; (b) q 5 96.6 kW m22; (c) q 5 110 kW m22. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 11. Pool boiling heat transfer coefficient vs. run-
ning time for different heat transfer surfaces
with distilled water.
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Effect of surface coatings on antifouling in pool boiling

Fouling experiments under pool boiling conditions were
performed with CaCO3 water solution.

Figure 12 shows the experimental results of CaCO3 foul-
ing on different heat transfer surfaces, including untreated

surface, polished surface, coated surfaces with different TiO2

coating thickness under various heat fluxes.
It is shown in Figure 12 that in nucleate boiling region, all

the TiO2 coating surfaces have excellent antifouling charac-
teristics compared with untreated and polished surfaces
because pool boiling heat transfer coefficient on coated sur-
face basically keeps constant within experimental length of
time (about 240,000 s), while those on untreated and pol-
ished surfaces drop sharply after only about several hundred
minutes and stabilize at low values due to deposits of CaCO3

crystal or fouling on the surfaces. Figure 12 also indicates
that surface polish enlarges only slightly fouling induction
period, while vacuum coating with TiO2 in thickness of
nanometer scale lengthen fouling induction period greatly.
The enhancement effect on antifouling can be contributed in
large degree to low surface free energy of nanometer mate-
rial coatings. Since low-energy surface is less prone to adhe-
sion of crystal and this leads to a lower fouling growth rate
on heat transfer surface and a longer induction period. At
given operation conditions and solution properties, the differ-
ent properties of heat transfer surface, such as the surface
free energy, roughness, topography, etc. contribute to the var-
iation of the fouling behavior. The roughness value of pol-
ished surface is much lower than that of the untreated one.
The topography of polished surface is also very different
from that of the untreated one. However, it is the surface
free energy that plays an important role in the formation of
fouling. The two surfaces hold near the same values of sur-
face free energy and it is not surprising that they have almost
the same fouling behavior.

In addition, the higher the heat flux, the shorter the fouling
induction period for untreated surface or polished surface can
be seen in Figures 12a–c, which is easy to be interpreted.

As for the variation rule of pool boiling film coefficient
with coating thickness, a tendency that is similar to that of
pool boiling of distilled water can be found in Figure 12. That
is to say, pool boiling heat transfer coefficient is not a mono-
tonic function of coating thickness variable. As mentioned
above, the physical explanation on such tendency is difficult
since many factors are responsible for this variation, such as

Figure 12. Pool boiling heat transfer coefficients on
various heat transfer surfaces vs. running
time in CaCO3 water solution.

(a) q 5 79.8 kW m22; (b) q 5 96.6 kW m22; (c) q 5
110 kW m22.

Figure 13. Fouling experiments results on TiO2 coating
surface with layer thickness of 80 3 1029 m
in a longer running time.

AIChE Journal December 2007 Vol. 53, No. 12 Published on behalf of the AIChE DOI 10.1002/aic 3073



Figure 14. SEM images of CaCO3 scale on untreated, polished and TiO2 coating surfaces in pool boiling.

(a) Untreated; (b) polished; (c) 100 3 1029 m; (d) 80 3 1029 m; (e) 60 3 1029 m; (f) 40 3 1029 m; (g) 20 3 1029 m; (h) 80 3 1029

m with longer running time.
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the surface free energy, topography, roughness, coating
method, coating material properties, coating inner nanometer
microstructure, nanometer scale effect, etc. The surface free
energy is not the only factor that affects the boiling heat trans-
fer and antifouling behavior of TiO2 coating surface. The sur-
face roughness is generally considered to be one of the most
important factors that affect the boiling heat transfer process.
However, no clear rule can be drawn from the relationship
between the surface roughness (Figure 6) and boiling heat
transfer coefficient (Figures 11 and 12). All the coating surfa-
ces have similar topographies. Fouling experiments were
repeated and good agreements were found. Some other most
possible factors may be the inner nanometer microstructure of
TiO2 coatings, nanometer effect, the condition of vacuum
coating process etc. that can lead to different coating thermal
resistance or thermal conductivity and different vaporization
or boiling mechanism, which needs further identification.

Figures 12a–c indicate that antifouling rules of coated sur-
faces are similar for different heat fluxes. Besides, under the
present experimental conditions, heat transfer coefficient is
the largest when the thickness of the coated surface is 80 3
1029 m and the coated surfaces with certain film thickness
(20 3 1029 m, 60 3 1029 m, and 80 3 1029 m) can not
only inhibit fouling on heat transfer surface but also enhance
the pool boiling heat transfer. However, some coated surfaces
(with coating thicknesses of 40 3 1029 m and 100 3 1029

m) can only inhibit fouling, which likes most other coatings
made of ordinary materials or layer thicknesses.

To investigate the practical durability of the TiO2 coating
surface, the fouling experiments with longer running time
were carried out on TiO2 coating surface with layer thickness
of 80 3 1029 m. The result shows that heat transfer coeffi-
cient of pool boiling on 80 3 1029 m TiO2 coating surface
lasts steadily in a high level about 780,000 s, which is about
50 times longer than that on the untreated surface and after
that it drops suddenly to a low level, as shown in Figure 13.
The sharp decrease of pool boiling film coefficient may have
close relationship with the inherent properties of vacuum
coating surface.

After the boiling fouling experiments, the SEM images of
untreated, polished, and TiO2 coating surfaces with different
film thicknesses are given in Figure 14, respectively. CaCO3

deposits on these surfaces can be investigated by analyzing
Figure 14. Figures 14a, b show that a large amount of CaCO3

scale is formed on untreated and polished surfaces and the de-
posit of CaCO3 crystal exhibits a packed structure due to the
strong adhesion force between scale and heat transfer surface.
On the contrary, there is very little deposit on coated surfaces
with a loose structure partly due to the weak adhesion force
between deposit and coated surface. In the mean while, most
TiO2 coating surfaces were not destroyed and keep their origi-
nal appearances or surface patterns.

The SEM image of coated surfaces with film thickness of
80 3 1029 m after a longer running time is also shown in
Figure 14h for comparison, and fouling with loose structure
on the surface can be found.

Concluding Remarks

Compared with those of the untreated and polished surfa-
ces, surface free energy of the vacuum coating TiO2 surfaces

in nanometer scale thickness drops greatly. However, it
reduces slightly when film thickness decreases in nanometer
range. Surface free energy depends largely on the inherent
property of coating material itself. Compared with that of the
untreated surface, the roughness of the TiO2 coating surfaces
including that of the polished surface drops significantly.
But, the roughness reduces weakly with the increase of the
coating thickness. TiO2 coating surfaces and polished surface
hold the similar morphology, which is very different from
that of untreated surface.

All TiO2 coating surfaces with thickness in nanometer
scale can inhibit fouling significantly partly due to their
lower surface free energy. Even though it deposits on TiO2

coating surfaces after a quite long running time, CaCO3 crys-
tal fouling is not serious and exhibits a rather loose structure.
The fouling induction period of the TiO2 coating surface in
pool boiling with film thickness of 80 3 1029 m is about 50
times longer than that of the untreated or polished surface in
the present conditions.

Boiling heat transfer enhancement was observed on TiO2

coating surface with certain coating thickness, such as with
film thicknesses of 20 3 1029 m and 80 3 1029 m. How-
ever, opposite phenomena were also seen.

It seems that besides the surface free energy, roughness,
and topography, coating material and method, coating inner
nanometer microstructure, nanometer scale effect, interface
forces, etc. have significant influence on fouling formation
and boiling heat transfer enhancement. Designing finer experi-
mental and measuring system from the point of view of the
nanometer scale effect to disclose the process mechanism is
further work. In addition, studying the heat transfer enhanc-
ing and fouling behaviors of the TiO2 coating under the ex-
posure of UV is also an interesting subject since the surface
contact angle of the TiO2 coating may be changed from
about 08 to 1808 when it is exposed or not exposed with UV
light and a novel idea or equipment of on-off heat exchanger
may be designed.
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Notation

h 5 heat transfer coefficient, W m22 K21

h0 5 heat transfer coefficient on polished heat transfer surface,
W m22 K21

n 5 point number of temperature measurement
q 5 heat flux, W m22

Rf 5 fouling resistance, W21 m2 K1

Rmax 5 difference in height between the highest and lowest points on
the surface relative to the mean plane, m

Rrms 5 root mean square roughness, m
T 5 temperature, K
t 5 time, min

Greek letters

c 5 surface free energy, J m22

d 5 thickness of coating layer, m
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h 5 contact angle,
k 5 heat conductivity, Wm21 K21

v 5 direct distance between measuring points in center axis of heat-
ing black, m

Subscripts

g 5 glycerine as titer
i 5 certain measuring point
s 5 saturated
w 5 distilled water as titer; wall
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