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ABSTRACT

Boiling is an effective heat removal process, used for heat exchange and thermal management purposes
in many technological applications, from the scale of microelectronic devices to nuclear reactors. How-
ever, the physical mechanisms involved in this process are not fully understood yet due to the complexity
that arises from the many interacting underlying sub-processes involved in the nucleation, growth and
detachment of bubbles that occur during the process. Here, we present an advanced methodology based
on combined, synchronized high-speed infrared (IR) thermometry, ratiometric two-colour laser-induced
fluorescence (2cLIF) and particle image velocimetry (PIV), along with sample results of an experimental
investigation conducted in deionized water, aimed at elucidating the mechanisms involved in the bubble
lifecycle. IR thermometry is used to measure the time-dependent 2-D temperature and heat flux distri-
butions over a boiling surface, and 2cLIF is used to measure the time-dependent temperature-field in a
vertical plane, in the liquid phase around developing bubbles. Furthermore, PIV is used to measure the
velocity fields around the bubbles, in the same plane as 2cLIF. The investigation reveals and allows us
to quantify fundamental heat transfer aspects such as the contribution of triple contact line evaporation
to the bubble growth process, the dynamics of the near-wall superheated liquid layer, the mixing effect
produced by bubble growth and departure, convection effects around the bubble, and quenching heat
transfer. Specifically, we observe that, in our experiment, with slowly growing bubbles, the microlayer
does not form, and the evaporation at the solid-liquid-vapour contact line contributes to approximately
one third of the total heat transferred to the bubble. We also observed that the fluid that rewets the dry
spot at the bubble base, as the bubble departs from the boiling surface, comes from the near-wall super-
heated thermal boundary layer adjacent to the bubble, i.e., it is warmer than the fluid in the bulk. We
confirm this finding by modelling this quenching heat transfer phase as a transient conduction process.
© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

to nuclear reactors and everything in-between. However, while its
use is widespread, fundamental questions of this complex phe-

Boiling heat transfer is ubiquitous in engineering applications
where large heat transfer rates need to be achieved. The list of ap-
plications is diverse and wide-ranging, and includes cooling sys-
tems for computer microprocessors and graphical processing units
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nomenon remain unanswered and the underlying physics are not
yet fully understood. The mechanisms involved are highly non-
linear, and micro-scale phenomena such as wetting at the triple
liquid-vapour-solid contact line may affect the macroscopic be-
haviour of the process, determining overall effectiveness. A better
understanding of these phenomena and their interplay, which is a
crucial requirement in the development of next-generation thermal
management systems, can be achieved using advanced computa-
tional tools, such as direct numerical simulation (DNS) codes (e.g.,
see Ref. [1]). These simulations can provide data that are other-
wise inaccessible, even with the most sophisticated measurement
techniques. However, even DNS codes often require sub-grid mod-
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Nomenclature

a Area [m?]

C Dye concentration [kg/m3]

D Bubble diameter [m]

f Bubble frequency [1/s]

h Enthalpy, heat transfer coefficient [J/kg],
[W/m2K]

I Light flux [W/m?]

K Area influence factor [-]

K Kernel matrix [-]

m Mass evaporation rate [kg/s]

N” Nucleation site density [1/m?]

q” Heat flux [W/m?]

R Ratio of fluorescence intensity, nucleation
site density reduction factor [-], [-]

R Cross-correlation coefficient [-]

s Temperature sensitivity coefficient [1/ °C]

t Time [s]

T Temperature [ °C]

u, v Velocities [m/s]

w Interrogation window dimension [m]

x, ¥, % ¥, X, Y, z Spatial coordinates/m]

Subscripts

0 Incident

a Absorption

b Bubble

C Convective

e Evaporation

err Error

F Fluorescence

FL Fluorescein

i, j, m, n Indices

1 Liquid

\% Liquid-vapour

p Particle

q Quenching

r Relaxation

sat Saturated

Jd Sliding conduction

SR Sulforhodamine

\Y Vapour

w Wall, Wait time

Greek symbols

o Fraction of available light collected [-]

e Effusivity, linear extinction coefficient [Ws%>/m2K],
[m/kg]

¢ Image spatial correlation coefficient [1/m]

A Wavelength, swirl [m], [1/s2]

“w Viscosity [Ns/m?]

& Image spatial correlation coefficient [1/m]

0 Density [kg/m3]

T Characteristic time scale [s]

© Fluorescence quantum yield[-]

w Vorticity[1/s]

els, e.g., models of the micro-layer that forms between the vapour
bubble and the heated surface as the bubble grows out of its cav-
ity, or the dynamics of the contact angle at the liquid-vapour-solid
contact line (e.g., see Ref. [2]) and, furthermore, two-phase DNS
tools have a computational cost that is still unaffordable for large-
scale applications. Complementary high-resolution experiments are
thus also necessary to inform the development of these sub-grid
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models, but also and importantly, to validate the entire DNS frame-
work, while providing useful data and insight in their own right.

The need for large-scale computational simulations to support
the design and safety analysis of engineering systems has fostered
the developed of modelling tools that describe the two phases
as interpenetrating media and the boiling process with closure
relationships (e.g., the boiling heat transfer coefficient) or, more
recently, mechanistic models. In fact, most mechanistic models
rely on the so-called wall heat flux partitioning approach, which
consists of summing the energy removed by the different heat-
removal mechanisms expected during the stages of nucleation,
growth, and after the departure of bubbles. The simplest heat par-
titioning scheme for pool boiling consists of three terms, associated
with the evaporation of vapour, the quenching of the heated sur-
face when the bubble departs from the surface and the bulk liquid
rewets the dry spot formed after the micro-layer has evaporated,
and the single-phase natural convection occurring in the regions
of the heated surface with no active nucleation sites.

Typical heat partitioning models, e.g., the so-called RPI model
[3], comprise three contributions, i.e., evaporation, quenching and
single-phase convection, which are evaluated, respectively, as fol-
lows:

T
q¢ = FN" Dy pvhy (1)
/"o " l 22 tﬂ _ 2
gy = IN'KZ D326 | 2 (T~ T) )
7~ (1= N'KED2\ho (T, — T 3
qc = - 4 (Tw =Tp) (3)

where N” is the nucleation site density, f is the bubble departure
frequency, Dy, is the bubble departure diameter, py is the vapour
density, h;, is the latent heat of evaporation, ¢ is the effusivity of
liquid water, ty, is the wait time, T, is the wall temperature, h¢ is
the single-phase convection heat transfer coefficient, and T is the
bulk (far-field) temperature of the liquid.

In the relations above, the area influence factor, K, accounts for
the fact that when a bubble departs, it carries away the super-
heated thermal boundary layer from an area larger than /4 Dg.
Typically K = 4, that is, the diameter of the influence area is twice
the bubble departure diameter [4]. More recently, Basu et al. [5],
Yeoh et al. [6], and Gilman and Baglietto [7] have introduced a
fourth term, in order to account for additional heat transfer mech-
anisms associated with the sliding of bubbles on the boiling sur-
face. In Gilman and Baglietto [7], this sliding bubble term is evalu-
ated as:

t
e = Re N”f aq2¢y, | ;W(Tw -T) (4)

where ag is the area influenced by sliding bubbles and Ry is a nu-
cleation site density reduction factor.

The nucleation site density reduction factor used in this expres-
sion accounts for the bubbles that coalesce with sliding bubbles as
they sweep over other active nucleation sites. Most of the param-
eters in the heat flux partitioning terms can be measured using
infrared thermography [8,9]. However, there are still many open
questions related to the characterization of the fluid parameters,
e.g., what is the re-wetting temperature T; during quenching heat
transfer? Is it the bulk temperature, or it is higher than that? And
what are the physical mechanisms that determine the mixing of
liquid at the bubble base following the detachment of a bubble
from the heated surface and its rise in the fluid?

A few studies in literature have addressed these questions us-
ing advanced diagnostics. Non-intrusive rainbow schlieren deflec-
tometry was employed by Narayan et al. [10] to study the liquid
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temperature distribution around nucleating and departing single
bubbles. When using this technique, collimated light is deflected
by thermal gradients present in the liquid, and a colour filter is
used to correlate the thermal gradient magnitude to the colour
hue, which is captured by a high-speed camera. The formation of
the thermal boundary layer and the mixing of the superheated lig-
uid by the departing bubbles could be observed, and the contri-
butions of each heat transfer mechanism was estimated. A draw-
back of this technique is that the deflection of the light depends
on the three-dimensional path of the light rays, thus the measure-
ments are not purely planar. Interferometric measurements were
conducted by Yabuki et al. [11] using a He-Ne laser and a Mach-
Zehnder interferometer to determine the thermal field around the
vapour bubble during its growth and detachment at a spatial res-
olution of 27 pm/pixel and 4000 frames per second. They could
observe the presence of superheated liquid surrounding the bub-
ble and the formation of a warm liquid plume at the trail of the
rising bubble, but the spatial resolution was not enough to capture
the liquid temperature gradient at the bubble interface. The hy-
drodynamic interactions between the bubble and the liquid were
studied by Takeyama and Kunigi [12] through particle tracking ve-
locimetry of the liquid. They found that the bubble growth and de-
parture pushed and pulled the liquid near the substrate in the hor-
izontal direction, and no vertical mixing of superheater liquid near
the heater was generated. A subsequent study by Takeyama et al.
[13] placed thermocouple probes at 10 and 100 pm above the sur-
face to observe the liquid temperature variations during nucleate
boiling for single and multiple nucleation sites. They observed that
the liquid convection created by the bubble interface movement
could only peel off the viscous liquid sublayer in contact with the
substrate when bubble coalescence occurred close to the boiling
surface.

In this work, we discussed the development of an experimental
platform that we created to seek an answer to questions related
to the heat transfer mechanisms involved in nucleate boiling. This
platform involves the use of non-intrusive high-resolution diagnos-
tics. Precisely, we combined infrared (IR) thermometry, two-colour
laser induced fluorescence (2cLIF) thermometry, and particle im-
age velocimetry (PIV) to shed light on the dynamics of the bubble
growth process. Hereafter, we discuss the principles and the im-
plementation of these techniques, focusing on the 2cLIF thermom-
etry and the PIV, and show samples results related to a single bub-
ble experiment conducted in pool boiling in saturation conditions
at atmospheric pressure. As we discuss in the experimental re-
sults, we critically analyse the current limitations of this approach,
which will be addressed in future developments.

2. Experimental methods
2.1. Boiling cell apparatus

The experimental apparatus and the instrumentation employed
for the nucleate boiling experiments are schematically illustrated
in Fig. 1. The boiling cell operated at atmospheric pressure and
was filled with a solution of deionized (DI) water and the fluo-
rophores used for the two-colours laser-induced fluorescence diag-
nostics. The cell was brought to its saturation temperature by cir-
culating a warm bath fluid around the boiling cell. The fluid tem-
perature inside the cell was monitored by two K-type thermocou-
ples, one placed adjacently to the heater and the other above it.
Four quartz windows symmetrically distributed around the heater
laterals provided optical access to the high-speed video (HSV) cam-
eras and the laser sheet. An IR camera was used to measure the
temperature distribution on the boiling surface from the bottom of
the cell, as shown in Fig. 1.
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Fig. 1. Schematic illustration of the experimental apparatus and the equipment
used for the nucleate boiling experiments.

2.2. Heater

The heater comprises a nano-smooth sapphire substrate coated
by a 500 nm thick Titanium film. This titanium film is opaque to
light in the 3 to 5 um wavelength range. It is in contact with water
and serves as a Joule-effect heater. Silver pads were deposited on
top of the sides of the Titanium coating to provide electrical con-
nections necessary to uniformly energize the heater. The schematic
illustration of the heater deposited layers is shown in Fig. 2(a).
Sapphire is semi-transparent in the IR range. The thin film tita-
nium coating has negligible thermal capacity and thermal resis-
tance and emits infrared radiation at an intensity that increases
monotonically with temperature. This arrangement allows to im-
age precisely the temperature changes induced by the boiling pro-
cess that occur right at the interface between the wall (i.e., the
titanium film) and the liquid. The heating element geometry was
designed to generate a 3 x 3 mm hotspot at its central portion, as
indicated in Fig. 2(b). The side voltage taps shown in Fig. 2(b) are
used to determine, combined with measurements of the electric
current circulating through the heater, the electrical power deliv-
ered to the hotspot region. An artificial nucleation site was created
at the middle of the hotspot region by etching the sapphire sub-
strate with a focused ion beam. The nucleation site comprises four
cavities of 10 um diameter by 30 um depth arranged in a square
lattice, as shown in Fig. 2(c). The cavities were coated with PTFE
polymer to make the artificial nucleation site hydrophobic and fa-
cilitate the bubble nucleation.

2.3. Laser-based and infrared imaging equipment

A single cavity of a pulsed high-speed Nd:YLF green laser
(527 nm) with 20 mJ per pulse operating at 2.5 kHz was used
to excite the fluorophores. Dedicated optics were connected to the
laser head to generate a thin sheet of light and to define the mea-
surement volume of the PIV and LIF techniques. The thickness of
the laser sheet is 211 pm. This measurement was conducted by
using a sharp razor blade connected to a plate with a traversing
mechanism and coated with a black dye to avoid any laser reflec-
tions. See Appendix A.1 for more details.

Two high-speed (HS) cameras were connected to a pellicle
beam splitter (reflectance: 45%; transmittace: 55%) and a Nikon
105 mm lens. An extension tube was connected between each
camera and the beam splitter, which also acted as a holder for
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Fig. 2. Heater used in the investigation: (a) schematic illustration of the heater arrangement and materials (not to scale), (b) actual picture of the heater and (c) scanning

electron microscope image of the cavities.
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Fig. 3. Absorption (dashed lines) and emission (continuous lines) spectra of the flu-
orescent dyes and particles employed in the 2cLIF and PTV measurements, respec-
tively, as obtained from the manufacturers. The laser light wavelength is noted with
the vertical dotted black line.

the optical filters. Different optical filter arrangements (combina-
tions of short, long and notch filters) were used for each camera
to visualize each fluorescent dye separately, as shown in Fig. 3.
The first camera, CAMp_ (Phantom V12.1), recorded the fluores-
cent intensity of the temperature-sensitive fluorescent (fluores-
cein disodium; henceforth denoted as FL) dye (Band 1 in Fig. 3),
while the second camera, CAMsg (Phantom V25.12), recorded flu-
orescence intensity of the temperature-insensitive (sulforhodamine
101; henceforth denoted as SR) dye (Band 2 in Fig. 3). The setup al-
lowed achieving a pixel resolution of 14 pm/pixel and 9.5 pm/pixel
with the CAMp_ and CAMsg cameras, and a temporal resolution of
0.4 ms. Both cameras have a sensor size of 1280 x 800 pixels with
12 bits per pixel.

A Telops M3k high-speed infrared camera was used to image
the boiling surface through the sapphire substrate. The infrared ra-
diation emitted by the heater is reflected by an IR mirror made of
gold. The pixel and temporal resolution of the IR camera setup are
31 pm/pixel and 0.4 ms, respectively. The maximum camera sensor
size is 320 x 256 pixels with 16 bits per pixel.

A high-speed controller was used to synchronize the triggering
signal for the laser light, high-speed video cameras, infrared cam-
era and the heater power generation. The cameras and the laser
are synchronized to operate at a frequency of 2.5 kHz. The boiling
experiments are run in a transient manner to capture a single iso-
lated bubble and avoid any interaction effects. The camera record-
ings and the laser pulses are started when the heater is initially
off, and the liquid phase is quiescent. The heater is turned on af-
ter 200 ms of recording time and its temperature rises to a level
where bubble nucleation occurs. It is important to capture the for-
mation of the first bubble because the thermal boundary layer that
is formed on top of the heater remains undisrupted. This proce-
dure allows to suppress bubble interaction effects and guarantees
that the bubble will be initially surrounded by a superheated liquid
layer when it nucleates.

2.4. Techniques

2.4.1. Two-colour laser-induced fluorescence

Laser-induced fluorescence (LIF) can be used to obtain point-
wise scalar measurements of temperature in the liquid phase (wa-
ter). These measurements are achieved via spatiotemporal record-
ings of the fluorescence of a tracer (specifically an organic dye)
that possesses a highly temperature-dependent quantum yield
and/or absorption coefficient at the excitation wavelength. A colli-
mated beam of light (at the absorption wavelength A;) of uniform
depth in the z direction is absorbed when passed through a fluo-
rescent solution, and the absorption for a beam path dxdy can be
described as [14]:

3%lo(x.y) = —& C Ip(x, y)dxdy (5)

where Iy (W/m?2) denotes the incident light flux at point (x,y)
along the beam path, ¢ (m/kg) is the linear extinction coefficient of
the dye and C (kg/m3) is the dye concentration, which is assumed
uniformly mixed in the fluid.

We work with a pulsed high-energy laser with a laser-pulse du-
ration of the order of a few ns, where the fluorescence is no longer
proportional to the excitation intensity (# (If o Iy)), most fluores-
cent molecules in the beam path are excited, and the fluorescence
intensity becomes less dependent on the excitation intensity. The
fluorescence intensity received by the optics is then given by:

I(x.y)
1+1Io(%,y)/Isat

where « is the fraction of the available light collected, Iy is the
saturation intensity of the fluorescent dye, reported typically in

?=aCoe axdy (6)
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the order of MW/cm? [11-13], and ¢ is the fluorescence quantum
yield.

In this work, the liquid temperature measurements need to
be performed in the presence of moving vapour-liquid interfaces
(growing bubbles), which exhibit strong refractive index gradi-
ents, resulting in unpredictable spatial and temporal fluctuations
of Ip(x,y) that stem from reflection and refraction of the incident
light on the liquid-vapour interface, but also on the liquid-solid
surface (reflections of the laser light on the outer layers of the
heater). In order to decouple those effects from Eq. (6) and pre-
vent erroneous measurements close to the phase boundaries, a
ratiometric two-colour laser-induced fluorescence (2cLIF) method
is implemented by employing a pair of fluorescent dyes, namely
a dye with a temperature-dependent fluorescence (fluorescein
disodium; henceforth denoted as FL) at a mass concentration
Cr. = 2.695 kg/m3, and a dye with a fluorescence independent
of temperature (sulforhodamine 101; henceforth denoted as SR) at
a mass concentration Csg = 0.15 kg/m3. Their concentrations are
kept constant throughout the experiments, as the water volume in
the cell is maintained at the same level between each run, while
both FL and SR are heavy molecules and can be assumed not to
evaporate.

Each dye is collected separately with a high-speed camera us-
ing appropriate optical filters (see Section 2.1.4). Their absorption
and emission are shown in Fig. 3 together with the detection band
of each camera. FL is selected, because it retains a high tempera-
ture sensitivity, even at Iy > Is3. The dyes have also been selected
in such way to avoid spectral mixing (see Fig. 3). Neglecting those
effects, the ratio of the signals Itz and I¢g in the two detection
bands 2 and 1, respectively, can be derived from Eq. (6) and ac-
cording to Chaze et al. [16], as:

esp Cor 1+ 1o
o == = — (7)

epL Grr 1+ o

Isa[.SR

It sk
R= ===
IS

where the last term denotes the saturation ratio Rg,:. As the exper-
iments are performed with Iy ~ Is5¢ (partially saturated regime), we
find from Eq. (7) that the ratio R(Rg, £(T)) is only dependent on
the fluid temperature via the extinction coefficient of FL. Note that
the 2cLIF technique is suitable for imaging only half of the por-
tion of the liquid adjacent to each bubble because the laser light
is obstructed by the reflections at the liquid/vapour interface. For
the same reason, this technique is restricted for imaging a single
bubble at a time provided that the light path is not obstructed by
bubbles growing adjacently to the region of interest.

2.4.2. Particle image velocimetry

Particle image velocimetry (PIV) is used together with the 2cLIF,
to allow us to obtain simultaneously a two-dimensional field of
two-component velocity vectors, u and y, along the longitudinal
(x) and lateral (y) directions. The displacement of tracer parti-
cles between two singly exposed successive images (at time in-
stance t and t + At) is computed by performing space-time cross-
correlation in small areas (interrogation windows) with dimen-
sions W. A two-dimensional correlation map is obtained for each
window, as:

R(AX) = f e (Ol ac (X + AX)dX (8)
w

and the most prominent value of R in each window dictates the
displacement vector U = AX/At of the tracer particles.

The velocity vector of the particles and the liquid will be iden-
tical (allowing us to obtain the velocity of the water) when the
particles Stokes number is significantly smaller than unity St, =
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/Ty < 1, i.e,, the relaxation time of the particles is significantly
smaller than the characteristic time-scale of the flow field, 7y « Ty,
where 7, = ppd§/18ul (pp is the particle density, d, is the parti-
cle mean size, and y, is the liquid viscosity), while 7y = 0{0.1} s
is the time scale of the flow induced by the bubble growth. We
use polystyrene fluorescent tracer particles (pp =~ 1000 kg/m3, dp, ~
10 pm) with spectral properties shown in Fig. 3 (all properties re-
ported as given by the manufacturer: MicroParticles), resulting in
Stp = 0{107>}, i.e,, any tracing errors can be neglected [17]. Dye
leaching of the polystyrene particles is observed due to the ele-
vated temperatures of the water. However, the short duration of
the experiment ensures that enough particles are present to per-
form PIV measurements, despite their initial low concentration
(below 0.01 M), which is selected to avoid any interference of
the tracers with the nucleation process [18], as demonstrated in
Appendix B.3. Particle tracking velocimetry (PTV) measurements
could also be considered but is not deemed necessary from the re-
sults of the PIV error analysis, which are discussed in Section 4.2.

2.4.3. Infrared thermography

The high-speed infrared camera is used to record the radiation
emitted by the opaque thin film titanium heater within the range
of 3 - 5 pym wavelength. In this range, the sapphire substrate par-
tially absorbs and re emits the infrared radiation and its absorption
coefficient is highly dependent on the infrared light wavelength.
Thus, the presence of sapphire contaminates the infrared radia-
tion emitted by the thin titanium film. Additional contamination
is caused by the reflection of the background radiation. To over-
come this issue, we developed a calibration technique that consist
in solving an inverse problem coupling 3-D heat conduction and
2-D optical radiation. For the details of this technique and its im-
plementation, the reader is directed to Ref. [19]. Using this tech-
nique, we can reconstruct from the total radiation, the individual
emission contributions from the thin film heater, semi-transparent
substrate (sapphire) and background reflections. This allows mea-
suring the time-dependent temperature distribution on the boiling
surface, as well as the distribution of the heat flux from the solid
to the fluid, liquid or vapour.

3. Image analysis, data postprocessing and measurement errors
3.1. Laser-based measurements

3.1.1. Spatial calibration and corrections

To transform the image coordinates (X, ¥) to physical coordi-
nates (x, y), we record images of a calibration plate, with a grid
of printed dots of known size and separating distance, using a
back light. The calibration plate is fitted on a 3-D printed bespoke
holder and is placed in the field of view of the cameras and at
the middle plane of the heater surface (i.e., z = 0). Using these im-
ages, and neglecting any geometrical aberrations, the location of
each grid point in the image plane coordinates is tracked using
the DaVis 10.0 software environment provided by the laser sys-
tem manufacturer (LaVision). Using the same software, 3rd-order
polynomial functions d% and dy with variables X and Y are fitted,
expressed as:

3 3
=73 % &X'y (9)

i=0 j=0

3 3

dj = Z Zéij/\"yj (10)
i=0 j=0

where the coefficients ¢ and & are obtained by the least-square

method for each camera. The standard deviations of fit are

2.65 pixels and 2.27 pixels for the SR and FL cameras, respectively.
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Liquid temperature field, 2cLIF

Fig. 4. Image analysis procedure followed for the simultaneous two-colour laser-induced fluorescence (2cLIF) and particle image velocimetry (PIV) measurements: (a) spa-
tially corrected image of SR camera, I;sg; (b) spatially corrected image of FL camera, Iz ; (c) ratio, R, of the spatially corrected images (a) and (b); (d) image (a) subtracted
from its own sliding average; (e) non-linear dilatation of (d); (f) filtered particles after masking the bubbles interface; (g) ratio R with masked particles (multiplication of (f)
and (c)); (h) PIV velocity field/streamlines; (i) interpolated image of (g); (j) converted temperature field from (i) using the corrected equation of Fig. 5; (k) median filtering
in 9 x 9 pixels? areas of (j); (1) mean filter over 19 x 19 pixels? areas of (k); (m) combined visualization of the liquid velocity and temperature measurements. The scale bar

in (a) corresponds to a length of 1 mm.

The final mapping of the coordinates results from:

K=x—dR(X(x),Y(¥)) (11)

y=y-dj(x(x).Y¥)) (12)

with X (x) =2(x—364.7)/1280) and Y(y) = 2(y —384.9)/800).
This procedure compensates automatically for camera misalign-
ment and distortion due to refraction by the interfaces and pro-
vides pixel-to-pixel correspondence between the two cameras
(which is necessary as the two cameras have a different pixel res-
olution), which is impertinent to implementing the 2cLIF method
(see Eq. (7)). A similar procedure is discussed in detail in Sakak-
ibara and Adrian [20]. The final dewarped images (i.e., for both
cameras) have a pixel resolution of 86.0 pixels/mm and a size of
1313 x 883 pixels?. Figs. 4(a) and (b) illustrate the raw, spatially
corrected images of the SR and FL cameras, respectively. Note that
the PIV particles are visible on both cameras.

3.1.2. Liquid-vapour phase field

We masque the images manually, following the points of re-
flections and refractions along the perimeter of the bubble, and
smooth the manually drawn areas using a two-dimensional convo-
lution of the masque I, (x.y) and a kernel matrix K (m, n) (i.e.,
a 5 x 5 array, with values equal to 1/25), providing the smoothed
masque as:

Imask (X, y) = ZZ’C(m’ n) ‘imask(x_m+ Ly-n+1) (13)
m n

This method is found to provide reliable and pixel-accurate
masking of the bubbles. However, for future investigations, we may
consider combining these laser techniques with backlit shadowgra-
phy to obtain the exact location of the liquid-vapour interface with
a simple edge detection algorithm.

3.1.3. Liquid velocity field

The images are pre-treated to isolate the particle signal and
perform the PIV measurements. The images are filtered with a slid-
ing average of length scale equal to 5 pixels using DaVis 10.0 (LaV-
ision), computing the average at pixel i as:

I;(i) = 0.8I;(i — 1) + 0.2I(i) (14)

The filter is applied four times (along both x and y directions,
i.e., left to right, right to left, top to bottom and bottom to top)
through the image. The effect is a sliding average, where each new
pixel is added with a small weighting factor. The resulting image
is then subtracted from the initial image, acting as a high-pass fil-
ter, filtering out the local mean background intensity and leaving
only the local fluctuations, i.e., the particle signal. The subtracted
sliding average image is shown in Fig. 4(d). These images are then
used (after being joined with their phase-masked equivalents) for
the multi-pass time-resolved cross-correlation (Eq. (8)), which is
implemented within DaVis 10.0. The first pass is performed with
non-weighted windows W of 256 x 256 pixels? with 50% overlap
(interpolated vectors), followed by four passes with non-weighted
windows of 128 x 128 pixels? with 75% overlap, resulting in a vec-
tor spacing of 0.37 mm. Postprocessing is employed only in the
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Fig. 5. Calibration curve showing the fluorescence emission intensity ratio, Isg/Ig.,
as a function of the liquid temperature T, which was measured with a thermocouple
of £0.1 °C accuracy, in a mixed bulk of uniform temperature.

final pass, applying a universal outlier detection over 5 x 5 pix-
els? areas and interpolating all empty correlation windows outside
of the masque. This step is particularly important, due to the low
particle concentration.

3.14. Liquid temperature field

The first step before following the 2cLIF analysis is to re-
move the tracer particles from the untreated ratiometric image
(Fig. 4(c)), which is achieved by applying a non-linear dilatation
filter to the image of Fig. 4(d) (implemented via DaVis 10.0) over
7° x 7° pixels? areas, sorting all elements according to their inten-
sity. The elements are stored back in their respective area, stor-
ing the next after the middle element as the new central pixel
(Fig. 4(e)). This non-linear operation tends to change the mean im-
age intensity and therefore this image should not be used within
the intensity-based 2cLIF algorithm, but merely for masking the
particle signal out of the images by thresholding.

The images are then passed on to MATLAB (MathWorks). The
non-particle pixels are filled with the values of the initial ratio-
metric image, while the particle pixels are replaced by NaN values
(Fig. 4(g)). Then, the NaN values are interpolated using the Lapla-
cian equation in the equally spaced grid, as:

32 02l
429 (15)

dx2 + dy?
This partial differential equation is solved for any node in the
grid with finite differences, replacing the NaN pixel values by the
average of its four neighbours. The resulting image, Fig. 4(i), is
identical (same intensity) as the initial ratiometric one (Fig. 4(c)),
but with the NaN pixels (from the particle signal) interpolated.
The untreated temperature field of Fig. 4(j) is then achieved
by performing a spatially resolved calibration over 30 x 30 pix-
els?2 windows (to minimize random errors), eventually transform-
ing pixel counts to absolute temperatures. The spatially resolved
calibration curve is obtained at the end of the experimental runs,
by cooling down the liquid uniformly (isothermal condition en-
sured with the presence of the two thermocouples and a mixer)
and recording 500 images at various reference temperatures, span-
ning a range of about 15 °C. It has been shown that the relation-
ship between the temperature and the ratio of SR and FL can be
described accurately by a linear fitting [11,13], as it is shown for
our work in Fig. 5 for a typical window. The coefficients of deter-
mination are found above 0.98 throughout the whole region of in-
terest, giving confidence in the linear fitting used. The ratio of the
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fluorescence signal variation at T and Ty can be described as:

T _ expls - (T - Ty) (16)
Ii

-10

where s is a coefficient describing the temperature sensitivity and
is equal to: s = 1/I;- dly/dT or ~1.9%/°C (slope of the curve), which
is lower than the previously reported values for these dyes [9,11].

It has been found that sulforhodamine 101 (or its 640 equiv-
alent) degrades at elevated temperatures [15]. We, therefore, kept
the overall duration of the experiment, including the measurement
and calibration runs, below 60 min to prevent such effects. Nev-
ertheless, it is found that degradation is impairing Isg early on
and for this reason, we correct for the thermal degradation ef-
fects depending on the acquisition time of each run (see more
details in Appendix B.1). The corrected curve is also shown in
Fig. 5 for the same typical case and location. The corrected cali-
bration curve exhibits sensitivity values of about 2.8%/ °C, which is
very close to the reported literature values. Photodegradation ef-
fects are not considered. Both dyes are found to photodegrade, but
at substantially higher pulse numbers than those used throughout
the whole experiment (see more details in Appendix B.2). Finally,
the temperature field is smoothed using a median and a mean fil-
ter (Figs. 4(j)-(1)).

3.2. Infrared thermography

Processing of the images collected by the infrared camera is
performed using the calibration algorithm introduced in Section
2.4.3 and discussed in detail in Ref. [19]. The calibration algorithm
allows for measurements of the time-dependent temperature and
heat flux distributions over the boiling surface. The triple contact
line at the bubble base was tracked by simply using an adaptive
threshold binarization of the heat flux maps. This is possible be-
cause, at the solid-liquid-vapour contact line, the heat flux from
the solid to the fluid is significantly higher than the average heat
flux, as discussed in the results section of this paper. Also, the heat
flux at the dry spot formed underneath the bubble is significantly
lower than the heater regions occupied by the liquid phase and
the solid-liquid-vapour contact line. Thus, the infrared thermogra-
phy measurements exhibit three distinct regions according to the
heat flux intensity (e.g., see Fig. 9) that can be easily identified us-
ing a simple image thresholding. The spatial accuracy of the image
segmentation procedure was later verified visually by checking the
superposition of the segmentation with the heat flux distribution.

3.3. Data reduction and measurement errors

The bubble size is quantified by the equivalent bubble diam-
eter (i.e., the diameter of a spherical bubble with the same vol-
ume). The bubble volume is estimated through the bubble masque,
by assuming a symmetry of revolution. We estimate that this ap-
proach has an uncertainty between 2 and 10%, encountered during
the final (larger size) and initial (smaller size) times of the bubble
growth, respectively. These uncertainties are calculated by measur-
ing the standard deviation of the bubble size obtained through the
manual edge detections over 20 trials of the same time-instance.
This uncertainty could be reduced by the used of backlit shadowg-
raphy, which will be implemented in future investigations.

The K-type thermocouples used to measure the water temper-
ature have a +0.1 °C uncertainty, provided by the manufacturer
(Omega) for this range of conditions, with a time-response of order
O{1} s, which is of same order as the time-scales required to mon-
itor, i.e., ensuring temperature homogeneity between the heater
surface and the top of the field of view of the high-speed cameras
during the measurement and calibration runs.
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It was not possible to derive the error propagation formulas
of the 2cLIF method for instantaneous temperature measurements,
due to the plethora of parameters that affect it, e.g., alignment
of equipment, laser-sheet thickness, pulse to pulse variation, dye
types, dye concentrations, thermal and photo-degradation effects,
spectral mixing, calibration procedure, image analysis and filtering.
Nevertheless, a diligent approach to optimize the aforementioned
parameters was followed, in order to minimize 2cLIF measurement
errors. We estimate a +1 °C absolute uncertainty in the liquid tem-
perature (T;) for the instantaneous measurements in the range of
conditions of interest. Sakakibara and Adrian [20] and Shafii et al.
[21] reported uncertainty values of +1.5 °C and +0.8 °C for instan-
taneous 2cLIF temperature fields, respectively, albeit different dye-
pairs employed, which resulted in approximately half the sensitiv-
ity compared to the 2.8%/ °C achieved in our work. More recent
works report uncertainties below +£1 °C when using the same dye-
pair (which results in a similar measurement sensitivity) as our
work [11,13].

We use DaVis 10.0 to quantify the instantaneous velocity un-
certainties of the PIV measurements, using the method by Sciac-
chitano et al. [22]. Fig. 6 illustrates the velocity (Fig. 6(a)) and its
gradients (vorticity and swirl, Figs. 6(b) and (c)), as well as their
associated errors for a typical time-instance of the nucleation of
a second bubble during the transient run at a nominal heat flux
of 125 kW/m?. During the nucleation and departure of the bubble,
the errors of both velocity components (Figs. 6(f), (g)) and velocity
magnitude (Fig. 6(e)) do not exceed 20%. As shown in Fig. 6(e) and
(g), the errors are higher in the vertical velocity component at the
top part of the departing bubble, which are also accompanied by
low correlation values (< 0.5) (Fig. 6(d)).

The uncertainty in the local temperature measurement on the
boiling surface is estimated to be approximately 0.5 °C, and it is
practically determined by the uncertainty of the thermocouples
used for the calibration of the infrared camera. Instead, the un-
certainty on the local heat flux, obtained through the solution of
the inverse conduction-optical radiation problem is estimated to
be about 10% of the average value for the experimental measure-
ments presented in this paper.

4. Results and discussion

Fig. 7 depicts the bubble equivalent diameter and the bubble
base diameter for a test with a heat flux of ¢” = 125 kW/m?,
extracted from the high-speed video and infrared images, respec-
tively. Under this condition, the first bubble appears 285 ms af-
ter the heater power is turned on. The bubble nucleates at a wall
superheat ATy of 4.2 K (due to the presence of the engineered
hydrophobic site of nucleation) and has a total growth time of
149.6 ms and a departure diameter of 3.06 mm. According to the
model of Mikic, Rohsenow and Griffith [23], the transition between
the inertia-controlled and the thermally-controlled growth for a
bubble nucleating at ATy of 4.2 K occurs approximately at 15 ps.
Thus, for the conditions of this study, the bubble growth should
occur almost entirely in the thermal diffusion limited regime, i.e.,
the bubble growth rate is determined by the heat diffusion in
the superheated liquid. The growth in the thermal diffusion lim-
ited regime is also confirmed by the large differences between
the equivalent and the base diameters (see Fig. 7). After about
10 ms, the bubble base diameter remains fairly constant and does
not follow the growth of the equivalent diameter. We also found
a fairly good agreement between the theoretical growth rate (in
the thermal diffusion limited regime) predicted by the model of
Mikic et al. [23] and the experimental results, as the predicted
and measured bubble equivalent diameters are D(t) = 10.03+/f and
D(t) = 8.93+/t (where D is in mm and ¢ is in s), respectively.
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time-instance during the nucleation of a vapour bubble at 125 kW/m?.
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Fig. 8. Bubble heat transfer rates (left) and expansion rate (rate) for a bubble growing with a heat flux input of 125 kW/m?.

4.1. Energy removed by the bubble

The rate of energy transferred to the bubble is proportional to
its growth rate and it can be expressed as:

2
%®=mMF<mm?)%§»hw (17)

where py is the water vapour density at saturation temperature
and hy, is the latent heat of evaporation. The heat transferred from
the wall to the bubble is estimated from the infrared diagnostics
by integrating the heat flux maps underneath the bubble foot-
print (i.e., within the area defined by the liquid-vapour-solid con-
tact line) in space and time. Ideally, the heat transferred from the
liquid to the bubble at the liquid-vapour interface (i.e., far from
the wall) could be calculated from the 2cLIF temperature gradi-
ents using Fourier’s law. However, the relatively low spatial res-
olution that we could achieve (compared to the thickness of the
thermal boundary layer in the liquid) make this estimate currently
impossible. Still, the contribution from the liquid heat transfer to
bubble was estimated as the difference between the total heat ab-
sorbed by the bubble (evaluated through Eq. (17) and the mea-
sured equivalent diameter) and the heat removed from the wall
(measured with the infrared thermometry technique). The compar-
ison between the net heat absorbed by the bubble and the heat
transferred to the bubble from the wall and the liquid vs. time is
shown in Fig. 8 (left), whereas the bubble expansion rate is shown
in Fig. 8 (right).

From Fig. 8 (left), we verified that the bubble heat transfer rate
quickly increases to 0.25 W after 24 ms of the nucleation and then
plateaus until the bubble departure. At the initial stages of growth,
the heat transferred at the wall (e.g., due to the evaporation at the
liquid-vapour-solid contact line) is quite low, and the growth of the
bubble is driven by the evaporation of the superheated liquid that
surrounds the liquid-vapour interface. As the bubble base grows,
the length of the triple contact line increases and the contribution
of the wall heat transfer increases until, at approximately 24 ms,
the bubble base stops growing. At this point, the value of the heat
transferred from the wall starts to oscillate. These oscillations seem
to be cause by radial oscillations of the bubble base (and conse-
quently of the length of the solid-liquid-vapour contact line). This
behaviour is typical in bubbles growing at a low growth rate, such
as the one discussed here (see Fig. 8, right).

The stabilization of the total heat absorbed by the bubble occur-
ring at approximately 24 ms coincides with the stabilization of the
bubble base diameter (see Fig. 7) and the plateau of the expan-
sion rate before its departure. The results from Fig. 8 reveal that
the evaporation of the triple contact line contributes on average
to 32% of the total heat absorbed by the bubble. Furthermore, the

total heat removed by the bubble can be obtained from:

G
%=/%mm (18)
0

The results indicate that the bubble removed 32.6 mJ] of heat
at an average rate of 0.22 W. Considering that the average bubble
base diameter is 0.81 mm, the average heat flux removed by the
bubble from the surface is estimated as 416 kW/m?, or approxi-
mately 3.3 times greater than the applied heat flux.

4.2. Liquid/wall temperature fields and liquid velocity field over the
bubble lifecycle

The various stages of the bubble lifetime, starting from its in-
ception, throughout the bubble growth until its detachment from
the heated surface were captured simultaneously with the 2cLIF, IR
and PIV techniques. An example of these synchronized measure-
ments is shown in Fig. 9 at time instants, where the bubble de-
tachment occurs at t = 149.6 ms (Fig. 9(d)).

Using the ratiometric 2cLIF method we obtained the tempera-
ture fields in the bulk and close to the bubble interface. Relatively
small temperature gradients were recorded in the bulk and away
from the bubble. Note also the passage of a cold liquid plume of
liquid (at approximately 95 °C) far away from the heater on the
top of Fig. 9 for t larger than 69.2 ms.

At the early stages of the bubble life (Fig. 9(a)), the bubble
growth rate is relatively high, and the rapid expansion of the bub-
ble interface pushes the surrounding liquid radially outward. The
liquid temperature field in Fig. 9(a) reveal the presence of a super-
heated liquid layer at approximately 102 °C close to the nucleation
site region and the PIV results indicate that the liquid velocity near
the vapour-liquid interface is approximately 0.3 m/s, which is in
good agreement with the initial bubble expansion velocities ob-
tained through the growth rate of the bubble equivalent diameter
reported in Fig. 8(b). At t = 4 ms (Fig. 9(b)) the bubble growth rate
has dropped considerably to 0.1 m/s and the velocity fields show
that the liquid is still being pushed away from the nucleation site,
but at lower velocity, in the order of 0.05 m/s. As the bubble en-
ters its slow growth stage (Fig. 9(c)), we observed that the velocity
fields surrounding the bubble are very small, even though the cen-
tre of mass of the bubble has risen under the effect of buoyancy
forces.

The initial bubble base expansion rate estimated using the in-
frared diagnostics is in the order of 0.01 m/s (Fig. 7). In such con-
ditions, the bubble base does not expand fast enough to form a
liquid microlayer between the vapour phase and the solid surface
[24]. The infrared camera results shown in Fig. 9 (top) confirm the
absence of the microlayer and reveal that the evaporation of the
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Fig. 9. Measurements performed simultaneously with the 2cLIF, IR and PIV techniques for a bubble growing with a heat flux input of 125 kW/m?. The top row shows heat
flux (left) and temperature (right) maps obtained through the infrared diagnostics. The bottom row shows combined results for the temperature and velocity fields of the

liquid obtained through 2cLIF and PIV diagnostics, respectively.

triple-contact line is the main wall heat transfer mechanism during
the growth of the bubble. The heat flux at the triple contact line
is 3 to 5 times higher than the heater average and its magnitude
is in agreement with the findings reported in Ref. [25]. One should
also note the temperature at the contact line is much lower than
elsewhere. This is the results of a conjugated heat transferred pro-
cess, as the evaporation of the contact line not only consumes the
energy released by Joule heating, but also the sensible heat stored
in the sapphire substrate. Note that the bubble base inner region
is dry, i.e., the solid surface is in contact with vapour. This vapour
has poor heat transfer properties compared to liquid or the evap-
oration of the triple contact line (i.e., the heat flux in the dry spot
is practically negligible). Consequently, the temperature of this dry
spot increases, as confirmed by the infrared results in Fig. 9, show-
ing that the centre of the bubble is much warmer than the region
adjacent to the bubble covered by the liquid.

In Fig. 9(c) we see that a significant portion of the bubble in-
terface is surrounded by warmer superheated liquid when com-
pared to Fig. 9(a) and (b). The increase of the wall superheat in
this region coincides with the decrease of the bubble base diam-
eter growth rate. As the bubble base stops growing, the liquid in
this region stagnates and warms up. This superheated liquid may
contribute to the growth of the bubble by evaporating at the liquid
vapour interface in the vicinity of the wall. However, this mecha-
nism should not be confused with the contact line evaporation. In
fact, the heat transfer calculations shown in Fig. 8(a) reveal that
for this time instant, the bubble growth is 64% driven by the heat
transfer from the superheated liquid and 36% at the wall (i.e., at
the contact line).

As the bubble departs from the heated surface and start to rise
in the liquid pool (Figs. 9(d) to (f)), the liquid from the bubble top
flows towards the bottom of the bubble. However, the velocity of
the liquid phase near the heated surface does not seem to be af-
fected by this swirl. What determines the movement of the lig-
uid in the near wall region is rather the contraction of the bubble
base (as the bubble departure process begins) and eventually the
detachment of the bubble itself. As the bubble base recedes (see
Figs. 9(c) and (d)), the centripetal motion of the contact line makes

10

the surrounding liquid to accelerate inward. Then, as the bubble
detaches from the surface, its shape changes due to surface ten-
sion forces, which tend to make the bubble more spherical. This
phenomenon pulls the underneath liquid upward (see Fig. 9(d)).
Note that the velocity under the bubble is significantly higher than
the velocity at the top of the bubble. This phenomenon pulls the
near-wall hot liquid (surrounding the bubble during its growth) to-
wards the nucleation site and mixes the liquid to an extent which
is far stronger than the one possibly induced by the natural con-
vection created by density (i.e., temperature) gradients.

As the surrounding liquid rewets the dry spot at the bubble
base, a significant amount of energy is transferred from the wall
to the liquid by transient conduction. This heat transfer process is
often referred to as quenching and constitutes an important heat
transfer mechanism. The infrared measurements allow to quantify
the local quenching wall heat flux g4 and the corresponding wall
temperature Ty, while the quenching temperature of the liquid T;
can be obtained from the 2cLIF results. Note that this quenching
heat flux can be theoretically estimated from [26]:

[Tw—T] 1

Ew+ & Jmt

where ¢ and g are the effusivities of the wall (i.e., sapphire) and
the liquid (i.e., water), respectively. Fig. 10 shows a comparison be-
tween the measured quenching heat flux and the heat flux that can
be predicted using Eq. (19). In this figure, t = 0 ms coincides with
the bubble departure from the surface. Precisely, theoretical pre-
dictions using two different modelling approaches are shown. The
first approach (solid blue line) consists of using the experimental
values for both the wall and the liquid temperatures, which are
practically constant at 105.9 °C and 102.5 °C for the 2 ms follow-
ing the departure of the bubble, before the nucleation of a new
one. The second approach (dashed blue line) also considers the
measured wall temperature but assumes that the quenching lig-
uid is at bulk temperature, i.e., 100°C. As shown in the figure, the
best agreement between the measured heat flux and the two heat
fluxes predicted by Eq. (19) is achieved when we use the measured
liquid quenching temperature, rather than saturation temperature

qq(t) = (19)
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Fig. 10. Quenching wall heat flux promptly after the bubble departure at
q" = 125 kW/m?2. Solid curves represent trend lines.

(which leads to an overestimation of the heat flux). This observa-
tion is critical, as it undermines the general validity of the assump-
tion often made in heat flux partitioning models, i.e., that the lig-
uid quenching temperature is the bulk temperature. Our results,
and the results of Tanaka et al. [27], indicate that the rewetting
effective AT is in a range between 40 and 55% of the difference
between the bulk temperature and the wall temperature. However,
more comprehensive studies considering different surfaces and flu-
ids are necessary to understand better how this quantity is affected
by flow and bubble dynamics.

5. Conclusions

We combined high-speed infrared thermometry and laser-based
diagnostics to obtain a comprehensive picture of the nucleation,
growth and departure of vapour bubbles from a heated surface in
saturated pool boiling conditions. The nucleation of a bubble was
controlled through an artificial cavity coated with a hydrophobic
material. The use of these techniques has allowed interesting ob-
servations. When bubbles nucleate at low superheat (4 K):

» the slow growth rate avoids the formation of liquid microlayers;
o the energy transfer via evaporation at the liquid-vapour-solid
contact line contributes to approximately one third the bubble
growth process, while the other portion is transferred through
the evaporation of the superheated layer surrounding the bub-
ble;

the detachment of the bubble promotes liquid mixing near the
wall, and the temperature at which the liquid rewets a nucle-
ation site can be higher than the bulk temperature (i.e., sat-
uration temperature in our experiments). This observation has
important implications, as is undermines, at least for pool boil-
ing conditions, the general validity of a common modelling as-
sumption made in mechanistic heat flux portioning models, i.e.,
that the liquid quenches the nucleation site at the bulk temper-
ature.

Generally, the results show the intrinsic coupled nature of the
flow and thermal fields, and demonstrate that the combination
of such high-resolution and detailed diagnostics can advance our
fundamental understanding of the heat and mass transfer mecha-
nisms during nucleate boiling and close the level-of-detail gap be-
tween advanced numerical simulations and experiments by provid-
ing highly space- and time-resolved benchmark data for the devel-

1
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opment and validation of accurate and reliable computational tools
for the prediction of these phenomena.

Finally, we also identified technical limitations to overcome in
the future. For instance, it was impossible to measure temperature
gradients in the liquid near the liquid-vapour interface. To achieve
this goal, we may need to push the spatial resolution of the 2cLIF
technique and to increase its signal to noise ratio. Also, the imple-
mentation of backlit shadowgraphy in parallel with the 2cLIF im-
age acquisition can improve the liquid-vapour interface detection.
Future efforts will focus on the solution of these issues, and ide-
ally on integrating an additional technique to track the dry spot
and possibly the liquid microlayer thickness and extension [28].
Future studies will also address faster growing bubbles nucleating
at a much higher wall superheat.
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Appendix A. Laser characterization
Appendix A.1. Sheet thickness

The laser sheet-thickness was measured with a sharp razor
blade fitted to a plate with a traversing mechanism and coated
with a black dye to reduce laser reflections. The blade was initially
positioned to completely block the laser sheet, resulting in quasi-
zero values of fluorescence intensity measured from the cameras.
As the blade was gradually moving along the transverse direction
and perpendicularly to the laser sheet, the signal recorded by both
cameras gradually increased, reaching its maximum value at the
position where the blade was no longer blocking the laser sheet.
The fluorescence intensity was both space-and time-averaged over
an area of 30 x 30° pixels? and 300 images, respectively. The cu-
mulative distribution of the light intensity is shown in Fig. 11 (left).
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Fig. 11. The laser sheet thickness measured from the fluorescence light recorded from the high-speed cameras as the blade traversed along the transverse direction z:

cumulative distribution (left) and probability density function (right).

The respective probability histograms, B+ (z), are calculated
from the spatial gradient of the normalized intensity of each cam-
era dI*/dz, and each can be described by a Gaussian probability
density function PDF+ (z) of the form:

_ (Z_MZ)21|

1
PDF. (z) Umexp[
In the aforementioned relation, the standard deviation is noted
as o and the mean as p;. The resulting histograms and PDFs are
shown in Fig. 11 (right). The laser sheet-thickness is reported here
as the full width half maximum (FWHM) value of the light distri-
bution. The FWHM can be calculated from:

FWHM = 20 (21n2)°? (21)

which can be written as FWHM ~ 2.3550, corresponding to
209 wm and 213 pm for the fluorescence of Isg and I, respec-
tively. The resulting laser sheet-thickness is taken as the mean be-
tween the two cameras equal to 211° pm.

202 (20)

Appendix A.2. Pulse to pulse intensity variation

To quantify the variation in the fluorescence emission of the
dyes due to pulse-to-pulse energy fluctuation of the laser-sheet,
we recorded the fluorescence emission intensity of both dyes (and
their ratio) during 500 pulses, while the water in the pool boiling
cell was at ambient temperature and continuously stirred to avoid
any thermal and photodegradation effects. Fig. 12 shows the mod-
ulation of the fluorescence emission intensity of the dyes and their
ratio, which are spatially averaged over an area of 30 x 30 pixels?2
and normalized with their respective mean fluorescence emission
intensity value over the 500 pulses. The emission from SR varies
about the mean by approximately +3%, the one of FL by +7% and
of their ratio by less than +£1% (probably associated with random
noise in the CCD arrays). Light-sheet energy corrections are thus
not deemed necessary, as the 2cLIF approach compensates for the
fluctuations in the incident illumination intensity between succes-
sive laser pulses.

Appendix B. Fluorescent dyes characterization
Appendix B.1. Thermal degradation effects

It has been found that sulforhodamine 101 (SR) can be subject
to thermal degradation when its temperature exceeds the ambi-

ent [16]. In our current work, we induced boiling at water satu-
rated conditions ~ 100°C, which resulted in the degradation of SR
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Fig. 12. Variation of the fluorescence intensity of FL, SR (normalized with their cor-
responding time-averaged value) and their ratio as a function of the number of laser
pulses. The liquid in the pool boiling vessel is continuously stirred during these
measurements to avoid photodegradation effects.
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Fig. 13. Thermal degradation for SR at multiple temperatures induced by the ele-
vated solution temperatures. The data for 60-80 °C have been extracted from Chaze
et al. [16] and are shown for completeness.
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Fig. 14. Photodegradation for both FL and SR at 20 °C induced by the laser light.

over time. Fig. 13 presents the normalized fluorescence intensity
of SR over time measured at a water bath of 98°C and at the same
concentration as the experiment (i.e., Csg = 0.15 kg/m3). We chose
the upper temperature limit below the saturation temperature of
water to avoid boiling. We ensured that the volume of the liquid
during the runs remained quasi-constant so that any evaporation
effects, that would result in an increase of Cgsg, could be neglected.

For comparison purposes, we also show in Fig. 13 the measure-
ments obtained by Chaze et al. [16] for a similar concentration
(i.e., Csg = 0.15 kg/m3) at lower temperatures, spanning a range
between 60°C and 80°C. The fluorescence intensity appears to be
decreasing in a linear manner for all the temperatures shown.
Higher temperatures induce faster degradation of the dye, result-
ing in smaller slope values. The equation (linear fit) obtained for
the 98°C thermal degradation measurements is used to correct the
fluorescence intensity values of I g (Fig. 5), since the dye was sub-
jected to varying thermal degradation levels throughout all the ex-
periments performed (boiling and calibration runs).

Appendix B.2. Photo-degradation effects

We subjected a solution of water containing the dyes at the
same concentration as the experiments (i.e., Csg = 0.15 kg/m> and
Cr. = 2.695 kg/m3) to a laser light of the same frequency and
power as the experiments (i.e., 2.5 kHz and 25 W) to investigate
the effects of the photo-degradation on the dyes. We recorded the
fluorescence emitted over time (and number of pulses) from both
dyes. The results are illustrated in Fig. 14. A quasi-linear drop in
the fluorescence intensity with time (or the number of pulses) is
recorded. We fitted a linear curve with a negative slope, as pre-
sented in Fig. 14. The overall firing time of the laser was kept
below 100 s throughout the boiling experiments and calibration
procedure, so any photo-degradation effects do not need to be ac-
counted for.

Appendix B.3. Dye effects on bubble nucleation and contact angle

We investigated the effects of the added dyes and particles to
the water on the nucleation characteristics during pool boiling, by
quantifying their effects on: (i) the equivalent diameter of the bub-
bles during their departure from the heater, and (ii) the nucleation
time from their generation to departure. Both quantities are esti-
mated based on shadowgraphy images. The results are illustrated
in Table 1 for ¢ =30 kW/m?2. The results are averaged over at
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Table 1
Effect of additives on the bubble nucleation characteristics for
q” = 30 kW/m?2.
Bubble equivalent Bubble growth

Additives diameter (mm) time (ms)

None 2.32 £ 0.16 13.54 £ 2.90

FL 2.38 £ 0.17 14.19 £ 2.79

FL + SR 2.62 +0.16 17.12 £ 6.74

FL + SR + Particles 244 + 0.18 14.01 + 4.33

100 w T .
¢ DI Water + Sulfurhodamine 101
é DI Water + Fluorescein
90 - DI Water (average)
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Fig. 15. Effect of dye concentration on the droplet static contact angle.

least five bubbles for each case and the uncertainty of these mea-
surements is taken as one standard deviation.

The addition of the fluorescent dyes, namely FL and SR at their
respective concentrations, imposes small changes in the equivalent
bubble diameter during departure compared to the additive-free
case. These changes are < 13% and within one standard devia-
tion. Similar results were obtained for the nucleation times. We
recorded deviations of less than 5%, 26% (exhibiting the greatest
standard deviation) and 3% from the additive-free solution, respec-
tively. Notably, all deviations fall within one standard deviation. It
is thus confirmed that the additives at the concentrations used do
not meaningfully alter the nucleate boiling characteristics at our
conditions.

Additionally, droplet static contact angle measurements were
performed to verify if the presence of the dyes significantly affects
the surface tension. The measurements were done at an ambient
temperature of around 20 °C and the droplet volume was kept
constant at 4 pL. Six dye concentrations spanning a range of one
order of magnitude above and below the concentrations used in
the experiments were tested. For each dye concentration, 6 mea-
surements of the contact angle were averaged, and the respective
standard deviation is shown in the plot as an error bar. The pure
DI water contact angle was determined based on 8 measurements
and the average value and standard deviation are shown as con-
tinuous and dashed horizontal lines, respectively. These results are
shown in Fig. 15.

Most of the contact angle differences between DI water and DI
water + dyes solution is within the inherent spreading of the ex-
perimental data, which is approximately + 5° The only exception is
for sulfurhodamine 101 around 10-% M, where a small increase is
observed. In our experiments, the concentration of sulfurhodamine
101 and fluorescein are kept around 10-7 M and 10> M, respec-
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tively. Thus, the fluorescent dyes do not significantly modify the
deionized water surface tension.
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