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Abstract

The wettability of the heated surface under pool boiling of surfactant solutions and nano-fluids has been investigated. Tri-sodium
phosphate (TSP, Na3PO4) solutions (0.01, 0.05, 0.1, 0.3, 0.5, 0.8 wt.%) and Aluminum oxide (Al2O3) nano-fluids (NF) (0.5, 1, 2,
4 vol.%) were prepared for experiments. Stainless steel (SUS 304) strips (30 � 30 � 3 mm) were heated by an alcohol lamp and quenched
in the prepared solutions. Before complete quenching, when the surface temperature was 150 ± 10 �C (nucleate boiling region), the strip
was taken out and excessive liquid on the surface was removed. Contact angles of pure water and the solutions on the quenched surface
and fresh surface were measured. Contact angles of pure water on the quenched surfaces (5�–25�) were much smaller than those on the
fresh surface (65�–70�). The solutions (TSP, NF) on the quenched surface shows the smallest contact angle (5�–15�). Surfaces deposited
TSP and nano-particle could affect surface energy of the strips and enhance hydrophilicity of the surfaces. Several implications of the
experimental results on the pool boiling CHF model and CHF enhancement using TSP and NF were discussed.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

CHF is the heat transfer limit causing sudden rise in
heater surface temperature under a heat flux controlled
conditions by the sudden decrease of heat transfer by dry-
out of heat transfer surface. CHF limits the heat transfer of
a heat transfer system and thus CHF enhancement is
directly related to the performance of the system. There
have been many researches to find appropriate CHF
enhancement methods, such as surface roughening, surface
coating, using surfactant solutions and nano-fluids, etc. In
the aspect of heat transfer surface, surface roughening and
coating were major method to enhance CHF. In the aspect
of heat transfer fluid, soluble additives and nano-fluid were
used for CHF enhancement.
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Surface roughness effect on pool boiling CHF was stud-
ied by many researchers [1–3]. It is known that the CHF
increases for most of the roughened surface with respect
to the fresh and smooth surface. Due to the enlarged effec-
tive heat transfer area, heat transfer and CHF increased.

Another important surface treatment for the CHF
enhancement is surface porous coating. Metallic or ceramic
porous coatings techniques have been adopted for enhanc-
ing CHF and many studies have investigated the coating
effect on the CHF enhancement [4–10]. CHF enhancement
is due to enhanced liquid supply to the heating surface by
capillary assisted liquid flow towards a heating surface
for the porous coating.

Other than the porous coatings, other coating methods
to enhance the surface wettability were studied. Takata
et al. [11,12] applied TiO2 coating to the surface and made
superhydrophilic surface by UV irradiation. Due to highly
enhanced wettability, CHF was enhanced by a factor of
two. They suggested that the superhydrophilic surface
can be an ideal heat transfer surface.
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Nomenclature

q00CHF critical heat flux (kW/m2)
hfg latent heat of vaporization (kJ/kg)
g gravity (m/s2)

Greek symbols

qg vapor density (kg/m3)
ql liquid density (kg/m3)
r Surface tension (N/m)
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Soluble additives such as TSP, sodium lauryl sulfate
(SLS), sodium lauryl benzene sulfonate (SLBS) were used
for CHF enhancement [13,14]. The CHF enhancement
was explained by the change of bubble shape and motion
on boiling surface.

Recently, relationship between CHF and nano-fluid was
studied by many researchers [15–19]. The results show that
the nano-fluids significantly enhanced pool boiling CHF
compared to pure water. It was supposed that CHF
enhancement was due to increased thermal conductivity
of fluids, change of bubble shape and behavior, nano-par-
ticle coating of the boiling surface.

In this study, conditions of heated surface in pool boil-
ing of pure water, TSP solutions and nano-fluids were
investigated. To examine the surface conditions, test spec-
imens were heated and quenched in water and solutions.
After taking out the specimens out of liquids, contact
angles of liquids on quenched specimens were measured
and interpreted as an index of surface wettability. Alterna-
tion of surface conditions by deposition of TSP and nano-
particle were observed and their effect on surface wettabil-
ity was quantified. It is concluded that the increase of CHF
by TSP solutions and nano-fluids might be due to highly
increased wettability of the TSP and nano-particle depos-
ited surfaces. Implications of the results to CHF model
were also discussed.

2. Experiments

The test pool was 12 l capacity poly propylene container
and it was filled with TSP solutions or alumina–water
nano-fluids both at 25 �C, under atmospheric pressure.

Test specimen made of SS304 (30 � 30 � 3 mm) and
mirror-like polished was heated by alcohol lamp up to
400 �C and quenched in pure water, TSP solutions and
nano-fluids. Before complete quenching, when the surface
temperature was 150 ± 10 �C (nucleate boiling region),
the strip was taken out and excessive liquid on the surface
was removed. Temperature was measured by Type-K ther-
mocouple (outer diameter 0.5 mm). For understanding
effect of quenching temperature, specimens were also taken
out at various temperatures.

Tri-sodium phosphate (TSP, Na3PO4) surfactant was
added to the pure water. TSP is an additive to a spray sys-
tem or sump water of nuclear power plant for maintaining
high pH level during accidents. Experiment was performed
with six different concentrations: solutions with 0.01%,
0.05%, 0.1%, 0.3%, 0.5%, 0.8% mass faction. Prepared
TSP solution was filled in the test pool and the heated test
specimen was quenched in the pool.

Alumina nano-fluids were prepared by dispersing alu-
mina nano-particles into pure water. In order to make uni-
form nano-fluids, the solutions were pre-processed in an
ultrasonic bath for about 1 h just before the each test.
Due to the ultrasonic energy, the solution temperatures
increase from 25 �C to about 35 �C. After cooling the test
pool, tests were made at 25 �C. Four nano-fluids were pre-
pared and used in quenching tests: solutions with 0.5%,
1.0%, 2.0%, 4.0% volume fraction (47 nm avg., normal dis-
tribution in range of 4–124 nm diameter).

Solution quenched specimens were made by quenching
specimens in the TSP and nano-solutions. Water quenched
specimens were made by quenching specimens in pure
water. After quenching tests, the contact angle of liquid
(pure water, TSP solutions and nano-fluids) on the
quenched surfaces were measured. Contact angles were
measured by sessile drop tests using the contact angle mea-
surement instrument KRÜSS DSA10. Range of contact
angle measurements was 1�–180� and resolution was 0.1�.
Temperature of droplet is 20 �C in all experiments. Sessile
drop test is the standard method for quick and accurate
wetting test. The deposited drop lies on the surface and
forms a contact angle that depends on the properties of
the three phases: drop liquid, solid and surrounding phase.
The probe fluids used were pure water and nano-fluids with
drop volumes of 15 lL. Solid surfaces were: (1) un-heated
fresh surface, (2) water quenched surface, (3) TSP
quenched surfaces and (4) nano-fluid quenched surfaces.
Solid surface were also examined by video microscope
EG Tech EGVMS35.

3. Results and discussion

3.1. Visual observation

Visual observation was performed to understand the
phenomenon on surface when the nucleate boiling
occurred. Fresh surface, water quenched surfaces, TSP
quenched surfaces and nano-fluid quenched surfaces were
observed by video microscope and digital camera. As
shown in Fig. 1, TSP and nano-particles were deposited
on the heated surfaces. The take-out temperature was
about 150 �C. On the nano-fluid quenched surfaces, nucle-
ation sites were clearly observed. On the TSP solution



Fig. 1. Picture of quenched surfaces (Ttake-out = 150 �C).
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quenched surfaces, there was a pattern of deposition, but
less clear than that of nano-fluid quenched surfaces. For
the take-out temperature of 300 �C or more (up to
400 �C), there was no deposition on the both of quenched
surfaces: TSP solution quenched and nano-fluid quenched.
At this high temperature, as known as Leidenfrost phe-
nomenon, liquid cannot directly contact with the hot sur-
face and heat transfer is driven only by radiation from
hot surface to cold liquid. As there was no direct contact
between liquid and surface, no deposition might be
observed. For the take-out temperature of 100 �C or less,
because the surface temperature was below the boiling tem-
perature of the solutions, the deposited TSP and nano-par-
ticle during the boiling was washed away by the continuous
contact of liquid and surface. Take-out temperature from
150 to 200 �C was optimal to observe the surface condition
under nucleate boiling.

As the concentration of nano-fluids increased, the
amount of deposited nano-particles increased (Fig. 2). Evi-
dences of nucleation sites can be clearly identified from the
visual observations. As Kim et al. [18] observed, nano-par-
ticles were deposited on the heater surface and made a layer
of coating.

For the TSP solution quenched surfaces, there were evi-
dences of nucleation, but those could not easily be identi-
fied (Fig. 3). However, the evidence of TSP deposition
was clear.

As mentioned above, from the visual observations,
deposition of TSP and nano-particles during the process
of nucleate boiling were confirmed.

3.2. Contact angle measurement

In order to investigate the effect of deposited TSP and
nano-particles on CHF, contact angle of liquid on the
quenched surfaces were measured. Contact angle is an
index of hydrophilicity of surface to liquid. As noted in
the literatures [11,12], contact angle is important index of
wettability and CHF. As contact angle decreases, wettabil-
ity increases and CHF tends to increase.
In this study, contact angle of various liquids (pure
water, TSP solutions and nano-fluids) on fresh and
quenched surface were measured by sessile drop tests using
DSA 10 contact angle measurement system.
3.2.1. Comparison between fresh surface and water quenched

surface

Contact angles of water on a non-heated and not-
quenched fresh surface and water quenched surface were
measured. As shown in Fig. 4, there was not much differ-
ence between the fresh surface and water quenched surface:
73.9� and 69.4�. As Theofanous et al. [20] noted, heavily
aged (oxidized) copper surface showed low contact angle
and resulted in higher CHF up to 2 times than that of fresh
surface. However, in this study, SS304 was used and there
was no considerable oxidation. Therefore, there was no sig-
nificant contact angle change was observed: from 73.9� and
69.4�.
3.2.2. Contact angles on TSP solution and nano-fluid

quenched surfaces
Contact angles of water on the TSP solution quenched

and nano-fluid quenched surfaces showed significant drop
compared to those on the water quenched surface
(Fig. 4). It can be interpreted that the hydrophilicity of
the quenched surface was highly enhanced. The one and
only difference between water quenched surface and solu-
tion quenched surfaces is the existence of deposited TSP
or nano-particles as observed in the post-quenching obser-
vations. Other factors, take-out temperature, liquid tem-
perature, parameters of sessile drop test and the physical
property of base material (SS304) remained the same.
Therefore, the enhancement of wettability is an effect of
the deposited TSP and nano-particles.

As mentioned above, take-out temperature affected the
deposition of TSP and nano-particles. In Fig. 5, the effect
of take-out temperature is depicted. At the high take-out
temperature (�300 �C), there was no considerably depos-
ited material on the surface due to the Leidenfrost phenom-



Fig. 2. Microscope observation of nano-fluid quenched surfaces (150 times magnified, , scale bar = 254 lm).

Fig. 3. Microscope observation of TSP solution quenched surfaces (150 times magnified, scale bar = 254 lm).
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enon and thus contact angle approaches that of water
quenched surface.

By measuring the contact angles, the wettability change
by TSP and nano-particle deposition was quantified (Figs.
6 and 7). As shown in the figures, as the concentration of
TSP solutions and nano-fluids increased, the corresponding
contact angle of water on the quenched surfaces decreased.
For the nano-fluid quenched surfaces, contact angle



Fig. 4. Contact angle measurement of fresh and quenched surface.
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Fig. 5. Contact angle and take-out temperature.
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Fig. 6. Contact angle and concentration of nano-fluids (Ttake-out =
150 �C).
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decreased monotonically. However, in the TSP solution
quenched tests, there was sudden decrease of contact angle
between 0.01 and 0.05 wt.% (Fig. 7). From 0.05 to
0.8 wt.%, there was monotonic decrease as observed in
the nano-fluid quenched case. 0.01 wt.% of TSP might be
too low to see the considerable effect of TSP addition to
water. However, the contact angle of water on 0.01 wt.%
TSP solution quenched surface was 24.5� and it was con-
siderably lower than that on the water quenched surface
(69.4�).

In addition to the water drop test on the quenched sur-
faces, nano-fluid drop test to measure the contact angle of
nano-fluid on the nano-fluid quenched surface was per-
formed. During the process of nano-fluid pool boiling,
the heated surface has deposited nano-particles on it and
nano-fluid interacts with the surface. This configuration
is very similar to the combination of nano-fluid drop on
the nano-fluid quenched surface. As shown in Fig. 6, there
was further decrease in the contact angle compared to the
water drop tests. This implies that the surface wettability
is not only affected by the surface condition but also by
fluid property.
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Fig. 7. Contact angle and concentration of TSP solutions (Ttake-out =
150 �C).

Table 1
Surface tension of TSP solutions and nano-fluids

Fluids Surface tension (mN/m)

Antonow’s
rulea

Modified Berthelot’s
rulea

Alternative
Formulation a

TSP 0.01 wt.% 69.28 71.12 71.63
TSP 0.05 wt.% 55.34 59.46 60.75
TSP 0.1 wt.% 53.67 57.8 59.13
TSP 0.3 wt.% 47.83 51.54 52.86
TSP 0.5 wt.% 44.40 47.26 48.47
TSP 0.8 wt.% 46.53 49.89 51.17
NF 0.5 wt.% 63.86 67.00 67.9
NF 1 vol.% 57.60 61.61 62.83
NF 2 vol.% 55.41 59.53 60.82
NF 4 vol.% 54.38 58.51 59.83

Note: Surface tension of pure water at 25 �C is 75 mN/m.
a Ref. [21].
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From the results above, the surface deposited TSP and
nano-particles considerably promote the wettability of the
surface. Although there were differences in a degree of
enhancement, previous pool boiling experiments showed
enhanced CHF with TSP solutions and nano-fluids
[13,16–18]. The underneath mechanism of the CHF
enhancement, there might be a role of deposited TSP and
nano-particles which considerably enhance the wettability
of the surface.
3.3. Contact angle and surface tension

To quantify the surface tension force of TSP solutions
and nano-fluids, contact angles of liquids on the Teflon
FEP strip were measured. To measure the liquid surface
tension, the surface energy of solid should be known.
Kwok and Neumann [21] quantified surface energy of sev-
eral materials by comprehensive experimental work. They
also provided modified equations for interpretation of con-
tact angle in terms of surface tension. In this study, the sug-
gested equation and provided surface energy of Teflon FEP
was used and the surface tensions of TSP solutions and
nano-fluids were calculated. Results are shown in Table
1. Surface tension decreases as the concentration of TSP
solutions and nano-fluids increases. The surface tension
of pure water at 25 �C is 75 mN/m.

The decreased surface tension of TSP solutions and
nano-fluids can affects the dynamics of two-phase mixture.
The well-known Zuber’s hydrodynamic instability CHF
model arrived at the following expression [22]:

q00CHF ¼ 0:131hfgq
1=2
g ðrgðql � qgÞÞ

1=4 ð1Þ

CHF should be decreased as the surface tension of fluid de-
creases in Eq. (1). However, CHF of TSP solutions and
nano-fluids which has lower surface tension compared to
pure water is higher than that of pure water. This result im-
plies the need of modified model to accommodate the effect
of heater surface. Kandlikar [23] suggested a theoretical
model which can incorporate the effect of contact angle
on CHF:

q00CHF ¼ hfgq
1=2
g

1þ cos b
16

� �
2

p
þ p

4
ð1þ cos bÞ cos /

� �1=2

� ½rgðql � qgÞ�
1=4 ð2Þ

where b is contact angle of liquid on solid surface and / is
orientation of surface (horizontal is set to 0). In Eq. (2),
contact angle and surface tension terms compete each
other. Contact angle terms imply surface wettability and li-
quid surface tension term implies hydrodynamic instability.
Decrease of contact angle increases the CHF while decrease
of liquid surface tension decreases the CHF. However, the
effect of contact angle is more dominant than the effect of
surface tension and thus CHF can be enhanced in TSP
solutions and nano-fluids. For example, liquid surface ten-
sion of 4 vol.% nano-fluid is 58.5 mN/m and contact angle
of 4 vol.% nano-fluid on 4 vol.% nano-fluid quenched sur-
face is 17.35�. Cos(17.35�) is 0.955. Those of pure water are
75 mN/m, 69.4� and 0.352. The surface tension decreased
by 22% while cosine of the contact angle increased by
170%. And, exponent of contact angle term is 3/2 while
that of surface tension is 1/4. However, to understand the
combined effect of surface tension (hydrodynamic instabil-
ity) and contact angle (surface wettability) more exactly, a
comprehensive experimental work followed by theoretical
modeling would be necessary.

4. Conclusions

In this study, wettability of heater surfaces in pool boil-
ing of TSP solutions and nano-fluids was investigated by
quenching experiments. Through the visual observation
of quenched surfaces, deposition of TSP and nano-particle
was observed. Through the measurement of contact angle
of liquid on the quenched surfaces, it is concluded that
the surface deposited TSP and nano-particles enhanced
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wettability of the surface. Several implications of the exper-
imental results on the pool boiling CHF model and CHF
enhancement using TSP and NF were discussed: There is
need of experiments and theoretical modeling which can
accommodate hydrodynamic instability and surface wetta-
bility in a comprehensive manner.
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