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ABSTRACT

The surface plasmon resonance (SPR) method, using a periodic corrugated surface, is
implemented on aluminium samples on which different liquid-vapour phase change phenomena
take place. The objective is to study the plasmonic response in the presence of these phenomena,
and in particular to evaluate the capacity of the plasmonic method to provide information at the
sub-micron scale, which is still little explored in phase change experiments. The first part of the
paper presents experimental results of pool boiling obtained on mirror-polished surfaces with
different geometrical patterns (holes and pillars periodically patterned as 1D gratings). The
results show that the heat transfer characteristics of the surface are improved with a small
number of holes evenly distributed over the surface. The samples covered with 1D gratings are
then used in the last part of the paper to implement the SPR method and analyse measurements
obtained in pool boiling, condensation and evaporation. The optical method based on SPR was
not able to detect the birth of the first vapour nuclei at the onset of nucleate boiling due to the
very fast growth of the bubbles. However, the results show the interest of the method as a non-
intrusive technique for measuring the temperature of the liquid in the very vicinity of the wall.
Moreover, measurements in condensation and evaporation experiments usefully monitor in real
time the formation of a nanoscale condensation film and the evaporation of an acetone film.

Keywords Boiling, Evaporation, Condensation, Ultra-smooth surfaces, Surface Plasmon
Resonance, Nucleation

1. INTRODUCTION

It has been assessed both experimentally and theoretically that the nature of the solid surface
and its structuring even at a sub-micron scale strongly affect the phase change heat transfer
characteristics (boiling, evaporation, condensation, freezing) because it changes the interfacial
structure and the activities of fluid molecules adjacent to the solid surface. Analysis of physical
phenomena during phase change therefore requires the development or adaptation of innovative
techniques capable of exploring phenomena at this little-explored scale.

The emergence of micro and nanotechnologies has made it possible to control the texture and
chemistry of surfaces at high resolution on scales ranging from the molecule to the centimetre,
paving the way for improving the efficiency of phase change phenomena [ 1][ 2]. Improving
the efficiency of liquid-vapour phase change also requires the development of models and
correlations, validated by accurate measurements of wall temperatures and liquid-vapour flow
parameters, which are usually obtained by optical methods [ 3][ 4]. By their nature, these
experimental methods are limited in minimum size by the wavelength of the light. However, it
may be necessary to understand phenomena developing at smaller scales, such as the study of
nucleation in the case of boiling [ 5], condensation [ 6] and freezing [ 7], or the study of
interfacial phenomena occurring at the liquid-vapor interface [ 8] or at the triple line [ 9].



Methods based on surface plasmons (SP) enable measurements down to sub-micron scales and
are therefore promising to achieve this goal.

Surface plasmons are a collective oscillation of free electrons on the surface of a metal in
contact with a dielectric medium under the effect of a high frequency electromagnetic
excitation, such as visible light under transverse-magnetic (TM) polarization [ 10]. In this
interaction, the free electrons oscillate in resonance with the incident light wave, absorbing the
photons of the incident light at the resonance frequency. As a result, the intensity of the light
reflected at the metal/dielectric interface is reduced at the wavelength of the surface plasmon
resonance (SPR). The resonance frequency depends on the properties of the metal but also of
the dielectric medium. Therefore, any change within the dielectric in the vicinity of the
metal/dielectric interface would modify the SPR wavelength, offering the possibility to develop
a non-intrusive optical sensor to detect this modification. The SPR mode propagates along the
interface of a metal/dielectric interface, but decays very rapidly perpendicularly to the surface
and is therefore qualified of evanescent wave. The skin thickness in the dielectric, which is the
thickness for which the amplitudes of the electric and magnetic field are attenuated
perpendicular to the surface is of the order of half the wavelength of the light involved [ 10],
paving the way to the development of subwavelength optical sensors [ 11]. Therefore, SPR are
of interest to a wide range of applications including biology, physics or material science.
However, to our knowledge, the applications in the field of phase change heat transfer are very
recent.

Historically, surface plasmons were first considered by Sommerfeld in 1899 [ 12] and then by
Zenneck in 1907 [ 13], and the first observation of surface plasmons by Robert W. Wood in
1902 was made during reflectivity measurements on metal gratings [ 13]. Since then, research
on SP and their applications has developed strongly. As early as the 1970s, they were used for
the characterization of thin films [ 15] and for spectroscopy [ 16]. The high sensitivity of surface
plasmons to the structure of interfaces enables them to be used as chemical [ 17] [ 18] and
biological sensors [ 19] [ 20] [ 21]. SP are exploited in many other devices, where they play an
intermediary role to improve their performance, such as photovoltaic cells [ 22] [ 23]. Being
very sensitive to the external environment, SP are exploited in refractometry. The short
propagation length of surface plasmons has made it possible to realize nano-emitters [ 24] and
very small circuits [ 25]. The work of Sauvage-Vincent [ 26] focused on resonant plasmonic
transmission applied to an optical security component. From a fundamental point of view,
plasmonic has made it possible to study the behaviour of light at the nanoscale. The intense
activity concerning plasmonic has been made possible by the development of nanofabrication
techniques [ 27] and near-field microscopy techniques [ 28].

Recently, Jeong et al. [ 29] [ 30] presented experimental measurements of nanoscale thin frost
layers by SPR; the authors were able to visualize the submicron frost layers between frozen
droplets and reported the quantitative evolution of frost layer thickness. At about the same time,
Ibrahim et al. [ 31] show that SPR could be used to detect the condensation of acetone vapor
on an aluminium plate cooled down in a two-phase environment and in a following paper [ 32]
that SPR could be used as a non-invasive, high-resolution temperature measurement method
for metallic surfaces. Even more recently, following the papers of Jeong et al. of [ 29] [ 30],
Kim et al. [ 33] applied SPR to the measurements of the profiles that cover part of the
evaporating thin film and the adsorbed film in the contact line region. The two teams involved
in these works related to phase change phenomena used two different optical devices to excite
the SP: the first a prism [ 29] [ 30] [ 33], and the second a grating [ 29] [ 30].

The classical mathematical formalism describing surface plasmons is based on Maxwell's
equations. Surface plasmons are magnetic transverse polarized modes of vibration, i.e. the
evanescent magnetic field associated with these plasmons is normal to the plane of incidence.



Therefore, on a flat metallic surface, it is not possible to excite surface plasmon modes and thus,
SPR do not absorb the incident photons. There are three main techniques to excite the surface
plasmon [ 10]. The most commonly employed approach is based on the attenuated total
reflection method in a prism-based structure. The second technique relies on a topological
defect to cause scattering and enables to create a localized surface plasmon in the vicinity of
this defect. This phenomenon is at the origin of the very particular optical properties of the
Lycurgus Cup, manufactured during the roman era, which colour turns from green to red when
it is illuminated [ 34]. In the third technique, which is used in the results presented in this paper,
a periodic corrugation in the surface of the metal, such as a 1D grating, enables to couple the
surface plasmon to the light.

Homola et al. [ 35] showed that in angular interrogation mode, the sensitivity of SPR sensors
using diffraction gratings does not differ significantly from that of SPR sensors based on prism
couplers. However, the implementation of these two techniques is different. In the first method
using a prism, light is transmitted through the prism and reflected from the back of a metal plate
in contact with a prism, with the dielectric at the front. Therefore, light does not pass through
the dielectric fluid. In the grating method, the excitation light and its reflection must pass
through the dielectric material. This is a major drawback of this method. However, in most
phase change experiments, the surface under study must be cooled or heated on the back side,
which makes it difficult to fix a prism on the back side. This disadvantage is not found with the
SPR method using a corrugated surface to excite the SPR mode.

In this paper, we present results obtained with the SPR method on a corrugated surface in
different liquid-vapour phase change experiments. First, the SPR method is used in a pool
boiling rig, to see if this method can shed new light on understanding the mechanisms of bubble
incipience. In order to interpret these results, the grating-coated aluminium samples are first
tested in a pool boiling rig in order to plot their boiling curve and estimate their thermal
performance. As the gratings are realized on a mirror-polished surface, this part of the paper
completes a previous study by Al Masri et al. [ 2] on nucleated boiling on ultra-smooth surfaces.
After a brief review of the previous results [ 2], we present, in addition to the results obtained
with the gratings, new experimental results on an ultra-smooth surface where a few holes were
evenly machined on the surface using a femtosecond laser. In the last part of the paper, we
analyse experimental results obtained in evaporation and condensation, completing the
preliminary results and analyses presented in [ 31].

2. DESCRIPTION OF THE SAMPLES MADE FOR THE STUDY OF BOILING AND
CONDENSATION BY SURFACE PLASMON RESONANCE

As it was explained in the introduction, there are different possibilities to produce surface
plasmon resonance on a surface in contact with a fluid: diffraction at gratings or attenuated total
reflection in prism couplers. In this work, diffraction at gratings under spectral interrogation
(Figure 1) was chosen to study different phase change phenomena at the interface between a
heated or a cooled surface and a liquid in equilibrium with its vapor.

When a TM polarized collimated white light is incident at a fixed angle on a metallic grating,
the intensity of its reflection is selectively reduced according to the wavelength, with an
absorption peak corresponding to the resonance and that is related to the excitation of the
polariton plasmon. The resonance wavelength depends on the refractive index of the fluid,
which is very close to 1 for the vapor phase, whatever the working fluid, and is always larger
for the liquid phase and depends on its temperature. Therefore, by analysing the intensity



variation of the reflected wavelengths, it is possible to discriminate the gas phase from the liquid
phase at a scale of a few nanometres in the fluid in a direction perpendicular to the solid surface.
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Figure 1: Reflectance of collimated TM polarized white light on a metallic grating due to
Surface Plasmon Resonance

The implementation of the gratings on the study area is realized by laser interference
photolithography (grating characteristics are described further), on a mirror-polished surface.
In a previous study described in the introduction [ 2], we used aluminium samples to study the
influence of the roughness on nucleate boiling on ultra-smooth surfaces. These samples are
therefore well suited to implement the surface gratings required for the present study.

Figure 2 (a) presents a cross section of this sample, which is basically a thin aluminium cylinder
of height 5 mm and diameter 80 mm. The area of interest for the study of nucleate boiling or
condensation is a circle with a diameter of 25 mm located in the middle of the upper face of the
sample. This configuration, with a large sample diameter compared to the area of interest was
chosen to prevent the formation of parasitic bubbles at the periphery of the studied area. Indeed,
as the initial objective was to detect the formation of the first bubble on the surface, the surface
was designed to avoid the formation of spurious bubbles. In conventional devices, the first
bubbles always nucleate at the periphery of the surface. Nucleation is promoted in the gaps
between the test surface and the other parts of the experimental bench or by the non-wettability
of the liquid on the hot insulating substrate in contact with the test surface, or possibly on the
adhesive applied to fill the gaps. These parasitic bubbles promote the propagation of boiling on
the surface. Therefore, the onset of nucleate boiling (ONB) and the wall superheating at the
beginning of boiling can be severely impacted. To avoid the formation of these first bubbles,
the surface should not show any discontinuity between the area of interest and its periphery.

On the bottom face of the sample, a cylindrical groove of width we=5 or 10 mm was realized
in order to reduce heat loss to the periphery of the sample. Despite this groove, the thickness of
the remaining fin between the surface of interest and the periphery of the system remains
significant for mechanical reasons (~0.2 mm) and a numerical model was developed to estimate
the actual flux transferred into the area of interest. On the bottom of the area of interest, a thin
heater, a thermocouple and a fluxmeter enable to measure the temperature and the heat flux



entering the sample. The entire surface is first mirror polished and then, on the area of interest,
artificial microsites can be machined to modify the two-phase heat transfer characteristics.
More details concerning the model and the experimental procedure can be found in the paper
of Al Masri et al. [ 2].

Figure 2 (b) and (c) presents pictures of the upper face of the raw sample and the mirror-polished
sample respectively. In some mirror-polished samples, a few holes were machined using a
femtosecond laser to complete the investigation presented in [ 2]. Figure 2 (d) presents the
topography of one of these holes measured by confocal microscopy. Diameters and heights in
the range 7 - 20 pm and 7 - 30 um were measured respectively.
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Figure 2: Aluminium sample for pool boiling and condensation experiments; (a) cross-
section of the sample; (b) raw sample; (c) mirror-polished sample; (d) characterization of
a hole on a mirror-polished sample

Figure 3 presents the mirror-polished aluminium sample on which the diffraction grating was
etched following the procedure described in Ibrahim et al. [ 31].
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Figure 3: Diffraction grating (D = 25 mm) and AFM topography measurements

The grating covers the entire area of interest and has a sinusoidal shape of depth 55 nm and
period 760 nm. These dimensions were chosen numerically to implement the plasmonic
resonance measurements with the best resolution (greatest amplitude of reflection) under the
conditions of the experiment. Further details regarding the design and the etching process of
these surfaces can be found in the papers [ 31] and [ 32].

3. POOL BOILING MEASUREMENTS

This section presents pool boiling curves obtained with the samples presented in section 2. The
influence of different surface finishes on the boiling phenomena are assessed, including the
surface with the diffraction grating used in section 4 for plasmon resonance measurements.
Some experimental results were already presented in [ 2], which led to the development of a
new surface finishes, the results of which are also presented in this section.

3.1. Pool boiling experimental rig

The experimental rig for pool boiling experiments is shown in Figure 4.
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Figure 4: Pool boiling experimental bench; (a) picture of the experimental rig; (b) schematic
of the transparent reservoir with the sample

A transparent reservoir with a double wall is connected to a thermostatic bath in order to control
the saturation temperature inside the reservoir. The transparent container is hermetically sealed
to an aluminium holder with a PTFE O-ring and clamp, allowing the system to be opened and
the test sample easily changed. The aluminium sample is tightly packed against the aluminium
holder. Therefore, the pool boiling experiment is fully hermetically sealed with two O-rings.
Several tubes are used to empty and fill the system, but also to insert thermocouples within the
reservoir in order to measure the saturation temperature. Acetone was used as the working fluid
for its compatibility with aluminium. During the experiments, the saturation temperature of the
reservoir was maintained at 56 °C, which corresponds to a pressure of 1 bar. More details on
this experimental bench are provided in [ 2].

3.2. Pool boiling experimental results



Figure 5 presents typical boiling curves obtained by Al Masri et al. [ 2] with three different
surface finishes, whose root mean square (RMS) is measured by confocal microscopy : an
unpolished raw surface (b), a mirror-polished surface (c), a mirror-polished surface with a few
unintended defects, that were observed and described by confocal microscopy (d). Defects are
surface holes with a depth greater than 20 pm. A detailed description of these surfaces is
presented in [ 2]. The boiling curves are plotted using the heat flux Q, which is dissipated above
the area of interest and the temperature difference between the temperature measured at the
middle of the sample T and the saturation temperature Tsat.
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Figure 5: Typical boiling curves obtained by Al Masri et al. [ 2]; (a) nucleate boiling on
the area of interest; (b) unpolished raw surface (RMS = 5200 nm); (c) mirror-polished
surface (RMS = 60 nm); (d), mirror-polished surface with 10 unintended defects
(characteristic length:5 to 25 um)

Figure 5 (a) shows that nucleate boiling occurs only over the area of interest, with the circular
groove at the bottom of the sample limiting the heat diffusion to the sample periphery, as
explained in the previous section. However, for increasing heat flux, during the natural
convection phase, the heat flux tends to be distributed over the entire surface of the sample due
to the very low convection heat transfer coefficient. After the ONB, the heat flux mainly flows
in the central area of interest where nucleate boiling occurs. The numerical model was used to
estimate the surface density flux in the area of interest. This explains why Q suddenly increases
from 4 W.cm™ to 12 W.cm™ at the ONB for the same power supplied by the heater (dotted
arrow in the curves of figures 5). In these experiments, in order to preserve the resistor, the
power supplied to the resistor was just limited to that required to initiate boiling. Thus, the



boiling curve is limited to Q = 12 W/cm?. Therefore, the critical heat flux was never reached in
these conditions.

For each experiment, several tests were realized for increasing and decreasing heat fluxes to
assess the repeatability. Three pictures of the area of interest are presented for decreasing heat
fluxes. The major conclusions of this work [ 2] were the following:

» Unpolished raw surface: a small superheat is required for boiling incipience, which is
progressive and occurs when the temperature difference between the sample and the
saturation temperature reaches 30 K. The hysteresis between increasing and decreasing
curves is small. At low decreasing heat flux, a limited number of nucleation sites survive
at some locations on the surface.

» Mirror-polished surface with no defects: a huge superheat is required to start boiling.
For increasing heat flux, natural convection occurs as long as the temperature difference
between the sample and the saturation temperature is below 90 K, at which point
explosive boiling occurs by reducing the temperature difference to 30 K for the same
heat flux. There is a very large ONB hysteresis between increasing and decreasing
curves with the presence of a huge number of very small bubbles surviving at very low
decreasing heat flux for a temperature superheat lower than 10 K.

» Mirror-polished surface with a few defects: an important superheat is required to start
boiling. As with the same surface without defects, boiling incipience is explosive, with
a large hysteresis but lower than that of the unpolished surface. At low decreasing heat
flux, a limited number of nucleation sites survive at some locations over the surface
until the system returns to natural convection for a temperature superheat of about 20 K.

When comparing the decreasing heat curves for the three samples, one can see that for the same
heat flux dissipated over the area of interest, the temperature superheat (Tm-Tsa) is lower for
the mirror-polished surface with a few defects, leading to a better thermal exchange during
nucleate boiling. Al Masri et al. [ 2] explained that these defects act as point heat sinks,
concentrating the heat flux lines coming from the heater. These defects being separated by an
ultra-smooth area, no parasitic bubbles are to be found around these spots and therefore, the
coalescence process is postponed, leading to a small increase of the superheat when the heat
flux increases.

Based on the conclusions of this paper, a new sample was created with 24 holes evenly
distributed over the entire area of interest, as described in the previous section. The boiling
curve produced with this new sample as well as the boiling curve obtained with the sample
covered with the gratings are presented in Figure 6 (a) and (b) respectively.
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Figure 6: Boiling curves; (a) mirror-polished surface with 24 holes; (b) mirror-polished
surface with grating

For the first sample, presented in Figure 6 (a), a complete boiling curve was plotted for one
single test until the critical heat flux was reached at a high value of about 40 W.cm™. The
findings of this new test confirm those obtained with the sample with unintended defects, with
even better thermal performance due to a higher number of holes well distributed over the
surface. This confirms the benefit of developing a polished surface with well distributed holes
to improve the boiling thermal performance of a surface. Further tests could be carried out with
an even larger number of holes to study both the improvement of the heat transfer coefficient
and the influence on the critical heat flux.

The boiling curve for the surface covered with the gratings (Figure 6 (b)) is very similar to that
in Figure 6 (a). A huge superheat of about 90 K is required to start boiling as for the mirror-
polished surface. There is an incomplete hysteresis between increasing and decreasing curves
with a superheat even smaller than that of the mirror-polished surface with 24 holes. This
behaviour is difficult to explain because the depth of the grating is very small (50 nm) compared
to its period (760 nm). It is possible that the surface treatment used to form the network modifies
the wettability of the surface, but this hypothesis remains to be confirmed.

Figure 7 presents a synthesis of the different boiling curves, showing that ultra-smooth surface
with holes and the surface with gratings requires a huge superheat for the incipience of boiling,
but have the lower superheat for a given heat flux when boiling has started. Further
investigations are needed to improve the understanding of these results, for example by
increasing the number and the characteristic length of the holes and by changing the depth and
the period of the gratings. However, the actual characteristics of the surface with the gratings
were chosen to get the best resolution for the plasmon resonance measurements, which are
presented in the next section. One of the aspects we wanted to investigate with this measurement
technique is the possibility of measuring the birth of the first vapor nuclei at the incipience of
boiling.
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Figure 7: Synthesis of the boiling curves plotted for the different samples studied in this
work

4. PLASMON RESONANCE MEASUREMENTS IN POOL BOILING AND
CONDENSATION EXPERIMENTS

4.1. Plasmon resonance experimental bench

A new experimental bench was built to implement the plasmon resonance optical equipment
into a pool boiling experiment. In particular, the transparent part of the tank must be flat and of
good optical quality to enable the measurement to be carried out. Furthermore, to facilitate the
optical measurement, the sample is positioned vertically rather than horizontally. Figure 8
presents a schematic of this bench. A flat glass window is hermetically sealed to an aluminium
holder with a PTFE O-ring and clamp, allowing the system to be opened and the test sample
easily changed. The aluminium sample is tightly packed against the aluminium holder. Contrary
to the experimental rig presented in the previous section, the saturation temperature of the pool
is controlled by several heaters inserted within the aluminium holder or plated against it. The
energy from these heaters is used to compensate for heat loss by natural convection and
radiation through the glass wall. This maintains the temperature of the reservoir at the user's
target saturation temperature. Heat flux and temperature measurements for the boiling curve
are carried out following the same procedure as the experiment in Section 3.

Figure 9 (b) presents a picture of the reservoir where nucleate boiling on the area of interest can
be observed. A third reservoir was realized for this experiment, which is shown in Figure 9 (a).
Unlike the previous two reservoirs, which were designed to withstand a maximum saturation
pressure of 2 bar, this third tank can withstand a pressure of up to 20 bar. The purpose of this
third tank is to calibrate the measurement obtained by the optical system, following a procedure
explained in section 4.2. Figure 9 (c) shows the optical equipment composed of a halogen
source, a polarizer and a spectrometer. The source and the spectrometer are connected to optical
fibres and light is collimated by lenses just in front of each fibre. The location of these devices
in relation to the pool boiling test rig are visible in Figure 9 (b).
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4.2. Calibration of the SPR in two-phase conditions

The wavelength of resonance Aspr depends on several parameters, which are linked by the
following expression: Aspr = nspr./\.(1 — sinf:) where nspr is the index of refraction of the fluid
for the resonance wavelength Aspr and at the temperature T just above the gratings, /\ the period
of the grating and 0: the angle of incidence of the white light on the grating (Figure 8).

Therefore, the value of Aspr is directly related to the very local index of refraction of the fluid
just above the grating. Because white light passes through a glass plate with parallel faces
(Figure 8), the value of 6: depends only on n(A, T), on the angle 8a between the white light and
the glass and on the index of refraction of air n, through the following relation: n(A, T)sinfi =
na sinfa. During the experiments, the value of the angle 8a was estimated with an accuracy of
* 2°. The value of n, being very close to 1, the wavelength of resonance can therefore be
expressed:

Aser OA. (A, T) - sinda) (1)

Figure 10 presents an example of measurements of the reflected light on the grating in contact
with acetone vapor. The surface plasmon resonance (SPR) is clearly visible at a wavelength of
about 550 nm, where the reflectance is lower due to the absorption of light by the surface
plasmon. The angle 8a was estimated to 15° in this experiment. Given the period of the
grating A=760 nm, and n(A, T) [ for the vapour regardless of A and T, the calculated
wavelength of resonance is equal to 550 nm, which is consistent with the experimental
measurements. When the grating is in contact with liquid, the value of the index of refraction
depends on both the wavelength and the temperature of the liquid in the vicinity of the gratings.
The wavelength dependence of the refractive index can be evaluated using the Cauchy
dispersion formula [ 36]: n(A) = A+B.A24+C.A4 with A = 1.34979 (at T = 20 °C), B =
0.00306 and C=0.00006 for acetone and A in um. A linear variation of the refractive index
of acetone with temperature was determined in [ 37] n(T) = n(0°C) - 0.00050747T for



0°C < T < 60 °C. Combining these two expressions leads to the following expression for
the index of refraction of acetone:

n(\, T) = (1.34979 - 0.00050747(T-20)+0.00306A-2+0.00006A-4) )

The calibration reservoir (Figure 9 (a)) is used to calibrate the detector response as a function
of the saturation temperature. In contrast to the other experimental rig ((Figure 9 (b)) in which
the reservoir temperature is fixed at Tsae = 56 °C while the sample is heated to plot the boiling
curve, in the third reservoir, the saturation temperature of the reservoir itself is changed between
10 °C and 120 °C, with the sample fully immersed in the tank. For this reason, the reservoir has
to sustain the huge saturation pressure reached for high temperature of acetone. This experience
makes it possible to plot the SPR wavelength measurements versus the temperature of the
reservoir and thus to calibrate the temperature response of the optical system.

Figure 11 presents the SPR wavelength versus increasing and decreasing reservoir temperatures
for two different angles of incidence of the light on the glass slab (6a = 30° or 8a = 35°). By
integrating equation (2) in equation (1), Aspr can be calculated knowing the angle fa. As the
uncertainty on 6. is important in our experiment, the two values of 6a are fitted by
comparison with the experimental data. A good concordance is found between the
experimental and calculated wavelength of resonance (dotted lines) for two fitting angles
in the range of the experimental uncertainty (6a = 28.2° or 8a = 34.1°). For temperatures
above 100 °C, the experimental data tend to deviate from the theoretical curve, which is
probably due to the variation of the refractive index with temperature which can no longer be
considered linear in this range. It is possible to take this variation into account by including an
additional polynomial term of degree 2 in the refractive index. The factor in front of this term
is also estimated by comparison with the experimental data (solid line in Figure 11) leading to
the following expression for n(A, T):

n(\, T) = (1.34979 - 5.0747x10-+(T-20) - 3.622x107(T-20)2
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Figure 10: Example of SP resonance Figure 11: SPR wavelength in the liquid
measured by reflection of white light on phase versus Tsa for two different incidence

the grating in contact with vapor, 6, = 15°  angles; dotted line plotted with Eq. 2 and
solid line with Eq. 3

4.3. Plasmon resonance measurements to detect the boiling incipience



The SPR optical equipment was implemented in the pool boiling set-up (Figure 9 (b)). Figure
12 presents the evolution of the SPR for increasing heat flux imposed on the sample in contact
with the liquid phase, the saturation temperature being equal to 56 °C (1 bar). For each step of
heat flux, SPR is recorded when the thermal equilibrium is reached. The plasmon resonance
measurements was recorded for increasing heat flux. Contrary to the boiling curve presented in
Figure 6 (b), where the power is increased in relatively large steps of about 0.3 W.cm, for this
experiment, the steps of heat flux are about 6 times lower, in the hope of detecting a change in
the plasmonic signal and of following the formation of the nucleation at its site. A linear
decrease is observed with increasing wall temperature at the middle of the sample. At the ONB,
the explosive nature of the incipience prevents to record any change of the SPR. The detector
does not pick up the first moments of the growth of the bubbles because the bubble grows much
faster [ 2] than the minimum integration time of the optical system which is about 1 ms. An
ultra-fast spectrometer shall be used for this purpose. Then, once nucleate boiling has started,
the presence of the bubbles prevents the measurements of any signal due to the multiple
reflections and scattering of the light on the bubbles. Therefore, the method can only be used
for the natural convection part of the boiling curve.

The measurements show a deviation of the SPR towards shorter wavelengths with increasing
superheat. This evolution is due to the decrease of the refractive index of the medium when the
temperature of the fluid increases. For a given angle of incidence, the calibration low (equation
3) is compared to the experimental data presented in Figure 12. This comparison is shown in
Figure 13 for 8a = 32.9°. The figure shows a good agreement between the temperature of the
sample measured by the thermocouple and the temperature of the sample measured using the
SPR calibration curve for an incident angle of 32.9°.
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Figure 12: SPR wavelength for increasing  Figure 13: Comparison between the temperature

heat flux at the aluminium/acetone interface, of the sample measured by the thermocouple or

Tsat = 56 °C; 0, = 35° by the SPR method using the calibration
formula (Eq. 3)

To conclude this section, it can be said that the optical method based on SPR was not able to
detect the birth of the first vapour nuclei at the ONB due to the very fast growth of the bubble.
Moreover, the results show the interest of the method as a non-intrusive technique for
measuring the temperature of the liquid in the very vicinity of the wall, which offers important
perspectives for the study of many heat transfer phenomena such as natural or forced
convection, as it was mentioned in [ 32]. In the next section, the surface plasmon method is



tested to detect the first moment of the condensation on a surface and the last moment of
evaporation from a liquid film.

4.4. Plasmon resonance measurements in condensation and evaporation experiments

In order to evaluate the ability of the method to detect a change in the state of the fluid close to
the grating, the second boiling test rig (Figure 9 (b) was also used for condensation and
evaporation tests. For these experiments, the reservoir is filled with a small amount of liquid,
therefore the area of interest of the aluminium sample is in contact with vapour rather than
liquid. As the sample and the experimental rig were not designed for condensation experiments,
it is not possible to insert a cold source on face of the aluminium sample. The condensation
experiment was carried out by heating the glass surface of the reservoir, which creates a small
thermal imbalance within the reservoir, which is sufficient to enable the condensation of the
vapour on a cooler point of the system, in this case the aluminium sample. Prior to this
experiment, the sample is heated to remove any liquid adsorbed on the wall and the wavelength
of the SPR corresponding to this state is measured. Then, the surface of the reservoir is heated
and the SPR is recorded over time. The results of the experiment are presented in Figure 14 for
a temperature of the reservoir close to the ambient, i.e. 25 °C.
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Figure 14: SPR wavelength for an aluminium/acetone interface 8a =15°

Figure 14 (a) presents the reflection at an angle 8a =15° of the TM polarized white light
measured over the entire visible spectrum at different times varying from t =0 s to t = 570 s.
For ease of visualization, the results are spread over three different time periods in Figure 14
(b) to Figure 14 (d). At time t =0 s, the SPR is similar to the signal obtained when the aluminium
is heated and therefore in contact with vapour only. The wavelength at the SPR is equal to 550
nm. A time t = 570 s, the signal does not vary anymore and the surface is covered with a thin



liquid film visible to the naked eye. In these conditions the wavelength at the SPR is equal to
810 nm and is due to the refractive index of the liquid.

From time t =0 s to t =270 s, SPR wavelength increases from 550 nm to about 610 nm showing
the change of the refractive index due to the presence of condensation nuclei. Then, from time
t =270 s to t = 420 s, the intensity of the absorption decreases for Aspr = 610 nm, while at the
same time a new SPR wavelength appears for Aspr = 800 nm with an increasing intensity of
absorption with time at this wavelength. From time t=420s to t = 570 s, the absorption
intensity increases slightly while Aspr moves from 800 nm to 810 nm. These results are difficult
to interpret; the diameter of the light beam incident on the grating is of the order of 3 mm, which
means that the measurement area is large compared to the size of the gratings. Thus, the
reflected signal incorporates information about a very large area. Nonetheless, the preliminary
results clearly show the interest of SPR for the detection of the birth of the nuclei of
condensation on the wall, which is not possible with a classical optical method.

The experimental set-up used for the evaporation tests is the same as for the condensation. The
reservoir is filled with a small amount of liquid. The procedure consists of covering the surface
of the sample with a film of liquid by tilting the chamber horizontally and then tilting the surface
vertically again. The liquid initially on the surface flows by gravity and, due to its high
wettability on metals, a thin film of liquid adheres to the surface. Immediately after the wetting
procedure the absorption peak shifts to about 800 nm (liquid state). The response remains stable,
even after an hour's waiting time, because a very thin liquid film adheres to the wall. To
evaporate this liquid film, it is necessary to heat the sample using the heating resistor with a
heat flux of 10 W.cm™. Then, the evolution of the plasmonic signal is similar to that obtained
for condensation with the same intermediate steps but in the opposite direction.

S. CONCLUSIONS

In this paper, boiling, condensation and evaporation experiments were performed with
aluminium samples and acetone as the working fluid. In addition to the thermal analysis of the
results obtained with the different samples, experiments using an SPR sensor were carried out
to analyse the phenomena taking place at the interface between the metal and the fluid at the
nanoscale.

The first part of the article compares boiling curves obtained with different surface finishes,
namely unpolished, ultra-smooth, ultra-smooth with 10 unintended defects, ultra-smooth with
24 evenly distributed holes, and a grating coating. The new experimental results obtained with
controlled holes realized on a mirror polished surface confirm the conclusions of Al Masri et
al. [ 2], namely that ultra-smooth surfaces with a small number of imperfections deliver the best
thermal performance. Furthermore, a critical heat flux of 38 W.cm was reached and measured
with this surface. Surprisingly, the results obtained with the surface covered with a grating are
very similar to the surface with the holes. Further investigations are needed to improve the
understanding of these results, for example by increasing the number and the characteristic
length of the holes and by changing the depth and the period of the gratings.

The plasmonic method using a periodic corrugated surface was used to study different phase
change phenomena. SPR measurements were applied to an experiment of pool boiling during
the natural convection phase of the increasing heat flux. The SPR technique enabled a very
local measurement of the surface temperature in a non-intrusive way, following a calibration
process in a dedicated two-phase experimental rig. Apart from the deviation of the SPR
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wavelength due to the wall temperature increase, the experimental results show no
modifications of the refractive index of the fluid prior to the onset on nucleate boiling. However,
the time resolution of the spectrometer - of the order of 1 ms - is not able to record the very fast
incipience process of the bubble 1 ms before the ONB. Furthermore, the SPR method on a
corrugated surface cannot be used to analyse the fluid/metal interface state during nucleate
boiling, because the incident light is reflected by the bubbles. It might be interesting to test SPR
technique based on the attenuated total reflection method in a prism-based structure in these
conditions, in which the incident and reflected light would not be disturbed by the presence of
macroscopic bubbles on the surface.

In order to evaluate the ability of the method to detect a change in the state of the fluid close to
the grating in phase change conditions, condensation and evaporation experiments, which
characteristic times are higher than those of nucleate boiling were performed. The plasmonic
detection method (SPR) was used to monitor in real time the formation of a nanoscale
condensation film and the evaporation of an acetone film. In both cases, a large plasmonic
response shift was recorded, showing the liquid/vapour state change. This experiment
demonstrated the ability of the SPR method to detect the change in local media index at the
nanoscale. It is now necessary to deepen the analysis of the first experimental results to obtained
more quantitative results. This requires to calibrate the response of the sensors for different film
thickness.

This technique could be extended to the detection of the first frost seeds on a wall and to the
characterisation of surfaces that repel or promote condensation or icing. It could also be used
to study films adsorbed on a surface.
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