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a b s t r a c t 

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. 
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. Introduction 

Boiling heat transfer is ubiquitous in engineering applications 

here large heat transfer rates need to be achieved. The list of ap- 

lications is diverse and wide-ranging, and includes cooling sys- 

ems for computer microprocessors and graphical processing units 
Abbreviations: 2cLIF, Two-colour laser induced fluorescence; DNS, Direct numer- 

cal simulation; HS, High-speed; IR, Infrared; PIV, Particle image velocimetry; St, 

tokes umber. 
� Revised preprint submitted to International Journal of Heat and Mass Transfer. 
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o nuclear reactors and everything in-between. However, while its 

se is widespread, fundamental questions of this complex phe- 

omenon remain unanswered and the underlying physics are not 

et fully understood. The mechanisms involved are highly non- 

inear, and micro-scale phenomena such as wetting at the triple 

iquid-vapour-solid contact line may affect the macroscopic be- 

aviour of the process, determining overall effectiveness. A better 

nderstanding of these phenomena and their interplay, which is a 

rucial requirement in the development of next-generation thermal 

anagement systems, can be achieved using advanced computa- 

ional tools, such as direct numerical simulation (DNS) codes (e.g., 

ee Ref. [1] ). These simulations can provide data that are other- 

ise inaccessible, even with the most sophisticated measurement 

echniques. However, even DNS codes often require sub-grid mod- 
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Nomenclature 

a Area [m 

2 ] 

C Dye concentration [kg/m 

3 ] 

D Bubble diameter [m] 

f Bubble frequency [1/s] 

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

[W/m 

2 K] 

I Light flux [W/m 

2 ] 

K Area influence factor [–] 

K Kernel matrix [–] 

˙ m Mass evaporation rate [kg/s] 

N” Nucleation site density [1/m 

2 ] 

q” Heat flux [W/m 

2 ] 

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 , y , ˜ x , ˜ y , 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 

l Liquid 

lv Liquid-vapour 

p Particle 

q Quenching 

r Relaxation 

sat Saturated 

sc Sliding conduction 

SR Sulforhodamine 

v Vapour 

w Wall, Wait time 

Greek symbols 

α Fraction of available light collected [–] 

ε Effusivity, linear extinction coefficient [Ws 0.5 /m ²K], 

[m/kg] 

ζ Image spatial correlation coefficient [1/m] 

λ Wavelength, swirl [m], [1/s 2 ] 

μ Viscosity [Ns/m 

2 ] 

ξ Image spatial correlation coefficient [1/m] 

ρ Density [kg/m 

3 ] 

τ Characteristic time scale [s] 

ϕ Fluorescence quantum yield[–] 

ω Vorticity[1/s] 

ls, e.g., models of the micro-layer that forms between the vapour 

ubble and the heated surface as the bubble grows out of its cav- 

ty, or the dynamics of the contact angle at the liquid-vapour-solid 

ontact line (e.g., see Ref. [2] ) and, furthermore, two-phase DNS 

ools have a computational cost that is still unaffordable for large- 

cale applications. Complementary high-resolution experiments are 

hus also necessary to inform the development of these sub-grid 
2 
odels, but also and importantly, to validate the entire DNS frame- 

ork, while providing useful data and insight in their own right. 

The need for large-scale computational simulations to support 

he design and safety analysis of engineering systems has fostered 

he developed of modelling tools that describe the two phases 

s interpenetrating media and the boiling process with closure 

elationships (e.g., the boiling heat transfer coefficient) or, more 

ecently, mechanistic models. In fact, most mechanistic models 

ely on the so-called wall heat flux partitioning approach, which 

onsists of summing the energy removed by the different heat- 

emoval mechanisms expected during the stages of nucleation, 

rowth, and after the departure of bubbles. The simplest heat par- 

itioning scheme for pool boiling consists of three terms, associated 

ith the evaporation of vapour, the quenching of the heated sur- 

ace when the bubble departs from the surface and the bulk liquid 

ewets the dry spot formed after the micro-layer has evaporated, 

nd the single-phase natural convection occurring in the regions 

f 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 

ingle-phase convection, which are evaluated, respectively, as fol- 

ows: 

 

′′ 
e = f N 

′′ π
6 

D 

3 
b ρv h lv (1) 

 

′′ 
q = f N 

′′ K 

π

4 

D 

2 
b 2 ε l 

√ 

t w 

π
( T w 

− T l ) (2) 

 

′′ 
c = 

(
1 − N 

′′ K 

π

4 

D 

2 
b 

)
h c ( T w 

− T l ) (3) 

here N 

′′ is the nucleation site density, f is the bubble departure 

requency, D b is the bubble departure diameter, ρv is the vapour 

ensity, h lv is the latent heat of evaporation, ε l is the effusivity of 

iquid water, t w 

is the wait time, T w 

is the wall temperature, h c is 

he single-phase convection heat transfer coefficient, and T l is the 

ulk (far-field) temperature of the liquid. 

In the relations above, the area influence factor, K, accounts for 

he fact that when a bubble departs, it carries away the super- 

eated thermal boundary layer from an area larger than π/ 4 D 

2 
b 
. 

ypically K = 4 , that is, the diameter of the influence area is twice

he bubble departure diameter [4] . More recently, Basu et al. [5] , 

eoh et al. [6] , and Gilman and Baglietto [7] have introduced a 

ourth term, in order to account for additional heat transfer mech- 

nisms associated with the sliding of bubbles on the boiling sur- 

ace. In Gilman and Baglietto [7] , this sliding bubble term is evalu- 

ted as: 

 

′′ 
sc = R f N 

′′ f a sl 2 ε l 

√ 

t w 

π
( T w 

− T l ) (4) 

here a sl is the area influenced by sliding bubbles and R f is a nu- 

leation site density reduction factor. 

The nucleation site density reduction factor used in this expres- 

ion accounts for the bubbles that coalesce with sliding bubbles as 

hey sweep over other active nucleation sites. Most of the param- 

ters in the heat flux partitioning terms can be measured using 

nfrared thermography [8 , 9] . However, there are still many open 

uestions related to the characterization of the fluid parameters, 

.g., what is the re-wetting temperature T l during quenching heat 

ransfer? Is it the bulk temperature, or it is higher than that? And 

hat are the physical mechanisms that determine the mixing of 

iquid at the bubble base following the detachment of a bubble 

rom the heated surface and its rise in the fluid? 

A few studies in literature have addressed these questions us- 

ng advanced diagnostics. Non-intrusive rainbow schlieren deflec- 

ometry was employed by Narayan et al. [10] to study the liquid 
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Fig. 1. Schematic illustration of the experimental apparatus and the equipment 

used for the nucleate boiling experiments. 
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emperature distribution around nucleating and departing single 

ubbles. When using this technique, collimated light is deflected 

y thermal gradients present in the liquid, and a colour filter is 

sed to correlate the thermal gradient magnitude to the colour 

ue, which is captured by a high-speed camera. The formation of 

he thermal boundary layer and the mixing of the superheated liq- 

id by the departing bubbles could be observed, and the contri- 

utions of each heat transfer mechanism was estimated. A draw- 

ack of this technique is that the deflection of the light depends 

n the three-dimensional path of the light rays, thus the measure- 

ents are not purely planar. Interferometric measurements were 

onducted by Yabuki et al. [11] using a He-Ne laser and a Mach- 

ehnder interferometer to determine the thermal field around the 

apour bubble during its growth and detachment at a spatial res- 

lution of 27 μm/pixel and 40 0 0 frames per second. They could 

bserve the presence of superheated liquid surrounding the bub- 

le and the formation of a warm liquid plume at the trail of the 

ising bubble, but the spatial resolution was not enough to capture 

he liquid temperature gradient at the bubble interface. The hy- 

rodynamic interactions between the bubble and the liquid were 

tudied by Takeyama and Kunigi [12] through particle tracking ve- 

ocimetry of the liquid. They found that the bubble growth and de- 

arture pushed and pulled the liquid near the substrate in the hor- 

zontal direction, and no vertical mixing of superheater liquid near 

he heater was generated. A subsequent study by Takeyama et al. 

13] placed thermocouple probes at 10 and 100 μm above the sur- 

ace to observe the liquid temperature variations during nucleate 

oiling for single and multiple nucleation sites. They observed that 

he liquid convection created by the bubble interface movement 

ould only peel off the viscous liquid sublayer in contact with the 

ubstrate when bubble coalescence occurred close to the boiling 

urface. 

In this work, we discussed the development of an experimental 

latform that we created to seek an answer to questions related 

o the heat transfer mechanisms involved in nucleate boiling. This 

latform involves the use of non-intrusive high-resolution diagnos- 

ics. Precisely, we combined infrared (IR) thermometry, two-colour 

aser induced fluorescence (2cLIF) thermometry, and particle im- 

ge velocimetry (PIV) to shed light on the dynamics of the bubble 

rowth process. Hereafter, we discuss the principles and the im- 

lementation of these techniques, focusing on the 2cLIF thermom- 

try and the PIV, and show samples results related to a single bub- 

le experiment conducted in pool boiling in saturation conditions 

t atmospheric pressure. As we discuss in the experimental re- 

ults, we critically analyse the current limitations of this approach, 

hich will be addressed in future developments. 

. Experimental methods 

.1. Boiling cell apparatus 

The experimental apparatus and the instrumentation employed 

or the nucleate boiling experiments are schematically illustrated 

n Fig. 1 . The boiling cell operated at atmospheric pressure and 

as filled with a solution of deionized (DI) water and the fluo- 

ophores used for the two-colours laser-induced fluorescence diag- 

ostics. The cell was brought to its saturation temperature by cir- 

ulating a warm bath fluid around the boiling cell. The fluid tem- 

erature inside the cell was monitored by two K-type thermocou- 

les, one placed adjacently to the heater and the other above it. 

our quartz windows symmetrically distributed around the heater 

aterals provided optical access to the high-speed video (HSV) cam- 

ras and the laser sheet. An IR camera was used to measure the 

emperature distribution on the boiling surface from the bottom of 

he cell, as shown in Fig. 1 . 
3 
.2. Heater 

The heater comprises a nano-smooth sapphire substrate coated 

y a 500 nm thick Titanium film. This titanium film is opaque to 

ight in the 3 to 5 μm wavelength range. It is in contact with water

nd serves as a Joule-effect heater. Silver pads were deposited on 

op of the sides of the Titanium coating to provide electrical con- 

ections necessary to uniformly energize the heater. The schematic 

llustration of the heater deposited layers is shown in Fig. 2 (a). 

apphire is semi-transparent in the IR range. The thin film tita- 

ium coating has negligible thermal capacity and thermal resis- 

ance and emits infrared radiation at an intensity that increases 

onotonically with temperature. This arrangement allows to im- 

ge precisely the temperature changes induced by the boiling pro- 

ess that occur right at the interface between the wall (i.e., the 

itanium film) and the liquid. The heating element geometry was 

esigned to generate a 3 × 3 mm hotspot at its central portion, as 

ndicated in Fig. 2 (b). The side voltage taps shown in Fig. 2 (b) are

sed to determine, combined with measurements of the electric 

urrent circulating through the heater, the electrical power deliv- 

red to the hotspot region. An artificial nucleation site was created 

t the middle of the hotspot region by etching the sapphire sub- 

trate with a focused ion beam. The nucleation site comprises four 

avities of 10 μm diameter by 30 μm depth arranged in a square 

attice, as shown in Fig. 2 (c). The cavities were coated with PTFE 

olymer to make the artificial nucleation site hydrophobic and fa- 

ilitate the bubble nucleation. 

.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 

o excite the fluorophores. Dedicated optics were connected to the 

aser head to generate a thin sheet of light and to define the mea- 

urement volume of the PIV and LIF techniques. The thickness of 

he laser sheet is 211 μm. This measurement was conducted by 

sing a sharp razor blade connected to a plate with a traversing 

echanism and coated with a black dye to avoid any laser reflec- 

ions. See Appendix A.1 for more details. 

Two high-speed (HS) cameras were connected to a pellicle 

eam splitter (reflectance: 45% ; transmittace: 55% ) and a Nikon 

05 mm lens. An extension tube was connected between each 

amera 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. 

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. 
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he optical filters. Different optical filter arrangements (combina- 

ions of short, long and notch filters) were used for each camera 

o visualize each fluorescent dye separately, as shown in Fig. 3 . 

he first camera, CA M FL (Phantom V12.1), recorded the fluores- 

ent intensity of the temperature-sensitive fluorescent (fluores- 

ein disodium; henceforth denoted as FL) dye (Band 1 in Fig. 3 ), 

hile the second camera, CA M SR (Phantom V25.12), recorded flu- 

rescence intensity of the temperature-insensitive (sulforhodamine 

01; henceforth denoted as SR) dye (Band 2 in Fig. 3 ). The setup al-

owed achieving a pixel resolution of 14 μm/pixel and 9.5 μm/pixel 

ith the CA M FL and CA M SR cameras, and a temporal resolution of 

.4 ms. Both cameras have a sensor size of 1280 × 800 pixels with 

2 bits per pixel. 

A Telops M3k high-speed infrared camera was used to image 

he boiling surface through the sapphire substrate. The infrared ra- 

iation emitted by the heater is reflected by an IR mirror made of 

old. The pixel and temporal resolution of the IR camera setup are 

1 μm/pixel and 0.4 ms, respectively. The maximum camera sensor 

ize is 320 × 256 pixels with 16 bits per pixel. 
4 
A high-speed controller was used to synchronize the triggering 

ignal for the laser light, high-speed video cameras, infrared cam- 

ra and the heater power generation. The cameras and the laser 

re synchronized to operate at a frequency of 2.5 kHz. The boiling 

xperiments are run in a transient manner to capture a single iso- 

ated bubble and avoid any interaction effects. The camera record- 

ngs and the laser pulses are started when the heater is initially 

ff, and the liquid phase is quiescent. The heater is turned on af- 

er 200 ms of recording time and its temperature rises to a level 

here bubble nucleation occurs. It is important to capture the for- 

ation of the first bubble because the thermal boundary layer that 

s formed on top of the heater remains undisrupted. This proce- 

ure allows to suppress bubble interaction effects and guarantees 

hat the bubble will be initially surrounded by a superheated liquid 

ayer when it nucleates. 

.4. Techniques 

.4.1. Two-colour laser-induced fluorescence 

Laser-induced fluorescence (LIF) can be used to obtain point- 

ise scalar measurements of temperature in the liquid phase (wa- 

er). These measurements are achieved via spatiotemporal record- 

ngs of the fluorescence of a tracer (specifically an organic dye) 

hat possesses a highly temperature-dependent quantum yield 

nd/or absorption coefficient at the excitation wavelength. A colli- 

ated beam of light (at the absorption wavelength λa ) of uniform 

epth in the z direction is absorbed when passed through a fluo- 

escent solution, and the absorption for a beam path ∂ x∂ y can be 

escribed as [14] : 

 

2 I 0 ( x, y ) = −ε C I 0 ( x, y ) ∂ x∂ y (5) 

here I 0 (W/m 

2 ) denotes the incident light flux at point ( x, y ) 

long the beam path, ε (m/kg) is the linear extinction coefficient of 

he dye and C (kg/m 

3 ) is the dye concentration, which is assumed 

niformly mixed in the fluid. 

We work with a pulsed high-energy laser with a laser-pulse du- 

ation of the order of a few ns, where the fluorescence is no longer 

roportional to the excitation intensity ( � = ( I f ∝ I 0 ) ) , most fluores- 

ent molecules in the beam path are excited, and the fluorescence 

ntensity becomes less dependent on the excitation intensity. The 

uorescence intensity received by the optics is then given by: 

 

2 I f = α C ϕ ε 
I 0 ( x, y ) 

1 + I 0 ( x, y ) / I sat 
∂ x∂ y (6) 

here α is the fraction of the available light collected, I sat is the 

aturation intensity of the fluorescent dye, reported typically in 
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he order of MW/cm 

2 [11–13] , and ϕ is the fluorescence quantum 

ield. 

In this work, the liquid temperature measurements need to 

e performed in the presence of moving vapour-liquid interfaces 

growing bubbles), which exhibit strong refractive index gradi- 

nts, resulting in unpredictable spatial and temporal fluctuations 

f I 0 ( x, y ) that stem from reflection and refraction of the incident 

ight on the liquid-vapour interface, but also on the liquid-solid 

urface (reflections of the laser light on the outer layers of the 

eater). In order to decouple those effects from Eq. (6) and pre- 

ent erroneous measurements close to the phase boundaries, a 

atiometric two-colour laser-induced fluorescence (2cLIF) method 

s implemented by employing a pair of fluorescent dyes, namely 

 dye with a temperature-dependent fluorescence (fluorescein 

isodium; henceforth denoted as FL) at a mass concentration 

 FL = 2.695 kg/m 

3 , and a dye with a fluorescence independent 

f temperature (sulforhodamine 101; henceforth denoted as SR) at 

 mass concentration C SR = 0.15 kg/m 

3 . Their concentrations are 

ept constant throughout the experiments, as the water volume in 

he cell is maintained at the same level between each run, while 

oth FL and SR are heavy molecules and can be assumed not to 

vaporate. 

Each dye is collected separately with a high-speed camera us- 

ng appropriate optical filters (see Section 2.1.4). Their absorption 

nd emission are shown in Fig. 3 together with the detection band 

f each camera. FL is selected, because it retains a high tempera- 

ure sensitivity, even at I 0 � I sat . The dyes have also been selected 

n such way to avoid spectral mixing (see Fig. 3 ). Neglecting those 

ffects, the ratio of the signals I f , SR and I f , FL in the two detection 

ands 2 and 1, respectively, can be derived from Eq. (6) and ac- 

ording to Chaze et al. [16] , as: 

 = 

I f , SR 

I f , FL 

∝ 

ε SR 

ε FL 

C SR 

C FL 

1 + 

I 0 
I sat , FL 

1 + 

I 0 
I sat , SR 

(7) 

here the last term denotes the saturation ratio R sat . As the exper- 

ments are performed with I 0 ≈ I sat (partially saturated regime), we 

nd from Eq. (7) that the ratio R ( R 0 , ε(T ) ) is only dependent on

he fluid temperature via the extinction coefficient of FL. Note that 

he 2cLIF technique is suitable for imaging only half of the por- 

ion of the liquid adjacent to each bubble because the laser light 

s obstructed by the reflections at the liquid/vapour interface. For 

he same reason, this technique is restricted for imaging a single 

ubble at a time provided that the light path is not obstructed by 

ubbles growing adjacently to the region of interest. 

.4.2. Particle image velocimetry 

Particle image velocimetry (PIV) is used together with the 2cLIF, 

o allow us to obtain simultaneously a two-dimensional field of 

wo-component velocity vectors, u and y , along the longitudinal 

 x ) and lateral ( y ) directions. The displacement of tracer parti-

les between two singly exposed successive images (at time in- 

tance t and t + 
t) is computed by performing space-time cross- 

orrelation in small areas (interrogation windows) with dimen- 

ions W . A two-dimensional correlation map is obtained for each 

indow, as: 

 ( 
X ) = 

∫ 
W 

I f,t ( X ) I f , t+
t ( X + 
X ) d X (8) 

nd the most prominent value of R in each window dictates the 

isplacement vector U = 
X/ 
t of the tracer particles. 

The velocity vector of the particles and the liquid will be iden- 

ical (allowing us to obtain the velocity of the water) when the 

articles Stokes number is significantly smaller than unity S t p = 
5 
r / τU � 1 , i.e., the relaxation time of the particles is significantly 

maller than the characteristic time-scale of the flow field, τr � τU , 

here τr = ρp d 
2 
p / 18 μl ( ρp is the particle density, d p is the parti- 

le mean size, and μl is the liquid viscosity), while τU = O{ 0 . 1 } s 

s the time scale of the flow induced by the bubble growth. We 

se polystyrene fluorescent tracer particles ( ρp ≈ 10 0 0 kg/m 

3 , d p ≈
0 μm) with spectral properties shown in Fig. 3 (all properties re- 

orted as given by the manufacturer: MicroParticles), resulting in 

 t p = O{ 10 −5 } , i.e., any tracing errors can be neglected [17] . Dye

eaching of the polystyrene particles is observed due to the ele- 

ated temperatures of the water. However, the short duration of 

he experiment ensures that enough particles are present to per- 

orm PIV measurements, despite their initial low concentration 

below 0.01 M), which is selected to avoid any interference of 

he tracers with the nucleation process [18] , as demonstrated in 

ppendix B.3 . Particle tracking velocimetry (PTV) measurements 

ould also be considered but is not deemed necessary from the re- 

ults of the PIV error analysis, which are discussed in Section 4.2. 

.4.3. Infrared thermography 

The high-speed infrared camera is used to record the radiation 

mitted by the opaque thin film titanium heater within the range 

f 3 – 5 μm wavelength. In this range, the sapphire substrate par- 

ially absorbs and re emits the infrared radiation and its absorption 

oefficient is highly dependent on the infrared light wavelength. 

hus, the presence of sapphire contaminates the infrared radia- 

ion emitted by the thin titanium film. Additional contamination 

s caused by the reflection of the background radiation. To over- 

ome this issue, we developed a calibration technique that consist 

n solving an inverse problem coupling 3-D heat conduction and 

-D optical radiation. For the details of this technique and its im- 

lementation, the reader is directed to Ref. [19] . Using this tech- 

ique, we can reconstruct from the total radiation, the individual 

mission contributions from the thin film heater, semi-transparent 

ubstrate (sapphire) and background reflections. This allows mea- 

uring the time-dependent temperature distribution on the boiling 

urface, as well as the distribution of the heat flux from the solid 

o the fluid, liquid or vapour. 

. Image analysis, data postprocessing and measurement errors 

.1. Laser-based measurements 

.1.1. Spatial calibration and corrections 

To transform the image coordinates ( ̃  x , ̃  y ) to physical coordi- 

ates ( x , y ), we record images of a calibration plate, with a grid

f printed dots of known size and separating distance, using a 

ack light. The calibration plate is fitted on a 3-D printed bespoke 

older and is placed in the field of view of the cameras and at 

he middle plane of the heater surface (i.e., z ∼= 

0 ). Using these im- 

ges, and neglecting any geometrical aberrations, the location of 

ach grid point in the image plane coordinates is tracked using 

he DaVis 10.0 software environment provided by the laser sys- 

em manufacturer (LaVision). Using the same software, 3rd-order 

olynomial functions d ̃  x and d ̃  y with variables X and Y are fitted, 

xpressed as: 

 ̃

 x = 

3 ∑ 

i=0 

3 ∑ 

j=0 

ζij X 

i Y 

j (9) 

 ̃

 y = 

3 ∑ 

i=0 

3 ∑ 

j=0 

ξij X 

i Y 

j (10) 

here the coefficients ζ and ξ are obtained by the least-square 

ethod for each camera. The standard deviations of fit are 

.65 pixels and 2.27 pixels for the SR and FL cameras, respectively. 
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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 f,SR ; (b) spatially corrected image of FL camera, I f,FL ; (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 × 9 pixels 2 areas of (j); (l) mean filter over 19 × 19 pixels 2 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. 
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The final mapping of the coordinates results from: 

˜ 
 = x − d ̃  x ( X ( x ) , Y ( y ) ) (11) 

˜ 
 = y − d ̃  y ( X ( x ) , Y ( y ) ) (12) 

ith X (x ) = 2( x − 364 . 7) / 1280 ) and Y(y ) = 2( y − 384 . 9) / 800 ) . 

his procedure compensates automatically for camera misalign- 

ent and distortion due to refraction by the interfaces and pro- 

ides pixel-to-pixel correspondence between the two cameras 

which is necessary as the two cameras have a different pixel res- 

lution), which is impertinent to implementing the 2cLIF method 

see Eq. (7) ). A similar procedure is discussed in detail in Sakak- 

bara and Adrian [20] . The final dewarped images (i.e., for both 

ameras) have a pixel resolution of 86.0 pixels/mm and a size of 

313 × 883 pixels 2 . Figs. 4 (a) and (b) illustrate the raw, spatially 

orrected images of the SR and FL cameras, respectively. Note that 

he PIV particles are visible on both cameras. 

.1.2. Liquid-vapour phase field 

We masque the images manually, following the points of re- 

ections and refractions along the perimeter of the bubble, and 

mooth the manually drawn areas using a two-dimensional convo- 

ution of the masque ˜ I mask ( x, y ) and a kernel matrix K( m, n ) (i.e., 

 5 × 5 array, with values equal to 1/25), providing the smoothed 

asque as: 

 mask ( x, y ) = 

∑ 

m 

∑ 

n 

K ( m, n ) · ˜ I mask ( x − m + 1 , y − n + 1 ) (13) 
6 
This method is found to provide reliable and pixel-accurate 

asking of the bubbles. However, for future investigations, we may 

onsider combining these laser techniques with backlit shadowgra- 

hy to obtain the exact location of the liquid-vapour interface with 

 simple edge detection algorithm. 

.1.3. Liquid velocity field 

The images are pre-treated to isolate the particle signal and 

erform the PIV measurements. The images are filtered with a slid- 

ng average of length scale equal to 5 pixels using DaVis 10.0 (LaV- 

sion), computing the average at pixel i as: 

 ̄f ( i ) = 0 . 8 ̄I f ( i − 1 ) + 0 . 2 I f ( i ) (14) 

The filter is applied four times (along both x and y directions, 

.e., left to right, right to left, top to bottom and bottom to top) 

hrough the image. The effect is a sliding average, where each new 

ixel is added with a small weighting factor. The resulting image 

s then subtracted from the initial image, acting as a high-pass fil- 

er, filtering out the local mean background intensity and leaving 

nly the local fluctuations, i.e., the particle signal. The subtracted 

liding average image is shown in Fig. 4 (d). These images are then 

sed (after being joined with their phase-masked equivalents) for 

he multi-pass time-resolved cross-correlation ( Eq. (8) ), which is 

mplemented within DaVis 10.0. The first pass is performed with 

on-weighted windows W of 256 × 256 pixels 2 with 50% overlap 

interpolated vectors), followed by four passes with non-weighted 

indows of 128 × 128 pixels 2 with 75% overlap, resulting in a vec- 

or 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, I SR /I FL , 

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. 
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nal pass, applying a universal outlier detection over 5 × 5 pix- 

ls 2 areas and interpolating all empty correlation windows outside 

f the masque. This step is particularly important, due to the low 

article concentration. 

.1.4. Liquid temperature field 

The first step before following the 2cLIF analysis is to re- 

ove the tracer particles from the untreated ratiometric image 

 Fig. 4 (c)), which is achieved by applying a non-linear dilatation 

lter to the image of Fig. 4 (d) (implemented via DaVis 10.0) over 

 

◦ × 7 ◦ pixels 2 areas, sorting all elements according to their inten- 

ity. The elements are stored back in their respective area, stor- 

ng the next after the middle element as the new central pixel 

 Fig. 4 (e)). This non-linear operation tends to change the mean im- 

ge intensity and therefore this image should not be used within 

he intensity-based 2cLIF algorithm, but merely for masking the 

article signal out of the images by thresholding. 

The images are then passed on to MATLAB (MathWorks). The 

on-particle pixels are filled with the values of the initial ratio- 

etric image, while the particle pixels are replaced by NaN values 

 Fig. 4 (g)). Then, the NaN values are interpolated using the Lapla- 

ian equation in the equally spaced grid, as: 

∂ 2 I f 
∂ x 2 

+ 

∂ 2 I f 
∂ y 2 

= 0 (15) 

This partial differential equation is solved for any node in the 

rid with finite differences, replacing the NaN pixel values by the 

verage of its four neighbours. The resulting image, Fig. 4 (i), is 

dentical (same intensity) as the initial ratiometric one ( Fig. 4 (c)), 

ut with the NaN pixels (from the particle signal) interpolated. 

The untreated temperature field of Fig. 4 (j) is then achieved 

y performing a spatially resolved calibration over 30 × 30 pix- 

ls 2 windows (to minimize random errors), eventually transform- 

ng pixel counts to absolute temperatures. The spatially resolved 

alibration curve is obtained at the end of the experimental runs, 

y cooling down the liquid uniformly (isothermal condition en- 

ured with the presence of the two thermocouples and a mixer) 

nd recording 500 images at various reference temperatures, span- 

ing a range of about 15 °C. It has been shown that the relation-

hip between the temperature and the ratio of SR and FL can be 

escribed accurately by a linear fitting [11 , 13] , as it is shown for

ur work in Fig. 5 for a typical window. The coefficients of deter- 

ination are found above 0.98 throughout the whole region of in- 

erest, giving confidence in the linear fitting used. The ratio of the 
7 
uorescence signal variation at T and T 0 can be described as: 

I f,T 

I f, T 0 
= exp [ s · ( T − T 0 ) ] (16) 

here s is a coefficient describing the temperature sensitivity and 

s equal to: s = 1 / I f · d I f / d T or ∼1.9%/ °C (slope of the curve), which

s lower than the previously reported values for these dyes [9 , 11] . 

It has been found that sulforhodamine 101 (or its 640 equiv- 

lent) degrades at elevated temperatures [15] . We, therefore, kept 

he overall duration of the experiment, including the measurement 

nd calibration runs, below 60 min to prevent such effects. Nev- 

rtheless, it is found that degradation is impairing I SR early on 

nd for this reason, we correct for the thermal degradation ef- 

ects depending on the acquisition time of each run (see more 

etails in Appendix B.1 ). The corrected curve is also shown in 

ig. 5 for the same typical case and location. The corrected cali- 

ration curve exhibits sensitivity values of about 2.8%/ °C, which is 

ery close to the reported literature values. Photodegradation ef- 

ects are not considered. Both dyes are found to photodegrade, but 

t substantially higher pulse numbers than those used throughout 

he whole experiment (see more details in Appendix B.2 ). Finally, 

he temperature field is smoothed using a median and a mean fil- 

er ( Figs. 4 (j)-(l)). 

.2. Infrared thermography 

Processing of the images collected by the infrared camera is 

erformed using the calibration algorithm introduced in Section 

.4.3 and discussed in detail in Ref. [19] . The calibration algorithm 

llows for measurements of the time-dependent temperature and 

eat flux distributions over the boiling surface. The triple contact 

ine at the bubble base was tracked by simply using an adaptive 

hreshold binarization of the heat flux maps. This is possible be- 

ause, at the solid-liquid-vapour contact line, the heat flux from 

he solid to the fluid is significantly higher than the average heat 

ux, as discussed in the results section of this paper. Also, the heat 

ux at the dry spot formed underneath the bubble is significantly 

ower than the heater regions occupied by the liquid phase and 

he solid-liquid-vapour contact line. Thus, the infrared thermogra- 

hy measurements exhibit three distinct regions according to the 

eat flux intensity (e.g., see Fig. 9 ) that can be easily identified us- 

ng a simple image thresholding. The spatial accuracy of the image 

egmentation procedure was later verified visually by checking the 

uperposition of the segmentation with the heat flux distribution. 

.3. Data reduction and measurement errors 

The bubble size is quantified by the equivalent bubble diam- 

ter (i.e., the diameter of a spherical bubble with the same vol- 

me). The bubble volume is estimated through the bubble masque, 

y assuming a symmetry of revolution. We estimate that this ap- 

roach has an uncertainty between 2 and 10%, encountered during 

he final (larger size) and initial (smaller size) times of the bubble 

rowth, respectively. These uncertainties are calculated by measur- 

ng the standard deviation of the bubble size obtained through the 

anual edge detections over 20 trials of the same time-instance. 

his uncertainty could be reduced by the used of backlit shadowg- 

aphy, which will be implemented in future investigations. 

The K-type thermocouples used to measure the water temper- 

ture have a ±0.1 °C uncertainty, provided by the manufacturer 

Omega) for this range of conditions, with a time-response of order 

{ 1 } s, which is of same order as the time-scales required to mon-

tor, i.e., ensuring temperature homogeneity between the heater 

urface and the top of the field of view of the high-speed cameras 

uring the measurement and calibration runs. 
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Fig. 6. Uncertainties and correlation characteristics of the two-dimensional two- 

component particle image velocimetry (PIV) measurements shown for a typical 

time-instance during the nucleation of a vapour bubble at 125 kW/m 

2 . 

Fig. 7. Bubble equivalent and base diameter during the growth of a vapour bubble 

at 125 kW/m 

2 . 
It was not possible to derive the error propagation formulas 

f the 2cLIF method for instantaneous temperature measurements, 

ue to the plethora of parameters that affect it, e.g., alignment 

f equipment, laser-sheet thickness, pulse to pulse variation, dye 

ypes, dye concentrations, thermal and photo-degradation effects, 

pectral mixing, calibration procedure, image analysis and filtering. 

evertheless, a diligent approach to optimize the aforementioned 

arameters was followed, in order to minimize 2cLIF measurement 

rrors. We estimate a ±1 °C absolute uncertainty in the liquid tem- 

erature ( T l ) for the instantaneous measurements in the range of 

onditions of interest. Sakakibara and Adrian [20] and Shafii et al. 

21] reported uncertainty values of ±1.5 °C and ±0.8 °C for instan- 

aneous 2cLIF temperature fields, respectively, albeit different dye- 

airs employed, which resulted in approximately half the sensitiv- 

ty compared to the 2.8%/ °C achieved in our work. More recent 

orks report uncertainties below ±1 °C when using the same dye- 

air (which results in a similar measurement sensitivity) as our 

ork [11 , 13] . 

We use DaVis 10.0 to quantify the instantaneous velocity un- 

ertainties of the PIV measurements, using the method by Sciac- 

hitano et al. [22] . Fig. 6 illustrates the velocity ( Fig. 6 (a)) and its

radients (vorticity and swirl, Figs. 6 (b) and (c)), as well as their 

ssociated errors for a typical time-instance of the nucleation of 

 second bubble during the transient run at a nominal heat flux 

f 125 kW/m 

2 . During the nucleation and departure of the bubble, 

he errors of both velocity components ( Figs. 6 (f), (g)) and velocity 

agnitude ( 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 

op part of the departing bubble, which are also accompanied by 

ow correlation values ( < 0 . 5 ) ( Fig. 6 (d)). 

The uncertainty in the local temperature measurement on the 

oiling surface is estimated to be approximately 0.5 °C, and it is 

ractically determined by the uncertainty of the thermocouples 

sed for the calibration of the infrared camera. Instead, the un- 

ertainty on the local heat flux, obtained through the solution of 

he inverse conduction-optical radiation problem is estimated to 

e about 10% of the average value for the experimental measure- 

ents presented in this paper. 

. Results and discussion 

Fig. 7 depicts the bubble equivalent diameter and the bubble 

ase diameter for a test with a heat flux of q ” = 125 kW/m 

2 ,

xtracted from the high-speed video and infrared images, respec- 

ively. Under this condition, the first bubble appears 285 ms af- 

er the heater power is turned on. The bubble nucleates at a wall 

uperheat �T w 

of 4.2 K (due to the presence of the engineered 

ydrophobic site of nucleation) and has a total growth time of 

49.6 ms and a departure diameter of 3.06 mm. According to the 

odel of Mikic, Rohsenow and Griffith [23] , the transition between 

he inertia-controlled and the thermally-controlled growth for a 

ubble nucleating at �T w 

of 4.2 K occurs approximately at 15 μs. 

hus, for the conditions of this study, the bubble growth should 

ccur almost entirely in the thermal diffusion limited regime, i.e., 

he bubble growth rate is determined by the heat diffusion in 

he superheated liquid. The growth in the thermal diffusion lim- 

ted regime is also confirmed by the large differences between 

he equivalent and the base diameters (see Fig. 7 ). After about 

0 ms, the bubble base diameter remains fairly constant and does 

ot follow the growth of the equivalent diameter. We also found 

 fairly good agreement between the theoretical growth rate (in 

he thermal diffusion limited regime) predicted by the model of 

ikic et al. [23] and the experimental results, as the predicted 

nd measured bubble equivalent diameters are D ( t ) = 10.03 
√ 

t and 

 (t) = 8 . 93 
√ 

t (where D is in mm and t is in s), respectively. 
8 
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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 

2 . 
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.1. Energy removed by the bubble 

The rate of energy transferred to the bubble is proportional to 

ts growth rate and it can be expressed as: 

˙ 
 b ( t ) = ˙ m h lv = 

(
ρv 

πD ( t ) 
2 

2 

dD ( t ) 

dt 

)
h lv (17) 

here ρv is the water vapour density at saturation temperature 

nd h lv is the latent heat of evaporation. The heat transferred from 

he wall to the bubble is estimated from the infrared diagnostics 

y integrating the heat flux maps underneath the bubble foot- 

rint (i.e., within the area defined by the liquid-vapour-solid con- 

act line) in space and time. Ideally, the heat transferred from the 

iquid to the bubble at the liquid-vapour interface (i.e., far from 

he wall) could be calculated from the 2cLIF temperature gradi- 

nts using Fourier’s law. However, the relatively low spatial res- 

lution that we could achieve (compared to the thickness of the 

hermal boundary layer in the liquid) make this estimate currently 

mpossible. Still, the contribution from the liquid heat transfer to 

ubble was estimated as the difference between the total heat ab- 

orbed by the bubble (evaluated through Eq. (17) and the mea- 

ured equivalent diameter) and the heat removed from the wall 

measured with the infrared thermometry technique). The compar- 

son between the net heat absorbed by the bubble and the heat 

ransferred to the bubble from the wall and the liquid vs. time is 

hown in Fig. 8 (left), whereas the bubble expansion rate is shown 

n Fig. 8 (right). 

From Fig. 8 (left), we verified that the bubble heat transfer rate 

uickly increases to 0.25 W after 24 ms of the nucleation and then 

lateaus until the bubble departure. At the initial stages of growth, 

he heat transferred at the wall (e.g., due to the evaporation at the 

iquid-vapour-solid contact line) is quite low, and the growth of the 

ubble is driven by the evaporation of the superheated liquid that 

urrounds the liquid-vapour interface. As the bubble base grows, 

he length of the triple contact line increases and the contribution 

f the wall heat transfer increases until, at approximately 24 ms, 

he bubble base stops growing. At this point, the value of the heat 

ransferred from the wall starts to oscillate. These oscillations seem 

o be cause by radial oscillations of the bubble base (and conse- 

uently of the length of the solid-liquid-vapour contact line). This 

ehaviour is typical in bubbles growing at a low growth rate, such 

s the one discussed here (see Fig. 8 , right). 

The stabilization of the total heat absorbed by the bubble occur- 

ing at approximately 24 ms coincides with the stabilization of the 

ubble base diameter (see Fig. 7 ) and the plateau of the expan- 

ion rate before its departure. The results from Fig. 8 reveal that 

he evaporation of the triple contact line contributes on average 

o 32% of the total heat absorbed by the bubble. Furthermore, the 
9 
otal heat removed by the bubble can be obtained from: 

 b = 

t g ∫ 
0 

˙ Q b ( t ) dt (18) 

The results indicate that the bubble removed 32.6 mJ of heat 

t an average rate of 0.22 W. Considering that the average bubble 

ase diameter is 0.81 mm, the average heat flux removed by the 

ubble from the surface is estimated as 416 kW/m 

2 , or approxi- 

ately 3.3 times greater than the applied heat flux. 

.2. Liquid/wall temperature fields and liquid velocity field over the 

ubble lifecycle 

The various stages of the bubble lifetime, starting from its in- 

eption, throughout the bubble growth until its detachment from 

he heated surface were captured simultaneously with the 2cLIF, IR 

nd PIV techniques. An example of these synchronized measure- 

ents is shown in Fig. 9 at time instants, where the bubble de- 

achment occurs at t = 149.6 ms ( Fig. 9 (d)). 

Using the ratiometric 2cLIF method we obtained the tempera- 

ure fields in the bulk and close to the bubble interface. Relatively 

mall temperature gradients were recorded in the bulk and away 

rom the bubble. Note also the passage of a cold liquid plume of 

iquid (at approximately 95 °C) far away from the heater on the 

op of Fig. 9 for t larger than 69.2 ms. 

At the early stages of the bubble life ( Fig. 9 (a)), the bubble

rowth rate is relatively high, and the rapid expansion of the bub- 

le interface pushes the surrounding liquid radially outward. The 

iquid temperature field in Fig. 9 (a) reveal the presence of a super- 

eated liquid layer at approximately 102 °C close to the nucleation 

ite region and the PIV results indicate that the liquid velocity near 

he vapour-liquid interface is approximately 0.3 m/s, which is in 

ood agreement with the initial bubble expansion velocities ob- 

ained through the growth rate of the bubble equivalent diameter 

eported in Fig. 8 (b). At t = 4 ms ( Fig. 9 (b)) the bubble growth rate

as dropped considerably to 0.1 m/s and the velocity fields show 

hat the liquid is still being pushed away from the nucleation site, 

ut at lower velocity, in the order of 0.05 m/s. As the bubble en- 

ers its slow growth stage ( Fig. 9 (c)), we observed that the velocity 

elds surrounding the bubble are very small, even though the cen- 

re of mass of the bubble has risen under the effect of buoyancy 

orces. 

The initial bubble base expansion rate estimated using the in- 

rared diagnostics is in the order of 0.01 m/s ( Fig. 7 ). In such con-

itions, the bubble base does not expand fast enough to form a 

iquid microlayer between the vapour phase and the solid surface 

24] . The infrared camera results shown in Fig. 9 (top) confirm the 

bsence 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 

2 . 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. 
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riple-contact line is the main wall heat transfer mechanism during 

he growth of the bubble. The heat flux at the triple contact line 

s 3 to 5 times higher than the heater average and its magnitude 

s in agreement with the findings reported in Ref. [25] . One should 

lso note the temperature at the contact line is much lower than 

lsewhere. This is the results of a conjugated heat transferred pro- 

ess, as the evaporation of the contact line not only consumes the 

nergy released by Joule heating, but also the sensible heat stored 

n the sapphire substrate. Note that the bubble base inner region 

s dry, i.e., the solid surface is in contact with vapour. This vapour 

as poor heat transfer properties compared to liquid or the evap- 

ration of the triple contact line (i.e., the heat flux in the dry spot 

s practically negligible). Consequently, the temperature of this dry 

pot increases, as confirmed by the infrared results in Fig. 9 , show- 

ng that the centre of the bubble is much warmer than the region 

djacent to the bubble covered by the liquid. 

In Fig. 9 (c) we see that a significant portion of the bubble in-

erface is surrounded by warmer superheated liquid when com- 

ared to Fig. 9 (a) and (b). The increase of the wall superheat in

his region coincides with the decrease of the bubble base diam- 

ter growth rate. As the bubble base stops growing, the liquid in 

his region stagnates and warms up. This superheated liquid may 

ontribute to the growth of the bubble by evaporating at the liquid 

apour interface in the vicinity of the wall. However, this mecha- 

ism should not be confused with the contact line evaporation. In 

act, the heat transfer calculations shown in Fig. 8 (a) reveal that 

or this time instant, the bubble growth is 64% driven by the heat 

ransfer from the superheated liquid and 36% at the wall (i.e., at 

he contact line). 

As the bubble departs from the heated surface and start to rise 

n the liquid pool ( Figs. 9 (d) to (f)), the liquid from the bubble top

ows towards the bottom of the bubble. However, the velocity of 

he liquid phase near the heated surface does not seem to be af- 

ected by this swirl. What determines the movement of the liq- 

id in the near wall region is rather the contraction of the bubble 

ase (as the bubble departure process begins) and eventually the 

etachment of the bubble itself. As the bubble base recedes (see 

igs. 9 (c) and (d)), the centripetal motion of the contact line makes 
l

10 
he surrounding liquid to accelerate inward. Then, as the bubble 

etaches from the surface, its shape changes due to surface ten- 

ion forces, which tend to make the bubble more spherical. This 

henomenon pulls the underneath liquid upward (see Fig. 9 (d)). 

ote that the velocity under the bubble is significantly higher than 

he velocity at the top of the bubble. This phenomenon pulls the 

ear-wall hot liquid (surrounding the bubble during its growth) to- 

ards the nucleation site and mixes the liquid to an extent which 

s far stronger than the one possibly induced by the natural con- 

ection created by density (i.e., temperature) gradients. 

As the surrounding liquid rewets the dry spot at the bubble 

ase, a significant amount of energy is transferred from the wall 

o the liquid by transient conduction. This heat transfer process is 

ften referred to as quenching and constitutes an important heat 

ransfer mechanism. The infrared measurements allow to quantify 

he local quenching wall heat flux q ′′ q and the corresponding wall 

emperature T w 

, while the quenching temperature of the liquid T l 
an be obtained from the 2cLIF results. Note that this quenching 

eat flux can be theoretically estimated from [26] : 

 

′′ 
q ( t ) = 

[ T w 

− T l ] 

ε w 

+ ε l 

1 √ 

πt 
(19) 

here ε w 

and ε l are the effusivities of the wall (i.e., sapphire) and 

he liquid (i.e., water), respectively. Fig. 10 shows a comparison be- 

ween the measured quenching heat flux and the heat flux that can 

e predicted using Eq. (19) . In this figure, t = 0 ms coincides with

he bubble departure from the surface. Precisely, theoretical pre- 

ictions using two different modelling approaches are shown. The 

rst approach (solid blue line) consists of using the experimental 

alues for both the wall and the liquid temperatures, which are 

ractically constant at 105.9 °C and 102.5 °C for the 2 ms follow- 

ng the departure of the bubble, before the nucleation of a new 

ne. The second approach (dashed blue line) also considers the 

easured wall temperature but assumes that the quenching liq- 

id is at bulk temperature, i.e., 100 ◦C. As shown in the figure, the 

est agreement between the measured heat flux and the two heat 

uxes predicted by Eq. (19) is achieved when we use the measured 

iquid quenching temperature, rather than saturation temperature 
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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. 
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which leads to an overestimation of the heat flux). This observa- 

ion is critical, as it undermines the general validity of the assump- 

ion often made in heat flux partitioning models, i.e., that the liq- 

id quenching temperature is the bulk temperature. Our results, 

nd the results of Tanaka et al. [27] , indicate that the rewetting 

ffective �T is in a range between 40 and 55% of the difference 

etween the bulk temperature and the wall temperature. However, 

ore comprehensive studies considering different surfaces and flu- 

ds are necessary to understand better how this quantity is affected 

y flow and bubble dynamics. 

. Conclusions 

We combined high-speed infrared thermometry and laser-based 

iagnostics to obtain a comprehensive picture of the nucleation, 

rowth and departure of vapour bubbles from a heated surface in 

aturated pool boiling conditions. The nucleation of a bubble was 

ontrolled through an artificial cavity coated with a hydrophobic 

aterial. The use of these techniques has allowed interesting ob- 

ervations. When bubbles nucleate at low superheat (4 K): 

• the slow growth rate avoids the formation of liquid microlayers; 
• 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 

ow and thermal fields, and demonstrate that the combination 

f such high-resolution and detailed diagnostics can advance our 

undamental understanding of the heat and mass transfer mecha- 

isms during nucleate boiling and close the level-of-detail gap be- 

ween advanced numerical simulations and experiments by provid- 

ng highly space- and time-resolved benchmark data for the devel- 
11 
pment and validation of accurate and reliable computational tools 

or the prediction of these phenomena. 

Finally, we also identified technical limitations to overcome in 

he future. For instance, it was impossible to measure temperature 

radients in the liquid near the liquid-vapour interface. To achieve 

his goal, we may need to push the spatial resolution of the 2cLIF 

echnique and to increase its signal to noise ratio. Also, the imple- 

entation of backlit shadowgraphy in parallel with the 2cLIF im- 

ge acquisition can improve the liquid-vapour interface detection. 

uture effort s will f ocus on the solution of these issues, and ide- 

lly on integrating an additional technique to track the dry spot 

nd possibly the liquid microlayer thickness and extension [28] . 

uture studies will also address faster growing bubbles nucleating 

t a much higher wall superheat. 
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ppendix A. Laser characterization 

ppendix A.1. Sheet thickness 

The laser sheet-thickness was measured with a sharp razor 

lade fitted to a plate with a traversing mechanism and coated 

ith a black dye to reduce laser reflections. The blade was initially 

ositioned to completely block the laser sheet, resulting in quasi- 

ero values of fluorescence intensity measured from the cameras. 

s the blade was gradually moving along the transverse direction 

nd perpendicularly to the laser sheet, the signal recorded by both 

ameras gradually increased, reaching its maximum value at the 

osition where the blade was no longer blocking the laser sheet. 

he fluorescence intensity was both space-and time-averaged over 

n area of 30 × 30 ◦ pixels 2 and 300 images, respectively. The cu- 

ulative distribution of the light intensity is shown in Fig. 11 (left). 

http://dx.doi.org/10.13039/100006919
http://dx.doi.org/10.13039/501100004477
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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). 
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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. 

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. 
The respective probability histograms, P I + (z) , are calculated 

rom the spatial gradient of the normalized intensity of each cam- 

ra ∂ I + /∂z, and each can be described by a Gaussian probability 

ensity function PD F I + (z) of the form: 

D F I + ( z ) = 

1 

σ
√ 

2 π
exp 

[
− ( z − μz ) 

2 

2 σ 2 

]
(20) 

In the aforementioned relation, the standard deviation is noted 

s σ and the mean as μz . The resulting histograms and PDF s are 

hown in Fig. 11 (right). The laser sheet-thickness is reported here 

s the full width half maximum ( FWHM ) value of the light distri- 

ution. The FWHM can be calculated from: 

WHM = 2 σ ( 2 ln 2 ) 
0 . 5 

(21) 

hich can be written as F W HM ≈ 2 . 355 σ , corresponding to 

09 μm and 213 μm for the fluorescence of I SR and I FL , respec- 

ively. The resulting laser sheet-thickness is taken as the mean be- 

ween the two cameras equal to 211 ◦ μm . 

ppendix A.2. Pulse to pulse intensity variation 

To quantify the variation in the fluorescence emission of the 

yes due to pulse-to-pulse energy fluctuation of the laser-sheet, 

e recorded the fluorescence emission intensity of both dyes (and 

heir ratio) during 500 pulses, while the water in the pool boiling 

ell was at ambient temperature and continuously stirred to avoid 

ny thermal and photodegradation effects. Fig. 12 shows the mod- 

lation of the fluorescence emission intensity of the dyes and their 

atio, which are spatially averaged over an area of 30 × 30 pixels 2 

nd normalized with their respective mean fluorescence emission 

ntensity value over the 500 pulses. The emission from SR varies 

bout the mean by approximately ±3% , the one of FL by ±7% and

f their ratio by less than ±1% (probably associated with random 

oise in the CCD arrays). Light-sheet energy corrections are thus 

ot deemed necessary, as the 2cLIF approach compensates for the 

uctuations in the incident illumination intensity between succes- 

ive laser pulses. 

ppendix B. Fluorescent dyes characterization 

ppendix B.1. Thermal degradation effects 

It has been found that sulforhodamine 101 (SR) can be subject 

o thermal degradation when its temperature exceeds the ambi- 

nt [16] . In our current work, we induced boiling at water satu- 

ated conditions ∼ 100 ◦C, which resulted in the degradation of SR 
12 
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Fig. 14. Photodegradation for both FL and SR at 20 °C induced by the laser light. 
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Table 1 

Effect of additives on the bubble nucleation characteristics for 

q ′′ = 30 kW/m 

2 . 

Additives 

Bubble equivalent 

diameter (mm) 

Bubble growth 

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 2.44 ± 0.18 14.01 ± 4.33 

Fig. 15. Effect of dye concentration on the droplet static contact angle. 
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ver time. Fig. 13 presents the normalized fluorescence intensity 

f SR over time measured at a water bath of 98 ◦C and at the same

oncentration as the experiment (i.e., C SR = 0.15 kg/m 

3 ). We chose 

he upper temperature limit below the saturation temperature of 

ater to avoid boiling. We ensured that the volume of the liquid 

uring the runs remained quasi-constant so that any evaporation 

ffects, that would result in an increase of C SR , could be neglected. 

For comparison purposes, we also show in Fig. 13 the measure- 

ents obtained by Chaze et al. [16] for a similar concentration 

i.e., C SR = 0.15 kg/m 

3 ) at lower temperatures, spanning a range 

etween 60 ◦C and 80 ◦C. The fluorescence intensity appears to be 

ecreasing in a linear manner for all the temperatures shown. 

igher temperatures induce faster degradation of the dye, result- 

ng in smaller slope values. The equation (linear fit) obtained for 

he 98 ◦C thermal degradation measurements is used to correct the 

uorescence intensity values of I f , SR ( Fig. 5 ), since the dye was sub- 

ected to varying thermal degradation levels throughout all the ex- 

eriments performed (boiling and calibration runs). 

ppendix B.2. Photo-degradation effects 

We subjected a solution of water containing the dyes at the 

ame concentration as the experiments (i.e., C SR = 0.15 kg/m 

3 and 

 FL = 2.695 kg/m 

3 ) to a laser light of the same frequency and

ower as the experiments (i.e., 2.5 kHz and 25 W) to investigate 

he effects of the photo-degradation on the dyes. We recorded the 

uorescence emitted over time (and number of pulses) from both 

yes. The results are illustrated in Fig. 14 . A quasi-linear drop in 

he fluorescence intensity with time (or the number of pulses) is 

ecorded. We fitted a linear curve with a negative slope, as pre- 

ented in Fig. 14 . The overall firing time of the laser was kept

elow 100 s throughout the boiling experiments and calibration 

rocedure, so any photo-degradation effects do not need to be ac- 

ounted for. 

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

We investigated the effects of the added dyes and particles to 

he water on the nucleation characteristics during pool boiling, by 

uantifying their effects on: (i) the equivalent diameter of the bub- 

les during their departure from the heater, and (ii) the nucleation 

ime from their generation to departure. Both quantities are esti- 

ated based on shadowgraphy images. The results are illustrated 

n Table 1 for q ′′ = 30 kW / m 

2 . The results are averaged over at
13 
east five bubbles for each case and the uncertainty of these mea- 

urements is taken as one standard deviation. 

The addition of the fluorescent dyes, namely FL and SR at their 

espective concentrations, imposes small changes in the equivalent 

ubble diameter during departure compared to the additive-free 

ase. These changes are < 13% and within one standard devia- 

ion. Similar results were obtained for the nucleation times. We 

ecorded deviations of less than 5%, 26% (exhibiting the greatest 

tandard deviation) and 3% from the additive-free solution, respec- 

ively. Notably, all deviations fall within one standard deviation. It 

s thus confirmed that the additives at the concentrations used do 

ot meaningfully alter the nucleate boiling characteristics at our 

onditions. 

Additionally, droplet static contact angle measurements were 

erformed to verify if the presence of the dyes significantly affects 

he surface tension. The measurements were done at an ambient 

emperature of around 20 °C and the droplet volume was kept 

onstant at 4 μL. Six dye concentrations spanning a range of one 

rder of magnitude above and below the concentrations used in 

he experiments were tested. For each dye concentration, 6 mea- 

urements of the contact angle were averaged, and the respective 

tandard deviation is shown in the plot as an error bar. The pure 

I water contact angle was determined based on 8 measurements 

nd the average value and standard deviation are shown as con- 

inuous and dashed horizontal lines, respectively. These results are 

hown in Fig. 15 . 

Most of the contact angle differences between DI water and DI 

ater + dyes solution is within the inherent spreading of the ex- 

erimental data, which is approximately ± 5 ° The only exception is 

or sulfurhodamine 101 around 10 −6 M, where a small increase is 

bserved. In our experiments, the concentration of sulfurhodamine 

01 and fluorescein are kept around 10 −7 M and 10 −5 M, respec- 



V. Voulgaropoulos, G.M. Aguiar, C.N. Markides et al. International Journal of Heat and Mass Transfer 187 (2022) 122525 

t

d

R

 

[

 

 

[

[

[

[

[

[

[  

[

[

ively. Thus, the fluorescent dyes do not significantly modify the 

eionized water surface tension. 
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