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Pool boiling in an aqueous surfactant solution is one of efficient approaches to increase pool boiling per-
formance in nucleate boiling regime since additive polymer surfactants modify interfacial wetting prop-
erties between heating surface and fluids. Enhanced wetting increases bubble departure frequency and
prevents bubble coalescence. Most pool boiling tests in aqueous surfactant solutions have been carried
out on non-porous surfaces (plain surfaces) and heat transfer performances reported were not drastic.
In this study, the Alumina Sponge-like Nano Porous Surface (ASNPS) was used as a heating surface in
aqueous SDS solutions. The ASNPS’s surface wetting was modified with a hydrophobic Self-Assembly
Monolayer (SAM) coating. The wetting-modified ASNPS shows substantial increase in active nucleation
sites through three-dimensionally interconnected porous network. Eventually, significant heat transfer
enhancement (7.3 times) is achieved due to the combined effects.

For bubble motion characterization associated with surfactants, various approaches have been made
using Dynamic Light Scattering (DLS), Transmission Electron Microscopy (TEM), Static Water Contact
Angle (SWCA) measurements, and high speed image analysis of liquid impingement.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Since enhanced pool boiling phenomena are closely related to
bubble dynamics in heating fluid, such as bubble departure diam-
eter and frequency, there have been various efforts to modify heat-
ing fluid properties such as surface tension, viscosity, and
conductivity. Frost and Kippenhan reported nucleate pool boiling
heat transfer increase in an aqueous surfactant solution [1]. Since
surfactants added to heating fluid are in small amounts, the bulk
properties of heating fluid are rarely influenced except surface ten-
sion, which directly influences surface wetting. Typically, en-
hanced wetting prevents the bubble coalescence and increases
the bubble departure frequency [2]. As the bubble departure fre-
quency increases, the latent heat from the heating surface is re-
moved by two-phase boiling phenomena. Also, thermal boundary
layers near the heating surface are perturbed and wall superheat
increase is significantly suppressed. Eventually, heat transfer
enhancement is achieved due to surface wetting-assisted bubble
dynamics over the entire heat flux regimes [3].
Table 1 shows a summary of pool boiling results under various
conditions. For most cases, pool boiling was carried out using non-
porous surfaces. Heat transfer enhancement was approximately
less than 150%. In general, Static Water Contact Angle (SWCA) for
a plain surface is less than 90�, which is somewhat hydrophilic.
When a plain surface is exposed to an aqueous surfactant solution,
it becomes easily wet and shows enhanced wetting. Heat transfer
enhancement using surfactant-induced hydrophilization on the
non-surface treated heater is well-established in the literature
[7,12–14].

In this study, we present nucleate pool boiling enhancement in
polymeric surfactants with the characteristic Alumina Sponge-like
Nano Porous Surface (ASNPS). The ASNPS [15,16] is fabricated by
electrochemical anodic oxidation method [15,16]. It has numerous
reentrant cavities, which play a role of effective vapor traps with an
enhanced heating surface area. The increase in surface area can
contribute to boiling incipience reduction and Heat Transfer Coef-
ficient (HTC) increase [16]. Further, the heating surface wetting of
the ASNPS is modified using a hydrophobic Self-Assembly Mono-
layer (SAM), which prevents liquid from flooding active nucleation
sites [15]. This study has significant meaning since surface chemis-
try of surfactant-induced hydrophilization on the hydrophobic sur-
face and relevant heat transfer experiments have not been
introduced yet. Also, micelle formation at higher concentration of

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2013.03.064&domain=pdf
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Nomenclature

d diameter [m]
h heat transfer coefficient [kW/m2 K]
q00 heat flux [W/m2]
r radius [m]
T temperature [K]
DT temperature difference [K]

Greek letters
D difference
h contact angle [�]
r surface tension [N/m]

Subscripts
l liquid
lv liquid–vapor
o initial
p pore
s solid
sat saturation
sv solid–vapor
sl solid–liquid
v vapor
w wall
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surfactants is characterized using various spectroscopic methods
such as Dynamic Light Scattering (DLS) and Transmission Emission
Microscopy (TEM).

2. Experiment

2.1. Preparation of Alumina Sponge-like Nano Porous Surface (ASNPS)

Three dimensionally interconnected Alumina Sponge-like
Nano-Porous Surface (ASNPS), was created using two step anodiz-
ing in 0.3 M phosphoric acid at 140 V [15,16]. The ASNPS has a hy-
brid porous structure consisting of smaller pores (dp � 100 nm)
and larger pores (dp � 500 nm). Cross-sectional views reveal that
the hybridized pores are three dimensionally interconnected as
shown in Fig. 1(a).

Inherent Static Water Contact Angle (SWCA) of the ASNPS on
the rod-shaped heater is h � 72� as shown in Fig. 1(b). After surface
treatment with the SAM coating, the SWCA of the ASNPS is modi-
fied into a hydrophobic surface, h � 126�.

2.2. Spectroscopic characterization of aqueous surfactant solution

Evolution of surfactant aggregate size was characterized by Dy-
namic Light Scattering (DLS) and a digital microscope. For DLS
measurement, each sample with different concentrations of SDS
solutions was delivered into a quartz cuvette. Hydrodynamic ra-
dius was measured at each concentration of surfactant solutions.
Zetasizer Nano S (Malvern) was used in this study. Surfactant
aggregate size was also confirmed with the digital microscope
(Keyence VHX-100). The microscopic morphology and structure
were observed by using a JEOL 2100F Transmission Electron Micro-
scope (TEM) and a Field-Emission Scanning Electron Microscope
(FE-SEM, Hitachi S-4700).

2.3. Pool boiling experimental setup and procedure

Nucleate pool boiling experimental setup is described else-
where [15]. As shown in Fig. 2, dimensions of aluminum alloy (Al
Table 1
Pool boiling heat transfer enhancement in various surfactant solutions.

References Boiling regimes Heating surface/shape

Tzan [4] Nucleate Nickel plated copper Tub
Wu [5] CHF Copper sphere
Ammerman [6] Nucleate Copper wire
Wu [7] Nucleate Stainless steel tube
Wen [8] Nucleate Copper plate
Wasekar [9] Nucleate Gold plated copper tube
Kathiravan [10] CHF Copper sputtered tube
Peng [11] Nucleate Copper plate
6061) rod-shaped heater are 19.1 mm in diameter and 101.6 mm
in length, respectively. A cartridge heater (McMaster Carr 120 V
400 W) was inserted into the rod (diameter of 9.5 mm and a length
of 76.2 mm). A high thermal conductive paste (Omega 201) was
used to securely contact a cartridge heater to the center hole. In or-
der to measure wall superheat, T-type thermocouples (Omega)
were used. Nominal uncertainty of T-type thermocouple was
±0.5 �C. In Fig. 2, four holes, each 2.4 mm in diameter and
70.0 mm in depth and 1.2 mm away from the heating surface, were
drilled at the top, middle, and the bottom 90� apart along the
periphery of the test section. T-type thermocouples (Omega) were
inserted into the small peripheral holes with the high thermal con-
ductive paste to measure the temperatures. Input power was sup-
plied by AC variable transformer to the cartridge heater. Output
voltage and current were monitored with digital multimeters (Agi-
lent 34410A and Fluke 87V). The voltage and current measurement
uncertainties were ±0.5 V and ±0.04 A, respectively. In order to
condense the vapor during pool boiling, a reflux condenser with
a constant temperature controller (Polyscience) was used. Mea-
sured temperature was acquired by a data acquisition system
(IOtech).

The procedure to obtain experimental results is described in de-
tail elsewhere [15]. The experiments were performed at the steady
state under the atmospheric pressure condition. The pool temper-
ature is maintained within 0.8 �C of Tsat. The estimated uncertain-
ties of power input and heat flux were within 8.4 and 9.7%,
respectively.

3. Results and discussion

3.1. Surfactant-induced surface wetting change on porous surfaces

In general, surfactants consist of a water-soluble (hydrophilic)
part and a water-insoluble (hydrophobic) part. The hydrophobic
part is a saturated hydrocarbon chain, whereas the hydrophilic
part is generally ionizable and belongs to a polar group, which
can form hydrogen bonding network in an aqueous solution [17].
As schematically illustrated in Fig. 3(a), the hydrophobic part of
Fluid HTC improvement

e SDS in water 133%
SDS/SLBS in water 30%
SDS in water 45%
SDS/Triton X-100 in water 100%
SDS/Triton X-100 in water 80–190%
SDS/SLES/Triton X-100 in water 50–70%
Copper nanofluid 59%
R113 60–100%



Fig. 1. (a) FE-SEM image of the ASNPS, (b) SWCA of the ASNPS (hydrophilic) on the rod-shaped heater (h � 72�) and (c) WCA of the SASNPS (hydrophobic) on the rod-shaped
heater (h � 126�).

Fig. 2. Cross-sectional view of Al 6061 heater section used for pool boiling
experiments.
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surfactant is represented as a long (red) chain, while the hydro-
philic part is described as a solid (red) circle. Depending on the
hydrophilic part, surfactants are categorized into cationics (fatty
nitriles and amines), anionics (carboxylic acids, sulfuric esters,
and sulfonates), and non-ionics (polyethoxy and polyhydroxy
groups). Since those parameters are closely related to the diffusion
of each molecule, diffusion is much faster towards the vapor–liquid
interface at higher concentrations and temperature. The molecular
motion (rotation and translation) in liquid is influenced by the size
of surfactants. For a surfactant with larger molecular weight, it
takes much longer equilibrium time in surface tension relaxation
than smaller ones. Also, it is important to note that the surface ten-
sion of the liquid is inversely proportional to the additive concen-
tration of surfactants and the temperature of the solution.
Fig. 3. (a) Schematic illustration of a heating surface and a surfactant and (b) molecula
Sulfate), CH3(CH2)11OSO3Na, Lower: Triton X-100, t-Oct-C6H4-(OCH2CH2)10OH).
In this study, the well-known anionic and nonionic surfactants,
(SDS (Sodium Dodecyl Sulfate) and Triton X-100) were used in the
pool boiling experiment. As illustrated in Fig. 3(b), SDS consists of a
hydrophobic tail and a hydrophilic head. The hydrophobic tail
(–CH2–)n is chemically inert. The hydrophilic head is a polarizable
sulfonate (–SO2O–) group, which easily forms hydrogen bonding in
an aqueous solution. Similarly, Triton X-100 has a hydrophobic sat-
urated carbon and benzene and a hydrophilic ethylene oxide group
(–CH2OCH2–)n. Physicochemical properties of SDS and Triton X-
100 are summarized and compared to pure water in Table 2.

The surfactant-induced hydrophilization on the hydrophilic
surface is a well-known mechanism [17]. Typically, at lower con-
centration, individual surfactant molecules diffuse homogeneously
in liquid as illustrated in Fig. 4(a). As surfactant concentration in-
creases, the reactive polar head of the surfactant begins to adsorb
on the heating surface (hemi micelle). Parallel aligned hydrophobic
tails are directed toward water and they are thermodynamically
destabilized due to contact with water. To avoid a thermodynam-
ically unfavorable state, surfactant molecules aggregate in opposite
direction to remove hydrophobic groups from contact with water,
thereby reducing the free energy of the system (reverse hemi mi-
celle). At this point, the hydrophilic polar head contacts with water
and forms a hydrogen bonding network, which induces surface
wetting. At higher concentration, fully reversed hemi micelles form
a bilayer. These surfactant self-assemblies lead to substantial inter-
facial surface tension change. Beyond a certain concentration of
r structures of a SAM coating (left) and surfactants (upper: SDS (Sodium Dodecyl



Table 2
Physicochemical properties of surfactants vs. water.

Surfactant Water SDS Triton X-100

Chemical formula H2O C12H15SO4 C14H21(OCH2CH2)9–10OH
Ionic nature Neutral Anionic Nonionic
Molecular weight 18 288 624 (average)
CMC – 2500 wppm 200 wppm
Surface tension 72.75 mN/m 36 mN/m (1 wt.%) 30 mN/m (1 wt.%)
Viscosity 0.32 cps – 240 cps

Fig. 4. Schematic illustration of surfactants physisorption process on heating surfaces with different wetting: (a) hydrophilic and (b) hydrophobic heating surfaces. At lower
concentrations, surfactants are dispersed in liquid. As concentration increases, surfactants form hemimicelles, reverse hemimicelle, and bilayer on the heating surface.
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surfactants, the asymptotic limit of surface tension is reached. It is
called Critical Micelle Concentration (CMC), which is characterized
by aggregates of surfactant molecules [17].

In this study, surfactant physisorption process would be differ-
ent from the hydrophilic surface case since the heating surface
(ASNPS: hydrophilic) wetting was modified with a hydrophobic
SAM coating (SASNPS: hydrophobic). Similarly, at lower concentra-
tions, individual molecules diffuse in liquid in Fig. 4(b). Adsorption
reactivity of polar groups on the hydrophobic surface would not be
significant due to the low surface energy coating. Once some of
them are adsorbed onto the heating surface, the hydrophobic sur-
face becomes wet since the bilayer interacts with water. Therefore,
it is assumed that much longer time is required to change the sur-
face wetting on the hydrophobic surface.

In Fig. 5, Static Water Contact Angle (SWCA) of SDS and Triton
X-100 was measured on the different wetting surfaces (ASNPS
and SASNPS). For SASNPS-SDS, the SWCA rarely decreases (hSDS/
hwater < 5%) at lower concentrations (<500 wppm). As concentra-
tion increases near CMC (2500 wppm), the SWCA reaches a plateau
to the hydrophobic regime (h � 110�). The SWCA trend implies that
surfactant aggregates are not easily adsorbed on the hydrophobic
SAM coating and cannot yield instant wetting. For ASNPS-SDS,
appreciable SWCA decrease (hSDS/hwater > 50%) is observed as sur-
factant concentration increases. This phenomenon can be ex-
plained by surfactant affinity over the hydrophilic ASNPS and it
leads to instant wetting change.

From the SWCA measurements in Fig. 5, general ideas of surfac-
tant-induced wetting phenomena on the hydrophobic surface are
provided. In order to understand immediate interfacial tension at
the bubble rim, dynamic interplays between inertia of the droplet,
surface tension, and viscous dissipation need to be elucidated.
Gätne [18] suggested a drop impact test to capture the underlying
physics of instant wetting phenomena. The time scale to reach
equilibrium at the newly formed three phase interface during boil-
ing is of the same order (�100 ms) as that for the drop impact test
[18]. Therefore, information of instantaneous wetting obtained
during the drop impact test in Fig. 6(b) may give a clue to under-
stand interfacial wetting behavior during bubble ebullience as
illustrated in Fig. 6(a).

In Fig. 7, the high speed camera images during the drop impact
test on the hydrophobic surface (SASNPS) were visualized. Once a
drop impacts and spreads on the solid surface, surface tension of
liquid decelerates its spreading. The droplet rim reaches its maxi-
mum diameter when the contact line speed reaches zero. This is
called the ‘‘relaxation phase’’. The initial kinetic energy of the drop
converts into viscous dissipation. If the surface tension of the liquid
is sufficient, the contact line immediately retracts to a smaller final
diameter.

For pure water, the maximum spread is shown in 3 ms, which is
less than the time required to adsorb onto the porous surface in
Fig. 7(a). Therefore, the SASNPS would repel the water droplet,
which would swiftly retract due to strong surface tension. How-
ever, a significant WCA hysteresis at the droplet contact rim pro-
hibits immediate columnar recoil/rebound [19]. The WCA
hysteresis was visualized by dipping and withdrawing the SASNPS
slab in water (Fig. S1). Interplay of undissipated kinetic energy and
a droplet pinning yields the formation of a small droplet, which is
separated from a base droplet (6 ms). It is assumed that its kinetic
energy is not thoroughly consumed through viscous dissipation.

A droplet of a SDS 500 wppm solution shows spreading and re-
coil but a droplet separation is not observed in Fig. 7(b). This might
be caused by viscosity increase. Once a flat disc-shaped droplet im-
pinges, as shown for 2 ms, a droplet interface instantly retracts and
an abacus-shaped droplet is observed (3 ms). Compared to the im-
age (4 ms) in Fig. 7(a), a droplet contact area of SDS 500 wppm is
much smaller. Its interface swiftly retracts up to 5 ms and it re-
peats spreading and recoil. It implies that liquid hardly impreg-
nates into the porous surface and instantaneous wetting rarely
occurs within a limited time (<10 ms).

As surfactant concentration increases (SDS 2500 wppm), a
droplet shows a maximum diameter spreading and minimum
height at relaxation phase (2 ms) in Fig. 7(c). It rarely shows recoil
and rebound due to instant wetting, which is induced by reduced
surface tension and enhanced viscosity.



Fig. 5. Static water contact angle (SWCA) measurements of various surfactants on
the porous structures: (a) SASNPS-SDS, (b) ASNPS-SDS, (c) SASNPS-Triton X-100 and
(d) ASNPS-Triton X-100.

Fig. 6. Schematic illustration of instantaneous wetting change at three-phase interface: (
drop impact. A red arrow represents three phase interfacial tension. (For interpretation of
of this article.)
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Surfactant aggregation behaviors in an aqueous SDS solution
were investigated by spectroscopic methods such Dynamic Light
Scattering (DLS) and Transmission Electron Microscopy (TEM) in
Fig. 8. In general, DLS is used to analyze hydrodynamic radius of
nano particles and aggregates at nanometer level. The distribution
of Hydrodynamic Radius (HR) at various SDS concentrations is
shown in Fig. 8(a). The HR at SDS 100 wppm is approximately 2–
3 nm. It implies that individual molecules do exist in the form of
unimers. At SDS 500 wppm, mean HR of aggregates is around
150 nm. As concentration increases, aggregates HR increases and
eventually, form micelles. Above 1000 wppm, micelle HR is a few
micrometers (3–10 lm), which is much larger than the radius of
nano pores. Probably, bubble growth at the nano pores might be
influenced by the micelle formation.

Concomitantly, microscope analysis and TEM study were con-
ducted. In Fig. 8(b), a digital microscope image of SDS 2500 wppm
reveals surfactant micellar aggregates with a diameter of 3–7 lm,
which is consistent with DLS analysis in Fig. 8(a). Similarly, a TEM
image in Fig. 8(c) confirms that the surfactant forms micellar
aggregates near CMC.
3.2. Nucleate pool boiling of the SASNPS (hydrophobic) in aqueous
surfactant solutions

In Section 3.1, surfactant-induced liquid property change is
characterized by various physical and optical methods. Effective-
ness of additive surfactants in the pool boiling phenomena is
clearly shown in Fig. 9(a). Compared to the reference (a plain sur-
face in water), the SASNPS shows a huge wall superheat decrease
(DDT � 5 K, �104%). As the concentration of aqueous SDS solutions
increases up to 500 wppm, Onset of Nucleate Boiling (ONB) is sub-
stantially reduced (<1 K). Overall wall superheat reduction is huge
at the given heat flux (DDT � 8 K). This phenomenon is repre-
sented by the characteristic leftward shift of a boiling curve rela-
tive to the reference curve. Above SDS 500 wppm, heat transfer
deteriorates. Beyond CMC, there is no further heat transfer deteri-
oration observed in Fig. 9(a).

One thing to note in Fig. 9(a) is that the boiling curves do not
show heat transfer deterioration even at higher heat flux regimes.
In pure water, the significant heat transfer augment at lower heat
flux regimes (<40 kW/m2) is assumed by the active nucleation site
increase and the Liquid Thin Film Evaporation (LTFE) [15,20]. At
high heat flux regimes (>60 kW/m2), bubble coalescence influences
the heat transfer deterioration due to a bubble blanketing.

The enhanced boiling heat transfer phenomena are reflected in
Heat Transfer Coefficient (HTC) in Fig. 9(b). For pure water, the
SASNPS shows overall 104% HTC enhancement (overall HTC
19.9 kW/m2K) compared to the reference (plain surface in water).
a) liquid impingement during bubble nucleations and (b) liquid impingement during
the references to color in this figure legend, the reader is referred to the web version



Fig. 7. Drop shape evolution (Re = 30) on the SASNPS during drop impact for various liquids: (a) Water, (b) SDS 500 wppm and (c) SDS 2500 wppm.

Fig. 8. (a) Hydrodynamic radius of aqueous SDS solutions with different concentrations (100–2500 wppm), (b) a digital microscopic image and (c) TEM image of SDS
aggregates in SDS 2500 wppm solution.

Fig. 9. Boiling curves of the SASNPS in aqueous SDS solutions with different concentrations (0–4000 wppm) (a) q00 vs. DT and (b) q00 vs. h.
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At SDS 500 wppm, the overall HTC (45.1 kW/m2 K) is dramatically
improved and approximately 7.3 times enhancement is achieved
compared to the reference. This value is significantly large and
has never been reported yet in pool boiling heat transfer. As surfac-
tant concentration increases above SDS 500 wppm, heat transfer
steadily deteriorates. At SDS 2500 wppm (CMC), the overall HTC
(21.3 kW/m2 K) decreases almost by half compared to HTC at SDS
500 wppm. However, this value is still 2.8 times higher than that
in pure water in Fig. 9(b).
In order to understand heat transfer enhancement relating to
bubble motion, pool boiling visualization is shown in Fig. 10. Com-
pared to the reference in Fig. 10(a), the SASNPS in water shows sig-
nificant bubble ebullience over the entire heating surface due to
numerous active nucleation sites in Fig. 10(b). Wang and Dhir have
proven that a hydrophobic heating surface increases the number of
active nucleation sites [21]. Since a hydrophobic SAM coating
yields interfacial tension change and reduces rSL in Young–Laplace
equation (cos h = (rSV � rSL)/rLV), bubble coalescence is



Fig. 10. Visualization of bubble ebullience on the SASNPS in various liquids (SDS 0–4000 wppm) at q00 = 20 kW/m2: (a) plain surface in SDS 0 wppm, (b) the SASNPS in SDS
0 wppm, (c) the SASNPS in SDS 500 wppm and (d) the SASNPS in SDS 4000 wppm. Scale bar represents 9 mm.

Fig. 11. The Suction-evaporation modes on the hydrophobic porous surface in
aqueous surfactant solutions: (a) SDS < 500 wppm and (b) SDS > 2500 wppm.
Dotted line represents the liquid boundary after bubble lift-off. Arrows symbolize
the vapor pressure.
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pronounced leading to wall superheat increase on the SASNPS. In
general, after a large bubble lift-off, liquid is pumped in and out
through interconnected passages, which facilitate fresh liquid into
the porous media by liquid intake process. The fresh liquid infiltra-
tion reduces the wall superheat even at high heat flux region.
However, for pure water, it takes longer relaxation time in instan-
taneous liquid impregnation on the SASNPS as shown in Fig. 7(a).
Fresh liquid infiltration might be retarded and/or prevented by
poor wetting at the pore mouth (SASNPS).

In SDS 500 wppm solution, bubble diameter becomes smaller in
Fig. 10(c) since additive surfactant leads to interfacial tension
change, which prevents bubble coalescence. One thing to note in
substantially enhanced heat transfer performance is a combination
of large and small size bubbles, which is simultaneously observed
as shown in Fig. S2. A larger bubble leads to enhanced internal and
external convection-driven heat transfer. A smaller bubble con-
comitantly increases bubble departure frequency. Eventually, sig-
nificant bubble ebullience achieves dramatic HTC enhancement
in Fig. 9.

At or above CMC (2500–4500 wppm), bubble diameter becomes
appreciably small and tiny bubbles along the heater periphery are
observed in Fig. 10(d). Although the bubble departure frequency at
high concentrations of SDS surfactant increases, the latent heat re-
moval due to internal and external convection induced by tiny
bubbles may be much smaller than that in SDS 500 wppm. Also,
excess amount of the surfactant reduces interfacial tension at the
bubble rim and leads to instant wetting in Fig. 7(c). It implies that
after bubble lift-off, the liquid advances instantly into active cavi-
ties. Nucleation sites become wet and inactive. Therefore, boiling
incipience commences at higher wall superheat and heat transfer
deterioration at higher concentration is observed in Fig. 9(a).

Nakayama and Webb introduced the ‘‘suction-evaporation’’
mechanism [22–24] to explain heat transfer at the active cavities.
In pure water, when pumping motions are generated, liquid may
not advance along the cavity mouth due to enhanced interfacial
tension on the hydrophobic surface (see Fig. S1(a)). Pumping mo-
tions-induced fresh liquid infiltration may be prohibited. There-
fore, internal convection portion may not be significant. Also,
WCA hysteresis prevents liquid hovering on the SASNPS in
Fig. 7(a). A combined effect might increase wall superheat.

As surfactant concentration increases, surfactant molecules dif-
fuse preferably at the adjacent bubble rim and yields smaller bub-
bles. At SDS 500wppm, it seems that the WCA hysteresis at the
droplet base rim decreases in Fig. S1(b). The reduced WCA hyster-
esis enables liquid to advance and recede on the SASNPS during an
oscillating motion of the droplet shape between an abacus (the
droplet base is rarely wet) and a disc as shown in Fig. 7(b). It im-
plies that the liquid might move back and forth during liquid
pumping in and out through porous media. Instantaneously dry
and wet cavities can take advantage in heat transfer: First, liquid
in and out removes its latent heat from the heating surface during
pumping motions. Second, dry cavities still remain active and bub-
ble residue (dotted line on the cavity) reduces bubble waiting time,
which is illustrated in Fig. 11(a). Third, at some menisci, the LTFE
might occur and contribute to heat transfer augment.

At higher concentrations, surfactant aggregates would show
fast diffusion along the bubble rim. Enhanced wetting due to sur-
factants would lead the liquid to permeate into the substructure
when negative pressure develops. As schematically illustrated in
Fig. 11(b), an adjacent cavity becomes wet and deactivated. Drop
impact test in Fig. 7(c) confirms that surfactant aggregates induce
instantaneous wetting.

Up to now, the pool boiling enhancement in ionic surfactant
(SDS) solutions has been discussed. Under the same condition,



Fig. 12. Boiling curves of the SASNPS in aqueous Triton X-100 solutions (0–1000 wppm) (a) q00 vs. DT (b) q00 vs. h.

Fig. 13. Boiling curves of the ASNPS in aqueous SDS (500 wppm) and Triton X-100 (100 wppm) solutions (a) q00 vs. DT (b) q00 vs. h.
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the boiling performance in non-ionic surfactant (Triton X-100) was
tested. By addition of the small amount of Triton X-100
(100 wppm), the boiling curve shows heat transfer augment in
Fig. 12(a). Overall HTC enhancement in Fig. 12(b) is less than SDS
cases. As surfactant concentration increases, the boiling curves
suddenly move to the right and significant heat transfer deteriora-
tion is observed. In higher concentration solution (>200 wppm),
obvious heat transfer deterioration at the lower heat flux regime
is observed (<60 kW/m2). From these phenomena it is assumed
that surfactant aggregates near and/or above the CMC (200 wppm)
influence wetting on the SASNPS. Surfactant-induced wetting (SAS-
NPS-Triton X-100) shows more dramatic trends than shown in the
SWCA in Fig. 5. Since Triton X-100 has a more polarizable ethylene
oxide group (–CH2OCH2–)n than the saturated carbon backbone
(–CH2–)n in SDS, even at 100 wppm, the ratio of hsurfactant/hwater is
close to 50% due to substantial instantaneous wetting. The en-
hanced wetting assists liquid to permeate into the active cavities
and reduces the number of the active sites. For the fully wetted
cavities, more heat is required to commence incipient boiling
[25] and heat dissipation through the LTFE does not occur.

3.3. Nucleate pool boiling of the ASNPS (hydrophilic) in aqueous
surfactant solutions

In Section 3.2, pool boiling heat transfer of the SASNPS (a hydro-
phobic surface) in aqueous surfactant solutions is shown. In order
to observe the influence of the heating surface wettability in aque-
ous surfactant solutions, pool boiling tests were carried out at the
optimum concentration of individual surfactant solutions on the
ASNPS (hydrophilic): SDS 500 wppm and Triton X-100 100 wppm.
For the SDS 500 wppm solution, the pool boiling curve moves far
right and the HTC decreases by 50% compared to that in pure water
in Fig. 13(a). Relating surface wetting to the SWCA in Fig. 5(b), it is
assumed that SDS surfactant molecules diffuse faster and its polar
head (–SO2O–) is easily adsorbed onto the heating surface through
hydrogen bonding. Therefore, liquid swiftly impregnates into por-
ous wicks and floods the nucleation site. Surface wetting-induced
homogeneous boiling requires more heat to initiate the bubble
nucleation [25].

On the contrary, pool boiling curve in Triton X-100 100 wppm
solution does not show substantial change in Fig. 13(a). It implies
that individual Triton X-100 molecules diffuse in aqueous solution
and they are not adsorbed on the ASNPS. Compared to SDS, Triton
X-100 has significant difference: First, the Triton X-100 does not
have an active polar (ionic) head in Fig. 3(b). Therefore, it cannot
make a hydrogen bonding network, which enhances the surface
wetting. Second, the size of Triton X-100 is longer and much
bulkier than that of the SDS molecule. Molecular motions of Triton
X-100 in aqueous solution are limited and diffusion might be re-
tarded. It means that Triton X-100 requires much longer time to
reach equilibrium between liquid and the heating surface at the gi-
ven conditions.

4. Conclusions

In this study, the interfacial wetting phenomena were com-
pared in (non)ionic polymeric liquids. The following conclusions
are summarized:
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1. For the SASNPS (hydrophobic), ionic surfactant (SDS) boosted
heat transfer by reducing bubbles departure frequency, coales-
cence, and the suction-evaporation mode. At the optimal con-
centration, a combined effect achieved dramatic heat transfer
enhancement. Beyond the optimal concentration, heat transfer
deteriorated due to instantaneous liquid impingement and tiny
bubbles, which decreased internal and external convective
flows.

2. On the contrary, heat transfer augmentation in non-ionic sur-
factant (Triton X-100) solution was not significant due to
instantaneous wetting of the active cavities. It was assumed
that the flexible ethoxy group in Triton X-100 would diffuse
and assist intermolecular interactions.

3. For the ASNPS (hydrophilic), immediate wetting phenomena
were much significant due to enhanced diffusion and wetting
through hydrogen bonding It yielded instantaneous liquid
impregnation into the active cavities and deteriorated heat
transfer performance.
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